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Resumen  
En la actualidad, nos enfrentamos a muchas tensiones y crisis: la desigualdad, el cambio climático, 
el desempleo... Para resolverlas, tal como dijo el economista norteamericano Jeffrey Sachs en la 
conferencia impartida en la facultad de Medicina de la Universidad Complutense de Madrid en el 
2017, hacen falta soluciones integrales. Los Objetivos del Desarrollo Sostenible (ODS) pueden ser 
la respuesta, pues promueven que el crecimiento económico sea justo, inclusivo y compatible con 
el medio ambiente.  

En esta lucha, las universidades tienen un papel fundamental. Enfocar las investigaciones y los 
proyectos hacia los ODS es un punto clave. En este marco, este proyecto de investigación tiene el 
objetivo de sumarse a la garantía de la sostenibilidad del medio ambiente. Plantea la sustitución de 
los sistemas de refrigeración actuales en los supermercados que a pesar de ser eficientes son muy 
contaminantes, por nuevos sistemas que trabajan con refrigerantes naturales y con sistemas 
geotérmicos que consiguen ser igual de eficientes y además no contaminan. Estos sistemas de 
refrigeración nuevos se instalaron hace un año en dos supermercados en Suecia, y se está trabajando 
continuamente para optimizarlos y aumentar su eficiencia, de manera que puedan implantarse en 
todos los supermercados de Europa. El cambio requiere una gran inversión e investigación y este 
proyecto se suma a ello.  

Los supermercados usan grandes cantidades de energía; aproximadamente 3% de la electricidad 
consumida en Suecia se usa en supermercados (1,8 TWh/year) para abastecer las altas demandas 
de refrigeración, calefacción y aire acondicionado que tienen. Esto los hace grandes emisores de 
gases que afectan al calentamiento global. Para evitar este impacto negativo en el medio ambiente, 
el primer paso es pasar de usar refrigerantes artificiales a usar refrigerantes naturales.  

El CO2 es el refrigerante perfecto ya que es un producto secundario de la generación de energía y 
puede reusarse como refrigerante antes de expulsarlo a la atmósfera. Es barato, seguro y tiene un 
potencial de agotamiento del ozono (ODP) y un índice GWP de 1. Cuenta con ventajas 
termofísicas para el ciclo de refrigeración debido a las grandes presiones de trabajo. Como se puede 
observar en la Figura 1a, el punto crítico se encuentra a una presión de 73.8 bars y una temperatura 
baja de 31.06 ºC. Debajo del punto crítico (región subcrítica) la temperatura y presión están 
relacionadas a través de la curva de saturación. Por encima del punto crítico (región supercrítica) 
no hay relación entre temperatura y presión y están definidas individualmente.  

 
 

        Figura 1.a) Diagrama de fases de CO2. Obtenido de las 
diapositivas del curso de Sistemas de refrigeración en la Universidad 
KTH. 

 Figura 1.b) Presiones y temperaturas de saturación para distintos 
refrigerantes. Obtenido de las diapostivas del curso de Sistemas de 
refrigeración en la universidad KTH. 
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La figura 1b muestra la curva de saturación de la presión y temperatura para algunos refrigerantes 
seleccionados. El CO2 tiene mayor presión de trabajo que otros refrigerantes. Esto proporciona 
una mayor densidad de vapor que refrigerantes con similar calor latente de 
vaporización/condensación, lo que se traduce en el uso de menor cantidad de caudal volumétrico 
de vapor para conseguir una determinada refrigeración. Consecuentemente, los componentes serán 
más compactos. Además, las altas presiones de trabajo tienen la ventaja de que, si la presión cae, el 
efecto en la temperatura de saturación será menor que en otros refrigerantes.  

Los componentes especialmente diseñados para trabajar con el CO2 están cada vez más disponibles 
y a precios más competitivos. Esto ha ampliado las posibilidades del uso de CO2 y como se puede 
usar eficientemente. Hasta ahora se ha usado con sistemas de refrigeración indirectos, en cascada 
y transcríticos, aunque los sistemas booster de CO2 transcrítico se han convertido en la solución 
estándar para sistemas de refrigeración en supermercados en nuevas instalaciones en países 
europeos, principalmente en los países escandinavos.  

El sistema booster de CO2 transcrítico es un sistema avanzado conocido como sistema energético 
“all-in-one”. Está diseñado para proporcionar todas las demandas térmicas del supermercado: aire 
acondicionado, refrigeración, calefacción y producción de agua caliente. Consume menos energía 
gracias a la integración de todas las características en un sistema en vez de usar soluciones 
independientes para cada demanda. Además, este sistema puede incorporar modificaciones que 
aumenten la eficiencia como la conexión vertical a través de agujeros en el suelo para un 
almacenamiento térmico estacional.  

Este proyecto se enfoca en el sistema booster de CO2 transcrítico con almacenamiento geotérmico. 
En él se investigan dos sistemas avanzados de energía instalados el año pasado en dos 
supermercados en Moraberg-Södertälje y Stenhagen-Uppsala. Para la realización de este proyecto, 
en primer lugar, se ha llevado a cabo una búsqueda de información para conocer la forma óptima 
de controlar este tipo de sistemas. La recopilación se ha basado en investigaciones llevadas a cabo 
o que actualmente se están realizando. Una vez conocido que era lo que se debía esperar obtener 
en los sistemas instalados en ambos supermercados de Suecia, se extrajeron los datos de las 
mediciones de campo durante un año, se sincronizaron y filtraron. Con los datos de las mediciones 
de campo sincronizados y ordenados se ha llevado a cabo un análisis de la eficiencia de los sistemas 
y se ha investigado de qué forma se están controlando actualmente. Así mismo se ha realizado un 
modelo del sistema geotérmico que permite estudiar cómo se comportará el sistema a largo plazo. 
Posteriormente, se ha realizado una comparativa a la forma óptima de control y se han propuesto 
opciones para optimizar el sistema. En la segunda parte del proyecto se comparan estos sistemas 
de refrigeración avanzados con las soluciones individuales típicas que abastecen cada demanda 
individualmente. Para ello se han realizado modelos básicos de los sistemas a comparar. 

Para empezar a entender el sistema de estudio que caracteriza ambos supermercados, se ha 
realizado un esquema básico general del mismo:   
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Figura 2. Esquema básico del sistema booster transcrítico de CO2 con sistema geotérmico integrado. Realización propia con 

draw.io. 

 

Este sistema se encuentra en ambos supermercados con algunas diferencias entre ellos. Consiste 
en dos niveles de temperatura que necesitan los productos enfriados y congelados de los 
supermercados. La demanda de frío se recoge en los evaporadores de los niveles de media (MT) y 
baja temperatura (BT) (puntos 1 y 2). Los evaporadores son normalmente de expansión 
directa/seca o inundados. Los primeros operan en temperaturas más bajas de lo que se necesita, 
porque existe un sobrecalentamiento interno que mantiene el mismo nivel en el compresor. Pero 
los evaporadores inundados no necesitan sobrecaliento interno y por lo tanto la temperatura de 
evaporación puede ser mayor. Esto aumenta la eficiencia ya que la presión aumentada por el 
compresor será menor.   

El aumento de la presión desde el nivel medio y bajo de temperaturas se realiza a través de un 
compresor booster (9) que conecta el nivel bajo y el medio y otro compresor conectando el nivel 
medio y el alto (10). La producción de refrigeración se usa para generar calor suficiente para cubrir 
la demanda de calor, que consiste normalmente en calefacción y producción de agua caliente. El 
calor se genera por tanto durante la producción del frío para refrigerar. Se colecta en los 
supercalentadores (3) enfriando el refrigerante transcrítico después de comprimirlo en (10). Un 
enfriador de gas (4) se usa para expulsar el exceso de calor al ambiente cuando el calor producido 
por el sistema de refrigeración es mayor que la demanda. Después del enfriador de gas hay un 
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subenfriador (5) donde la temperatura del CO2 baja si es necesario, con el fin de aumentar el COP 
de refrigeración. El subenfriador está conectado al suelo que se usa como receptor de calor para 
subenfriar el refrigerante en verano. En el periodo de invierno la temperatura es suficientemente 
baja y por lo tanto el subenfriador no se usa. Después de esto, el refrigerante va al recibidor (6), 
donde el líquido y el vapor se separan. El líquido saturado se divide en tres líneas. Dos de ellas van 
a los evaporadores de MT y LT niveles (1 y 2). La tercera línea se expande en una válvula reguladora 
de alta presión y entra al evaporador del aire acondicionado (evaporador AC/VP) (7), para ir 
después al compresor paralelo (8). La existencia de este tercer evaporador es una de las 
características que distingue este sistema del sistema estándar booster de CO2 transcrítico. El 
evaporador AC/VP puede estar conectado al suelo o al sistema de aire acondicionado del 
supermercado, dependiendo de la necesidad de calor (periodo de invierno) o frío (periodo de 
verano). Además, la existencia de un subefriador y de evaporadores inundados son otras 
características que no existen en los sistemas booster estándar.  

El concepto de diseño es utilizar el suelo como disipador de calor en verano y como fuente de 
calor en invierno. El esquema del almacenamiento de energía geotérmico se encuentra representado 
en la figura 3: en invierno (b) y en verano (a).  

En la figura a se puede observar que durante verano el subenfriador (1) está conectado a los 
agujeros del suelo (3) para proporcionar el subenfriamiento al sistema de refrigeración en verano. 
El suelo puede estar también conectado a un sistema de aire acondicionado (3) que proporciona 
aire acondicionado (AC) si la temperatura del suelo es suficientemente baja para ello. En el caso de 
que la temperatura del suelo sea alta, el sistema de AC se conecta al evaporador AC/VP (2) para 
proporcionar frío que cubra la demanda de aire acondicionado.  

La figura b refleja el periodo de invierno, donde el evaporador AC/VP (1) se conecta al suelo 
caliente directamente (2) para que pueda usarse como fuente de calor para cubrir la demanda de 
calor.  
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Figura 3.a) Esquema del sistema geotérmico en verano. Realización propia con draw.io.  Figura 3.b) Esquema del Sistema geotérmico en invierno. 
Realización propia con draw.io 

Respecto a las zonas de operación, están divididas en dos: 

!! Zona supercrítica (Figura 3). Durante el verano las temperaturas y presiones son altas y, 
por lo tanto, la operación es normalmente supercrítica. Esto ocurre cuando la temperatura 
ambiente es mayor de 25 ºC. En esta situación será mejor enfriar el refrigerante después 
del enfriador de gas en el subenfriador debido a las altas temperaturas con el objetivo de 
aumentar la eficiencia del sistema. El subenfriador se conecta al suelo para enfriar el CO2 y 
aumenta por tanto la temperatura del suelo.  
Durante el invierno, el sistema está trabajando en zona supercrítica para que la demanda de 
calor pueda ser cubierta. El evaporador se conecta al suelo para extraer calor, si el calor 
proporcionado por el sistema de refrigeración no es suficiente para cubrir la demanda de 
calor. Esta situación se puede observar en el diagrama de presión-entalpía en la figura 4. 
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Figura 4. Diagrama P-h supercrítico. Realización propia con EES. 

!! Zona subcrítica: 
Cuando la temperatura ambiente es menor que 25ºC y no hay demanda de calor, el sistema opera 
en zona subcrítica.  

Durante el invierno, si la demanda de calor no es muy alta, la presión de descarga puede ser menor 
y por lo tanto las temperaturas y presiones serán menores que el punto crítico. En esta situación 
no hay necesidad de subenfriamento, y por lo tanto, el subenfriador será desviado. La operación 
está por debajo del punto crítico como puede verse en la figura 5. 
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Figura 5. Diagrama P-h subcrítico. Realización propia con EES.  

El control óptimo de este tipo de sistemas está basado en una investigación realizada por A. Abdi, 
S. Sawalha and M. Karampour en el 2014. El objetivo de este proyecto es estudiar y analizar dos 
sistemas de este tipo instalados en dos supermercados en Suecia y determinar si están controlados 
de forma óptima. Para ello, es crucial entender primero la estrategia de control que deberían llevar.  

Para cubrir la demanda de calor hay dos opciones que se pueden llevar a cabo: extraerlo del sistema 
de refrigeración o del suelo. 

En caso de cubrir la demanda de calor con la primera opción, el método de control a seguir está 
reflejado en la Figura 6. Si la demanda de calor es baja comparado con la carga de refrigeración 
demandada la presión debería ser regulada y el enfriador de gas debería mantener el máximo nivel 
de subenfriamiento posible en el sistema. Cuando mayor calor se necesita, más alta debería ser la 
presión de descarga, que alcanzará un valor que no debería excederse. En ese momento se empieza 
a regular el enfriador de gas controlando la temperatura de descarga.  

La presión de descarga óptima viene dada por la ecuación (1).  

PDischarge,Max = 2.7 * TDe-superheater,Exit – 6 1 
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Figura 6. Estrategia para el control óptimo del sistema. Obtenido del paper de la investigación (Abdi, Sawalha and 

Karampour, 2014). 

La segunda opción para la obtención de calor se basa en coger el calor del suelo a través del sistema 
geotérmico. El tercer evaporador del sistema (AC/VP) se conecta al suelo para extraer el calor, 
ejerciendo de bomba de calor. Esto hace posible alcanzar las altas demandas de calor con altos 
valores del COP en el sistema y no usando la calefacción del distrito.  

El uso de ambas opciones es la solución óptima para cubrir altas demandas de calefacción. Cuando 
el sistema alcance la presión máxima de descarga (región 2), se debe proporcionar máximo 
subenfriamiento y en lugar de regular la capacidad del enfriador de gas para aumentar el flujo 
másico de refrigerante, el suelo debe usarse como una fuente de calor. De esta forma el sistema 
consigue proporcionar las cargas necesarias con altas eficiencias.  

Otra demanda que este tipo de sistemas proporciona es el aire acondicionado. El concepto de 
diseño se puede observar en la figura 2. Consiste en conectar el sistema de aire acondicionado del 
supermercado al suelo durante verano para extraer frío del suelo y enfriar así el supermercado. Esto 
provoca un aumento en la temperatura del suelo. El suelo durante el verano está además 
proporcionando frío al subenfriador del sistema de refrigeración. Por ello, a veces la temperatura 
del suelo es demasiado alta y no es posible usarlo también para dar aire acondicionado. En este 
caso, el aire acondicionado estará conectado al tercer evaporador (AC/VP) para proporcionar AC 
mientras se aumenta la temperatura del fluido del ciclo de refrigeración.  

La estrategia de control está basada en una válvula bypass que permite la conexión del sistema de 
aire acondicionado del supermercado con el evaporador AC/VP del sistema de refrigeración 
cuando la temperatura del suelo es demasiado alta. Por otro lado, redireccionará el fluido 
secundario desde el sistema de AC hasta el suelo si la temperatura es suficientemente baja para 
enfriar el supermercado. 

El sistema en verano debe operar en modo de condensación flotante en verano. Esto significa que 
solo proporcionará refrigeración ya que las temperaturas son altas para proporcionar calefacción. 

Una vez definidas las estrategias óptimas de control que el sistema a estudiar debe seguir, el 
siguiente paso es estudiar cómo se están controlando los sistemas de ambos supermercados.  
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Para ello, se han descargado de la plataforma Huurre Itop las mediciones de campo en distintos 
puntos de presiones y temperaturas a lo largo de un año (febrero 2018-febrero 2019). Los datos no 
estaban sincronizados, y, por tanto, se llevó a cabo el desarrollo de un código en Python y una 
macro en Excel que permitiese sincronizarlos cada 10 minutos durante el periodo de un año, para 
después filtrar aquellos que fuesen erróneos. Posteriormente, se realizaron los cálculos de las cargas, 
demandas y eficiencias del sistema utilizando Excel con la librería RefProp. Finalmente, se 
representaron en diferentes gráficas para proceder al análisis de resultados.  

El sistema de Stenhaguen está compuesto por dos unidades de refrigeración exactamente iguales 
que siguen el esquema de la figura 7. Para un mejor entendimiento del sistema, se ha realizado el 
esquema básico de la figura 8, que es el mismo que el general explicado anteriormente con la 
diferencia de que este cuenta con dos evaporadores de expansión directa en los niveles de media y 
baja temperatura, en lugar de tener uno inundado y otro de expansión directa. 

 
Figura 7. Sistema en Stenhaguen. Obtenido de la plataforma Huurre Itop.  
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Figura 8. Esquema básico del sistema en Stenhaguen. Realización propia con draw.io. 

Los resultados de los cálculos muestran que en general el supermercado tiene algunos aspectos a 
mejorar. Durante el período de invierno (desde noviembre hasta abril incluido) se usa el suelo para 
extraer calor durante el día porque la demanda es alta. Durante las noches del invierno, la demanda 
de calor es baja ya que el supermercado está cerrado, pero se sigue cogiendo calor del suelo y 
expulsándolo en el enfriador de gas. Esto en principio es un gasto innecesario que podría evitarse. 
La única razón lógica por la que tiene sentido hacerlo, es tratar de reducir la temperatura del suelo 
para poder emplearlo en verano como sumidero de calor. En este periodo, la temperatura del suelo 
disminuye ya que este está dando calor. Como se dijo anteriormente, la temperatura de después del 
enfriador de gas debería cambiar para controlar la producción de calor y la presión de descarga 
debería seguir la presión optima definida anteriormente en la ecuación (1). Esto maximizaría el 
COP y proporcionaría la total demanda de calor. El sistema no está controlado adecuadamente ya 
que la presión es menor que la óptima durante la noche. Debería estar alrededor de 74-75 bares y 
la temperatura debería decrecer desde 30 ºC hasta 5 ºC para regular la producción de calor. En 
lugar de ello, está alrededor de 65 bares porque el sistema está siendo regulado con la variación de 
la presión y mantiene la temperatura constante. Durante el día el sistema sí que está entre los rangos 
óptimos pues la presión está alrededor de 80 bares y la temperatura debería ser máxima (sobre 
30ºC) para lograr la demanda de calor.  

Por otro lado, desde febrero hasta octubre incluido, hay demanda de aire acondicionado y este se 
extrae a veces del suelo (refrigeración libre) y a veces desde el sistema de refrigeración a través del 
evaporador AC/VP. Concretamente, la refrigeración libre tiene lugar en febrero, marzo, abril, mayo 
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y comienzos de junio. El resto del verano, la temperatura del suelo es demasiado alta para 
proporcionar AC y es proporcionado por el sistema de refrigeración. En este periodo, el suelo es 
también usado para subenfriamiento. Esto significa que la temperatura del mismo aumenta por el 
subenfriamiento, pero disminuye por la refrigeración libre. En estos meses se observa que la 
temperatura después del enfriador de gas sigue la temperatura ambiente con una diferencia de 8-
10 K para operación subcrítica y alrededor de 3 K para operación transcrítica. El sistema opera en 
modo de condensación flotante subcrítico cuando la temperatura ambiente es menor que 25 ºC 
durante el verano. Durante el día normalmente trabaja en operación supercrítica y sigue la estrategia 
de control óptima explicada anteriormente. Pero durante la noche, la presión de descarga es la 
presión saturada ya que está debajo del punto crítico (sobre 65 bares). Esto significa que durante el 
verano el sistema está bien controlado.  

Se han calculado las cargas y COPs del sistema y la media de cada mes se ha representado en las 
siguientes figuras 7 y 8.  

