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Abstract

This thesis is a case study of the application of an energy audit to determine the energy use
and potential energy efficiency measures in an office building in Uppsala (Sweden). The
motivation of this analysis is the increasing concern about the environmental impact which
stems from buildings energy consumption and the interest in an increased sustainability
in this sector. Afterwards, in line with the interest in more sustainable buildings, the
possibility of installing a grid connected photovoltaic system has been analyzed. The
system feasibility has been researched through the creation of a model of the system and
the simulation of different possible configurations.

The energy audit has involved many tasks. First of all, the plans of the heating,
ventilation and air conditioning systems have been analyzed to understand their operation.
The data from bills have been also useful to identify tendencies in the electrical and heating
energy consumption of the facility. This has allowed to estimate the heating and cooling
loads in the building. Afterwards, the facility has been visited to conduct an energy
survey. A thorough inspection of the energy systems in the building has been carried out
to find possible energy efficiency measures. Besides, the electric power consumption of
these systems has been recorded by loggers to analyze its evolution and look into their
operation schedule. Measurements of the temperature, light and humidity in the office
areas have been taken to assess the indoor comfort in the facility. An inventory of the
fans and pumps for the different systems has also been carried out to check and validate
the results from the loggers.

This process has allowed to allocate the energy use of the different systems and to
prepare the energy balance in the buiding. The results match with the data from the
bills and the inspection in the facility. Several energy efficiency measures have been found
thanks to the audit, with a potential for energy savings of 126 MWh. The economical
analysis of these measures has shown that most of them are profitable, and they can
reduce the greenhouse gases emissions by between 5.87 and 59.4 tons of annual equivalent
CO2 depending on the applied approach to estimate the effect of electricity production in
greenhouse gases emissions.

On the other hand, the study of the photovoltaic system has been done through
computer simulations with PVsyst. The use of PVsyst has been vital because there
are several factors to take into account when designing a photovoltaic system. The
meteorological data for Uppsala have been taken from different sources, but only the data

i



from the database Meteonorm have been proved to be reliable for the simulations. The
next step has been the creation of a 3D model of the building and the system to reflect
the effect of shadings in the system. Then, several configurations with different tilt angles
and pitches have been compared to find the one with the best performance.

The optimal configuration - tilt angle of 10 ◦ and pitch of 3 m - has led to the highest
performance ratio and electricity production. This configuration has been used to perform
a deeper comparison between modules and inverters from different manufacturers. The
best combination regarding the electricity production and performance ratio is the use of
a PV module from Renewable Energy Corporation and an inverter from AEG, with a
performance ratio of 0.821 and a yearly electricity production of 30.1 MWh. However, this
configuration does not produce any energy surplus that can be sold to a utility company.
An economical analysis using two sets of prices has shown that the total investment for
the considered system would lie between 244000-1189000 SEK, with a payback period of
10 to 47 years, and therefore would not be economically feasible.
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Resumen

En la actualidad, la creciente preocupación por el cambio climático y el calentamiento
global está impulsando el interés en encontrar medidas para reducir las emisiones de gases
de efecto invernadero . La combustión de combustibles fósiles para generación de enerǵıa
es uno de los principales agentes responsables de la emisin de gases de efecto invernadero,
de ah́ı el interés en aumentar la eficiencia energética. En este contexto, Europa ha lanzado
la estrategia ”Europa 20 20 20”, cuyos objetivos relativos al cambio climático y a la
sostenibilidad de la enerǵıa son reducir las emisiones de gases de efecto invernadero en
un 20 % respecto a los niveles de 1990, utilizar un 20 % de fuentes de enerǵıa renovables
respecto a la producción total de enerǵıa en Europa e incrementar la eficiencia energética
para obtener ahorros del 20 % respecto al nivel de utilización de 2008.

En el caso de Suecia el interés en la reducción de la utilización de enerǵıa se ha visto
especialmente favorecido por el alto precio de la enerǵıa y los altos impuesto de la enerǵıa
y las emisiones de CO2. Bajo este marco se han implementado varias poĺıticas energéticas
para reducir la utilización de enerǵıa. En concreto, se ha demostrado que las auditoŕıas
energéticas son un medio efectivo para reducir la utilización de enerǵıa, especialmente
para compañ́ıas que no utilizan enerǵıa de forma intensiva. Diversos estudios muestran
que el potencial de ahorro energético se sitúa entre el 16-40 % de la utilización energética
en pequeñas y medianas empresas suecas.

Espećıficamente los edificios comerciales suponen una gran proporción de la utilización
energética (40 % del total de la UE), y por tanto tambin de las emisiones de gases de
efecto invernadero (36 % del total de emisiones de CO2 de la UE). Aunque existe un alto
potencial para el ahorro energético en edificios y las medidas son viables económicamente,
la utilización de enerǵıa continúa creciendo en este sector. Esto pone la importancia del
papel de las auditoŕıas energéticas para reducir la utilización de enerǵıa en edificios y su
huella de carbono.

En ĺınea con la estrategia ”Europa 20 20 20”, también ha crecido el interés en el
empleo de recursos renovables para la generación de enerǵıa. Una posible alternativa
para el cambio a enerǵıas renovables en edificios comerciales es la utilización de una
instalación fotovoltaica para producir electricidad y reducir el impacto derivado de la
producción en una planta convencional. Hasta el ao 2006 el uso de estas instalaciones no
ha sido muy extendido en Suecia, y el nicho de mercado es aún reducido en comparación
con otros páıses de la UE. Sin embargo, la producción de electricidad en instalaciones
fotovoltaicas ha experimentado un gran crecimiento en los ltimos diez aos, pasando de
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5 MW de potencia instalada en 2013 a 80 MW en 2014 (0.06 % de la producción de
eléctricidad total en Suecia).

El uso de instalaciones fotovoltaicas de conexión a red ha crecido especialmente, con
una cuota de mercado del 65 % en 2014. El empleo de estas instalaciones ha sido favorecido
por la reducción en los precios y las primas disponibles para la enerǵıa fotovoltaica. La
gran mayoŕıa de los sistemas fotovoltaicos de conexión a red son instalados en las azoteas
o los tejados de los edificios.

En este contexto, una compañia inmobiliaria ha decidido realizar una auditoŕıa en
una de sus instalaciones, un edificio comercial de oficinas, para contribuir a reducir su
huella de carbono. Asimismo, con el objetivo de reducir el impacto ambiental derivado
de la utilización de enerǵıa eléctrica generada en plantas convencionales se realizará un
análisis de la viabilidad de una instalación fotovoltaica en la azotea del citado edificio.

El objetivo del presente proyecto es calcular y desglosar la utilización de enerǵıa en el
edificio mediante la realización de una auditoŕıa energética. La auditoŕıa también tiene
como objeto identificar derroches de enerǵıa para encontrar posibles medidas de eficiencia
energética. Todo ello permitirá obtener el balance energético del edificio y cuantificar los
ahorros de enerǵıa derivados de las medidas de eficiencia energética. Estas medidas serán
evaluadas para determinar su viabilidad y la potencial reducci’on en los gases de efecto
invernadero.

Posteriormente se llevarán a cabo simulaciones con el software PVsyst para analizar
la viabilidad de una instalación fotovoltaica en la azotea del edificio. Varias configura-
ciones serán simuladas con el objetivo de encontrar aquella que proporciona la máxima
producción eléctrica. Finalmente, la configuración óptima será simulada para determinar
su viabilidad económica aśı como la potencial rducción en los gases de efecto invernadero.

La auditoŕıa energética implica distintas tareas en función del grado de detalle de-
seado. Una auditoŕıa energética convencional consiste en la realización de una visita a la
instalación analizada para identificar medidas de eficiencia energética y una estimación de
la utilización de la enerǵıa mediante la medida de distintos parámetros. Estos resultados
son comparados con los datos de consumo de electricidad y combustibles de la instalación.
El balance energético aśı obtenido muestra el consumo de cada proceso unitario (adminis-
tración, iluminación, ventilación, bombeo, agua caliente sanitaria, transporte interno, aire
comprimido,calefacción y refrigeración).

El proceso de auditoŕıa comprende el análisis de las distintas instalaciones energéticas
del edificio. En primer lugar, es necesario analizar los sistemas eléctricos del edificio. Los
sistemas con un uso más intensivo de enerǵıa son los motores eléctricos, los sistemas
de iluminación y los sistemas de distribución de enerǵıa eléctrica. Posibles medidas de
eficiencia energética son el empleo de convertidores electrónicos para la regulación de los
motores y la utilización de sistemas de iluminación más eficientes y sistemas de control
mediante sensores de ocupación.

En segundo lugar es necesario analizar la envolvente del edificio, y consecuentemente
los sistemas de calefacción y refrigeración empleados para satisfacer las cargas térmicas
del mismo. La aplicación de conceptos básicos de transferencia de calor permite obtener
las pérdidas de calor del edificio por transmisión, infiltración y ventilación. Las medidas
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de eficiencia energética en el aislamiento del edificio no suelen ser ecoómicamente viables.
Es más común encontrar posibles mejoras en las ventanas mediante la utilización de, por
ejemplo, doble acristalamiento.

En cuanto a los sistemas de calefacción, la mayoŕıa de instalaciones en Suecia son
de calefacción urbana. Estos sistemas consisten en la distribución de enerǵıa térmica
(procedente principalmente de plantas de cogeneración y combustión de biomasa) mediante
una red urbana. Las posibles medidas de eficiencia energética están relacionadas con el
aislamiento de la redde distribución y la presencia de fugas en el mismo.

Por otro lado, la gran mayoŕıa de sistemas de aire acondicionado en Suecia se basan
en refrigeración por compresión, aunque otros sistemas más eficientes están cobrando
importancia. Las principales medidas de eficiencia energética en los sistemas de aire
acondicionado están relacionadas con el control de los enfriadores y un adecuado ajuste
de las temperaturas del agua fŕıa suministrada y de la temperatura del fluido refrigerante
en el condensador.

El análisis de los sistemas de ventilación es fundamental, ya que consumen una gran
parte de la demanda de electricidad en los edificios y habitualmente es posible detectar
medidas de eficiencia energética simples y viables. Los sistemas más habituales en edificios
comercial son sistemas de ventilación forzada, que consisten en el empleo de ventiladores
para suministrar aire fresco. Estos sistemas constan de una unidad de entrada con un
filtro, una bateŕıa de calor, una bateŕıa de fŕıo y una bateŕıa de postcalentamiento; una
unidad de salida con la posibilidad de incorporar una unidad de recuperación de calor; y
el sistema de distribución con distintos conductos y compuertas para controlar el flujo
de aire. Una de las principales medidas de eficiencia energética para los sistemas de
ventilación consiste en emplear sistemas de flujo variable para el control de la temperatura.
Dichos sistemas se basan en la utilización de flujo variable a temperatura constante para el
control de la temperatura interior. Esto permite una mayor eficiencia en el funcionamiento
a cargas parciales. El ajuste en el control de temperatura también es fundamental para
reducir el consumo para aire acondicionado y calefacción.

Por otra parte, para la realización del análisis de la instalación fotovoltaica es nece-
sario introducir el principio de funcionamiento de las células fotovoltaicas. Los células
fotovoltaicos son capaces de generar enerǵıa eléctrica directamente a partir de la enerǵıa
procedente de la irradiación solar gracias al efecto fotoeléctrico producido en un diodo
semiconductor (es necesario utilizar una unión dopada tipo p-n). Los fotones del haz
de luz solar son capaces de arrancar electrones en la capa de valencia, alcanzando aśı la
banda de conducción. Aplicando tensión entre los dos extremos de la unión es posible
evacuar estos electrones, generando aśı una corriente eléctrica continua.

Para describir el comportamiento eléctrico de la célula se utiliza un circuito equivalente
consistente en un diodo en paralelo con una fuente de corriente y dos resistencias, una
en serie y otra en paralelo. Utilizando este modelo es posible determinar la relación
entre la tensión y la corriente en la célula, lo que proporciona la curva caracteŕıstica
intensidad-tensión de la célula. La curva caracteŕıstica tiene dos puntos especialmente
relevantes, la tensión de circuito abierto (tensión a intensidad nula) y la corriente de
cortocircuito (corriente a tensión nula). Estos parámetros dependen de la temperatura,
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cuyo incremento aumenta la tensión de circuito abierto, y del nivel de irradiación, cuyo
incremento conduce al aumento de la corriente de cortocircuito. Al representar la potencia
en la célula frente la tensión aplicada se concluye que dicha curva presenta un máximo, el
punto de máxima potencia.

Una vez descrito el funcionamiento de la célula, es necesario describir el funcionamiento
de una instalación. De cara a este proyecto se ha considerado únicamente una instalación
fotovoltaica de conexión a red. Este tipo de instalaciones constan de un generador foto-
voltaico que inyecta corriente tanto a la red como al punto de inyección del consumidor.
La enerǵıa eléctrica generada en los paneles es utilizada para satisfacer la demanda del
consumidor, y en caso de exceso de enerǵıa es inyectada a la red para su venta a la
compañ́ıa eléctrica.

Los componentes de las instalaciones de conexión a red son el generador fotovoltaico
y el inversor, además del cableado y las protecciones eléctricas correspondientes. El
generador fotovoltaico consta de varias cadenas de paneles fotovoltaicos conectados en
paralelo. A su vez, los paneles están formados por varias células solares conectadas en
series. Por su parte, el inversor es utilizado para transformar la corriente continua en
alterna y adaptar a los requisitos de la red.

Para evaluar el rendimiento de la instalación fotovoltaica existen rendimientos y
pérdidas estandarizadas. Las pérdidas en instalaciones fotovoltaicas se clasifican en dos
grupos: pérdidas en captura, que incluyen las pérdidas en el generador fotovoltaico, y
pérdidas del sistema, que incluyen las pérdidas en el resto de componentes del sistema. El
rendimiento es habitualmente evaluado mediante el ratio de rendimiento, que relaciona
la potencia obtenida en la instalación frente a la potencia que se podŕıa obtener en
condiciones ideales.
Finalizada esta introducción teórica se incluye una descripción del edificio objeto de
análisis de la auditoŕıa. Se trata de un edificio comercial de oficinas de siete plantas
situado en Uppsala (Suecia), 6597 m2 con una ocupación del 60 %. La compañá propi-
etaria, Aspholmen Fastigheter, gestiona los sistemas de ventilación, calefacción y aire
acondicionado, pero los inquilinos son responsables del consumo eléctrico en las oficinas.
Por este motivo, el foco de la auditoŕıa han sido los sistemas ventilación, calefacción y aire
acondicionado. El sistema de calefacción es un sistema hidrónico de calefacción urbana.
En cuanto al sistema de aire acondicionado, el edificio dispone de dos enfriadores, uno
para la zona sur y otro para la norte. Para la ventilación, la instalación cuenta con tres
climatizadores, uno para la zona norte, otro para la sur y otro para el garaje.

En cuanto a la azotea del edifico, tiene un área disponible de aproximadamente 1000
m2. El recurso solar en Suecia es más reducido con Espaa, con una irradiación global
anual en Uppsala de unos 960 kWh/m2. Sin embargo, hay potencial para una instalación
fotovoltaica debido a las bajas temperaturas a lo largo del año. Además, la administración
sueca proporciona incentivos para la puesta en marcha de instalaciones fotovoltaicas.

A continuación se expone la metodoloǵıa empleada tanto para la auditoŕıa energética
como para el análisis de la instalación fotovoltaica, motivando cada método en relación a
al caso práctico presentado anteriormente.

El primer paso de la auditoŕıa ha sido el análisis de los datos de consumo de calefacción
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del edificio proporcionados por la compañ́ıa. Estos datos puedenser utilizados para estima
las pérdidas de calor totales del edificio mediantel el llamado método PRISM, que consiste
en representar el consumo de combustible para calefacción frente a la temperatura exterior.
La pendiente del gráfico resultante representa el coeficiente global de transmisión de calor
del edificio. También se ha analizado la utilización de calefacción durante los últimos tres
aos para detectar desviaciones en la tendencia del mismo.

Posteriormente se han analizado los datos relativos al consumo de electricidad del
edificio. La compañ́ıa ha proporcionado estos datos con reolución en horas, lo que ha sido
especialmente útil para identificar patrones en el consumo de electricidad en las distintas
épocas del año y posibles derroches por consumo de electricidad fuera del horario de las
oficinas. Además, es posible estimar la carga térmica de refrigeración durante los meses
de verano utilizando un método similar a PRISM. Antes de visitar el edificio también se
han estudiado los planos de los sistemas de ventilación, calefacción y aire acondicionado y
la declaración energética del edificio.

Después se han realizado varias visitas al edificio para inspeccionar los distintos
sistemas del edificio y medir algunos parámetros para el cálculo del balance energético
del edificio. Además, se han llevado a cabo entrevistas con el responsable técnico de este
edificio para adquirir un mejor entendimiento del funcionamiento de los sistemas y cotejar
los datos obtenidos en la visita.

En primer lugar se ha medido el consumo de electricidad de los sistemas eléctricos del
edificio. Para ello se han utilizado mult́ımetros y flukes para medir corriente, tensión y
factor de potencia en los componentes de la caja de distribución eléctrica con el objetivo
de identificar los sistemas. Después se han empleado registradores para adquirir datos del
consumo de electricidad de cada componente. Este proceso ha sido muy importante de
cara al cálculo del balance energético del edificio.
Tras este proceso se ha medido la temperatura y la humedad en distintas localizaciones del
edificio para evaluar el comfort en el mismo. Además, la medida de la temperatura a la
entrada y a la salida del climatizador permite la estimación del rendimiento del sistema de
recuperación de calor, en caso de incuirlo. También se ha medido el nivel de iluminación
en algunas localizaciones para evaluar el comfort y posibles excesos de iluminación donde
no es necesaria.

Los flujos en cada unidad del sistema de ventilación también se han tomado para
poder evaluar las pérdidas de calor por ventilación. Además, se ha tomado la potencia de
los ventiladores y las bombas de cada unidad para comparar los resultados de consumo
eléctrico con los obtenidos mediante los registradores.
Por último, se ha realizado una inspección visual de todos los equipos en el edificio para
comprobar su correcto funcionamiento y su operación. Se ha analizado especialmente el
ciclo de operación de los climatizadores y su sistema de control. También se han analizado
los equipos en la sala de máquinas, especialmente las bombas. Esto ha permitido comparar
el consumo medido con el consumo registrado. Asimismo, se han inspeccionado los cir-
cuitos hidráulicos del edificio para detectar posibles fugas. Finalmente se ha comprobado
el ciclo de operación de los distintos sistemas del edificio.

Los procesos de medida anteriormente explicados han permitido estimar y desglosar
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la utilización de enerǵıa en cada uno de los sistemas del edificio. Los datos de consumo de
potencia eléctrica de los registradores han permitido desglosar el consumo de electricidad.
Para ello, se ha integrado la potencia durante el periodo de medida y se ha asumido que
los sistemas funcionan bajo el mismo esquema durante todo el ao.

Gracias al proceso de auditoŕıa se han identificado algunas medidas de eficiencia
energética. Para calcular el ahorro de enerǵıa correspondiente a cada medida se han
empleado expresiones anaĺıticas. La viabilidad económica se ha estudiado utilizando el
periodo de retorno simple utilizando los precios actuales de la electricidad y la calefacción
urbana en Suecia.

El análisis medioambiental ha comprendido la cuantificación de la reducción de las
emisiones de gases de efecto invernadero derivada de las medidas de eficiencia energética.
Para evaluar las emisiones derivadas de la generación eléctrica se han utilizado los factores
de emisión de CO2 equivalente empleando tres aproximaciones: teniendo en cuenta la
producción media de la compañ́ıa energética regional, Vattenfall, teniendo en cuenta la
producción media en el mercado eléctrico de los páıses nórdicos, Nord Pool, y empleando
el factor de emisión correspondiente a la producción eléctrica marginal.

Por otra parte, el análisis se ha llevado a cabo utilizando el software PVsyst para crear
un modelo de la azotea del edificio descrita anteriormente y analizar la configuraciónóptima
de los paneles para maximizar el rendimiento y la producción de la instalación.

Primeramente es necesario definir los datos meteorológicos de la localización consider-
ada. Los datos mensuales de temperatura e irradiación en Uppsala han sido tomados de
tres bases de datos: Meteonorm, NASA y SMHI (Insituto de Meteoroloǵıa Sueco). PVsyst
incluye una herramienta para generar datos para cada hora apartir de datos mensuales
mediante métodos estocásticos. El análisis del ı́ndice de claridad de los mejores d́ıas ha
demostrado que los datos de radiación de NASA y SMHI están sobredimensionados. Por
tanto se han empleado los datos de Meteonorm en las simulaciones. Además de estos
datos, es necesario definir el porcentaje de radiación de albedo y la mı́nima temperatura
exterior que determina la máximo tensión que debe soportar el sistema. Se ha fijado un
valor de albedo del 20 % en todos los meses para conseguir resultados más conservadores.
En cuanto a la mı́nima temperatura, se ha empleado el valor extremo para Uppsala, -25◦C.

El siguiente paso es definir el tipo de panel empleado (sin inclinación, con inclinación,
con seguidor solar) y su orientación. Para definir la orientación se ha empleado el módulo
de diseo de sombras cercanas. Mediante esta herramienta se ha creado un modelo 3D
del edificio y de los paneles con el objetivo de analizar la influencia de la inclinación y
la separación de los módulos en las pérdidas por sombreado. Para tener en cuenta la
influencia de edificios cercanos en el sombreado de los paneles se ha definido una ĺınea de
horizonte de 10.5◦ en todas las direcciones en una proximación más conservadora.

En primer lugar se ha diseñado un sistema base de 17 cadenas de 2 m × 7 m con
una inclinación de 30 ◦ y un paso de 3 m. Los paneles están orientados hacia el sur para
maximizar la radiación incidente en los mismos. En segundo lugar, se han probado varias
configuraciones de los paneles. Primero se han simulado configuraciones con 30, 25, 20, 15
y 10 ◦ de inclinación y paso 3 m para estudiar cuál es la configuración óptima y cómo
influyen los cambios en la inclinación en las pérdidas. Después se ha analizado el efecto

viii



de separar los paneles utilizando un paso de 3.5 m.
Después de definir la orientación de los paneles y las posibles sombras que les puedan

afectar es necesario seleccionar el tipo de panel fotovoltaico y el inversor correspondiente.
Para ello se han seleccionado cuatro fabricantes de módulos disponibles en Suecia: Viess-
mann, German Solar, General Electric y Renewable Energy Corporation. El inversor se
ha seleccionado de forma que concuerde con el panel considerado. Para ello el inversor y
los paneles deben trabajar en los mismos rangos de tensiones.

