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Resumen

La presente tesis doctoral trata la evaluacidn de la rehabilitacion energética en edificios,
abordando las diferentes partes involucradas en el proceso: la monitorizacion y
adquisicién de datos, el tratamiento de los datos (mediante modelos) y el andlisis de los

resultados obtenidos.

El interés de la tesis nace de la actual situacion energética en la que mas del 40 % del
consumo energético total de la Unién Europea corresponde al sector de la construccion.
Ademas, el consumo energético en la edificacibn se ha mantenido en constante
crecimiento en los ultimos afios debido al crecimiento de la poblacién y al aumento de la
demanda de un ambiente interior saludable y confortable, y un aumento en esos
estandares de confort. Asi, la reduccion de la dependencia de fuentes energéticas es un
aspecto crucial en el desarrollo hacia un futuro energético sostenible. Por esta razdn, la
eficiencia energética en edificios es un objetivo prioritario para la Unién Europea, y esta
situacion energética y medioambiental exige 1a mejora del comportamiento energético
del parque edificatorio. Observando la antigiiedad del parque inmobiliario en la Union
Europea, y concretamente en Espafla, y las bajas exigencias existentes en el pasado en lo
referente al comportamiento térmico en edificios, se puede afirmar que para reducir el
consumo energético asociado a la edificacion, el principal esfuerzo debe ser dirigido en

la mejora del parque existente.

Esta situacidon energética esta intimamente relacionada con las emisiones globales de
dioxido de carbono. Es necesario alcanzar una reduccion drastica de las emisiones al
mismo tiempo que mejoran los estdndares de vida de la poblacién global. Sin embargo,
el estudio del comportamiento energético en la edificaciéon ha de tener en cuenta otros
aspectos. En determinadas areas y sectores de poblacion, las prioridades econémicas
inmediatas se anteponen a las preocupaciones ambientales, y la lucha contra el cambio
climatico por si solo no es suficiente motivacion. En estos casos, debe tenerse en cuenta
que la mejora de la eficiencia energética en edificios es también el camino para reducir
la llamada pobreza energética. Esto es, la rehabilitacién energética de los edificios,
ademas de las implicaciones y beneficios en la reduccién de emisiones de diéxido de

carbono y ahorro energético, también afecta positivamente a aspectos sociales y
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econdmicos, muy relacionadas entre si, tales como la reduccién y la lucha contra la

mencionada pobreza energética.

Asi, las metodologias para evaluar de un modo exacto el efecto de diferentes estrategias
de rehabilitacion posibles son cada vez mas demandadas por los distintos agentes que
participan en las distintas fases del sector de la rehabilitacion de edificios -legisladores,
ingenieros o arquitectos-. Para los primeros (los legisladores), de cara a comprobar por
una parte si una rehabilitacién dada cumple los requisitos minimos exigidos por la ley; y
por otra parte, si un incentivo dado a una actuacion concreta se ha invertido de manera
efectiva o no. A ingenieros y arquitectos, quienes participan en la ejecucion de la
rehabilitacion, de cara a identificar entre todas las posibles, las actuaciones mas

adecuadas para un edificio concreto en una zona climatica especifica.

De esta forma, el desarrollo de esta tesis afronta los pasos necesarios en todo andlisis de
eficiencia energética en edificios. Comienza con el andlisis del parque inmobiliario
existente en el Pais Vasco. Después, se presentan dos metodologias posibles de
adquisicion de datos, destinadas a obtener resultados de distinta naturaleza: por una
parte, la monitorizaciéon de una vivienda vacia, para obtener datos que seran utilizados
posteriormente especialmente para definir el comportamiento térmico de los elementos
constructivos del edificio o vivienda, y del edificio o vivienda en su globalidad; por otra
parte, una toma de datos realizada en varias viviendas a lo largo de mas de un afio que
en esta tesis se utilizard posteriormente para obtener informacién de los
comportamientos y perfiles de los ocupantes en el aspecto energético. Los datos
obtenidos de ambos estudios se utilizan posteriormente para definir dos tipos de
modelos. Finalmente, se presenta de forma detallada la evaluacion de resultados

obtenidos con esos modelos.

Para presentar el desarrollo de dicho trabajo, esta tesis se ha dividido en 4 bloques
diferenciados. La primera, la introduccidn, incluye los Capitulos 1 y 2, donde se presenta
una revision bibliografica de los diferentes aspectos tratados a lo largo de la tesis, y se

describen los objetivos y la metodologia seguida.

El segundo bloque de la tesis describe y detalla la parte experimental llevada a cabo. En
primer lugar, en el Capitulo 3 se recoge un estudio de campo de 10 viviendas sociales.

Estas viviendas se seleccionan en base a criterios de representatividad de los diferentes
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tipos de edificaciéon construidas a lo largo del siglo XX en la region. Este estudio
proporciona una gran cantidad de datos de gran utilidad para conocer el
comportamiento térmico del parque inmobiliario social. Se monitorizan temperaturas y
humedad relativa en el interior de cada vivienda durante un afio, con una frecuencia de
10 minutos. Con ello, se obtiene informacién no sélo de confort interior, sino también de
las condiciones de operacion de cada vivienda y del comportamiento de los usuarios.
También se recoge la informacién de consumos energéticos, utilizando para ello las
facturas energéticas (tanto de electricidad, como de gas natural, en su caso). Ademas, los
ocupantes de cada vivienda rellenaron un cuestionario sobre distintos aspectos tales
como perfiles de uso y ocupacibn o concienciacion energética entre otras,
complementando la informacién recogida por el resto de fuentes mencionadas. Este
estudio ofrece asi una panoramica del comportamiento real energético de viviendas
sociales, asi como una importante referencia para posteriormente definir unas

condiciones de operacion y perfiles de ocupacién representativos de la vivienda social.

El Capitulo 4 se centra en la descripciéon de una monitorizacion en detalle de una
vivienda representativa. Esta se selecciona teniendo en cuenta la clasificacién realizada
previamente en el Capitulo 1. La monitorizacién cubre dos escenarios: el primero, en el
invierno de 2012, y el segundo, en el invierno de 2013, después de una sustitucion de
ventanas realizada con objeto de obtener una mejora del comportamiento térmico. Se
sitan en torno a 60 sensores de temperatura dentro de la vivienda vacia que toman
datos con una cadencia de 1 minuto. Se obtienen asi datos suficientes para caracterizar
en detalle el comportamiento térmico tanto de los distintos elementos constructivos

(ventanas, fachadas, particiones...) como del conjunto de la vivienda.

El tercer bloque de la tesis aborda el desarrollo y definicion de dos modelos de
simulacién, utilizando para ellos los datos experimentales obtenidos previamente, en el
bloque anterior. El Capitulo 5 presenta la definicién y calibrado de un modelo de la
vivienda de "caja blanca", con TRNSYS. El Capitulo 6 define y calibra un modelo de caja
gris. Los datos obtenidos en la monitorizacién en detalle de la vivienda, se utilizan para
definir el modelo RC (de caja gris), asi como para validar y calibrar tanto el modelo RC

como el de TRNSYS. Ademas, la informacion obtenida de la monitorizacion de 10
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viviendas se utiliza para posteriormente definir perfiles de ocupaciéon y de operacién

representativas de la vivienda social que seran incluidos en los modelos desarrollados.

Finalmente, el dltimo bloque de la tesis incluye los capitulos 7 y 8. Se ha centrado en el
disefio de la simulacion y la evaluacién de los resultados obtenidos con dichas
simulaciones. En el Capitulo 7, se presentan y evaliian los ahorros energéticos obtenidos
tanto mediante posibles mejoras en la envolvente como de los sistemas de calefaccion.
Para esta evaluacion se ha tenido en cuenta criterios econdmicos, energéticos,
medioambientales y de confort. El estudio se ha realizado a escala de vivienda. Las
simulaciones muestran primeramente los resultados de 64 posibles combinaciones de
medidas de ahorro energético a llevar a cabo sobre la envolvente del edificio. Después
de seleccionar una de las combinaciones evaluadas, se presenta el impacto de diferentes

estrategias de control de calefaccion en el consumo final de energia y confort interior.

En el Capitulo 8 se presenta y evaluia la utilidad del enfoque exegético, donde se expone
una breve revision bibliografica de la aplicacion de este concepto aplicado a la
edificacion. Se acompafia de dos articulos desarrollados por el autor en la Escuela de
Arquitectura de la Universidad Tecnologica de Delft (TU Delft). Estos articulos exploran
las posibilidades de este enfoque el analisis de rehabilitaciones energéticas a escala de

edificio, usando como caso base e estudio el edificio de referencia de esta tesis.

Como conclusiones del trabajo desarrollado a lo largo de esta tesis, se puede destacar
diversos aspectos. Las rehabilitaciones energéticas en edificios presentan un gran
potencial para reducir de forma significativa las emisiones de diéxido de carbono
asociadas al sector de la edificacion. Estas rehabilitaciones energéticas presentan
también importantes beneficios econémicos y sociales en distintas escalas. Los modelos
RC y TRNSYS pueden ser una herramienta util y adecuada para evaluar el consumo
energético en edificios. Finalmente, se remarca la importancia de considerar un enfoque
global en la evaluacién del consumo energético del parque de edificios, asi como el papel
que aspectos tales como el comportamiento humano, condiciones de operacién
(simulaciones presentadas en esta tesis muestran diferencias de alrededor de 50% en el
consumo energético dependiendo de las condiciones de operacion consideradas) o las

estrategias de control juegan en el consumo energético global del edificio o vivienda.
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Por ultimo, se identifican las lineas de trabajo a desarrollar en el futuro cercano. Se debe
desarrollar la mejora y ajuste del modelo RC, para posteriormente, trabajar en la
interaccion del modelo RC con el modelo de TRNSYS, y de ambos con la Planta
Experimental de Instalaciones Térmicas en Edificios (ubicada en el Laboratorio para el
Control de Calidad en la Edificacidn, del Gobierno Vasco). De esta forma, la linea de
trabajo seguida en el grupo de investigacion se iniciaria en el estudio de campo de un
edificio dado, cuyos datos obtenidos se utilizaran para definir su modelo RC mediante el
calculo de los pardmetros caracteristicos. El modelo RC definido se utiliza para calcular
demandas de calor, las cuales alimentan al modelo de TRNSYS, que a su vez esta
conectado con la Planta Experimental de Instalaciones Térmicas en Edificios. Asi se
pueden evaluar en el laboratorio diferentes sistemas energéticos mediante ensayos

semi-virtuales teniendo como referencia demandas definidas en condiciones reales.

Ademas, el modelo de TRNSYS calibrado en esta tesis, asi como los primeros resultados
obtenidos de él, y presentados en el bloque 4, son la base para el desarrollo de una guia
de rehabilitacién energética de edificios, dirigida a los distintos agentes del sector de la
construccion. Esta guia, que puede ser desarrollada en colaboracién con el Laboratorio
para el Control de Calidad en la Edificacién del Gobierno Vasco, presentara resultados
econdmicos, energéticos y medioambientales de distintas estrategias de rehabilitacion
aplicadas en los diferentes tipos de edificios existentes, en diferentes areas climaticas.
Estos resultados estaran basados en simulaciones dinamicas a su vez definidos y

alimentados de datos experimentales.
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Abstract

This PhD thesis deals with the evaluation of energy renovations in buildings, facing the
different parts involved in that process, such as data acquisition and monitoring, data

treatment (by means of building models) and analysis of obtained results.

The interest of the thesis was awoken by the current energy situation where the
construction sector is responsible of over 40 % of the total energy consumption in the
European Union. Besides, building energy consumption has kept rising in the recent
years due to several factors, such as a growth in population, an increasing demand for
healthy comfortable indoor environment and for higher comfort standards. Hence,
reducing the need for energy sources is a key factor in the development towards a
sustainable energy future. For that reason, energy efficiency in buildings is a priority
goal for the European Union, and this energy and environmental situation requires
improving the energy performance of buildings. Taking into account the age of the
building stock in the European Union, and specially in Spain, and the low thermal
requirements existed in the past, it can be stated that in order to reduce the energy
consumption, the main effort must be focused on the challenges of improving the

existing stock.

This energy situation is closely related to global CO2 carbon emissions. A massive
decarbonisation of the world economy needs to be achieved while improving the life
standards of the global population. However, other aspects must be taken into account
when energy issue is treated in buildings. In those areas or population sectors where
immediate economic priorities override environmental concerns and climate change
alone is often not sufficient, improving energy performance in buildings is also a way
driven to alleviate the so called fuel poverty. Implications and benefits of energy
renovations thus have consequences not only in the reduction of CO2 emissions and
energy savings but also in financial and social aspects, closely connected amongst them,

such as the reduction of mentioned fuel poverty.

Thus, methodologies for evaluating in an accurate way the effect of different energy
renovations are needed more and more by the different agents involved on building

retrofits. For policy makers it is useful, on the one hand, to check whether a given energy
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renovation fulfils the conditions required by law; on the other hand, to check whether a
given incentive has been invested in a suitable way or not. As for architects and
engineers, to identify the most adequate energy renovations for a specific building and

climatic area.

Thus, the development of this thesis faces the different steps given in every analysis on
building energy performance. It is started with the analysis of the building stock in this
region. Afterwards, two kind of data acquisition are presented: in an empty dwelling, for
obtaining data mainly from the passive characteristics of the building; and in several
occupied dwellings, more led to obtain data about occupants’ behaviour and profiles.
Obtained data from both studies are used afterwards to define two different building
models. Finally, possibilities of evaluation of results obtained from mentioned building

models are described.

For presenting the development of mentioned work, this PhD thesis is divided into 4
different parts. The first one, which is the introduction, encompasses Chapter 1 and
Chapter 2, where the state of art of the different aspects treated in this thesis are

presented, and objectives and methodology are described, respectively.

The second part exhibits the experimental research carried out in this thesis. Firstly, a
field study of 10 social dwellings is reported in Chapter 3. Ten dwellings are selected to
be representative of the different types of buildings built during the 20t century. This
study provides a huge amount of data about the current situation of the social building
stock. Indoor temperature and relative humidity is logged in each dwelling during a
year, obtaining information not only about indoor comfort, but also about operating
conditions of each dwelling and occupants' behaviour. Energy consumption information
is gathered, by means of energy bills. Additionally, questionnaires are filled in by the
occupants, complementing the information obtained by other sources. This study
provides an overview of the real energy performance of the social apartments, as well as
an important reference for defining later a representative operating condition profiles

on social building sector.

Analogously, Chapter 4 is focused on the description of a detailed monitoring of a
representative dwelling, selected according to the previously carried out classification.

This monitoring covers two scenarios: The first one, carried out in winter 2012, and a
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second one, carried out in winter 2013, after a thermal improving by means of a
windows replacement is executed. Around 60 temperature sensors are placed within the
vacant dwelling, obtaining data for characterizing in detail the thermal performance of

the constructive elements of the dwelling.

Afterwards, the treatment of the data obtained from this experimental part is carried
out mainly using two kinds of simulation models. The development of mentioned
models is dealt with in the third part. It embraces Chapter 5 (the white box model,
TRNSYS) and Chapter 6 (grey box model). Data obtaining in the second monitoring (the
detailed monitoring of the selected dwelling) are used for defining the RC Model, and
validating and calibrating both the RC Model and TRNSYS model. Meanwhile,
information obtained from the monitoring of the ten social apartments is used to define

occupation and operating profiles representative of social building apartments.

Finally, the last part of this thesis has focused on the simulation design and evaluation
of results obtained from the above mentioned simulations. It is explained in two
different chapters. Energy savings obtained as a result of improvements both on
building envelope and heating systems, is presented and evaluated in Chapter 7, under
economic, energy, environmental and comfort criteria. This study is carried out on a
dwelling scale. The simulations show firstly the results of 64 possible combinations of
energy savings measurements on the building envelope. After choosing one of the
evaluated combinations, the impact of the different heating control strategies on the

final energy consumption and indoor comfort are presented.

Meanwhile, the exergy approach usefulness is evaluated in Chapter 8, where a brief
literature review about this concept in buildings applications is presented, followed by
two papers developed in the Faculty of Architecture of TU Delft. These papers explore
the possibilities of this approach on the analysis of energy renovations on an entire

building scale, using as base case the reference building of this PhD Thesis.

Taking into account the work presented in this PhD Thesis, different aspects can be
highlighted. The energy renovations in buildings present a great potential for reducing
(in an important manner) the COz emissions of the construction sector, but also present
significant social and economic benefits in the different scales. RC models and TRNSYS

models can be a very useful and suitable tool in order to evaluate energy consumption in
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buildings. Finally, the importance of considering a holistic approach when energy
consumption the of building stock is evaluated, has also been remarked in this thesis,
and the role that aspects such as human behaviour, operating conditions (simulations in
this thesis present differences of around 50% on energy consumption depending on the
assumed operating conditions) and control strategies play in the global energy

consumption is proved.

In the close future, two different lines are identified to develop. The improvement and
adjustment of the RC model must be developed, and later, the interaction of the RC
model with the TRNSYS model, and both of them with the Energy System Plant
(experimental plant for testing different building energy systems) must be explored.
This way, a workflow starts on the field study of a given building which is used for
defining the RC Model. Defined RC model calculates the energy demands, and that
energy demands feeds the TRNSYS model, which is connected to the Energy Systems
Plant. Thus, different energy systems are tested in laboratory under real conditions of

energy demands.

Moreover, the TRNSYS model calibrated in this PhD Thesis, as well as the first results
obtained from it in the last part of this PhD Thesis must be the base to develop a
building energy renovations handbook, useful for the different agents of the
construction sector. This handbook, which can be developed with the support of the
Laboratory for Quality Control in Buildings of the Basque Government (LCCE) will
present economic, energy and environmental results of different energy renovation
strategies, on different kind of existing buildings, in different climatic area, based on

dynamic simulations and experimental data.
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“The only ecological architecture is the one that is not built”

Frei Otto

"The idea that low energetic consumption buildings are respectful with the
environment and that, through the construction of more buildings of this
type, we will fulfill the promises done in the Rio de Janeiro Summit in order
to reduce the emission of CO; for 2005 to a 25 per cent of the existing ones
in 1990, is, naturally, a stupidity. A new building never saves energy, but it
generates new energetic needs, and the qualification of new land to

urbanize is basically anti ecological.”
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RESUMEN

Este capitulo presenta Ia introduccién de esta tesis. Incluye una breve referencia a los efectos y las
motivaciones de Ia rehabilitacion (no sélo energéticos, sino también sociales y econdmicos) para
después presentar una revision bibliogrdfica de diversos elementos que afectan a la rehabilitacion
energética en edificios: Ia tecnologia disponible actualmente y las estrategias habituales (basadas
principalmente en aislamiento térmico y/o inercia térmica); la evaluacion de la eficiencia
energética en edificios y el efecto de los ocupantes en el consumo energético; el marco legal actual
referente a la rehabilitacion energética; y finalmente, una panordmica de las caracteristicas del
parque inmobiliario del Pais Vasco y su clasificacion.

ABSTRACT

This chapter presents the introduction of this thesis. It starts a brief mention to the effects and
motivations of energy renovations in buildings (not only energy aspects, but also social and
economic aspects). Afterwards, a literature review of the different key elements of energy
renovations in buildings is presented: available technologies and usual strategies (mainly based
on Thermal insulation and/or thermal inertia); evaluation of energy efficiency and the effects of
users and occupants on energy consumption; the legal framework on this field: and finally, an
overview of the Basque building stock characteristics and its classification.

34|PART 1. STATE OF ART [1.1]
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1 Introduction to energy renovations in buildings

Developing sustainable energy systems is becoming more and more important in today’s
world due to the depletion of fossil energy resources and the global warming problems
related to the use of such resources. Reducing the need for non-renewable energy
sources is a key factor in the development towards a sustainable energy future [1].
Energy use reductions can be achieved by minimizing the energy demand, by rational
and efficient energy usage and by employing renewable energy sources (from the

surroundings: ambient air, ground...).

As a consequence, several policies have been formulated in many countries around the
world with the aim of decreasing carbon dioxide emissions, while many countries have

also established policies focused on increasing the share of renewable energy utilization.

Buildings play an important role in energy consumption all over the world. Building
sector has a significant influence over the total natural resource consumption as well as
on the emissions released. Besides, building energy consumption has kept rising in
recent years due to growth in population, increasing demand for healthy environment,
comfortable and productive indoor environment, global climate changing, etc.
Nowadays, the built environment uses more than 40% of the total final energy

consumption in the European Union [2].

Retrofitting has become a key aspect in improving the energy efficiency of the buildings.

According to data from Spanish Ministry of Public Works, there were more than 26
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million dwellings in 2011 [3]. Its average annual growth during the period 2002-2008
was about 2.5 %. However, since this year 2008, this average growth has decreased
dramatically, and so in 2010 the Spanish dwelling stock had an average annual growth

of just 1.08%.

What is more, the population and dwelling censuses data developed by The National
Statistics Institute (year 2011) show that about 56% of the Spanish dwelling stock was
built up before 1980, just when the first Spanish thermal regulation (NBE-CT 79)
became effective. There is a similar situation in the case of the Basque Country, where
more than 70% of the dwelling stock was constructed before 1980 [4]. Therefore, in
order to reduce energy consumption, the main effort must be focused on the challenges
of the existing stock. Rapid improvement of energy efficiency in existing buildings is
essential for a timely reduction in global energy use and promotion of environmental
sustainability. Nevertheless, when the investment in existing stock to the total amount of
housing investment ratio is compared, Spain still presents one of the lowest values in
the U.E. (around 30%), whereas countries such as Sweden or United Kingdom present

ratios of 67.9% and 62.1% respectively [5].

Meanwhile, many governments have been making significant efforts towards achieving
energy efficiency improvements in existing buildings. At the same time, many researches
have been carried out leading to analyse and develop different energy efficiency

opportunities to improve energy performance of existing building stock, such as [6,7].

Many studies have shown the benefits that energy renovation in buildings features, but
it also presents many challenges. On the one hand, retrofitting of buildings offers the
opportunity to improve energy efficiency, reducing maintenance cost and improving
indoor thermal comfort. In a greater scale, a good energy renovation strategy may
involve an improvement in nation’s energy security, reducing exposure to energy price

volatility (especially in fossil fuels), and creating job opportunities.

On the other hand, one of the main challenges is the uncertainties (occupation profiles,
government policy...), which affect the choice of an energy renovation strategy. The
selection of the optimal strategy is also affected by the fact that the subsystems in
buildings are interactive, therefore making this selection to become very complex. If

there is no financial support from the government, “Split incentives” may suppose
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another challenge in countries where renting is extended, since the cost of retrofitting
usually goes to the owner, whereas the benefit flows primarily to the tenants (however,
this should not be a great problem in Spain, where a great amount of dwellings are used
by the owners). Closely related to this point, financial limitations and other type of

barriers constitute obstacles too [8].

Dealing with the above mentioned pros and cons and finding the correct balance

between them is essential for any sustainable building renovation project.

2 Social effects of energy renovation in buildings

Implications and benefits of energy renovation have consequences not only in the
reduction of CO2 emissions and energy savings, but also in financial and social aspects.
One of them is the reduction of the so called fuel poverty, which involves both financial
and social aspects of energy in buildings. A literature review about fuel poverty is

presented in Appendix 1.1.

Bearing in mind the fuel poverty, it can be stated that improving the energy efficiency of
the existing stock is one of the main strategies, not only for reducing CO; emissions, but
also for delivering affordable warmth to the fuel poor households. Both, energy savings
and improvements in the indoor comfort, have to be taken into account during energy
renovation projects. In fact, four objectives of housing renovation policies were
identified by Baek and Park [5]: Improvement of physical performance, correspondence
to the needs of elderly people, improving energy efficiency and social cohesion and area
revitalization. Thus, reduction of P.E. consumption is only one more reason amongst
many to promote renovation in buildings, and social issues are usually one of the main
motivations for countries and public administrations who actively have conducted

renovations during last years.

3 Key elements affecting building retrofits

Based on the selection presented in [8], some key elements of any building renovation

are briefly described in this section.
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= Building specific information

Geographic location, building type, size, age, occupancy schedule, operation and
maintenance, energy sources or building fabric, to name but a few. Knowing the building
characteristics as far as possible is the first step to define, afterwards, the optimal

retrofit solutions.
= (Client resources

Client expectations, and especially, their resources, will have a strong influence on the
project targets. As it will be mentioned afterwards, this thesis will be focused on social
building sector. This condition involves a much defined user profile, especially in what it
refers to the incomes, as well as to client resources (the users in some cases, public

administration, in others).
* Retrofitting technologies

Available retrofitting technologies define the scope of the energy renovation. They range
from the improvement of the thermal characteristics of the building envelope, better
performance of building systems, as well as the use of on-site renewables. The most
cost-effective renovation solution is often a combination of energy efficiency and carbon
emissions reduction measures. Therefore it is relevant to investigate where the balance
point between these two types of measures in a cost/benefit perspective is. A brief

summary of this point is presented in section 4 of this chapter.
* Human factors

Human factors affect the energy behaviour of buildings in a very important manner.
They include comfort requirements, occupancy regimes, management and maintenance,
activity. It is necessary to take into account this influence when an energy assessment is
carried out, both before and after the renovation. A small review about how human
behaviour influences building energy performance is presented in section 5 of this

chapter.
= Policies and regulations

Policies and regulations present the energy efficiency standards, which set minimum

energy efficiency requirements for retrofitting existing buildings. Governments and
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organizations may sometimes provide financial support and subsidies to promote
energy retrofit measures. Some highlights about regulations in Europe are presented in

the section 6 of this chapter.
= QOther important issues related to building renovation

Other issues are also presented in [8]. Taking into account the contents of this thesis, the

following ones have been considered the most interesting to be highlighted:

- FEach building is unique with different characteristics. The retrofit measures used

in one building may not be suitable in another building.