 
Figura 9. Demandas de refrigeración en los armarios y congeladores (MT y LT niveles de evaporación), media de la 
temperatura de condensación y temperaturas de evaporación (Tevap,MT y Tevap,LT) del sistema en Stenhaguen. 

Realización propia a partir de los cálculos realizados.  
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Figura 10. COP total, COP del evaporador MT, COP del evaporador LT y diferencia de temperaturas en el subenfriador. 

Realización propia a partir de los cálculos realizados.  

Como se puede observar, las temperaturas de evaporación de media y baja temperatura son más o 
menos constantes; alrededor de -10 ºC y -30 ºC. La capacidad de enfriamiento en el nivel bajo de 
temperatura no varía mucho entre el periodo de invierno y verano. Esto se debe al uso de puertas 
de vidrio que separan el aire frio en los congeladores del aire del supermercado (la demanda de 
enfriamiento en el nivel LT es alrededor de 30 kW).  

Sin embargo, la capacidad en el nivel MT no es constante durante el año. Es mayor durante el 
verano ya que las temperaturas son mayores. Las puertas de los armarios de MT se abren y cierran 
más a menudo que los congeladores y normalmente no están aisladas del aire del supermercado. 
La temperatura del aire del supermercado se controla y no depende de la temperatura ambiente, 
pero la humedad relativa es normalmente mayor con alta temperatura del ambiente y la humedad 
en el supermercado no se controla. Esto causará cargas de condensación y formación de escarcha 
en los evaporadores de los armarios MT y provocará el aumento de la carga. 

La demanda de frío de los armarios de las neveras es 4 veces mayor que en los congeladores. Se 
puede observar que la temperatura de condensación sigue la temperatura ambiente durante el 
verano con una diferencia de 5 ºC. La baja demanda de calor en el periodo de verano hace que no 
sea necesario desviar el enfriador de gas y por lo tanto la temperatura del refrigerante después del 
enfriador de gas puede seguir la temperatura ambiente para aumentar el COP del enfriamiento del 
sistema.  

Como el sistema es controlado para cubrir la demanda de calor, la presión de descarga y la 
correspondiente temperatura de condensación a bajas temperaturas ambientes depende de la 
demanda de calor que sea necesaria cubrir. Esto influenciará el COP de enfriamiento. En el invierno 
la temperatura de condensación no sigue a la temperatura ambiente y es más o menos 2 veces 
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mayor. Esto es debido a la alta demanda de calor que hace necesaria aumentar la presión de 
condensación y la temperatura de condensación.  

Como se puede observar en la figura 7, la diferencia de las temperaturas en el subenfriador tiene 
lugar durante el periodo de verano. Además, en la figura 8 se aprecia que durante el periodo de 
invierno el COP es mayor que en verano. El COP total está influenciado por el alcance de la 
demanda de calor en este periodo. Incluso si el COP de refrigeración disminuye por el aumento de 
la presión y temperatura de descarga para aumentar la producción de calor, el COPHR aumenta. 
Esto influye en el COPTOT. La presión de condensación no afecta la diferencia porque es casi la 
misma durante todo el año (alrededor de 28 ºC). 

Como se ha comentado, el sistema extrae frío del suelo durante el período de verano. Esto 
actualmente es posible, ya que la temperatura del suelo es suficientemente baja (media de 10 ºC). 
Pero, es necesario estudiar si en unos años, esto seguirá siendo posible ya que puede que la 
inyección de calor en el suelo cada verano haga que la temperatura del mismo aumente y no sirva 
como foco frío más. Para ello, se ha modelado el sistema geotérmico con el software EED. Es un 
programa de diseño de agujeros verticales para intercambio de calor con el suelo. Permite darle 
como entrada el tamaño, distribución y localización de los agujeros; el material del suelo; el fluido 
refrigerante; el flujo volumétrico; las cargas del suelo…Dichas cargas han sido calculadas a partir 
de las mediciones de campo en la instalación.  

 
Figura 11. Temperatura del suelo en los próximos 15 años. Obtención de los resultados de la simulación con el Software 

EED.  

La figura 9 muestra la variación de la temperatura del suelo a lo largo de los 15 próximos años. La 
temperatura máxima es alrededor de 13 ºC. El primer año tendrá 12.8 ºC y aumentará hasta 13,4 
ºC en 15 años. Esto se debe a que se extraen 126 MWh del suelo y se proporcionan 176 MWh en 
un año en total. La diferencia es de 50 MWh que hacen aumentar la temperatura del suelo a lo largo 
del tiempo. Esto implica que se podrá subenfriar el sistema en los próximos años, ya que la 
temperatura del suelo seguirá siendo menor que 15 ºC, que sería el límite para poder subenfriar el 
CO2. Por otro lado, el enfriamiento libre acabará desapareciendo ya que la temperatura del suelo 
debe ser menor que la temperatura que se aporta al sistema de AC (media de 14ºC). Ambas 
temperaturas serán aproximadamente iguales en unos años, por lo que el enfriamiento libre se 
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reducirá. Esto aumentará ligeramente el consumo energético, ya que el AC se proporcionará en su 
totalidad con el sistema de refrigeración.   

Finalmente, con todos los resultados se han llevado a cabo medidas para optimizar el sistema. En 
primer lugar, como se explicó anteriormente el control de la producción de calor se debe hacer a 
presión máxima constante y regulando la capacidad del enfriador de gas a través de la temperatura. 
En caso de que la demanda de calor sea muy alta y no pueda abastecerse con el sistema de 
refrigeración, deberá extraerse calor del suelo a través del sistema geotérmico, mientras la presión 
de descarga y el subenfriamiento es máximo.  

Además, en este sistema el vapor que sale del recibidor está conectado al compresor que une el 
nivel de media temperatura con el de alta temperatura (figura 12a). Una posible mejora, sería 
conectar esta línea de vapor al compresor paralelo (figura 12b). De esta forma se reduciría la energía 
empleada ya que el salto de presiones en el compresor paralelo es menor. Es cierto que la cantidad 
de vapor que circula por esta línea es baja ya que el fluido se subenfría antes de entrar al recibidor 
reduciendo la cantidad de vapor, pero, aun así, el estudio muestra que incluso con bajas cantidades 
de vapor, merece la pena hacer la conexión, ya que el compresor paralelo está activado durante casi 
todo el año. En verano se activa para el aire acondicionado y en invierno para extraer calor del 
suelo. Esto quiere decir que no sería necesario activarlo únicamente para esta cantidad de vapor, lo 
que se traduce en un aumento de la eficiencia y reducción del consumo eléctrico.  

 
 

Figura 12.a) Conexión actual. Elaboración propia.  Figura 12.b)Propuesta de mejora. Obtenido de 
investigación (S. Sawalha,2014) 

 

Por último, el sistema cuenta con un calefactor eléctrico que aparentemente se activaría en caso de 
emergencia, pero que se activa en varias ocasiones durante el invierno. Se podría abastecer 
demandas altas con la capacidad del suelo y el sistema de refrigeración, por lo que una posible 
mejora es desactivar este calefactor y coger más calor del suelo, ya que tanto la temperatura de este 
como la capacidad de los compresores lo permitirían. 

Terminado el primer sistema, se procede al estudio del segundo sistema en Moraberg. El esquema 
del sistema se puede observar en la figura 12. Para un mejor entendimiento se ha realizado el 
esquema básico de la figura 13. Es similar al sistema all-in-one general explicado antes, con la 



-17- 
 

diferencia de que este cuenta con eyectores que hacen el evaporador inundado en el nivel medio 
de temperatura y con alguna diferencia en las conexiones en el nivel alto de temperatura. 

 
Figura 13. Esquema del sistema en Moraberg. Obtenido del software Huurre Itop. 

 

 
Figura 14. Esquema básico del sistema en Moraberg. Realización propia a partir de draw.io. 
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La recopilación de datos y la sincronización de estos se ha llevado a cabo de la misma manera que 
el anterior. El cálculo de las cargas, eficiencias, flujos másicos…está adaptado al nuevo sistema, que 
tiene ligeras variaciones en las conexiones y que además cuenta con la instalación de eyectores. Los 
resultados de los cálculos muestran que el sistema no utiliza el sistema geotérmico durante el 
invierno para extraer calor. Cuando la temperatura es baja, la demanda de calefacción es alta y el 
enfriador de gas se desvía para producir más calor con el sistema de refrigeración, reduciendo así 
el subenfriamiento del refrigerante. En ningún momento se complementa la producción con el uso 
de la tierra. Se ha determinado que se podría mejorar el sistema si se controlase del siguiente modo: 
siempre y cuando el sistema alcance la presión máxima, se debe mantener el máximo 
subenfriamiento y en lugar de regular la capacidad del enfriador de gas para aumentar el flujo 
másico del refrigerante, debe usarse el suelo como una carga/fuente de calor.  

Desde el mes de marzo hasta el mes de octubre hay demanda de aire acondicionado. Durante los 
meses de junio, julio, agosto y septiembre se abastece el AC con el sistema de refrigeración a partir 
de la conexión del evaporador AC/VP con el sistema de AC del supermercado. El resto de los 
meses se aporta refrigeración libre a partir del suelo mediante la conexión del sistema de AC con 
el suelo.  

Se han calculado las cargas y COPs del sistema y la media de cada mes se ha representado en las 
siguientes figuras 15 y 16.  
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Figura 15. Demandas de refrigeración en los armarios y congeladores (MT y LT niveles de evaporación), media de la 

temperatura de condensación y temperaturas de evaporación (Tevap,MT y Tevap,LT) del sistema en Stenhaguen. 
Realización propia a partir de los cálculos realizados.  

 
Figura 16. COP total, COP del evaporador MT, COP del evaporador LT y diferencia de temperaturas en el subenfriador. 

Realización propia a partir de los cálculos realizados.  
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Como se puede observar, las temperaturas de evaporación de media y baja temperatura son más o 
menos constantes; alrededor de -4 ºC y -29 ºC. La capacidad de enfriamiento en el nivel bajo de 
temperatura no varía mucho entre el periodo de invierno y verano. Esto se debe al uso de puertas 
de vidrio que separan el aire frio en los congeladores del aire del supermercado (la demanda de 
enfriamiento en el nivel LT es alrededor de 17 kW).  

Sin embargo, la capacidad en el nivel MT no es constante durante el año. Es mayor durante el 
verano ya que las temperaturas son mayores. Las puertas de los armarios de MT se abren y cierran 
más a menudo que los congeladores y normalmente no están aisladas del aire del supermercado. 
Al igual que en el anterior sistema estudiado, la temperatura del aire del supermercado se controla 
y no depende de la temperatura ambiente. En cambio, la humedad relativa es normalmente mayor 
con alta temperatura del ambiente y la humedad en el supermercado no se controla. Esto causará 
cargas de condensación y formación de escarcha en los evaporadores de los armarios MT y 
provocará el aumento de la carga. 

La demanda de frío de los armarios de las neveras es entre 3 y 4 veces mayor que en los 
congeladores a lo largo del año. Se puede observar que la temperatura de condensación sigue la 
temperatura ambiente durante el verano con una diferencia de 3 ºC. La baja demanda de calor en 
el periodo de verano hace que no sea necesario desviar el enfriador de gas y por lo tanto la 
temperatura del refrigerante después del enfriador de gas puede seguir la temperatura ambiente 
para aumentar el COP del enfriamiento del sistema.  

Como el sistema es controlado para cubrir la demanda de calor, la presión de descarga y la 
correspondiente temperatura de condensación a bajas temperaturas ambientes depende de la 
demanda de calor que sea necesaria cubrir. Esto influenciará el COP de enfriamiento. En el invierno 
la temperatura de condensación no sigue a la temperatura ambiente y es más o menos 2 veces 
mayor. Esto es debido a la alta demanda de calor que hace necesaria aumentar la presión de 
condensación y la temperatura de condensación.  

Como se puede observar en la figura 15, la diferencia de las temperaturas en el subenfriador tiene 
lugar durante el periodo de verano. Además, en la figura 15 se aprecia que durante el periodo de 
invierno el COP es mayor que en verano. El COP total está influenciado por el alcance de la 
demanda de calor en este periodo. Incluso si el COP de refrigeración disminuye por el aumento de 
la presión y temperatura de descarga para aumentar la producción de calor, el COPHR aumenta. 
Esto influye en el COPTOT. La presión de condensación no afecta la diferencia porque es casi la 
misma durante todo el año (alrededor de 31 ºC). 

Como se ha comentado, el sistema extrae frío del suelo durante el período de verano. Esto 
actualmente es posible, ya que la temperatura del suelo es suficientemente baja (media de 10 ºC). 
Pero, es necesario estudiar si en unos años, esto seguirá siendo posible ya que puede que la 
inyección de calor en el suelo cada verano haga que la temperatura del mismo aumente y no sirva 
como foco frío más. Para ello, al igual que en el sistema previo se ha modelado el sistema 
geotérmico con el software EED.  
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Figura 13. Temperatura del suelo en los próximos 15 años. Obtención de los resultados de la simulación con el Software 

EED.  

En la figura 12 se puede observar la temperatura del suelo a lo largo de 15 años. La temperatura 
del suelo aumenta notablemente a lo largo de 15 años. Actualmente tiene una temperatura de 14 
ºC y en 15 años será de 30 ºC. Se introducen en el suelo 130,3 MWh y se extraen 40,65 MWh en 
un año en total. Esto es una diferencia de 86,318 MWh, que es el causante del aumento de la 
temperatura. Esto significa que el sistema no será capaz de subenfriar ni de proporcionar AC en 2 
años a través del suelo. La temperatura de la tierra no debería ser mayor que 15 ºC para poder 
seguir funcionando del mismo modo, y está alcanzando los 30 ºC como se puede observar en el 
resultado de la simulación de la figura 12. 

Finalmente, con todos los resultados se han llevado a cabo medidas para optimizar el sistema. En 
primer lugar, como se explicó anteriormente siempre y cuando el sistema alcance la presión 
máxima, se debe mantener el máximo subenfriamiento y en lugar de regular la capacidad del 
enfriador de gas para aumentar el flujo másico del refrigerante, debe usarse el suelo como una 
carga/fuente de calor.  Controlando de esta forma el sistema, se extraerá más calor del suelo y por 
lo tanto se bajará la temperatura del mismo. Esto solucionaría el problema del aumento de 
temperatura en el suelo mencionado anteriormente, pudiendo así seguir subenfriando con el suelo 
el refrigerante en los próximos años. 

Además, en este sistema el vapor que sale del recibidor está conectado al compresor que une el 
nivel de media temperatura con el de alta temperatura. Una posible mejora, sería conectar esta línea 
de vapor al compresor paralelo. De esta forma se reduciría la energía empleada ya que el salto de 
presiones en el compresor paralelo es menor. Es cierto que la cantidad de vapor que circula por 
esta línea es baja ya que el fluido se subenfria antes de entrar al recibidor reduciendo la cantidad de 
vapor, pero, aun así, el estudio muestra que incluso con bajas cantidades de vapor, merece la pena 
hacer la conexión, ya que el compresor paralelo está activado durante casi todo el año. En verano 
se activa para el aire acondicionado y en invierno para extraer calor del suelo. Esto quiere decir que 
no sería necesario activarlo únicamente para esta cantidad de vapor, lo que se traduce en un 
aumento de la eficiencia y reducción del consumo eléctrico.  
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En general, los dos sistemas tienen aspectos a mejorar. Son sistemas muy nuevos, instalados hace 
un poco más de un año que están optimizándose y actualizándose en la medida de lo posible. Son 
una alternativa efectiva y no contaminante a los actuales sistemas de refrigeración que funcionan 
con refrigerantes artificiales.  

En la segunda parte de este proyecto se ha realizado una comparativa de este sistema booster 
avanzado que trabaja con geotermia con soluciones individuales para cada demanda. Es decir, se 
compara el sistema actual con uno que abastece las mismas demandas, pero con sistemas 
individuales. Para ello cuenta con un sistema de refrigeración básico que únicamente aporta la 
refrigeración de neveras y congeladores; una bomba de calor de aire para la calefacción y un sistema 
de aire acondicionado independiente.  

El modelo de las soluciones individuales se ha extraído de una investigación realizada por S. 
Sawalha en la que las compara con el sistema avanzado estándar. Para la realización del modelo del 
sistema booster avanzado conectado a un sistema geotérmico se han realizado una serie de hipótesis 
y suposiciones siguiendo la línea del modelo básico realizado en ese mismo paper.  

La comparativa de ambos sistemas se ha realizado principalmente a través de dos indicadores: el 
uso anual de energía (AEU) y la relación estacional de eficiencia energética (SEER) definidos como:  
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Siendo $%&%'(,0 la media del consumo de electricidad destinado a la producción de calor para cada 
temperatura ambiente; f la frecuencia a cada temperatura ambiente; QAC,i la carga de aire 
acondicionado a cada temperatura ambiente y EAC el consumo de electricidad a cada temperatura 
ambiente.  

El indicador AEU nos indica la cantidad de energía empleada para la producción de calor. El 
sistema avanzado estudiado tiene un AEU de casi 100000 kWh con un coste de 10000 €. Es un 
29% menos que la energía que emplea la bomba de calor de aire.  
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Figura 14. Comparación de AEU de un sistema avanzado all-in-one de CO2 con sistemas individuales. Elaboración propia.  

Así mismo el coste total se verá reducido un 29%.  

 
Figura 15. Comparación de coste energético de un sistema avanzado all-in-one de CO2 con sistemas individuales. Elaboración 

propia.  

El indicador SEER es útil para comparar los sistemas de aire acondicionado en ambos sistemas. El 
valor de ambos es de 4, lo que indica que ambos sistemas son igual de eficientes en cuanto al 
aprovisionamiento de aire acondicionado se refiere.  
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Figura 16. Comparación de SEER de un sistema avanzado all-in-one de CO2 con sistemas individuales. Elaboración propia 

Los resultados indican que los sistemas avanzados booster de CO2 que están conectados a un 
sistema geotérmico son los más prometedores sistemas de refrigeración actualmente, ya que son 
sistemas compactos y no contaminan. Es más eficiente en climas fríos, pero también es una buena 
opción en climas cálidos.  
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Impacto social, institucional y ambiental  
Los valores de contaminación atmosférica son cada vez mayores. La Organización Mundial de la Salud 
estimó que una de cada nueve muertes en todo el mundo es el resultado de condiciones relacionadas con la 
contaminación atmosférica. Es primordial enfocar las nuevas investigaciones en las universidades hacia una 
solución. 

Por ello, el motivo del comienzo de esta investigación ha surgido de una demanda social para incidir mejor 
en los Objetivos del Desarrollo Sostenible. Tal como se muestra en el Cuaderno Solidario de la Educación 
superior y cooperación al desarrollo, la universidad y los objetivos esenciales que la conforman: la formación, 
la investigación y el servicio a la sociedad, además de poner en relieve la necesidad de desarrollar una buena 
y accesible cobertura de la educación superior de manera justa y equitativa, ha de contribuir al desarrollo 
humano y la transformación de la sociedad en sintonía con la consecución de los Objetivos de Desarrollo 
del Milenio y los enfoques de desarrollo humano, plasmados en las políticas de cooperación española al 
desarrollo (Gamba et al., 2017). 