La última fase para completar el modelo de la instalación fotovoltaica es definir
los parámetros para simular las pérdidas del sistema. Las perdidas térmicas, aquellas
derivadas de la operación de los paneles a temperaturas mayores que la est’andar, han
sido simuladas utilizando el valor por defecto para paneles con circulación libre de aire,
29 W/m2◦C. En cuanto a las pérdidas por efecto Joule en los cables, PVsyst incluye una
herramienta para optimizar su sección dada su longitud. En este caso se ha asumido una
longitud media de los cables de 40 m, y una distancia del inversor al punto de inyección
de 1 m. Las pérdidas por ensuciamiento son significativas en este proyecto, ya que los
paneles están cubiertos por nieve en los meses de invierno. Para tener en cuenta la peor
situación posible se ha asumido que las pérdidas por ensuciamiento alcanzan el 40 % en
diciembre, enero y febrero. Finalmente, las pérdidas relativas a la calidad de los módulos
han sido simuladas asumiendo una variación del 0.1 % en las caracteŕısticas de los paneles.
El desajuste entre los módulos se ha contabilizado utilizando una distribución gaussiana
para tener en cuenta posibles diferencias en su curva caracteŕıstica.

A continuación se presentan y analizan los principales resultados obtenidos a partir
de la auditoŕıa energética. Los resultados correspondientes al análisis de los datos pro-
porcionados por Aspholmen antes de la visita son expuestos en primer lugar. Utilizando
el método PRISM el consumo de calefacción se ha estimado en 995 MWh anuales. Esta
cifra concuerda con los valores reflejados en las facturas de los últimos aos.

Por otro lado, los datos de consumo eléctrico han revelado las tendencias durante
los últimos tres aos. Se han detectado algunas anomaĺıas en el consumo en 2015, tanto
en abril como en noviembre. Estas han sido debidas a la adquisición de un climatizador
nuevo, lo que ha conllevado al empleo de ventiladores de forma temporal a mediados de
abril. La anomaĺıa en noviembre ha sido debida a la realización de pruebas en el sistema
de ventilación. Estos datos también han sido empleados para estimar la carga térmica
de refrigeración. Los datos presentan una gran dispersión, pero sirven como primera
aproximación, resultando en una demanda de 50.3 MWh anuales.

El análisis de los datos registrados por los aparatos de medida han sido utilizados
para el cálculo del consumo de enerǵıa de cada sistema. Los resultados demuestran que
los climatizadores de la zona sur y el garaje funcionan bajo el esquema de operación
establecido. Sin embargo, la unidad del garaje consume potencia fuera del horario de
oficina, mientras que la unidad de la zona sur no. Además, el consumo de la unidad en la
zona norte no sigue el ciclo de operación, y no se aprecia ningún patrón en el mismo.

El análisis del consumo de electricidad en la zona del garaje concuerda con los datos
proporcionados por el técnico de la firma. La potencia consumida es mayor por las noches
debido a la utilización de iluminación en la fachada del edificio. No hay consumo durante
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las horas de luz los fines de semana porque el garaje permanece cerrado y no es utilizado.
El consumo de la sala de máquinas y de la aparamenta eléctrica también se ha registrado,
pero es constante durante todo el d́ıa.

La medida de la temperatura en la unidad de salida del climatizador de la zona sur
proporciona una idea de la temperatura en el edificio. Los valores de temperatura están
dentro de los valores de comfort durante las horas de trabajo. Se ha comprobado que el
sistema de calefacción está activado durante las horas de trabajo en la oficina.

Por otra parte, la toma de todos los flujos de los sistemas de ventilación ha permitido
calcular el coeficiente de pérdidas de calor, estimado en 7.29 W/m 2◦C. Se ha comprobado
que los sistemas de ventilación en la zona sur y el garaje tienen unidades de recuperación
de calor de salida, mientras que el climatizador de la zona norte norte no. Además, este
climatizador presenta una fuga en su bateŕıa de calor. Adicionalmente, se ha comprobado
que el control de temperatura tiene una temperatura establecida de 21◦C para la cale-
facción y 22◦C para el aire acondicionado. El análisis se ha completado con la comparación
de la potencia registrada y la potencia medida en la instalación en los climatizadores sur y
norte. El climatizador sur trabaja al 80 % de su capacidad, mientras que el norte trabaja
al 50 %.

En cuanto al sistema de aire acondicionado, no ha sido posible realizar un análisis
exhaustivo por estar apagado durante la visita. Asumiendo una eficiencia t́ıpica de 3, se
ha estimado el consumo de electricidad para aire acondicionado en 17.3 MWh.

En lo relativo a los sistemas de luminación, los niveles se sitúan dentro del estándar,
aunque hay algunas zonas de paso con iluminación excesiva. Además, las luminarias de la
escalera están constantemente encendidas, pero la ocupación es muy baja y sólo es una
zona de paso.

La auditoŕıa ha concluido con el anális de los sistemas en la sala de máquinas. Aqúı
se alojan los intercambiadores de calor para el sistema de calefacción y las bombas para el
circuito primario y secundario del mismo. Las bombas para el agua caliente sanitaria y
agua de uso doméstico también se encuentran aqúı. La estimación de la utilización de
energá de las bombas concuerda con los resultados de consumo de los registradores. La
inspección de la sala de máquinas y el garaje ha revelado una fuga en el circuito primario
de calefacción.

El balance energético ha sido obtenido a partir de los datos obtenidos durante la visita
utilizando la metodoloǵıa presentada anteriormente. Los resultados son los siguientes:

• Utilización anual de enerǵıa eléctrica: 378 MWh

– Administración: 37 MWh

– Aire acondicionado: 17 MWh

– Iluminación: 58 MWh

– Ventilación: 201 MWh

– Bombeo: 65 MWh

• Utilización anual de enerǵıa de calefacción: 995 MWh
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– Ventilación: 422 MWh

– Calefacción y agua caliente sanitaria: 573 MWh

De acuerdo con estos resultados la mayor parte de la enerǵıa es utilizada en los procesos
de ventilación y calefacción, que suponen un 87 % de la utilización total.

Las visitas al edificio han revelado varias posibles medidas de eficiencia energética para
reducir la utilización de enerǵıa en el edificio. Éstas se listan a continuación, incluyendo el
ahorro energético de su implementación, el periodo de retorno y el rango de la reducción
en emisiones de CO2 equivalente.

• Reparación de la fuga en el circuito primario de calefacción en la zona del garaje.
Ahorro: 1.1 MWh/año enerǵıa de calefacción. Periodo de retorno: 1.3 años. Re-
ducción CO2 equivalente: 0-145 kg CO2eq.

• Reparación de la fuga en la bateŕıa de calor del climatizador norte. Ahorro: 1.7
MWh/año enerǵıa de calefacción. Periodo de retorno: 0.8 años. Reducción CO2

equivalente: 0-237 kg CO2eq.

• Ajuste control de temperatura. Ahorro: 10.2 MWh/año enerǵıa de calefacción.
Periodo de retorno: inmediato. Reducción CO2 equivalente: 66-6813 kg CO2eq.

• Ajuste bombas de circulación de bateŕıas de calor y fŕıo. Ahorro: 21.6 MWh/año
enerǵıa de calefacción. Periodo de retorno: inmediato. Reducción CO2 equivalente:
143-14666 kg CO2eq.

• Instalación de sensores de ocupación en la escalera. Ahorro: 20.0 MWh/año enerǵıa
de calefacción. Periodo de retorno: 2.25 años. Reducción CO2 equivalente: 132-13558
kg CO2eq.

• Reducción de temperatura de alimentación de agua caliente. Ahorro: 36.1 MWh/año
enerǵıa de calefacción. Periodo de retorno: inmediato. Reducción CO2 equivalente:
0-4908 kg CO2eq.

• Sustitución de climatizador del garage . Ahorro: 35.9 MWh/ao enerǵıa de calefacción.
Periodo de retorno: 22 años. Reducción CO2 equivalente: 237-24398 kg CO2eq.

El potencial ahorro energético se sitúa en 126 MWh/año, lo que supone un 2.5 % de
la utilización total de enerǵıa del edificio. Muchas de las medidas son simples ajustes o
tienen un periodo de retorno muy reducido. Gracias a estas medidas es posible conseguir
una reducción de las emisiones de efecto invernadero de entre 5.9-60 t CO2 equivalente.

Por su parte, los resultados de la simulación de la instalación fotovoltaica han permitido
obtener la configuración óptima que maximiza la producción y el rendimiento del sistema.
Las simulaciones con distintos ángulos de inclinación demuestran que el ángulo óptimo es
10◦, porque minimiza las pérdidas por sombreado entre los módulos, aunque la radiación
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incidente en el panel es menor.
Incrementar la separación de los paneles utilizando un paso de 3.5 m no incrementa

sensiblemente el rendimiento porque las pérdidas por sombreado son ligeramente reducidad.
Asimismo, la producción eléctrica es notablemente menor debido al menor área disponible
para los paneles. Por tanto, la configuración óptima consiste en la utilización de paneles
con inclinación 10◦ y paso 3 m.

Una vez hallada la configuración óptima se ha procedido a seleccionar los paneles y el
inversor solar. Los resultados de las simulaciones muestran que el módulos más adecuado
para esta aplicación es el modelo REC 260P de Renewable Energy Corporation (260 W,
26 V). Teniendo en cuenta el área disponible para los módulos, la potencia nominal resulta
en 34 kW. El inversor se ha seleccionado de forma que una unidad sea suficiente para
satisfacer las necesidades de la instalación. El modelo que proporciona mayor rendimiento
y producción es Platinum 34000 de AEG. Por tanto, esta configuración proporciona un
ratio de rendimiento del 82.1 % y es capaz de producir 30.1 MWh eléctricos anuales.
Sin embargo, tras comparar el nivel de producción con la demanda energética mensual
del edificio se ha concluido que no hay exceso de enerǵıa disponible para su venta a la
compañia energética.

La configuración anterior tiene el mayor rendimiento debido a la mayor eficiencia del
inversor. Por este motivo las pérdidas en el sistema son mı́nimas, y la mayor parte de las
pérdidas tienen lugar en el proceso de generación.

Finalmente, se ha realizado el análisis económico de esta alternativa utilizando dos
aproximaciones. Por un lado, se ha utilizado un conjunto de precios conservador para los
paneles, el inversor y la obra civil. Por el contrario, también se ha realizado el análisis
utilizando una aproximación más laxa para dichos precios. La inversión total para la
instalación se sitúa entre 244000 y 1189000 SEK, con un periodo de retorno entre 10 y 47
aos. Teniendo en cuenta que el periodo de retorno utilizando la aproximación conservadora
de precios es mayor que la vida útil de los paneles, la instalación no seŕıa económicamente
viable.

Los beneficios medioambientales de la instalación también han sido analizados, y se
ha concluido que la reducción de gases de efecto invernadero estaŕıa comprendida entre
0.2 y 21 t CO2eq según la aproximación utilizada, un 8 % del total de emisiones de gases
de efecto invernadero.

En cuanto a las conclusiones del proyecto, la auditoŕıa energética ha proporcionado
información para desglosar la utilización de enerǵıa del edificio. Los resultados han
mostrado coherencia con los datos proporcionados por la compañ́ıa, validando por tanto
el proceso de auditorá. Además, se ha detectado un ahorro energético potencial de 126
MWh, un 2.5 % de la utilización energética total del edificio. La mayoŕıa de medidas de
eficiencia energética son económicamente viables, y la potencial reducción de gases de
efecto invernadero se sitúa en torno a 5.9 y 59 toneladas de CO2eq.

En cuanto al análisis de la instalación fotovoltaica, las simulaciones con PVsyst han
permitido hallar la configuración óptima de los paneles fotovoltaicos, 10◦ de inclinación y
3 m de paso. Comparando distintas combinaciones de paneles e inversores de distintos
fabricantes se ha comprobado que se puede conseguir producir 30.1 MWh anuales con
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un ratio de rendimiento de 82.1 %. Sin embargo, utilizando los precios actuales de los
componentes y teniendo en cuenta las opciones de soporte ofrecidas por la Agencia de
Enerǵıa Sueca, el periodo de retorno de la instalación estaŕıa entre 10-47 años, con una
inversión entre 244000-1189000 SEK. Por tanto, seŕıa necesario realizar un análisis más
detallado comparando los precios de distintos componentes.

Las posibles ĺıneas de trabajo futuro incluyen la simulación energética del edificio
mediante un software comercial para comparar los resultados de la auditoŕıa energética.
Además, seŕıa de gran interés considerar distintos escenarios en los precios de la electricidad
y la calefacción para reflejar la influencia de cambios en el mercada de cara a la evaluación
de las medidas de eficiencia energética.

Por otro lado, el modelo de la instalación fotovoltaica podŕıa ser más detallado,
incluyendo el diseño de la disposición de los paneles en la azotea para cuantificar la
fracción del efecto eléctrico de las sombras en los paneles. Además, se han utilizado
varias aproximaciones conservadoras de cara a la simulación, y el sistema podŕıa resultar
viable utilizando crierios más laxos. Además, solo se ha analizado económicamente una
configuración, y la instalación podŕıa resultar viable utilizando componentes de menor
precio.
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Chapter 1

Introduction

The introduction and the aim of the project are described in this section.

1.1 Precedents

Some general facts about energy audits are presented here, specially regarding the benefits
from an economical and environmental point of view. Then, an introduction to photovoltaic
systems is also provided, including a first approach to the advantages of this kind of
systems.

Nowadays, the increasing concern about climate change and global warming are
driving an interest in finding measures to decrease greenhouse gases (GHG) emissions.
One of the main responsible agents in GHG emissions is the combustion of fossil fuels for
energy generation, hence the interest in an increased energy efficiency. In this context,
Europe launched the strategy ”Europe 20 20 20” in 2008 [1]. This strategy consists of
five objectives for sustainable growing and employment. One of the objectives tackles
climate change and energy sustainability, and it consist of three goals. These goals are
decreasing (GHG) emissions in a 20 % with respect to the levels of 1990, reaching a 20 %
of renewable energy sources out of the total energy use and increase energy efficiency to
obtain savings of 20 % compared to the level of 2008.

In the case of Sweden, the interest in the reduction in energy intensity has been
favored by the high energy prices and the high energy and CO2 taxes [2]. In this context
several energy policies have been deployed to achieve this reduction, such as the Swedish
Energy Audit Program (SEAP) managed by the Swedish Energy Agency. Energy audits
have been proofed as an effective means to overcome barriers to energy efficiency, specially
for non energy intensive companies Backlund and Thollander [3]. These authors provide
an example of the potential energy savings achieved thanks to the SEAP. They have
carried out an analysis of the possible energy efficiency measures at 241 firms, and they
have found that energy audits can provide energy savings up to 91700 MWh/year, which
results in a confidence interval for the potential for energy efficiency improvement per
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firm between 6980 and 11130 MWh (more details on the methods to obtain these results
can be found in [3]). Moreover, Rosenqvist et al. [4] remark that energy audits have
a potential for improvement between 16-40 % of the energy use in Swedish small and
medium manufacturing firms.

Besides that, energy audits can provide financial and operational benefits as well,
as it is explained in Al-Shemmeri [5]. Thollander and Palm [6] also remark the high
potential for energy savings in industrial small and medium enterprises (from now on
SMEs), specially for the support processes, which account for 60-90 % of the energy
efficiency measures implemented in industry. This matches with the findings in Backlund
and Thollander [3], which concludes that the highest potential for energy efficiency is in
ventilation and space heating processes.

Buildings account for a great percentage of the European Union (EU) energy use, and
thus for GHG emissions too. According to the European Commission [7], residential and
commercial buildings final energy use is up to 40 % of EUs final energy use, and the CO2

emissions ascend to a 36 % percent of EU’s total emissions. Even though the potential
energy savings for this sector are cost effective, the energy use is still increasing. This
highlights the role of energy audits in buildings as a means to reduce energy use and the
effect on global warming.

In line with the previously mentioned strategy ”Europe 20 20 20”, the interest in
shifting into renewable energy sources has also increased. Among all the possible types of
renewable energy one of the possible means to reduce the environmental impact which
stems from conventional electrical energy generation is the use of photovoltaic (PV) solar
cells. PV solar cells produce useful electricity directly from solar energy thanks to solar
radiation capturing in a semiconductor unit.

The use of these kind of systems has not been important in Sweden, and until 2006
the vast majority of the PV market consisted of small grid off systems [8]. Nevertheless,
even though the PV market is small compared with other EU countries, it has experienced
a strong growth from 2006 to 2013. This is depicted by the growth in the cumulative
installed capacity, which has gone up from 5 MW in 2006 to 80 MW in 2014 [9]. As a
result PV systems produce 0.06 % of Swedish final electricity consumption. This growth
has been mainly due to the available subsidies for PV power generation and the reduction
in prices for PV systems during the past years [10, 8].

The use of grid connected photovoltaic systems (GCPVS) in commercial buildings has
specially increased, accounting for roughly a 65 % of the PV market share in 2014. The
installation of building attached PV (BAPV) systems has become really attractive, with
an installed capacity of about 22 MW in Sweden in 2014. The vast majority of these PV
systems are rooftop PV systems [8], which have been installed in commercial buildings
as a means to turn into renewable energy and reduce GHG emissions from conventional
electrical generation.
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1.2 Motivation

As it has been proved in the previous section, energy audits for commercial buildings are
a powerful tool to find measures to reduce their energy use (thus their environmental
impact) while maintaining or even improving the indoor thermal comfort. In this context,
a real state company has decided to perform an energy audit in one of their properties, a
seven floor office building in Uppsala (Sweden). Its goal is to reduce the carbon footprint
by achieving a 30 % reduction in their yearly energy use. To do this some energy efficiency
measures have been already implemented, and energy use has been monitored to help
managing energy in the facility.

As it has been explained in the previous section GCPVS can be a feasible choice to
produce electricity with minimum GHG emissions. The installation of a GCPVS in the
previously mentioned facility can contribute to achieve the 30% reduction in the carbon
footprint by means of the use of renewable energy. The acquisition of these type of systems
can involve a great investment, but several policies to support the deployment of these
technologies have been approved.

1.3 Objectives

Given the potential of energy audits to reduce energy use in buildings, the aim of this
project is to calculate the energy use in the facility, identify energy wastes and find
possible energy efficiency measures by conducting an energy audit in the facility described
in chapter 3. The purpose of the first part of the project is to obtain the energy balance
in the facility, and then quantify the subsequent energy savings from energy efficiency
measures, providing an economical and environmental analysis of these to determine the
possible benefits from their implementation.

The goal of the second part of the project is to carry out an analysis of the feasibility
of a rooftop GCPVS in the building, since the rooftop of the considered building does not
have any function and the company can benefit from the installation of this GCPVS as
a way to turn into renewable energy and reduce its environmental impact. This will be
done through computer simulations to find out which is the best configuration for the
PV modules, the energy generation that can be obtained with this configuration and the
performance of the PV system. Finally, the analysis concludes with an economical and
environmental assessment of the installation of the GCPVS.





Chapter 2

Background theory

In this chapter the basic theoretical background to perform an energy audit is provided,
specially regarding the energy systems in the building and the possible retrofits to improve
their efficiency. Likewise, an introduction to photovoltaic systems is included to explain
basic aspects about their design, construction and operation.

2.1 Introduction to energy audits

As it has been discussed before, energy audits are a really useful means to reduce buildings
energy use. There is no specific definition of energy audit, since this term encompasses
different kinds of analysis. According to Krarti [11], energy audits can be classified into
the following four types:

• Walk through audit. The aim is to identify measures to reduce energy use and
provide cost savings by just a short visit to the facility.

• Utility data analysis. The aim is to determine potential energy savings by conducting
a deep analysis of the operating costs of the facility and study the effect of weather,
patterns in energy use and peak demands. It usually includes a walk through audit.

• Standard energy audit. Besides the walk through audit, it includes an energy
analysis to determine the energy use and balance of the facility. Then, taking this
analysis as a base, measures for energy savings are proposed and the subsequent
cost savings are evaluated.

• Detailed energy audit. This type of energy audit also involves the measurement of
different parameters using certain instruments to estimate the energy use in the
facility. Besides, computer simulation tools are used to provide an assessment of
possible retrofits.

5
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As it is described in the previous classification, one of the aims of energy audits is
determining the energy use of the facility and establish the energy balance in it. To
present this energy balance the energy use is broken down either in energy carriers,
activities or unit processes. In the case of industrial energy audits the energy use is usually
allocated in different unit processes which, in terms of Rosenqvist et al. [4], are the energy
services to be provided to develop the industrial activity.

According to the previously mentioned authors, industrial processes may be classified
as production processes (those directly related to the product manufacturing) and support
processes (those that are not required for the production itself, but for its support). In
the case of an office building there are no production processes, and thus only support
processes are relevant. The list of unit processes used for energy allocation in audits as
proposed by Rosenqvist et al. [4] and a short description of each them can be found below.

• Administration: mainly office equipment as computers, printers, etc.

• Cooling: cooling system to keep indoor thermal comfort.

• Lighting: lighting equipment in the plant and the offices.

• Compressed air: used for energy storage and ventilation control systems.

• Ventilation: ventilation system to provide fresh air and keep indoor comfort.

• Pumping: pumps to supply tap water or hot water for the heating systems.

• Tap water heating: domestic hot water energy demand.

• Internal transport: in the case of commercial buildings mainly elevators and escala-
tors.

• Space heating: heating during winter season to keep indoor thermal comfort.

• Steam: used for energy storage in steam accumulators.

2.2 Building energy systems

The aim of this section is to introduce the main energy systems in buildings to explain its
operation and the most common energy efficiency measures that might be implemented.
To present the different systems in a clear and organized way they are classified according
to the classification of unit processes presented in the previous section, but with slight
changes in pursuit of a better order. In this way it is easier to allocate the energy use when
breaking down the energy balance. This introduction is based on the ideas presented in
Al-Shemmeri [5] and Krarti [11], and the reader is encouraged to consult these references
for more details in this field.
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2.2.1 Electrical systems

In this section the main electrical systems in buildings are described. The main systems
to study in commercial buildings are electrical motors and pumps, lighting systems,
appliances and electrical distribution systems. These systems usually account for a high
proportion of the energy use in the building, hence the importance of analyzing them
properly. Besides, electricity generation involves the combustion of fossil fuels to some
extent, thus it generates a significant amount of CO2 emissions.

Electrical motors

Electrical motors are used to drive machines by transforming electrical energy into
mechanical energy. In the case of an office building, their main use is driving fans for
ventilation, pumps and elevators.