This way, a correct assessment of the building before any implementation is a key factor

for a successful renovations.

- The benetfit of using multiple Energy Savings Measures (ESM) is not the sum of
the benetfits of each individual ESM, due to the interactive nature among difterent

building subsystems and ESMs [9]

Regarding this point, this thesis is carried out under a systemic approach, as presented

in chapter 3.

- The optimisation issue can be developed by using a model -based approach or a

model-free approach.

Thus, this thesis is basically focused on a model-based approach, in the sense that
energy simulation models are used to estimate energy saving of different ESMs. After the
experimental part of this thesis (Chapters 3 and 4), different energy simulation models
were used and compared amongst them (Chapters 5 and 6). Afterwards, in Chapters 7
and 8, the use of one of these models is presented with some suggestions for further

analyses.

4 Available technologies and usual strategies

A possible classification of energy renovation measures leading to improve the thermal
behaviour of the building is summarized in Table 1. 1. Four different sub-groups are
presented. Firstly, energy renovations can be gathered according to their behaviour in

the building (passive or active). Besides, another classification can be done. On the one
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side those leaded to reduce directly the energy demand of the building (avoiding heat
losses); on the other side, those that take advantage of the surrounding energy flows
using them as “energy inputs” in the building (e.g. increasing properly thermal inertia

allows storing thermal energy when there is a surplus, releasing it as “heat input”

afterwards).
Reducing Energy Demand Using surrounding energy flows
- Building fabric insulation - Thermal Storage (Inertia)
Passive Behaviour - Windows retrofit - Natural ventilation
- Reducing air tightness - Heat Recovery
- Solar Thermal systems
Active Behaviour - Energy Efficient services - Solar PV systems

- Biomass systems
- Geothermal power systems

Table 1. 1. Classification of building retrofit technologies

Another possible classification of the building retrofit strategies is based on which
element is affected. According to this point of view, three different strategies could be
identified: those aimed at improving the opaque envelope of the building, those focused
on upgrading the windows characteristics, and those related to the improvement of
energy systems. Some highlights about these technologies and strategies are briefly

presented in this section.
4.1 Improving the opaque envelope of the building

Two different points can be mentioned in relation to the improvement of opaque
envelope. The strategies can be focused either on improving the thermal resistance of
the wall by augmenting the thermal insulation or modifying the thermal inertia of the
building.

4.1.1 Thermal insulation

Thermal insulation is known to play a critical role in saving energy by reducing the rate
of heat transfer, as well as in avoiding other kinds of problems in buildings, such as

vapour condensation in walls. Thus, many studies about thermal insulation in buildings

have been developed. One example is found in [10], where Papadopoulos presented an
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interesting state of art of insulation materials, focusing on their characteristics and use

in different European countries.

Two aspects could be highlighted about thermal insulation materials: those related to
materials themselves and their properties, and those related to the thickness

optimization.
4.1.1.1 Thermal insulation materials

Al-Homoud emphasized in [11] the importance of thermal insulation to reduce energy
demand (in this case, focusing on hot climates). He also presented an overview of the
principles of thermal insulation, and gathered the characteristics of the most common
building insulation materials, such as thermal conductivity, fire resistance, durability,
cost per value or health risk. Similarly, Lollini et al. examined the effects of insulation
on energy and environment [12]. In the first part of their work, they presented a cost
analysis of the insulation materials for building applications focusing on the Italian
market. Environmental impact assessment of the thermal insulation production
processes is also considered in the literature. Papadopoulus and Giama examined the
production process of two different insulation materials, based on the Life Cycle

Assessment methodology.

Moreover, some studies can be found focusing on the relationship between moisture and
thermal conductivity, such as [13], or between temperature and thermal conductivity

[14].
4.1.1.2 Optimization

As presented in [15], the more insulation does not always necessarily mean the better.
Determining both the type of thermal insulation and the economic thickness in the
building envelope are the main subjects of many investigations. The optimized
insulation thickness is dependent on the climate, the indoor conditions, the heating cost
of the fuel used (which depends on fuel cost and efficiencies of the systems), the cost of
the insulation material and its characteristics, the interest rate, the inflation rate and the

lifetime considered.

Most studies calculate optimum insulation thickness based on either heating loads or

cooling loads, whilst some others take into account both loads.
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In most of the references met across, the calculations were carried out estimating the
energy requirements by the degree-day concept, which is one of the simplest methods

that are applied under steady state conditions [16].

Hasan presented in [17] a systematic approach for optimization and applied it to the
conditions in Palestine. In [18], the optimum insulation thickness of the external wall for
four climate zones in Turkey was calculated. In both cases, a lifetime of 10 years was
considered for calculations. Optimizing insulation thickness, A. Hasan obtained payback
periods of 1-1.7 years for rock wool and 1.3-2.3 for polystyrene insulation. Ozkan and
Onan took into account the effect of the glazing area in the calculation of the optimum

insulation thickness [19].

In a small number of publications, dynamic methodologies are applied to compute the
heat transfer in a wall. One example can be found in [20], in which dynamic thermal

simulation software (Energy Plus) is used.

As far as financial analysis is concerned, three different methods are mainly used to

optimize the thermal insulation thickness.

The Simple Payback Period method consists of a simple calculation based on the time
required to repay the capital investment with the savings obtained with that investment.
The main drawback of this method is that it does not take into account the time value of

money.

The most usual method is the Life Cycle Cost analysis. It calculates the cost of a system
during its entire lifetime, which can be assumed to be 10 years, 20 years, 25 years or 30
years, depending on the different authors. In this case, energy savings are evaluated by
means of the so called present worth factor (PWF), which depends on both the inflation

and the discount rates. One example of this is found in [21].

Finally, several studies use the so called P1-P> method, e.g. [22]. The constant P; is a
present worth factor which depends on the aforementioned lifetime (72), the inflation
rate for expenses related to operation (%), typically the rate at which the cost of the fuel
inflates, and the market discount rate (7). P2 is the ratio of the life cycle expenditures
because of the additional capital investment to the initial investment. If no additional

capital is invested, it can be assumed to be 1 [23].

42|PART 1. STATE OF ART [1.1]



ENEDI Research Group v
Thermal Engineering Department

University of the Basque Country o iversided  Euskel Herrko

Other aspects have been deeply studied as well, such as the influence the location the
insulation layer has [24]. Further information about financial analysis applied to
building renovation in general is given in Chapter 7, where economic aspects of different

ESM are evaluated.
4.1.2 Thermal inertia

Thermal inertia also plays an important role in thermal behaviour of buildings. Thermal
inertia and thermal insulation are characterized by different phenomena. Whereas
thermal insulation reduces the heat flux through the envelope, thermal inertia stores
excess heat (from sun, from the internal load of the building...) and releases it in cooler

periods.

Even though a detailed study about thermal inertia on buildings is out of the scope of the
thesis, it must be taken into account when energy performance of buildings is analyzed.
The effects of thermal mass were summarized in [11]. Amongst other aspects, the author
highlighted that building thermal mass plays a more significant role in dry climates with
large diurnal ranges, whilst insulation is more significant in humid climates with small

daily variations.
4.2 Improving windows

Amongst the studies focused on reducing energy consumption in buildings, reducing the
heating and cooling loads with energy efficient windows is a topic of great importance.
The heat flow through a window can be split into three components: heat conduction,
described by the thermal transmittance of the window; solar irradiation gains stated
through the g-value; and infiltration rates, which reflect the air leakage. Windows can
involve high energy losses, as many studies show (some of them are briefly mentioned

in the following paragraphs).

Thus, Bojic et al. [25] used energy simulation software to investigate the effects of
various glazed units on the energy consumption of two existing flats in China. Similarly,
Stegou-Sagia et al. [26] determined the effects of different glazed units, as well as
various window to wall ratios of two existing buildings (residential and office building)
in Greece, by means of energy simulation software. The effects of shading elements in

buildings in hot climates calculated with simulation software can be found in literature
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too. Ebrahimpour and Maerefat [27] calculated energy consumption with the software

Energy Plus, focusing on the effect of overhangs.

The study carried out by Urbikain and Sala [28], where three different methods for
estimating energy savings in residential buildings were investigated, and a Windows
Energy Rating System (WERS) for residential buildings in the Basque Country was

proposed, presents especial interest.
4.3 Improving equipment

Improving energy systems is the other possible strategy to increase the energy
efficiency of a building. Numerous studies have been carried out over the years on this
issue, under very different approaches and viewpoints, focusing on a specific element of
the energy system, or taking into account the whole configuration of the energy system.
Some references about this point will be presented in Chapter 8, in a more defined

search, paying attention to exergy assessment.

5 Energy efficiency evaluation

Five factors which must be taken into account in energy efficiency evaluation are briefly
described in this section. On the one hand, a factor which has a great influence on energy
performance of the building is the occupants’ behaviour. Somehow, the so called
“rebound effect” is also related to the occupants' behaviour. This issue is shortly
described in subsection 5.2. On the other hand, some ratios which must be taken into
consideration when the energy efficiency of a building is evaluated are suggested in

literature, and these are presented in section 5.3.
5.1 Occupants’ influence

Regarding occupants’ influence on the energy consumption in buildings, Annex 53 states
that human behaviour could have a great impact, even greater than the building
characteristics or other factors [29]. Several studies have pointed out large differences
in energy consumption for similar buildings [30,31] due to the occupants’ behaviour.
Relationships between behavioural patterns, user profiles and energy use are

thoroughly analysed in [32].
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Fig. 1. 1. Energy use [G]] in 110 similar dwellings

To illustrate this point, a representative graph obtained from [33] is depicted in Fig. 1. 1.,
where energy use obtained from a field survey in 110 similar dwellings (building
characteristics, orientation...) are presented. Energy use of the dwelling with the highest
value was 12 times bigger than energy use of the dwelling with the lowest, despite the

fact that all dwellings exhibited similar characteristics, except the occupants’ behaviour.

Due to this reason, household energy conservation has also been a topic of interest
within applied social and environmental psychological research for a number of
decades. In the 70s the background was the energy crisis, whereas currently they also
are environmental problems such as global warming. Energy use is also related to

human behaviour and, consequently, may be reduced through behavioural changes [34].

This effect is even greater when social building sector, target sector in this thesis, is
analysed. Interesting considerations about relations amongst low incomes and
occupants’ behaviour in buildings are presented by Brunner et al. after a survey in
Austria. The authors highlighted how whereas in many spheres of everyday life that the
standards of what is considered normal with reference to energy consumption in our
society have gradually increased, (e.g. higher room temperatures in recent decades as E.
Shove affirmed) many of the low-income households included in the survey react to the
burdens they bear with a clear lowering of their living standards, adapting successively
to conditions below the level of what would commonly be considered a “normal”

lifestyle[35].
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5.2 Rebound effect

Rebound effect [36] is another factor to be considered when effectiveness of energy
renovations is evaluated. The rebound effect (also known as take-back effect) was first
defined by Daniel Khazzom as the direct increase on demand for an energy service as a
result of improvement in technical efficiency in the use of energy (quoted in [37]). The
rebound effect is the term used to describe the effect that lower costs of energy services,
due to increased energy efficiency, have on consumer behaviour both individually and
nationally. It is the amount of energy saving brought about by an efficiency investment
that is taken back by consumers in the form of higher consumption, due either to more
hours of use or to a higher quality of energy service [38]. So called backfire occurs when
fuel use actually increases as a result of that fuel efficiency gain. Detailed definitions of

these concepts could be found in [39].

Implications of the rebound effect in building renovations have been widely analysed in
several studies such as [40]. An approach for quantifying rebound effect is presented in
[41], whereas [42] shows that, in some buildings after renovations, the home energy use
did not improve as much as previously had been assumed, in spite of homes had become
apparently more efficient. This study affirms that there had been an increase of internal
temperatures without occupants demanding it. Some studies as [43] assert that energy
efficiency improvements after energy renovations might not achieve the reductions in
space heating fuel consumption that were expected, even having taken into account the

effect of increased comfort.
5.3 Ratios for evaluating energy efficiency in buildings

Results obtained from renovation works in buildings or dwellings can be evaluated
according to different ratios and criteria. Several of the existing ratios related to energy
efficiency (as well as other ratios) are presented in the European project called “Energy

Efficiency E-Houses” [44]. These ratios can be gathered in four different groups:

»  Technical ratios, which are important for calculating possible energy savings and

therefore measuring the energy efficiency.
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= FEnvironmental ratios, which, in some way, are closely connected to the technical

ones, since they depend on them. That is, the lower the energy consumption is

the lower the emissions are.

» FEconomic ratios, which are also directly related to energy consumption and

energy costs.

= Social ratios, which refer to the “Comfort”. It is directly influenced by the general

conditions of the building (building techniques, building envelope and indoor

design subsystems), and energy systems and its management (occupants and

energy systems itself).

The first three types of these ratios can be measured, whereas social ratios can only be

rated in a specific way. The following list presented in Table 1. 3. and Table 1. 3 shows

the aforementioned ratios. Some of them are only focused on energy savings by

comparison of, at least, two different scenarios, but the majority of them can be used not

only to assess an energy renovation, but also as indicators of a dwelling thermal

performance itself.

Group Subgroup Concept Units
Heating consumption per person [kWh/person]
. Heating consumption per square meter [kWh/m?]
Heating . . .
Heating consumption per heating degree days = [kWh/HDD]
Primary energy consumption per square meter [kWhpg/m?]
Cooling consumption per person [kWh/person]
Cooling Cooling consumption per square meter [kWh/m?]
Cooling consumption per cooling degree days [kWh/CDD]
Primary energy consumption per square meter [kKWhpg/m?]
Lighting consumption per person [kWh/person]
Technical Lighting  Lighting consumption per square meter [kWh/m?Z]
ratios Primary energy consumption per square meter [KWhpg/m?]
Cooking Cooking consumption per person [kWh/person]
Primary energy consumption per person [kWhpe/person]
Water Water consumption per person [litre/person]
Solar ST DHW consumption per person [kWh/person]
Thermal ) )
DHW Primary energy consumption per person [kWhpg/person]
Other consumption per person [kWh/person]
Other Other consumption per square meter [kWh/m?]

Renewable energy share in energy

[%]

Table 1. 2. Ratios to assess energy performance in buildings. Technical ratios (based on those
proposed in the 3E-Houses European Project)
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Group Subgroup Concept Units
HVAC, CO; emissions per square meter [CO2/mZ2]
Environmental  Lighting  Avoided CO; emissions per square meter [CO2/m?]
Ratios Cooking, CO; emissions per person [CO2/person]
DHW Avoided CO; emissions per person [CO;/person]
Energy Cost per person [€/person]
Energy cost per surface unit [€/m2]
o [€/person/per
N i Energy cost per person per capita income T
Ratios systems  Cost per saved kWh of end energy [€/kWh]
Profitability (additional cost approach) [€]
Profitability (full cost approach) [€]
Public funding [%]
Dry bulb temperature [2C]
Relative humidity [%]
Social Ratios Comfort  Wind velocity [m/s]
Predicted Mean Vote index (PMV) [-]
Percentage People Dissatisfied (PPD) [%]

Table 1. 3. Ratios to assess energy performance in buildings. Environmental, economic and social
ratios (based on those proposed in the 3E-Houses European Project).

6 Legal Framework. Requirements and Incentives

Legal requirements and incentives in energy renovation play an important role in the
energy improvement of the building stock of a country or region. Minimum
requirements required on the one hand, and different incentives to energy renovations
on the other hand, determine the energy renovations and strategies followed in each

place.

In 2012, a renovation policies review was presented by Baek and Park in [5]. Renovation
policies in four European countries (France, Germany, Denmark and Sweden) were
analysed in detail in this study. They stated that whereas improving physical
performance of a building was the main objective of renovations in the past, current
policies, designed to deal with the increase of elderly population, are mainly focusing on

improving energy efficiency and preventing social segregation.

Two more points are noteworthy in that reference. The first one is related to the
financial support for the renovation of existing buildings which varies considerably

amongst the four studied countries. Thus, in Denmark welfare of the elderly is valued
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above other political considerations, and renovation policies are focused from this
viewpoint. In Germany the level of support is classified according to the degree of
energy performance achieved (as well as in the case of The Netherlands), and improving
energy performance is the main objective of those policies. In France, social integration
is valued above other renovation purposes. The second point is related to the
compulsory controls on existing buildings. The authors affirmed that even though these
controls may be highly effective for reducing GHG emissions, some difficulties exist
when they try to apply them. Identifying elements where controls can be applied on, as
well as organizing a survey system that selects control subjects are the key factors to be

successful in this field.

In the first trimester of 2012, an analysis of regulations concerning building renovations
was carried out. In this analysis, regulations of four European countries (Germany,
France, United Kingdom and Spain) were compared focusing on energy behaviour
improvements. The report shows that, in general, thermal requirements in Spain have
been quite lower than in the other considered countries, suggesting the high
improvement potential of Spanish existing buildings. Moreover, according to the report,
it seems that there have been no interest on energy renovations in Spain, and it is only in
these last years when this aspect is being taken into consideration, mainly due to the
European Directives. This trend seems to have changed in the last years, and the society
awareness on this issue seems to have increased significantly. In fact, Spanish
Rehabilitation Plan 2009-2012 planed to act over more than 2 million dwellings and
150,000 buildings, with an investment of 25200 € millions (8,400 out of them from

public institutions), with the aim of increasing rehabilitation ratio to 35% by 2020.

Like in other EU members, Spanish regulations are strongly affected by European
Directives. In short, a relation of European Directives related to energy efficiency in
buildings is listed in the left column in Table 1. 4., whilst the corresponding Spanish
regulation developed to transpose and implement each directive is shown on the right

column.

Finally, in relation to Directive 2010/31/EU, it can be highlighted that it was transposed,
with some delay, in mid 2013, through RD 235/2013 on Energy Certification of Existing
Buildings. In the Basque Country, this RD 235/2013 is adapted by means of Order of
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December 12th 2012 (BOPV 1-22-2013), which stipulates the conditions of external
control of Energy Certifications in buildings, and the Order of April 2nd 2013 (BOPV 5-

20-2013), where the registration of energy certifications is regulated.

EUROPEAN LEGAL FRAMEWORK SPANISH FRAMEWORK
Year Name Year Name
Council Directive 93/76/ EEC, to limit
1993 carbon dioxide emissions by 1998 RITE 98

improving energy efficiency (SAVE)

CTE (Spanish Technical Building

2006 Code)
DIRECTIVE 2002/91/EC on the
2002 energy performance of buildings 2007 RITE 07
(EPBD) RD 47/2007 Energy Certification of
2007 g
New Buildings

DIRECTIVE  2004/8/EC on the
promotion of cogeneration based on a

AV useful heat demand in the internal
energy market
2006 DIRECTIVE 2006/32/EC on energy

end-use efficiency and energy services

DIRECTIVE 2009/28/EC on the
2009 promotion of the use of energy from Outstanding
renewable sources and amending

DIRECTIVE 2009/72/EC concerning
2009 common rules for the internal market
in electricity

2012 RD13/2012
DIRECTIVE 2009/73/EC concerning

2009 common rules for the internal market
in Natural Gas

RD 240/2011, Energy Certification
DIRECTIVE 2010/31/FU on the

o of New Buildings
2010  energy performance of buildings 2013 o
RD 235/2013, Energy Certification
(recast) o '
of Existing Buildings

DIRECTIVE 2012/27/EU on energy

2012 efficiency,

Table 1. 4. European Directives and its corresponding Spanish regulation

7 Residential building stock in the Basque Country

Building stock in the Basque Country comprises around one million dwellings, with an

average dwelling size of around 87 m2. Traditionally, the majority of the residential

50| PART 1. STATE OF ART [1.1]



ENEDI Research Group
Thermal Engineering Department

i i Universidad  Euskal Herrik
University of the Basque Country g iversided ~ Euskal Herrko

building stock in the Basque Country has always been privately owned. 84% of this total
are main dwellings (used as usual residence during most of the year), and the 73% of
them are located in urban areas. The number of dwellings has increased during the last
20 years more quickly than the population has. As a consequence, the ratio "persons per

dwelling”has decreased from 2.72 in 1991 to 2.16 in 2010, as depicted in Fig. 1. 2.

0 500000 1000000 1500000 2000000 2500000 3000000
ZAE 1005740
2006 980051 E E
U 577555
1996 EeE
RN 773615 :

0 0.5 1 1.5 2 2.5 3

Person/dwelling B Population B Dwellings

Fig. 1. 2. Number of dwellings Vs population (EVE, EUSTAT)

Two highlights about building stock in the Basque Country must be remarked. The first
one is in relation to its age. According to data obtained from EUSTAT, almost 50% of the
dwellings in the Basque Country were constructed between 1960 and 1980, and the
mean age of the building stock is 39 years. Distribution of the dwellings according to

construction year is depicted in Fig. 1. 3.

30%
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Fig. 1. 3. Amount of dwellings by construction year (EVE, EUSTAT)
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Besides, the amount of new dwellings constructed has gone down drastically in the last
years. During the 90s, construction sector experienced a strong growth. It reached its
highest point in 2002, with 18,200 new dwellings that year. However, since 2005,
construction of new buildings is showing a continuous fall (e.g. in 2011 an amount of
11,300 new dwellings were finished). It is also expected that this trend will continue,

since between 2009 and 2011 only an annual average of 7500 dwelling were started.

Taking into account these two aspects, building retrofit will have an important role in
construction sector in next years, and consequently the opportunity of improving the
thermal performance of building stock in the Basque Country. To illustrate this point, an
overview of the energy and GHG emissions figures of the building stock in the Basque

Country is presented in Appendix 1.2.
7.1 Building Classification Criteria

Knowing the characteristics of the building stock is a key aspect in order to evaluate the
improvement potential and, therefore, to face renovation works in a proper way. Like in
other countries, building stock in Spain can be characterised by the construction period.
Several other factors act upon the building features, like social and financial situations
and/or building regulations. In the case of Spain, during the first decades of 20t
Century, the first industrialization in some Spanish cities brought on a demographic shift
in the population from rural areas to the cities, which led to an increase of building

construction in the urban-industrialized areas, like Bilbao.

After the Spanish Civil War (1936-39), there was the Spanish post-war period which
reached till the 50s, when the so called ‘Desarrollism’period started. This period was
characterized by an industrial boom. As a consequence, during the last 50s and 60s more

than 20% of the currently residential building stock in Bilbao was put up.

Nevertheless, that economic model, strongly dependent on heavy industry such as iron
and steel or naval industry, collapsed with the 1973 crisis. In the particular case of
Bilbao, the industrial crisis was very sharp and leaded to a big reduction in the building

construction of those years.

Further on, after the Oil Crisis in the 70s, like in many other European countries, the

requirements for insulation were considerably reinforced in Spain. With this aim in
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mind, the first Spanish thermal regulation was developed and came into force in 1979.
Nevertheless, unlike in other European countries, there was no a new Spanish thermal

regulation until 2006, when the Spanish Technical Building Code (CTE) [45] came into

force.
% building stock in Bilbao by construction year
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Construction year

Fig. 1. 4. Building stock in Bilbao in relation to construction year (Building Stock in 2013: 10406,
INE 2013)

In order to classify the building stock of the Basque Country, the city of Bilbao is taken as
a reference. Detailed data about the Building stock in Bilbao, for different construction
periods, is shown in Fig. 1. 4. According to mentioned milestones, as far as construction
date is concerned, 5 different periods were identified since 1900, as depicted in Fig. 1. 5.
Different representative constructive sections of facades in relation to each period are
shown in Table 1. 5. € (Heat Capacity) and U-Value are calculated as described in Eq. 1
and Eq. 2.

SPANISH LAND

CIVIL WAR MANAG. LAW NBE-CT 79 CTE
1 (1900-1939) | 2(193941957)  3(1957-1980)  4(1980-2006) 5 (2006-.)
| | | i | ! —} | H |
1900 1936 1939 1957 1970's 1979 2006
OIL CRISIS
THERMAL APPROACH LOCAL DESARROLLISM THERMAL APPROACH
ARCHITECTURAL DESIGNS I INDUSTRIALIZATION GLOBAL REGULATIONS

Fig. 1. 5. Construction periods during twentieth century in Bilbao (Spain)

1
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' Rin + Ri + Rout Eq' !
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where:
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- Ripis the internal surface thermal resistance (0.13 m2K/W) [46]

- R;is the surface-to-surface thermal resistance of the construction element

- Rouis the external surface thermal resistance (0.04 m2K/W) [46]

- piis the density of the i layer material

- (piis the specific heat capacity of the i layer material

- eis the thickness of the i layer
The mentioned constructive sections could be gathered into three main groups,
depending on the thermal strategy. As affirmed in [47], 3 different wall constructions

have been used traditionally for buildings in temperate climates. These wall

constructions types are:

= (Capacity: Traditional buildings with high thermal mass in fagade, which acts as
heat storage. F.a. 1 belongs to this group. Several authors, such as Dili et al. in [48]
or S. Martin et al. in [49] have shown the advantages of this system (see Fig. 1. 6.
left).

=  Stratification: Multilayer envelopes with air cavities whose layers provide a slight
thermal resistance, such as F.b and F.c. Many studies have focused on this point,
such as K. J. Kontoleon and Bikas [50] (see Fig. 1. 6. right).

= Resistance: Insulation materials act as thermal barriers against heat losses. F.d

and F.e belong to this group. The efficacy of this strategy has also been

demonstrated by several authors such Stazi et al. [51].