Fruto de esta necesidad de las universidades de alinearse con los Objetivos del Desarrollo Sostenible surge 
la idea de la realización de proyectos como este de la mano de empresas concienciadas con la causa. Con 
este trabajo se pretende contribuir al avance hacia un medio ambiente sostenible. Se plantea la sustitución 
de los sistemas de refrigeración actuales, que a pesar de ser eficientes son muy contaminantes, por nuevos 
sistemas que trabajan con refrigerantes naturales y con sistemas geotérmicos que consiguen ser igual de 
eficientes y además no contaminan. Como se ha mencionado anteriormente, estas nuevas propuestas para 
los sistemas de refrigeración se instalaron hace un año en dos supermercados en Suecia, y se está trabajando 
continuamente para optimizarlos y aumentar su eficiencia, de manera que puedan implantarse en todos los 
supermercados de Europa. El cambio requiere una gran inversión e investigación y este proyecto se suma a 
ello.  

Actualmente, las investigaciones están en su mayoría enfocadas en los países escandinavos, pero ya se está 
empezando a valorar la instalación en países con temperaturas ambientales más altas como España. La 
investigación de ((Abdi, Sawalha and Karampour, 2014) estudia la instalación de este tipo de sistemas en un 
supermercado en Barcelona y determina que es una propuesta óptima ya que son sistemas sostenibles que 
no contaminan y que además cuentan con eficiencias similares a las de los sistemas actualmente implantados 
en España. La nueva ley de cambio climático exige contar con bajas emisiones para el 2023, por lo que esta 
podría ser una buena propuesta.   
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1.! Introduction 

1.1.! Background 

Supermarkets are using large amounts of energy; approximately 3% of the electric energy consumed in 
Sweden is used in supermarkets (1,8 TWh/year). (Arias, 2005) This makes them great emitters of Global-
warming potential (GWP) refrigerants. In order to avoid the negative environmental impacts, the switch 
from artificial to natural refrigerants is taking place. 

CO2 fits perfectly as it is a secondary product of the power generation industry and it can be reused as a 
refrigerant before expelling it into the atmosphere. It is inexpensive and safe, and it has some thermophysical 
advantages for the refrigeration cycle due to the high working pressure. 

Components specially designed to handle CO2 have become increasingly available and price competitive. 
This has broadened the possibilities of using CO2 and how they can be effectively applied. (Sawalha, 2005) 
It has been used with indirect, cascade and trans-critical refrigeration systems. Nevertheless, the CO2 trans-
critical booster system has become the standard supermarket refrigeration solution for new installations in 
some European countries, mainly the Scandinavian countries. (Karampour and Sawalha, 2018) 

The CO2 trans-critical booster system is an advanced system or also known as an all-in-one energy system 
which is designed to provide all thermal demands to the supermarket: air conditioning, refrigeration, space 
heating and hot water production. It consumes less energy by the integration of all the features in one system 
instead of using standalone solutions for each demand. Besides, this type of system can incorporate 
modifications that increase the efficiency such as the connection to vertical boreholes in the ground for 
seasonal thermal storage. 

This project will be focused in the CO2 trans-critical booster system with geothermal storage and will 
investigate two advanced energy systems installed in the past few years in supermarkets in Moraberg-
Södertälje and Stenhagen-Uppsala.  

 

1.2.! Objectives  

The goal of the project is to investigate two advanced energy systems installed in the past few years in 
supermarkets in Moraberg-Söderta ̈lje and Stenhagen-Uppsala. With the data of the field measurements, it 
will be done an analysis of how efficient the systems are and to investigate if they are controlled in the 
optimum way. In this line the main objectives are: 

•! Have a good overview of the work done on advanced energy systems in supermarkets. 
•! Highlight and understand the main parameters which influence on the performance of all-in-one 

advanced energy system in supermarkets. 
•! Select the proper calculation tools to be used in the modelling of the energy systems. 
•! Synchronize the data of the field measurements download from the platform Huurre Itop. 
•! Model the two refrigeration systems taking as inputs this real data synchronized and compare the 

modelling results to the field measurements. 
•! Simulate and analyze the performance of vapor compression and geothermal systems. 
•! Analyze large amount of data from field measurements. 
•! Suggest how the performance of such systems can be improved. 
•! Modelling simulations for the ground heat exchanger with the actual borehole design and the actual 

location of the system for studying the behavior of the temperature of the ground in the 15 next 
years. 

•! Analyze the consequences of the change of the temperature in the ground to the actual systems. 
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The second part of the project is about comparing this advanced all-in-one system to typical standalone 
solutions by identifying and running basic modelling for both systems.  

Finally, it will be calculated the energy savings and the justified cost of installing the all-in-one system.  

1.3.! Methodology 

The first step for achieving the objectives of this project has been making a literature survey on the subject 
summarizing the early research done in this area. After that, the investigation of the project has been divided 
in three parts: 

1.! Computer modelling of two advanced energy systems installed in the past few years in supermarkets 
in Moraberg-Söderta ̈lje and Stenhagen-Uppsala 

A computer model has been created by selecting the proper calculation tools and reviewing the available 
data. The inputs and boundaries of the models are based on the field measurements and the calculations 
were done in templates in Excel connected to RefProp. 

Real time measurements in both supermarkets and web-monitoring are used for the acquisition of the data, 
synchronization and analysis. The identification of the key parameters was fundamental for analyzing the 
performance of the refrigeration systems.  

2.! Analyze of the results of the model and the field measurements. 

The analysis of the field measurement and the results of the model was carried out in order to know 
how the system is being controlled. Besides, there have been suggested system modifications in order 
to control it in the optimum way.  

3.! Analyze and compare the efficiency of the advanced all-in-one system to typical standalone 
solutions 

The advanced all-in-one system studied was compared to standalone solutions by identifying and running 
basic modelling for both systems. Finally, it will be calculated the energy savings and the justified cost of 
installing the all-in-one system. 
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2.! Refrigeration systems in supermarkets  

2.1.! Carbon dioxide (CO2) as a refrigerant  
Artificial refrigerants have been used for many decades because they were safe. However, as they are bad 
for the environment, a transition to natural refrigerants is taking place. CO2 is the ideal choice as it is a 
secondary product of the power generation industry and using it for refrigeration in supermarkets is a way 
to take advantage of it before expelling it into the atmosphere. It is unique among natural refrigerant in its 
good safety, non-flammable, non-explosive and relatively non-toxic, which makes it an almost ideal fluid, 
especially for applications where relatively large quantities of refrigerant are needed. Moreover, it is 
inexpensive and it has no Ozone Depletion Potential (ODP) and GWP of 1 (Sawalha, 2015).  

Regarding the thermophysical properties, CO2 stands out for the different critical point in comparison to 
other refrigerants. It has a high pressure of 73.8 bars and a low temperature of 31.06 ºC, as it is illustrated 
in figure 1. The operation pressure in the cycle will be always higher than 5.2 bars, as the triple point is 
situated at 5.2 bars and -56.6 ºC. 

Bellow the critical point (sub-critical region) the temperature and pressure are related through the saturation 
temperature pressure curve, but above this point (super-critical region) there is no relation between 
temperature and pressure and they can be delimited individually.  

In the super-critical region there is no distinction between liquid and vapour and the fluid is named 
supercritical fluid. The heat rejection in this part is done with constant pressure and the temperature changes 
in a similar manner to the single phase. (Sawalha, 2015) 

  
Figure 1. CO2 phase diagram. Obtained from the slides of the course cooling 
systems of  KTH. 

Figure 2. Saturation pressure versus temperature for selected refrigerants. 
Obtained from the slides of the course cooling systems of  KTH.  

                                                                    

 

Figure 2 shows the saturation pressure versus temperature for selected refrigerants. The CO2 has higher 
working pressure than the other refrigerants. This provides a higher vapor density than refrigerants with 
similar latent heat of vaporization/condensation, which is translated in the use of a smaller refrigeration 
vapor volume flow rate for a given cooling capacity. Consequently, the components needed will be more 
compact. The second advantage of the high working pressure of the CO2 is that if the pressure drops, the 
effect in the saturation temperature will be smaller than in the other refrigerants.  

When condensing temperature is above the temperature of the critical point, the systems suffered loss in 
cooling capacity and efficiency. However, if the high pressure side of the cycle is to be used for heating 
water or air from a low temperature to high, then the shape of the CO2 isobar in the trans-critical region 
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tends to match the temperature of the heated medium, which reduces the cycle losses and may even result 
in efficiencies higher than for conventional refrigerants. (Sawalha, 2005) 

2.2.! Energy usage in supermarkets and system solutions 

Supermarkets have different thermal demands which typically need to be fulfilled by different energy 
systems. The key thermal demands are: refrigeration, space heating, hot water production, and air 
conditioning.  

Nowadays, advanced modern refrigeration systems are used to provide the refrigeration and all the thermal 
demands to the supermarket; air conditioning is provided at intermediate pressure level and the heating 
demand is recovered from the refrigeration systems. Such a system is usually referred to as all-in-one system.  

An additional feature to increase the efficiency of the all-in-one energy system is by connecting it to vertical 
boreholes in the ground for seasonal thermal storage; providing air conditioning and sub-cooling to the 
refrigeration system in the summer, while in the winter the warm ground is used as a heat source to provide 
heating demands, in the winter. In other words, it is a hybrid geothermal solution. 

The systems of the two supermarkets that are going to be investigated are all-in-one energy systems of CO2 
trans-critical booster systems with geothermal storage.  
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3.! CO2 trans-critical booster system with geothermal storage 

3.1.! Refrigeration system 

The general base schematic of the state-of-the-art CO2 booster system that is being studied in the two 
supermarkets is as follows: 

 
Figure 3 Schematic of the CO2 trans-critical system and integrated geothermal storage. Own elaboration with draw.io. 

This type of refrigeration systems consists of two temperature levels which are required in supermarkets for 
chilled and frozen products. The cooling demands are recovered in the evaporators of the medium and low 
temperature levels (1 and 2). The evaporators are normally DX or Flooded. The first ones are operating in 
lower evaporation temperature that it is needed, because internal superheating is produced to keep same the 
compressor. But the flooded evaporators do not need internal superheating and therefore the evaporation 
temperature is higher. This increases the efficiency as the pressure increase by the compressor will be lower. 

The increase of the pressure from this medium and low temperature levels is done by one booster 
compressors (9) connecting the lower temperature (LT) level and the medium temperature (MT) level, and 
other compressor connecting the MT level with the high temperature (HT) level (10). The cooling 
production is used to generate heat to cover the heating demand, which consists of space heating and tap 
water heating normally. Heat which covers the heat demand (space heating and tap water heating) are 
generated during the cooling production. The heat is recovered in the de-superheaters (3) by cooling the 
trans-critical refrigerant after the compressor. A gas cooler (4) is used to reject the excess heat to the ambient 
when the produced heat from the system is higher than the heating demand. After the gas-cooler is a sub-
cooler (5) where the refrigerant temperature is decreased, when it is needed, to increase the cooling COP. 
The sub-cooler is connected to the ground which is used as sink to sub-cool the refrigerant during summer 
period. During winter period the temperature is low enough and therefore the sub-cooler is not used. After 
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it, the refrigerant goes to the receiver (6), where the liquid and the vapor are separated. The saturated liquid 
is divided in three lines. Two lines are going to the evaporators of the MT and LT levels (1 and 2). The 
refrigerant in the other one is expanded by a high-pressure regulating valve and enters through the air 
conditioning evaporator (evaporator AC/VP) (7) that goes after that through a parallel compressor (8). The 
existence of this third evaporator is one of the features that distinguishes this system from the standard CO2 
trans-critical booster systems. It is connected to the ground or to the air condition system of the 
supermarket, depending on the need of heat (winter period) or cold (summer period). Also, the existence 
of the sub cooler and the flooded evaporators are other features that do not exist in the regular booster 
system. 

 

3.2.! Geothermal energy storage 

The design concept is to use the ground as a heat sink in summer and a heat source in winter. The layout 
of the geothermal energy storage are illustrated in the following figure: in winter (4b) and in summer (4a).  

On the figure 4a it is shown that during the summer the sub cooler (1) is connected to vertical boreholes in 
the ground (3) to provide the sub-cooling of the refrigeration system in summer.  The ground also can be 
connected to the AC system (4) providing cooling if the temperature of the ground is low enough for that. 
In the case of high ground temperature, the AC system is connected to the evaporator AC/VP (2) to provide 
cooling capacity to cover the air conditioning demand.  

The figure 4b applies the winter period, where the evaporator AC/VP (1) is connected to the warm ground 
directly (2) so it is used as a heat source to cover the heating demand.  

c

 

 

A) B) 

Figure 4 Schematic of the CO2 integrated geothermal storage in Stenhaguen. Hybrid geothermal solution: refrigeration system sub-cooling and air condition 
in summer (left) and heat source for GSHP in winter (right). Own elaboration with draw.io. 
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3.3.! Refrigeration operation zones 

The system can work in the supercritical zone and in the subcritical zone: 

-! Supercritical zone (Fig 5): 

During summer, the temperatures and pressures are higher and therefore, the operation is super-critical. 
This happens normally when the ambient temperature is higher than 25 ºC. In this situation, it will be better 
to cool the refrigerant after the gas cooler in the sub-cooler due to the high temperatures to increase the 
efficiency. The sub-cooler is connected to the ground to cool the refrigerant and increase the ground 
temperature 

During the winter, the system is working in the supercritical zone in order the heat demand to be covered. 
The evaporator is connected to the ground to extract heat, if the cabinets’ capacity is not enough to cover 
the heat demand. The situation where the system operates in super-critical zone is characterized by the P-h 
diagram of the Figure 5. 

 
Figure 5 P-h diagram of a CO2 trans-critical booster system and integrated geothermal storage during summer. Own elaboration with EES. 

-! Subcritical zone: 

When the temperature of the ambient is lower than 25 ºC and there is no heat demand, the system operates 
in the subcritical zone.  

During winter, if the heat demand is not too high, the discharge pressure can be lower and therefore the 
temperatures and pressures will be below the critical point. In this situation there is no need of sub-cooling, 
and therefore, the sub-cooler will be bypassed. The operation is below the critical point as it can be seen in 
the figure 6.  
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Figure 6 P-h diagram of a CO2 trans-critical booster system and integrated geothermal storage during winter. Own elaboration with EES. 

3.4.! Heat recovery control strategy  

The extracted heat in the de-superheaters by cooling the discharge gas of the compressor is defined as the 
mass flow rate going through them multiplied by the difference of enthalpies after and before them equation 
(1). Therefore, the recovered heat in the de superheaters is related to the cooling capacity of the cabinets.  

(6̇=ṁ=>?∙@ℎB>'%3>CDB'/E>=). 1 

 

In order to increase the recovered heat as to be enough to cover all the heat demand of the supermarket, 
there are two options, which are based on increasing the mass flow rate going through the de superheaters 
in order to recover more heat. It is the only option to increase the heat recovery as the values of the 
enthalpies are fixed by the values of the temperature of the return fluid over the de superheaters and 
therefore cannot be changed.  

The first option is to recover it from the refrigeration system by bypassing the gas cooler. The second option 
will be to take the heat from the ground. Sometimes both options are done together as the heat demand is 
too high for being recovered just with one of the options. 

Option 1: Heat recovered from the refrigeration system 

In an investigation done before by A. Abdi, S. Sawalha and M. Karampour in 2014 it has been determined 
the optimum way to control the heat recovery. In the theoretical anaylisis, it is assumed that all the heating 
demand for space heating is covered by the refrigeration system. The required temperature for the heating 
system is estimated to be around 35 °C and the return temperature is expected to be few degrees lower 
around 30 °C. The capacity of recovered heat is strongly influenced by return temperature from heating 
system; the lower return temperature, the higher rate of heat can be recovered. The rest of heat exceeding 
the heating demand would be rejected to ambient by gas cooler. (Abdi, Sawalha and Karampour, 2014) 
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Figure 7. CO2 trans-critical booster system (left), key parameters for theoretical control strategy (right). Obtained from the investigation 

(S.Sawalha,2014) 

The control strategy for heat recovery in CO2 refrigeration system follows the analysis done by Sawalha 
(2013). For specific given cooling demand, increasing sub-cooling (in the gas cooler) will have positive effect 
(on cooling COP of the system. However, it reduces the available recoverable heat due to reduction in 
refrigerant mass flow rate. If the heating demand is higher than the available heat for recovery, the discharge 
pressure should be raised and there should be no sub-cooling. Therefore, the available heat in de-superheater 
meets the heating demand. (Abdi, Sawalha and Karampour, 2014). By bypassing the gas cooler, the 
temperature before the receiver will be higher and therefore the enthalpy will be higher as well. For achieving 
the same cooling demand, the mass flow rate has to increase as the difference of enthalpies is now lower. 
In this way, there is a decrease of the COP cooling, but a increase of the COP of the heat recovery. 

The control strategy can be observed in the figure 1 (right). The horizontal axis is the heat recovery ratio 
(HRR) expressed in equation (1), which is the ratio of heating demand (Q1) to cooling demands of the 
system (QM,Total), expressed in equation (2). 

 

HRR = Q1/QM,TOTAL 2 

QM,TOTAL=QLT+QMT+ELT*0.93  3 

Being QLT and QMT the cooling capacities of the evaporators in the medium and low temperature level and 
ELT, the inlet power consumption of the booster compressor in the low temperature level with the losses 
discounted. The factor 0.93 is to consider the 7% heat loss from the compressor to the surroundings 
(Berglöf, K., 2005). 

In the first region the temperature after the condenser/gas cooler will follow the ambient temperature with 
an approach temperature of 3K. While HRR is increasing, the temperature after the gas cooler is decreasing, 
which will increase the efficiency and keep the maximum amount of possible sub-cooling. At the same time, 
to have efficient operation, the discharge pressure should not exceed a maximum limit. So, the pressure will 
be controlled to heating demand, but being the optimum maximum pressure:  

 

 

PDischarge,Max = 2.7 * TDe-superheater,Exit – 6 4 

The equation is based on refrigerant exit temperature from de-superheater (Sawalha, 2013) 

The gas cooler is regulated to decrease the sub-cooling level as the mass flow rate of the system to be 
increased, when the maximum operating pressure is reached (region 2), but the heating demand is not 
covered. At the end of region 2 (to the right of the plot) the gas cooler is fully by-passed, and the discharge 
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pressure should be raised again to recover more heat. This is not recommended due to the decrease of the 
efficiency in the system (Abdi, Sawalha and Karampour, 2014) 

After region 2, the system is not able to recover more heat as the maximum operating pressure will be 
already achieved.  

To sum up, if the heating demand is low compared to refrigeration load then the pressure should be 
regulated and the gas cooler should keep the maximum sub-cooling possible in the system. When more heat 
is needed from the refrigeration system then the discharge pressure will reach a value that should not be 
exceed and then the gas cooler should be regulated. 

Option 2: Heat recovered from the ground: geothermal energy 

The third evaporator of the system (AC/VP) can be connected to the ground to extract heat from it, acting 
as a heat pump. This will make possible to achieve the heat demand increasing the COP in the system and 
not using district heating.  

If the heat demand is too high to be covered just with one of the options, both will run together. Normally, 
the heat is recovered firstly from the refrigeration system until the system is working in the end of the region 
2 where the gas cooler is bypassed, and the pressure achieved in the system is the maximum. After that, the 
heat will be recovered from the ground to achieve the total heat demand. For the maximum recovered of 
heat, there will be recovered the maximum heat possible from the ground according with its temperature 
and the gas cooler will be bypassed at the same time (end of region 2 of figure 7).  