There are two types of electrical motors: synchronous motors and induction motors.
Synchronous are more common for industrial applications and for electrical generation,
while the most common type used in commercial buildings are induction motors. Induction
motors are composed of two parts: the stator and the rotor. By applying alternating
current in the stator a rotating magnetic field is created in this part of the motor. This
magnetic field induce a current in the rotor, and in turn a magnetic field is also created in
the rotor. The magnetic field in the rotor tries to align with the rotating magnetic field in
the stator, causing the motion of the rotor. Note that the rotor needs to spin with a lower
velocity than the magnetic field velocity, otherwise no current is induced in the rotor.

The parameters that describe the operation of the motor are the maximum mechanical
power that can be delivered by the motor, Pm [W], the mechanical efficiency of the motor
ηm [-], the power factor of the motor cosϕ [-] and the load factor of the motor LFm [-].
The mechanical efficiency accounts the quotient between the mechanical power output of
the motor and the electrical power input. On the other hand, the power factor reflects
the amount of reactive power required by the motor, the higher it is the more reactive
power is required. The load factor is the quotient between the average operating power
and the rated mechanical power.

Regarding the possible efficiency measures, one option is replacing the current motors
for more efficient ones, but small increases in their efficiency come with high increases
in their price. Usually standard motors efficiency ranges from 75 to 95 %. Another
option consists in using variable speed drives through the use of power converters. These
converters change the frequency of the current supplied to the motor, and thus its speed.
Thanks to this, the motor can work adapting to different loads, and therefore achieving
higher efficiency.

Lighting systems

Lighting accounts for a high part of the building electrical energy use. Usually improve-
ments in lighting feature for their cost-effectiveness. The main energy efficiency measures
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for lighting systems can be derived from an estimation of the energy consumption of the
lighting system. This estimation can be done by just adding the energy consumption of
each luminary, as it follow in equation (2.1),

E =
N∑
i=1

niPinh,i (2.1)

where E[kWh] stands for the energy consumption of the lighting system, i for the type of
luminary, and ni[−], nh,i[h] and Pi[kW ] for the number, the operating time in hours and
the power of luminaries of type i, respectively.

According to equation (2.1), energy savings can be achieved by both using a lower
number of luminaries, by replacing the current ones for more efficient with a lower power
rate, or by reducing the operational time of the luminaries. The first measure may be
implemented if the illuminance levels are way over the comfort levels. This can be checked
using a light meter in the different spaces of the building to look for spaces with an
excessive use of illumination.

Regarding the replacement of luminaries, the current luminaries must be analyzed
firstly. Then, the benefits of replacing them by more efficient luminaries must be studied
taking into account the corresponding energy savings and the cost of the new luminaries.
The main technologies available currently ordered by decreasing efficiency are light emitting
diodes (LEDs), high efficiency fluorescent lamps,compact fluorescent lamps (CFLs) and
compact halogen lamps [11]. The use of LEDs is especially interesting given their high
energy efficiency and high lighting quality [12].

Considering now the operating time of the luminaries, there are several options to
reduce and optimize it. The most up-to-date lighting controls are based on occupancy
sensors, light dimming systems which work depending on the natural light and occupancy
and daylight controls.

Electrical appliances

The electrical energy use of electrical appliances has become an important part of the
electrical energy use over the past decades, especially in the case of office buildings due to
the increase in office equipment needs such as computers or printers.

The energy use may be calculated writing down the power of these appliances and
estimating their operating time. Regarding the possible retrofits, a labeling system has
been developed in the European Union to rate the energy efficiency of appliances (more
information on [13]). Therefore, replacing appliances with a worse rate of efficiency may
results in a long term benefit.

Electrical distribution systems

The main electrical distribution systems to look into are transformers and electrical wires.
Nevertheless, transformers usually have a high energy efficiency, around 95-98 % ([14]
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and [11]), so replacing them for more efficient ones is not usually cost-effective. On the
other hand, electrical wires may be replaced with ones with a lower resistance, and thus
lower losses by Joule heating. However, replacing the cables in the installation might be
difficult and expensive.

2.2.2 Space heating and cooling

The main purpose of this section is providing a description of the basic heat transfer
concepts to analyze the building envelope. This study is essential to assess the heat
losses and gains of the building, and consequently its heating and cooling energy demand.
Afterwards, the possible measures to improve the energy efficiency for space heating and
cooling are listed. The theory provided in this section is inspired by the ideas in Abel and
Elmroth [15] and Krarti [11].

Heat losses estimation

To estimate the heat losses through the building envelope the fundamentals of heat transfer,
moisture transfer and fluid mechanics must be applied to the building. Heat losses can
be classified in three types: transmission losses, infiltration losses and ventilation losses.
A short description and the theoretical background to estimate these losses is presented
below.

• Transmission heat losses. These losses take place due to heat conduction through
the building envelope. In the case of one-dimensional heat transfer through a single
material layer, the heat flux can be obtained using Fourier law in equation 2.2:

q̇

A
=
λ

d
(Tin − Tout) (2.2)

where q̇/A [kW/m2] is the heat flux per unit area, λ [W/m·K] is the material thermal
conductivity, d [m] is the thickness of the material, and Tin, Tout [K] are the indoor
and outdoor temperatures respectively. This heat flux is characterized by either a
thermal resistance R [m2K/W] or a heat transfer coefficient U [W/m2K], which are
defined as

R =
λ

d
=

1

U
(2.3)

In case a component of the building envelope consist of multiple layers, e.g. N layers,
the total thermal resistance Rt [m2K/W] for that component can be calculated by
adding the thermal resistance for each layer Ri [m2K/W], as it follows

Rt =
N∑
i=1

Ri =
N∑
i=1

λi
di

=
N∑
i=1

1

Ui

=
1

Ut

(2.4)
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Finally, the heat transmission losses may be characterized using the total transmission
losses coefficient Qtrans [W/K] defined in equation (2.5). This can be calculated by
adding the product of the heat global transfer coefficient Uj [W/m2K] and the area
Aj [m2] of each component of the building j, so the sum for M components is

Qtrans =
M∑
j=1

UjAj (2.5)

Note that data from the building envelope are necessary to obtain the transmission
losses through this method, and the composition of the walls, windows and doors is
not always available. In later sections a method to estimate the heating load using
fuel consumption data will be provided.

• Infiltration and ventilation heat losses Air flows through the building envelope
cause a heat loss too. These air flows appear unintentionally and intentionally as a
consequence of infiltration and ventilation processes, respectively. Infiltration takes
place when the outdoor air gets into the building and the indoor air leaks through
the building envelope. During the heating season, the hot air leaks to the outside,
and the cold air flows into the building, resulting in an energy loss. Infiltration
process are mainly due to wind effects and gradients of pressure in the building
(Stack effect). On the other hand, ventilation processes consist in supplying outdoor
fresh air to the building and removing indoor contaminated air from the building,
resulting in an energy loss as well.
The infiltration and ventilation losses coefficient Qinf,vent [W/K] can be calculated
using equation (2.6), but the air flows around the building envelope need to be
known.

Qinf,vent = V̇ ρacp,a (2.6)

The terms in this equation are the airflow V̇ [m3/s], the density of the air ρa [kg/m3]
and the heat capacity of the air cp,a [J/kg·K] (the air density and heat capacity are
usually assumed to be constant).

The addition of the transmission, infiltration and ventilation losses results in the total
heat losses around the building envelope Qtot[W/K], as shown in equation (2.7).

Qtot = Qtrans +Qinf,vent (2.7)

Introduction to heating systems

The objective of the installation of heating systems in buildings is supplying heat to the
building to make up for the heat losses through the building envelope, and thereby ensure
indoor thermal comfort. According to Agency [10], the most common heating systems for
commercial buildings in Sweden are district heating systems, followed by electric heating
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and oil boilers. For this reason, a brief description of these systems is provided in this
section.

District heating systems account for 23 TWh of the heating energy use in Sweden
in 2013 Agency [10]. The purpose of district heating systems is supplying hot water by
the use of a network of pipes to move the heat from available heat sources to immediate
use by costumers (Frederiksen and Werner [16]). Figure 2.1 shows a typical district
heating system, but there are several other possible configurations. Two and three step
connections are the most usual configurations because they maximize difference between
the supply and return water temperature, thus taking greater advantage of the water heat
capacity. Different heat sources can be used for district heating; the most usual are listed
below:

• Excess heat from thermal power plants. This excedent is used in combined heat and
power (CHP) plants.

• Heat recover from waste combustion in the so called waste-to-energy.

• Heat produced in biomass fueled plants, which use fuels such as wood waste or
straw.

• Heat from geothermal sources.

• Heat from solar district heating plants.

• Excess heat in industrial processes, such as fuel refineries or paper manufacturing
plants.

On the other hand, electric heating systems account for 1 TWh in commercial buildings
heating energy use in Sweden. These systems encompass both heat pumps and conventional
electric heating. The use of electrical boilers has decreased over the past years, as these
systems have been replaced by heat pumps due to their higher efficiency [18].

While conventional electric heating can turn all the input electrical energy in heat,
heat pumps can produce about three times more heating energy using the same amount
of electrical energy input. Heat pumps are based on a basic refrigeration cycle, but the
heating energy release is done in a different way. The heat released from the condenser is
used for space heating, while the heat input in the evaporator is taken from an external
source, which is usually the outdoor air. Heat pumps efficiency is evaluated using a
coefficient of performance as it follows:

ε =
Pev + Pcomp

Pcomp

(2.8)

where ε is the coefficient of performance, Pev is the thermal power taken in the evaporator
and Pcomp is the electrical power input to the compressor.
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Figure 2.1: Schematic of a district heating system in a building [17]

Boilers based in the combustion of biomass, oil and natural gas account for a smaller
part of the heating energy use in commercial buildings in Sweden. The efficiency of boilers
depends on their operating conditions.

Introduction to cooling systems

Cooling systems are used to remove excess free heat during the warmest months. A basic
cooling system uses a simple refrigeration cycle, which consist in taking heat from the
indoor air in an evaporator and releasing it to the outside in a condenser, as it is shown
in figure 2.2. This is done thanks to the mechanical compression of the coolant by a
compressor. Cooling systems efficiency is evaluated using a coefficient of performance
according to the following equation:

COP =
Pev

Pcomp

(2.9)

where COP stands for the coefficient of performance, Pev for the thermal power taken in
the evaporator and Pcomp for the electrical power input to the compressor.

The most common cooling systems for commercial buildings are unitary air conditioning
(AC) systems and chillers. Unitary AC systems are usually employed in small commercial
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buildings, while chillers are mostly used in large buildings.
Unitary AC systems are typically individual units. The technologies available are

packaged AC units, individual air conditioners or heat pumps. However, these systems
have a low efficiency in comparison to chillers and they are not suitable to condition large
buildings.

Figure 2.2: Schematic of a mechanical vapor compression cooling system [19]

Chillers are the most common and energy efficient choice to provide cooling in large
buildings. Depending on the type of chiller, they can be powered by electricity, fossil fuels
or heat. The main types of chillers (electric, absorption and engine-driven) are described
below.

Electric chillers use a simple mechanical vapor compression refrigeration cycle to
provide cold water. To increase the pressure of the coolant they use a compressor, which
can be either centrifugal, reciprocating or rotatory. The choice regarding the type of
compressor depends on the required cooling capacity.

In contrast, absorption chillers are based on a concentrationdilution cycle to change
the energy level of the refrigerant (usually water) to absorb heat at low temperatures and
release heat at high temperatures. The salts used in this cycle are lithium bromide or
lithium chloride. There are two types of absorption chillers depending on the heat source:
direct-fired or indirect-fired chillers. The first ones take the heat from the combustion of
fossil fuels, while the second ones are heated by steam or hot water from district heating
networks or residual heat from a process.

Engine-driven chillers are not as common as the two previously mentioned ones.
This kind of chillers also use a mechanical vapor compression cycle, but in this case the
mechanical power can be provided either by a turbine or by gas fired engines.

In addition to chillers, district cooling is gaining more importance in Sweden. Since
the installation of the first district cooling facility, district cooling energy supply has
increased up to nearly 1 TWh [10]. The base idea is similar to district heating: cold water
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is chilled (absorption chillers, compression chillers or free cooling can be used for this
purpose) in a central cooling plant and then supplied to the costumers using a distribution
network.

Energy efficiency measures in the building envelope

In general it is not cost-effective to implement energy efficiency measures in the building
envelope, since they involve expensive works to modify the building walls, roofs or windows.
These measures are only implemented if they contribute to enhance indoor thermal comfort
or to prevent damage to the building.

One possible measure is increasing the insulation layers thickness or replacing the
materials with other with lower thermal conductivity. In this way the transmission heat
losses are reduced. However, due to the current standards for insulation performance, new
buildings do not need improvements in the insulation [11].

More often energy efficiency measures in windows lead to more cost-effective improve-
ments, and they may even lead to a better thermal comfort [11]. Improvements in windows
are done to reduce the transmission heat losses and to take advantage of the incoming
solar radiation. Examples of these measures are using double or triple glazed window
panes or using coatings to reduce incoming irradiation. The use of shading systems is
also recommendable to regulate the solar radiation income, since this can provide a better
indoor environment. Besides, during summer it may be convenient to define an opening
schedule to meet the cooling loads.

Another possible measure to increase the building envelope efficiency is related to
the reduction of air infiltration. It basically consists in reducing the air flows through
the building envelope by sealing its gaps to avoid leakages and/or infiltration. The most
common materials are foam rubbers and plastic seals [11].

Energy efficiency measures in the heating system

Now the possible retrofits for the most common space heating systems are discussed. First
of all, district heating systems retrofits in commercial buildings are discussed. These are
related to the hot water distribution network, but these systems are often designed to
optimize their operation. The pipe lines to distribute hot water are well insulated to avoid
heat losses too, so there is usually not room for improvement in this area.

On the other hand, electrical boilers should be replaced for other kind of system,
given its low efficiency in comparison with other cost-effective alternatives as heat pumps.
Concerning boilers, the main retrofits consist in tune up the currently installed boilers
to optimize the combustion process (more information is provided in Krarti [11]), or
replacing them by high-efficiency boilers or modular boilers, which are based in the use of
step-firing rates to adapt the combustion process to varying loads.
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Energy efficiency measures in the cooling system

The previously described cooling systems can be enhanced by implementing some energy
efficiency measures as well. Replacing current chillers for a more efficient ones may be a
cost-effective choice, but some more simple measures can be implemented. Improvements
in the chiller control system can lead to a lower energy consumption. This controls consists
in supplying the cold water at the highest temperature possible to meet the cooling loads
and decreasing the condenser water supply temperature when decreases in outside air
temperature take place.

Another possibility is using alternative cooling systems, such as water-side economizers,
evaporative cooling, desiccant cooling and subcooling. Besides, district cooling systems
are becoming more important. Specifically in Sweden, their use has increased up to a
supply of 1013 GWh in 2014 [20].

2.2.3 Ventilation systems

The ventilation systems are responsible for keeping a comfortable indoor environment by
supplying fresh air and exhausting the indoor contaminated air. Besides, they account
for roughly 30 % of the electrical energy use of buildings [11], so it is vital to optimize
the energy use of these systems. Several cost-effective and simple measures may be
implemented regarding this systems, hence the importance of carrying out a detailed
analysis.

In this section an overview of ventilation systems types and their operation is provided.
Afterwards,the main possible measures to implement for an increased energy efficiency
are discussed.

Types of ventilation systems

There are two main types of ventilation systems regarding the way to supply and/or
exhaust the air: natural ventilation or mechanical ventilation.

• Natural ventilation systems. These systems use natural means to move the air,
taking advantage of infiltration processes, natural convection caused by the difference
between indoor and outdoor temperatures and pressure differences through the
building envelope due to the effect of wind. They do not require any energy supply,
but they cannot assure an adequate ventilation given their dependency on natural
phenomena.

• Mechanical ventilation systems. These systems use fans to drive the air. The fans
can be used to supply or exhaust the air, but the most common in commercial
buildings is using a balanced ventilation system, which involves the usage of fans
both to supply and exhaust the air.



16 Chapter 2. Background theory

As balanced ventilation systems are widely used in commercial buildings, they are the
focus on this section. A basic balanced ventilation system consists of an air handling unit
(AHU) and a distribution system to supply fresh air and exhaust contaminated air in the
different spaces of the building. The parts of an AHU are listed below, and an schematic
view is shown in Figure 2.3.

Figure 2.3: Schematic of a balanced ventilation system in a building [21]

1. Fans to both supply and exhaust the air to the building.

2. Dampers to control the air flow in the different lines of the duct work.

3. Filters to retain particles and supply clean air.

4. Cooling coils to meet cooling requirements.

5. Heating coils to heat the air in case the outdoor air is too cold to meet the heating
requirements.

6. Humidifiers to supply water and meet the humidity requirements.

The air is taken from the outside and then it is usually preheated by the exhaust air
flow using a heat exchanger (in this way the heat losses due to ventilation are reduced).
Afterwards, the air is preheated again by a heating coil and, if necessary, it is cooled by a
cooling coil to meet the requirements during the cooling season.

One of the key aspects regarding ventilation systems is the ventilation control system.
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There are two different types for office buildings depending on the way to control the
indoor temperature:

• Constant-Air-Volume (CAV) systems. The temperature control through these type
of systems is done varying the supply air temperature by reheating outdoor air or
mixing it with by-passed air or heated air. These systems are not so efficient when
working at partial load conditions.

• Variable-Air-Volume (VAV) systems. A constant temperature air flow is supplied,
so that the control is done varying the air flow instead of modifying its temperature.
This provides a better efficiency when meeting varying loads thanks to the adaptation
of the flow.

VAV systems are considerably more energy efficient than CAV systems because they do
not mix or reheat the supply airflow. Although VAV systems may come with a higher
initial cost, replacing a CAV by a VAV system is cost-effective because of the energy
savings achieved by the minimization of energy waste.

Energy efficiency measures for ventilation systems

According to Krarti [11], simple measures to enhance ventilation systems can lead to
improved thermal comfort and energy savings with little investments and, in terms of
Backlund and Thollander [3], they have the largest potential for energy efficiency. This
facts remark the importance of looking into these systems.

As it has been explained before, a common measure is replacing CAV systems for
VAV systems. VAV systems are more expensive than CAV systems, but their pay-back
period is low thanks to their higher efficiency and lower operating costs. The possibility
to use different air flows also reduce the electrical power required for the fans.

Another simple measure to improve energy efficiency in ventilation systems is choosing
the appropriate temperature control. Regarding the set-points, the set-point must be
lowered during winter, to avoid overheating, whereas it must be increased during summer
to avoid overcooling. Besides, the difference between them must be considerable, otherwise
the cooling and the heating system may work simultaneously.

In addition, the use of variable speed drives for the fans can reduce the airflow, and
thus the heating and cooling loads. It is also vital to use an optimal time schedule to
minimize the airflow. There are other possible measures to reduce airflow, including
variable inlet vanes and outlet dampers. Nevertheless, the most cost-effective measures is
usually the use of variable speed drives.

Finally, another common measure is improving air tightness in the ducts and the
dampers to prevent leakages. In this way the heating and cooling energy use is reduced,
and so do the fan power to distribute and exhaust the air.
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2.2.4 Water management

A small part of the heating energy consumption in commercial buildings is used to supply
hot tap water. Most of the heating and cooling systems also include an hydraulic circuit,
so it is important to look into this systems to try to enhance energy and water efficiency.
The main improvements for water circuits are the reparation of leakages and the use of
water efficient appliances and fixtures. In addition, water heaters can be also enhanced
by reducing the deliver temperature in the tap. Another possible measure is using heat
recovery systems which recover heat from drained hot water.

2.3 Photovoltaic systems

An introduction to solar resource and PV systems is provided in this section to explain
the basic principles and design of these systems. This introduction is based on the theory
provided in Mertens [22] and Haberlin [23], which include a deeper study in PV systems
operation, design and technologies.

2.3.1 Solar resource

First of all, an introduction to solar resource and its characteristics are briefly described to
understand the principles relying under the operation of PV systems and their possibilities.

Global radiation

According to Mertens [22], the Sun emits constantly an amount of power in form of
radiation of 3.845 · 1023 W as a consequence of its high temperature (5778 K). A small
fraction of this power is received in the Earth, resulting in an incoming irradiance of 1367
W/m2, which is designated as the solar constant.

However, this radiation is altered when it passes through the atmosphere. The
spectrum measured in the atmosphere surroundings matches with the theoretical spectrum
of a black body at the Sun’s temperature, but the spectrum measured in the Earth changes
as depicted in figure 2.4 because of reflection and absorption of light, Rayleigh scattering
phenomena, and scattering of dust particles and aerosols [22].

For this reason, an average spectrum must be taken when accounting for solar radiation.
To do so a parameter which takes into consideration the length of the path of the light
through the atmosphere, the air mass (AM). The air mass is defined as it follows in
equation 2.10, where γs [◦] is the Sun height angle. The standard air mass to take into
account the yearly average spectrum is AM=1.5, which corresponds to the spring and
autumn seasons.

AM =
1

sin γs
(2.10)
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As a result of the effect of the atmosphere only a 61 % of the radiation from the Sun (1367
W/m2) is received in the Earth. Nevertheless, another amount of radiation is received
due to the scattering of the light in the atmosphere, the diffuse component radiation. The
sum of the aforementioned direct and diffuse components of radiation results in the global
radiation.

Figure 2.4: Radiation spectrum in the atmosphere [22]

The estimation of the yearly average global radiation in the area where the installation
of solar cells is planned is vital to calculate the performance of the PV system. This
parameter is directly dependent on the latitude, the higher the distance to the equator
the lower the value of radiation.

Besides the effect of global radiation, PV generators also receive an additional com-
ponent of reflected radiation. This component, which depends on the scattering in the
ground material, accounts for a portion of the incoming radiation on the generator, which
is called albedo value. It is usual to assume a value of 0.2 for simulation, but meteorological
phenomena as snow or rain can increase this factor.

Position and path of the Sun

The path of the Sun must be taken into account when considering possible shadows in
the PV system. To obtain it is necessary to analyze how the position of the Sun evolves
throughout the year. For this reason, it is convenient to define the parameters to set the
position of the Sun at this point.
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Figure 2.5: Angles to define the position of the Sun [22]

The position of the Sun at an specific location (given by its latitude ϕ, declination δ
and hour angle ω) is defined by the azimuth angle α[◦] and the sun height γ[◦], as shown
in figure 2.5. The azimuth angle in a point P is the angle between the line connecting
the Sun projection in the horizontal plane and the point P and the south direction, while
the sun height is the angle between the first line and the line connecting the Sun and the
point P.