Fig. 1. 6. Two examples of typical facade construction. On the left, a type based on capacity, and on
the right, a type based on stratification
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Constructive sections of fagades
L1
L]
o
a8 |
y L |
gEE |
F.a F.b F.c F.cl F.c.2 F.d F.e
From Indoors (left) to Outdoors (right)
U
U [w/m2K] Constructive Section . [W/m2K] Constructive Section .
C[k]/ m2.K] (in-out) Period ™" g/ (in-out) Period
mzK]
Plaster

Fa. Plaster F.b Hollow Brick (12.5 cm)
U:1.11 Perforated Brick (37 cm) 1 U:1.16 Airgap 1-2
C:463.8 Cement Mortar C:359.8 Concrete Wall (10 cm)

Cement Mortar (2cm)
Plaster
Plaster Hollow Brick (4.5 cm)

F.c Hollow Brick (4.5 cm) F.c.l Air gap
U:1.44 Air gap 3 U:1.27 Hollow Brick (12.5 cm) 3
C:160.0 Hollow Brick (12.5 cm) C:180.0 Cement Mortar (2cm)

Cement Mortar (2cm) Lighted Cement Mortar
(2cm)
Plaster
Hollow Brick (4.5 cm)
Air gap Plaster
F.c.2 Hollow Brick (12.5 cm) F.d. Hollow Brick (4.5 cm)
U: 0.43 Cement Mortar (2 cm) 3 U:0.48 Thermal Insul. (3 cm) 4
C:238.4 Thermal Insulation (4 cm) C:189.0 Air gap
Hollow brick (9 cm) Perf. Brick (12.5 cm)
Lighted Cement Mortar (2
cm)
Plaster
Fe. Hollow Brick (4.5 cm)
U: 041 Thermal Insulation (_6 cm) 4.5
C: 162.6 Air gap

Hollow Brick (12.5 cm)
Cement Mortar (2cm)

Table 1. 5. Constructive Sections of Fagades (according to data provided by Bilbao Social Housing)

8 Improvement potential in social housing sector

For all the aforementioned reasons, energy efficiency improvements in buildings, and
especially in social housing sector, have become a priority goal for the European Union.

Due to its characteristics, such as households with low incomes and construction
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features of the buildings, this sector is one of the most vulnerable to fuel poverty. This
way, quantifying the potential energy savings in the social housing stock must become a
priority. Characterizing the social building stock is the first step, followed by the thermal

behaviour analysis of this building stock.

As it can be deduced from this chapter, the improvement potential evaluation of existing
building stock is a complex issue. A global approach is necessary to study the thermal
performance of buildings, considering the building as a complex system composed by
different subsystems. Thus, after presenting the targets and methodology of this thesis
in Chapter 2, a field study of ten occupied apartments which have been assessed under a

holistic approach is presented in Chapter 3.

9 Referred appendices

Appendix 1.1. Fuel poverty. Literature Review.

Appendix 1.2. GHG emissions and energy of building stock in the Basque Country in

figures.
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RESUMEN

En este capitulo se presentan los objetivos del trabajo de investigacion presentado en esta tesis,
asi como una breve introduccion a la estructura y metodologia desarrollados a lo largo de Ia tesis
para alcanzar dichos objetivos.

ABSTRACT

The main objectives of this thesis are presented in this Chapter 2, as well as a brief introduction
about the methodology and structure followed to achieving mentioned objectives.
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1 Framework of the Thesis

The research developed in this thesis can be considered as a part of the research lines
carried out by ENEDI Group (Energy in Buildings Group). A scheme of these research

lines and the interactions among them is presented in Fig. 2. 1.

Field monitoring studies
Occupied dwelling Vacant dwelling

Thermal performance Thermal performance .
Occupant behaviour Literature based Envelope experimental
models models
Adjust and Validate -
;’i s
EREigysysics Passive systems

Testing plant LCCE
Generation systems
Control systems :
‘;’

Storage systems i
- 21 2 ™
)

Ventilation experimental
models

Model Simulation Acivesusiems

Grey Box Models ’ e Terminal Units
TRNSYS H T 1l ; experimental models

Literature based
models

Fig. 2. 1. Scheme of the research lines carried out in ENEDI Group
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In short, two different research lines are developed: an experimental one and a model
simulation one. The experimental line is encompassed by experimental tests of
subsystems (envelope, ventilation...) or whole dwelling by means of building monitoring
studies. The experimental research, along with literature based models, allows obtaining
data to feed building models and adjusting and calibrating them. On the other hand,
calibrated models can interact with the Experimental Plant of Thermal Installations in
Buildings of the LCCE (Laboratory for Quality Control in Buildings), carrying out “semi-
virtual” tests, where simulations are run in real time, feeding the control system of the
experimental plant, and the measurements obtained in the experimental plant feed at

the same time the model simulation.

Thus, this research work is integrated in the scheme depicted in Fig. 2. 1. The thesis
focuses mainly on two parts of the scheme: the so called “field monitoring studies” and
“model simulation” parts. Hence, the experimental part of the thesis deals with
monitoring studies, both in occupied and vacant dwellings. Results obtained from the
experimental part will be used to feed different kind of building models, and two

specifically: a grey box model and a white box model.

It is also a modular scheme. The different parts of the scheme can be used to interact
with other parts of the scheme or to obtain specific information of that part. That is, in
some cases, the process will be carried out wholly (from obtaining data in experimental
tests to interaction between Energy Systems Plant with building models), but other
times, simulation or even the experimental study will be enough to achieve the expected

targets, being these parts independent themselves.

Taking this point in mind, as far as monitoring studies and building models are
concerned, pros and cons of the different possibilities developed will be analyzed in the

thesis, according to their goals in each case.

2 Objectives

The overarching goal of this thesis is to deal with the evaluation of energy renovation in
buildings. It aims to study the analysis and optimization process of building renovation,

which includes:
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» Data acquisition and monitoring.
= Data treatment: Building models.
» Analysis of tools, such as exergy approach, to evaluate obtained results and

identify potential improvements.

This goal is reached by the development of two different models and applying an exergy

approach to the analysis of the different improvement options.

As a result of the mentioned goal, the following objectives are expected to be achieved

with this thesis:

= To give an overview of the building stock in the Basque Country, focusing
specially on the social building sector. Social buildings in Bilbao are deeply
analysed: construction features, as well as indoor environment conditions
and energy consumptions. The overall Bilbao Social Housing (BSH)! stock is
studied and ten representative dwellings are selected and monitored for
more than a year to obtain real data in occupied conditions.

= To obtain a detailed picture of the thermal behaviour during a non-occupied
period of a representative dwelling from the BSH stock. To get this aim, a
thorough monitoring of a representative dwelling is carried out for a period
of three months, obtaining numerous data to characterize the thermal
behaviour of the dwelling.

= To develop a grey box model, using the data obtained in the detailed
monitoring. This model is expected to be useful for assessing the energy
savings achieved when considering different renovation options.

= To define a TRNSYS model of a representative building. This TRNSYS model is
validated and calibrated using the data obtained in the monitoring. The model
is used, amongst other purposes, to obtain different heating demand curves,

as well as energy consumption patterns. These demand curves will be useful

1As it is defined in its webpage (https://www.bilbao.net/viviendas/), Bilbao Social Housing is a hands-on
instrument for implementing the policy on the development of subsidised housing rolled out by the Bilbao
City Council, with the aim being to provide, preferably for rent, decent housing for those people who so
require. Bilbao Social Housing manages and maintains a property pool made up of 3.994 homes.
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in further research for assessing renovation actions in active and passive
systems of these buildings.

* To compare the two building models developed: the grey box model, and the
white box model (TRNSYS model), identifying the potential uses and
analysing pros and cons of each one.

= To evaluate the effect on energy consumption of different control possibilities
of the heating system.

= To explore and demonstrate the usefulness of the exergy approach in the
assessment and development of energy systems and dwelling/building

renovations.

3 Methodology and structure of the thesis

According to Zhenjun Ma et al. [52], five different phases can be mentioned during any
building renovation project: (1) Building survey, (2) Energy assessment, (3)
Identification of retrofit options, (4) Site implementation, and (5) Assessment of
implementation. Four out of the five mentioned phases are explicitly or implicitly
considered in this thesis (phases 1, 2, 3 and 5). These phases can be easily identified

looking at the structure of the thesis, which can be divided into 4 sections.

The first section encompasses the introduction of the thesis, a state-of-art of the
different subjects considered and the global approach of this work. This section includes
the previous Chapter 1, and the current Chapter 2. The second section of the thesis

develops the experimental work, which is described in Chapters 3 and 4.

An overview of the thermal performance of the social building stock is presented in
Chapter 3, by means of a field study of 10 social dwellings in Bilbao. Previously, a
thorough analysis of the social housing in Bilbao is carried out, comprising a revision of
the different residential sector construction techniques in the region during the last 20t
century. The selection of the ten case studies is carried out basing on this study. Results

of heating demand and indoor conditions are presented as outcomes.

In Chapter 4, monitoring of a dwelling built in the 60’s is described in detail. Two

different monitoring periods are depicted in the chapter: the first one is carried out from
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January to April 2012, whereas the second one is carried out from December 2012 to
February 2013, once windows have been replaced. Results of both monitoring periods,
as well as conclusions about methodology and procedure, are obtained from this

chapter.

The third section embraces the description of the mathematical models. Two chapters
are included in this part: Chapter 5 and 6, devoted to the TRNSYS model assessment and

to the grey box model development, respectively.

Chapter 5 is focused on developing a TRNSYS model of the monitored building. This is a
physical model and, in this case, data obtained in monitoring periods are not used to
define the model itself, but to validate and calibrate it. This model is driven especially to
defining possible energy demand curves of a representative building in the Basque
Country for the different climate conditions. Moreover, other energy demand curves can

be obtained using other constructive features for the building.

The development of a grey box model of a dwelling is shown in Chapter 6, using data
gathered in the monitoring tests described in Chapter 4. The developed RC model allows
obtaining the heating demand and the thermal behaviour of the studied dwelling under
selected operating conditions, as well as studying the effect of several possible
improvements on the thermal behaviour of the dwelling. A model of the dwelling before
windows replacement is developed, and simulation of the windows replacement is run.
This way, by comparison, the efficiency and effectiveness of the improvement under the
same conditions can be measured. This chapter shows the usefulness of this method in

some specific cases related to building renovations:

= To evaluate the state of the building before any renovation work.

» To look into the different possibilities of thermal improvement, calculating
energy savings.

= To evaluate the real effect of any energy renovation, by comparing the previous
and after renovation models under the same conditions and leaving out the

occupants’ behaviour influence.

The fourth section deals with the evaluation of different heating system controls, and the

assessment of the exergy approach as a tool for evaluating and developing energy
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renovation strategies. Thus, in Chapter 7, the TRNSYS model is firstly used to analyse
and classify different building energy renovations (passive part) according to their effect
on the energy savings, and then, to evaluate different parameters relating to heating
systems, such as system temperatures and system control, analysing not only effects on
energy efficiency, but also the effect of energy renovation on indoor comfort. The
casuistry presented in this chapter may be used in the future for defining different tests

in the “semi-virtual” platform.

Afterwards, the exergy analysis of an entire building is described in Chapter 8. It brings
forward the work developed in collaboration with S. C. Jansen, carried out during a three
months stay at the Faculty of Architecture of TU Delft, and presented in two papers

published in Energy & Buildings]Journal [53,54].

Thus, Chapter 8 explores the usefulness of the exergy approach in the development of
energy systems for the built environment, by means of the energy and exergy
performance of five different energy systems for the monitored dwelling. The building
energy use is considered as a whole, from its envelope to energy generation, and taking

into account improvements both in the envelope and in the building systems.

Finally, a summary of the main conclusions of the thesis, followed by contributions and

future research objectives are presented in Chapter 9
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RESUMEN

Este capitulo tiene por objetivo describir la metodologia desarrollada para el andlisis del
comportamiento térmico de viviendas y/o edificios desde un enfoque global. Se presenta una
vision general del comportamiento térmico de la vivienda social en un clima templado (Bilbao). 10
viviendas representativas del parque fueron seleccionadas, en base a Ia clasificacion presentada
en el Capitulo 1. Una monitorizacion se llevo a cabo durante 10 meses en los que se obtuvieron
datos de temperatura, humedad y consumos de las viviendas. Entre otros factores, en este capitulo
se muestra la importancia que toma la influencia del ocupante en el comportamiento térmico final
de los edificios. Asimismo, el articulo "Field assessment of thermal behaviour of social housing
apartaments in Bilbao, northern Spain", publicado en la revista Energy & Buildings en 2013
[55]recoge los datos principales presentados en este capitulo.

ABSTRACT

This chapter aims to describe a methodology for analysing the thermal performance of buildings
under a holistic approach. An overview of the thermal performance of the social housing stock in a
city with a mild climate (Bilbao) is presented. Ten (10) representative dwellings were selected,
based on the classification presented in chapter 1. A field study was performed during 10 months.
Results of heating consumption as well as indoor conditions are presented. Amongst other factors,
the occupants behaviour influence plays an important role in the final thermal performance of the
dwellings. Moreover, the main highlights of this chapter were presented in the paper "Field
assessment of thermal behaviour of social housing apartments in Bilbao, northern Spain’,
published in Energy & Buildings journal in 2013 [55].
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1 Introduction

Indoor temperatures and humidity in dwellings are key indicators of the occupant’s
thermal comfort. Moreover, indoor temperatures also drive energy consumption for
space heating relative to external conditions. Many energy models have been developed
in the last years to predict changes on energy consumption as a result of energy
renovations. As affirmed in [56], the assumptions for the operating conditions are
usually based on profiles considered as standard, rather than those obtained from field

measurements.

But differences between standards and real conditions of the dwellings can lead to
mistaken results of energy consumption being very sensitive to variations of setpoint
temperature. For example, in a recently published study of a centrally heated dwelling in
the UK, it was found that a 22C rise in the heating demand temperature resulted in a
15% increase in energy consumption, even though this relationship is also very strongly
influenced by some building characteristics, such as the air infiltration rate, the thermal

characteristics of the envelope or the heating system used.

Thus, having performed field measurements on the indoor conditions it is necessary to
obtain a more accurate analysis of the energy renovation potential in the social building
sector. The fact is that there is a great lack of empirical data on indoor temperatures and

its corresponding energy consumption especially in this social building sector.
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Hence, in this chapter the study of ten occupied apartments which were assessed under
a holistic approach in order to have an overview of their thermal performance is
presented. There is no shortage of similar field studies available in the literature to
assess thermal comfort and energy consumption in low energy buildings [30], office
buildings [57] or vernacular or historical buildings [48,49,58]. Nevertheless, it is not so
common to come across this kind of studies applied to the social housing sector. One
exception could be the large-scale surveys carried out by aforementioned Warm Front

Project [59].

2 Objectives of this chapter

In Chapter 1 an overview of building renovation regulations and general constructive
features has been given. However, only taking into account these aspects is not enough,
and the global thermal building performance must also be known when building
renovation issues are dealt with. Thermal building behaviour has to be understood as a

result of interaction of several factors into a complex system.

Thus, a field investigation of architectural and thermal behaviour of Social Housing Stock

in Bilbao is presented in this chapter. Along this line, the main aims of this chapter are:

= To present and define a holistic approach to deal with thermal building
performance.

= To provide an insight of the thermal performance of Social Housing Stock in
Bilbao, Northern Spain, and identify the real energy consumption in social
dwellings in a city with mild weather conditions both in winter and summer.

= To identify the potential improvement of the social housing stock.

= To provide the energy consumption and the indoor environment field
measurements of these ten dwellings, which can be used in future researches
in models fed by operating conditions, not based on standards but on field
measurements.

» To provide a comparative and qualitative analysis of thermal building
performance of ten selected dwellings, representatives of the social building

stock.
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This chapter does not only focus on energy consumption itself, but also on assessing
thermal comfort in the dwellings. Aspects related to health issues mentioned in Chapter
1, however, are out of scope of the present chapter, although they must be taken into

account when benefits of energy renovations are considered.

To accomplish these goals the building stock of social housing in Bilbao was classified
according to the criteria described in Chapter 1. Based on this classification, 10 social
housing apartments, representatives of the different construction periods of the 20t
Century were studied using a holistic approach. Results obtained from this survey
provide an important database to quantify the potential benefit of retrofitting the

existing social building stock in the Basque Country.

3 Approach

A building’s climatic-response is determined by the prevalent exposure conditions
(micro-climate) and the ability of the building envelope and building techniques to
regulate thermal transmittance (building physics). This ability to passively thermo-
regulate indoor thermal comfort is determined by the materials configuring the
envelope geometry. At the same time, indoor design, occupants’ energy system use and

the energy systems themselves will define the global thermal performance of the

building.
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Fig. 3. 1. Subsystems for investigation

To represent all of the aforementioned issues, a holistic approach was applied in this
study. In this systemic approach, buildings are treated as open systems considering
interactions between them and their environment. Similar approaches are explained
and used in [58] with historical buildings and in Annex 53 as well, which states that

building energy consumption is mainly influenced by six factors: climate, building
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envelope, building services and energy systems, building operation and maintenance,
occupants’ activities and behaviour and indoor environmental quality provided [29].
Similar factors are also mentioned in [60]. The approach used in this chapter is based on

these references. The different considered subsystems are shown in Fig. 3. 1.

Building techniques, building envelope and energy systems could be considered as a
boundary subsystem, which makes a separation between the outdoor environment and
occupants or indoor environment [61]. The combination of all these factors will give the

energy performance of the dwelling as a result.

Building renovations are usually focused on the improvement of 3 subsystems: building
techniques (such as thermal bridges), building envelope and energy systems. However,
although the objective of any improvement in the building energy performance is
usually within these subsystems, it is important to take into account the interaction
amongst building techniques, building envelope and energy systems, and the other
subsystems, and the consequences of these interactions on the overall energy
consumption. The study presented in this chapter was carried out bearing this approach

in mind.

4 Methodology

This field study was carried out in Bilbao during a period of 10 months, from November
2011 to September 2012. All apartments were occupied during the monitoring period.
Due to some municipal housing policies over the last decades, some of the studied
dwellings are not property of the city council and rented to the occupants. In fact, three
of them belong to the occupants. This point is closely connected to the economical
factors, being an indicator of household incomes (the users who are owners have higher
incomes than the users who are not), which, as mentioned before, could affect the user
behaviour, so it is also taken into account. Different heating systems were used in the
selected dwellings: out of the 10 dwellings, 4 are heated by natural gas heating systems,
3 by electric heaters, 1 by kerosene heater, 1 by butane heater and 1 didn't have any

kind of heating system. All the studied dwellings had no mechanical ventilation system.
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The climate for the studied area (Bilbao), located in latitude 43¢ N, is oceanic. The
proximity to the ocean makes summer and winter temperatures relatively temperate,
with low intensity thermal oscillations. The average maximum temperature is
between 25 °Cand 26 °C during the summer period, while the average minimum in

winter can vary between 6 °C and 7 °C.
4.1 Selection of study-cases

The selected sample was composed of ten different dwellings of the Bilbao Social
Housing apartment stock (Fig. 3. 2). Each apartment was selected according to features
defined in Chapter 1 in “Building Classification Criteria”. This way, all aforementioned
periods were represented by at least two dwellings. One new dwelling, built in 2005
(only a year before the Spanish Technical Building Code came into force) was also
included in this study. The blue dot marks where the meteorological station which

provided the climatic data during monitoring period is.

D5. 1960

Fig. 3. 2. Location of the ten case-studies

As far as construction features are concerned, these dwellings can be considered
representative not only of the social housing in Bilbao, but also of the social housing

stock of main urban areas in the region.

Each dwelling is considered as a complex structure which has been modified in some

cases in order it to adapt to the different needs of their occupants. Different aspects and
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features were taken into account for each dwelling, according to the approach described
in section 3. Some of these aspects are summarized in Table 3. 1 according to the levels

presented in Fig. 3. 1.

The construction year, indoor area of the dwelling (in square meters), facade
construction (linked with that classification presented in Chapter 1), calculated U value
of the facade, windows characteristics (glass and kind of frame, U value of the window
and level of infiltration), used heating system and finally, whether the user is tenant or
the owner of the dwelling is shown in this table for each dwelling. Occupation factors,

such as occupant age, number of occupants or period of occupation, were considered as

well.
LE. Envelope Windows E.S. Occ
A U C ; i
Ne Year Sec. vl vl Wind. Uvin Inf. EERUI | L ediey
(m2) W/m2K]  [kJ/m2K] W/m2K System type
D1 1921 5333  Fa 1.11 463.8 W"Od(g)‘Gass 535  High Butane  Rented
PVC (f); Glass Elect.
D2 1921  45.68 Fa 111 463.8 /6/4) 2.38 Low o0 Rented
Al (f); Glass 6 - .
) 5.35- High - Elect.
D3 1952 51.5 Fb 1.16 359.8 Wood (f); 0 Mo hoster  Rented
Glass 6
Al (f); Glass .
D4 1952 51.5 F.b 1.16 359.8 4/6/4) 3.37 High None Rented
D5 1960 47.68 F.cl 1.27 180 PUL (@) Gl 2.38 Low Nat.Gas  Owner
4/6/4)
PVC (f); Glass Elect.
D6 1960 39.7 F.c.2 0.43 238.4 4/6/4) 2.38 Low Heater Rented
D7 1960 4765  Fcl 1.27 180 25 () Clles 2.38 Low Nat.Gas  Owner
4/6/4)
D8 1995 683 F.d 0.48 189 IPUC (@) Clees 2.38 Low Nat.Gas Rented
4/6/4)
PVC (f); Glass
D9 1995 87 F.d 0.48 189 4/6/4) 2.38 Low Nat. Gas Owner
D10 2005 585 Fe 0.41 162.6 P () Llese 2.38 logy  LRECD
4/6/4) e

Table 3. 1. Summary of the characteristics of the studied dwellings, according to the subsystems
presented in Fig. 3. 1 (Indoor Environment, Envelope, Windows, Energy Systems and Occupants)

4.2 Field study

Based on the aforementioned systemic approach, a measurement campaign was carried
out for each dwelling. The obtained data were combined in six groups according to the
six subsystems presented in Fig. 3. 1. Outdoor environment data were collected from

field measurements, web data and bibliographical sources. Building techniques data for
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the building envelope thermal evaluation were obtained by IR techniques. Building
components data were collected from bibliography sources and from a visual inspection.
Energy systems were evaluated from energy bills and questionnaires filled in by the
users. Indoor design data were obtained from plans, field measurements and visual
inspections and “occupants” subsystem data were obtained mainly from questionnaires,

which were complemented and validated with field measurements data (Table 3.2).

Subsystem Data Information sources
Geographical parameters (Lat, Long) Field measurements, Bibliographical
outd sources
.Ut oor Climatic area, solar radiation Field measurements, Bibliographical
Environment
and Site SOUrces
Microclimate, outdoor temperature WEB data, Recorded Data. Visual
and RH inspection
Building Thermal Bridges Thermal imaging
Techniques
Building Thermal characteristics of the walls  Bibliographical sources
Envelope
Energy Energy Systems, Energy cons. Questionnaires, Energy bills
Systems
. Indoor distribution Plans, field measurements, visual
Indoor design . .
inspection.
Indoor Environment: Plans, sections, Field measurements
Occupants Fa(;.acllels . . . . .
Activities, Behaviour, environmental Questionnaires, Field measurements
quality

Table 3.2. Collected data

4.3 Data collection

4.3.1 Temperature and humidity

Several temperature and humidity monitoring studies can be found in literature. The
criteria presented in [62] have been a reference for this study. According to this
criterion, detailed measurements of indoor temperature and humidity were collected
using Thermo Hygrometers ‘Temp-RH Hobo Data loggers’ (HOBO U12-011). Their
resolution is 0.03 2C (25 ©C) for temperature and 0.03 % for relative humidity, and their
accuracy is +0.35 °C and +2.5% respectively. They were placed far away from direct
heat or humidity sources and windows, and approximately 1 m above the ground. This
high was chosen since, in the event of air temperature stratification, air temperature 1 m
above the ground can be assumed to be closer to occupants’ thermal sensitivity.

Moreover, some other studies have chosen this position as well.
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The data loggers were programmed to collect data with a 10 min. frequency. Longer
time steps can be found in literature, from 20 min. [63] to 2 h. [58]. However, in this
study a 10 min. time step was used because it allowed some information about occupant
actions, such as heating system activation or ventilation patterns to be had. Temp-RH
data loggers had been previously calibrated and validated in the LCCE of the Basque
Government. A Thermo Hygrometer (TH) was installed in the most occupied room
during a typical day (usually the living room) of each apartment and in some of them
another TH was installed in the main bedroom, according to the indoor environment
(Fig. 3. 3; all cases are depicted in appendix 3.2.). Similar criteria is followed in other

studies, e.g. in [58] or in [43].

=== s B S
T Bedroom | Bedroom 8 Living Bedroom ‘ L
[ 1t Room Living Room - JIE]
1f Kitchen B ]E

L} t i

x - =

’ . €| e , [

} . e b, i
z Living | Kitchen -
Kitch ==
JD Room e edroony Bedroom Bedroom |——
]E ” ﬁ =) i 2 ="

(] E = ot s I — b}

Fig. 3. 3. Layout of some case studies (D1, D3-D4, D6 and D10)

The outdoor temperature and relative humidity were taken from a meteorological
station of the Basque Government located in Deusto, Bilbao. This station measures
variables such as air temperature, relative humidity, global horizontal irradiation and
wind speed, among others, with a sampling frequency of 10-min. Its location in the city

is also depicted in Fig. 3. 2, marked with a blue dot.
4.3.2 Energy consumption

Some assumptions were made to estimate heating consumption in winter. The
information sources were not the same in all the dwellings: in most of the cases (six of
them) energy bills were provided, but in two dwellings, heating consumption data were
collected in questionnaires. In the remaining case (D4) no heating system was used.
Actually, a small electric heater was used punctually, and its consumption was

considered negligible when summer and winter consumptions were compared, so
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heating consumption was assumed to be 0 kWh/m?year. In case D5 some meter

readings complemented the information from natural gas bills.