Sometimes, the gas cooler is not bypassed, and the heat is extracted firstly from the ground. Apparently, 
this can be a waste of energy as part of the heat extracted from the ground is being rejected in the gas cooler 
(it is not bypassed, and it is decreasing the temperature of the refrigerant). But it can be beneficial for the 
system for decreasing the temperature of the ground and being able to use it later to sub cool the refrigerant 
during summer or to provide air conditioning. Also, other positive thing of the decreasing of the 
temperature in the gas cooler is that it will have a positive effect on the cooling COP. So, in conclusion this 
is a possible optimum option, as far as the discharge pressure is not higher than the maximum pressure 
recommended (equation 3).  

There is a way to know if the heat can be recovered just with the refrigeration system or if it needs also to 
use the ground. This maximum limit of heat that can be recovered just with the refrigeration system will be 
determined by the calculation of a theoretical heat recovery ratio (HRRlimit), which is defined as the enthalpy 
difference across the de-superheater divided by enthalpy difference across the evaporator (assuming the gas 
cooler is bypassed and there is no subcooling, where the maximum amount of heat is recovered): 
 

HRRlimit = Δhde-superheater / Δhevaporator(gas cooler bypassed) 5 

 

The real HRR recovered just with the refrigeration system will be the same equation as before but using the 
real temperature after the gas cooler (not considering it always bypassed). 
 

 

HRR_only_refrigeration= Δhde-superheater / Δhevaporator 6 

 

3.5.! Air conditioning system and control strategy 

The design concept is to connect the air conditioning system of the supermarket (AC-System) with the 
ground during summer to cool the supermarket by increasing the temperature of the ground. Sometimes, 
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the temperature of the ground is too high because of the connection of the sub-cooler with the ground 
during summer, and it is not possible to provide cold from the ground. In these cases, the air condition 
system will be connected to the third evaporator (evaporator AC/VP) to provide cold while increasing the 
temperature of the fluid of the refrigeration cycle.   

 
Figure 8. Schematic of the geothermal energy storage and air conditioning part of a CO2 trans-critical booster system and integrated geothermal storage 

during summer. Own elaboration with draw.io. 

 

The control strategy is based on a gas bypass valve which allows the connection of air conditioning system 
of the supermarket with the evaporator AC/VP of the refrigeration system when the temperature of the 
ground is too high. On the other hand, it will redirect the secondary fluid from the air conditioning cycle to 
the ground if the temperature is low enough to cold the supermarket. 

The system should run in the floating condensing mode in the summer. If should follow the ambient 
temperature in sub-critical condition with an approach temperature around 7K. In super-critical conditions 
the approach temperature is around 3K and the optimum discharge pressure control for max COP is: 

 

Popt,gc= 2.7 ∙ Tgc,exit-6 7 
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4.! Advanced energy system installed in Stenhagen-Uppsala 
The supermarket in Stenhagen-Uppsala is composed by two equal CO2 trans-critical booster units with 
geothermal storage. They are called KA1 and KA2 units. The next figures show a screenshot of the KA1 
unit, which has the same layout as the KA2.  

 

 

 
Figure 9. Layout of the refrigeration part of the KA1 CO2 trans-critical booster system with geothermal storage installed in Stenhagen-Uppsala. 

Obtained from the software Huurree Itop  

 
Figure 10. Layout of the geothermal part of the KA1 CO2 trans-critical booster system with geothermal storage installed in Stenhagen-Uppsala. Obtained 
from the software Huurre Itop.  
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The system is the same as the one explained in the section 3, but this one has DX evaporators for both MT 
and LT level. It also includes three internal heat exchangers, which are there just for safety reasons. The two 
internal heat exchangers after the sub-cooler are there to low the refrigerant temperature after the sub-cooler 
for making sure everything is liquid. This is reducing so much the amount of vapor going to the receiver. It 
also increase the temperature of the refrigerant (extra superheat) going through the evaporator AC/VP 
connected to the parallel compressor and the booster compressor of the MT level to make sure there is no 
liquid going through them.  The internal heat exchanger after the receiver avoid the existence of liquid going 
through the booster compressor in the low temperature level (LT) and provide sub-cooling to the refrigerant 
before going to the evaporator in the LT level to increase the COP.  

For a better understanding of the system, it has been done a basic schematic of this system with the main 
names of the variables used in the following explanations of the process (Fig 11). 

  

 

 
Figure 11. Schematic of the CO2 trans-critical system and integrated geothermal storage installed in Stenhaguen with the names of the variables. Own 

elaboration with draw.io. 

As it was said before, there are some internal heat exchangers that are just for security reasons and do not 
appear in the basic schematic of the Figure 11. Although they have been considered for the calculations. 

4.1.! Data acquisition 

The data is obtained through online interface Huurre Itop (Huurre Itop, 2012). Temperatures and pressures 
at key points, the manufacturer data of the compressors and the value of the gas by-pass valves are measured 
for different periods of time. Since the data for different parameters obtained through Huurre Itop is 
unsynchronized there were used two methods for synchronizing the data. Firstly, it was used a python code 
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that was taking the average of the values. As it was not so accurate, at the end it was used an Excel macro 
which average the data over 10 minutes interval.  

4.2.! Calculations and modelling 

The data in processed in Excel to calculate the performance of the system, which includes cooling and 
heating loads and COPs of refrigeration, heat recovery (HR) and air conditioning (AC). For doing the 
calculations, thermodynamic properties are obtained by using REFPROP 9.0. The main steps of the 
calculations are: 

4.2.1.! Mass flow rates through the compressors 

The compressor manufacturer performance data (Accessori, Data and Ingombri, 2018) is used to calculate 
the mass flow rate over the three compressors of the system. The model of the compressors in the LT level 
are: 1 x Dorin 360 M and 2 x Dorin 700M; in the MT level are 4 x Dorin 2000M; and the PC are 1 x Dorin 
1400 H and 3 x Dorin 2000H. 

The equation used for calculating the mass flow rates through each compressor was: 

 

ṁ==GH∙ID&JK=,0/∙
?LML
?NMO

∙ ṖQ 8 

Where ID&JK=,0/ (kg/m3) is the refrigerant density at the compressor inlet. It has been calculated with 
REFPROP using the temperature and pressure data provided in these points by the field measurements. 

,/&J is the nominal frequency (Hz) and ,%&%  is the measured compressor frequency (Hz). It is expressed in 
our field measurements by a percentage. 

ṖQ (m3/s) is the swept volume flow rate at the nominal frequency and it was taken from the manufacturer 
data.  

 
Figure 12 Manufacturer data of the compressors. Obtained from the compressor manufacturer performance data (Accessori, Data and Ingombri, 2018) 

GH  is the volumetric efficiency and it has been calculated using the real data provided by the manufacturer 
from the compressor’s test. As it can be observed in the Fig 12., the file of the compressor data provides 
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the values of the cooling capacity, the inlet power of the compressor, the temperature after the 
condenser/gas cooler and the pressure in the condenser/gas cooler for different points in the test. With 
these data, it can be calculated the mass flow rate (ṁ=) on each point and with the mass flow rate the3GH . 
The equations used can be seen below:  
 

 

 

6̇ = R ∙̇ ∆ℎ → Ṙ =
6̇

ℎ>U'K_&W% − ℎ>U'K,0/
→ 

6̇ Q cooling capacity   

9 ℎ>U'K_&W% = ,(4Y, Z>U'K) → SC sub cooling (0K) 

ℎ>U'K_0/ = ,(48, ZD&/[) SH superheat 
(internal) (10K) 

 

 

GU =
Ṙ

PD ∙̇ I0/_D&JK
→ 

Ṙ Mass flow   

10 PḊ 33333333333333333333333333333333333333333333→ Swept volume flow 
rate 

I0/_D&JK = ,(4Y, Z>U'K) SH superheat 
(internal) (10K) 

 

There is obtained a relation between GH3and the pressure ratio (PR) of each compressor which was used 
later for the calculations of the mass flow rates. The relations for the compressors of our sistem are: 

360M \]33=3=3^0,0801PR3+30,97753

700 M GH33=3^0,0455PR3+30,65723

2000 M GH = 3−0,0717k53 + 30,99513

1400 H GH3=^0,0614PR3+30,9468Z3

2000H GH33=3^0,0615PR3+30,95863

Table 1. Relation of the volumetric efficiency with the pressure ratio 

4.2.2.! Compressor’ electricity use 

The compressor electricity use is provided by the supermarket in the LT, MT and HT levels. They have 
been calculated the total electricity consumption in order to compare the results to the measurements of the 
power. The total efficiency of the compressors ( Gm ) is needed to calculate the electricity used. It has been 
calculated using the data of the test proportioned by the manufacturer file as3GH . The equation use has been:  
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G%&% =
R ∙ ∆ℎ*Q̇

$>(>D%=*D_K&n>=̇ → 

Ṙ Mass flow   

   

11 

∆ℎ*Q = ,(4Y, Z>U'K̇ )33 Enthalpy difference 
between inlet and 
isentropic outlet 

$>(>D%=*D_K&n>=̇  SH superheat (internal) 
(10K) 

 
 

There is obtained a relation between Gm3and the pressure ratio (PR) of each compressor which was used 
later for the calculations of the electricity consumption of the compressors. 

 

360M op 33= 3q, qqrs ∗ uvr 3− 3q,qwrx ∗ uvy 3+ 3q,yqyz ∗ uv3 + 3q, r{ss; 3v²3 = 3q,~r3

700 M Gm 3= 3−0,0114 ∗ k5� 3+ 30,0599 ∗ k53 + 30,6067; 35²3 = 30,8593

2000 M Gm 33= 3−0,0126 ∗ k5� 3+ 30,0678 ∗ k53 + 30,5937; 35²3 = 30,8303

1400 H Gm 33= 30,0063 ∗ k5Å 3− 30,08 ∗ k5� 33+ 30,2909 ∗ k53 + 30,3482; 5²3 = 30,86173

2000H Gm 33= 33−30,0131 ∗ k5� 3+ 30,0589 ∗ k533 + 30,608; 5²3 = 30,87713

Table 2. Relation of the total efficiencies with pressure ratio 
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Figure 13. Plots of volumetric efficiency and total efficiency related to PR. Own elaboration with Excel. 

 

Using the correct values of the total efficiency in the equation 8, it has been calculated the electricity 
consumption of the booster compressors ($̇LT and $̇MT) and the parallel compressor ($̇PC). The electricity 
consumption of the fan of the gas cooler it is estimated to be 3% of the heat rejected in the gas cooler as 
Karampour and Sawalha, (2017) said in a previous investigation. The heat over the gas cooler has been 
calculated as the next point inform. 

4.2.3.! Refrigeration, heating and air conditioning loads  

The cooling and heating loads in the system: 6̇LT, 6̇MT, 6̇AC, 6̇TWH, 6̇SPH, and the heating power rejected in 
the gas cooler 6̇GC [Kw] are calculated using the equation: 
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6̇=ṁ=>?∙@ℎB>'%3>CDB'/E>=   

12 

Where ṁ=>?  [kg/s] is the mass flow of refrigerant in the heat exchanger and @ℎB>'%3>CDB'/E>=  is the 
difference of enthalpy on it without considering the external superheating. The enthalpy in the exit and entry 
of the de superheaters is calculated with REFPROP using the temperature and pressure provided by the 
field measurements in these points. The enthalpy at the exit of the LT and MT evaporators/cabinets [kJ/kg] 
are calculated using 13 K internal superheating in the LT level and 10 K in the MT level. These values of 
superheating are the average of the superheating measurements of the freezers and cabinets of the 
supermarket. The enthalpy at LT and MT cabinets’ inlets and the AC evaporator corresponds to the enthalpy 
after the internal heat exchanger situated after the receiver. This means, it is not the value of the enthalpy in 
the saturated line as the refrigerant is a little bit cooled after the receiver. It can be observed in the next 
figure with the name hinlet_evaporators. 

For the calculations of the cooling capacities, it has been taken the value of the enthalpy of the refrigerant 
after the internal superheating of the evaporator. The external superheating is assumed to be around 10 k, 
but it was not considered in the load.  

 

 
Figure 14. P-h diagram of KA1 and KA1 system. Own elaboration with EES. 

For calculating hinlet_evaporators, it has been used the effectiveness, the mass flow rates and energy balance of 
the internal heat exchangers as the temperatures before and after the exchangers were not provided. The 
equations used have been taken from an investigation done by Karampour and Sawalha, (2014): 

The effectiveness of the IHXs is defined as the ratio of heat transfer in IHX (QIHX [kW]) to maximum 
ideal heat transfer amount if the surface of the heat exchanger was infinity and warm fluid inlet temperature 
reaches the cold fluid inlet temperature QIHX,max [kW]: 

H_inlet_evaporators 
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Effectiveness = QIHX / QIHX,max 13  

 

QIHX,max is calculated by Equation (11): 

 
 

QIHX,max =( ṁ . Cp) cold stream. (Twarm_inlet - Tcold_inlet)  14 

  

Where ṁ.Cp of the cold stream is selected in QIHX,max calculations as it is typically smaller than ṁ.Cp of 
CO2 warm stream. 

By knowing the effectiveness and QIHX,max values, QIHX can be calculated using Eq. (10) . This value is used 
in Eq. (12) to calculate the thermodynamic properties of warm and cold CO2 streams at the outlets from 
the IHXs: 
 
 

QIHX = ṁ. ΔhIHX  15 

 

4.2.4.! Coefficients of performance (COPs) 

There have been calculated the COPs using the loads calculated previously. For these calculations, it has 
been used the equations of the investigation made by Karampour and Sawalha, (2017): 

 

 

8Çk%&% = (6̇Ém + 6̇Ñm + 6̇:; + 6̇ÖÜá + 6̇màá)/($̇Ém + $̇Ñm + $̇Ü; + $̇?'/) 

 

16 

6̇D&&(0/E = ä6̇Ém + 6̇Ém,CÖáã + 6̇:; + ä6̇Ñm + 6̇Ñm,CÖá + $̇Ñm,QB'?%ã 

 

17 

8ÇkD&&(0/E = 6̇D&&(0/E/($̇Ém + $̇?'/)  

18 

8ÇkÉm = 6̇Ém/ [ä6̇Ém + 6̇Ém,CÖáã/8ÇkD&&(0/E] 19 

 

8ÇkÑm = 6̇Ñm/ [ä$̇Ñm + (6̇Ñm + 6̇Ñm,CÖáã/8ÇkD&&(0/E] 

 

20 

 

 

For the calculation of the COP of the air conditioning (COPAC) it has been used the heat in the evaporation 
level of the air conditioning (6̇AC) and the power consumed in the parallel compressors (.$̇PC), as in the 
following equation: 
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COPAC= 6̇AC / $̇PC 21 

 

In this system there is not distinction between the parallel compressor connected and disconnected as in 
the standard CO2 trans-critical system, because in this system the third evaporator of the AC is not 
connected to both compressors though the gas flash-bypass valve. In this case, it is directly connected just 
to the PC. The difference can be observed in the following schematics. On the right, it is the standard CO2 
trans-critical system and, on the left, it is the connexion in the all-in-one system studied.  

 
 

Figure 15 Standard CO2 trans-critical system (right) and the connexion in the all-in-one system studied (left). Own elaboration with draw.io. 

For the heat recovery (COPHR), it has been used the total recovered heat over the extra electricity used only 
for heat recovery, as in the following equation: 

 

 

8ÇkY5 = (6̇4kY + 6̇ZçY)/[ä$̇èZ + $̇êZ + $̇k8 + $̇,ëíã
− ä$̇èZ + $̇êZ + $̇k8 + $̇,ëíãìíîï_ñó,ñ9òóñëô9ìí] 

22 

 

The calculation of the electricity consumption of the compressors for only-refrigeration has been calculated 
using the floating condensing mode explained by Karampour and Sawalha, (2017), which is delating the heat 
recovery. The system was assumed to run at 45 [bar] (about 10°C), which is the minimum floating 
condensing pressure/temperature achieved, and gas cooler exit temperature was assumed to be equal to 
Tamb + 5K (and not lower than 5°C). The sub cooler installed after the gas cooler, is supposed not to have 
sub cooling during winter, and during summer the temperature after the sub-cooler is assumed to be 14 °C 
for the floating condensing mode, which is the average of the sub cooling of this system (previously 
calculated). Using this minimum floating condensing pressure, the power used for only-refrigeration 
function in winter operation is estimated. 

It has been calculated also the COPref, which is defined as the ratio of total provided refrigeration to the 
total electricity used only for the refrigeration function: 
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8Çkñó, = (6̇èZ + 6̇êZ)/ä$̇èZ + $̇êZ + $̇k8 + $̇,ëíãìíîï_ñó,ñ9òóñëô9ìí] 
23 

 

The calculation of COPref includes the power consumption only for refrigeration function. The power 
consumed by the parallel compressor is extracted from the total, as it is just connected to the evaporator 
AC/VP. It is only working if heat is being recovered or if there is a need of air conditioning, but never for 
refrigeration purposes.  

4.3.! Results analysis and discussion 

4.3.1.! Evaluation of the key performance parameters 

In order to determine how the system performs in providing the different refrigeration, heating and AC 
loads, the key operating parameters of the system are evaluated in this section 

4.3.1.1.! Heat recovery control strategy: Winter heat recovery mode 

Considering the theoretical control of heat recovery explained previously in this type of refrigeration system, 
the system in the supermarket in Stenhaguen-Uppsala will be investigated and considered. The goal is to 
compare the actual control in the system with the theoretical or optimum way to control it.  

As it was said before, the supermarket in Stenhagen-Uppsala consisted of two systems KA1 and KA2. 
Firstly, it has been analyse the system KA1 of the supermarket. 

System KA1 

Discharge pressure as major factor to control process of heat recovery is monitored for specific periods. At 
the same time, sub-cooling level in the system is analysed by monitoring the gas cooler exit temperature. 
Fig. 15 displays the 10 minutes averaged data for discharge pressure, gas cooler exit temperature and ambient 
temperature for one of the booster units for 4 consecutive days in late November 2018. 

 

 
Figure 16. 10 minutes averaged data for discharge pressure, gas cooler exit temperature and ambient in late November 2018. Own elaboration using the 

results with Excel. 
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The system is run with maximum discharge pressure during the daytime. It can be observed in Fig.15 that 
it is maintained around 80 bars in the maximum pressure. However, in the nighttime the discharge pressure 
is lower, around 65 bars. As the ambient temperature drops, the pressure is kept at nearly fixed value of 80 
bars through almost 24 hours. This is due to the high demand of tap hot water used for ventilation purposes 
over the nights when the ambient temperatures are high. It can be observed from the 27 until the 29 of 
November, when the temperatures achieved its minimum. Heat is recovered during day as well as nighttime, 
but during the night the heat demand is lower.  

 

1 hour averaged recovered heat and cooling demands in both low and medium temperature levels are 
calculated and plotted in Fig 16 for late November 2018. The cooling demand at low temperature level 
remains more or less constant during 24 hours a day, but at medium level, the cooling demand is higher 
during daytime than night time. The recovered heat is quite low during the night time, around 40 kw (from 
00:00 until 5:30) and it reaches about 200 kw during the day time, due to the significant rise in the discharge 
pressure, the bypass of the refrigerant in the gas cooler and the beginning of the heat contribution from the 
ground. As it can be observed in Fig 16, the value of the heat rejected in the gas cooler is zero during part 
of the day time, which means the gas cooler is bypassed during this time, and the heat rejected to the 
atmosphere from the gas cooler is around 0 kW in this moment. Besides, when the gas cooler is bypassed, 
the heat extracted from the ground in the evaporator (Qground) is increasing from 0 until 60-70 kW, being 
the total heat demand covered with the heat contribution from the refrigeration system and from the 
ground.   