It is possible to prepare a graph with the position of the Sun for a given location for
each time along a year. This Sun path diagram is useful to assess the solar resource during
different seasons and the effect of shadowing elements in the PV system performance.

2.3.2 Operating principle of PV cells

As it is explained in section 1.1, PV systems produce electricity directly from solar
irradiation. To do this they include several PV arrays, which are a set of strings with
several solar modules. At the same time, modules consist of several solar cells connected
in series.

The process of electrical generation in solar cells is based on the use of a semiconductor
diode with a large barrier layer. In this way, a portion of the energy contained in the
light photons is converted into DC electricity thanks to the photoelectric effect in the
semiconductor [24]. As illustrated in figure 2.6, some of the photons in the light beam
provide electrons in the valence layer with enough energy to overcome the energy gap
EG and reach the conduction band. As a consequence, a hole is generated in the crystal
lattice.
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Figure 2.6: Energy diagram of the photodiode

In order to separate the pair electron-hole it is necessary to use a doped junction of the
type p-n, as the one depicted in figure 2.7. The p region has an excess of holes, while the
p has an excess of electrons. This creates an electric field intense enough to keep the pair
electron-hole separated. Then, electrons are evacuated by the application of an external
voltage, thus generating a electrical current called photocurrent IPh[A]. This photocurrent
can be assumed to be proportional to the incoming radiation E[W/m2] However, the
voltage also produces the recombination of a fraction of pairs electron-hole, generating a
current in the opposite direction which is called darkness current ID[A].

Figure 2.7: Schematic of a PV cell junction [23]
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The sum of the two components of the current results in the total current I[A]. Shockley
equation provides an approximation of the darkness current depending on the external
voltage. The total current can be derived from this expression, leading to the characteristic
curve of the solar cell in equation 2.11. Figure 2.9a shows a typical characteristic curve
for a solar cell at different temperatures.

I = IPh − ID = IPh − IS[exp
eV

mkT
− 1] (2.11)

The darkness current expression comes from semiconductor physics. The terms in this
equation are the electron elemental charge e = 1.609 × 10−19C, the external voltage V [V],
Boltzmann constant k = 1.381 × 10−23J/K, the cell temperature T [K], the saturation
current of the diode IS[A] and a quality factor m[-] which ranges between 1 and 2.
According to this equation, the solar cell behaves as a current generator connected in
parallel to a diode, as depicted in figure2.8.

Figure 2.8: Equivalent circuits of a PV cell

The single diode model shown in figure 2.8 is a more complete model to describe the
electrical behaviour of a solar cell. This model takes into account the ohmic losses due to
the contact of the solar cell and the semiconductor layer with a resistance in series Rs

and the losses due to leaked currents with a resistance in parallel Rp. The expression for
the current is modified in this case, resulting in equation 2.12.

I = IPh − IS[exp
e(V +RSI)

mkT
− 1] − V +RsI

RP

] (2.12)

It is convenient to define some specific points of the characteristic curve , corresponding
to the two extreme situations where the voltage is null or the current is null. In the first
situation, V = 0, the resulting current is called short circuit current Isc[A], and according
to equation 2.11 it is equal to the photocurrent, Isc = IPh. On the other hand, the voltage
corresponding to I = 0 is called open circuit voltage Voc[V]. If the voltage is isolated using
equation 2.11, the open circuit voltage can be obtained as:

Voc =
mkT

e
log

(
1 +

Isc
IS

)
(2.13)

Note the dependency of the characteristic curve on the temperature and the radiation. The
higher the temperature is, the lower the generated current. The short circuit current is not
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affected by the temperature, but the open circuit voltage decreases when the temperature
increases. For this reason, the characteristic curve is displaced to higher currents for
greater temperatures, as shown in figure 2.9a. Meanwhile, when the radiation increases
the short circuit current increases as well, but the open circuit voltage is slightly reduced,
as depicted in figure 2.9b.

(a) PV cell curves for different temperatures [22]

(b) PV cell curves for different irradiation levels [22]

PV systems operating point depends on the external applied voltage. The goal is to
operate in the maximum power point (MPP) to obtain the maximum output power. The
quality of the solar cell is measured using an dimensionless parameter, the fill factor
FF [-], which correlates the maximum power output and the product from the open circuit
voltage and the short circuit current as shown in the next equation. The fill factor value
ranges from 0.6 to 0.85 depending on the material of the solar cell.

FF =
PMPP

VocIsc
=
VMPPIMPP

VocIsc
(2.14)

The efficiency of the solar cell η[-] is defined as the quotient between the output power and
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the incoming optical power that illuminates the cell. The optical power can be obtained
as the product from the incoming irradiance and the solar cell area A[m2], hence the
expression of the efficiency in equation 2.15.

η =
PMPP

Popt

=
FFVMPPIMPP

EA
(2.15)

The solar cell efficiency is highly dependent on the material as well. As an example,
crystalline silicon cells have efficiencies between 15 and 22 %.

2.3.3 Types and configurations

According to the previous section, solar cells generate DC current from solar irradiation
thanks to the photoelectric effect in a semiconductor dopped p-n union. In order to condi-
tion the signal PV systems need additional components that depend on the configuration
of the system. For this reason, the different types of PV systems regarding the possible
configurations and materials are explained in this section before going into further detail
about their components.

First of all, it is of great importance to explain the difference between stand alone
systems and grid connected systems.

• Stand-alone systems. These type of installations supply electricity independently
of the grid. In most of the applications the electricity supply must be continuous,
hence the need of using an storage system to supply energy in case Sun light is not
available or intense enough.
Stand-alone systems consist of solar arrays which are connected to a storage system,
which is a battery or a set of batteries in the vast majority of cases [24]. The battery
is charged when there is an energy surplus, whereas it is discharged when it needs
to supply electricity to the different appliances connected to the installation. The
installation may also include converters in case AC current is required in any of the
appliances.

• Grid connected systems. There are two possible uses of these installations: as arrays
installed in the site where electricity is going to be used or in photovoltaic power
plants for electricity generation.
In the first case electrical energy is used to satisfy the load of a facility. In case the
electricity supply is not enough to fulfill the load requirement, electricity is supplied
from the grid. On the other hand, if an energy surplus is generated, it is fed-in to
the grid. Then, the utility company can offer a discount in the bill corresponding to
the energy surplus.
Grid connected systems consist of solar arrays connected to an inverter to convert
and condition the output electricity so that it complies with the grid requirements.
In the case of arrays installed in the site of generation it is also necessary to install
a meter to measure the fed-in electrical power.
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Now the different materials for solar cells are described in order to have an overview of the
characteristics of each material, both from an technical, economical and environmental
perspective. The material which is used to build a solar cell determines to a great extent
its price, hence the importance of selecting the proper material. The market has been
primarily dominated by silicon based materials, but some others like plastic and organic
materials are being looked into as an alternative. The main materials for solar cells are
described briefly below, but a more elaborated description of these materials and their
manufacturing process can be found in Haberlin [23].

• Monocrystalline silicon. It has an ordered crystal structure which provides a better
performance, but manufacturing silicon monocrystals is really expensive. This is
leading to an increasing use of policrystalline silicon.

• Policrystalline silicon. In contrast with the monocrystalline silicon, polycristals
feature for a simpler, and thus cheaper manufacturing process. The optical per-
formance of polycristalline silicon based cells is quite acceptable compared with
the monocrystalline based ones, which explains their wide used in commercial cells
production.

• Amorphous silicon. This material is used in thin film cells, and can be produced in
a cheaper way than crystalline silicon cells. In terms of Haberlin [23], only a film of
0.5-5 µm is required to produce full absorption of light in certain materials when the
beam energy is greater than the gap energy. This is the case of amorphous silicon,
which has been proved to have a better quality when atomic hydrogen is introduced
in the lattice.

• Other materials for thin film cells. Other semiconductors to produce thin film cells
are subject to further research due to the lower cost that stem from the material
reduction. The main materials that are being analyzed are cadmium telluride
(CdTe), copper indium diselenide (CuInSe2) and copper indium gallium diselenide
(Cu(In,Ga)Se2). However, some of these materials are hazardous, like the case
of cadmium, or rarely found in nature, like indium, and thus more expensive to
produce.

• Other concepts for solar cells. Besides the previously listed materials, new concepts
are being studied too, such as the combination of both crystalline and amorphous
silicon in hybrid wafer cells, the use of concentrator systems to concentrate the light
through mirrors and lenses or the use of organic cells based on polymers instead of
semiconductors.
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2.3.4 Components of PV systems

As it is been stated in section 1.3 the focus of this project is the analysis of the installation
of a grid connected system, thus grid connected systems components are described in more
detail in this section. Figure 2.10 shows the schematic of a typical grid connected PV
system. The main components of this type of PV system are the PV generator and the
inverter, but it also has others such as cabling, electrical protection equipment and fuses.
Besides, the system must include two meters, one in the AC output of the inverter and
one in the input injection point of the consumer. Thereby the electrical energy injected
to the grid can be measured.

Figure 2.10: Schematic of a grid connected PV system [22]

PV generator

The PV generator is the set of PV arrays that produce DC current. These PV arrays are
a set of strings of modules connected in series. In turn, modules consist of cells connected
in series. To discuss the connection of PV cells it is necessary to explain their electrical
behaviour in case reverse voltages or currents occur. The complete characteristic curve is
shown in figure 2.11. When a reverse voltage takes place, the current starts to increase
due to the breakthrough of the p-n union. On the other hand, when a reverse current
occurs, the voltage remains constant as the diode reaches saturation.
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Figure 2.11: Characteristic curve of a PV cell without irradiation in the four quadrants [25].
I-reverse current region. II-the cell does not operate in this region. III-passband region of the
diode. IV-solar cell operation region

The connection of PV cells in series results in a characteristic curve which features for a
higher open circuit voltage and the same short circuit current, as shown in figure 2.12.
The connection of PV cells is done in series because the connection in parallel would
lead to high currents which are more difficult to transport. So, in case n modules are
connected in series, the resulting current and voltage is given by equations 2.17.

V =
n∑

i=1

Vi (2.16)

I = I1 = ... = In (2.17)

Even though it is more convenient to make the connection of PV cells in series, it presents
some issues that must be considered. First of all, in case one of the cells is shaded, its
voltage drops and it reaches the reverse voltage zone. For this reason, the characteristic
curve of the cells connected in series drops dramatically too. In terms of [22], the
percentage of shaded area in a cell results into a reduction of approximately the same
percentage in the output power from the cell.
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Figure 2.12: Characteristic curve of two PV cells connected in series

The second phenomenon to take into account is the generation of hot spots as a consequence
of the penetration of high currents while the cell operates with negative voltages. The
high power which is generated in this way heats the cell, and it can be the cause of its
destruction. The previously discussed issues are usually solved through the use of by-pass
diodes, which reduces the shading losses and prevents the generation of hot spots.

The connection in series of several modules forms a string. The connection is done in
the same way as solar cells. Some losses occur due to the different short circuit currents
of the modules even though they are of the same type because of the manufacturing
tolerances which cause differences in the modules features.

Then, the strings are connected in parallel to form the array. In order to connect
several strings in parallel each string must include a string diode or a string fuse to prevent
damages in the event of a short circuit in one of the strings.

Inverter

The inverter is responsible for converting the DC current from the solar modules into
AC current so that its voltage and phase match with the ones of the grid. This can be
done through several techniques, but all of them are based on the use of pulse width
modulation (PWM) to condition the signal. Besides that, the inverter must include a
control unit to track the MPP in the fastest way possible.

The inverter conversion efficiency is defined in equation 2.18, where PAC [W] stands
for the AC power from the inverter and PDC [W] stands for the DC input power to the
inverter. A well designed inverter conversion efficiency is usually around 90-97 %.

ηcon =
PAC

PDC

(2.18)

The adaptation of the PV generator and the inverter to each other has a great influence on
the performance of a PV system. For this reason, it is fundamental to dimension properly
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the power and the voltage of the inverters to match the requirements of the PV generator.
This is usually done through simulation software.

2.3.5 Performance and losses of PV systems

In this section the main parameters to define a PV system performance are described.
These parameters allow the comparison of different PV installations regardless of their
size and the assessment of the energy yield of the installation.

Normalized yields

The normalized yields that are used to assess the energy performance usually use the
output power that a PV system would provide under Standard Test Conditions (STC),
which are the following:

• Spectrum air mass AM=1.5

• Cell temperature 25 ◦C

• Irradiation value G0=1000 W/m2

These normalized yields are the final yield YF [h] and the array yield YA[h] whose definition
is presented in the equation below. These yields are defined for a reference period, which
is usually a year.

YF =
Euse

PG0

(2.19)

YA =
EA

PG0

(2.20)

Euse[kWh] is the output energy from the PV system during the reference period, while
EA[kWh] is the output energy from the PV generator. PG0[kW] is the nominal solar
generator power output, i.e. under STC conditions. The meaning of the final yield and
the array yield is the number of hours that a PV installation or generator, respectively,
would need to operate with power PG0 to provide the same energy during the reference
period.

On the other hand, the effect of variations in irradiation is taken into account by the
reference yield YR[h], which represents the number of hours with an irradiance of G0 that
would be required to provide the same irradiated energy in a location during the reference
period HG[kWh/m2]. The definition of the reference yield, which is shown in equation
2.21, is similar to the previous ones.

YR =
HG

G0

(2.21)
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Normalized losses

The losses in a PV system are classified into two types: capture losses and system losses.

• Capture losses LC [h]. This term includes the losses in the PV generator. The
capture losses term can be breakdown in two terms:

– Thermal capture losses LCT [h]. This term accounts for the losses due to the
fact that the temperature of the cell is higher than the STC cell temperature.

– Miscellaneous losses LCM [h]. This term accounts for all the losses that are not
included in the previous one, such as losses in the cables, the resistances, the
string diodes or the low irradiance loss. Shading losses and mismatching losses
are also included here.

• System losses LS[h]. This term accounts for the losses which do not stem from the
PV generation process. The most significant loss in this term is the loss in the
inverter.

Taking into account the previous definitions, the following relations between the normalized
yields and the normalized losses can be deduced.

LC = LCT + LCM = YR − YA (2.22)

LS = YA − YF (2.23)

More details on the losses and methodologies for their calculation are provided later in
this document.

Performance ratio

The previous definitions allow to establish a parameter that correlates the actual output
power of a PV system with the ideal output power that could be obtained from it, the
performance ratio PR[-]. This parameter is defined as the quotient of the final yield and
the reference yield during a reference period.

PR = YF/YR (2.24)

It is usual to use the monthly average values of the normalized parameters explained in
this section and present them in a bar diagram to analyze and compare the performance
of PV systems throughout the year. The normalized year analysis is the most common,
but monthly and even daily analyses are also possible.
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2.4 Introduction to environmental impact analysis

The purpose of this section is introducing some concepts that are used to evaluate the
effect of the different energy conservation measures in the environment. The specific
methodology that has been used to analyze the impact of these measures is explained
later in this document.

First of all, it is necessary to define the scope of the environmental analysis. Electrical
and heating energy generation come with several environmental impacts depending on the
primary energy source. The main impact that has been researched is the effect in climate
change by assessing the greenhouse gasses (from now on GHG) emissions.

Greenhouse effect is defined as the heating of the lower layers of the atmosphere - thus
the Earth’s surface - as a consequence of the absorption of longwave radiation by certain
gases in the atmosphere. According to IPCC [26], the GHG are those that can absorb and
emit heat, warming the Earth’s atmosphere. Carbon dioxide (CO2), methane (CH4) and
nitrogen dioxide (N2O) are the ones which cause a greater effect in global warming due
to their higher concentration in the atmosphere. Humans enhance the greenhouse effect
directly by emitting GHGs such as CO2, CH4, N2O and chlorofluorocarbons (CFCs).

CO2 is the GHG with a highest concentration in the atmosphere, hence the major
concern about CO2 emissions. For this reason, it is usual to compare the amount of
warming due to the other GHGs with the one produced by CO2 using the global warming
potential (GWP), which is the quotient between the two previous parameters. Thereby,
the most significant GHG emissions can be expressed in terms of CO2 emissions by just
multiplying by the GWP. This parameter is named equivalent CO2, and it accounts for
CO2, CH4 and N2 emissions.

CO2eq = CO2 +N2O ×GWPN2O + CH4 ×GWPCH4 (2.25)

Equation 2.25 allows to calculate the equivalent CO2 CO2eq[kg] by adding the emissions
of N2O and CH4 [kg] and pondering them with the GWP. The GWP is usually evaluated
using a forward-looking time frame to consider not only the GHG absorption of radiation
but the GHG atmospheric life time. Most of the GHGs require a long time before they
leave the atmosphere, thus the importance of adopting a looking-forward perspective.
Horizon times of 20, 100 and 500 years are usual, but the most common among the three
of them is 100 years. For this reason, the values for the GWP in table 2.1, which have
been taken from IPCC [26], are referred a 100-year time horizon.

Table 2.1: GWP for the most important GHGs [26]

CH4 N2O
28 265

Note that there are another effects which stem from electricity and CHP generation,
e.g. water pollution and emission of solid and liquid pollutants. However, the current
environmental analysis only copes with the quantification of the effect in GHGs emissions.
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Case study

The aim of this chapter is presenting the facility which has been audited, continuing the
introduction included in section 1.2. The characteristics of the facility are described here,
and so is the available information for the energy audit. Some considerations concerning
the potential of rooftop PV systems are also included, as well as a description of the rooftop
of the facility.

3.1 The company

The facility which has been audited belongs to a subsidiary firm, Aspholmen Fastigheter,
which is part of the real state company Castellum. Castellum is one of the largest real
state companies in Sweden, and their properties are valued in 40 billion SEK. Aspholmen
manages the properties in Uppsala, Väster̊as and Örebro, with 122 properties that account
for 656000 sq.m.

As it has been explained in section 1.2, Aspholmen goal is to reduce its environmental
impact by reducing the energy use in their properties by 30%. To pursue this goal, energy
audits have been conducted before to find cost-effective measures that contribute to
improve both the energy efficiency and the comfort of the tenants in their facilities.

3.2 The facility

The facility is a seven floor building which holds two office properties in Uppsala with a
total area of 7260 sq.m. The characteristics of the properties are shown below. Besides, a
view of each of the properties can be checked in Figures 3.1a-3.1b

• Dragarbrunn 21:5. Area: 6597 sq.m. Occupancy: 60%

• Dragarbrunn 21:1. Area: 733 sq.m. Fully occupied.

33
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The energy audit that has been performed in this project only encompasses the property
Dragarbrunn 21:5.

Some interviews with the manager in the company have revealed more details about
energy management in the company and the updates that have been completed in the
building. Aspholmen manages the heating, ventilation and air conditioning (HVAC)
systems of the building and the electricity network of the common areas. However, the
payment of the electricity bill for the different occupied offices is responsibility of the
tenants. This is, besides the limited access to the office areas during working hours, the
reason why the focus of the audit has been the HVAC systems in the building.

The company acquired this property in 2013, and throughout the past three years
it has deployed some measures for an increased energy efficiency. The most important
ones are the installation of an energy monitoring system for electricity consumption in the
building and the purchase of a new AHU for the southern part of the building. Besides
that, some tests have been carried out to enhance the operation of the ventilation system
in 2015. This led to the use of temporary fans in mid April.

(a) View of Dragarbrunn 21:1

(b) View of Dragarbrunn 21:5

Figure 3.1: View of the two parts of the building
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Aspholmen has provided the plans of the HVAC system of the buildings. The ventilation
system is a supply-exhaust system with exhaust heat recovery in some of the units and
variable airflow control system. It consists of two AHUs, one for the southern part of
the building (the new one), and one for the northern part (the old one). On the other
hand, the cooling system consists of two electrical chillers for each part of the building too.
The heating system is based on district heating with an hydronic system for distribution,
which is composed of a primary heating circuit and a secondary heating circuit.

In addition, the company has provided the hourly electricity and district heating bills.
In this way, a first approach to analyze the energy management in the facility has been
possible, and so has a first approach to the analysis of utilities price to carry out the
economical analysis of energy conservation measures.
Besides the previously mentioned documents, Aspholmen has also sent the energy declara-
tion of the building, where the main features of the building are explained and a summary
of the energy flows is presented. This has been useful to compare the results and validate
the methodology which has been used throughout the audit process.

3.3 Potential for PV installation

The office building has a large rooftop which does not have an specific use, it is only the
location for some components of the HVAC systems. Figure 3.2 shows the view of the
rooftop. For this reason, the installation of a rooftop PV system is discussed as a means
to turn into renewable energy and reduce CO2 emissions from electrical power generation.
Since the office is located in a big city, the use of a stand alone has been ruled out and a
grid connected system has been analyzed instead. The goal is to produce a part of the
facility electrical power demand and sell the surplus to the state utility company.

Figure 3.2: Picture of the candidate rooftop
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Figure 3.3 shows a top view of the rooftop. As it is depicted in this figure, the rooftop
faces south west, hence the potential for a PV installation. The available rooftop area is
about 1000 m2. However, a part of the rooftop is shaded during the vast majority of time
due to the effect of the main tower of the building shown in figure 3.1b, so the available
area is lower.

Figure 3.3: Top view of the building’s rooftop

Concerning the investment required to purchase and install the PV system, it must be
taken into account that the Swedish Energy Agency can provide funds for this initial
investment, supporting up to a 30% of the investment [27]. The benefits from surplus
electricity sales must be considered too, as do the savings in the electricity bill from PV
generation. Furthermore, the company can benefit from the Swedish Electricity Certificate
System. The Swedish state sends electricity certificate units to companies for each MWh
that is produced through renewable energy sources [10]. Then, these certificate units can
be traded on the market. The Swedish state stablish the minimum amount of certificate
units that companies must have, thus some companies can sell their certificate units to
those that do not have the required amount of units.

Regarding the solar resource in Sweden, it has a great potential for PV systems
despite of the lower solar radiation because these systems have a higher efficiency at low
temperatures. Global radiation values range from 700 to 1100 kWh/m2, as it is shown in
figure 3.4. The highest values of global radiation are located in southern Sweden, where
radiation is over 900 kWh/m2. In the specific case of Uppsala the global radiation value
has not been found because solar radiation is not measured in this location. However,
Stockholm global average radiation value, can be used as a first approach given the
proximity between the two cities. The average value for years 1983-2014 is 960 kWh/m2,
which is really close to the average values in central Europe.
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Figure 3.4: Radiation map of Sweden [28]





Chapter 4

Methodology

4.1 Energy audit procedure

In this section the general procedure to perform an energy audit is explained. This
procedure is based in the methodology presented in Rosenqvist et al. [4], which has been
used by the Energy Systems division at Linköping University to perform energy audits
for industrial companies. This methodology has been applied to the case presented in
section 1.2. The assumptions and some specific methods that have been used to perform
the energy audit are also explained in this chapter.