Collected data are presented for each dwelling in Table 3. 3, where energy consumptions
related to the source during the indicated period is presented. However, it was
necessary to standardize these data sets, because some of them were electricity
consumption of the whole dwelling and others were natural gas consumption for both
Domestic Hot Water (DHW) and the heating system. In all the selected cases, the heating
consumption was extrapolated to the same period (15t Dec. — 1st Apr), due to the fact that
the heating system was working from the second or third week of December till the last

days of March in every dwelling.

Ene = Engum
5=

nsum Eq 3
Hysint = ENyine — Nwine - Eng Eq. 4

Eq. 3 and Eq. 4 were used to calculate the estimated heating consumption in winter,
where Eng is the base energy consumption per day, Ensum is the energy consumption in
summertime, Enwin: is the energy consumption in wintertime, Hwin: is the estimated
heating consumption in winter, ngum is the evaluated number of days of the summer
period and nwin is the evaluated number of days of the winter period. Eng (kWh/day)
was calculated considering the energy consumption in summer per day. This method is a
good approximation to estimate the heating consumption, especially when heating and
DHW is supplied by a natural gas boiler. DHW consumption is assumed to be similar for
the whole year, so heating consumption, which only happens in winter, is calculated as
natural gas consumption in winter (DHW + Heating) minus natural gas consumption in
summer (DHW). This method is also used when the energy supply of the dwelling is

purely electrical.

Therefore, the following assumptions were made in order to estimate the heating

consumption during the winter period:

1) 159 kWh / Butane Gas Cylinder.
2) Base consumption (without heating) per day is calculated according to data
from summer period (Eq. 3). The estimated heating consumption in winter is

obtained by means of Eq. 4.
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3) In this case, the electrical base consumption is assumed according to IDAE (due

to variability of the dwelling energy consumption in summer). The estimated

heating consumption in winter is obtained by means of Eq. 4.

4) Using as reference 43,400 k] /kg for LHV of Kerosene. (9.4 kWh/1)

Collected data Estimated consumption 1 Dic- 1 Apr
Source Period Consumption Assumptions
[D1] Questionnaires  Whole Winter 4 but_ane 5as D)
cylinder
. . 24 Nov-20 3) (Base consumption: 4.16
[D2] Electricity Bills Mar 1840 kWh kWh/day)
- . 12 Dec-11 3) (Base consumption: 4.16
[D3] Electricity Bills Por 863 kWh kWh/day)
[D4] N/A N/A NEGLIGIBLE NEGLIGIBLE
[D5]  Natural Gas Bills 18 Dec-17Apr 3600 kWh 2) (Base consumption: 6 kWh/day)
Electricity Bill .
[D6] Pl Not enough data available
[D7]  Natural Gas Bills 15Nov-14Mar 3936 kWh 2) (Base consumption: 6 kWh/day)
. § 2) (Base Consumption: 6.7
[D8]  Natural Gas Bills 15Nov-14Mar 2145 kWh kWh/day)
[D9]  Natural Gas Bills 15Nov-14Mar 3990 kWh 2) (Base Consumption: 5 kWh/day)
[D10]  Questionnaires =~ Whole Winter 20 1 kerosene 4
Table 3. 3. Heating consumption data collected
Estimated m?2 Cons. Corrected
consumpt. Heated rooms (heated [kWh/mz2.ye Consumpt.
[kWh] area) ar] [kWh/m2.y]
Bedroom (x2),
[D1] 636 Kitchen 33.87 11.93 18.78
[D2] 1354 Whole dwelling 45.68 29.64 29.64
[D3] 356 Living room 10.31 6.91 34.52
[D4] NA NA NA NA NA
[D5] 2880 Whole dwelling 47.65 60.44 60.44
[D6] Not enough data available
[D7] 3331 Whole dwelling 47.65 67.37 67.37
[D8] 1335 Whole dwelling 68.3 19.55 19.55
[D9] 3385 Whole dwelling 87 38.91 38.91
[D10] 188 Living room 12.6 3.21 14.92

Table 3. 4. Heating Consumption collected and calculated data

Moreover, the fact that not all rooms were heated in some dwellings was another

problem to standardize the heating consumption estimation. As questionnaires and

measurements shown, only one or two rooms were heated in some dwellings (D1, D3

and D10, see Table 3. 5). In order to adequate the consumption and having a more
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representative value of kWh/m?, a relation between heat consumption and real heated
area was also calculated for each case. These values, which were used as a reference to

compare the studied dwelling with others, are presented in Table 3. 4.

Geometrical features of the heating area

D2 D3 D4
— —— Wy
0| B I Fea
g | B |
D6 D7 D8 D9 D10
m? facade ( of heated area) EF m? facade ( of heated area) EF
Apartment Facade:
225'5(‘5\1;1?1?03‘/35_) 20%) Apartment Facade:
[D1] : ! 1.67 [D6] 27.9 (Fachade) 1.43
Heated Area Facade: 7 (Windows; 25%)
22.5 (Fachade) ’
4.5 (Windows; 20%)
Apartment Facade: Apartment Facade:
29.75 (Fachade) 41.25 (Fachade)
5.55 (Windows; 20%) 10.23 (Windows; 25%)
(2] Heated Area Facade: 151 [D7] Heated Area Facade: 116
29.75 (Fachade) 41.25 (Fachade)
5.55 (Windows; 20%) 10.23 (Windows; 25%)
Apartment Facade: Apartment Facade:
35 (Fachade) 46.8 (Fachade)
8.75 (Windows; 25%) 11.5 (Windows; 25%)
[D3] Heated Area Facade: 1.37 [D8] Heated Area Facade: L71
7.5 (Fachade) 46.8 (Fachade)
1.95 (Windows; 26%) 11.5 (Windows; 25%)
Apartment Facade:
Apartment Fagade: 41%(; E\P;\?icr?;(?v?s- 25%)
[D4] 35 (Fachade) N/A [D9] ' ’ 1.59
8.75 (Windows; 25%) Heated Area Facade:
’ ’ 42.9 (Fachade)
10.7 (Windows; 25%)
Apartment Facade: Apartment Facade:
41.25 (Fachade) 35.9 (Fachade)
10.23 (Windows; 25%) 7.7 (Windows;21%)
1k Heated Area Fagcade: 116 DALY Heated Area Facade: 0.86
41.25 (Fachade) 14.95 (Fachade)
10.23 (Windows; 25%) 2.72 (Windows; 18%)

Table 3. 5. Geometrical features of the heating area in each dwelling. (EF: Envelope Factor= m?
heated area /m2 fagade of heated area)
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Mentioned information about the heated area in each dwelling, as well as some
geometrical features of the envelope are summarised in Table 3. 5, as previously
mentioned. In the first lines, the plans of each dwelling are depicted. The heated area is
highlighted in red. Below, geometrical values are presented for each dwelling, and an
“Envelope Factor” (EF), which is the ratio between heated area and area of the exposed

facade of heated area, is calculated.
4.3.3 IR Techniques

A thermal imaging inspection was also carried out during the investigation of two of the
aforementioned subsystems: building envelope and building techniques. Infrared
radiation is emitted by all objects above absolute zero. The IR camera measures this
radiation and gives the surface temperature according to the black body radiation law

which have to be corrected with the emissivity for grey bodies.

Thermography allows detecting thermal heterogeneities of the envelope, like thermal
bridges, or variations of the U-Value of different areas of the facades. Some aspects

which have a strong influence on IR assessment are defined below [64]:

* Emissivity (g). It is the ratio of energy radiated by a surface to energy radiated by
a black body (BB) at the same temperature.
)EE =5.67 X 1078 X T s
Many of the construction materials have an € from 0.85 to 0.95. Thus, emissivity
is usually fixed in 0.9 in an infrared camera. This parameter must be taken into

account if a low emissivity material is evaluated, because it could lead to mistakes

in the IR Camera readings.

= Relative Humidity (RH). IR techniques can not detect presence of mould. However
they can identify critical areas where mould could grow. In some cases, Relative

Humidity higher than 50% may be enough for its development.

= AT. It is recommended at least a 10-15 2C temperature difference between

indoors and outdoors when IR analysis is carried out.
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= Solar Radiation. IR images must be taken avoiding sunny hours, to avoid the effect
of the sun on walls. In this way, also thermal inertia of the wall must be taken into
account. After the sunset, a fagade releases the heat absorbed during the day, and

this effect can be misunderstood in the IR images as heat losses.

Other factors, like distance to the measured element, air temperature, air relative
humidity, wind or reflected temperature, must be taken into account as well, especially

if quantitative analysis is carried out.

According to these parameters, the infrared thermographs were performed with a FLIR
infrared Camera Model PS60 which has an accuracy of 2% in temperature measuring.
The emissivity used in the calculations was 0.9 because most of building construction
materials have high emissivities. The inspection was carried out during two nights: 28t
February 2012 (1 am - 4 am) and 274 March 2012 (0 am - 1 am). During the first night
collection, the air temperature was 6.5 2C and there was a RH of 88%. During the second
night, the air temperature was 9 2C and there was 88% RH. No rains were recorded in

the previous days.
4.3.4 Thermal comfort

Special attention was paid in this study to thermal comfort. Thermal comfort and
healthy indoor environment are two of the most important targets of any building. In
this approach, these aspects were included in “Occupants” subsystem. Different factors
determine a comfortable environment, such as air temperature, relative humidity, air
movement, human activity and type of clothes, to name some of them. Predicted Mean
Vote (PMV) or Predicted Percentage Dissatisfied (PPD) indexes are used to assess
thermal comfort. PPD is defined in terms of the PMV. PMV depends on activity, clothing,
air temperature, mean radiant temperature, air velocity and humidity [65]. As this long
term monitoring study was carried out in occupied dwellings, there were some
limitations with the used instrumentation, and all of the above mentioned parameters
were not registered during the research. For this reason, a simplified method was used

to assess thermal comfort in dwellings, which is described in section 6.6.
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4.3.5 Questionnaires

To complete this study, the occupants of each dwelling filled in some questionnaires
during the monitoring period. The information supplied by the questionnaires was
related to occupant behaviour and awareness, energy consumption, building services,
indoor air quality and occupation patterns. The questionnaire template is attached in

Appendix 3.1.
4.4 Data analysis

Different analyses of the collected data were made according to different moments of

the monitoring period:

= Seasonal values were analyzed for winter (Dec-Jan-Feb-March), tempered season
(April-May) and summer (June-July-August).

= The coldest period of 15 days, (1-14 February)

* One period of 15 days in Spring

= The hottest period of 15 days, (8-22 August)

= Short time periods (48h). The hottest (18th-19th August), the coldest (8th-9th
February) and a tempered period (24th-25th April).

The following values for each dwelling were provided: maximum and minimum values,
average values, standard deviations and correlations between indoor and outdoor

temperatures.

5 Results

U-values (Fig. 3. 4) were clearly gathered in two defined ranges. One was the group
related to the newest (built after the 80s) or energy renovated buildings, which have
their U-values between 0.40-0.50 W/m2.K. The other group referred to buildings built
before the first thermal regulation (1979) with a U-value between 1.10-1.30 W/m2.K.

As expected there were two clear correlations. First of all, the difference between
average outdoor and indoor temperatures is calculated (AT). The higher AT is, the

higher the heat consumption is. As it was also expected, when two dwellings with
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similar heating consumption are compared, the higher AT corresponds to the lower U-

value.
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Fig. 3. 4. Relation between energy consumption and U - Value

This trend is clearly shown in the graph depicted in Fig. 3. 5. Even though the comfort
zone in winter is defined by ASHRAE in [66] to be between 20 2C and 24 °C, the thermal
comfort limits were selected according to [49] to be 18 ©C 2 °C. AT in this graph is the
difference of the average indoor and outdoor temperatures in winter. Thus, dotted
broken, red lines represent these comfort limits for winter (20 ¢C and 16 2C, which
makes 5.832C and 9.83°C of AT). The time-constant (t) was calculated dividing C
[J/m2.K] by U [W/m2.K], and it is presented in hours [h], according to [67]. This concept

was considered useful in this graph since it encompasses both C and U in only one term.

Heat consumption, U-Value and average AT in studied dwellings
1 1
H 70 1 | ©394(07) © l
260 i @ :
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Fig. 3. 5. Relation between energy consumption, time constant and average AT. Outdoor Average:

10.17
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An unexpected performance of two dwellings can be perceived when looking at this
graph: the highest heat consumption in each interval (D5 and D7, respectively) doesn’t
correspond with the highest AT. This point proves that several other factors, such as
heat capacity of the facade, user behaviour, ventilation, windows quality and opaque
walls to windows ratio or thermal bridges ratio, to name but a few, play an important
role in thermal performance in these dwellings. Both dwellings (D5 and D7) exhibit not
only a high U-Value (1.27 W/m2K) but also a low heat capacity value in fagade (180
k] /mZ2K), whilst other dwellings with low U-value in their facades have, however, higher
heat capacity (360 k]J/ m2K - 423 k]J/ m2K); Differences between D5 and D7 could be

explained when ventilation patterns or user behaviour are taken into consideration.

Average monthly temperatures. D3-D4

Nov Dec Jan Feb Mar Apr May Jun Jul Aug
—o—QutTemp —8—D3 —A—D4

Fig. 3. 6. Evolution of the monthly average temperatures in D3 and D4 (main room)

Average monthly temperatures. D8-D9
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Temp. [2C]
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—o—QutTemp ——D8 —¥—D9

Fig. 3. 7. Evolution of the monthly average temperatures in D8 and D9 (main room)

Average monthly temperatures. D5-D7
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Fig. 3. 8. Evolution of the monthly average temperatures in D5 and D7 (main room)
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Thus, these differences in annual energy consumption of each dwelling should be
evaluated and explained analysing more parameters. D3 and D4 are quite similarly
constructed. Their differences were explained when the heating system was taken into

account and when the average monthly indoor temperatures were compared (Fig. 3. 6).

Even using the same heating system i.e. natural gas with high temperature radiators and
having very low monthly average temperatures, significant differences were found in
heating consumption (about 50%), as Fig. 3. 7 shows for D8 and D9. When D5 and D7
were compared (Fig. 3. 8), with similar average indoor temperatures during the winter
period, the slight differences in heating consumption (Fig. 3. 5) were attributed in this

case to occupants’ behaviour, as previously said.

The kind of heating system, and the way each occupant uses it, also have a strong
influence on the global thermal performance of the dwelling, and on the relation
between indoor thermal comfort and heating consumption itself, as described in section

6.2.2.in more detail.

6 Analysis of results

6.1 Analysis of annual indoor environment

Social housing sector is a heterogeneous dwelling group when indoor thermal
conditions are taken into account. In the studied group, significant differences were
found for the average monthly indoor temperatures, especially in winter time, when
heating systems were used and consequently, heat consumption was the highest (Fig. 3.

9). This period will be studied in detail later.

As previously said, fluctuations in indoor temperatures were a consequence of several
factors, such as the heat capacity of the building structure, the heating system control or
ventilation patterns, to name but a few. Diurnal and nocturnal ranges give an idea of the
indoor temperature stability. The ratio of internal to external temperature fluctuation
(Ati/Ato) shows correlations between indoor and outdoor temperatures, and it depends
on the dwelling features (building techniques, building envelope and energy systems)

and, on other factors such as dwelling operation, related to occupant behaviour.
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Fig. 3. 9. Maximum, average and minimum indoor monthly temperatures.

Table 3. 6 shows the nocturnal and diurnal ranges by seasons. It is calculated as the

difference between the maximum and minimum temperature in each period of the day

(nocturnal and diurnal), and seasonal average values are calculated then. The higher

diurnal (8 am - 8 pm) and nocturnal (8 pm - 8 am) ranges of indoor temperatures were

in winter period, when heating systems were used. Average of diurnal range in this

period was between 3.18 (D2) and 1.16 (D6), whilst the average of nocturnal range was

between 3.63 (D10) and 0.82 (D6). In summertime, however, these ranges were in

general quite smaller, from 3.36 (D2) to about 0.8 (D4 and D6).

Winter Period Spring Period Summer Period
(Dec-Mar) (Apr-May) (Jun-Aug)
C Diurnal  Nocturnal Diurnal Nocturnal Diurnal Nocturnal
(k]/m2.K) Range Range Range Range Range Range
(Toy 5.53 4.01 4.58 4.02 5.19 4.38
D1 463.8 2.14 2.15 1.23 1.33 1.07 0.99
D2 463.8 3.18 2.87 2.53 2.49 3.36 3.68
D3 359.8 3.11 2.99 1.32 1.39 0.91 0.93
D4 359.8 1.19 1.68 1.03 1.46 0.81 1.08
D5 180.0 2.64 2.84 1.98 1.85 2.03 1.80
D6 238.4 1.16 0.82 0.89 0.89 0.79 0.85
D7 180.0 2.98 2.55 1.63 1.33 1.03 0.93
D8 189.0 1.79 1.41 1.64 1.12 1.75 1.38
D9 189.0 2.18 1.92 1.43 1.58 1.17 1.27
D10 162.6 2.02 3.63 1.54 1.56 1.11 1.23
Average of dwellings 2.24 2.29 1.52 1.50 1.40 1.41

Table 3. 6. Ratio of internal to external diurnal and nocturnal temperature fluctuation for the
studied dwellings in the studied period (main room data)
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Differences were also found when the two monitored rooms of the same dwelling were
compared, especially in wintertime. When all rooms of the dwelling were heated by the
heating system, nocturnal and diurnal ranges were similar in both rooms (e.g. D5,
average diurnal range was 2.64 in the main room and 2.85 in the bedroom; and average
nocturnal range was 2.84 in the main room and 2.70 in bedroom) When only some
rooms of the dwelling were heated, the differences were significantly bigger: in D3 the
average diurnal range was 3.11 in the main room and 1.36 in the bedroom; and the

average nocturnal range was 2.99 in the main room and 1.27 in the bedroom.

These results seem to be contradictory to that mentioned in [49], where it is affirmed
that fluctuation temperature is closely linked to the heat capacity of the structure.
However, this phenomenon can be explained with the fact that both studies were carried
out under different conditions. In this case, every monitored dwelling was occupied

during monitoring periods, whereas in [49] two dwellings out of the three were vacant.

The way of using the heating system in winter, and ventilation management of the user
in summer (both strategies regarding to occupants’ behaviour) can increase
significantly the indoor temperature range of dwellings. As a matter of fact, this was
proved with the values obtained for the diurnal range of temperatures in D4 during the
winter period, which was one of the lowest of the sample. Similarly, D6 presented the
lowest temperature range and the use of the heating system was very occasional,
according to the D6 questionnaire. This hypothesis was proved in summer as well.
Dwelling D6, which was also the dwelling with the lowest temperature range in summer,

was vacant during this period.

Other factors, such as the ratio of exposed envelope area to dwelling area can
complement the explanation of these results. Thus, the high values of D2 are also
explained due to its location within the building, directly under the roof and
consequently it had a higher ratio of thermal envelope area to indoor area, whereas in
D1 the effect of high C in the opaque walls could be counteracted by the low quality of

the windows.

Indoor relative humidity (RH) was also analysed. The accepted range of RH for thermal
comfort is from 30% to 70% [66]. More than 99% of registered RH data were higher

than 30% in all dwellings, as shown Fig. 3. 10. However, the state of affairs changes
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when the highest limit is observed. In four dwellings, more than 5% of registered data
were out of the comfort zone, and two of them gave especially high values: D6 (32.4% of
the registered data out of the comfort zone) and D7 (46.9% of the registered data out of

the comfort zone).

Fig. 3. 10. Relative humidity in the dwellings. Cumulative Distribution Function

Seasonal detailed information is presented in Table 3. 7. The majority of collected data
higher than RH 70% correspond to wintertime, except in D7 which had high RH values

in every evaluated season.

R.H. Dec 2011 - Sept 2012 Winter Tempered season Summer
ll:;e:: 1315%2 hl;/éitiutf:n Measures higher = Measures higher = Measures higher
(%) 70% (%) than 70% (%) than 70% (%) than 70% (%)
D1 0.02% 3.7% 8.1% 0.14% 0.36%
D2 0.00% 16.2% 27.5% 12.1% 3.9%
D3 0.06% 0.3% 0.82% 0.00% 0.1%
D4 0.00% 7.2% 16.2% 0.19% 0.02%
D5 0.02% 4.9% 9.2% 3.5% 0.02%
D6 0.2% 32.4% 63.2% 18.6% 0.81%
D7 0.00% 46.9% 40.6% 58.8% 47.5%
D8 0.00% 3.0% 0.85% 1.76% 6.9%
D9 0.00% 0.08% 0.03% 0.00% 0.2%
D10 0.00% 7.0% 10.1% 2.3% 6.0%

Table 3. 7. Summary of logged RH (%) during the whole period and by seasons: in Winter (Dec
2011 - Mar 2012), tempered season (Apr-May 2012) and Summer (Jun-Aug 2012)

In occupied dwellings RH was directly affected by natural ventilation as there was no
mechanical ventilation in the studied dwellings. Thus, this parameter can also give
information about the ventilation rate, whether it was enough or not. Indoor RH is

related to outdoors RH, and with indoor humidity sources like cooking or human
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activity. Too high RH values could mean a low ventilation rate, as well as low indoor

temperatures.
6.2 Winter period

6.2.1 Overall analysis

Winter period data (In this study, is assumed between December 2011-March 2012) are
presented in this section. Some temperature limits were defined in order to evaluate
indoor temperatures in dwellings. For winter time thermal comfort limits were set up
around 18 2C +2 °C, based on the research presented in [49]. Moreover, the lowest limit
(16 2C) is used as a reference in other studies for identifying “cold homes” when

standardized temperatures are used, such as in [62].

It was found that average indoor temperatures in two dwellings were lower than 16 2C
(D4 and D10) in winter season. For dwellings D1, D2, D6 and D8 average indoor
temperatures were also low (Table 3. 8). The reasons of these low temperatures can be
several and different in each case, e.g. no dwelling occupancy for some days, poor
heating equipment control, building and heating system characteristics, different

ventilation patterns, etc.

Maximum Minimum Temp. Average Temp. Range (2C) Star.ldz%rd

Temp. (2C) (G9) (G9) Deviation
Outdoors 25.80 -0.30 10.17 26.10 3.87
D1 24.46 9.73 16.94 14.73 1.85
D2 22.71 10.79 17.56 11.92 1.32
D3 26.13 14.36 19.35 11.77 1.86
D4 21.27 9.21 14.38 12.06 2.26
D5 23.86 12.94 18.79 10.91 1.59
D6 23.69 13.81 17.67 9.88 1.61
D7 22.39 14.27 18.71 8.13 1.25
D8 22.66 11.13 17.70 11.53 1.20
D9 24.22 13.64 20.48 10.58 1.04
D10 23.28 10.52 15.43 12.76 1.68

Table 3. 8. Summary of logged temperatures (2C) in Winter (Dec-Jan-Feb-Mar)

Relations between average indoor temperature and heating consumption have already

been depicted in Fig. 3. 5. Red lines represent the aforementioned comfort limits in
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winter. As previously said, it is expected there is a trend, so the bigger the AT is, the
higher heat consumption is. When heat consumption was similar (e.g. D1 and D8), it was
also observed that the bigger the AT is, the lower the U- value is. Nevertheless two
dwellings (D5 and D7) did not follow this trend. It could be explained due to occupant
behaviour, for example, related to ventilation patterns as observed in the 15 day and 48-
hour periods. To ascertain this point, the coldest 48-hour period is shown in Fig. 3. 12.
Opening windows are highlighted in blue in this figure. Even though the 48-hour period
logged was the coldest, an opening windows interval is easily identified for a long time
in both days, especially in the bedroom. See the green line that lasts about two hours in

February 8t and almost four hours in February 9th.
6.2.2 15-day and 48-hour periods

A 15 day period and a 48-hour period analysis allowed the information gathered by
questionnaires to be complemented with real data obtained by the thermo-hygrometers.
Measured outdoor temperatures during the 15-day-period are presented in Fig. 3. 11,

where the 48 - hour - period assumed is also marked in the graph.

Outdoor temperature (1st - 14th of February, 2012)
16 = m e N

Fig. 3. 11. Outdoor temperature in the 15-day-period studied

Ventilation (opening windows) and heating consumption patterns are easily identified
in these analyses. Opening windows in winter are identified in the graphs because RH
and temperature drop suddenly. In a similar way, when the heating system is activated,
temperature increases and RH drops at the same time. Two examples of this behaviour
for dwellings D3 (heating system activation) and D5 (opening windows) are depicted in

Fig. 3. 12.
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Fig. 3. 13. Indoor temperature [2C] and RH [%] for D1, D3, D4 and D5

These analyses also allowed different heating systems and the way of using them to be

compared. For example, D1 and D3 used heaters only in some rooms of the whole

dwelling. However, the results were quite different in each case. Although both

dwellings were occupied during the whole day, D1 only had a few peaks over 16 °C in

the heated area and in the 48-hour analysis there was a minimum of 12 ¢C

corresponding to the moment when windows were open. Meanwhile D3, a dwelling
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heated by a 2 kW electric heater located in the living room, had a significant amount of
logged data over 20 2C in the heated area. Some of these graphs are depicted in Fig. 3.