Return temperature is about 25-30 ºC during the daytime, as more heat is demanded, and about 28-35 ºC 
during the nighttime. The discharge pressure recommended for such heating system return temperatures 
are determined by Abdi, Sawalha and Karampour, (2014). It is 74-75 bars corresponding to return 
temperature of 25-30 ºC and 81-88 bars corresponding to return temperature of 28-35 ºC.   

In general, the way the supermarket is controlled to recover heat does not match with theoretical control 
strategy expressed in section 3.3. The pressure in the system is around 65 bars during the nighttime and 84 
bars during the daytime, and the temperature after the gas cooler is kept between 30-25 ºC during day and 
night respectively. The heat recovery is being regulated with the variation of the pressure in the system and 
keeping the temperature constant. The optimum way to do it is keeping the pressure at the maximum 
optimum pressure defined previously in 3.3 section and vary the temperature after the gas cooler.  

Therefore, the pressure should be around 74-75 bars during the night and the temperature should decrease 
from 30 ºC until 5 ºC to regulate the control heat recovery. During the day, the pressure should be around 
80 and the temperature should be maximum (around 30 ºC).  
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Figure 17. 1 hour averaged of cooling demands in late November 2018. Own elaboration with Excel. Own elaboration using the results with Excel. 

 

 

 

 
Figure 18. 1 hour averaged of recovered heat and the gas cooler in late November 2018. Own elaboration using the results with Excel. 

Figure 18 shows the heat taken from the ground and the discharge pressure in late November 2018. Every 
time the heat is taken from the ground the pressure is at its maximum. It is mostly happening in the daytime, 
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but some days also during the nighttime. In following figures, it can be seen that for the month of January 
it is happening in the nighttime at maximum pressure as well.  

 
Figure 19. 1 hour averaged of heat recovered from the ground and discharge pressure in late November 2018. Own elaboration using the results with 

Excel. 

According to the theoretical strategy explained in the section 4.2, if the heating demand is high compared 
to the refrigeration load then the discharge pressure should be maximum value for the maximum heat 
recovery and the temperature after the gas cooler should be regulated to achieve the maximum heat. The 
system studied is not controlled in a proper way as it was justified before, as instead of varying the 
temperature after the gas cooler to achieve the heat demand, the pressure is being varied. This is decreasing 
the efficiency of the system. When both temperature after the gas cooler and discharge pressure are at their 
maximum, the gas cooler is bypassed to extract the maximum heat. Every time the gas cooler is bypassed, 
the sub-cooler (Uk) is not used. 

In Fig 17. It can be observed the heat recovery ratio using geothermal heat (HRR_with_geothermal) of the 
KA1 system analyzed; the heat recovery ratio using only refrigeration (HRR_only_refrigeration); the HRR 
theoretically limit; and the maximum capacity of the parallel compressors to provide heat from the ground. 
Basically, it means that when the HRR_with_geothermal is lower than the theoretical limit, the heat can be 
fully recovered with the refrigeration system without the need of taking heat from the ground. In this part, 
the discharge pressure and the temperature after the gas cooler will be regulated with the theoretical strategy 
explained before. But, when the HRR_with_geothermal is higher than the HRR limit, the refrigeration 
system will not be enough to provide the heat demand at this moment and the heat recovered will need to 
be completed by extracting heat from the ground. The HRR_only_refrigeration shows the heat recovery 
the system is making just with the cooling capacity. During the day it is the same as the limit, which means 
they are firstly recovering the maximum heat possible from the refrigeration and after that taking it from 
the ground if the heat demand is too high. The blue line is the maximum heat that could be recovered with 
the parallel compressor installed in case the temperature of the ground was high enough for that.  

It seems there is no need to install more capacity in the compressors as they are just using around the 17% 
of it.  
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Figure 20 1 hour averaged of heat recovery ratio in reality (HRR) and the theoretical one (HRRlimit) in late November 2018. Own elaboration using 

the results with Excel. 

 

 

Figure 20 shows the temperature of the ground, the temperature of the evaporator AC and the heat taken 
from the ground in late November 2018. The temperature of the evaporator AC is higher in the nights, as 
the evaporator is not being used and therefore the temperature of the evaporation AC is the same that the 
one after the receiver (at this moment there is no liquid going through the expansion valve connected to the 
AC evaporator). The heat from the ground extracted is around 60 kw. It is higher than the one extracted in 
January as the difference of the temperatures between the AC evaporator and the ground is higher. The 
temperature of the ground is around 10 ºC and in January it is around 5ºC. It can be observed in the 
following figures the same plots for January period. 
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Figure 21. 1 hour averaged of heat taken from the ground, the temperature of the ground and the temperature in the evaporator AC in late November 

2018. Own elaboration using the results with Excel.. 

 

It has been plotted the same graphics for January, when the minimum temperature of the year analyze were 
achieved, and the same conclusions have been obtained. One detail observed in January, which does not 
happen in November or December is that, even the heat demand is very low during the night time, there 
are some picks in the night when the heat demand is high. Concretely, in the days plotted between 1:30-
4:00 am and 6:30-7:30 am is very low; but from 00:00-1:30 am and from 4:00 until 6:30 it is very high 
demand. But, observing it during the whole month, this is happening mostly in the last part of the month.  

Also, it can be observed a few things mentioned before. In the Figure 21 the heat is extracted from the 
ground some nights at the maximum optimum pressure. In this moment, the heat demand can be obtained 
just with the refrigeration system and the heat extracted from the ground is rejected in the gas cooler. A 
possible reason for doing that is for decreasing the temperature of the ground to use it in summer as a sink 
of heat. But anyway, the heat is taken to reject it later at these points. Also, it can be observed in Figure 25 
that the heat extracted from the ground is around 30 kw, which is the half that the one extracted in 
November. It is due to the low temperature of the ground in this period.  
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Figure 22. 10 minutes averaged data for discharge pressure, gas cooler exit temperature and ambient in late January 2018. Own elaboration using the 

results with Excel. 

 

 

 
Figure 23. . 1 hour averaged of cooling demands  in late January 2019. Own elaboration using the results with Excel. 
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Figure 24. 1 hour averaged of recovered heat and the gas cooler in late January 2019. Own elaboration using the results with Excel. 

 
Figure 25. 1 hour averaged of heat recovered from the ground and discharge pressure in late January 2019. Own elaboration using the results with 

Excel. 
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Figure 26. 1 hour averaged of heat recovery ratio in reality (HRR) and the theoretical one (HRRlimit) in late January 2019. Own elaboration using 

the results with Excel. 

 

 
Figure 27. 1 hour averaged of heat taken from the ground, the temperature of the ground and the temperature in the evaporator AC in late January 2019. 
Own elaboration using the results with Excel. 

 

But, at the most part of January, the heat demand is very low from 0:00 until 5:30 and it is higher during the 
day time, as it is in the rest of months of winter. It can be observed in the following figures. 
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Figure 28. 10 minutes averaged data for discharge pressure, gas cooler exit temperature and ambient in January 2018. Own elaboration using the results 

with Excel. 

 

 
Figure 29. 1 hour averaged of cooling demands in January 2019. Own elaboration using the results with Excel. 
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Figure 30. 1 hour averaged of recovered heat and the gas cooler in January 2019. Own elaboration using the results with Excel. 

 
Figure 31. 1 hour averaged of heat recovered from the ground and discharge pressure in January 2019. Own elaboration using the results with Excel. 
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Unit KA2 

It has been done the same study to analyze the heat recovery control. Fig. 27 displays the 10 minutes 
averaged data for discharge pressure, gas cooler exit temperature and ambient temperature for the other 
booster unit for 5 consecutive days in January 2019.  

 
Figure 32. 10 minutes averaged data for discharge pressure, gas cooler exit temperature and ambient in late January 2019 in the KA2 unit. Own 

elaboration using the results with Excel. 

The unit KA2 is working in the same way as the unit KA1. It is running with maximum discharge pressure 
during the daytime (80 bars) and with a pressure around 65 bars during daytime. As well as in the unit KA1, 
when the ambient temperature drops, the pressure is kept at nearly fixed value of 80 bars through almost 
24 hours. The temperature after the gas cooler do not seem to be controlled to have an optimum control 
recovery, and the pressure during the day is lower than it should be according to the return temperature.  

1 hour averaged recovered heat and cooling demands in both low and medium temperature levels are 
calculated and plotted in Fig. 28 for late January. The cooling demand at low temperature level remains 
more or less constant during 24 hours a day, but at medium level, the cooling demand is higher during 
daytime than night time. The recovered heat is quite low during the night time, around 30 kw (from 00:00 
until 5:30) and it reaches about 150 kw during the day time, due to the significant rise in the discharge 
pressure, the bypass of the refrigerant in the gas cooler and the beginning of the heat contribution from the 
ground. 
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Figure 33. 1 hour averaged of cooling demands in late January 2019 in the KA2 sistem. Own elaboration using the results with Excel. 

 
Figure 34. 1 hour averaged of recovered heat and the gas cooler in late January 2019 in the KA2 system. Own elaboration using the results with Excel. 
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Figure 35. Heat recovery ratio in reality (HRR) and the theoretical one (HRRlimit) in late January 2019 in the KA2 unit. Own elaboration using the 

results with Excel. 

 
Figure 36. 1 hour averaged of heat recovered from the ground and discharge pressure in January 2019 in the KA2 unit. Own elaboration using the 

results with Excel. 
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Figure 37. 1 hour averaged of cooling demands in late January 2019 in the unit ka2. Own elaboration using the results with Excel. 

 
Figure 38. Heat recovery ratio in reality (HRR) and the theoretical one (HRRlimit) in late January 2019 in the KA2 unit. Own elaboration using the 

results with Excel. 
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Figure 39. 1 hour averaged of recovered heat and the gas cooler in late January 2019 in the KA2 unit. Own elaboration using the results with Excel. 

 
Figure 40. 1 hour averaged of heat taken from the ground, the temperature of the ground and the temperature in the evaporator AC in late January 

2019 in the KA2 unit. Own elaboration using the results with Excel. 
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4.3.1.2.! Air conditioning system control strategy 

Apart from the cold provided from the refrigeration system, the air conditioning taken from the ground 
cannot be calculated due to lack of measurements. But it exits the measurements of some temperatures 
which makes possible how to figure out how the two cooling systems are run together. The AC system is 
connected to both refrigeration units. The schematic can be observed in the next figure: 

 

 
Figure 41. Schematic of the AC system and the connection to the geothermal storage of the two refrigeration units. Own elaboration with draw.io.  

There are two situations that can happened. 

1.! Air conditioning taken from the refrigeration system 

From the available measurements, it is implied that for temperatures higher than 15 ºC at least one of 
the evaporators AC/VP of the refrigeration systems will be working, providing cold. In this situation, 
the AC system will be connected to both evaporators AC/VP of the two refrigeration units (KA1 and 
KA2). If the air conditioning demand is high, both evaporators will be working at the same time. But, 
if it is not high, just one will be or sometimes both with a lower load. It can be seen in Fig.27 the cold 
extracted from both refrigeration systems (QAC), the sum of both QAC (QAC TOT) and the temperature 
of the ambient. When the ambient temperature increase, the cold extracted from the refrigeration 
system (QAC TOT) increase as well.  In this situation, the temperature of the supply fluid to the AC system 
is following the temperature of the mixture of the fluid coming from the evaporator AC/VP of the 
KA1 and KA2 in this situation as it is directly connected to it, as it can be seen in more detail in the 
plot of one day of July in the Figure 30. 



-71- 
 

 
 

Figure 42. 1 hour averaged of air conditioning provided, the subcooler load and the ambient temperature in late July 2019. Own elaboration using the 
results with Excel. 

 

It has been plotted in more detail the day 27 of July. The return and supply temperature of the fluid in the 
AC system are plotted in the figure 28. Before 7:00 (part I), there is no need of air conditioning, as the return 
and supply temperature of the AC system is the same. From 7:00 until 12:00 (part II), the return temperature 
is around 20 ºC and has to be supplied around 17 ºC. And after 12:00 (III) the return temperature is around 
16 ºC and it is supplied at 10 ºC more or less. Assuming that the mass flow rate coming though the AC 
cycle is constant, there will be a higher demand of air conditioning in the part III than in the part II.  

The part II (from 7:00 until 12:00), the evaporator of the KA2 unit will be working but not the other one 
(QAC is zero in KA1 but is not zero in KA2 unit). In the part III, after 12:00, the return temperature is 
around 16 ºC and it is supplied at 10 ºC more or less. This means that a higher need of air conditioning is 
needed and therefore it can be seen in the Fig.29 that between these hours the QAC is higher than zero in 
both units. It can also be observed in the Fig 29 that the temperature of the ambient is following the total 
QAC (QAC_KA1 + QAC_KA2), so it means both evaporators are adapted to follow the demand of the air 
conditioning.  
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Figure 43. Return temperature and supply temperature of the AC system 
in the 27 of July. Own elaboration using the results with Excel. 

 
Figure 44. Heat from the evaporator AC/VP in the two units, the total 
one and the ambient temperature the 27 of July. Own elaboration using the 
results with Excel. 

 

 

In the Fig 30 it has been plotted the return and supply temperature of the fluid in the AC system, the 
temperature of the ground and the temperature of the exit of the fluid at the exit of both evaporators 
AC/VP. It can be observed that the temperature provided to the AC system is following the mixture of the 
fluid coming from the evaporator AC/VP of the KA1 and KA2 in this situation with a difference of 1.5 ºC 
more or less. The temperature of the ground is too high to provide cold to the room.  

 
Figure 45. Return and supply temperature of the fluid in the AC system, the temperature of the ground and the temperature of the exit of the fluid at the 

exit of both evaporators AC/VP the 27 of July. Own elaboration using the results with Excel. 
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The air conditioning is provided from the ground 

There are some days during the year in February, March, April, May and June; where there is also a need of 
air conditioning in the supermarket, but the temperature of the ground is low enough to cool it. Therefore, 
the refrigeration system is not providing cold (QAC is zero in both refrigeration units).  

In May for example, the ambient temperature in this period is between 8-14 ºC, but maybe the need of AC 
is due to the increase of the temperature in the supermarkets due to the use of machines. It can be observed 
in the Fig 32 that in this period there is a need of sub-cooling as well (less than in summer, but there is still 
a demand).  

When the temperatures are not too high (between 10 ºC and 15 ºC), the cooling capacity of the air 
conditioning evaporators (QAC) are zero (it can be seen in Fig 32), which means the air conditioning needed 
will be taken the cold from the ground (connecting the AC system of the supermarket with the ground with 
the existing bypass valve).  

There have been plotted the same figures as before for the days between the 1 and 3 of May 2018. The 
temperature of the ambient these days was between 10 and 15 ºC at some hours, but it was needed air 
conditioning (it can be observed in Fig 32 the need of air conditioning as the temperatures of supply and 
return of the AC system are not equal during some hours in the daytime). 

 

 
Figure 46. Return temperature and supply temperature of the AC system between the 
1 and 3 of May. Own elaboration using the results with Excel. 

 
Figure 47. Heat from the evaporator AC/VP in the two units, the total one and the 
ambient temperature between the 1 and 3 of May. Own elaboration using the results 
with Excel. 

 

The temperature of the ground was low enough to cold the fluid of the AC system, and as it can be seen in 
the Fig 32 the supply temperature of the AC system is following the temperature of the ground with a 
difference of 1.5 ºC. There have been plotted the temperatures of the exit as well of the evaporators AC/VP 
for seeing that the supply temperature is not following these ones in this case.  
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Figure 48. Return and supply temperature of the fluid in the AC system, the temperature of the ground and the temperature of the exit of the fluid at the 

exit of both evaporators AC/VP the 27 of July. Own elaboration using the results with Excel. 

As it was said before, there is a lack of measurements that makes no possible the calculation of the free 
cooling taken from the ground. In order to calculate it, it was taken the assumption that the mass flow rate 
going through the boreholes is the same than the one going through the evaporator AC/VP when it is 
connected to the AC system. Knowing the load of the evaporator AC/VP of both units because it was 
already calculated on the side of the refrigeration system; and with the values of the temperatures of the exit 
and entry of these two evaporators on the side of the geothermal part; it was calculated the mass flow rate 
on each evaporator (Equation 17). As it can be observed in Figure 40, both are mixed later. So, the mass 
flow rate taken as assumption going through the boreholes is the sum of these two. 

6̇=ṁ:;∙@ℎ>U'K&='%&=3 24 

The fluid of this secondary circuit is ethanol 24%, so the data of its properties was taken to use the Cp value 
for the enthalpy calculation. The average result gave us a value around 4,875 kg/s going through the 21 
boreholes that are installed in the ground.  

With the mass flow rate, it was calculated the free cooling, and therefore the total AC demand of the system. 
It can be observed in the Figure 48. 

 
Figure 49. AC demand. Own elaboration using the results with Excel. 
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The indicator for air conditioning performance was calculated as well. It is conventionally called the Seasonal 
Energy Efficiency Raiting/Ratio (SEER) according to the Eurovent standard OM-3-2017 (Eurovent,2017).  
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The result is an indicator for air conditioning performance of 5,268. 

 

 
Figure 50. Indicator for air conditioning performance of the refrigeration system in Stenhaguen. Own elaboration using the results with Excel. 

 

4.3.1.3.! High pressure side analysis 

To sum up, during the winter period (from November until April included) they are using the ground for 
extracting heat during the day because the heat demand is high. During the nights of the winter, heat demand 
is lower, but they are still taking some heat from the ground and rejecting it in the gas cooler. In this period, 
the temperature of the ground is decreasing as it is providing heat.  

After the evaluation of how the system is controlled in summer and winter, some conclusions of the high 
pressure side have been obtained. 

From February until October included, they are taking the air conditioning sometimes from the ground 
(free cooling) and some time from the refrigeration system through the AC/VP evaporator. Concretely, the 
free cooling is taking place in February, March, April, May and beginning of June. The rest of the summer 
period, the temperature of the ground is too high to provide the AC and it is just provided with the 
refrigeration system. In this period, the ground is also used for sub cooling. That means, the temperature of 
the ground is increasing because of the sub cooling, but decreasing because of the free cooling.  

- The summer observations show that the temperature after the gas cooler follow the ambient temperature. 
The gas cooler approach is more or less 8-10 K for sub-critical and around 3 K for trans critical pressures. 
The system runs in the sub-critical floating condensing mode when Tamb < 25 ºC 

during summer. During the day normally is working in super critical conditions and it is following the control 
strategy explained in section 3.4. The optimum pressure during the daytime should be around 75-90 bars 
depending on the ambient temperature and it is. During the nighttime the discharge pressure is the saturated 
pressure as it is behind the critical point (around 65 bars). It means, during summer the system is well 
controlled. 
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- During winter the temperature should change in order to control the heat recovery and the discharge 
pressure should follow the optimum pressure defined in section 3.3, equation (3), which maximize the COP,  
providing the total heat demand. The system is not being controlled in a good way as the pressure is lower 
than the optimum during the night at it was said in section 4.3.1.1. It should be around 74-75 bars during 
the night and the temperature should decrease from 30 °C until 5 °C to regulate the control heat recovery. 
Instead it is around 65 bars as the system is being regulated with the variation of the pressure and keeping 
constant the temperature. During the day, the pressure is around 80 bars and the temperature should be 
maximum (around 30 °C) to achieve the heat demand, and it is in these ranges. 