Note that this procedure is just a guideline to present the different steps to do an
energy audit in a clear way. Energy audits are not a linear process; some of the tasks
involved need to be repeated or skipped depending on the availability of information or
the time schedule for the activities. In this project, the different steps have been applied
as a first approach, and later a back and forward process has been carried out to review
the different data obtained during each step of the procedure.

4.1.1 Definition of the scope and the system boundaries

The first step to perform the energy audit has been the definition of the aim of the energy
audit to specify the type of analysis and the focus of the audit. In this case, the analysis
has been carried out from an economical and environmental perspective. The boundaries
of the audited system have also been defined at this point. This has mainly depended on
the limitations and the availability of the information. However, as the process is iterative,
the boundaries have been changed accordingly with the recompilation of information.

4.1.2 Data collection before the visit to the company

The goal of this step has been gathering all the documentation which can provide a better
understanding of the energy use and management in the building.

39
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Fuel and district heating supply data

The heat sources that are used in the facility have been identified and their consumption
has been also studied. The fuel and district heating consumption data have been used
to estimate the heating losses through the building envelope using the PRISM method
presented in Fels [29]. This method is useful when no data from the building envelope are
available. It consists in plotting the fuel and/or district heating average power consumption
versus the outdoor temperature in the given location. The resultant graph is an horizontal
line corresponding to a null consumption for temperatures over a certain limit temperature
(since heating is not necessary in this case). Below this temperature, the heating energy
consumption increases linearly when the temperature decreases. The slope of the line
represents the heat loss coefficient Qtot [W/◦C].

Then, the yearly heating energy demand have been obtained using the degree-day
method using the previously calculated heat loss coefficient. This method starts from the
energy balance reflected in equation (4.1). This balance shows that the heat losses are
compensated by the internal heat gains EIHG [Wh] and the heating supply to the building
Eheating [Wh]. Internal heat gains account for the energy release of people, lighting and
equipment in the building, and for the solar irradiation too.

Etrans + Einf,vent = Eheating + EIHG (4.1)

In the previous equation Etrans [Wh] and Einf,vent [Wh] stand for the transmission and
infiltration energy losses respectively. Rearranging the terms in this equation as it is
shown below, the required heating energy to maintain a constant indoor temperature can
be expressed as:

Eheating = Etrans + Einf,vent − EIHG (4.2)

The energy losses from transmission, infiltration and ventilation can be calculated evalu-
ating the following integral over a year. Tout [◦C] and Tout [◦C]are the indoor and outdoor
temperatures respectively, and Qtrans [W/◦C] and Qinf,vent [W/◦C] are the heating losses
coefficients due to transmission and infiltration and ventilation.

Etrans + Einf,vent =

∫
(Qtrans +Qinf,vent)(Tin − Tout) dt =

∫
Qtot(Tin − Tout) dt (4.3)

On the other hand, internal heat gains can be expressed in terms of the total heat losses
coefficient defining a increment of temperature due to internal heat generation, ∆TIHG, as
it follows:

EIHG =

∫
Qtot∆TIHGdt (4.4)

The internal heat gains are usually calculated in terms of power PIHG [W] and then turned
into an increment of temperature ∆TIHG [◦C] using equation (4.5). It is usual to assume
an increment of temperature due to internal heat gains of 3◦C for most of the buildings,
but it is also possible to estimate the power from people, equipment and irradiation (see
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[30] for more information).

∆TIHG =
PIHG

Qtot

(4.5)

Then, rearranging the terms the heating energy demand can be expressed as it follows
in equation (4.6). At this point it is convenient to define the balance temperature Tb
[◦C]. This temperature is the outdoor temperature corresponding to a situation where the
internal heat gains are equal to the heat losses.

Eheating =

∫
Qtot(Tin − ∆TIHG − Tout)dt (4.6)

The balance temperature has been calculated using the graph heating energy consumption
rate - outdoor temperature as well. The balance temperature corresponds to the point
where the relation between the heating energy consumption and stop being linear to
become constant. Using the definition of balance temperature in equation (4.6) it can be
simplified further:

Eheating =

∫
Qtot(Tb − Tout)dt = Qtot

∫
(Tb − Tout)dt (4.7)

The integral in equation (4.7) is tabulated for different balance temperatures and yearly
average temperatures (the tables can be found in [31]). It stands for the degree-hours
of the location DH [◦Ch], which are usually calculated solving the integral numerically.
Using this term the energy heating demand can be expressed as

Eheating = QtotDH (4.8)

The heating energy demand has been calculated using the monthly average heating energy
consumption, the outdoor temperature data from the Swedish Meteorological Institute
and the degree hours for the location of the facility using PRISM method because no data
from the building envelope was available. Otherwise, the analytic approach presented in
section 2.2.2 should be used.

Electricity supply data

Nowadays most of the electrical companies provide the hourly electricity consumption of
their customers. This allows the analysis and comparison of the electrical power demand
over different periods of time. Some aspects that have been researched before visiting the
facility are listed below:

• Patterns in electricity consumption. Hourly electricity consumption data have
been used to identify patterns in the power demand over different seasons. The
comparison between the same period in different years has been also useful to detect
differences over different years.
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• Idling power. It has been also vital to look into the power consumption over the
non-productive hours. This has allowed to identify and quantify electrical energy
wastes.

• Cooling energy demand. Monthly electrical power demand have been used to
estimate the cooling energy demand using a method which is similar to the PRISM
method to estimate heating energy demand. This method consists in plotting the
electricity consumption - outdoor temperature graph. This resultant graph is an
horizontal line for temperatures under a certain limit temperature and a line for
temperatures over this temperature. The horizontal line represents the base electrical
energy load, while the slope of the other line represents the cooling load.

Other energy supplies data and miscellaneous documents

This encompasses other energy carriers as steam, compressed air, etc, although they
are not common in commercial buildings. If available, drawings of the building floors,
the building envelope, the HVAC systems and the electricity supply systems need to be
analyzed previously too. Usually these plans give a better overview of the systems in the
building, and they may guide the energy auditor concerning the information that must
be asked for and the measurements that must be taken. In this case, the plans of the
ventilation and cooling system have been provided, so the research has focused in these
systems.

4.1.3 Visit to the company and energy survey

After the previous analysis, the facility to audit has been visited in order to understand
the processes that take place in the building and assess the operation of the different
equipment and systems involved. This has been achieved by means of measurements,
inspections, interviews with the technical managers at the company or reviews of the
technical documentation available. Thereby, the energy balance in the building has been
established and energy efficiency measures have been found.

Measurement of the electrical power

The electricity consumption of the building as a whole is not enough to allocate the energy
to the different unit processes, hence the importance of measuring the electric supply
of the different systems in the building. The electric power has been measured for the
different systems in the distribution box. This has been done through the use of several
instruments, which are described in the list below.

• Current clamps. These devices consist of two jaws to clamp a conductor and measure
the current through it. They are appropriate to measure high currents, e.g. the
clamps that have been used in this audit can measure up to 1000 A. These clamps
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log the current with a resolution of one minute, allowing in this way to analyze the
evolution over a week.

• Fluke. They are similar to current clamps, but they can only measure currents
below 400 A. They have been advantageous because they allow the download of the
data from the loggers in real time thanks to an app. Resolution second by second
can be obtained with these loggers.

• Multimeter. This device is used to measure the current, the real power, the power
factor and to obtain the curve voltage-current, which is useful to identify the type
of system the central supplies electricity to.

The first step to measure the components electrical power has been identifying them. This
has been done by measuring the current they demanded with a multimeter, so the systems
that were working during the visit could be detected. Afterwards, the relationship between
the current and the voltage has been also measured with the multimeter. This has allowed
to identify the systems that worked under each of the modules of the distribution box.

Then, the electrical power in the systems that were working has been taken using the
multimeter. The procedure consists in writing down the current I[A] and the power factor
cosϕ[-]. Taking into account that the voltage U [V] is the one supplied by the network
operator, 400-230 V, the electric power have been calculated as:

P = UI cosϕ (4.9)

The evolution of the electrical power consumption P (t) [W] has been used to identify
patterns too, and it has been also useful to identify the duty cycles of the different
components in the distribution box. The data loggers have been measuring the power
during a week, so the energy consumption during this week have been used to calculate
the energy demand required by each component using equation (4.10).

Eelec =

∫
P (t)dt (4.10)

The electrical power required by the electrical motors that power the fans of the ventilation
system and the pumps to supply hot and tap water has also been measured. Since
measuring the current in this system may be difficult due to the accessibility to the
phases, the power has been taken from the information plate. This plate usually contains
the apparent power S[VA] and the power factor cosϕ[-], so the active power has been
calculated as:

P = S cosϕ (4.11)

It has also been convenient to look into the control systems of the fans and motors, since
potential improvements can be done in this area. In the cases a variable speed drive is
used, the velocity has also been taken. All these measurements have contributed to break
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down the electrical energy demand of the building.
In the particular case of an office building, the energy use of appliances like computers

or printers needs to be taken into account too. These can be done measuring the power of
all the appliances in the building, or indirectly by measuring the power in the electric
central corresponding to these devices. However, in this case the first approach has not
been doable due to restricted entrance to the office areas during working hours.

Temperature and humidity measurement

The temperature and the humidity have been measured using temperature loggers in some
of the locations of the building. This has allowed the collection of data concerning the
evolution of the temperature and the humidity profile, and thus the assessment of the
indoor thermal comfort. The temperature and humidity have been measured in-situ too
to make sure that they satisfy the standards regarding thermal comfort. This standards
are provided by the Swedish National Board of Health and Welfare. , and they are shown
in Table 4.1.

Table 4.1: Limit values and recommended values for different parameters regarding indoor
comfort [32]

Limit Recommended
Operational temperature <18 ◦C 22-24 ◦C
Operational temperature, steady state >24 ◦C -
Operational temperature, transient >26 ◦C -
Difference in operative temperature measured
vertically 0.1 and 1.1 m above the floor

- ≤ 3◦C

Difference in radiation temperature
a) Between the window and the opposite wall - - ≤ 10◦C
b) Between the ceiling and the floor - ≤ 5◦C
Air average speed - ≤ 0.15 m/s
Surface temperature in the floor <16 ◦C 20-26 ◦C

On the other hand, the exhaust air temperature in the ventilation system has been also
measured. In this way, an overview of the temperature in the building can be obtained,
and an analysis of the efficiency of the heat exhaust recovery system has also been possible
using this temperature.

Airflow measurement

The airflow of each AHU has also been written down to evaluate the efficiency of the AHU.
Besides, the ventilation heat losses can be estimated from the ventilation airflow v̇vent[m

3/s].
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Equation (4.12) provides a way to estimate this ventilation heat losses Qvent[W/◦C], where
ρa [kg/m3] and cp,a [J/kg◦C] are the air density and heat capacity respectively.

Qvent = v̇ventρacp,a (4.12)

In case the ventilation system includes a exhaust heat recovery unit, the ventilation heating
losses need to be corrected taking into account the efficiency of the heat exchanger η.
Thereby, the corrected ventilation heating losses coefficient Q∗

vent[W/◦C] can be obtained
through the following equation:

Q∗
vent = (1 − η)Qvent (4.13)

The heat exchanger efficiency can be evaluated if the data from the temperature at the
inlet to the heating battery T1[

◦C] and at the exhaust unit Texh[◦C] are available. Then,
the heat exchanger efficiency can be obtained using the outdoor temperature Tout[

◦C] as:

η =
T1 − Tout
Texh − Tout

(4.14)

If these data are not available an standard efficiency can be also assumed to assess the
ventilation heat losses.

The control schedule of HVAC systems has also been looked into, specially regarding
the set temperatures. The operating schedule of the HVAC systems is also very useful
information, and it has been checked using the logged electricity consumption data.

Lighting systems

A simple analysis of the lighting systems in the building has also been carried out. The
focus of this analysis has been the measurement of the illuminance level in different areas
of the building to ensure they verify the standards. The Swedish Work Environment
Authority provides the minimum illuminance levels which are shown in Table 4.2.

Table 4.2: Reference illuminance levels for different work locations and functions [33]

Local / work function
General

illumination (lux)
Spot

illumination (lux)
Archiving, copying 200 300
Regular office work 300 500
CAD work station 300 500
Works with higher demand of vision 300 750
Precision work 500 1500
Conference room 200 500
Cleaning Minimum of 200 in the floor
Recycling room 100
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The type, number and power of all the lighting systems is useful to calculate their power
consumption, but due to the size of the building this task has stayed out of the scope of
the audit. However, the type of lighting systems has been analyzed to do a qualitative
analysis of their efficiency.

Inspection and interview

Besides the measurement process, visual inspection has played a key role to understand
how the different energy systems in the building operate and interact. This review has
been the base of the identification of potential energy saving measures. Interviews with
the responsible manager in the compay have been also arranged to discuss the operation
of some of the most relevant systems in the building. The aspects that have been analyzed
during the visit are listed below:

• AHU installations, specially regarding their operation schedule and control system.

• Insulation of the window panes and brief inspection of the indoor climate.

• Hydraulic circuits connected to the AHUs and the mechanical room to detect
leakages.

• Heat exchangers in the mechanical room, specially concerning their efficiency through
the evaluation of the input and output flow temperatures.

• Lighting schedule of the building, both the indoor and outdoor lighting.

• Energy management and monitoring system of the facility.

The previously described inspection should be carried out both during occupancy and
non-occupancy hours, if possible. This allows to identify wasted energy during non-working
hours and potential savings from idle power applications. However, it has not been possible
to visit the building during non-occupancy hours, so the idling power consumption has
been researched through the electricity consumption data and the data from the loggers.

4.1.4 Estimation of the energy use and allocation to each unit
process

Once all the measures from the previously mentioned processes (see section 4.1) have been
collected and the main findings have been listed, the energy balance in the building has
been calculated. To do this the energy use has been estimated using the available data
from the measurement process and the technical documentation through the previously
explained methodologies. Afterwards, the calculated amount of energy for each component
has been allocated in one of the unit processes listed in subsection 2.1.

The data for the amount of energy calculated for each process is given in different time



4.1. Energy audit procedure 47

scales due to the different recording time of the different logging instruments. For this
reason, it is important to convert all the amounts of energy so that they encompass the
same period of time. This has been done though interpolation using the data of electricity
consumption and district heating consumption from the past three years. In this way,
the weekly energy demand can be turned into yearly energy demand by using a weighing
factor that takes into account the proportion of energy demand during the week when the
measurements have been taken (week 15) over the yearly energy demand.

As the logging time for the different systems is not the same, the energy demand has
been calculated for week 15 by assuming that the average logged power P̄log [kW], which
has been calculated through equation (4.15), is constant during this week.

P̄log =
Elog

tlog
(4.15)

Elog[kWh] stands for the logged energy and tlog[h] for the logging time. In this way, the
energy consumption during week 15 Ew15[kWh] has been obtained by multiplying the
average power by the number of hours in a week as it follows:

Ew15 = P̄log × 168h (4.16)

Finally, the yearly energy demand has been calculated using the previously mentioned
weighing factor.

At this point, it might be also convenient to validate the results from the energy audit
using computer simulations. Some examples of software for building energy simulation
are IDA Indoor Climate and Energy or EnergyPlus, among others. However, computer
simulation of this building would be very complex and time-consuming, and it is out of
the focus of this project.

4.1.5 Energy conservation measures assessment

The final step is performing an energy analysis to look for cost effective measures that can
help to reduce energy use in the building. This has been done using the data obtained
during the previous steps of the energy audit process. The prices of utilities have a
fundamental role in this analysis, since they will determine the cost effectiveness of the
different measures.

Energy savings estimation

Krarti [11] provides methods and examples to estimate the energy savings from several
energy conservation measures. Nonetheless, only the ones which are applicable to the
energy efficiency measures that have been found during the energy audit are explained
here.

First of all, the estimation of energy efficiency measures in the heating system are
explained. One common measure is repairing leakages in the hydronic distribution system.
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The energy savings that can be achieved by this simple measure ∆E[kWh] can be estimated
if the leakage flow q[m3/s] and the supply and return temperatures of the distribution
system Tsupply and Treturn[◦C] are known through equation (4.17).

∆E = ρwqcp,w(Tsupply − Treturn)th (4.17)

∆t[h] is the time during which the heating system run, cp,w[kJ/kg◦C] the specific heat of
the water and ρw[kg/m3] the density of the water. The water flow q through the leakage
can be measured directly or estimated through empirical expressions. Krarti [11] provides
a table to calculate the water flow wasted in the leakage.

The main energy efficiency measures regarding ventilation systems are related to the
adjustment and optimization of these systems. As it has been explained in section 2.2.2,
it is usual to modify the cooling and heating set temperatures of the system in pursuit of
a better efficiency. The energy savings achieved in this way can be estimated through
equation (4.18).

∆E = v̇ρacp,a(∆ThNh − ∆TcNc) (4.18)

The parameters in this equation are the total ventilation air flow v̇[m3/s] density ρa[kg/m3],
the air heat capacity cp,a[kJ/kg◦C], the decrease and increase in the heating and cooling
set temperatures ∆Th ∆Tc[

◦C] and the operating time of the heating and cooling systems
th and tc[h].

On the other hand, if the schedule of the ventilation system is adjusted to reduce
the operating time, the energy savings can be obtained using the average power of
the corresponding AHU P̄ [W] and then using the operating time before and after the
adjustment, t and t∗[h] respectively.

∆E = P̄ (t− t∗) (4.19)

Equation 4.19 is also valid to estimate the energy savings from the adjustment of other
systems, e.g. heating and cooling systems. The previous equations involve the use of water
and air thermal properties, which can be found in heat transfer literature like Holman
[34].

The replacement of an obsolete technology can also be a means to achieve energy
savings. These can be estimated through the comparison of the power consumption of
the new and the old system over a period of time using loggers. In this way, the energy
savings can be obtained through the method described in section 4.1.3.

Finally, energy savings achieved by enhancements in the lighting system can be
evaluated through equation 4.20, which is based in the introduction to lighting systems
presented in section 2.2.
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∆E =
N∑
i

niPinh,i −
N∑
i

n∗
iP

∗
i n

∗
h,i (4.20)

In this equation i stands for the type of luminary, and ni[-], nh,i[h] and Pi[kW] for the
number, the operating time in hours and the power of old luminaries of type i, while n∗

i [-],
n∗
h,i[h] and P ∗

i [kW] are the number, the operating time in hours and the power of new
luminaries of type i.

Economic assessment of energy efficiency measures

A brief introduction to the used method for economic analysis of the energy efficiency
measures is provided in this section. This method is based on the ideas provided in Krarti
[11]. According to this author, the main parameters to take into account to evaluate
an economical decision are the value of money and interest rate, the inflation rate, the
applicable taxes and the depreciation rate. Nevertheless, some assumptions have been
done to simplify the analysis in this project.

The selected method to assess the economic feasibility of the energy efficiency measures
has been the pay-back period. The pay-back period is the period required to recover an
initial investment. So, in case a project with initial investment CF0 produces a cash-flow
CFk for each year k with a rate of interest d, the pay-back period Y can be obtained by
applying the previous definition through the following equation:

CF0 =
Y∑

k=1

CFk

(1 + d)k
(4.21)

However, the rate of interest has been neglected for this study. Moreover, the energy
savings have been assumed to be constant, so the cash-flows for the periods after the
initial are constant CFk = A. In this way, the pay-back period has been simplified to the
simple pay-back period SPB, which has been obtained as:

SPB =
CF0

A
(4.22)

This simple analysis has been very useful to analyze the cost-effectiveness of the different
energy efficiency measures. Nevertheless, in case of implementation of one of the measures,
a deeper economical analysis must be carried out to determine the feasibility and the
measure taking into account another economical factors.

In the context of energy audits, the cash -flows after the initial period are obtained
multiplying the energy savings by the price per kWh for the type of energy which is
conserved, while the initial investment is the one which stem from the proposed measure,
e.g. the replacement of a system.

The prices for the electrical and heating energy have been taken from Djuric Ilic [35],
and they represent the average electricity purchase price in the Swedish electricity market.
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In the context of this project these prices have been assumed to be constant.

4.1.6 Effect of energy efficiency measures on global GHG emis-
sions

The last step is evaluating the impact of the measures from an environmental point of
view. The study is limited to the quantification of the potential for reduction of GHG
emissions that stem from the energy efficiency measures. The first step to do this has
been the identification of the type of energy savings achieved with each measure, i.e. the
identification of the secondary energy carriers. The analysis is different depending on the
secondary energy carrier. In the context of this project, the facility only uses electricity
and district heating as secondary energy carriers, so the calculation of the GHG emissions
is only explained for these energy carriers.
There are several approaches to estimate the global effect of the energy efficiency measures
on GHG emissions. In the case of electrical energy, the first step is analyzing the source
of the electrical power. Electrical companies usually provide their energy-mix, which
is the break down of the shares of different types of electrical plants included in the
system. After this, the average emissions factor for the whole system has been calculated
multiplying the emissions from every type of electricity plant by the corresponding share.

Starting from the electrical energy savings achieved by a certain measure ∆E[kWh/year],
the reduction in CO2 emissions ∆gCO2 [gCO2/year] can be calculated using the fraction of
energy xi[%] which is generated using each conversion process i and the corresponding
emission factor efi[gCO2/MWh].

∆gCO2 = ∆E
∑
i

xief i (4.23)

One the one hand, a local approach can be used by the use of the emission factors provided
by the regional company, Vattenfall. The average emission factors for year 2015 have been
used as a first approach to assess the effect on local GHGs emissions. These are calculated
using the average electricity production method, which assumes that the changes in
electricity demand lead to changes in electricity production in all types of production
plants by the same percentage. Only the energy sources which are used by Vattenfall are
taken into account for the emission factors calculation under the local perspective. The
values, which are expressed as equivalent CO2 emissions, are shown in table 4.3. However,
it is more convenient to estimate the effects on GHG emissions using a global perspective.

Table 4.3: Emission factors from Vattenfall in kg CO2eq/MWh

District heating Electrical energy
136 6,60

In order to evaluate the effect of energy efficiency measures on GHG emissions from
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a global perspective two approaches have been used: the average electricity production
method for the nordic electricity market - Nord Pool - and the operational marginal
electricity production method. The average electricity production method is applied to
the energy sources of Nord Pool, leading to the average emission factors in table 4.4.