13, and all cases are presented in appendix 3.2.

Several differences were also found in the evolution of non-heated area temperatures in
these dwellings. D4 (with no heating system) had a very low temperature during the
coldest period. The temperature in the whole dwelling was stable and the same in the
two measured rooms (studied points). A small peak appeared in the temperature of the
main room, due to the use of a small heater, whose consumption was neglected in

energy consumption estimations.

The dwellings with natural gas and one radiator in each room showed smaller
temperature differences in the whole dwelling during the day. As an example in D5 a
natural gas heating system with one heat radiator in each room was used, and a system
was commanded with a thermostat located in the living room. Energy consumption for
heating was usually higher in these dwellings, but the whole dwelling performs closer to
comfort levels. The temperatures were similar in every room, and small variations were

due to different ventilation patterns in each room.

Max. Temp. (2C) Min. Temp. (2C) Av.Temp. (2C) Range (2C) Standard Dev.

Outdoors 12.10 -0.30 5.08 12.40 2.54
D1 19.01 9.73 14.38 9.28 1.55
D2 21.10 12.99 16.95 8.11 1.43
D3 25.72 15.51 18.46 10.21 1.99
D4 13.91 9.21 10.57 4.69 0.76
D5 23.16 12.94 18.38 10.22 1.97
D6 17.68 13.81 15.04 3.87 0.84
D7 22.39 14.27 18.86 8.13 1.52
D8 18.60 12.85 16.75 5.76 0.92
D9 24.22 14.96 20.24 9.26 1.01
D10 22.32 10.52 14.81 11.81 1.97

Table 3. 9. Summary of logged temperatures (2C) in the 15 coldest days (1-14 Feb 2012)

In this analysed 15-day period, the 4 dwellings (D1, D4, D6 and D10) had an average
temperature below 16 °C and only one dwelling (D9) had an average temperature

higher than 19 2C (Table 3.9).
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6.3 Spring period (tempered season)

Tempered season data (April-May 2012) are presented in this section. Similar
methodology was followed to analyse these data. In this period, only in one dwelling
(D10) was the average indoor temperature lower than 18 2C. The other dwellings had
average temperatures between 18.15 2C (D4) and 21.19 2C (D9). Standard deviations
were, in general, quite higher than those obtained in wintertime. A summary of the data

collected in this period is gathered in Table 3. 10.

Regarding the 15-day and the 48-hour period analysis, although indoor thermal
conditions between the dwellings were similar in this period, still several significant
differences were found. Some dwellings used the heating system during some days of

this period but most didn’t.

Max. Temp. (2C) Min. Temp. (2C) Av.Temp. (2C) Range (2C) Standard Dev.

Outdoors 34.80 6.30 14.45 28.50 4.48
D1 28.05 15.03 19.28 13.02 2.67
D2 26.23 11.57 19.48 14.67 2.47
D3 27.21 15.68 20.60 11.53 2.51
D4 28.49 13.55 18.15 14.95 3.19
D5 27.48 15.72 20.21 11.76 2.28
D6 26.06 15.96 20.15 10.10 2.41
D7 23.86 15.06 18.73 8.80 1.53
D8 25.65 14.22 19.18 11.43 1.81
D9 25.57 16.27 21.19 9.30 1.66
D10 23.55 14.03 17.79 9.52 2.06

Table 3. 10. Summary of logged temperatures (2C) in Spring (April-May)
6.4 Summer period

In order to assess the thermal behaviour of each building without any heating or cooling
system, monitoring measurements were carried out in summer as well, from June to
August 2012. As expected in this climatic area, indoor thermal comfort was satisfactory
without any cooling systems. As shown in Table 3. 11, the indoor average temperatures
minus outdoor temperatures range between 6.82 (D7) and 12.34 (D2), with a standard
deviation between 1.31 (D7) and 1.86 (D4). These data show the capacity of these

dwellings to attenuate the impact of the diurnal summer thermal variations.
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Maximum Minimum  Average Range (°C) Standard

Temp. (2C) Temp. (2C) Temp. (°C) Deviation
Outdoors 36.90 12.40 20.35 24.50 3.53
D1 28.64 17.80 23.81 10.85 1.60
D2 29.12 16.77 23.87 12.34 1.70
D3 28.15 20.75 24.06 7.40 1.43
D4 29.99 20.25 24.32 9.75 1.86
D5 30.14 19.75 24.54 10.40 1.43
D6 28.72 20.32 24.62 8.40 1.78
D7 26.97 20.15 23.25 6.82 1.31
D8 29.57 18.89 22.99 10.68 1.38
D9 27.85 20.60 24.72 7.25 1.43
D10 26.72 18.46 23.27 8.26 1.42

Table 3. 11. Summary of logged temperatures (2C) in Summer (June-August)
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Fig. 3. 14. 15-day and 48-hour period (the hottest period) analyses for D1, D4 and D5 in summer
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This behaviour can be explained more deeply if indoor temperatures are evaluated in
detail (Fig. 3. 14). For summertime the thermal comfort limits were set up with a
maximum value of 28 2C. Even during the hottest period of the year, a suitable
occupants’ management (reduction of solar gains during day time and natural cooling at
night) ensured a proper thermal regulation. This regulation was achieved thanks to the
specific architectural designs of these dwellings, especially because its indoor
distribution allowed a cross ventilation and thermal draught created by existing
temperature gradients between opposite facades, which allowed adequate natural

ventilation.
6.5 Thermal imagining inspection

To analyse the heat consumption of a dwelling, another issue to take into account is the
impact of thermal bridges. According to several references, the impact of thermal
bridges on heat consumption can vary from 5% [68] (when insulation is at the exterior
of the building envelope) to 39% [69] (in many insulated single family houses with bad

thermal bridge treatment).

Despite the complexity to carry out an accurate quantitative IR inspection, the
temperature profile in the thermal bridge created in the slab face of each building was
analysed, as shown in Fig. 3. 15. The minimum temperature (Tmin) in the external
surface of the facade corresponds to a point far away from the thermal bridge, where the
heat flux was supposed to be one-dimensional. The difference between the minimum
and the maximum temperature (AT) indicates the level of the impact of the slab face
thermal bridge. The higher the AT is, the bigger the thermal bridge impact is.

e

Fig. 3. 15. Temperature profile in the slab face thermal bridge

FIELD STUDY OF THERMAL BEHAVIOUR IN SOCIAL HOUSING APARTMENTS | 95



® Energy retrofits in social housing

Ingeniaritza Goi Eskola Teknikoa . . .
' Escuela Técnica Superior de Ingenieria Analysis of its thermal behaviour

Bilbao Jon Terés Zubiaga

The lowest difference of surface temperature (AT) was found in dwellings D3 and D7
(0.7 2C), whilst the highest AT was registered in the facade of D2 (3.3 2C). The possible
effect of the thermal bridges over the global thermal performance of the dwellings was
not very well defined when these results and indoor temperatures or consumption in
each dwelling were assessed together. This is due to the fact that the effect of other
variables such as opening windows patterns, make the impact of thermal bridges to be
negligible. In this case, the fact that the dwellings were occupied during the monitoring

period was a handicap to evaluate this effect.

(9 (d)
Fig. 3. 16. Thermographs of some buildings (a) D2; (b) D3; (c) D5; (d) D8

Quantifying the thermal bridges effect on a dwelling requires limiting the effect of
human behaviour. This can be achieved by means of simulations or carrying out the
monitoring in vacant dwellings, since factors manipulated by the user (such as heating
temperature setpoint, ventilation rates or internal gains) have a strong influence on the
thermal gradient between indoors and outdoors. This fact can vary the AT value of a

thermal bridge.
6.6 Indoor thermal comfort and risk of cold homes

Due to the fact that some of the logged temperature data in winter were much lower
than expected, an analysis was undertaken, in order to evaluate indoor thermal comfort
in winter, and the ensuing risk of cold homes. Thermal comfort is defined by ISO 7730

[65] as the mental condition expressing satisfaction with thermal environment. As
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previously mentioned, due to the features of this investigation, recording all parameters
was not possible. For this reason, an approximation based on statistical analysis was

made, following the procedure presented in [49].

Cumulative distribution functions (CDF) were obtained with the series of registered
temperatures in the studied dwellings during winter period (from 1st of December 2011
to 1st of April 2012), in order to study thermal comfort (Fig. 3. 17). Significant
differences were found when CDF were compared. About 80% of the registered data in
D4 in winter were lower than 162C. Thus this dwelling could be identified as a cold
home. On the other hand, the total amount of registered data below 162C in D9 was
negligible, being the temperature over 20 2C almost 70% of the time. This could suggest
that reducing the setpoint temperature could diminish energy consumption without
decreasing indoor environment comfort levels. CDF of D10, D1, D2 and D5 are also
presented in the Fig. 3. 17. CDF of D2 shows a well- balanced indoor temperature, where
only less than 5% of the registered data were below 162C and less than 5% of the

registered data were over 202C. CDF of every case are shown in appendix 3.2.

CDF of indoor temperatures in Winter
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Fig. 3. 17. Cumulative Distribution Function of 6 studied dwellings in Winter (main room)

A summary of logged temperatures according to these criteria is presented in Table 3.
12. The thermal performance of D4 must be highlighted in this table. It was not only the
coldest dwelling in winter, but also one of the dwellings with higher temperatures in
summer (see Table 3. 11). In D6 high temperatures were logged in summer, but this

was due to the fact that the dwelling was empty during that summer period and thus,
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there was no ventilation. D5 presented higher temperatures over the whole year.
Thermal performance of D4 could be explained because of the high U-value of its facade
and especially because it is located in the upper floor of the building and the U-Value of

its roof is very high.

These CDF analyses give quantitative information, but they don’t describe the
temperature evolution inside the dwellings. As described in [49], the difference between
indoor and outdoor temperatures against outdoor temperature was analyzed (see Fig. 3.
18, and Appendix 3.2). The thermal comfort zone is marked in the graphs (between blue
lines), so as to identify which measurements were in the thermal comfort zone and
which measures were not. Moreover, the figure also shows the share of measurements
which were below 16 2C. Previously mentioned thermal comfort limits were selected

(18 °C +2 °C).

Winter Tempered season Summer
Measures Measures Measures
below 16 Measures over below 16 Measures over below 20 Measures over
oC (%) 20 °C (%) oC (%) 20 2C (%) oC (%) 28 °C (%)
ouT 94.67% 1.41% 69.96% 10.43% 52.00% 3.43%
D1 24.6% 5.68 % 11.69% 41.69% 0.20% 0.02%
D2 9.06% 4.94 % 3.13% 39.77% 2.42% 0.17%
D3 0.83% 30.25% 1.15% 49.24% 0.00% 0.00%
D4 81.86% 2.27% 33.15% 29.33% 0.00% 1.36%
D5 0.94% 29.20% 0.00% 52.53% 0.00% 2.33%
D6 12.92% 5.96% 0.14% 46.69% 0.00% 5.07%
D7 1.09% 16.99% 0.31% 26.94% 0.00% 0.00%
D8 5.20% 4.75% 0.92% 30.26% 0.28% 0.03%
D9 0.26% 71.85% 0.00% 76.58% 0.00% 0.00%
D10 65.90% 1.13% 25.41% 18.27% 0.08% 0.00%

Table 3. 12. Summary of logged temperatures in the main room (%) in winter (Dec 2011 - Mar
2012), tempered season (Apr-May 2012) and summer (Jun-jul-Aug 2012)

The CDF temperature in winter gives an idea of the heating system usage. Differences
between D4, (where more than 80% of the measured temperatures are below 16 2C),
and D9, (where more than 99% of measured temperatures are higher than 16 ¢C), were
apparent. In this case, one of the most influential factors was not the building envelope,
the energy system or the building techniques, but the building operation and especially,

the way the heating system was used.
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Fig. 3. 18. Indoor-Outdoor temperature against outdoor temperatures in wintertime. (D2 and D4)

7 Discussion

7.1 Overall discussion of the results

Thermal behaviour of dwellings can be explained only when they are studied under a
global approach, taking into account the six subsystems mentioned in Fig. 3. 1. In the
case of the analyzed dwellings of this chapter, occupants’ adaptive behaviour (as
affirmed in [70]) played an important role in indoor thermal characteristics,
particularly in summertime. In most cases, this adaptive behaviour could ensure a
thermal regulation thanks to specific architectural design of the dwellings. A good rooms
distribution according to its uses and orientations, allowed natural ventilation to occur,
i.e. thermal draughts due to temperature gradients between the two facades of the

dwelling.

Following the holistic approach presented in this chapter, the results obtained may be

summarized in the following points:

* Qutdoor environment and site. The dwellings are located in an area with a
tempered climate, although sporadically peaks of temperature (both high and
low) could be registered.

= Heating systems. In the majority of the analysed dwellings the efficiency of the
heating system could be improved, especially in rented ones, where the
occupants usually decide not to invest in an efficient heating system.

= Building envelope. Building envelope of buildings built before 1980 shows high U-

values (1.11-1.27 W/m2.K) in its opaque walls, and in its original windows. The
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infiltration rates are high too. In many dwellings windows have been replaced at
least once, and “Bilbao Social Housing” have promoted and developed plans in
this way, usually acting not on a building scale, but on a dwelling scale. However,
there is still a great number of buildings and dwellings with envelopes displaying
a poor thermal performance.

* Building Techniques. The effects of thermal bridges were not appreciated due to
their low thermal impact compared to other effects, such as ventilation patterns.

* Indoor design. In general, studied dwellings present a good indoor design, with
crossing indoor distribution, adapted to uses and orientation.

= Occupants. Occupation patterns, ventilation patterns or ways of using the heating
system will have a high impact on the comfort and on the energy consumption.
Therefore strategies for increasing the occupants' awareness are recommended

to be developed.
7.2 Indoor comfort

7.2.1 Winter period

Four of the dwellings had an indoor average temperature lower than 16 2C during the
coldest period in winter, and two of them presented an average temperature lower than
16 2C when the whole winter was analyzed. On the contrary four dwellings had an
average temperature over 18 2C. In three of these four dwellings (D5, D7 and D9), the
occupants were the owners. In the fourth one, although the average indoor temperature
was higher than 18 9C, it was quite unstable. These three dwellings were the only ones
which had natural gas based heating system, and the household incomes of these
dwellings were also the highest of the ten studied cases. Other studies have also
demonstrated that amongst other factors, household incomes and energy consumption

and therefore, indoor comfort at home, are closely linked [34].

The majority of the analyzed dwellings had lower energy consumption than expected.
This is mostly due not to the building thermal performance itself, but to the indoor

temperatures which in some cases were very low values.

Improving the thermal performance of the social dwelling stock not only aims at

reducing energy consumption, but also (and moreover) at improving indoor comfort.
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For that reason, when the effectiveness of a renovation in a social dwelling is evaluated,
indoor comfort parameters, such as indoor temperature and RH, must be taken into
account. The improvements on the indoor comfort should be considered as essential as
energy savings itself. Factors which are out of the scope of our study, such as health and

social factors will also be benefitted through a proper renovation of social dwellings.
7.2.2 Summer period

Indoor conditions in summer were also considered in this study. Similar methodology to
the one used in section 6.6 to evaluate indoor comfort in winter can be followed to
analyse the thermal comfort in summer. It has not been accomplished in this thesis,
because the registered indoor temperatures in summer were in general quite
comfortable, rarely higher than 28 9C even during the hottest days of the year, as

expected in this climatic area.

8 Conclusions

In order to establish a good energy renovation strategy of the building stock, and to
consider different priority criteria, it is necessary to have accurate data on the thermal
performance of the building stock. This chapter has shown a methodology for studying
thermal performance of social dwellings based on a long term monitoring of 10
dwellings. Collected data have been used to define general trends on energy
consumption and thermal performance of social housing sector, as well as to define the
operation conditions in social dwellings. Significant differences have been found when
comparing standard operation conditions and operation conditions based on gathered
measurements. This study also provides qualitative and quantitative characterization of

ten reference dwellings, representative of the Social Housing Sector in Bilbao.

The field investigation has shown that energy consumption of these social dwellings was
lower than expected. This situation was not due that much to a good thermal
performance of the studied dwellings, but to a lowering of the indoor comfort levels.
This way, future energy retrofitting strategies will have to bear this aspect in mind when
their effectiveness is assessed. That is, sustainability on building renovations does not

have to be evaluated only in terms of energy savings, but also under economic and social
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criteria. The aim of reducing the number of cold homes and the risks they involve
therein must be considered as important as energy savings themselves, especially in the

social housing sector.

Differences in energy consumption for heating were found amongst the studied
dwellings. Those differences could not always be explained by the construction
characteristics of the building (e.g. the higher U-value is, the lower the heating
consumption is). Especially important is the indoor average temperature required by
the occupants in winter, which is usually closely linked to household incomes. As
expected, the highest indoor temperatures were found in the dwellings with higher
household incomes. These differences on indoor conditions also depended on the
heating system and its use. It proves that the heating system influences on indoor

thermal comfort, both the kind of heating system itself and the way it is used.

The study also shows that the majority of dwellings had a good design, which could
allow thermal regulation by means of the occupants’ adaptive behaviour. Energy
retrofitting in social dwellings has to be lead mainly to improve energy systems and

building envelope, both opaque walls, and windows if necessary.

It is necessary to investigate the different types of social dwellings accurately before any
retrofitting intervention, according to the classification previously mentioned. The best
retrofitting strategy for improving thermal performance of a building constructed in
1920, with high thermal mass in fagade will be different than the best one for a building
constructed in 1960 with a light facade.

In short, social dwelling stock is one of the sectors with more risk of energy poverty.
Hence, social housing stock, especially that one built before 1980, should be a priority in
energy renovation strategies, both due to its improvement potential and the need to
fight against the risk of fuel poverty and cold homes. Sustainability of these energy
renovations must not only be evaluated in terms of energy savings, but also in terms of

social and economical improvements.

Finally, in order to standardize parameters and compare thermal performance of
different occupied dwellings, during different period of time and in different climate

conditions in a proper way, new strategies and methodologies should be implemented.
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Otherwise it would be impossible to create a data base and set the dwellings to be
renovated in the first place. Moreover, this methodology would be useful to evaluate a
dwelling or building before and after the retrofitting work is performed. Real data of the
renovation efficiency should be obtained so as to compare both situations independently
of the fact that the occupants’ behaviour or outdoor conditions are different during the
two monitoring periods. For this reason, the main focus of the next chapters is placed on
developing and assessing different models of thermal performance in buildings, and

comparing their results.

The next chapter describes the experimental part of this research, the selection of a
representative dwelling of the building stock of Bilbao, and the monitoring carried out
before and after an energy renovation takes place. This investigation will provide an
important amount of data from the dwelling, which will allow the different thermal
models developed in chapter 5 and 6 to represent the thermal behaviour of dwellings to
be checked. In this way, it will be possible to predict the improvements on energy

consumption, indoor comfort, etc, that are involved in different renovation strategies.

9 Referred appendices

Appendix 3.1. Template of presented questionnaire
Appendix 3.2. Detailed data of monitoring

Appendix 3.3. This appendix includes the paper resulted from the research work

presented in this chapter:

= “Field assessment of thermal behaviour of social housing apartments in Bilbao,

Northern Spain”, published in Energy and Buildings, 67 (2013) 118-135.
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RESUMEN

En este capitulo se describe el desarrollo de la parte experimental principal de la Tesis,
consistente en la monitorizacion térmica de una vivienda vacia en el barrio de Otxarkoaga, en
Bilbao. La vivienda seleccionada, ademds de ser representativa, file rehabilitada en el verano de
2012, llevada a cabo por Viviendas Municipales de Bilbao. Asi, dicha monitorizacion comprenderd
dos escenarios distintos: la vivienda antes de ser rehabilitada (invierno de 2012) y la vivienda tras
la rehabilitacion (invierno de 2013). En la vivienda se colocaron 60 sensores de temperatura asi
como una pequefa estacion meteorolégica, que enviaban las mediciones al adquisidor de datos
con una frecuencia de 1 minuto. Para ambas monitorizaciones se conté con la colaboracion del
Area Térmica del LCCE del Gobierno Vasco. Los resultados obtenidos serdn la base empleada en
los posteriores capitulos de la tesis, para la definicion y validacion de los modelos de
comportamiento térmico de la vivienda o edificio. Ademads, este capitulo hace un primer andlisis
de dichos resultados.

ABSTRACT

The main experimental part of the Thesis is described in this chapter. It is a thermal monitoring of
a representative social dwelling located in a district of Bilbao. A renovation was carried out in the

chosen dwelling during the summer of 2012, driven by Bilbao Social Housing. Thus, this field
study covers two different scenarios: the first one in winter 2012, before renovation works, and a

second one after renovation works were executed, in winter 2013. Around 60 temperature

sensors were placed within the dwelling, as well as a small climate station. Data acquisition

system recorded values with a 1 minute frequency. This monitoring was technically supported by
the Laboratory for Quality Control in Buildings of the Basque Government. Results obtained from

this field study will be used as reference in the following chapters of this thesis, to validate the

models of dwellings thermal performance developed in this thesis. Moreover, a first analysis of the

obtained results is presented in this chapter.
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1 Introduction

This chapter describes the main experimental part of the thesis. On the one hand,
measuring the thermal performance of a building before its renovation allows obtaining
data to assess the real performance of the building and to identify its potential
improvements. On the other hand, when the behaviour of the building is measured after
any renovation works, it is possible to check if the renovation strategy that was followed

performs as expected, and achieving the expected aims.

As mentioned in the previous chapter, results obtained from a building retrofit are the
consequence of multiple interactions amongst different subsystems, and it is a complex
issue to deal with. In fact, heat losses are often much higher than those calculated during

design phase [71].

As a matter of fact, a large amount of works focused on energy measurement in
buildings can be found in literature, leaded both to research and to commercial

applications. Two works are mentioned in this section as examples.

As far as research part is concerning, it is noteworthy the work developed by the Danish
researchers P. Bacher and H. Madsen. They presented in 2010 a procedure to identify
models for the heat dynamics of buildings. An office building called “Flex House” was
previously monitored and the results of monitoring and model development were

published in [72].
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More leaded to commercial usages (ESCOs and similar) is the IPMVP, a protocol of the
Office of Energy Efficiency and Renewable Energy developed by the U.S. Department of
Energy [73]. It documents the state-of-art and defines common terminology, with the

purpose of publishing current good Verification and Measuring practice.

In this chapter the monitoring work carried out in a social dwelling is described. The
dwelling was monitored during two different periods. The first one was carried out
within the first months of 2012, and the second one the following winter, from
November 2012 to February 2013, after a renovation promoted by Bilbao Social

Housing was completed.

Useful data to define and validate the models that will be described in next chapters
were obtained in this monitoring study. Although the main objective of the monitoring
was obtaining enough data to be used in next chapters, it has been considered that the
field study carried out is interesting enough for having a chapter devoted to it. Therefore
this chapter is dedicated to explain the approach and design of the field studies
themselves as well as the results obtained. In fact, several interesting conclusions are

found after assessing the obtained results.

It is important to highlight that the monitoring analysis presented in this chapter is
focused on the thermal performance of the dwelling related to its construction features.
That is, following the system approach described in previous chapters, it is now
concerned on defining and evaluating the response of three dwelling subsystems
(building techniques, building envelope and indoor design) under specific outdoor

conditions. Occupants and energy systems’ influence will be considered in next chapters.
1.1 Structure of the chapter

All along the chapter both monitoring periods are displayed, before and after
renovation. Once the objectives are presented in section 2, description of the dwelling, in
both studied scenarios (before and after renovation) is presented in section 3.
Instrumentation used in both monitoring studies, as well as the approach and
methodology followed for carrying out them is presented in section 4. Results are
presented and analysed in sections 5 and 6. Following the same structure developed in

former sections, results are presented and analysed firstly for each scenario, and then, a
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comparison between both scenarios is performed. Finally, conclusions of the chapter are

presented in section 7.

2 Obijectives of this chapter

The objectives of the monitoring study presented in this chapter can be shorted in:

= Compiling data about thermal performance of a reference dwelling, and using
them to define and validate the thermal performance models in buildings
presented in the next chapters of this thesis.

= Obtaining energy consumption values of a reference dwelling before and after
being retrofitted and without considering occupation influence (under the same
operating conditions).

= Quantifying losses through the different elements of the dwelling: facade, indoor
partitions, thermal bridges, windows...

= Comparing and evaluating the effect of the energy renovation in a dwelling (in

this case, the windows replacement) on its thermal performance.

3 Case Study

A social dwelling located in a district of Bilbao, called Otxarkoaga, was selected for this
field study. Selection was based on classification criteria of the building stock defined in
Chapter 1 and 3 of this thesis. It is well known the complexity and heterogeneity of the
building stock (as shown in Chapter 3) and the consequent difficulty to define a
“standard building” as a model of the total building stock. However, the chosen dwelling
is quite representative of a specific construction period of the 20t century, the 60s. It
was in this decade when a significant number of today’s buildings, especially in
industrial cities, were built up. Around 20% of the current building stock was

constructed in this decade in the case of Bilbao.

Moreover, Otxarkoaga District (Fig. 4. 1), was entirely built up in barely two years. In
1959 the construction of the area was started, and the 3672 projected dwellings were

already set up by 1961.
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Fig. 4. 1. General view of Otxarkoaga

3.1 Dwelling description before energy renovation

The studied dwelling is located in a multi-family building built in 1959-1961. The layout
of the dwelling is shown in Fig. 4. 2, and some photos are presented in Fig. 4. 3. The net
floor area is 52.52 m? and the floor to ceiling height is 2.47 m. The considered dwelling
has 3 external facades, orientated East, West and South, but only two of them (E and W)

have windows.