4.3.2. Energy Performance Analysis  

The calculation of the efficiency for cooling, heating and air conditioning loads and COPs are studied in 
this section.  

4.3.2.1. Cooling and heating loads 

Unit KA1 

Cooling and heating loads of the KA1 unit and the ambient temperature are observed in the Fig 25. Figure 
A shows the hourly averaged of the 21 of January (coolest day in the year) and the B shows the hourly 
averaged of the 27 of July (warmest day in the year). The figures C and D show the daily averaged of the 
months of January and July respectively.  

QLT is the LT refrigeration load; QMT is the MT refrigeration load; QGC is the heat rejected by the gas cooler; 
and QSPH and QTWH are the heat demands of the space heating and the tap hot water respectively. The tap 
hot water is used as well for some radiators for ventilation purposes. 

 
A)! 21 of January (hourly  averaged)  

 
B)! 27 of July (hourly averaged) 
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Figure 51. 1 hour averaged cooling and heating loads for (A) the 21 of January 2019 and (C) the 27 of July 2018. 1 hour averaged cooling and heating 
loads for (B) January 2019 and (D) July 2019. Own elaboration using the results with Excel. 

The variable Qground  which appears in Winter and the variable QAC which appears in summer, are both the 
values of the load in the third evaporator that is in the system. In Winter, it represents the heat taken from 
the ground to collect all the heat demand needed, and in summer it represents the AC load that the system 
provide.  

 

 

Unit KA2: 

The same plots have been done as well for the KA2 unit. The results obtained make sense with the 
previous study and it is controlled in the same way as the KA1 unit as it was supposed.  

 
A)! 21 of January (hourly  averaged)  

 
B)! 27 of July (hourly averaged) 

 
C)! January (daily-averaged) 

 
D)! July (daily-averaged) 
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C)! January (daily-averaged) 

 
D)! July (daily-averaged) 

Figure 52. 1 hour averaged cooling and heating loads for (A) the 21 of January 2019 and (C) the 27 of July 2018. 1 hour averaged cooling and heating 
loads for (B) January 2019 and (D) July 2019. Own elaboration using the results with Excel. 

 

It can be observed that during winter, the graphics obtained make sense with the previous study of how the 
system is controlled. When the temperature is lower, the heat demand is higher, so the gas cooler is bypassed, 
and the heat taken from the ground (Qground) is higher.  

During summer, the heat demand is very low (just for tap water and ventilation purposes), so the extra heat 
is rejected to the atmosphere by the gas cooler. When the temperature is at its maximum, it can be observed 
that the heat extracted by the gas cooler (QGC) is at his maximum as well. Besides, the heat of the evaporator 
of the AC (QAC), is higher when the temperatures are higher. That means, the air conditioning system of 
the supermarket will be connected to the refrigeration system if the temperatures are high as the temperature 
of the ground will be too high for cooling the supermarket.  

On the other hand, the cooling capacity of the lower temperature level (QLT) is the same in summer and 
winter, as it is not influenced by the temperature of the ambient. The cooling capacity of the medium 
temperature level (QMT) is changing. I supposed it is due to the fact that the cabinets are being opened and 
closed all the time and are more influenced by the temperature of the ambient. It can be observed that 
during summer when the temperatures are higher, the cooling capacity is higher than in winter.  

It was observed that during the daytime of the period of winter, when the heat demand is high, the recovery 
of the heat is first done by extracting heat from the ground. When the heat demand is high, and it cannot 
be provided only by the ground, the gas cooler is bypassed to increase the mass flow rate going over the de-
superheaters in order to increase the heat recovery as it was explained in section 3.3. But, during the 
nighttime in the winter period it has been observed that even the heat demand is lower, there is still a 
recovery of the heat from the ground that later is rejected to the atmosphere through the gas cooler, which 
is working at maximum pressure.  

The reason for doing that is to decrease the temperature of the ground for used this one in summer to 
provide cold. In summer period the evaporator AC/VP of the refrigeration system will provide the air 
conditioning and the ground will be sub-cooling the refrigerant over the sub-cooler due to the high 
temperatures of the ambient. If the ground is not cooled during the winter taking heat, probably the 
temperature of the ground will increase too much for providing the cold in the sub-cooler.  

Another reason that has been contemplated for taking heat from the ground while rejecting it in the gas 
cooler is related to the higher demand of tap hot water in this system than in others. As it has been said 
before it is due to the use of the tap water for ventilation purposes. In order to achieve the tap water heat 
demand, the mass flow rate over the de superheater has to be higher, as the difference of the enthalpies are 
fixed by the value of the return temperature coming through it. This mass flow rate will produce a higher 
demand of heat for space heating purpose than it needed, which has to be rejected through the gas cooler.  



-79- 
 

 

4.3.2.2. Coefficients of performance  

Unit KA1: 

 

 

 
A)! COP TOT / COP REF January 

 
B)! COP TOT July 

 
C)! COP MT / COP LT January 

 
D)! COP MT / COP LT July 

Figure 53 10 min averaged total system COP (COPtot) and total refrigeration COP (COPref) for January (A) and July (B) 2019. 10 minutes averaged 
medium temperature COP (COP MT) and low temperature (COPLT) for January (C) and July (D) 2018. Own elaboration using the results with Excel. 
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Unit KA2 

 
A)! COP TOT / COP REF January 

 
B)! COP TOT July 

 
C)! COP MT / COP LT January 

 
D)! COP MT / COP LT July 

Figure 54. 10 min averaged total system COP (COPtot) and total refrigeration COP (COPref) for January (A) and July (B) 2019. 10 minutes averaged 
medium temperature COP (COP MT) and low temperature (COPLT) for January (C) and July (D) 2018. Own elaboration using the results with Excel. 

During the winter, the COPs have a horizontal trend, as the loads are not changing so much during this 
period, as it can be seen in the figure 25. The gas cooler pressure Pgc is fixed around 80 bar for high heat 
demand and the gas cooler is by-passed frequently in this period. The minimum floating condensing 
pressure is fixed almost all the time around 45 bar being 45 the minimum value (as it is the pressure at the 
ambient temperature + 5 K, as it was explained in the section 4.2.4.).  All these small changes in loads and 
boundary conditions are the reason of the horizontal trend. 

On the other hand, during the summer the COPs are decreasing a little bit when the temperature increase. 
The reason for that can be the increase of the cooling capacity needed when the temperatures are so high, 
and the needed of the supply of the air conditioning from the refrigeration system, which implies a mass 
flow rate going through the parallel compressor. For temperatures less than 18 ºC, the integrated CO2 system 
provides refrigeration, heating and AC at the same time. This explains the difference between COPtot and 
COPref points at the left.  

For high ambient temperatures, parallel compression is used frequently because the evaporator AC is 
working to provide cold as the temperature of the ground is too high. The difference between the COPTOT 
and COPREF in this region is that AC load is provided from the refrigeration system and in the floating 
condensing mode, the only load provided is refrigeration and the evaporator AC is not being used.  
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It has been observed that the COPref is lower in summer than in winter which makes sense as the ambient 
temperature is higher during summer and the electricity consumption of the compressors will be lower as 
the difference in pressure will be lower also.  

 

Unit KA1 

  
 

Figure 55. 10 min averaged heating COP (COPHR) (left) and air conditioning COP (COPAC) KA1 

Unit KA2 

  
Figure 56. 10 min averaged heating COP (COPHR) (left) and air conditioning COP (COPAC) KA2. Own elaboration using the results with Excel. 

The COPHR is between 2-8. Comparing these values with previous studies, for example the investigation 
done by (Karampour and Sawalha, 2017), they are similar. In comparison to the commercial heat pumps, it 
seems that this system is more efficient due to the high COPHR. In the case of KA1, the COPHR is constant 
more or less for all the temperatures of the ambient. But, for the unit KA2, the values are higher for the 
ambient temperatures between 0-5ºC range. The reason is that the heat is almost recovered for free from 
the unit KA2 (the discharge pressure is slightly increased to recovered heat in this unit). However, the other 
unit KA1 is not recovering the heat from the unit for free, as it is needed to cover the total heat demand.  

The COPAC is decreasing with the increase of the ambient temperature. When the ambient temperature 
increase, the AC load recovered is higher and either is the input electricity consumption of the parallel 
compressor as the pressure of the HL increase. But, the COP decrease, because the electricity increases 
rather more than de AC load (and the COPAC= QAC/EPC), as it was said in the section 4.2.4.  

 

4.3.2.3. Annual plots  

It has been used the field measurements, low and medium temperature level cooling capacities and COP’s 
calculated for ten-minute intervals, filtered and averaged to monthly values. The following figures, Fig 42, 
44 and 46, display the plots of the total cooling capacities in the cabinets and the medium and low 
temperature levels, outdoor, condensing and evaporation temperatures. Outdoor, condensing and 
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evaporation temperatures are also plotted. Each point in the plot is the monthly average value of the 
corresponding parameter.  

Medium and low temperature COP’s of the system are presented also in Figures 43,45 and 47, as well as the 
difference of the temperature in the sub cooler.  

First it has been plotted the unit KA1 of the system and afterwards the unit KA2.  

Unit KA1 

 
 

Figure 57. Total cooling capacities in the cabinets and freezers (MT and LT evaporation levels), average of the condensing and evaporation temperatures 
of medium and low level of the total year analyzed in the unit KA1 of the refrigeration system in Stenhaguen. Own elaboration using the results with 

Excel.. 

  

 
Figure 58. COPtot, COPmt, COPlt, average of the condensing temperature and difference of temperature in the subcooler (subcoolind in K) of the total 

year analyzed in the unit KA1 of the refrigeration system in Stenhaguen. Own elaboration using the results with Excel.. 
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Unit KA2 

 

 
 

Figure 59. Total cooling capacities in the cabinets and freezers (MT and LT evaporation levels), average of the condensing and evaporation temperatures 
of medium and low level of the total year analyzed in the unit KA2 of the refrigeration system in Stenhaguen.. Own elaboration using the results with 

Excel.. 

 

 
 

Figure 60. COPtot, COPmt, COPlt, average of the condensing temperature and difference of temperature in the subcooler (subcoolind in K) of the total 
year analyzed in the unit KA2 of the refrigeration system in Stenhaguen. Own elaboration using the results with Excel.. 
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Total system 

Condensing temperatures of the two units are more or less in 30 ºC, the temperature of the evaporation LT 
is -30 ºC and the MT -10 ºC. This means, it is apparently correct to calculate the summary of the loads and 
the average of the COP and temperatures of the two units to plot the annual cooling capacities and 
temperatures of the total system. 

 
Figure 61. Total cooling capacities in the cabinets and freezers (MT and LT evaporation levels), average of the condensing and evaporation temperatures 

of medium and low level of the total year analyzed of the total refrigeration system in Stenhaguen. Own elaboration using the results with Excel.. 

 
 

Figure 62. COPtot, COPmt, COPlt, average of the condensing temperature and difference of temperature in the subcooler (subcoolind in K) of the total 
year analyzed of the total refrigeration system in Stenhaguen. Own elaboration using the results with Excel.. 
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As can be observed in the plot, the evaporation temperatures at the medium and low levels are almost 
constant; about -10 ºC and -30 ºC. Cooling capacity at the low temperature level did not vary much between 
winter and summer periods. This is due to the use of glass doors that separates the cold air in the freezers 
from the supermarket environment (the cooling capacity in LT level is around 30 kW).   

However, the cooling capacity in the MT level is not constant over the year. It is higher during summer 
period, which can be due to the higher temperatures of the ambient. The doors of the medium cabinets are 
being opened and closed more times than the freezers, and usually they are not completely isolated from 
the supermarket environment. The indoor temperature is controlled to certain value regardless of the 
ambient temperature, but the relative humidity is usually higher at high outdoor temperature and the indoor 
relative humidity in the supermarket is usually not controlled and follows the humidity outdoors, this will 
cause condensation load and frost formation on the evaporators of the MT cabinets and causes the load 
increase 

The cooling capacity at the MT level is about 4 times higher than at the low temperature level. It can be 
observed that the condensing temperature follows the ambient temperature during summer period with an 
approach difference of 5ºC. The low heat demand in the summer period makes that it is not needed to 
bypass the gas cooler and therefore the temperature of the refrigerant after the gas cooler can follow the 
ambient temperature for increasing the cooling COP of the system.  

As the system is controlled to recover heat, the discharge pressure and the corresponding condensing 
temperature at low outdoor temperatures will depend on the heating capacity needed to be extracted from 
the system, which will influence the cooling COP of the system. During the winter period the condensing 
temperature is not following the ambient temperature and it is about 2 times higher. It is due to the high 
heat demand which makes needed to increase the condensing pressure and the condensing temperature. 

As it can be observed in the plots, the difference of the temperatures in the sub-cooler takes place during 
summer period. During the winter period the COP is higher than in summer. The total COP is influenced 
by the heat recovery in this period. Even if the cooling COP decreases because of the increase of the 
discharge pressure and the temperature after the gas cooler in order to recover more heat, the COP HR is 
increasing. That influences the COP TOT. The condensing pressure are not affecting the difference as it is 
almost the same in the whole year (the average is around 28 ºC) 

 

4.4.! Study of the geothermal storage with EED software 

As it was said in section 4.3.1.3, during the summer, the ground is used to cool the refrigerant of the system 
through the sub-cooler. The system started working in February of 2018. For the moment, the temperature 
of the ground is low enough to provide sub-cooling during summer. But, it can happen that in some years, 
the temperature of the ground increase even if during winter the heat is being extracted from the ground to 
avoid this happened. To ensure that the temperature of the ground will be low enough in some years, 
modelling simulations for the ground heat exchanger have been done for Stockholm conditions. The EED 
software was used for that. It is a program for vertical borehole heat exchanger design. It allows to give as 
an input the size of the boreholes, layout and the location for studying in detail how the borehole thermal 
storage will work. 

The ground properties used for the borehole design are the ones of the granite material. The rock thermal 
conductivity is 3.500 W/ (m·K); volumetric heat capacity is 2.160 MJ/ (m3·K); ground surface temperature 
of 8 ° C; and geothermal heat flux of 0.06 W/m2.  

Most of the ground source heat pumps (GSHP) has an aqueous ethanol solution of 24 % weight 
concentration as a secondary fluid. Therefore, it was assumed as the heat-carrier fluid for geothermal loops 
in the model. It has a freezing temperature of 14.6 °C and an operating temperature between -5°C and 
+20°C.  
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 The flow rate was calculated as it was explained in section 3.1.2. It is around 4,875 kg/s = 5 l/s assuming the 
density of the ethanol 24% 973.8 kg/m3. There are 21 boreholes, so 0,24 l/s is the flow rate per borehole, which 
is constant during all the operation time. The borehole uses single U-tube heat exchangers, in a 3 x 7 rectangle 
configuration, with 10 m spacing and about 225 m deep. The configuration of the tubes can be observed in the 
Figure () 

 
Figure 63. Layout boreholes. Obtained from the software EED. 

The results of the temperature of the ground (Tg) [°C] fluctuations for a 15-year lifetime of the energy system 
solution are shown in Figure 61. 

 
Figure 64. Temperature of the ground. Obtained from the simulation of EED. 

The Tg varies between the operating temperatures. The maximum temperature is around 13 °C. The first year it 
will be 12,8 °C and it will increase until 13.4 °C in 15 years. Comparing the measurement of the temperature of 
the ground provided by the software and the one obtained with EED, they are quite similar during the first year. 
As it can be observed in the Figure (), the temperature of the ground goes from 6 °C until 14 °C. The one 
obtained in Figure 62 by EED is going from 7,2°C to 13 °C. There is an only a difference of 1 °C, so that means 
it is a good approximation.  

It is being provided to the ground 126 Mwh and extracted 176 Mwh in one year in total, which is a difference of 
50 MWh. The temperature of the ground is increasing over the next 15 years from 12.8 until 13.4 °C. In 100 
years the temperature of the ground will be 13,9 °C. It seems that they will be able to sub cool the system in 
some years, because the temperature of the ground will be still low enough. It should not increase 15 °C as the 
temperature after the sub cooler is expected to have this value in summertime (it is an average of the temperature 
after the sub cooler in this period). It is not increasing this value as it can be observed in the plots of the result 
of the simulation.  
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On the other hand, the free cooling will be lower than it is now. The temperature of the fluid provided to the 
AC system is around 14 °C. Most of the time is a bit higher, but sometimes is lower. It the worst case, when the 
temperature of the ground is 13,9 °C, it will be too high to provide cold to the AC system, as it should be lower 
than the supply fluid temperature to the AC system.  

4.5.! Conclusions  

The system analyzed has some options to improve the efficiency.  

In general, the way the supermarket is controlled to recover heat does not match with theoretical control 
strategy expressed in section 3.3. The pressure in the system is around 65 bars during the nighttime and 84 
bars during the daytime, and the temperature after the gas cooler is kept between 30-25 ºC during day and 
night respectively. The heat recovery is being regulated with the variation of the pressure in the system and 
keeping the temperature constant. The optimum way to do it is keeping the pressure at the maximum 
optimum pressure defined previously in 3.3 section and vary the temperature after the gas cooler.  

Besides, there is no connection between the flash gas bypass going out of the receiver and the parallel 
compressor. This is installed in other refrigeration supermarkets, and it is proved that increase the COP as 
if the amount of vapor is notable it will go through the PC which has more pressure than the compressor 
of the MT level and will consume less electricity.  

Therefore, a possible improvement can be to build this connection. Even if the amount of vapor in the 
system is low, it is expected to increase the COP. The PC is used almost the whole year, in summer for air 
conditioning and in winter for more heat recovery. It would be a good idea to bypass the gas extracted from 
the receiver to this compressor.  
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5. Advanced energy system installed in Moraberg 
The supermarket in Moraberg is composed by one CO2 trans-critical booster unit with geothermal 
storage. The next figure shows a screenshot of the system. 

"
Figure 65. Layout of the refrigeration part of the CO2 trans-critical booster system with geothermal storage installed in Moraberg. Obtained from the 

sotware Huurree Itop.!

"

"
Figure 66. Layout of the geothermal part of the CO2 trans-critical booster system with geothermal storage installed in Moraberg. Obtained from the 

sotware Huurree Itop. 

The system is the same as the one explained in the section 3. It has a flooded evaporator in MT level and a 
DX evaporator in the LT level. It also includes three internal heat exchangers, which are there just for safety 
reasons. The two internal heat exchangers after the sub-cooler are there to low the refrigerant temperature 
after the sub-cooler for making sure everything is liquid. This is reducing so much the amount of vapor 
going to the receiver. It also increases the temperature of the refrigerant (extra superheat) going through the 
evaporator AC/VP connected to the parallel compressor and the booster compressor of the MT level to 
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make sure there is no liquid going through them.  The internal heat exchanger after the receiver avoid the 
existence of liquid going through the booster compressor in the low temperature level (LT) and provide 
sub-cooling to the refrigerant before going to the evaporator in the LT level to increase the COP. 

For a better understanding of the system, it has been done a basic schematic of this system with the main 
names of the variables used in the following explanations of the process (Figure 63)"

"
Figure 67. Schematic of the CO2 trans-critical system and integrated geothermal storage installed in Moraberg with the names of the variables. Own 

elaboration with draw.io.!