In contrast, the marginal electricity production method assumes that changes in the
electricity demand lead to changes in the operating power plants with the highest variable
costs. In the case of the Nordic market Nord Pool the operational marginal electricity
is produced by coal condense plants (CCP) in Denmark and Finland, thus the emission
factors of electricity production in CCP plants have been employed to account for marginal
electricity production (see table 4.4).

Table 4.4: Emission factors for electricity production in kg CO2eq/MWh

Average electricity production (Nord Pool) Marginal electricity production
126 679

4.2 PV systems modeling and simulation

The purpose of this section is to describe the simulation tools that have been used to
analyze the feasibility of the installation of the PV system. The model that has been
developed to simulate the PV system is explained here, as well as the methods and
assumptions to carry out the study about the system performance and profitability.

There are several softwares to simulate PV systems such as PV*SOL or PVGIS.
Nonetheless, the chosen software is PVsyst due to its comprehensible interface that allows
to load external meteorological data and simulate near shadings thanks to its module
for 3D design of near objects. PVsyst provides a very complete report with the detailed
monthly production and losses of the system and an economic assessment of the considered
PV system. More details about this software and its features can be found in Mermoud
and Wittmer [36].

The following sections describe the process that has been carried out to dimension
and analyze a PV system that meets the features of the rooftop described in section 3.3.
In order to find the best configuration of this PV system several variations of the model
have been simulated to analyze the influence of different parameters in the performance.

4.2.1 Meteorological data processing

PVsyst holds hourly meteorological data from up to 1200 locations. These data include
the values of the horizontal global irradiation, the average external temperature, the
horizontal diffuse irradiation and the wind velocity. However, PVsyst allows to import the
horizontal global irradiation and the average external temperature values. The horizontal
diffuse radiation and the wind velocity can be imported too, but they can be estimated
from the geographical location of the site.
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In this case, the closest site to the proposed location is Stockholm, but it is nearly 50
km from Uppsala. Besides, Stockholm is a coastal city while Uppsala is not, and this is
the cause of great differences in the weather. For this reason, the temperature data have
been imported externally from other sources.

The meteo data have been taken from three sources: SMHI [28], NASA [37] and the
software Meteonorm. PVsyst includes a tool to generate hourly data resolution from
monthly average values of temperature and radiation using stochastic models. Hourly
radiation data is generated thanks to the utilization of distributions and properties from
real measured data to create an hourly sequence, while the hourly temperature sequence
each day is done using stochastic models based on the hourly irradiance data. There is
also a limitation to restrain the relative variation of temperature from day to another.

Before continuing defining the model it is necessary to check the quality of the
meteorological data that have been generated through the previous process because
sometimes there are disturbances in the measured data or in the employed equipment. A
way to check the quality of the data is comparing the generated daily values of global
radiation with the clear sky model values. The clear sky model consists in the estimation
of the irradiation values in a location under the assumption of a completely cloudless sky.
If more than a 5 % of the daily values in a year are over the clear sky radiation level the
quality of the data is not acceptable, thus it is necessary to use another meteorological
data source.

Another test can be carried out by analyzing the best days clear sky. These values
should lie close to 1, otherwise they indicate a bad quality of the radiation data. If the
best days clearness index wih respect to the clear sky model are significantly greater than
1, this suggests an overestimation of the radiation data.

In this case, after testing the results obtained with the data from NASA, SMHI and
Meteonorm the only acceptable information has been provided by the last one. Figures
4.1 show the daily radiation data, with very few points over the clear sky line, and figgure
4.2 shows the best days clearness index, which is really close to 1 with only some points
over it. NASA and SMHI best days clearness values were considerably higher than 1, so
these data have not been considered in the study.
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Figure 4.1: Daily radiation data from SMHI

Figure 4.2: Best days clearness index values by respect to the clear sky model

When the meteorological data are defined, the albedo values and some of the design
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condition parameters which are site dependent must be defined too. PVsyst provides a
default typical value of 0.2 for the albedo component of radiation. Albedo values depend
on meteorological conditions such as rain or snow, and on the surrounding ground material
too. The albedo value has been set to 0.2 though because it provides more conservative
results and it is a good average value.

On the other hand, the site dependent design conditions to take into account for
the model are the lower temperature for the absolute voltage limit, the winter operating
temperature for the maximum inverter voltage, the usual operating temperature under
an insolation of 1000 W/m2 and the summer operating temperature for the minimum
inverter voltage.

The only parameter that has been changed is the lower temperature for the absolute
voltage limit, which is a key parameter regarding the safety of the system [36]. As explained
in section 2.3.2, the voltage in the cell is higher when the temperature decreases. This is
the reason why it is important to set a reasonable value for the lower temperature, as it will
determine the highest voltage system must withstand. In this case the employed value has
been the extreme outdoor temperature, which can be found in Abel and Elmroth [15] and
is -25 ◦C. The other site dependant parameters, i.e. the winter operating temperature for
the maximum voltage for maximum power point design, the usual operating temperature
under 1000 W/m2 and the summer operating temperature for the minimum voltage for
maximum power point design have been set to the default values.

4.2.2 Field type and orientation simulation

Once the meteorological data and the site dependent parameters are defined, the type of
plane and its orientation must be defined. PVsyst allows the simulation of fixed tilted
planes, planes with seasonal tilt adjustment and planes with tracking systems. Given the
high prices of tracking systems and their maintenance needs, they have not been regarded
as a choice in the context of this project. Therefore, only fixed tilt strings have been
considered.

Fixed tilt strings are simulated by specifying their azimuth and tilt angles. In this
case, the azimuth angle is the angle between the collector plane and the south direction.
The tilt angle is the angle between the horizontal plane and the collector plane.

The optimal azimuth angle is always 0◦, corresponding to the south direction. On the
other hand, the optimal tilt angles depend mainly in the path of the Sun at the location.
PVsyst uses an optimization tool to determine the best configuration, i.e. the optimal tilt
angle. The incoming irradiation can be maximized for a season or for a year. In the case
of a grid connected system the goal is to maximize the yearly energy, since the surplus
can be sold to the utility company.

Although the software provides the optimum tilt angle, several tilt angles have been
tested. The reason why is that shading between the modules can occur if the tilt angle
is too high and the strings are placed too close to each other. Consequently, several
configurations with different tilt angles and pitches have been tested to find the one with
the best performance. The near shading module has been used for this purpose, whereas
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the orientation module has been used just for a first approach to determine the optimal
tilt angle.

4.2.3 Horizon line and near shadings simulation

The next step to build the model of the PV system is the definition of the far and near
shadings that may affect the PV system. PV syst takes into account far shadings using
an horizon line, which is a curve that represents the position of the Sun when it sets
throughout the year. The horizon line can be defined manually introducing a set of points
(defined by their azimuth and their height) or imported from specific software or data
bases. In this case there are some buildings surrounding the considered rooftop, and
they are a little bit taller. For the shake of simplicity, the horizon line has assumed to
be constant with the azimuth. The horizon angle has been calculated for the worst case
-which results in an angle of 10.5◦, thus providing more conservative results.

Figure 4.3: Model of the PV system and the near shadings in PVsyst

The near shadings require a more elaborated model to analyze their influence on the
performance of the PV system. PVsyst includes a 3D CAD module to design the building,
its surroundings and the configuration of the PV planes. Then, it uses the solar path
data of the location to assess how the PV system is shaded. This allows to evaluate
the shading losses, which are presented in the solar path diagram. Besides that, a more
accurate definition of the objects in the rooftop is possible using this module.
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A first layout of the PV system has been created using this tool, as depicted in figure
4.3. The building measures have been taken from plans provided by the company and
some data from Google Earth. The influence of close buildings has been neglected because
of the lack of data about the height and distance of the buildings in the vicinity of the
considered rooftop, so they have been considered as a far shading instead.

The shadings between the modules are a key issue when designing the layout of the
system. Mertens [22] states that a rule of thumb to size a PV system is that at noon on
21st of December, the day with the lower sunshine hours in the Northern Hemisphere, the
system must not be shaded. Besides, the analytic expression shown in equation 4.24 can
be used to estimate the separation the modules must have to avoid shading.

d = w
sin(γ + β)

sin γ
(4.24)

The terms in this equation are the pitch between the modules d[m], the width of the
modules b[m], the sun height γs [◦] and the tilt angle β. Figure 4.4 is an schematic view
to illustrate these parameters.

Figure 4.4: Side view of two PV strings [38]

A base PV system whose dimensions are presented in table 4.5 has been used as a first
approach. The PV system has been simulated as a PV shed, which allows drawing and
simulating of several strings in an easy way. Then, simulations have been carried out
introducing more details of the rooftop in the model and several tilt angles and pitches
have been tested. As it has been mentioned before, the optimal tilt angle may not be the
one which leads to the best performance due to shading losses between the modules, so
it is necessary to find the combination of tilt angle and pitch that provides the highest
performance ratio.

Table 4.5: Dimensions of the base PV system concept to use in the simulations

Pitch [m] 3
Width [m] 2
Length [m] 7
Number of strings 17
Tilt angle [◦] 30
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Besides the definition of the lahout of the PV strings, the near shadings tool also allows to
define the position of the modules in each string, which is key when taking into account
the electrical effect of shadings in the PV string behaviour. This effect, which has been
explained in section 2.3.4, is the cause of higher shading losses in the PV system due to
its electrical behaviour.

4.2.4 PV system components selection

The next step to continue completing the model of the grid connected PV system is the
selection of the PV modules and the inverter. It is vital that they match each other to
optimize the operation of the PV system and minimize the losses. During this stage the
PV system has been sized according to the available area, which has been specified in the
near shadings module through the definition of the PV sheds.

First of all, the number of PV strings in parallel and the number of PV modules in
series per string is dimensioned. This can be done either through the specification of
the available area or the required power. In this case the constraint is the available area,
so the system has been sized to satisfy the specifications of the design which has been
described in section 4.2.3. Once the type of module is defined, the number of PV modules
is calculated to meet the following safety requirements:

• The minimum array voltage under the worst temperature conditions (i.e. 60 ◦C)
must be higher than the minimum voltage of the MPP tracker.

• The maximum array voltage under the worst temperature conditions (i.e. 20 ◦C)
must be lower than the maximum voltage of the MPP tracker.

• The maximum open circuit voltage of the array (i.e. at the extreme outdoor
temperature, -25 ◦C) must be lower than the maximum input voltage to the inverter.

• The maximum open circuit voltage of the array must be lower than the maximum
voltage of the connected PV modules.

Dimensioning the PV inverter power is another key issue which has been intensively
discussed. The PV inverter power is usually dimensioned through the selection of the
PV-to-inverter sizing ratio Rs[-], which is defined as the quotient between the nominal
power of the PV generator at STC Pgen,STC[W] and the nominal power of the inverter
PAC [W].

Rs =
Pgen,STC

PAC

(4.25)

Some technical and climatological issues to take into account when selecting the inverter
power are discussed in Kratzenberg et al. [39]. Oversizing the inverter leads to higher
losses because the inverter needs to convert more energy at the lower power range, while
undersizing the inverter leads to higher losses too as the inverter needs to convert more
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energy at the higherpower range. The correct sizing of the inverter in relation with the
size of the PV generator can maximize the average performance of the inverter, but several
factors influence the choice of the PV-to-inverter ratio.

Kratzenberg et al. [39] have carried out simulations to determine the correct sizing
of a PV inverter in different locations. Specifically in Germany, whose climatological
conditions can be assumed to be similar as the ones in southern Sweden, undersizing the
inverter has shown great reductions in the inverter’s cost. On the other hand, Camps
et al. [40] have validated simulations with an experimental setup to find out the optimal
sizing to achieve the best yield. According to their results, the yield is not sensitive to the
sizing ratio within an interval of the optimal sizing ratio, so a sizing ratio in this interval
can be chosen.

The dimensioning of the number of PV modules and the power inverter has been
done considering the previous criteria by testing PV modules and inverters from different
manufacturers. The manufacturers have been chosen regarding the availability of their
products in Sweden. For the sake of simplicity, only four PV module manufacturers have
been considered in the study: Viessmann, German Solar, General Electric Energy and
the Renewable Energy Corporation. The PV module with the highest nominal power has
been selected to produce as much energy as possible. On the other hand, the inverter has
been chosen so that it matches the considered PV module in each case. Besides that, the
availability of the inverters from each manufacturer in the Nordic countries has been also
taken into account when selecting the inverter.

In the first approach of the PV system simulation, a generic module and inverter model
has been implemented to research which is the optimal tilt angle and pitch combination
before analyzing the effect of the array and inverter selection. Then, the configurations
with the modules and the inverters from the manufacturers mentioned above have been
researched. The effect of the string distribution have been also considered in this stage of
the analysis.

4.2.5 PV system losses calculation

An introduction to a PV system losses has been provided in section 2.3.5. Now the losses
are broken down and the methods to estimate them are explained here to complete the
model of the considered GCPVS.

Thermal losses

The array thermal losses are a consequence of its operation under temperatures higher
than the STC temperature, 25 ◦C. These losses are calculated using the one diode model
explained in section 2.3. PVsyst includes the definition of the parameters of the one diode
model for each PV module in its library.

The thermal behaviour of the PV modules also influences the array thermal losses.
The thermal behaviour of the PV modules can be modeled starting from an energy balance
in the surface of the PV field, which is reflected in the next equation.
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U(Tcell − Tamb) = αGinc(1 − ε) (4.26)

The terms in this equation are the thermal loss factor U [W/m2 ◦C], the cell temperature
Tcell[

◦C], the ambient temperature Tamb[◦C], the absorption coefficient of solar radiation
α[-], the incident radiation level Ginc[W/m2] and the PV efficiency ε[-].

The absorption coefficient is assumed to be 0.9, while the PV efficiency is calculated
accordingly with the module operating conditions. The thermal loss factor is split into
two components, one constant term Uc[W/m2 ◦C] and one term proportional to th wind
velocity Uv[W/m2 ◦C], so using the wind velocity v[m/s] the thermal loss coefficient is
expressed as it follows:

U = Uc + Uwv (4.27)

There is no method to estimate the values of Uc and Uv, only data from current PV
installations (e.g., PVsyst provides the default values of Uc = 20W/m2◦C and Uv =
6W/m2◦C). Alternatively, the Nominal Operating Collector Temperature (NOCT) can
be employed to account for the thermal losses. The NOCT is defined as the temperature
of a PV module without coverage under standard operation conditions (open circuit,
Ginc = 800W/m2, Tamb = 20◦C, v = 1m/s). The NOCT is related to the Uc and Uv

parameters through equation 4.26. Using the standard operation conditions in this
equation and isolating the NOCT it results:

NOCT = 20◦C +
α× 800W/m2(1 − 0)

Uc + Uw × 1m/s
(4.28)

The NOCT is widely used by solar modules manufacturers to quantify the thermal losses
of the PV modules. The NOCT has been used in the cases the manufacturers provide this
parameter. Otherwise, the standard value for free mounted modules, U = 29W/m2◦C,
has been used.

Ohmic losses

These losses are caused by the wiring ohmic resistance of the cables connecting the modules
with the terminals of the array. Ohmic losses can be characterised by a global wiring
resistance Rwir[Ω] or by an ohmic loss ratio, which is defined as the quotient between the
wiring ohmic loss Pwir[W] and the nominal power Parray[W] at STC. PVsyst includes a tool
to calculate the optimal cross section of the different cables in the installation to minimize
either the copper mass or the wiring cost. To do it is necessary to define the lengths of
the cables that compose the installation. An schematic of the wiring installation in the
proposed GCPVS is depicted in figure 4.5. An average length of the string connection
cables of 40 m (half the maximum distance between the furthest strings) has been assumed,
while the main box to inverter average length has been assumed to be 2 m.
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Figure 4.5: Schematic view of the PV strings connection

The losses in the cable which connects the inverter to the grid can be accounted too by the
definition of the length from the inverter to the injection point or, alternatively, the loss
fraction ratio. In this project a length of one meter has been assumed, as the inverter and
the injection point would lie next to each other. The losses from an external transformer
installation can be also modelled in PVsyst, but this is the case of larger PV installations,
with capacities in the range of MW. The nominal power of this system willbe in the range
of kW, hence an external transformer installation is not considered in the study.

Module quality and mismatch losses

PV modules usually do not match the nominal specifications given by the manufacturer,
these specifications stay within a tolerance instead. The real module performance in
comparison with the nominal specifications is taken into account by defining a module
quality loss. In this case the module quality loss has been set to the default value of 0.1%
to have more conservative results.

Since the PV modules behaviour is within a tolerance interval, each PV module may
have a different characteristic curve. The connection of PV modules with differences in
their I-V curves results in mismatch losses. The mismatch losses are calculated using a set
of Gaussian distributions to reflect the difference with respect to the nominal IV curve.
This calculation provides values for the power loss at MPP and the current loss when
running at a fixed voltage.

Soiling losses

PV modules surface soiling can result in shading, thus causing losses. In the case of the
considered installation the main responsible for soiling losses is the snow during the winter
season. The soiling losses due to snow depend on the technology and the tilt angle of the
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PV modules [41]. Andrews et al. [42] have researched the effect of snowfall in the PV
system performance in Ontario, and they have found that the losses due to snow range
from 0.7 to 2.7 % of the yearly yield. As an approach, it has been assumed that snowfalls
take place in December, January, February and cause a 40% of the monthly losses. Even
though snowfall are lighter during December and March, the assumption of a 40 % of
losses due to snowfall during these months has been done to consider the worst possible
case.

Incidence angle modifier losses

The irradiation that reaches the PV cell’s surface is weaker than the irradiation under
normal incidence due to the incidence effect. This is taken into account by using a
parametrisation called ASHRAE. The incidence losses only depend on incidence angle on
the plane i[◦] and a constant factor b0[-], as it is shown in equation 4.29. Measurements
on crystalline PV modules show that this parameter takes the value of 0.05 [36].

FIAM = 1 − b0(
1

cos i
− 1) (4.29)





Chapter 5

Results and discussion

The results of the energy audit are presented in this chapter. Firstly, the results obtained
through the measurement process are shown. Afterwards, the energy use in the facility
is broken down in the energy balance. Finally, the main findings regarding possible
energy-efficiency measures are listed, and their environmental and economical feasibility is
discussed as well. Moreover, the results from the proposed GCPVS are shown to proof its
feasibility in the considered building rooftop.

5.1 Results of the energy audit

5.1.1 Heating energy demand estimation and district heating
consumption analysis

Thanks to the district heating bills, it has been possible to estimate the required yearly
heating energy demand using the method explained in section 2.2.2. Figure 5.1 shows
the graphic heating energy use vs. outdoor temperature. A regression analysis has been
performed to obtain the slope of the previously mentioned lines, which can be expressed as
P = β0 + β1T , with T [◦ C] and P [W]. Atypical values have been neglected to perform this
analysis. The results are shown in table 5.1, including the coefficient of determination R2

value to quantify the data dispersion. The heating losses have been calculated accordingly
using this data. Then, the required yearly heating demand has been estimated using the
degree-hours for Uppsala, which have been taken from Abel and Elmroth [15].

Table 5.1: Results of the regression analysis to estimate heat losses

Line β0 β1 R2

Heating interval 142.69 -9.129 0.8396

63
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Figure 5.1: Heating energy use vs. outdoor temperature to estimate heating energy demand
using PRISM method

When calculating the heating losses using the slope of the heating interval line, this
parameter must be divided by a factor of 30×24 h to obtain in this way the average
monthly heating power. Using this method the heating energy demand has resulted in
995 MWh, as is shown in table 5.4. This value matches with the values of yearly heating
energy demand reflected in the bills, which can be found in the appendix. The values
for 2013, 2014 and 2015 are 1239.1, 1080.5 and 910.4 MWh respectively. They really fit
with the estimated value through PRISM, and the data dispersion is not so high (the
parameter R2 is close to 1).

Table 5.2: Results of the heating energy demand estimation

Heat losses coefficient Qtot [kW/◦C] 12.679
Degree hours DH [◦Ch] 78453
Heating energy demand Eheat [MWh] 995

Besides the estimation of the heating energy demand, the monthly district heating
consumption has allowed to analyze the patterns over the different periods. The results
from the previous three years are shown in figure 5.2. As it is depicted in this figure,
district heating consumption follows a similar pattern during the different seasons. The
tendency is only different in 2013, when the district heating demand is significantly higher
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during the last three months of the year. The company acquired the audited property
this year, so that might be the reason why the heating energy use is lower during the next
two years.

Figure 5.2: District heating energy use over the past three years

5.1.2 Electrical power consumption results

The state electricity company has provided the hourly data for electrical power consumption
in the facility. In this way, it has been possible to look into the patterns over different
periods of the year and quantify the idling power during non productive hours, as explained
in section 4.1.2. In this section only the most relevant data are shown, but the data with
the hourly electricity consumption can be found in the appendix.

The evolution of the electric power consumption during winter has been similar over
the past three years. Figure 5.3 shows the hourly power consumption over two weeks
during the winter season. As it is depicted in this graph, the peak power has been reduced
in 2014, but the idling power consumption has increased up to approximately 30 kW.
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Figure 5.3: Electrical power consumption during two weeks over the winter season

The results for the spring season have been also analyzed. Figure 5.4 shows the tendency
over the past three years as well during three weeks. This tendency is similar throughout
the past three years, with a reduction of the peak power. However, a disruption in the
regular tendency has been identified in 2015 in the period corresponding to weeks 17 and
18. As it is depicted in figure 5.4, the power consumption oscillates during this period,
with a high consumption even during non working hours. This has been due to the use of
temporary fans while one of the old AHUs was being replaced, as it has been mentioned
in section 3.2

Figure 5.4: Electrical power consumption during two weeks over the spring season
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Apart from that, the power consumption starts to increase from the end of May, accordingly
with the cooling season. The power consumption does not follow a clear pattern in summer
as it does in spring and winter. This is related to the operation of the cooling systems,
which depends on the outdoor temperature and the desired comfort in the office areas.

During autumn the tendency has been similar during 2013 and 2014, but the pattern
in electricity consumption is clearly different in 2015. The peak power has dramatically
increased in 2015, and there are some disruptions in the trend during non working days.
The results are shown in figure 5.5, where the previous facts are depicted. These trends
match with the information provided by the company. According to this information,
some tests with the ventilation system have been carried out during November, hence the
different tendency over this period.

The graph in figure 5.5 show an increase in the idling power consumption during non
working hours in 2015. This might be a consequence of the use of exterior lighting in
the façade of the building at night. The influence of exterior lighting has been further
analyzed in the following sections.