Fig. 4. 2. Layout of the selected dwelling before renovation
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Fig. 4. 4. Layout of Otxarkoaga. Buildings are coloured according to performed intervention in
1980°s (From Bilbao Social Housing)
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3.1.1 Building construction features

In 1980-1989, renovation works were carried out in the district promoted by the city
council, by means of different renovation strategies. Some of them involved different
levels of thermal upgrading, from the application of a lighted cement mortar in fagade to
the inclusion of thermal insulation of small thickness in some few cases. Fig. 4. 4 depicts
every building of the district coloured in different colours, according to the performed

intervention in the building.

Obviously, this was the base case assumed in this chapter. Thus, the following
description of the construction features corresponds not to the initial state of the
building, but to the state of the dwelling when the first monitoring period was carried

out, in the first months of 2012.
3.1.1.1 Facade

According to information provided by Bilbao Social Dwellings, external walls of the
dwelling are composed by two layers of hollow bricks separated by an air gap. The
indoor surfaces of walls are plaster over gypsum. The external surface is currently the
result of renovation works carried out in 1987. According to aforementioned
information, an addition of other window and facade layer was executed in the chosen

building.

Previous facade

Thermal Insulat.
Hollow Brick
Cement Mortar

Projected Arid

Fig. 4. 5. Facade constructive section (according to Bilbao Social Housing renovation in 1989)
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However, no modification in windows was found in the visual inspection of the dwelling.
That renovation affected to balconies, which were closed and they become a drying area
in each dwelling (currently located behind the bathroom and kitchen). In relation to
facades, the assumed addition of a new layer in fagade is depicted in Fig. 4. 5, according
to a report obtained from Bilbao Social Housing. The thickness of thermal insulation was
very small, even negligible in some cases. However, the value of this measure must be
compared to the standard at those times, when thermal behaviour in building

renovations was not a priority at all in this region.

Detailed section of the fagade, as well as indoor partitions (both between two rooms and

the dwelling, and other dwelling or staircase) is defined in Table 4. 1.

U - value (calculated)

[W/mZK]

Kind of wall Constructive section

Gypsum
Hollow Brick (4.5 cm)
Air gap
Hollow Brick (12.5 cm)
External Walls 0.74
Thermal Insulation (2 cm)
Hollow Brick (4.5 cm)
Cement Mortar (2cm)

Projected arid (1.5 cm)

Plaster
Dwelling Partitions Hollow Brick (4.5 cm) 3.59

Plaster

Plaster (1 cm)
Dwelling-Staircase/other dwelling  Hollow Brick (12.5 cm) 2.26
Plaster (1 cm)

Table 4. 1. Construction of the main elements of the dwelling envelope
3.1.1.2 Windows

Two different kinds of windows could be found in the dwelling before renovation, both
of them with aluminium frame without thermal break, which probably are not the
original ones. The window of room 5 (see Fig. 4. 11) was a single glazing window

whereas the rest of windows were double glazing.
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3.1.1.3 Structure

Like many buildings built up in the region during those years, the building was
constructed with reinforced concrete structure. Horizontal structure is composed by

hollow-tiled floors, as usual in that construction period.
3.2 Dwelling description after energy renovation

Several renovation works were executed in the dwelling during spring and summer of
year 2012. Amongst them, all windows were replaced, which is expected to have a
strong influence in the results of the 2rd monitoring period, when improvements on
thermal behaviour are assessed. Besides, the layout of the dwelling was slightly
modified, as shown in Fig. 4. 6. Hence, bearing in mind a thermal approach, windows are
the main change on the dwelling after renovation. Old windows were replaced by PVC

double glazed windows.
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Fig. 4. 6. Layout of the selected dwelling after renovation
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4 Methodology

4.1 Monitoring and measurement equipment

Detailed measurements of indoor and outdoor temperatures were collected using 53
platinum resistance thermometers of 100 ohms at 0 2C (PT100). Four heat flux plates
(Ahlborn Instruments) were also used in the study to measure values of the heat flux
through facades, floor and ceiling. Values given by these flux meters were used as

verification of other collected data.

A meteorological station was installed to measure solar radiation, wind velocity and
atmospheric pressure. Five electrical heaters were used for heating the dwelling. Their
heat inputs were measured using a SINEAX M561 single phase power meter with an

accuracy of 0.2 %.

Function Range Resolution Error

100 mV 0.1 pv 4 uv

1V 1uv 7 uv
Voltage DC 10V 0.01 mV 0.05 mV
100V 0.1 mV 0.6 mV

300V 0.1 mV 9mV

10 mA 0.01 pA 2 pA

Intensity DC 100 mA 0.1 pA 5 uA
1:00 AM 1 pA 100 pA
100 kQ/1mA 0.0005 Q 0.005 Q
Resistance 1 MQ/1mA 0.0001 Q 0.005 Q
10 MQ/100 pA 0.0001 Q 0.005 Q

Table 4. 2. Data Acquisition and Switching system specifications

An Agilent 34980A Data Acquisition and Switching system was used for logging
measured values, with 34921A channel armature multiplexer and 34921T terminal

block. Detailed information about the system is shown in Table 4. 2.
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All sensors were previously calibrated and validated in the LCCE of the Basque
Government, according to an internal procedure. Detailed information on instruments

characteristics is presented in Table 4. 3.

Parameter Units Sensor Uncertainty
Temperature [°C] PT100. A class (4 wire) +0.2°C
Heat Flux [W/m?2] Ahlborn FQA-0801-H +5%
Anemometer [m/s] Meteo Multi FMA510 +05/%+0.3 m/s
Barometric pressure  [bar] Meteo Multi FMA510 + 0.5 mbar
Relative humidity [%] Meteo Multi FMA510 +3%
Solar Irradiation [W/mz2] Kipp and Zonen CMP11 +3%

Table 4. 3.Characteristics of the used sensors
4.2 Methodology

As previously stated, the case-study dwelling is approximately 50 m? divided in five
rooms, a toilet, a hall and a drying area. The indoor spaces were numbered 1-8 to
distinguish amongst them, as shown in Fig. 4. 11. Data were collected during two
different monitoring periods. In the first period, the dwelling was monitored during 4
months (February - May 2012). After the windows replacement, the monitoring was
performed during 3 months (November 2012 - February 2013). The dwelling was

empty during both monitoring periods.

The heat supply in the monitored dwelling during this field study was purely electrical.
Five electrical space heaters were placed in room 1-5 (one heater in each room), and
each heater was rated at 400 W (although in situ measurements during monitoring gave
a total power of 1800 W, instead 2000 W, as theoretically expected as result of summing

the five heaters).
4.2.1 Monitoring approach

In order to design this field study, the heat chain from heater to outdoor air was kept in
mind, in a similar way to that used in Annex 49 [74]. In this case, however, due to this
monitoring study scale, boundary limits were moved and assessment does not start in
primary energy conversion, but in the heater. In this approach, heat chain is also divided

into several subsystems. Fig. 4. 7 shows a scheme of described heat chain.
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Fig. 4. 7. Heat chain from heater to outdoor environment

Based on this approach, monitoring was designed in order to obtain information about
each subsystem during both monitoring periods. Thus, temperature was measured in
every subsystem. Moreover, other data were collected in some subsystem, e.g. in heater,
where energy consumption was measured, or in outdoor environment, where wind
velocity and solar irradiation data were gathered. Fig. 4. 8 depicts in a simplified way the

distribution of sensors on the dwelling elements.

) Floor structure
Envelope | - surface (ceiling) <X~ Internal

.\ " Indoor Air I

surface (out) 'S ' partitions

‘ Outdoor ‘@ —
L Conditions ~F eows

~ Envelope : Structure surface
 surface (in) L (pillars)

Floor structure

~_surface (floor)

Fig. 4. 8. Subsystems measured during monitoring periods

4.2.2 Data acquisition procedure and data treatment

Measurements were taken with 1 minute frequency. Data acquisition system had an

integrated filter. Thus, data were passed through this filter to improve the signal quality.
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4.2.2.1 Sampling rate

Sampling rate should be chosen according to the response time of the studied object. In
the case of a building, this response time could be assumed in the range of 30-60
minutes. However, as mentioned before, chosen sampling rate for this monitoring study

was 1 minute.

The reason of this decision is explained as follows. 1-min. frequency allowed checking
the measurements in detail. After this first checking, data were integrated in 10 minute
periods (more suitable frequency for buildings), by calculating the average value of each
period. This way, the average value contains more accurate information about the 10
minute period than if the representative value for the period is an isolated value. A
simplified data set sample is depicted in Fig. 4. 9, to show this explanation clearly.
Considering 10 measurements of a data set, average value of those 10 values (depicted
in a red dot) is more representative of that period compared than if only one value of the
serial is logged. That’s to say, following this method, higher accuracy is reached with 10-

minute integrated values.

10 minute period sample
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Fig. 4. 9. Example to compare the significance of an average value and a punctual value
4.2.2.2 Assessment of results

Acquisition system generates a data file daily. Each file (raw data) was firstly treated
and measurements given by each sensor were passed by calibration factors. These

calibration factors were obtained by the aforementioned calibration procedure.

Calibrated results were assessed as follows. First of all, they were studied day-per-day.
This procedure allows to identify unexpected behaviour in any sensors, and assessing it

in detail or to check if all sensors were measuring and correctly connected, for instance.
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Then, they were integrated in ten minute periods as described in the previous section,
and average values for each element (indoor air temperature, outdoor surface

temperature of fagade...) were obtained.
4.2.3 Test-Routine

The controlled heat input was designed as a combination of a Randomly Ordered
Logarithmic distributed Binary Sequence (ROLBS, a high frequency routine, with a 30
min. step) and a Pseudorandom Binary Sequence (PRBS, a low frequency routine, with a
60 minute step). The resulted routine, which has no correlations with the other inputs,
was designed to excite the heat dynamic at several ranges of frequencies in which the
time constant of the building is expected to be [72]. Those time constants varied from 60
minute steps to 12 hour steps. An example of resulted heat input routine for a week is

depicted in Fig. 4. 10.

1 - — r 1 r

0 l[ ! I . | I
Q
b ; .
N

Fig. 4. 10. Heat input control signal in the dwelling from 1st-7t of February

1: ON / 0: OFF

1-feb
3-feb -
4-feb
5-feb -
6-feb |
7-feb

4.2.4 Co-heating method

[t was expected as well to use the gathered data to obtain the global transmittance of the
envelope based on the procedure of the co-heating method. A co-heating test is a
method of measuring a dwelling (unoccupied) heat loss or heat loss coefficient (W/K),

both fabric and background ventilation.

It is not a new concept, since it was developed in USA in the late 1970s, and it was used
in several occasions in UK in the 1980s. This method involves heating the inside of a

dwelling electrically to elevate the indoor mean internal temperature over a specific
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period of time, typically between 1 to 3 weeks. By measuring the amount of electrical
energy the daily heat input to the dwelling can be determined. Then, mentioned heat
loss coefficient can be calculated by plotting the daily heat input against the daily
difference in temperature between the inside and outside of the dwelling. The resulting
slope of the plot gives the heat loss coefficient in W/K. [75], i.e. the heat loss coefficient

can be calculated by Eq. 5.
UA =7 Eq.5

On the other hand, it is recommended to obtain a sufficient value of AT (difference
between indoor and outdoor temperature) in order to maximize the different heat fluxes
which take part in the heat transfer, characterizing it more accurately. For that reason, it
is advisable to carry out the monitoring studies in the winter months, between
November and March, although it will depend on the climate conditions of each place.
An added advantage of undertaking the tests during this period is that the effects of
solar radiation are also minimised. In this manner, with some small variations, the
methodology described in [75] was also borne in mind when this monitoring study was

designed.

4.2.5 Scenario 1. Monitoring before energy renovation

o
Tout01
Tel2
g °
-
) ellg
— Te22 e e
Teie T.;; FI Tel1
(3) 72N
&) )
1)
& fs1
Tm3ie TR = % (11
m - ® s 1o
113 = T otmiz ¥g——Tar @ -
o3 o [ Y- s Ta2 @ = e Tm11®
]
L, | —— s »
Te31 O °
m12
> e
Yn;!i ,,,,,,, Mz i
L ®m . oy
Tp4l @ T o
Tm7i
& —
T Ths5 Tms2 e L Tme2 @
Tis4 = ® i Tab
< ® 164 Teig
e Tciel .8 Tma2 S es ~
Te4a3 3 a4 TmS1 (L ) Tme1
. ® =1 °
= =N [
@ i ) L mws (B
F4 Tedl @ Tes2 Tes1 L4 e
D O °
°
Te42 .

L]
Clim. Station

Fig. 4. 11. Layout of the studied dwelling before retrofitting works
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A layout of the dwelling can be seen in Fig. 4. 11, where room numbers and sensor

positions are also shown, based on the approach described in section 4.2.1.

Collected data group Number of sensors
Indoor Air Temperature [Ta] 6
Surface Temperature of opaque walls (envelope) [Te] 6
- Indoor surface 4
- Outdoor surface 2
Surface temperature of windows [Te] 5
Surface Temperature of Structure [Tstr] 16
- Ceiling [Tfs] 5
- Floor [Tfi] 5
- Pillars (in) [Tp] 2
- Pillars (out) [Tp] 4
Heater Temperature [Tc] 5
Surface Temperature of partitions [Tm] 13
Outdoor conditions (Air temperature Tout (x2), wind velocity, - 4
irradiation)
Flux meters [F] 4

Table 4. 4. Highlights of the dwelling for the first scenario

Fig. 4. 12. Some pictures of the first monitoring period

A list of corresponding sensors for the first scenario classified according these data

groups is detailed in Table 4. 4: Indoor temperature was measured in 8 points of the
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dwelling, structure temperature was measured in 16 points, envelope temperature in 9
points (4 in opaque walls and 5 in windows), and outdoor temperature was measured in
2 points. Moreover, indoor wall surface temperatures were measured in 15 points, and 4
flux meters measured data from East and West facade and from floor structure (in floor
and ceiling). Air temperature next to each heater was also measured in order to check
that all of them were working properly. Likewise, these values can be used to have an
approximated value of temperature of the heater resistance. Some pictures of this
monitoring period are presented in Fig. 4. 12. A PT100 and a fluximeter placed in the
wall are presented in the first picture, the meteorological station, one of the used heaters
and the position of the indoor air temperature sensor are shown respectively in the rest

of the pictures.
4.2.6 Scenario 2. Monitoring after energy renovation

Several modifications were carried out in the layout of the dwelling. The main thermal
improvement was the replacement of all the windows. Sensors were placed in a similar
site than in the prior monitoring period, excepting two sensors (Tm42 and Tm72) which
had to be removed, since the wall where they were located in the first time was
demolished, as depicted in Fig. 4. 13. A list of corresponding sensors for the second

scenario, quite similar to the used in the first one, is detailed in Table 4. 5.
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Fig. 4. 13. Layout of the studied dwelling after retrofitting works
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Furthermore, two different sub-periods can be distinguished in this second monitoring
period. The new installed windows have in the frame a ventilation grille. During the first
weeks of this monitoring period, until the 28t of December 2012, their regular use was
performed. Then the ventilation grilles were sealed (as shown in Fig. 4. 14), and thus a
second phase was started. This second phase lasted until 20t of February 2013, when

monitoring study was concluded.

Collected data group Number of sensors
Indoor Air Temperature [Ta] 6
Surface Temperature of opaque walls (envelope) [Te] 6
- Indoor surface 4
- Outdoor surface 2
Surface temperature of windows [Te] 5
Surface Temperature of Structure [Tstr] 16
- Ceiling [Tfs] 5
- Floor [Tfi] 5
- Pillars (in) [Tp] 2
- Pillars (out) [Tp] 4
Heater Temperature [Tc] 5
Surface Temperature of partitions [Tm] 11
Outdoor conditions (Air temp. Ta (x2), wind vel.,, irradiation) - 4
Flux meters [F] 4

Table 4. 5. Highlights of the dwelling for the second scenario

Fig. 4. 15. Pictures of the second monitoring period (November 2012-February 2013)
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This way, comparing results of both phases allows making a estimation on how much
the energy consumption difference is associated to the ventilation performance, since
tracer gas monitoring could not be carried out after renovation works. Some pictures of

this monitoring period are presented in Fig. 4. 15.

5 Results

Data obtained in this monitoring will be used to define and validate the building models
of thermal behaviour in forthcoming chapters. However, even though these results were
an intermediate step in order to develop thermal models to obtain final results by

simulations, interesting information was found when the results were assessed.
5.1 Experimental data. Results before renovation

As described in section 4.2.2.2, obtained data were assessed following different steps.
Firstly, readings in one day data sets were analysed. This way, the coherence of obtained
readings is evaluated and possible errors related to sensors, such as a wrong contact or
connection mistakes, can be easily detected. Furthermore, detailed analyses are
undertaken using these results. As an example, the assessment of data obtained the 1st
of February 2012 is presented below. Weather conditions on that day (outdoor air
temperature, air velocity and solar irradiation) and heat input control signal are

presented in Fig. 4. 16 and Fig. 4. 17, respectively.

Weather conditions. 1st February 2012
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Fig. 4. 16. Measured weather conditions on 1st of February 2012 (Euskalmet)
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Fig. 4. 17. Heat input routine on 1st of February 2012
5.1.1 Results by systems and subsystems

Daily results gathered by systems and subsystems, in line with the scheme depicted in
Fig. 4. 8 (Opaque walls, single glazing window, double glazing window, indoor walls...)

were assessed during the monitoring period.
5.1.1.1 Indoor air temperature

Measured temperatures in each room, as well as average temperature and AT
(difference between maximum and minimum temperature) are depicted in Fig. 4. 18. In
the case of indoor temperatures, two set of measurements (T.6 and T.8) are quite lower
than the others. These indoor temperature differences in mentioned rooms were due to
the fact that the measurements appertain to sensors located in the toilet and drying
area, where no heater was placed. Temperatures of these two rooms were expected to
be lower than those of the other rooms, and temperatures measured in heated rooms
(rooms 2-5), as well as room 7, show differences within a range of 0.5 2C. Meanwhile,
temperatures measured in room 1(T,1) are always about 0.5 ¢C below the lowest of
mentioned group of rooms. This phenomenon is also detected when daily average values
are considered. This fact was observed in the majority of the days of the monitoring

period, and it is more noticeable in the coldest days.

[t is not an easy task to find a reason to explain it if only data presented so far are taken
into account. The size of the room is similar to the others and the heat input is the same
(one heater placed in the middle of the room). Even its position in the dwelling is,

intuitively, more favourable than in other rooms, such as room 3 or room 4, which have
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more external facade ratio and, therefore, they are more exposed. Explanation of this

phenomenon will be presented later, when more parameters are assessed.

Indoor air temperatures
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Fig. 4. 18. Indoor air temperatures in 1st of February 2012
5.1.1.2 Temperature of envelope indoor surface

Daily data sets belonging to temperatures of envelope indoor surface are depicted in Fig.
4. 19. All measured indoor surfaces performed in a similar way. In this case, differences
amongst measured temperatures were about 0.5 2C. Again in this case, the lowest

temperature was logged in room 1.

Indoor surface of envelope
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Fig. 4. 19. Temperature of indoor surface of envelope in 1st of February 2012
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5.1.1.3 Temperature of envelope outdoor surface

Data obtained from the sensors placed on the outdoor surface of the facade are graphed
in Fig. 4. 20. Temperature of the envelope outdoor surface was measured in two
different points: one sensor was located in the western facade (T.12) and the other one
in the eastern facade (Te42). The inclusion of plots related to outdoor temperature and
solar irradiation (dotted lines, blue and yellow respectively) has been considered
interesting, since envelope outdoor surface is obviously the element more affected by

climate conditions.

Temperature of envelope outdoor surface
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Fig. 4. 20. Temperature of envelope outdoor surface in 1st of February 2012

Two significant aspects can be highlighted assessing the data from envelope outdoor
surface. On the one hand, the importance of radiative heat exchange between the
outdoor surface of facade and sky, and on the other hand, the influence of solar

irradiation over facade.

Concerning the first point, losses by radiative heat exchange with sky are the reason
why facade outdoor surface is colder than outdoor air during the night, being the heat
flux from indoor to outdoor. That's to say; heat losses caused by radiative exchange
between facade and sky at night time in winter are at least as meaningful as those
caused by convection between facade surface and outdoor air, and even outdoor surface
can achieve a temperature lower than outdoor air due to radiative exchange, which

involves a change on the heat flux direction from air to surface, having convection gains.
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With reference to the second one, despite the fact that the 1st of February was a cloudy
day (there were not measurements of solar irradiation higher than 100 W/m? during
this day), differences up to about 0.80 2C in the morning (eastern fagade reach higher
temperatures than western one) can be found. Logically, the situation is the opposite in
the afternoon: western fagade reached temperatures about 0.5 2C higher than eastern
one. After sunset and before sunrise, where there is no solar irradiation, temperature

differences between both facades can be deemed negligible.
This effect is more noticeable on sunny days, as it will be described in section 5.1.3.

5.1.1.4 Temperature of floor and ceiling surface

Floor surface temperatures
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Fig. 4. 21. Floor surface temperatures in 1st of February 2012
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Fig. 4. 22. Ceiling surface temperatures in 1st of February 2012
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Temperatures of floor and ceiling surfaces are depicted in Fig. 4. 21 and Fig. 4. 22,
respectively. Temperatures measured in room 1 showed also in this case values
significantly lower than the others. Average values of AT for the other rooms graphed in
figures in red line (data set corresponding to room 1 has not been taken into account),
were 0.4 2C in the case of floor surfaces, and 0.6 2C in the case of ceiling surfaces.

Moreover, several appraisals can be done about these data sets.

When floor and ceiling temperatures are compared, thermal air stratification must be
taken into account. This means that differences between floor and ceiling surface
temperatures in the same room are not only due to different heat losses through each
slab. Stratification is clearly observed when heater is connected, even though it is also
noticeable (to a lesser extent) when there is no heat input in the dwelling. These
differences of temperatures reach more than 2 2C when heater is switched on, as shown

in Fig. 4. 23.

Air temperature stratification
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Fig. 4. 23. Air temperature stratification. AT (Tfs-Tfi) in 1st of February 2012

As also expected, ceiling surface is more sensible than floor surface to heat input
variations, and, in general, to indoor air temperatures, as can be found by looking at Fig.
4. 21 and Fig. 4. 22. This is due to the fact that the aforementioned air stratification is
present. Whereas hot air goes up to upper air layers when heater is connected, the
lowest air layer temperature is increased more slowly. Due to this stratification, heat

losses through ceilings are more marked than those through floors.

The effect is also clearly shown when heat flux measurements by F2 and F3 are

observed. When heater was not connected, heat flux in both slabs (floor and ceiling) was
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nearly zero. This suggests that both sides of the slab (monitoring dwelling and adjacent
dwellings) had similar temperatures. However, when heater was switched on and
consequently, indoor air temperature increased, losses through ceilings were much
bigger than those through floors. It was also observed that when heater was switched on

the main heat losses were through the ceiling.
5.1.1.5 Temperature of pillars

Two different behaviours were observed amongst measured temperature in pillars, as
shown in the graph depicted in Fig. 4. 24. On the one hand, pillars which are in the
middle of the dwelling (Tp41 and T,7) presented the highest surface temperatures. On
the other hand, all the pillars placed in facade (T,1, T3 and T,8) showed measurements

lower than the average values.

Temperature of pillars

Temp.[°C]

Time [h]
——Tp8  e==Tp Tpl Tp3 ——Tp4l —Tp7 —DT

Fig. 4. 24. Measured temperature of pillars in 1st of February 2012

However, while Tp41 and T,7 did not show great differences and measurements of both
pillars were quite similar, measurements obtained from T,1, T,3 and T8 displayed
significant differences. In the case of T8, this disparity can be explained because the
pillar is placed in a non-heated room. T,1 measurements should be similar to T3, since
they both are in the same orientation, and in a heated room. In a similar way to other
temperatures measured in room 1 (as shown before), data obtained from this room
were about 0.5 2C lower than those obtained in room 3, which, presumably had similar

conditions.
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5.1.1.6 Temperature of indoor partitions

When temperatures of indoor partitions are analyzed, it is possible to identify the
reason why temperature measurements in room 1 are in general the lowest of those

logged in the heated rooms of the dwelling (rooms 1-5).

Indoor partition temperatures

Temp. [2C]

Time [h]
—Tm11 —Tm ——Tm12 Tm13 —Tm21 —Tm31
——Tm32 —Tm42 —Tm61 ——Tmo62 Tm72 = DTm

Fig. 4. 25. Temperature of indoor partitions in 1st of February 2012

Surface temperature measurements of indoor partitions for the 1st of February are
depicted in Fig. 4. 25. If temperatures corresponding to sensors placed in room 1 (Tm11
and Tn12) and room 6 (Tm61 and T62) are not taken into account, AT (depicted in Fig.

4. 25 in red line) presented an average value for that day of 0.7 2C.

But let's focus on data sets whose performance differs from the rest, i.e. mentioned
Tml1l, Tm12, Tm61 and Tm62. In relation to data collected in room 6, low temperatures
registered in Tn61 and Tm62 can be explained mainly since, as previously mentioned,

this room has no heat input.