As it was said before, there are some internal heat exchangers that are just for security reasons and do not 
appear in the basic schematic of the Figure 61. Although they have been considered for the calculations."

5.1. Data acquisition  

The data is obtained through online interface Huurre Itop (Huurre Itop, 2012). Temperatures and pressures 
at key points, the manufacturer data of the compressors and the value of the gas by-pass valves are measured 
for different periods of time. Since the data for different parameters obtained through Huurre Itop is 
unsynchronized it was used an Excel macro which average the data over 10 minutes interval.  

5.2. Calculations and modelling  

The data in processed in Excel to calculate the performance of the system, which includes cooling and 
heating loads and COPs of refrigeration, heat recovery (HR) and air conditioning (AC). For doing the 
calculations, thermodynamic properties are obtained by using REFPROP 9.0. The main steps of the 
calculations are: 
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5.2.1. Mass flow rates through the compressors 

The compressor manufacturer performance data (Brown, 2007) is used to calculate the mass flow rate over 
the three compressors of the system. The model of the compressors in the LT level are: 3 x LT 2FME-4K 
; in the MT level are 1 x 4JTC-15K 3 x 4FTC-20K; and the PC are 1 x 4MTC-10K and 3 x 4FTC-30K. 

The equations used for calculating the mass flow rates through each compressor were the same than the 
ones used in the calculations for the previous system in section 4.2.1. The process followed was exactly the 
same. 

The only difference is that the equations of the balances of masses in the connection points are not exactly 
the same as for example the line of the parallel compressor is connected in this case after the de superheater 
of the tap water system, and in the previous one it was connected just before it.  

5.2.2. Compressor’ electricity use  

The compressor electricity use is provided by the supermarket in the LT, MT and HT levels. They have 
been calculated the total electricity consumption in order to compare the results to the measurements of the 
power. The total efficiency of the compressors ( Gm ) is needed to calculate the electricity used. It has been 
calculated using the same equations of the previous system (section 4.2.2).  
Using the correct values of the total efficiency for the models of the compressors of this system, it has been 
calculated the electricity consumption of the booster compressors ($̇LT and $̇MT) and the parallel compressor 
($̇PC). The electricity consumption of the fan of the gas cooler it is estimated to be 3% of the heat rejected 
in the gas cooler as Karampour and Sawalha, (2017) said in a previous investigation. The heat over the gas 
cooler has been calculated as the next point inform. 

5.2.3. Refrigeration, heating and air conditioning loads 

For the calculation of the cooling and heating loads in the system: 6̇LT, 6̇MT, 6̇AC, 6̇TWH, 6̇SPH, and 
the heating power rejected in the gas cooler 6̇GC [kW] it was followed the same steps than the previous 
system (explained in section 4.2.3.) 

5.2.4. Coefficients of performance (COPs) 

The COPs were calculated using the loads calculated previously and following the equations proposed in 
section 4.2.4.  

5.3. Results analysis and discussion 

5.3.1. Evaluation of the key performance parameters 

In order to determine how the system performs in providing the different refrigeration, heating and AC 
loads, the key operating parameters of the system are evaluated in this section. 

5.3.1.1. Heat recovery control strategy: Winter heat recovery mode 

Considering the theoretical control of heat recovery explained previously in section 3.3 in this type of 
refrigeration system, the system in the supermarket in Moraberg was investigated and considered. The goal 
is to compare the actual control in the system with the theoretical or optimum way to control it.  

Discharge pressure as major factor to control process of heat recovery is monitored for specific periods. At 
the same time, sub-cooling level in the system is analysed by monitoring the gas cooler exit temperature. 
Fig. 15 displays the 10 minutes averaged data for discharge pressure, gas cooler exit temperature and ambient 
temperature for one of the booster units for 3 consecutive days in late November 2018. 
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"
Figure 68. 10 minutes averaged data for discharge pressure, gas cooler exit temperature and ambient in late November 2018. Own elaboration with 

Excel. 

The system is running at maximum discharge pressure when the temperature is lower than 5ºC and therefore 
there is a higher heat demand. The maximum pressure achieved is around 80 bars and the maximum 
temperature is around 25 ºC. As the ambient temperature increase, the pressure is decreasing until a 
minimum of 57-60 bars.  

Heat is recovered during day as well as nighttime, but it was observed that every day at 5.00 am, there is a 
drop in the discharge pressure. This can be due to the fact that the heat demand is lower at this time during 
the night as the supermarket is closed. After 7:00 am, the supermarket is being prepared for opening and 
the discharge pressure is being controlled to satisfy the heat demand according to the ambient temperature.  

The temperature difference between the gas cooler exit and outdoor temperature is high most of the time. 
The gas cooler should be at higher capacity providing the maximum sub-cooling possible. The capacity 
should be reduced only when the system is at the maximum discharge pressure for highest capacity. But, 
there are some points (for example in the second half of the day 26) where it can be observed the 
temperature difference between the gas cooler exit and outdoor is reasonably low. This indicates that the 
gas cooler has the capacity to provide the required sub-cooling.  

1 hour averaged recovered heat and cooling demands in both low and medium temperature levels are 
calculated and plotted in Fig 64 for late November 2018. The cooling demand at low temperature level 
remains more or less constant during 24 hours a day, but at medium level, the cooling demand has more 
picks and drops over the day. The recovered heat is varying from 40 kW until 80kW, but it is not following 
a repetitive sequence as it was in the previous system analyse. As it can be observed in Fig 65, the heat is 
never extracted from the ground. The gas cooler is bypassed when the heat demand is high, but the heat 
recovery is always done by the refrigeration system. When the temperatures are high (more than 5ºC), it can 
be observed that the cooling demand is lower and the heat demand is also lower. Therefore, the discharge 
pressure is reminded constant at the lowest value at the examined period. The heat demand is changing 
between 20 until 140 kW in this period.  

Return temperature is about 23-27 ºC in the moments when lower heat is demanded, and about 26-30 ºC 
when the heat demand is higher. The discharge pressure recommended for such heating system return 
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temperatures are determined by Abdi, Sawalha and Karampour, (2014). It is around 74 bars corresponding 
to return temperature of 23-27 ºC and 75-79 bars corresponding to return temperature of 26-30 ºC.   

In general, the way the supermarket is controlled to recover heat does not match with theoretical control 
strategy expressed in section 3.3. As it was explained there are two options to recover the heat. The first 
option is recovering it just with the refrigeration system. The pressure in the system is around 65 bars when 
the heat demand is lower and almost 80 bars during the daytime, and the temperature after the gas cooler is 
varying between 35-5ºC. If the heat demand is low, the pressure and the temperature after the gas cooler 
are kept at their minimum, but when the heat demand increases, the pressure and the temperature are at 
their maximum. The heat recovery is being regulated with the variation of the pressure and the temperature 
after the gas cooler in the system. The optimum way to do it is keeping the pressure at the maximum 
optimum pressure defined previously in 3.3 section and just vary the temperature after the gas cooler. 
Besides, it does not seem that the temperature after the gas cooler is controlled in a smooth way, as at it can 
be observed at the highest pressure of 80 bars after the 28 of November, it seems that the gas cooler is 
jumping between 2 or 3 temperature levels.  

The second option to recover the heat in an optimum way is better for the COP cooling and the COPHR. 
Whenever the system reaches the maximum pressure the gas should also be kept on to provide the 
maximum sub-cooling and instead of regulating the gas cooler capacity to increase the mass flow of 
refrigerant the ground should be used as a load/heat source. So this system can be improved, for example 
the ground should have been used during the 28th of November when the discharge pressure was kept at 
80 and gas cooler exit temperature was increased to about 25C. Here the gas cooler exit temperature should 
have been kept at 5K difference from outdoor heat should have been taken from the ground.  In this way, 
the COP cooling and the COPHR will be higher.  

Therefore, the pressure should be around 75-79 when the heat demand is low and the temperature should 
decrease from 35 ºC until 5 ºC to regulate the control heat recovery. When the heat demand is high, the 
pressure should be around 80 and the temperature should be maximum (around 35 ºC).  

"

"
Figure 69. 1 hour averaged of cooling demands in late Novemeber 2018. Own elaboration with Excel.!
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"

"

" "

"
Figure 70. 1 hour averaged of recovered heat and the gas cooler in late November 2018. Own elaboration with Excel. 

According to the theoretical strategy explained in the section 4.2, if the heating demand is high compared 
to refrigeration load then the discharge pressure should be maximum value for the maximum heat recovery 
and the temperature after the gas cooler should be regulated to achieve the maximum heat. The system 
studied is not controlled in a proper way as it was justified before. Instead of varying just the temperature 
after the gas cooler to achieve the heat demand and keeping the discharge pressure at its optimum, the 
pressure is being varied. This is decreasing the efficiency of the system. When both temperature after the 
gas cooler and discharge pressure are at their maximum, the gas cooler is bypassed to extract the maximum 
heat. Every time the gas cooler is bypassed, the sub-cooler (Uk) is not used. 

In Fig 17. It can be observed the heat recovery ratio of the system in Moraberg (HRR) using both the 
geothermal storage and the refrigeration system; the HRR theoretically limit; and the heat extracted from 
the ground. The heat is mostly fully recovered with the refrigeration system without the need of taking heat 
from the ground. As it can be observed the HRR limit is almost all time above the HRR. Behind the HRR 
limit, the discharge pressure and the temperature after the gas cooler should be regulated with the theoretical 
strategy explained before. But, when the HRR is higher than the HRR limit, the refrigeration system is not 
enough to provide the heat demand at this moment and the heat recovered will need to be completed by 
extracting heat from the ground.  

The temperature of the ground is high enough to provide heat, but it is not needed as the heat demand can 
be recovered with the refrigeration system.  
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"
Figure 71. 1 hour averaged of heat recovery ratio in reality (HRR) and the theoretical one (HRRlimit) in late November 2018. Own elaboration with 

Excel. 

"

It has been plotted the same graphics for January, when the minimum temperature of the year analyze 
were achieved, and the same conclusions have been obtained. 

"
Figure 72. 10 minutes averaged data for discharge pressure, gas cooler exit temperature and ambient in late January 2018. Own elaboration with Excel. 

!
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"
Figure 73. 1 hour averaged of cooling demands in late January 2019. Own elaboration with Excel.!

"
Figure 74. 1 hour averaged of total recovered heat, heat extracted from the ground and the heat rejected in the gas cooler in late January 2019. Own 

elaboration with Excel.!

 

As it can be observed in Figure 70, during almost the whole month of January, the heat is just recovered 
from the refrigeration system. Only when the temperature of the ambient is lower than 0 ºC, heat is extracted 
from the ground as well because the refrigeration system cannot provide all the heat demand. As it can be 
observed the amount of heat extracted from the ground is low, maximum 12 kW and it is not happening 
frequently. The amount of heat extracted from the ground should be higher. As it was said before, whenever 
the system reaches the maximum pressure the gas should also be kept on to provide the maximum sub-
cooling and instead of regulating the gas cooler capacity to increase the mass flow of the refrigerant the 
ground should be used as a load/heat source.  
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"
Figure 75. 1 day averaged of heat extracted from the ground and ambient temperature. Own elaboration with Excel.!

"

5.3.1.2. Air conditioning system control strategy  

Apart from the cold provided from the refrigeration system, the air conditioning taken from the ground 
cannot be calculated due to lack of measurements. But there are available the measurements of some 
temperatures which makes possible how to figure out how the two cooling systems are run together. The 
AC system is connected to the refrigeration system. The schematic can be observed in the next figure: 

"
Figure 76. Schematic of the AC system and the connection to the geothermal storage of the refrigeration system. Own elaboration with draw.io.  
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The air conditioning can be provided by the ground (free cooling) or by the refrigeration system. If the 
temperature of the ground is low enough to provide the air conditioning it is always used first. Figure 75 
shows the average of the temperature of the ground every month and the temperature of the fluid that is 
being supplied to the AC system. As it can be observed, between May and October, the temperature of the 
ground is higher than the temperature of the AC system and therefore is impossible to provide free cooling 
in this period. The other part of the year has lower temperatures of the ground and therefore there is free 
cooling in March, April, May and October. It is known that the free cooling is happening in these months 
because there is the value of a heat pump that provide the information.  

 

"
Figure 77. 1 month averaged of the temperature of the ground and temperature supply to the AC system. Own elaboration with Excel. 

As it was said before, there is a lack of measurements that makes no possible the calculation of the free 
cooling taken from the ground. In order to calculate it, it was taken the assumption that the mass flow rate 
going through the boreholes is the same than the one going through the evaporator AC/VP when it is 
connected to the AC system. Knowing the load of the evaporator AC/VP of both units because it was 
already calculated on the side of the refrigeration system; and with the values of the temperatures of the exit 
and entry of these two evaporators on the side of the geothermal part; it was calculated the mass flow rate 
on each evaporator (Equation 17). 

 

6̇=ṁ:;∙@ℎ>U'K&='%&=3 21 

 

The fluid of this secondary circuit is ethanol 24%, so the data of its properties was taken to use the Cp value 
for the enthalpy calculation. The average result gave us a value around 5 kg/s going through the 6 boreholes 
that are installed in the ground.  

With the mass flow rate, it was calculated the free cooling, and therefore the total AC demand of the 
system. The total air conditioning provided, and which part is extracted from the ground and which one 
from the refrigeration system can be seen in the figure 73. In April there is a high demand of AC in 
comparison to other months with similar temperature. The reason can be that the fast change of the 
temperature from March to April (from 1 ºC to 11 ºC). It is known that the ground is providing AC 
because the pump is activated. The evaporator of the refrigeration system is also connected to the AC 
system because the bypass valve is activated in this month. It was noticed that in April the gas cooler is 
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rejecting a huge amount of heat. It was expected as the mass flow rate going to the de superheaters was 
increased due to the use of the evaporator of the refrigeration system. Also, the increase of the ambient 
temperature made a low demand of heat.   

 

"
Figure 78. 1 hour averaged of the total AC, the AC provided from the ground and the free cooling. Own elaboration with Excel.!

"

It was observed that the ground is providing sub cooling after the gas cooler between May and October.  

The indicator for air conditioning performance was calculated as well. It is conventionally called the Seasonal 
Energy Efficiency Raiting/Ratio (SEER) according to the Eurovent standard OM-3-2017 (Eurovent,2017).  
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The result is an indicator for air conditioning performance of 5,902. 
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Figure 79. Indicator for air conditioning performance of the refrigeration system in Moraberg. Own elaboration with Excel. 

"

5.3.2. Energy performance analysis 

The calculation of the efficiency for cooling, heating and air conditioning loads and COPs are studied in 
this section.  

5.3.2.1. Cooling and heating loads 

Cooling and heating loads of the refrigeration system and the ambient temperature are observed in the Fig 
75. Figure A shows the hourly averaged of the 21 of January and the B shows the hourly averaged of the 27 
of July. The figures C and D show the daily averaged of the months of January and July respectively.  

QLT is the LT refrigeration load; QMT is the MT refrigeration load; QGC is the heat rejected by the gas cooler; 
and QSPH and QTWH are the heat demands of the space heating and the tap hot water respectively.  

The variable Qground  which appears in Winter and the variable QAC which appears in summer, are both the 
values of the load in the third evaporator that is in the system. In Winter, it represents the heat taken from 
the ground to collect all the heat demand needed, and in summer it represents the AC load that the system 
provide.  

 
A)! 21 of January (hourly  averaged)  

 
B)! 27 of July (hourly averaged) 
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C)! January (daily-averaged) 

 
D)! July (daily-averaged) 

 

Figure 80. 1 hour averaged cooling and heating loads for (A) the 21 of January 2019 and (C) the 27 of July 2018. 1 hour averaged cooling and heating 
loads for (B) January 2019 and (D) July 2019. Own elaboration with Excel.. 

 

It can be observed that during winter, the graphics obtained make sense with the previous study of how the 
system is controlled. When the temperature is lower, the heat demand is higher, so the gas cooler is bypassed. 
The heat extracted from the ground is very low, and it is happening when the ambient temperature is at its 
minimum. It can be observed in Figure A, at 6:00 am the temperature is around -13 ºC and therefore it is 
needed to bypass the gas cooler and to extract the heat from the ground. Every time there is heat extracted 
from the ground, the gas cooler is bypassed. The figure A and C clearly shows that the ground is not used 
in this system. It can be improved a lot if it is controlling in the way mentioned before, whenever the system 
reaches the maximum pressure the gas should also be kept on to provide the maximum sub-cooling and 
instead of regulating the gas cooler capacity to increase the mass flow of refrigerant the ground should be 
used as a load/heat source.  

During summer, the heat demand is very low (just for tap water and ventilation purposes), so the extra heat 
is rejected to the atmosphere by the gas cooler. When the temperature is at its maximum, it can be observed 
that the heat extracted by the gas cooler (QGC) is at his maximum as well. Besides, the load of the evaporator 
of the AC (QAC) is higher than zero during summertime. That means, the air conditioning system of the 
supermarket will be connected to the refrigeration system if the temperatures are high as the temperature 
of the ground will be too high for cooling the supermarket.  

On the other hand, the cooling capacity of the lower temperature level (QLT) is the same in summer and 
winter, as it is not influenced by the temperature of the ambient. The cooling capacity of the medium 
temperature level (QMT) is changing. I supposed it is due to the fact that the cabinets are being opened and 
closed more often than the freezers and are more influenced indirectly by the temperature of the ambient. 
The indoor temperature is controlled to certain value regardless of the ambient temperature, but the relative 
humidity is usually higher at high outdoor temperature and the indoor relative humidity in the supermarket 
is usually not controlled and follows the humidity outdoors, this will cause condensation load and frost 
formation on the evaporators of the MT cabinets and causes the load increase. It can be observed that 
during summer when the temperatures are higher, the cooling capacity is higher than in winter.  
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5.3.2.2. Coefficients of performance 

 

 
A)! COP TOT / COP REF January 

 
B)! COP TOT July 

 
C)! COP MT / COP LT January 

 
D)! COP MT / COP LT July 

 

Figure 81. 10 min averaged total system COP (COPtot) and total refrigeration COP (COPref) for January (A) and July (B) 2019. 10 minutes averaged 
medium temperature COP (COP MT) and low temperature (COPLT) for January (C) and July (D) 2018. Own elaboration with Excel. 

 

During the winter, the COPs have a horizontal trend, as the loads are not changing so much during this 
period, as it can be seen in the figure 25. The gas cooler pressure Pgc is fixed around 80 bar for high heat 
demand and the gas cooler is by-passed frequently in this period. The minimum floating condensing 
pressure is fixed almost all the time around 45 bar being 45 the minimum value (as it is the pressure at the 
ambient temperature + 5 K, as it was explained in the section 4.2.4.).  All these small changes in loads and 
boundary conditions are the reason of the horizontal trend. 

On the other hand, during the summer the COPs are decreasing a little bit when the temperature increase. 
The reason for that can be the increase of the cooling capacity needed when the temperatures are so high, 
and the needed of the supply of the air conditioning from the refrigeration system, which implies a mass 
flow rate going through the parallel compressor 

It has been observed that the COPref is lower in summer than in winter which makes sense as the ambient 
temperature is higher during summer and the electricity consumption of the compressors will be lower as 
the difference in pressure will be lower also.  

"
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"

"

" "

  
Figure 82. COP of the heat recovery (COPHR) on the left and COP of the air conditioning (COPAC) on the right. Own elaboration with Excel. 