Figure 5.5: Electrical power consumption during two weeks over the autumn season

The monthly electricity consumption has been used to estimate the cooling energy demand
through the PRISM method, in an analogous manner to the heating energy demand
estimation in section 5.1.1. The cooling degree hours have been obtained through the use
of the daily outdoor temperature data in Uppsala. The results of the application of this
method are shown in figure 5.6. In a similar way as in section 5.1.1, a regression analysis
has been carried out to calculate the energy use for space cooling.
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Table 5.3: Results of the regression analysis to estimate energy use for cooling

Line β0 β1 R2

Cooling interval -41.39 4.667 0.5587

Figure 5.6: Electrical energy use vs. outdoor temperature to estimate cooling energy demand
using PRISM method

Table 5.4: Results of the cooling energy demand estimation

Cooling load Qcool [kW/◦C] 6.496
Cooling degree hours DH [◦Ch] 7738
Energy use for cooling Eheat [kWh] 50266

The results are coherent with the values reflected in the energy declaration - 86.4 MWh
- but the yearly cooling energy use in the declaration is higher than the one calculated
through PRISM method. The energy declaration was written in 2012, so it is likely
that the cooling energy use is not updated. Besides that, the regression analysis for the
cooling energy demand shows a high data dispersion, so this can also be the reason of the
difference between the two of them.
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5.1.3 Analysis of the electricity use in the building

The distribution box of the building consist of different centrals corresponding to different
systems in the buildings. According to the explanation in 4.1.3, it is possible to identify
the systems by analyzing the relationship between the voltage and the current. This
measurement process, besided the information provided by the company, has allowed to
identify the systems which are supplied by the different centrals, as it is reflected in table
5.5.

After the identification of the systems, the current has been measured in each of them
to determine which ones are the most relevant regarding their electricity consumption.
Thereby, the loggers, clamps and multimeters have been used to measure the electrical
power consumption/current/voltage of the most important components in the distribution
box, i.e. those which demand a higher power or which supply to the more relevant systems
to study.

Table 5.5: Identification of the different centrals in the distribution box

Central ID System
A1-2-4 Lifts
A1-2-6 Lifts
A1-3-1 Office area
A1-3-2 Office area
A1-3-3 Office area
A1-3-6 Cooling (northern part) and garage AHU
A1-3-7 Cooling (southern part)
A1-3-8 New AHU
A1-4-1 Old AHU
A1-4-2 High voltage switchgear
A1-4-3 Heating system
A1-4-4 Lifts
A1-4-6 Lifts
A1-4-7 Garage and outer lighting

Using this criteria the systems that have been found to use the highest power have been
the AHUs and the garage and outer lighting systems. Besides these systems, the high
voltage (HV) switchgear and the heating central system have been analyzed too given its
relevance in the energy balance of the facility.
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(a) Garage AHU

(b) New AHU

(c) Old AHU

Figure 5.7: Electrical power consumption of the AHUs obtained from the loggers
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The results for the AHUs obtained from the loggers and the current clamps, which have
been obtained through the method described in 4.1.3, are shown in figures 5.7a-5.7c. Even
though the central A1-3-6 supplies both the cooling system and the garage AHU, the
cooling system is turned off, so the results obtained from the loggers only represent the
operation of the AHU. The operation of the new and the garage AHUs is constant during
the working hours, even though the garage AHU electricity consumption has some peaks.
The operation schedule reflected in figures 5.7a and 5.7b tallies with the schedule provided
by the manager in the company, both AHUs run constantly from 6am to 18pm. However,
the old AHU runs constantly with some peaks, and no pattern can be distinguished in
the logged power.

Note that the garage AHU has an idling power of 6 kW, most probably because of
the circulation pumps to supply heat and cold water for the heating and cooling batteries,
respectively. In contrast, the new AHU does not require power out of the operating hours.
The power consumption of the garage AHU is also lower, so it is clear than the new AHU
is more efficient than the old one.

The logged electrical power consumption of the central that supplies electricity for
the garage area and outer lighting is shown in figure 5.8. The energy use in this area
is mainly lighting and power supply to automated doors. The logged power follows a
clear pattern which features for a power of 7 kW from 18 pm to 3 am both working days
and weekends and 5.5 kW from 5:30 am to 16:30 pm during working days. The power
consumption during nights is due to the outer light in the building, which is turned on
for aesthetical purposes. The power consumption during working days is mainly due to
the lighting systems and the automated doors in the garage. These systems do not work
during weekends, hence the lower power consumption.

Figure 5.8: Electrical power consumption of the electrical systems in the garage and the outer
lighting system
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On the other hand, the heating central system electric power consumption has been also
recorded, and it has been found that it runs constantly with a power consumption of 3
kW. This consumption is due to the pumps to supply water for the hydronic heating
system and domestic hot water. This results will be further discussed in later sections.

Once the evolution of the electrical power systems has been obtained, it is possible to
obtain the energy use of each system using the method explained in section 4.1.3. The
duration diagrams for the different systems are shown in figures 5.9a-5.9b. The integration
of the power consumption leads to the energy values in table 5.6. However, the time lapse
of the measurements needs to be stated because the energy use for the different systems
is referred to different intervals of time.
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(a) Garage AHU (b) New AHU

(c) Old AHU (d) HV switchgear

(e) Heating central system (f) Garage and outer lighting

Figure 5.9: Duration diagrams for the most relevant systems in the building
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The energy use of the different systems and the logging time is recompiled in table 5.6.
This has allowed to allocate the energy use of the building in different unit processes.
Note that this energy use needs to be corrected to reflect the yearly demand.

Table 5.6: Energy use obtained from the loggers

Function
Energy

use [kWh]
Logging time [h] Average power [kW]

Garage AHU 2083 270 7.715
New AHU 1619 197 8.219
Old AHU 1345 226 5.951

HV switchgear 228 69 3.310
Heating central system 1087 193 5.632

Garage and outdoor lighting 1360 264 5.152

The transformation of the energy demand to the yearly energy demand has been done
comparing the average total power consumption in the building over the same season of
previous years. In this way, the amount of energy over the week when the data have been
recorded can be turned into yearly amount of energy by just using a correction factor.
Table 5.7 shows the average energy use in the three previous years (2013 to 2015) and the
correction factor to be used.

Table 5.7: Average electrical energy use from 2013 to 2015

Energy use
in week 15 [kWh]

Yearly energy
use [kWh]

2013 4904 350860
2014 5445 364681
2015 6064 387199
Average 5471 367580
Correction factor 14.884×10−3

Afterwards, the energy demand during week 15 has been turned into the yearly energy
demand for each unit using the method explained in 4.1.4. The systems have been assumed
to run under the same schedule throughout the whole year. The results, which are shown
in table 5.8, have been used to allocate the energy and prepare the energy balance in the
facility.
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Table 5.8: Electrical energy use of the systems in the building

Function
Energy use

during week 15 [kWh]
Yearly energy

use [kWh]
Garage AHU 1296 87086

New AHU 690 46383
Old AHU 1000 67176

HV switchgear 556 37363
Heating central system 946 63558

Garage and outer lighting 866 58154
TOTAL 359720

5.1.4 Temperature and humidity measurement

The temperature and the humidity have been logged too in different locations to evaluate
the indoor comfort and to find possible malfunctions in the HVAC system. The regular
values for temperature and humidity can be checked in section 4.1.3.

First of all, the air exhausted by the new AHU temperature has been logged. This
temperature gives an overview of the indoor temperature in the building. The results are
shown in figure 5.10. The evolution follows a clear pattern over the two weeks that have
been recorded. The heating system is turned on during working hours, while it is turned
off at nights and weekends.

Figure 5.10: Temperature evolution of the exhaust air in the new AHU (LB01)
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5.1.5 Ventilation system analysis

The analysis of the ventilation systems of the building have been one of the most important
parts, since they account for a high share of the energy use in the building. Besides,
potential energy savings can be achieved with little adjustments, hence the interest in
this analysis.

First of all, the airflow of each AHU has been taken down to assess the ventilation
heating losses. The electrical power required for the fan units have been also measured
to compare the subsequent energy use with the one obtained through the electrical
measurements.

Table 5.9 summarizes the different supply and exhaust airflows in each AHU in the
building. The ventilation heating losses coefficient, which has been calculated using the
method explained in section 4.1.3, is also presented in this table. Some of the supply and
exhaust units include a heat recovery system to reduce ventilation heating losses. This
has been reflected in the calculation of the ventilation heating losses coefficient taking
into consideration the heat recovery units efficiency. As a first approach, an efficiency of
0.7 has been assumed for each of the heat recovery units. This is an average value for
rotatory wheel, whose efficiency ranges from 55 to 85 % (Krarti [11]). Besides, the average
relation between the measured air flow and the rated airflow of the fans has been 60 %, so
it has also been assumed that the ventilation fans operate at 60 % of their nominal power.

Table 5.9: Airflow from the different units of the AHUs and estimated ventilation heat losses
coefficient.1

AHU ID Unit Airflow [m3/s]

LB01
Supply unit (TA8) 5.653 (*)
Exhaust unit (FF1) 7.483 (*)

LB02

Supply unit (TA9) 1.667
Supply unit (TA10) 1.667

Exhaust unit (FF6A) 2.222
Exhaust unit (FF6B) 2.222
Exhaust unit (FF7) 0.8333

LB03
Supply unit (TA11) 2.222 (*)
Exhaust unit (FF11) 2.222 (*)

Ventilation heating losses coefficient [kW/◦C] 7.293

The subsequent ventilation heating losses coefficient is valid, since it is lower than the
total heating losses coefficient. In this case the ventilation losses account for roughly a
55% of the heating losses in the building. Nonetheless, these results are just an estimation
and should be treated carfully because of the high dispersion of the data to estimate the
total heating losses coefficient. The ventilation heating losses coefficient has been used to
breakdown the total heating losses in transmission and ventilation losses, resulting in 422

1(*) stands for the units that include heat recovery
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and 572 MWh respectively.
Besides the analysis of the ventilation airflow, the AHUs have been examined to review

their control system and operation schedule. The results of the inspection of the two
AHUs in the building are listed below:

• New AHU (LB01). This unit is the newest one in the building, and it consist of a
balanced mechanical ventilation. The heat exchanger is a rotatory thermal wheel,
and it operates using a 83 % of its capacity (the system can withstand higher flows
though).
The system includes a preheating battery followed by a cooling battery, and then a
heating battery. This sequence is included in a single battery, achieving a better
efficiency in this way.
The fan units are controlled by a variable speed drive which varies the speed
depending on the measurements of a pressure meter. Moreover, the pumps which are
part of the hydraulic circuit for the heating and cooling batteries are also controlled
by variable speed drives.
Regarding the operation schedule of this AHU, it works from 6am to 18pm during
weekdays. Tenants can activate the ventilation system for 2-3 hours during weekends
in case they need to. It is possible to turn off the system during holiday periods. In
contrast, the pumps for the heating and cooling batteries run constantly to prevent
the water in the pipes from freezing.

• Old AHU (LB02). This AHU is older than the other ones, and it does not include a
heat recovery system. It features for a larger number of supply and exhaust units
for the different areas of the northern part of the building.
When examining this AHU a leakage of water have been detected in one of the
heating batteries circuit.

• Garage AHU (LB03). This AHU has been installed for a longer time, but it is
a balanced mechanical ventilation system with a rotatory thermal wheel as well.
The difference with the previous AHU is that the heating and cooling batteries are
independent, and thus this AHU is slightly less efficient.
The control schedule is also based in variable speed drives for both the fan units
and the pumps, and the operation schedule is exactly the same as the one used to
control the new AHU.
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All the ventilation systems have a cooling and heating set temperatures of 22 ◦C and 21
◦C, respectively.The difference between the cooling and heating set temperatures is really
small, and this might cause an excessive cooling energy use in summer.

At this point it is clear that the new AHU is much more efficient than the other
ones. For this reason, the electrical power of the new AHU and the garage AHU has been
compared to estimate the energy savings that could be achieved by the replacement of
the garage AHU. The duration diagrams of the two AHUs during one week is shown in
figure 5.11.

Figure 5.11: Duration diagrams of the garage and the new AHUs

As it is depicted in the previous figure, there is a great potential for energy savings using a
new AHU in the northern part of the building. These energy savings have been quantified,
and the savings rise up to 691 kWh for one week. Thus, the yearly energy savings can
reach a value of 36 MWh, which is a great portion of the electrical energy use of the
facility - about a 9 %.

A comparison between the logged electrical power consumption and the rated electrical
power required by the the fans and pumps for the AHUs has been performed to check the
coherence in the results. The garage AHU has not been examined due to the difficulty to
access to this area. This comparison, which is reflected in table 5.10 shows the results
provided by the loggers are concordant with the expected electrical power consumption,
since the logged power is slightly under the rated power. In the case of the new AHU it
runs at about an 80 % of the rated power, while the old AHU runs at a 50 %.
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Table 5.10: Power consumption of the fans and pumps in the AHUs

Unit Power[kW]

New AHU (LB01)
Supply fan (FF01) 5

Exhaust fan (TA02) 8.3
Circulation pumps 0.49

Total rated 13.79
Logged 11.15

Old AHU (LB02)

Supply fan (TA9) 3
Supply fan (TA10) 3

Exhaust fan (FF6A) 2.2
Exhaust fan (FF6B) 0.5
Exhaust fan (FF7) 0.3
Exhaust fan (FF11) 0.75
Circulation pumps 3.49

Total rated 12.49
Logged 5.96

5.1.6 Cooling system analysis

As it has been mentioned before in this document, the cooling system of the facility
consists of two cooling machines located in the southern and the northern area of the
building. These machines are based on a simple mechanical compression cycle according
to the plans of the HVAC systems in the building.

The results concerning the estimation of the cooling energy demand have been
presented in section 2.2.1, and they lead to a cooling energy demand estimation of 50.3
MWh. In order to reflect the energy use of the cooling machines in the energy balance,
an efficiency of ε = 3 has been assumed to calculate the electrical energy consumption
from the cooling energy demand. The value for the cooling electrical energy use obtained
through this method is 17 MWh.

5.1.7 Lighting systems

A qualitative study of the lighting systems in the building has been carried out following
the methodology in 4.1.3. Table 5.11 shows the intervals of illuminance in different parts
of the building. The values are within the intervals recommended by the Swedish Work
Environment Agency, which can be found in section 4.1.3 too.

Table 5.11: Measured illuminace in the different areas of the building

Part of the building Illuminance [lux]
Office area >175
Stairwells 90-300
Basement 200-800
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The type of lighting systems in the buildings has been also checked. The main type of
lighting in the office areas consists in fluorescent lamps and compact fluorescent integrated
bulbs. The first ones are accredited with label A of energy efficiency, while the second
ones have the label of Energy Saving product.

The control of the lighting systems is different in each of the parts of the building.
The lighting systems in the office corridors run constantly during working hours, since the
occupancy is high during these periods. In the offices the lighting system is manual, based
on switches. On the other hand, the lighting system in the stairwell runs constantly too,
although the occupancy is low. The lighting system in the corridors in the basement is
the only one based in occupancy sensors.

Only the power consumption of the lighting systems in the garage and in the façade
of the system has been measured, as it has been explained in section 5.1.3. The energy
use of these lighting systems has a large share of the energy use of the building as well,
up to a 15 %, hence the importance of a proper control schedule of the luminaries in the
building.

5.1.8 Systems in the mechanical room

The mechanical room, located in the basement of the building, contains one of the cooling
machines (the one for the southern part of the building), the pipes that supply district
heating from the network and the water distribution system. The systems that have been
reviewed here are the heat exchangers that are part of the district heating distribution
system and the pumps to distribute the hot and cold water.

The district heating system is used to provide hot water for three systems in the
building using heat exchangers. These systems are the following:

• Primary heat (VP). Hot water for space heating is distributed through a hydronic
radiator system. The primary heating involves the distribution of hot water through
the primary circuit.

• Secondary heat (VS). Hot water for space heating through the secondary circuit.

• Domestic hot tap water (DHW). This encompasses the distribution of hot tap water
for hygiene and sanitary purposes.

The temperatures of each flow through each heat exchanger are shown in table 5.12.
However, the temperature of the supply and return water flow of the primary heat were
not available. All the branches of district heating return collide in the same pipe which
sends the cold water to be heated again. Note that the difference in the temperature of
the different district heating return flows is significantly different.
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Table 5.12: Return and supply temperatures of the system is in the building

System Location Temperature [◦C]

VP

District heating supply 80
District heating return 24

VP supply -
VP return -

VS

District heating supply 80
District heating return 33

VS supply 35
VS return 32

DHW

District heating supply 80
District heating return 52

DHW supply 57
DHW return 51

An inventory of the pumps for the previously mentioned systems has been also carried
out. First of all, it is important to remark that all the pumps in the mechanical room are
controlled by a variable speed drive. However, many of them were not working during the
office working hours, and thus are underused.

Table 5.13 reflects the inventory of the different pumps in the mechanical room with
their rated power. These data have been compared with the results provided by the
loggers

Table 5.13: Inventory of the pumps in the mechanical room with their rated power

Function
Rated

power [kW]
Speed [% over
nominal speed]

Actual
power [kW]

Primary heating
Unit 1 1.19 75 1.190
Unit 2 1.152 80 1.152

Secondary heating
Unit 1 3 100 3
Unit 2 3 - 0
Unit 3 1.5 100 1.5
Unit 4 1.5 - 0

Domestic hot water 0.55 100 0.55
Cold water 1.5 100 1.5

Actual power consumption [kW] 8.892
Logged power consumption [kW] 5.5

There is a significant difference between the actual power and the logged power of the
systems in the mechanical room. This can be explained by a change in the operation
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conditions during the time when the logger has been measuring the power with respect to
the conditions during the visit to the facility.

The energy use of the pumps has been estimated taking into account the operation
schedule of each system. In this way, the energy can be obtained by multiplying the power
and the yearly operating time. The energy use obtained through this estimation has been
compared to the one obtained through the use of the loggers (see section 5.1.3). The
results are shown in table 5.14.

Table 5.14: Energy use of the pumps in the mechanical room

Function
Actual

power [kW]
Operating
schedule

Running
time [h]

Energy
use [kWh]

Primary heating
Unit 1 1.19 24/7 8736 10396
Unit 2 1.152 24/7 8736 10064

Secondary heating
Unit 1 3 6-18 weekdays 4368 13104
Unit 2 0
Unit 3 3 6-18 weekdays 4368 13104
Unit 4 0

Domestic hot water 0.55 24/7 8736 4805
Cold water 1.5 24/7 8736 13104

Yearly estimated energy use 64577
Yearly logged energy use 63558

As it is shown in table 2, the estimated and logged energy values match with each other,
thus validating the results obtained through the loggers.
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5.1.9 Energy balance

Once the energy use in all the systems in the building has been calculated, it is possible
to allocate this energy use to the different unit processes in order to finally establish the
energy balance.

Table 5.15: Energy balance of the building

Unit process
Yearly electrical

energy use [kWh/year]
Yearly district heating
energy use [kWh/year]

Administration 37363 -
Cooling 17000
Lighting 58154 -
Ventilation 200645 422000
Pumping 64577 -
Internal transport - -
Space and tap water heating - 572157
TOTAL calculated 377739 995000
TOTAL bills 387199 910400

As it can be checked in table 5.15, the results that have been obtained through the
calculations are coherent with the ones reflected in the bills, specially the results concerning
the electrical energy use. The difference between the calculated and the actual value of
the district heating energy use is greater, possibly due to the high dispersion of the data
that have been employed in its estimation (see section 5.1.1).

5.1.10 Energy conservation measures

The following part includes the proposal and discussion of possible energy conservation
measures, after taking the measurements and calculating the energy balance in the facility.
Afterwards, the economical and environmental benefits have been analyzed to assess the
feasibility of these measures. To present the energy conservation measures in a clear and
structured way they are listed regarding the involved unit process.

Heating systems

• There is a leakage in one of the district heating supply distribution pipes located
in the garage area. The estimated leaked water flow is 0.42 l/day, so the repair of
the unit would lead to energy savings. These have been estimated by taking the
properties of the water at a typical average temperature of 52 ◦C, resulting in a
value of 1700 kWh/year.
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Ventilation systems

• The difference between the heating and cooling set temperatures is really small, and
this can cause an excessive use of the cooling system. The heating set temperature
is adequate, but the cooling set temperature should be increased to a higher value,
like 24 ◦C. In this way, energy savings can be obtained by just adjusting the setting
temperature.
If a set temperature of 24◦C is established, the cooling energy demand is reduced
in 30700 kWh so that, assuming a COP of 3, electrical energy use reduction is
estimated to be 10200 kWh/year.

• The leakages in the heating battery of the old AHU should be repaired. In this
way the waste of heating energy would be avoided. The estimated leaked water
flow is 0.84 l/day. The energy savings that can be achieved by the repair of the
leakage, which have been estimated by using the properties of the water at an
average temperature of 58 ◦C, have a value of 1100 kWh/year.

• The pumps for the circulation water for the heating and cooling batteries in the
garage AHU run constantly to avoid freezing in the circuit. However, it would be
possible to turn off the system if the outdoor temperature is not too cold. Electrical
energy savings can be achieved in this way without initial investment.
Shutting down the circulation water pumps for the heating and cooling batteries of
the garage AHU when the outdoor temperature is over 7 ◦C can save up to 21600
kWh/year. Above this threshold temperature there is no risk of frozen pipes, so the
pumps can be turned off.

• The old AHU does not include a heat recovery unit. The installation of heat
recovery systems in all the units could be beneficial in the long term to reduce
heating ventilation losses. Besides that, the new AHU is much more efficient than
the one in the garage and the old one. Replacing those AHUs could be advantageous
in the long term thanks to the lower energy use of a new AHU.
Performing a comparison between the trends of the garage and the new AHUs the
potential energy savings from the garage AHU replacement have been estimated in
35900 kWh/year.

Lighting

• The stairwells are illuminated all the time, but the occupancy is really low. Instead
of maintaining the lighting system turned on all the time it would be recommendable
to install a manual lighting system or presence sensors to switch on the lighting
systems.
A rough inventory of the lamps in the stairwells has been carried out to estimate
the lighting annual energy use, resulting in approximately 39900 kWh. The use
of a presence sensor can lead to reductions up to 50 %, so the energy savings are
estimated to be 20000 kWh.
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• The basement corridor has a really high level of illuminance, with a maximum of
about 800 lux. Since this is just a transit area, luminaries could be replaced by
others with a lower power.