Regarding to data logged in room 1, temperatures measured in this room were lower
than the rest of the heated room. However, analyzing in detail these values, one can
come to the conclusion that these low values were not as a consequence of the low
temperatures of the room, but they were the cause itself because there was a lower
temperature than expected in room 1. It was observed that the lowest indoor partition
temperatures were logged in Tn11 (this is the wall that separates the dwelling with the
contiguous one) and temperature values obtained from Tw12 (this wall separates the

dwelling and the staircase) were especially low.
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These low temperatures may suggest that there were important heat losses through
these walls to contiguous dwelling and, mainly, to staircase. In the first case, a limited
use of the heating system (if there were) in the contiguous dwelling can explain the
losses through Tm11l. Losses through Tm12 are the most significant, as it can be

concluded by looking at Fig. 4. 25.

This hypothesis is also reinforced by the fact that the higher differences between heated
rooms' temperatures are registered when the heater is switched on (as depicted in Fig.
4. 18) i.e. the higher AT was (between room 1 and contiguous dwelling or staircase), the
higher heat flux was, and then, the higher heat losses were. That’s to say, explained in a
simplified way, when two similar rooms have the same heat input (as actually it is),
temperature differences between them will be closely linked with the differences on

heat outputs, i.e. heat losses.

5.1.1.7 Windows temperatures

Windows temperature

Heat input control signal

Time [h]
Te23 ——DT (g) Te21 Te51 Te22 - - - Heatlnp

Fig. 4. 26. Window surface temperatures in 1st of February 2012
Five sensors were placed to obtain the temperatures related to windows. As previously
said, all windows were double glazing windows, except that located in room 5. Thus, two
different types of windows were evaluated, single glazing window, and one double
glazing window (in room 2). Temperatures in glazing area and frames were logged
during monitoring period. In the case of the double glazing window, temperatures were
measured both in the indoor and outdoor surface of the glass, whereas in the single
glazing window only indoor surface temperature was logged. Sensors’ nomenclature is

presented in Table 4. 6.
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Element Surface Room 2 (Double Glazing)  Room 5 (Single Glazing)
Indoor surface Te21 Te51
Glass
Outdoor surface Te22 -
Frame Indoor Surface Te23 Te52

Table 4. 6. Sensor’s temperature placed in windows in both monitoring periods

Being both types of windows low thermal quality windows, significant differences were

appreciated between single and double glazing (differences of more than 2 2C were

found when indoor surface temperatures were compared). Moreover, Te22 and Te51

were similar. It could be assumed that indoor surface temperature of a single glass is

almost the same as outdoor surface. Te52 Temperatures values were a little bit higher

than expected, seeing the low quality of the aluminum frame.

5.1.2 Average temperatures

Initials Nomenclature Values taken into account
o Tc Reference heater temperature Tcl
% p iyt et o Measured power of the 5
heaters
Ta Average ind. air temperature (weighted) Tal-Ta8
- Tfin Average ind. surface temperature of fagade Tell, Te31, Te41l, Te43
?’i Tfout Average outd. surface temperature of facgade  Tel2, Te42
= Tw Average surface temperature on windows Te21, Te51
. Tstr Average temperature of structure Tfs1-Tfs5, Tfi1-Tfi5, Tp1, Tp3
E Tfs Average temperature of ceiling surfaces Tfs1-Tfs5
§ Tfi Average temperature of floor surfaces Tfi1-Tti5
Z Tp Average temperature of pillars surface Tpl, Tp3
.. Tout Outdoor temperature Web data (Euskalmet)
8 Gh Global horizontal irradiation Web data (Euskalmet)

Table 4. 7. Groups of data sets

After analyzing the different elements separately (walls, ceilings, windows...), average

values were obtained according to data sets presented in Table 4. 7, with the aim of

having a representative value for each one. Previously, AT (between maximum and
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minimum logged values in each moment) for each element was studied in order to

ensure the representation of every sensor.

Significant differences amongst sensors were found in the case of the heaters. They were
since the distance from sensor to resistance surface was not exactly the same for every
sensor, and small differences in mentioned distance can involve significant
measurement differences when those temperatures (around 150 2C) are measured.
Thus, as Table 4. 7. portrays, measurements obtained in T.1 were considered as

reference values for heater temperatures.

Average indoor air temperature was calculated using measurements obtained with the
eight sensors (Tal-T.8). Data set of each sensor was weighted using the room area

where each sensor was located, as Eq. 6 shows.

T__ZTixAi

Where

- Tais the weighted average indoor air temperature
- Tiis the indoor air temperature logged by each sensor

- Ajis the area of each room

This way, calculated values are more representatives, because the problem found when
the room area was not taken into account was that the two small rooms without heating

(drying area and bathroom) caused an average temperature lower than actually was.

The rest of average (Ttin, Trout, Tw, Tstr, Tts, Tri and Tp) values were obtained using the
measurements logged by the sensors pointed out in Table 4. 7. Some sensors were not
taken into account when average was calculated. The reason was that some sensors (e.g.

Tp42) did not work properly during the studied period.

Despite the fact that a small meteorological station was located in the east facade, finally,
climate conditions data were obtained from a meteorological station of the Basque
Government located in Deusto, Bilbao, mentioned in the previous chapter, since it was
considered that Gn given by mentioned meteorological station was more suitable for

study purposes than Gyeast given by meteorological station located in the east fagade.
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This climate station is close enough to Otxarkoaga, and then, those values can be

considered as a valid values.

Taken into account the assumptions exposed above, average values for each day were
calculated. As a way of example, average values for the same day (15t of February 2012)

are presented in Fig. 4. 27.

Average Results. 1st February 2012
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Fig. 4. 27. Results obtained for 1st February 2012

Looking at the graph, some points should be remarked. First of all, the “heat chain”
depicted in Fig. 4. 7 is clearly shown in Fig. 4. 27. Heat flows from the hottest point
(heater resistance) to the coldest point (outdoor environment). Itis shown in the graph,
from up to down, especially when heater is running: from heater, heat goes to indoor air,
then to indoor partitions, indoor surface of the facade, structure and windows, from
indoor surface of facade to outdoor surface of facade, and finally, heat is released to

outdoor environment.

Thermal inertia of each element is shown as well in the graph. It can be seen that, when
heater is switched on, indoor air temperature presents a fast response, whereas indoor

surface of facade, or especially structure temperature (Test) are much more stable.

Influence of heater or outdoor environment in the dwelling can also be explained with
this graph. Indoor air temperature and indoor surfaces are, obviously, more sensible to

heater influence, especially when it is not a sunny day. Nevertheless, outdoor surface of
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the facade is not almost affected by indoor variations. Two different performances were
shown by windows, depending on their glazing area. Temperatures of indoor surface of
the double glazing windows were more dependent on indoor environment, whereas,

single glazing window, as expected, was quite more sensible to outdoor variations.

Finally, it must be highlighted the difference in temperatures shown by the windows.
Single glazing windows (Tv2, in the graph) presented, in the main, glazing area

temperatures about two degrees below the double glazing windows (Ty1).
5.1.3 Other considerations

Data corresponding to 1st February 2012 have been used as an example in order to
illustrate the analysis of logged data, and to remark the most significant features of the
thermal performance of the dwelling. Even though the majority of the key factors can be
explained using as a reference the mentioned day, analysis of the data would be
incomplete if the effect of solar irradiation is not taken into account. For that reason, a
brief analysis of the elements more affected by solar irradiation in a sunny day is

presented in this section.

With this aim in mind, data obtained in 12th of February 2012 have been used by a way
of illustration. Data related to climate conditions for this day are depicted in Fig. 4. 28. As
this figure shows, it was a relatively sunny day, with low temperatures, even lower than

the previously analysed day. Heat input routine is presented in Fig. 4. 29.

Weather conditions. 12th February 2012
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Fig. 4. 28. Measured weather conditions on 12t of February 2012 (Euskalmet)
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Fig. 4. 29. Heat input control signal on 12t of February 2012
5.1.3.1 [Indoor air temperature

Indoor air temperatures in 12th of February 2012 are depicted in Fig. 4. 30. Ta4 and
especially, Ta5 temperatures increased in the first hours in the morning (more than 2 C,
in the case of T.5) when solar irradiations entered through the windows. Similarly, in
the rooms in the west facade, Tal, Ta2 and Ta3 temperatures increased in the afternoon,

about 1.5 2C over the average.

Indoor air temperature. 12th Feb. 2012
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Fig. 4. 30. Indoor air temperatures in 12t of February 2012
5.1.3.2 Temperature of envelope indoor surface

Temperature of envelope indoor surface logged in 12th of February 2012 is presented in
Fig. 4. 31. No great differences were found with respect to those presented in previous

section.
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Temperature of envelope indoor surface
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Fig. 4. 31. Temperature of envelope indoor surface in 12t of February 2012

5.1.3.3 Temperature of envelope outdoor surface

When data taken on a sunny day were compared to those obtained on a cloudy day, one
of the main differences was found, obviously, in the envelope outdoor surface

temperature, as shown in Fig. 4. 32.

Temperature of outdoor surface
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Fig. 4. 32. Temperature of outdoor surface of envelope in 12t of February 2012

Thus, Te12, placed in the west facade, reached the highest temperature in the afternoon,
when it had direct solar irradiation, whereas the highest temperature in the east facade
was logged in the morning. The highest difference between facades was reached during

the morning, where AT values greater than 8 2C amongst both fagcades were logged. It is
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also remarkable the way that the graph shows the influence of solar radiation on
outdoor surface temperature. During the night period, both facades had nearly the same
temperature, and quite similar to outdoor air temperature, even lower, due to losses by
the aforementioned radiative heat exchange between the outdoor surface of facade and

sky.

On the contrary, during the daylight period, surface temperature was a little bit higher
than outdoor air temperature, when no direct solar irradiation was received in the
surface. Looking at the Te12 values in the first hours of the morning, it can be detected
how even the west facade had still received no solar radiation, losses by radiative heat
exchange between facade and sky decreased dramatically. When the facade was exposed
to solar irradiation, its temperature increased, reaching differences with respect to
outdoor air temperature of more than 8 2C in the case of east facade (green line, Te42)
and almost 10 2C in the case of west facade (T.12). This point demonstrates the
importance of the gains and losses due to radiative exchanges in the thermal behaviour

of the envelope.

Finally, a qualitative evaluation of the heat storage capacity of the facade could be
carried out looking at this graph. Despite the fact that east facade seemed to keep for
more time higher temperature than outdoor air temperature (about 3.5-4 2C higher
during the afternoon), temperature of both fagcades decreased in a drastic manner after
the sunset (around 6 pm). Based on information presented in Chapter 3, construction
typology of this facade is quite similar to F.c.1, whose C (heat capacity) was calculated to
be 180 kJ/m2K. It would had been interesting to compare these values with those
obtained in a facade with a higher heat capacity, like F.a. (about 460 k]J/m?2K), and to

assess the differences.
5.1.3.4 Temperature of indoor partitions

No additional information respect to previously presented was found when
temperatures of indoor partitions were assessed. Temperatures of indoor partitions for

12th of February 2012 are depicted in Fig. 4. 33.
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Temperature of indoor partitions
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Fig. 4. 33. Temperature of indoor partitions in 12t of February 2012
5.1.3.5 Windows temperatures

At last, window temperatures for the 12th of February 2012 are presented in Fig. 4. 34.
These data provide similar information to those obtained with the temperatures of
facades outdoor surfaces. Maybe, in this case it is more apparent the effect of radiative

heat exchange, since glazing area has practically no heat capacity.

Window surface temperatures
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Fig. 4. 34. Window surface temperatures in 12t of February 2012

But if this effect can hardly be detected, in a subtle way, looking at data obtained the 12th
of February 2012 and presented in Fig. 4. 34, the effect is clearly shown in Fig. 4. 35,
which depicts data of 15t of March 2012. That day, outdoor temperature was about 10
2C during the whole day. However, it was a sunny day, and Gn reached a maximum of
700 W/m?2. Three different temperature levels could be identified when data of this day

are assessed. The three levels are approximately depicted in a dot blue line in Fig. 4. 35.
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Fig. 4. 35. Window surface temperatures in 15t of March 2012

The first level, around 15 2C, is the temperature of windows during the night, when
losses by radiative heat exchange were higher. The second level, around 20 ©C
corresponds to temperature reached by the glazing area during the day, when it
received no direct solar irradiation. Finally, a third level could be fixed around 30 2C, the
temperature the windows reached when they received direct solar irradiation. Thus, it
was observed how the east oriented window (Te51) increased drastically its
temperature after the sunrise, and in less than two hours, step-up from 12.26 °C to
31.44 °C. At around 11 am (time is presented in GMT) it received no radiation anymore,
and its temperature decreased in few minutes to around 20 °C, till the sunset, when its

temperature decreased again to 15 2C.

West oriented windows performed in a similar way. Its temperature increased slower in
the morning, when no direct solar radiation was impinging on its outdoor surface but
losses by radiative heat exchange between glazing area and sky decreased with the
sunrise. Significant temperature increasing happened when it started to receive direct
solar radiation in the afternoon, and finally, the temperature fell in the sunset even more
dramatically than for the east windows, due the fact that west windows experiment at
the same time the increasing of losses by radiative heat exchange, and no gains by direct
solar radiation. It is just the opposite situation to the behaviour of east windows in the
morning, when losses by radiative heat exchange suddenly decreased with the sunrise,

and gains due to direct solar radiation increased.
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5.2 Experimental data. Results after renovation

The main data after renovation are presented in this section. It has been considered that
presenting the data obtained for every system may result repetitive, and no more
significant information would be provided. Thus, the information is focused on indoor
air temperature and measurements in windows themselves, which are the two

subsystems more affected by the renovation.

In this case, data corresponding to 13t of January 2013 have been selected as example.
Climate conditions that day were quite similar to the day chosen as a reference (1st of
February 2012) in the former analysis presented in section 5.1.1, as shown in Fig. 4. 36.

Heating routine is depicted in Fig. 4. 37.

Weather conditions
140
120

— 100 &
O
.°'__. 80 E
g- 60 =
= 40 G

e A o e RREETEEEEE L 50

0 - -0

o N < O [ee] o N <t O [ee] (=} N
— — i i i [\l [\l
Time [h]
——Out. Temp. Irradiation (GH)
Fig. 4. 36. Measured weather conditions on 13t of January 2013 (Euskalmet)
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Fig. 4. 37. Heat input control signal on 13t of January 2013
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5.2.1 Results by systems and subsystems
5.2.1.1 Indoor air temperature

Indoor air temperature measured in each room is depicted in Fig. 4. 38. In general,
indoor temperature was higher than that measured before renovation works. This could
be identified as the main attribution of renovation, even though this assertion must be
made with caution, since several other factors can influence on indoor temperature, and

deeper assessments will be done in next chapters.

Especially noteworthy was the change in the trend of the indoor air temperature in
room 1. Unlike measurements taken before renovation works, measurements taken
after windows replacement showed that air temperature in room 1 was nearly the
average temperature in the dwelling. This is especially remarkable since, bearing in
mind the carried out renovation, no significant improvement was expected in this point
(no improvement was carried out on walls where Tm12 and Tm11 were located, and
important heat losses were supposed). Changes on operation conditions in adjacent
dwelling or modifications in ventilation patterns of staircase are two of the several

possible explanations to this fact.

Indoor air temperatures
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Fig. 4. 38. Indoor air temperatures in 13t of January 2013
5.2.1.2 Windows
The main changes were found evidently in windows. Temperatures in glazing area and

new window frames for the selected day are depicted in Fig. 4. 39. Generally, a

temperature rising around 1.5 2C and 22C were found in indoor surface of glazing of the
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new windows, in comparison to the old ones. Furthermore, these variations were more
connected to indoor excitements (i.e. heat input) than to outdoor temperature, unlike
temperature data obtained before renovation. Finally, data also showed that glazing
area presented better thermal performance than window frames even having thermal
break, since the frames presented lower temperatures than glazing area. This proves
that frames had higher losses per square meter than glazing area (both in frames and in

glazing area, temperatures were measured in their indoor surface).

Window surface temperatures

Time [h]
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Te52

Te22

Average glass Average Frame

Fig. 4. 39. Window surface temperatures in 13t of January 2013
5.2.2 Average temperatures

In a similar way to the data before renovation, values obtained by monitoring after
renovation were integrated in 10 minute periods. Subsequently, average values per

element were calculated, as presented in Table 4. 8.

Similar criteria to those kept before renovation works were followed again to obtain
these average values. However, since each monitoring study has its peculiarities and
special features, some adjustments were made. They can be summarized in the

following highlights:

= Despite the fact that this second monitoring period started the last week of
November, all initial problems, such as wrong connections, were solved by the 3rd
of December. So the analysed data were those obtained from 4t of December
2012 to 20t of February 2013, both included.

= In the case of the air temperature, weighted average values were also calculated

in this second monitoring.
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= Air temperature values obtained in room 2 were dismissed when weighted
average indoor air temperatures were calculated. This point was decided after
analysing the values provided for each sensor, because whilst it was observed
that sensor placed in room 2 gave similar measurements to those placed in the
other heated rooms (i.e. it represents the average value of room temperatures),
several exceptions were found for some periods of sunny days when measured
temperatures reached peaks which present up to 6 2C of difference respect to the
temperatures measured in the other rooms, as shown as a way of example in Fig.

4. 40.

Indoor Temperatures

Time [h]
Ta2 Ta3 Ta4 Ta5 Ta6 Ta7 Ta8

Tal

Fig. 4. 40. Indoor temperature results obtained in 28t January 2013

This figure depicts temperatures measured on 28t of January 2013. The peak
temperature was reached when the facade and the window of room 2 (west
orientation) received direct solar radiation. The hypothesis that the measured
temperature is representative of the room was dismissed since the rest of the
heated rooms with the same orientation (room 1 and room 3) had no peak time
at the same time, even though a small effect of the irradiation can be observed,
and their temperatures were quite higher than those obtained in rooms 4-8
during the same time, as shown in Fig. 4. 40. It can be deduced that the peak was
caused by direct solar irradiation impinging on the sensor. Thus, even though it
would not have a great relevance in the average value, it was decided not
considering it. Moreover, in the rest of the hours the other sensors located in

heated rooms give a similar behaviour amongst them, especially those placed in
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room 1 and 3 (also west orientation),

representative enough.

and for that reason, they have been

Initials Nomenclature Values taken into account
. Tc Reference heater temperature Tc4
F
<<
% p e e Measured power of the 5
heaters
Ta Average ind. air temperature (weighted) Tal-Ta8
- Tfin Average ind.surface temperature of facade Tell, Te33, Te41, Te43
A
S, Tfout Average outd. surface temperature of facade  Tel2
<
= Tw Average surface temperature on windows Te22, Te52
Tstr Average temperature of structure WIESTEESS) ANLHAEE) UL, 122
g Tp42, Tp8
S
B Tfs Average temperature of ceiling surfaces T1s1-Tfs5
=
ﬁ Tfi Average temperature of floor surfaces Tfi1-Tfi5
[7¢]
Tp Average temperature of pillars surface Tpl, Tp3, Tp42, Tp8
.. Tout Outdoor temperature Web data (Euskalmet)
S
© Gh Global horizontal irradiation Web data (Euskalmet)
Table 4. 8. Groups of data sets in the second scenario
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Fig. 4. 41. Results obtained for 13t January 2013

Average values obtained in 13t of January 2013 are presented in Fig. 4. 41. Responses

of the structure and of the facade indoor surface were quite similar to results obtained

before renovation. However, improvement in windows is clearly shown in the graph, as
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the indoor surface temperature of the glazing area is more stable and less dependent on

the outdoor conditions.

6 Discussion

Two main points must be highlighted after the first analysis of the obtained data: losses
to adjacent spaces of the dwelling (adjacent dwellings and/or staircase) and the

radiative heat exchange of the building envelope.

Respect to the first one, significant heat losses to the staircase, and especially to the
adjacent dwelling were found, especially in room 1 during the first monitoring period, as
already mentioned in this chapter. This kind of losses, which can involve a significant
part of the total heat losses in the dwelling, have to be taken into account when thermal
behaviour of a dwelling is evaluated. The low quality of the indoor partitions was usual
in many construction periods, when the awareness of thermal performance of these
indoor partitions was almost nonexistent, since if any awareness existed, it was only
about envelope. The indoor environment of the dwelling becomes very dependent of the
operation conditions of adjacent dwellings. This situation is even more serious in the
case of social housing, where many dwellings have no heating systems, and it increases

the amount of losses to the adjacent dwellings which use some kind of heating system.

For similar reasons, losses to staircase were found significant as well. Besides, staircase
windows were open almost all day, which worsen the situation, since staircase had not
only a similar air temperature to the outdoor air, but also had no solar gains, unlike the
facade. So being the stair case in similar conditions to the outdoors (not having into

account the wind effect), stair case walls were quite lower thermal quality than fagade.

With regard to the radiative heat exchange, data obtained in both monitoring periods
showed its impact on the envelope surface temperature, even though its effects are more

apparent in the roof.
6.1 Benefits of windows replacement

Despite the fact that the retrofitting carried out on the dwelling was just a windows

replacement, some positive effects can be found in the first analysis of the results. As
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previously said, results showed that indoor surface temperature of the glazing area
increased and presented better response to indoor excitements. Likewise, this point also

had effect on indoor air temperature, as Table 4. 9 shows.

Prior Renovation (1st-Feb.2012) After Renovation (13%-Jan.2013)
00 m 30m 60m 00 m 30m 60m

'6-7am  15.28°C 16.98°C 17.20°C | : 6-7 am 16.87°C 19.12°C 19.16°C 1|
1-2pm 16.29°C 17.90°C 18.05°C | 12am-1pm 16.73°C 18.952C 19.32¢C
3-4pm 16.20°C 17.81°C 17.90°C 2-3 pm 16.80°C 19.04°C 19.29°C

Table 4. 9. Increment of temperature during the first hour that heater is switched on

Two similar days were selected to display this effect, one before renovation works (1st-
Feb-2012) and the other one after renovation works (13t-Jan-2013). Both days were
cloudy. The temperature in 1st of February 2012 was about 8 2C in the morning, whereas
in 13t of January 2013 was about 6 2C. Even though conditions were not exactly the
same, and so it was not possible to make a quantitative comparison directly, conditions
were quite similar and qualitative comparison is possible in order to have a first idea of
the effect of the window replacement. Further and deeper analyses will be made in next
chapters, but a first review of the data collected can give an idea of the above mentioned

effect, as explained below.

In Table 4. 9 average temperatures in the first hour after switching the heaters on are
presented. In the 1st of February 2012, heaters were running from 6-12 am, 1-2 pm, 3-4
pm, 5-7 pm and 9-11 pm. In 13t of January 2013 heaters were running in the
forthcoming periods: 0-1 am, 3-4 am, 6-9 am, 12 am-1 pm, 2-6 pm, 8-9 pm and 10-11
pm. The first hour of the periods marked in italics have been summarized in mentioned
Table 4. 9. A AT between 1.92, 1.76 and 1.70 °C can be found in the data collected in
February 2012. On the other side, AT between 2.29, 2.59 and 2.49 2C were found when

data logged in January 2013 were analyzed.

This influence is clearly depicted in Fig. 4. 42, where AT during the first hour after

switching on the heater is shown as an example.
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Fig. 4. 42. AT of indoor air temperature in the first hour of switching on the heater

AT before renovation (blue line) corresponds to the weighted average temperature in
1st of February, 2012 from 6 h to 7 h, whereas AT after renovation (green line)
represents the weighted average temperature in 13t of January, 2013, from 6 h to 7 h.
(Both periods marked in Table 4. 9). When time equals 0 (which corresponds to 6 h. in
both periods) heater is activated. The main difference can be found in the first ten
minutes. After 10 minutes with heater running, temperature increased 1.28 °C (from
15.28 2C to 16.57 2C) in the case data set logged before renovation, whereas after
renovation works, during the same period of time after switching the heaters on,
temperature increased 1.93 2C (from 16.83 ¢C to 18.76 2C). This fact proves that heat
transfer coefficient of the envelope was improved. (similar boundary conditions and the
same heat input involves a higher increment of indoor temperature, which means that

heat losses are lower).

The difference between AT before and after renovation works is presented in Fig. 4. 43.
As previously mentioned, the main difference between both periods was logged during
the first ten minutes. After this period the difference of AT before and after renovation

was almost stabilized, around 0.65 2C.
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Fig. 4. 43. Difference between AT before and after renovation works
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6.2 UA-Value calculations

It was considered interesting to carry out a first quantitative analysis of the obtained
data. With this aim in mind, a methodology based on co-heating method, previously
mentioned in section 4.2.4 of this chapter, was applied using the data obtained from

both testing periods.
6.2.1 Expected value

An estimation of the expected improvement of the windows was calculated, by means of
obtaining a theoretical UA value reduction after windows replacement. Thus, in Fig. 4.
44 a single scheme for calculating UA is presented. Indoor and outdoor temperatures are
depicted in two nodes separated by two thermal resistances in parallel, corresponding

to windows (Rwind) and the rest of the ways of losses (Rrest).

Rrest

®
Tin Tout
Rwind

Fig. 4. 44. Single scheme of a RC network of the dwelling

UArest is the same in both scenarios, since no changes except the windows were

performed in the dwelling. Then, estimation can be done following the forthcoming

equations:
UBper = UAy per + UArest per Eq.7
UAgrr = UAy apt + UArestaft Eq.8
UAgse — UAper = UAy ape + UAy per Eq.9

For calculating the expected improvement, the U values assumed for old and new

windows are presented in the following:

e U windows before renovation: 4.55 W/m2K
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e U windows after renovation: 3.09 W/ m2K

Taking into account the fact that the total windows area of the dwelling are 11.5 m?, it is
expected that UA of the whole dwelling, after windows replacement, is improved about

15 W/K.
6.2.2 Obtained value

Some clarifications must be explained before presenting these values. As previously
referred, co-heating method consists on heating a dwelling, to maintain a constant
internal temperature (around 25°C) over a specified period of time, typically between 1
to 3 weeks. However, experimental part was designed with the aim of characterizing the
dynamic behaviour of the building, namely to obtain the characteristic parameters
values in the RC model whose development is described in Chapter 6. The main
difference between the methodology proposed to carried out the co-heating test and the
monitoring presented in this chapter is that co-heating method should be performed
using continuous and modulating heating, in order to maintain mentioned constant
indoor temperature, whereas in the monitoring presented in this chapter, heating is a
non-modulating, discontinuous heater routine, and then, indoor temperature is not as

constant as suggested to obtain an adequate UA Value by co-heating method.