The COPHR is between 4-7. Comparing these values with previous studies, for example the investigation 
done by (Karampour and Sawalha, 2017), they are similar. In comparison to the commercial heat pumps, it 
seems that this system is more efficient due to the high COPHR. The COPHR is constant more or less for all 
the temperatures of the ambient. The reason is that the heat is almost recovered for free (the discharge 
pressure is slightly increased to recovered heat in this unit).  

The COPAC is decreasing with the increase of the ambient temperature. When the ambient temperature 
increase, the AC load recovered is higher and either is the input electricity consumption of the parallel 
compressor as the pressure of the HL increase. But, the COP decrease, because the electricity increases 
rather more than de AC load (and the COPAC= QAC/EPC), as it was said in the section 4.2.4.  

 

5.3.2.3. Annual plots  

It has been used the field measurements, low and medium temperature level cooling capacities and COP’s 
calculated for ten-minute intervals, filtered and averaged to monthly values. The following figures, Fig 79, 
80 and 81, display the plots of the total cooling capacities in the cabinets and the medium and low 
temperature levels, outdoor, condensing and evaporation temperatures. Outdoor, condensing and 
evaporation temperatures are also plotted. Each point in the plot is the monthly average value of the 
corresponding parameter. Medium and low temperature COP’s of the system are presented also, as well as 
the difference of the temperature in the sub cooler.  
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"
Figure 83. Total cooling capacities in the cabinets and freezers (MT and LT evaporation levels), average of the condensing and evaporation temperatures 

of medium and low level of the total year analyzed in the refrigeration system in Moraberg. Own elaboration with Excel.!

"

"
Figure 84. COPtot, COPmt, COPlt, average of the condensing temperature and difference of temperature in the subcooler (subcoolind in K) of the total 

year analyzed in the refrigeration system in Moraberg. Own elaboration with Excel.!

As can be observed in the plot, the evaporation temperatures at the medium and low levels are almost 
constant; about -4 ºC and -29 ºC. Cooling capacity at the low temperature level did not vary much between 
winter and summer periods. This is due to the use of glass doors that separates the cold air in the freezers 
from the supermarket environment (the cooling capacity in LT level is around 17 kW).   

However, the cooling capacity in the MT level is not constant over the year. It is higher during summer 
period, which can be due to the higher temperatures of the ambient. The doors of the medium cabinets are 
being opened and closed more times than the freezers, and usually they are not completely isolated from 
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the supermarket environment. The indoor temperature is controlled to certain value regardless of the 
ambient temperature, but the relative humidity is usually higher at high outdoor temperature and the indoor 
relative humidity in the supermarket is usually not controlled and follows the humidity outdoors, this will 
cause condensation load and frost formation on the evaporators of the MT cabinets and causes the load 
increase 

The cooling capacity at the MT level is about 3 or 4 times higher than at the low temperature level. It can 
be observed that the condensing temperature follows the ambient temperature during summer period with 
an approach difference of 3ºC. The low heat demand in the summer period makes that it is not needed to 
bypass the gas cooler and therefore the temperature of the refrigerant after the gas cooler can follow the 
ambient temperature for increasing the cooling COP of the system.  

As the system is controlled to recover heat, the discharge pressure and the corresponding condensing 
temperature at low outdoor temperatures will depend on the heating capacity needed to be extracted from 
the system, which will influence the cooling COP of the system. During the winter period the condensing 
temperature is not following the ambient temperature and it is about 2 times higher. It is due to the high 
heat demand which makes needed to increase the condensing pressure and the condensing temperature. 

As it can be observed in the plots, the difference of the temperatures in the sub-cooler takes place during 
summer period. During the winter period the COP is higher than in summer. The total COP is influenced 
by the heat recovery in this period. Even if the cooling COP decreases because of the increase of the 
discharge pressure and the temperature after the gas cooler in order to recover more heat, the COP HR is 
increasing. That influences the COP TOT. The condensing pressure are not affecting the difference as it is 
almost the same in the whole year (the average is around 31 ºC) 

 

5.4. Study of the geothermal storage with EED software  

As it was said in section 5.3.1.3, during the summer, the ground is used to cool the refrigerant of the system 
through the sub-cooler. The system started working in November of 2017. For the moment, the 
temperature of the ground is low enough to provide sub-cooling during summer. But, it can happen that in 
some years, the temperature of the ground increase. To ensure that the temperature of the ground will be 
low enough in some years, modelling simulations for the ground heat exchanger have been done for 
Stockholm conditions. The EED software was used for that. It is a program for vertical borehole heat 
exchanger design. It allows to give as an input the size of the boreholes, layout and the location for studying 
in detail how the borehole thermal storage will work. 

The ground properties used for the borehole design are the ones of the granite material. The rock thermal 
conductivity is 3.500 W/ (m·K); volumetric heat capacity is 2.160 MJ/ (m3·K); ground surface temperature 
of 8 ° C; and geothermal heat flux of 0.06 W/m2.  

Most of the ground source heat pumps (GSHP) has an aqueous ethanol solution of 24 % weight 
concentration as a secondary fluid. Therefore, it was assumed as the heat-carrier fluid for geothermal loops 
in the model. It has a freezing temperature of 14.6 °C and an operating temperature between -5°C and 
+20°C.  

 The flow rate was calculated as it was explained in section 3.1.2. It is around 5 kg/s = 5,4 l/s assuming the 
density of the ethanol 24% 973.8 kg/m3. There are 6 boreholes, so 0,9 l/s is the flow rate per borehole, which is 
constant during all the operation time. The borehole uses single U-tube heat exchangers, in a 2 x 3 rectangle 
configuration, with 10 m spacing and about 225 m deep. The configuration of the tubes can be observed in the 
Figure 79 
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Figure 85. Configuration of the boreholes. Obtained from the software EED. 

The results of the temperature of the ground (Tg) [°C] fluctuations for a 15-year lifetime of the energy system 
solution are shown in Figure 80. 

 

"
Figure 86. Temperature of the ground in 15 years in system in Moraberg. Obtained from the simulation of the software EED.!

"

The Tg varies between the operating temperatures. The maximum temperature is around 30 °C. The first 
year it will be 14 °C and it will increase until 30 °C in 15 years. Comparing the measurement of the 
temperature of the ground provided by the software and the one obtained with EED, they are quite similar 
during the first year. As it can be observed in the Figure (), the temperature of the ground goes from 5 °C 
until 16 °C. The one obtained in Figure 81 by EED is going from -2°C to 14 °C. There is an only a difference 
of a few degrees, so that means it is a good approximation.  
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Figure 87. Measurement of the temperature of the ground. Obtained from the Software Huurre Itop  

It is being provided to the ground 130,3 MWh and extracted 40,65 Mwh in one year in total, which is a 
difference of 86,318 MWh. The temperature of the ground is increasing over the next 15 years from 14 until 
30 °C. It seems that the system will not be able to sub cool neither to provide free cooling in 2 years. The 
temperature of the ground should not increase more than 15 ºC, and it is achieving 30 ºC as it can be 
observed in the simulation. It should not increase 15 °C as the temperature after the sub cooler is expected 
to have this value in summertime (it is an average of the temperature after the sub cooler in this period).  

"

5.5. Conclusions  

The system analysed is not going to be able to work in the same way in 1 year. The main reason is that the 
temperature of the ground will increase until 30 ºC in 15 years, not being possible to provide free cooling 
and sub cooling. One possible solution for this would be to extract heat from the ground during winter, 
and rejected it in the gas cooler. The first system analyzed was controlled in this way and the temperature 
of the ground was not increasing as much as in this system.  

The system has some options to improve the efficiency as well. In general, the way the supermarket is 
controlled to recover heat does not match with theoretical control strategy expressed in section 3.3. The 
pressure in the system is around 65 bars when the heat demand is lower and almost 80 bars during the 
daytime, and the temperature after the gas cooler is varying between 35-5ºC. If the heat demand is low, 
the pressure and the temperature after the gas cooler are kept at their minimum, but when the heat 
demand increases, the pressure and the temperature are at their maximum. The heat recovery is being 
regulated with the variation of the pressure and the temperature after the gas cooler in the system. The 
best way to control it would be whenever the system reaches the maximum pressure the gas should also 
be kept on to provide the maximum sub-cooling and instead of regulating the gas cooler capacity to 
increase the mass flow of refrigerant the ground should be used as a load/heat source. 

Besides, there is no connection between the flash gas bypass going out of the receiver and the parallel 
compressor. This is installed in other refrigeration supermarkets, and it is proved that increase the COP as 
if the amount of vapor is notable it will go through the PC which has more pressure than the booster 
compressor of the MT level and will consume less electricity.  

Therefore, a possible improvement can be to build this connection. Even if the amount of vapor in the 
system is low, it is expected to increase the COP. The PC is used almost the whole year, in summer for air 
conditioning and in winter for more heat recovery. It would be a good idea to bypass the gas extracted from 
the receiver to this compressor.  
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6. Comparison of advanced all-in-one system to typical standalone solutions  
The state-of-the-art CO2 system analyze in this project is compared to the standalone solutions for providing 
cooling-heating. For comparing it, there have been used two indicators defined in (Paper state):  

-! The annual energy use (AEU) [MWh] for the heat recovery. The AEU is defined as: 

7$ö ="($%&%'(,* ∙ ,*)̇
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Being $%&%'(,0 , the average of the electricity consumption for the heat recovery at each temperature of the 
ambient; n the number of temperature-bin hours, and f is the frequency. The result of the equation will be 
in kWh.  

-! The indicator for air conditioning performance. It is conventionally called the Seasonal Energy 
Efficiency Raiting/Ratio (SEER) according to the Eurovent standard OM-3-2017 (Eurovent,2017).  
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Firstly, it was done a model of the state-of- the-art CO2 system analyze in this project. After that it has been 
compared to the model of the standalone solutions provided in the paper (). Both models have been 
compared based on the ambient temperatures of the year 2016 in Stockholm and by defining some 
assumptions. The boundary conditions and assumptions have been defined according to (Paper). The model 
of the system that was done in this paper is not exactly the same as the one it is being analyzed in this 
project, but the assumptions taken can be the same in this model. The model was done for two DX 
evaporators and for a medium size supermarket. As the paper said, to preserve the quality of chilled and 
frozen food products, air temperature is typically kept below + 3 °C and −18 °C in the cabinets and freezers. 
CO 2 evaporation temperatures in MT and LT levels are assumed to be −8 °C and −32 °C in the standard 
system. The refrigeration, heating and cooling demands were taken from this paper as well. They can be 
seen in the Figure 59.  
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Figure 88. Cooling and heating loads Obtained from the investigation (S.Sawalha, 2014) 

 

The high-pressure side of the refrigeration cycle is controlled based on summer floating condensing or 
winter heat recovery operation modes. When the ambient temperature is lower than 10 °C, the system runs 
in winter heat recovery mode. The heat recovery control strategy is explained in Section 4.1.1. When the 
ambient temperature is higher than 10 °C, the system runs in floating condensing mode. The pressure of 
the gas cooler follows the ambient temperature in the sub-critical region with no sub-cooling, and 7 K 
approach temperature between the gas cooler exit temperature and ambient temperature. In the trans-critical 
region, the system runs at the optimum pressure for maximum COP. Eq. (21) shows the optimum pressure 
P opt,gc [bar] correlation as a function of the gas cooler exit temperature T gc,exit [ °C] suggested by Sawalha 
(2008) . This equation is developed based on finding maximum refrigeration COP for a range of gas cooler 
super-critical pressures versus a set of gas cooler exit temperatures. The units for the coefficients are 2.7 [ 
°C /bar] and 6 [bar]. Approach temperature difference in trans-critical region is assumed to be 3 K. (Paper) 

 

P opt,gc = 2 . 7 × T gc,exit − 6 1  

 

The approach temperature assumptions in sub-critical (7 K) and trans-critical (3 K) zones are based on the 
fact that the pinch point might be an issue in the sub-critical operation of the gas cooler, while it is of less 
importance in the trans-critical operation. The assumptions are made based on field measurement 
observations (Sawalha et al., 2017; Karampour and Sawalha, 2017), and also according to a discussion with 
a major manufacturer of air coolers and heat exchangers. The approach temperature in the de-superheaters 
is assumed to be 5 K. (paper) 

Mass flow rates in MT cabinets, freezers and in the AC/VP evaporator were calculated according to: 

6̇ = m∙ re f∙ ΔℎB>'%3>CDB'/E>=3  

 

29 
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where 6̇ [kW] is the cooling load in MT cabinets (6̇Ém) or LT freezers ( 6̇Ñm)).  [kg s-1] is the refrigerant 
mass flow rate and ΔℎB>'%3>CDB'/E>=3y [kJ kg-1] 

The same equation is used to find the enthalpy differences over the de-superheaters, based on known tap-
water heating ( 6̇màá ) and space heating ( 6̇ÖÜá ) demands. 

Energy–mass balances over the receiver and the assumed air conditioning demand ( 6̇:;) are used to find 
the enthalpy and vapor quality change over the AC heat exchanger. 

Knowing the mass flow rates in the different lines in the system and the enthalpies on each point, 
compressors electricity use $̇D&JK [kW] in MT, LT and parallel compressor units are calculated using the 
below equation: 

 

$̇D&JK = (Ṙ=>? ∙ Δℎ0Q)/G%&% 30 

 

where ηtot is the overall efficiency of the compressors, and Δℎ0Q is [kJ kg −1 ] is the isentropic enthalpy 
difference over each compressor unit.  

The total electricity use $̇%&% [kW] of the system is calculated based on the below equation 

 
 

Heat recovery  

The heat recovery of the state-of-the-art system is based on the control strategy defined before in section 
4.2.4.  

For the calculation of the AEU in the model made for the state-of-the-art system, it has been used the 
equation 19. The values of the energy consumption calculated, and the temperature bin-hours of Stockholm 
in 2016 are taken (Figure 60). It was considered that the comparison is just for the heat recovery part, so 
the electricity consumption is defined as: 

 

 

21 
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Figure 89. Temperature bin-hours in Stockholm. Extracted from the investigation (S,Sawalha, 2014) 

For the standalone solution, it has been taken the results of the investigation of the International Journal of 
Refrigeration done by Karampour and Sawalha, (2017). It consists in a HFC-based heat pump. In this 
comparison, an air source heat pump (ASHP) is considered, because ambient temperatures between 10 and 
−5 °C occur in 85% of the winter time in Stockholm, where ASHP has comparable energy efficiency to a 
ground source heat pump (GSHP). This has been evaluated calculating the heating performance for ASHP. 

The values of the COP of the ASPH have been taken from this document. After that, using the average of 
heat recovery for each temperature (showed in the figure 50) it has been calculated the energy consumption 
in this case and introduced in the equation 19 for calculating AEU.  

 
Figure 90"Heating COP and SPF of CO 2 heat recovery and ASHP. On the right axis is Stockholm winter temperature-bin hour (extracting from …). 
Extracted from the investigation (S,Sawalha, 2014) 

The comparison of the AEU of the systems can be observed in the next figure. It can be observed that the 
energy consumed in the ASHP system is 29% higher than the one consumed in the system analyzed. 
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Figure 91. Comparison AEU. Own elaboration in Excel. 

The electricity price is considered 0.1 €/kwh (Karampour and Sawalha, 2017). Using this value, it is 
determined that the cost of the ASHP method is 29% higher than the state-of-art system. 

 

 
Figure 92. Comparison heating energy cost.  Own elaboration in Excel. 

 

Air conditioning 

The AC performance of a CO 2 state-of-the-art system is compared to a conventional stand-alone AC system 
using R410A (GWP = 2088) as the refrigerant. The R410A system has an evaporation temperature of 0 °C, 
and the approach temperature difference on the condenser side is 7 K, similar to CO 2 sub-critical air-cooled 
condensation. ((Karampour and Sawalha, 2018)). The AC seasonal energy efficiency ratio (SEER) of the 
ASHP was taken from the paper and it is around 4.  

The SEER of the state-of-the-art system analyze was calculated with the equation 20. It is the temperature-
bin weighted average of air conditioning load 6̇:;3over AC electricity use$̇:;. 
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Figure 93. Comparison SEER of the systems. Own elaboration in Excel. 

Both values are similar around 4. The values of the other advanced system analyze by Samer (Karampour 
and Sawalha, 2018) are in the same limits.  
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Líneas futuras  
Continuar investigando en el ámbito del desarrollo sostenible es un factor clave actualmente. Se necesitan 
trabajos fin de grado y de máster que contribuyan a avanzar cuidando el medio ambiente. Para ello se 
plantean una serie de líneas futuras que pueden desarrollarse más adelante. 

Actualmente, las investigaciones están en su mayoría enfocadas en los países escandinavos, pero ya se está 
empezando a valorar la instalación en países con temperaturas ambientales más altas como España. La 
investigación de ((Abdi, Sawalha and Karampour, 2014) estudia la instalación de este tipo de sistemas en un 
supermercado en Barcelona y determina que es una propuesta óptima ya que son sistemas sostenibles que 
no contaminan y que además cuentan con eficiencias similares a las de los sistemas actualmente implantados 
en España. En esta línea se puede continuar la investigación. La nueva ley de cambio climático exige contar 
con bajas emisiones para el 2023, por lo que esta podría ser una buena propuesta. 

Por otro lado, se pueden realizar presupuestos económicos para la instalación de estos nuevos sistemas. La 
maquinaria necesaria es más compacta que la actual, pero también necesita una mayor inversión ya que 
trabajar con CO2 requiere altas presiones.  

Otra línea de trabajo interesante de abordar es la determinación de las maquinarias necesarias en este tipo 
de instalaciones, realizando un diseño específico de una instalación en un supermercado real.  

  



Planificación temporal y presupuesto 

Estructura de descomposición del proyecto (EDP) 

  

  



Diagrama de Gantt  

  



Presupuesto 
Se presenta una valoración del coste incurrido en el presente proyecto, en el que se incluyen las horas de 
trabajo empleadas, así como el material utilizado para llevarlo a cabo.  

Al haber realizado la investigación en un total de 800 horas, el salario obtenido por hora es de 15 euros.  

Para los supervisores que han dirigido este trabajo, se han atribuido salarios de 25 euros la hora.  

 

 Horas/Unidades  Vida 
útil 

Coste 
unitario 
(€/h o 
€/unidad) 

Uso en el 
proyecto  

Amortización Cantidad 
total (€) 

Becario  800  15   12000 

Supervisor Suecia  40  25   1000 

Supervisor 
España 

20  25   500 

Ordenador mesa 
KTH  

1 5 720 0,5 72 72 

Ordenador Sony 
VAIO 

 5 300 0,5 30 30 

Licencia Refprop 1  125   125 

Licencia EED 1  150   150 

Licencia EES 1  150   150 

TOTAL       14027 
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Nomenclatures 
AC Air Conditioning 

COP Coefficient of performance 

CO2 Carbon Dioxide 

Cp Specific heat (kJ/ kg-K) 

DX Direct expansion 

EES Engineering Equations Solver 

HR Heat Recovery 

GWP Global-warming potential 

IHE Internal heat exchanger 

!̇ Fluid mass flow rate (kg/s) 

ODP Ozone Depletion Potential 

P Pressure (bar) 

#̇ Cooling capacity (kW) 

SH Superheat 

T Temperature (ºC) 

t Time (hour) 

V Space volume (m3) 

$ Density (kg (m3) 
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