Tap water heating

• The delivery temperature of the water is 57 ◦C, but there are no applications in the
building that require that high temperature. For this office building the delivery
temperature should be above 50 ◦C to avoid legionella in the water, but there are
not applications such as laundry machines or dishwashers that require a higher
temperature.
If the delivery temperature of the domestic hot water is reduced, e.g. in 2 ◦C, the
energy savings are about 36100 kWh. This has been calculated using the rated
power of the pump for hot water circulation and assuming a pressure drop of 147
kPa (20 m).

The economical and environmental analysis is shown in table 5.16, which includes a list
with the different measures, the energy savings from their implementation, an estimation
of the initial investment and the payback period. The total potential energy savings
amount to 126 MWh/year, which corresponds to a 2.5 % of the total energy use of the
building. Note that many of the proposed measures have a really low payback period or
consist in minor adjustments. The only exception is the replacement of the older AHUs,
which should be discussed in a deeper study.

Table 5.16: Energy savings and economical evaluation of the energy efficiency measures

Measure
Electrical

energy savings
[kWh/year]

District heating
energy savings

[kWh/year]

Initial
investment

[SEK]

Payback
period
[years]

Repair of the leakage
in the garage

0 1100 500 1.29

Repair of the leakage
in the old AHU

0 1700 500 0.79

Set temperature
adjustment

10200 0 0 0

Circulation
pumps

21600 0 0 0

Occupancy
sensors

20000 0 30000 2.25

Reduction in DHW
delivery temperature

0 36100 0 0

Replacement of
garage AHU

35900 0 500000 21.9
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On the other hand, the potential reduction of GHG has been calculated through different
approaches, as shown in table 5.17 is approximately 5.9 t CO2eq/year using Vattenfall
average emission factors. However, this value only reflects emissions from the energy
sources used by Vattenfall. A more realistic approach is given when the average Nord Pool
emisssion factors are used, which result in a reduction of 11 t CO2eq/year. In addition,
if the operational marginal electricity method is applied, the potential GHG reduction
reachs a value of 59.4 t CO2eq/year.

Table 5.17: GHG emissions reduction in kg CO2,eq/year from the energy efficiency measures
using emission factors from Vattenfall, Nord Pool and marginal electricity production

Measure
Average emission
factor Vattenfall

Average emission
factor Nord Pool

Marginal emission
factor

Repair of leakage
in the garage

145 0 0

Repair of leakage
in the old AHU

237 0 0

Set temperature
adjustment

66 1264 6813

Circulation pumps off 143 2722 14666
Occupancy sensors 132 2516 13558
Reduction in DHW
delivery temperature

4908 0 0

Replacement garage AHU 237 4527 24398
TOTAL 5868 11029 59436
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5.2 Results of the GCPVS simulation

5.2.1 System layout

As it has been explained in section 4.2.3, the optimal tilt angle and pitch combination
must be found by testing several tilt angles and pitches. As a first approach the pitch to
avoid shadings between the modules has been calculated analytically. However, it results
in a pitch of more than 6 m, which would lead to a system with a low area - thus a lower
power production - and a bad use of the rooftop space. For this reason, pitches of 2 and
2.5 m have been tested so that a better use of the rooftop space is achieved.

Regarding the optimal orientation, the optimal tilt angle to maximize the production
is 45◦, while the optimal azimuth angle is 0◦, as it is depicted in figure 5.12. These values
have been used as a first approach to the simulation of the GCPVS.

Figure 5.12: Results of the optimization of the tilt and azimuth angles

First of all a base case system has been simulated to analyze the influence of the tilt angle
and the pitch in the system performance and electricity production. This base case system
includes a generic model for both the PV modules and the inverter. The tilt angles that
have been used for the simulations are, besides the optimal tilt angle of 45◦, 15◦, 20◦, 25◦,
and 30◦.

When analyzing the influence of the pitch in the energy producion it must be taken
into account that the area differs in each configuration. The configuration with 3 meters
pitch has an available area of 238 m2, whereas the configuration with 3.5 meters pitch has
an available area of 210 m2. This will condition the results obtained through simulation.

The shading losses, the global radiation in the collector plane, the IAM factor and the
system and inverter losses have been compared for the previously mentioned tilt angles,
leading to the results shown in table 5.18.
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Table 5.18: Losses in the GCPVS for different tilt angles and pitch 3 m

Tilt
angle [◦]

Global
radiation [%]

Far shading
losses [%]

Near shading
losses [%]

IAM
factor [%]

Array
losses [%]

Inverter
losses [%]

30 14.6 7.3 8.5 3.0 14.5 8.9
25 13.6 6.4 7.8 3.0 14.5 8.8
20 11.9 5.5 5.0 3.1 14.4 8.8
15 9.7 4.7 3.1 3.3 14.3 8.7
10 7.0 4.1 1.2 3.5 14.2 8.7

These results explain the behaviour of the system when the tilt angle is modified. First of
all, as it has been anticipated in previous sections (see sections 4.2.2 and 4.2.3), increasing
the tilt angle results in an increase in the global irradiation in the collector plane. However,
higher tilt angles also lead to higher shading losses becsause the PV modules shade each
other. The IAM factor behaves according to the analytical expression presented in section
4.2.5 , while the inverter and the array losses are not affected significantly by the system
orientation.

If the pitch between the modules is increased the shading losses are reduced because
the shading between the modules is avoided to some extent. The rest of the parameters
are not affected significantly, as reflected in table 5.19. This table depicts the change in
the shading losses when using the two different pitches for a tilt angle of 10◦.

Table 5.19: Losses in the GCPVS for different pitches and tilt angle β = 10◦

Pitch
[m]

Global
radiation [%]

Far shading
losses [%]

Near shading
losses [%]

IAM
factor [%]

Array
losses [%]

Inverter
losses [%]

3.5 7.0 3.1 1.8 3.5 14.2 9.2
3 7.0 3.1 2.2 3.5 14.2 8.7

The performance ratio and the electricity production have been compared for all the
different tilt angles and pitches in order to find the best configuration. These results are
shown in table 5.20. As it is reflected in the first table, decreasing the tilt angle leads to
higher performance ratios, mainly because of the reduction of the near shadings losses.
Moreover, the performance ratio is slightly higher when the pitch is increased, mainly due
to the reduction of the near shading losses as well.
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Table 5.20: Performance ratio [-] and annual electricity production [MWh/year] of different
configurations

Tilt
angle [◦]

Pitch 3 m Pitch 3.5 m

30 18.9 MWh/y, PR 0.639 17.1 MWh/y, PR 0.667
25 19.1 MWh/y, PR 0.651 17.2 MWh/y, PR 0.677
20 19.6 MWh/y, PR 0.678 17.4 MWh/y, PR 0.695
15 19.8 MWh/y, PR 0.697 17.3 MWh/y, PR 0.704
10 19.9 MWh/y, PR 0.714 17.1 MWh/y, PR 0.714

As it has been mentioned before, an increase in the pitch leads to a lower electricity
production due to the lower available area, hence the lower production of the 3.5 m pitch
configuration. Table 5.20 shows that the configurations with the best performance ratio are
the 10◦ tilted ones. However, the 3 m pitch configuration has the same performance ratio
as the 3.5 m pitch configuration, but it produces a higher amount of energy. Therefore,
the optimal configuration for the PV modules is achieved when using a 10◦ tilt angle and
a 3 m pitch. For this reason, the following simulations have been launched using this
optimal configuration.

5.2.2 Components selection

Once the best configuration has been chosen the next step is selecting a PV module and
a inverter from the manufacturers. The considerations to consider when selecting the PV
module and inverter have been explained in section 4.2.4, and they have been applied to
this case to find a reliable solution for the analyzed GCPVS.

Besides the previously mentioned considerations, the inverter has been chosen so only
one unit is required. In this way, taking into account the limited space in the facility, the
required area for the inverter is lower. Besides, maintenance costs are lower for just one
unit instead of several units.

Three different inverter protypes have been tested for each PV module model. The
results concerning the electricity production and the performance ratio for each configura-
tion are shown in tables 5.21 to 5.24, which also reflect the number of modules that are
necessary in each case.

Table 5.21: Results for the Viessmann module Vitovolt 3000 (300 W, 59 V)

Inverter
manufacturer

Model
Electricity

production [MWh]
Performance

ratio [-]
Number of
modules

Schneider Conext CL 18000NA 18.43 0.721 81
GE GES-20 KTL 18.81 0.709 84

SMA Sunny Tripower 20000 18.54 0.725 81
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Table 5.22: Results for the German solar module - GSP6-215 (215 W, 24 V)

Inverter
manufacturer

Model
Electricity

production [MWh]
Performance

ratio [-]
Number of
modules

Schneider Conext CL 25000E 22.92 0.783 138
Siemens Sinvert 3 21.76 0.733 140

AEG Protect PV-25 22.95 0.751 144

Table 5.23: Results for the GE module - GEPVp-200MS (200 W, 22 V)

Inverter
manufacturer

Model
Electricity

production [MWh]
Performance

ratio [-]
Number of
modules

Schneider Conext CL 25000E 22.33 0.754 150
Siemens GES-20KTL 21.59 0.739 160

Eltek Theia Central 30 TL 21.98 0.723 154

Table 5.24: Results for the Renewable Energy Corporation module REC 260P (260 W, 26 V)

Inverter
manufacturer

Model
Electricity

production [MWh]
Performance

ratio [-]
Number of
modules

Eltek Theia Central 30 TX 28.75 0.801 140
GE Protect PV-30 28.26 0.765 144

AEG Platinum 34000 30.13 0.821 144

The previously shown results proof that the most efficient configuration is the combination
of the Renewable Energy Corporation (REC) module with the AEG (GmbH) inverter,
which provides both the highest performance ratio and electricity production. The reason
why is mainly the higher efficiency of the REC module and its lower quality loss with
respect to the other models.

Regarding the inverter, the AEG model is also more efficient compared to the products
offered by other manufacturers due to its higher efficiency. The matching between the
previous PV module model and the inverter also minimizes the losses related to the
operation of the system out of the thresold. As it is depicted in figure 5.13, the inverter is
sized so the incoming voltage from the modules is between the minimum and the maximum
inverter voltage.
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Figure 5.13: Array voltage sizing using the REC module and the AEG inverter
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5.2.3 GCPVS simulation results

Before analyzing further the chosen GCPVS the results regarding its production and
performance are presented. Figure 5.14 shows the normalized production and losses of
the system. The share of the losses can be derived from this figure. In this case, it is clear
that the system losses are much lower than the capture losses. In addition, the share of
losses is greater during the winter months because of the losses due to the irradiance level,
which is very low during this period.

Figure 5.14: Monthly normalized production of the GCPVS

The losses breakdown confirm the previously mentioned normalized production and losses.
Figure 5.15 reveals that the vast majority of the losses are caused in the capture process.
The shading losses account for the greatest share of the losses, followed by the soiling and
the mismatch losses.
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Figure 5.15: Monthly performance ratio of the GCPVS

The average performance ratio of 82.1 % proves that the system is feasible, even though
the monthly performance ratio during winter is extremely low in winter. In contrast ,the
performance ratio is pretty high during spring and summer. This can be benefitial because
the greatest electricity consumption takes place during summer months due to the cooling
systems, and the cooling energy could be supplied by the GCPVS.

To conclude this section, the monthly values of the most relevant parameters regarding
the system production are shown in figure 5.16. The overall efficiency of the GCPVS
is 12.93 %. Best values are achieved during spring because the radiation level is high
but the temperature is relatively low. The specific electricity production amounts to 810
kWh/kWp/year.
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Figure 5.16: Monthly values of the horizontal global irradiation, the ambient temperature, the
global incident adiation in the collector plane, the effective global incident irradiation corrected
for the shading and IAM, the effective energy at the output of the array, the energy injected
into the grid, the efficiency of the array and the efficiency of the system.
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5.2.4 Economical analysis of the GCPVS

Figure 5.17: Economical analysis of the GCPVS using “low“ prices

The economical assessment of the previously described GCPVS is explained in this section.
In order to perform this analysis the prices for an residential PV system from Wenham
et al. [24] have been used, even though these costs do not exactly represent the type
of system that has been simulated, a system for a commercial building which usually
involves a lower cost. However, these data are useful as a first approach to the economical
profitability assessment.

Wenham et al. [24] provide the average of the typical cost structure reported by twelve
Swedish installation companies. There are two categories of prices, low and high, which
represent respectively the lowest and highest prices that the companies stated they could
achieve. Both approximations have been used to compare the two scenarios and have a
better overview of the influence of prices in the economical feasibility of the system.

The economical evaluation has been done using PVsyst, leading to the results presented
in figures 5.17 and 5.18. The possible electricity surplus have been calculated by the
definition of the facility motnhly load profile. Nonetheless, the monthly electricity
production of the GCPVS is lower than the average monthly energy use in the facility,
thus no electricity can be injected into the grid nor sold to the utility company. The
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support subsidies from the Swedish state have been considered in the study, while the
electricity certificate trade has been taken into account in the average Swedish electricity
price (the price for the electricity certificate can be found in [10].

The net investment for the facility when the low prices are used amounts to 244000
SEK, which results in a payback period of approximately 10 years considering the current
average price for the Swedish electricity and the income from green electricity certificates
trading. If a 20 year loan with an interest of 5 % is arranged, the yearly cost would be of
0.64 SEK/kWh, which is lower than the average current electricity selling price, 0.842
SEK/kWh (green electricity certificate included).

On the other hand, the economical analysis when the high prices are used lead to a
much higher investment, which goes up to 1189000 SEK. The energy cost under the same
conditions for the previously mentioned case is 3.15 SEK/kWh, which is way over the
current average electricity price. Besides, the payback period in this case would be of 47
years, which is higher than the life span of the modules. Thus, the considered GCPVS
would not be economically feasible.

Figure 5.18: Economical analysis of the GCPVS using “high“ prices

As it can be concluded from both cases, the considered GCPVS would not be economically
feasible in the short term, as in the best case the payback period is up to 10 years. For this
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reason, the GCPVS should be regarded as an investment to reduce the GHG emissions
from the electrical energy use in the company.

Nevertheless, some other factors need to be taken into account when performing the
economical analysis. First of all, the present study has been done through a conservative
perspective to consider the worst conditions of the system operation. A more accurate
simulation could lead to greater values of electricity production, thus resulting in different
results.

In addition, the load profile of the facility is not constant, so the system may inject
electricity into the grid when the production is higher than the consumption, e.g. the
electrical energy use during non production periods might be lower than the energy supply
from the GCPVS.

5.2.5 Environmental analysis of the GCPVS

The scope of the environmental analysis is accounting for the GHG emissions reduction
thanks to the use of the proposed GCPVS. A more detailed analysis could be performed
using the life cycle assessment to consider the impacts in all the stages of the PV system
components life, but this out of the scope of the present project.

The quantification of GHG emissions reduction has been done through the method
presented in section 4.1.6. GHG emissions from electricity production have been evaluated
using both the average production method for Nord Pool, and the operational marginal
method. The results are shown in table 5.25.

Table 5.25: GHG emissions reduction from the GCPVS installation in t CO2, eq/year

Vattenfall Nord Pool Marginal
Emission reduction from PV installation 0.1987 3.817 20.57
Total emission from the facility 2.554 48.76 262.8

The reduction in GHG emissions is about an 8 % of the total GHG emissions in the
facility, which would contribute to the goal of the reduction of the carbon footprint of the
facility.





Chapter 6

Conclusions and future work

The main conclusions related to the aim presented described earlier in section 1.3 are
explained in this chapter. These achievements are also discussed to assess the coherence
of the methodology and the results. Moreover, the future research topics for this study are
presented.

6.1 Conclusions

The energy audit process has allowed to estimate the energy use for the different systems
in the building to establish the energy balance in the facility. The results obtained
through the energy survey and the visits to the facility match with the data provided by
the company and the measurements that have been taken throughout the process, thus
confirming the validity of the audit. The energy balance of the facility shows that the
electrical energy is used mainly in ventilation, pumping and lighting, while the district
heating energy is used for ventilation and space heating.

During the energy audit several energy wastes have been indentified, specially con-
cerning the ventilation and lighting systems. The measures to avoid this wastes have been
found to be feasible, and the vast majority of them consist in minor adjustments. These
energy efficiency measures have been further analyzed to quantify the potential for energy
savings. Thereby, the energy savings that can be achieved thanks to the energy efficiency
measures have been estimated to be 126 MWh/year, which is approximately a 2.5 % of
the total energy use in the facility.

Afterwards, the economical feasibility of the proposed measures has been evaluated.
Most of the energy efficiency measures have been proved to be feasible, as many of them do
not even involve an investment or have a really low payback period. Only the replacement
of one of the air handling units would involve a greater investmente, thus a more detailed
analysis should be done. The potential GHG emissions reduction which stem from the
implementation of the energy efficiency measures has been calculated as well, resulting in
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between 5.87 and 59.4 tons of annual equivalent CO2 depending on the approach applied
when assuming the emissions from electricity production.

After the energy audit the assessment of a potential grid connected photovoltaic
system as a way to turn into renewable energy has been performed. The simulation of
several possible configurations through PVsyst has shown that the optimal performance
can be achieved using 10 ◦ tilted photovoltaic modules and 3 meter pitch.

Then, this configuration has been further researched to find out which are the compo-
nents that can provide the best performance and the highest electricity production. The
comparison between several photovoltaic modules and inverters has been carried out to
finally select the ones that maximize the efficiency of the system. These have been found
to be a module from the Renewable Energy Corporation and an inverter from AEG, which
lead to a yearly electricity production of 30.1 MWh and a performance ratio of 82.1 %.

In line with the GHG emissions reduction goal, a study of a potential GCPVS on
the rooftop of the building has been carried out to find out if the company can benefit
from this system. The simulation of several configurations and components have been
performed to find the system with the best performance ratio, which has resulted in an
82 %. The nominal power of the system simulated in this way is 34 kW, and it would
require an area of 238 m2

The final part of the project has involved the evaluation of the previously explained
grid connected photovoltaic system. This has been done using a lax and a conservative
set of prices. This evaluation has revealed that the initial investment to purchase and
install the proposed GCPVS ranges between 244000-1189000 SEK, which results in a
payback period between 10-47 years. Altough the installation of the GCPVS would
reduce the GHG emissions of the facility in almost 4 tons of equivalent CO2 (about an
8 % of the current emissions of the facility), the hight investment involves a really long
payback period. Consequently, the considered GCPVS would not be economically feasible.
However, the study has been carried out using a conservative perspective, and a more
detailed study considering the current prices of the components of the system could lead to
different results. In any case, a possible alternative could involve the use of less expensive
components to find a more economical solution.

6.2 Future work

This thesis is a case study of the potential for energy efficiency of both energy audits and
PV systems. However, the scope of the project has been limited due to its nature, and
there are many issues that can be the subject of further research.

First of all, the results obtained through the energy audit have not been compared
with computer simulations. It could be interesting to develop a model of the building
using commercial software, so that it is possible to compare the results of the energy
survey with the results obtained through commercial software simulation. This could
allow to find another potential energy efficiency measures.

Secondly, the economical and environmental analysis of the energy conservation
measures has been carried out considering fixed electricity and district heating energy
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prices. It would be useful to perform this analysis using more scenarios of the energy
market. The same applies in the environmental analysis. A deeper analysis could consider
possible different scenarios as well. Moreover, a sensitivity analysis could be carried out
to analyze the influence of the change in electricity prices in the energy conservation
measures feasibility and GHG emissions reduction.

Regarding the PV system assessment, the model can be much deeper by considering
more details in the simulation. For example, the positioning of the PV modules in the
rooftop could provide much accurate results when accounting for the electrical fraction
effect caused by the shadings and it would give a more detailed description of the electrical
behaviour of the system. The horizon line has been roughly estimated, but it could be
modeled more accurately taking field measurements. Besides, there are some objects in
the rofftop that have not been considered in the 3D building model, but they condition
the layout of the modules and have a influence in the shading losses.

The PV system components have been obtained considering just four PV module
manufacturers. A more complete study can include a comparison between more manufac-
turers, including an economical comparison of different solutions to find the one which is
more suitable for this type of facility.

Finally, the economical analysis of the GCPVS has been also performed assuming a
fixed electricity price. Only one scenario has been considered for the study. A deeper
study could include the comparison of different energy market scenarios. Moreover, the
load profile of the facility has been assumed to be constant each month, and this has led
to null electricity surplus. Using a more realistic approach of the load profile could result
in a better estimation of the electrical surplus and the subsequent benefits.
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Appendix A

Energy audit data

Figure A.1: Electrical power consumption throughout 2015
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Table A.1: Temperature values used for PRISM method

Month Temperature [◦C]
2015 2014 2013

Jan -0,4 -3,4 -4,8
Feb 0,3 1,6 -2,7
Mar 2,8 3,5 -5
Apr 6,3 6,3 3,7
May 9,2 10,3 13,3
Jun 13,4 13 15,7
Jul 16 19,4 17,1
Aug 16,4 16,3 16,4
Sep 12,2 11,7 11,5
Oct 5,3 8 7
Nov 3,95 3,9 2,8
Dec 2,5 -1,7 2,1

Table A.2: Measurements of the power, power factor and current in the distribution box

A1-3-6
Power [kW] 4 4,2 4,6
Power factor [-] 0,57 0,6 0,62
Current [A] 30,5 30,2 32,3

A1-3-8
Power [kW] 5 4,6 5,2
Power factor [-] 0,85 0,84 0,88
Current [A] 25 23 25,5

A1-4-1
Power [kW] 23 1,69 1,41
Power factor [-] 0,99 0,94 0,93
Current [A] 10 7,7 6,45

A1-4-2
Power [kW] 1,1 0,34 0,88
Power factor [-] 0,99 0,94 0,98
Current [A] 3,9 1,57 3,86

A1-4-7
Power [kW] 2,11 2,08 2,1
Power factor [-] 0,89 0,89 0,89
Current [A] 8,69 4,3 5,77



Appendix B

PV simulation data

Table B.1: Meteorological data used in PVsyst simulations

Global irradiation [kWh/m2day] Diffuse irradiation [kWh/m2day] Temperature [◦C]
Jan 0,31 0,19 -2,8
Feb 0,82 0,5 -2,3
Mar 2,31 1,07 0,7
Abr 3,91 1,74 6,3
May 5,39 2,28 11,3
Jun 5,8 2,57 15,2
Jul 5,55 2,45 18,3
Ago 4,4 1,99 16,6
Sep 2,79 1,34 12,3
Oct 1,29 0,71 6,9
Nov 0,41 0,26 3,2
Dec 0,21 0,13 -0,6
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Figure B.1: REC module characteristics
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Figure B.2: AEG inverter characteristics