Taking into account these limitations, it can be stated that the objective is not to develop
and present the results of a co-heating method, but, based on that methodology,

obtaining some reference values of the dwelling, before and after windows replacement.

For that reason, only the periods when the heater was switch on were taken into
account to the calculation of UA value (They have different length of time, from 1 to 33
h). It must be stated that the in order to achieve a quasi-stationary performance, longer
periods are required (for that reason, tests are usually perform over 1 - 3 weeks). Thus,
other effects, such as thermal inertia of the building, can affect to the obtained results,
and results must be evaluated with caution. Results obtained by this method are
presented in Table 4. 10 and Table 4. 11, before and after window replacement,

respectively.

These rough calculations present a clear inconsistency (according to these values,

energy performance of the dwelling after window replacement presents worse values
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than those obtained before window replacement). Due to the inconsistency of these first

values, a more detailed analysis of the obtained data was carried out.

Amount of Heating hours  Av. Power Av. AT UA
FEB 2012 287h 30 min 1780.97 11.06 160.97 W/K
MAR 2012 304h 10 min 1708.16 9.9 172.55 W/K
APR 2012 224h 20 min 1715.05 991 173.06 W/K
AVERAGE UA 168.61 W/K

Table 4. 10. Monthly values before windows replacement

Amount of Heating hours  Av. Power Av. AT UA
DIC 2012 306 h 1740.32 8.22 211.73 W/K
JAN 2013 342h 10 min 1760.6 9.58 183.87 W/K
FEB 2013 204h 20 min 1747.28 8.78 198.96 W/K

AVERAGE UA whole period 197.49 W/K
AVERAGE UA Jan-feb 189.51 W/K

Table 4. 11. Monthly values after windows replacement

First of all, the terms which have influence on the UA calculation according to Eq. 5 were
analyzed. Let focus on the first month of each monitoring period: February 2012 and
January 2013 (Ventilation grilles were not sealed in December 2012). Heating power in
both cases was the same (around 1800 W). Indoor average temperatures in those
periods when heater was switch on in the first monitoring was 18.34 ¢C, whereas in the
second monitoring was 19.72 2C. Outdoor average temperatures were 6.91 2C and 10.98
2C respectively. Taking into account the features of the monitoring and the role that AT
plays in the calculation, the UA vs. outdoor temperature values obtained for each single
heating period were evaluated, in order to identify if differences on outdoor

temperatures can be affect the UA results. It is depicted in Fig. 4. 45.

It must be highlighted the influence of outdoor temperature on the UA calculations.
Comparing the results of each monitoring, a qualitative analysis can be carried out. A
correlation between outdoor average temperatures and UA values obtained by that
equation is observed, where the higher outdoor temperature, the higher UA value is

obtained. Thus, the lower outdoor temperatures registered during the first monitoring
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cause lower UA values when both monitoring periods are compared (Outdoor
temperature average values, as well as UA obtained in both periods are depicted in the
graph). In spite of that, a trend where UA values obtained in the second monitoring are

slightly lower than those obtained in the first one is appreciated.

UA vs Outdoor Air Temperature
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Fig. 4. 45. UA vs. Outdoor air temperature of both monitoring periods
6.2.3 Other aspect to take into account

It must be highlighted the fact that the methodology presented in this subsection is not
strictly a co-heating method, but the equation used in co-heating method has been used
to obtain several reference values of both monitoring periods. To obtain a correct value
by means of co-heating method, studied building requires achieving stable conditions.
To do that, maintain an indoor constant temperature for a long period of time is
required. Monitoring presented in this chapter, however, due to its characteristics, did
not achieve those conditions, and for that reason, correlations can be identified when
obtained results are observed. Anyway, some points can be highlighted about these

calculations, as presented in the following.

When co-heating method is carried out, the building case study can be understood as a
single system, in the way presented in Fig. 4. 46. In this approach, heat input is directly
measured, and heat losses through the building envelope are dependent on the global

UA- value, which is obtained as previously explained. Thus, any improvement on
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building envelope (fagade, roof, windows...) contributes to reduce the UA of the

building, and then, the heat losses through the envelope.

Heat CASE Heat losses through
input STUDY the envelope

Fig. 4. 46. Sketch of principle of co-heating method

However, when the case study is a dwelling into a building (and not the whole building)
new heat inputs and outputs appear in the scheme, as shown in Fig. 4. 47. Actually, solar
gains also appear on building scale, and they must be taken into account in order to
obtain a more accurate UA of the building envelope, as well as heat losses regarding to
infiltration and ventilation rates. But heat flows to/from adjacent dwellings (both
through floor and ceiling, and through indoor partitions) can be significant in the energy
balance of the dwelling, and different operating conditions in those dwellings can play

an important role in the result obtained by co-heating method.

Solar Gains

@ Heat losses through

indoor partitions

Heat CASE Heat losses through
input STUDY the envelope
Heat losses through

Heat losses due to

floor and ceiling

infiltration and ventilation
Fig. 4. 47. Modified sketch of principle of the real performance of a dwelling

Based on these sketches, the influence of these points is analyzed in the following
paragraph, in order to identify the reason of the results obtained by means of co-heating

method.
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6.2.3.1 Ventilation losses

Different ventilation patterns can be a strong influence on co-heating tests. However,
this aspect was taken into account in both monitoring periods, and all ventilation grilles
and channels were sealed, especially in the second period (e. g. see Fig. 4. 14). On the
other hand, differences on infiltration values were also dismissed, due to the tests
carried out during the first monitoring period showed that infiltration rates were very

low values, and windows replacement, in any form, reduces those infiltration rates.
6.2.3.2 Losses to adjacent dwellings

Co-heating method assumes that the whole heat input is lost through its envelope, as
explained before. Then, the UA represents the value of the whole “boundary” of the
dwelling, i.e. fagade and windows, but also indoor partitions with the other dwelling, as
well as floor and ceiling. Heat flows through these last elements (indoor partitions, floor
and ceiling) are very dependent on the operating conditions of adjacent dwellings.
Variations in indoor conditions in an adjacent dwelling can significantly affect the UA

results.
6.2.3.3 Variation in solar gains

Solar gains can also have a strong influence in these calculations. In this case, window
shutters were opened during both monitoring period (this condition was a requirement
in order to define, afterwards, the model presented in the next chapter), and then, solar

irradiation entered into the dwelling through the windows.
6.2.4 Highlights about UA calculations

The illogical results firstly obtained for UA values can be explained mainly due to the fact
that monitoring was not design with this objective, and methodology is not the most
suitable to this method. Three aspects can be remarked when this kind of analysis is

performed, as briefly described in the following:

= Sensitivity to errors in outdoor air temperature measurements: As previously
explained, calculation of UA value based on co-heating method was carried out
using Eq. 5. Taking into account the AT achieved during both monitoring periods
(around 10 2C), small errors on temperature measurements can involve significant

variations in the final U value. Whereas indoor air temperature was obtained by
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means of 8 temperature sensors (PT 100) and good accuracy is assumed, outdoor
air temperature was obtained from a climate station placed close to the dwelling.
Small measuring errors could lead to a mistaken result. Increasing AT (by means of
increasing indoor air temperature) would reduce the impact of the errors of
outdoor air temperature measurements on the U value calculation.

* Influence of solar irradiation: Influence of solar gains on the dwelling has been also
shown. The design of the monitoring was prepared for obtaining data to define the
model presented in next chapter. For that reason, it was required to have solar
gains. Thus, shutters were not closed during the testing period. However, it is
advisable to close the shutters during the monitoring period if co-heating test
wants to be carried out.

* Errors in measurements of heat fluxes to adjacent dwellings: Even though flux
meters were calibrated before both monitoring periods, wrong placement of the
flux meters could give wrong values, and these wrong values involve errors in the

Penv-

7 Conclusions

This chapter has depicted in detail the monitoring study carried out in a social dwelling
in Bilbao. Data were collected in two different periods, prior and after renovation works.
This field study can be considered the core of the experimental part of this thesis. That
is, results presented in this chapter will be used in the next chapters to define and

validate different kinds of models.

However, even though the main target of this chapter has been to describe the
experimental part and the field study carried out to obtain the above mentioned results,
some points can be highlighted in a way of conclusion, both about the methodology and

the results themselves.
7.1 Methodology

Two facts must be highlighted in this experimental part. On the one hand, the
importance of designing properly the monitoring according to the objective sought has

been shown. Once the aim of the monitoring is clear, identifying which data have more
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sensitivity, and even having a first draft calculation in order to know the magnitude of
the data to obtain are advisable in this kind of studies. The problems found to apply the
co-heating method to data obtained from a monitoring designed with other targets, i.e.
the grey box and black box models defined in the next chapters) are an example of this

point.

At the same time, flexibility in the design of monitoring is recommended, if possible. It
may happen in this kind of studies that some sensors give wrong measures or
environmental conditions are not always the best, to name but a few adverse
circumstances. For that reason, it is advisable to foresee these possibilities, and to

design the study with enough flexibility (number of sensors, time...)
7.2 Results

The analysis of data obtained in this field study allowed detecting some performances
that, in other way, it would have gone unnoticed. Especial relevance had the heat losses
detected in room 1 to staircase and adjacent dwelling, more noticeable in the first
monitoring period. This point highlights the importance of considering not only the
building envelope, but also the indoor partitions of the building when any thermal
improvement is considered. Losses through ceilings were found significant. These heat
losses can be important especially when the two dwellings display different operating

conditions.
7.3 Next steps

In the next two chapters (Mathematical Models), two different kinds of thermal models
will be developed, using as a reference the data obtained in the monitoring study
presented in this chapter. By means of these models, the thermal behaviour of the
dwelling can be evaluated not only qualitatively, but also quantitatively, and deeper
assessment of the thermal behaviour of the dwelling can be achieved. Hence, Chapter 5
deals with the definition and adjustment of a TRNSYS model (i.e. a white box model) for

the studied dwelling, whereas a grey box model is developed in Chapter 6.
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RESUMEN

En este capitulo se presenta la definicion de un modelo del edificio presentado en el capitulo 4.
Para ello, se definird el edificio y se utilizardn los datos obtenidos en la primera monitorizacion de
la vivienda para ajustar los pardmetros del modelo definido. Posteriormente, se utilizard el
modelo para calcular los ahorros obtenidos tras una sustitucion de ventanas como la que se llevo a
cabo en Ia vivienda. A su vez ,se consideran dos escenarios para el cdlculo: uno con las condiciones
de operacion y perfiles de uso de acuerdo a los recomendados por la bibliografia existente
(concretamente, por el IDAE) y otro escenario en el que dichas condiciones de operacion se
definen en base a la informacién obtenida de la monitorizacion de 10 viviendas ocupadas
presentada en el capitulo 3. Finalmente, se evaliian y analizan las diferencias entre los resultados
obtenidos en ambos casos.

ABSTRACT

Building model of the dwelling presented in chapter 4 is developed in this chapter. Data obtained
in the first monitoring of the dwelling was used to adjust the defined model parameters.

Afterwards, the model was used to calculate savings obtained as a result of a windows
replacement. Moreover, two different scenarios were assumed to calculate: in the first one,

operating conditions were defined according literature (namely, IDAE guidelines); the second one,

operating conditions were based on the information obtained by monitoring the 10 dwellings,

which has been presented in the Chapter 3 of this Thesis. Finally, the differences on the results of
both scenarios were evaluated.
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1 Introduction

As mentioned in previous chapters, predicting and evaluating the real performance of a
building is a key factor, both to choose the optimal retrofitting solution and evaluate the

performance of an implemented retrofitting strategy.

However, several difficulties are found in this way, especially in the case of energy
renovations. If the effectiveness of a certain building renovation is being assessed,
energy consumptions before and after retrofitting works should be compared.
Nevertheless, direct measurements of energy consumption during previous and
subsequent occupation periods will not be enough, since energy consumption is
influenced by many parameters, such as climate conditions, dwelling operation or
rebound effect, to name but a few, which are usually different during different collecting

data periods.

For setting an ideal comparison framework, those consumption measurements should
be made under the same conditions. Even in the event of monitoring an unoccupied
dwelling or building, climate conditions will not be the same, so standardizing the

collected data will be necessary to obtain accurate results.

Building model simulations allow comparing different buildings, or different retrofitting
strategies in the same building, under the same conditions, being then one of the best

ways to check their efficacy.
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As it is well known, many kinds of models can be found in order to analyze thermal
performance of a dwelling [76]. Amongst them, there are the so called white box models.
There are many simulation programs to develop this kind of models, such as TRNSYS
[77,78] or Energy Plus [78-80], to name but two of the most known. One of the main
advantages of white models is the fact that no experimental data are needed a priori
(even though the fact that it is advisable to validate and adjust the model, as shown in

this chapter).

Nevertheless, this kind of models requires a great amount of input data to define the
building, and sometimes, it can lead to inaccuracies, due both to mistakes or lack of
available information. This difficulty is even greater in the case of old buildings, since
usually few information about its construction is available. Moreover, even in new
buildings where, in principle, project data are available, significant differences which
affect to thermal performance of the building can be found when “as projected” and “as
actually built” states are compared, as mentioned in Chapter 1. For that reason, it is
strongly recommended, even using a white box model, to have some “on field”
measurements to validate and adjust the model when a specific building is studied. This

is the approach followed in this chapter.

2 Obijectives of this chapter

Therefore, the main target of this chapter is to define a TRNSYS model of a
representative building built on the 60s. Data obtained from the monitoring study

presented in Chapter 4 were used to validate and adjust the model parameters.

The model will be used later to evaluate different renovation strategies. Apart from it,
the validated building model will be used in future works as a reference building, since it
represents a building typology with features very common in the 60s in this region (a
significant part of the building stock was built during those years, as already presented

in the Chapter 1 of this thesis) and with a great potential for improvement.
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3 Structure of this chapter

Thus, TRNSYS is used in this chapter with two aims. On the one hand, it is used as a tool
to evaluate firstly the energy savings achieved by means of implementing the windows
replacement. Moreover, it will allow comparing the results with those obtained using
the grey box model. On the other hand, this TRNSYS model will be used in the next
chapters to evaluate different retrofitting actions, under different approaches, such as
energy, economic, environmental, comfort or exergy ones. Taking into account these

principles, this chapter is structured as follows.

Firstly, construction features considered as input data for the TRNSYS model (based on
information gathered of the building) are described. Secondly, specific operating
conditions of 1st — 9th of February, 2012, used to validate the developed model, and its

adaptation to the TRNSYS model environment are presented.

Moreover, standard operating conditions based on literature for a typical year for
energy demand calculations are presented. At the same time, new operating conditions
according to data obtained from monitoring study of ten dwellings presented in chapter

3 are defined. Afterwards, the adjustment and validation of the model is presented.

Before Before
renovation - Op. renovation - Op.
conditions based conditions based

on Literature on field study

MODEL 5.1.1. MODEL 5.1.2.

After renovation After renovation

- Op. conditions - Op. conditions
based on based on field
Literature study

MODEL 5.2.1. MODEL 5.2.2.

Fig. 5. 1. The four scenarios analyzed by the TRNSYS simulations
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First the results on energy demand obtained from the model with standard conditions
are presented, before and after renovation works. Energy demand obtained assuming
operating conditions based on measured data on the 10 dwellings field study were also

calculated with the model.

Finally, both scenarios are compared, as depicted in Fig. 5. 1., and chapter conclusions

are presented.

4 TRNSYS model of the selected dwelling

The whole building was geometrically defined using Google Sketch Up with TRNSYS3d
plug-in, based on data obtained from plans provided by Bilbao Social Housing, and on-

site measurements. Two snaps of the model are depicted in Fig. 5.2.

Fig. 5.2. Snaps of the Sketch Up 3D model of the building
4.1 Geometrical and construction data

Dwellings were defined as different thermal areas or air nodes (see Fig. 5.3). Each
modelled dwelling encompasses two thermal areas: one of them corresponds to the
west side of the dwellings, i.e. the bedrooms; the other one, to the east side which
includes living room, kitchen, bathroom and drying area. The importance of selecting the

suitable division in thermal areas is shown in literature, such as in [81].

Fig. 5.3. Thermal areas defined in the building model
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Similarly, the part of the building model which represents that monitored dwelling was
divided more in detail considering four different thermal areas: one per each bedroom
and other one which includes living room, kitchen bathroom and drying area. Finally,
staircase was considered as an independent thermal area. Thus, the distribution is
shown in Fig. 5. 4, where the monitored dwelling (in the left side) and the distribution

for the other dwellings (in the right side) are depicted, as well as the staircase.

Fig. 5. 4. Thermal areas defined in the building model in detail

Detailed description of the construction data assumed in the TRNSYS model is presented
in the forthcoming Table 5. 1 and Table 5. 2. It is based on data provided by Bilbao Social

Housing.

Conductance Capacitance Density Thermal

e(cm)  (kJ/hmkK) (k] /kgK) (kg/m3) Resistance

EXT_WALL (Fagade)

Gypsum 1 1.8 1 900 -
Hollow Brick 4.5 1.76 0.9 1200 -
Vertical Air Gap (NoVent) 4 - - - 0.047
Hollow Brick 12.5 1.76 0.9 1200 -
Fibre Glass 2 0.144 0.84 12 -
Hollow Brick 4.5 1.76 0.9 1200 -
Cement Mortar 3.5 5.04 1.1 2000 -

Facade U-value 0.74

Table 5. 1. Detailed construction data (partI)
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Conductance Capacitance Density Thermal
e (cm) (k]/hmK) (k] /kgK) (kg/m3) Resistance
EXT_ROOF (Roof)
Cement and sand Mortar 1 3.6 1 1800 -
Hollow Brick 4.5 1.76 0.9 1200 -
Cement and sand Mortar 1 3.6 1 1800 -
Horiz. Air Gap (Lig.Vent) 2 - - - 0.022
Roof tile 1 3.6 0.8 2000 -
Roof U-value 2.7
ADJ_WALL (Indoor walls)
Cement and sand Mortar 1 3.6 1 1800 -
Hollow Brick 12.5 1.76 0.9 1200 -
Cement and sand Mortar 1 3.6 1 1800 -
Adjacent walls U-value 2.25
AD]_CEILING (Floors and ceilings)
conifer wood flooring 1 0.504 2.8 600 -
Horiz. Air Gap (NoVent) 1 - - - 0.042
Hollow tilled Floor (20+4) 24 3.75 1 1500 -
Gypsum covering 1 1.44 1 1000 -
U-value 227

Table 5. 2. Detailed construction data (part II)

Likewise, the main characteristics of the two kind of windows assumed in each scenario

are presented in Table 5. 3.

Frame (30%) Utrame Glass U gass
[W/m2K]/[K]/h.m2K] [W/m2K]
Old windows  Metallic without TB 5.7 /20.52 4/6/4 3.44
New windows PVC (2 gaps) 2.2 /7.92 6/12/6 3.0

Table 5. 3. Windows considered in TRNSYS model
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4.2 Operation conditions and calculation data for model validation

Data corresponding to the first days of February (from 1st to 9th of February, 2012)
obtained by the monitoring study presented in Chapter 4 were used as a reference to

calibrate and validate the TRNSYS model.
4.2.1 Weather data

Weather data file (see Fig. 5. 5) was modified to introduce the real outdoor
environmental conditions recorded during the monitoring period. Data gathered by the
climate station of Euskalmet, located in Deusto (mentioned in the previous chapter) was
introduced in the TRNSYS weather data file. Due to the characteristics of the measured

data, some assumptions were made, as described as follows.

Weather data. Temperature and solar irradiationi (G,)

14
12
10

Out. Temp [2C]

oSO N B~ O @

Temp Gh

Fig. 5. 5. Outdoor air temperature and solar irradiation (Gn)

The main problem to face was to distinguish between diffuse and direct solar
irradiation, since global horizontal radiation is measured in this climate station. Due to
weather data file requires including separately direct and diffuse irradiation for more

precise calculations, some assumptions had to be made.

In order to reduce as much as possible the difficulty of separating direct and diffuse
irradiation from global horizontal irradiation in sunny days (in a cloudy day, almost
100% of the global irradiation is diffuse) a set of consecutive mainly-cloudy days was

selected. Normal direct irradiation for the two sunny days of the selected period (34 and
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8th of February) was assumed as 50% during the sunny hours. This value was set based

on data obtained from a typical year in Bilbao available from Meteonorm data base.

4.2.2 Heater routine

Heat input (5 heaters)
2500

2000

1500

1000 -

Power [W]

500

01-feb
02-feb
03-feb
04-feb
05-feb
06-feb
07-feb
08-feb
09-feb

Fig. 5. 6. Total heat input in the dwelling during validation period

Total heat input was measured during the monitoring period. Those data corresponding
to the “validation period” (see Fig. 5. 6) were shared out amongst the five radiators, and

these gains were included in TRNSYS model validation.
4.2.3 Airinfiltration and ventilation

There was no kind of ventilation during both monitoring periods. In fact, even the
ventilation system of new windows was sealed during the second monitoring period.

Hence, no ventilation rate was considered in the TRNSYS model.

As it was stated in Chapter 4, infiltration rates measured during the first monitoring
period were very low. Four different constant infiltration rates were assumed in the
different parameter combinations to validate and calibrate the model. These values

were: 0.05, 0.1, 0.15 and 0.2 ACH (Air Changes per Hour).
4.2.4 Other significant information about simulation

Other significant data which could play an important role in the simulation, such as
capacitance, coupling air flow between different adjacent air nodes, or adjacent
dwellings temperatures were fixed and adjusted during the validation, by means of an

iterative process, as described in section 6.
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5 Operating conditions for reference model

Once validation was carried out and some adjustments to the model were made, the
reference model was simulated. The assumed operating conditions and calculation data

for the reference model are presented in this section.

Thus, operating conditions (Air infiltration and Ventilation, Internal Gains, Setpoint
temperatures, electricity demand, DHW demand and weather data) are presented in
each subsection in detail. Some of them (such as electricity demand and DHW) were not
used in the calculations of this chapter, but in calculations carried out in Chapter 8.
However, it is clearer to present all of them in this section, and in forthcoming chapters

just a brief reference is made.

Two different operating conditions are presented. Firstly, a first set of operating
conditions is described using the existing bibliography as a reference, mainly criteria
given by IDAE (The Institute for Energy Diversification and Savings). Additionally, a new
set of operating conditions is defined based on the results obtained from the field study
and the indoor conditions monitored in the 10 social housing apartments described in

Chapter 3.
5.1 Air infiltration and ventilation

Spanish Technical Building Code sets the ventilation requirements in new buildings.
These ventilation requirements are shown in Table 5. 4. These requirements lead to the

values described in Table 5. 5.

However, these values are related to the most unfavourable scenario, where all rooms
have a constant ventilation rate. Several strategies can be followed in order to increase
the energy efficiency of the ventilation system, which lead to less required ventilation
rate to obtain the minimum indoor air quality. For that reason, IDAE suggests to assume
the value of 1 ACH for ventilation rate (In fact, the tool for energy certification in Spain,
CALENER [82], uses this default value), and this value even can decrease if significant
reduction of ventilation rate is justified and demonstrated (without affecting negatively

the indoor air quality).
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Infiltration values are based on the criteria given by IDAE in [83] where a value of 0.24

ACH is given.
Min. gy [1/s]
Per person  Per m? Other parameters
Bedroom 5
Living room 3
Bathroom and Toilet 15 per room
Kitchen 2 50 per room (*)

Table 5. 4. Min. required ventilation rate according to Technical Building Code

Zones Net Area Vol. According to CTE ZVH
m? m3 dm3/s m3/h Vol/h
Room 1 (Bedroom) 7.73 19.1 5 18
Room 2 (Living room) 8.06 19.91 9 324
Room 3 (Bedroom) 8.25 20.38 5 18
Room 4 (Bedroom) 8.25 20.38 5 18
Room 5 (Kitchen) 9.51 2349  19.02 68.472
Room 6 (Bathroom) 2.41 5.95 15 54
Room 7 (Corridor) 2.82 6.97 - -
Room 8 --- 2.04 5.04 - -
TOTAL 49.07 121.2 208.9 1.72

Table 5. 5. Values of the reference dwelling according to CTE

5.1.1 Input for the TRNSYS model based on bibliography (scenario 1. Before

Renovation)

Ventilation: Since this building was constructed before the Spanish Technical Building
Code (CTE) was implemented, there is no mechanical ventilation in the dwelling, so
manual ventilation (opening windows) was assumed for an hour (7 am-8 am) with an

air change rate of 4 ACH in the dwellings. No ventilation was considered in the staircase.

Infiltration: Infiltration airflow rate in the dwelling can be assumed constant at 0.6 ACH

in the dwellings, and 0.9 ACH in the staircase.
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5.1.2 Input for the TRNSYS model based on Bibliography (scenario 2. After Renovation)

Minimal requirements described in CTE and IDAE documents [83] should be followed in
relation to ventilation and infiltration values for the retrofitted dwelling. No changes

were made in staircase assumptions.

Ventilation: IDAE documents leaded to the following given air change rates per zone

(ZVH=Zone volume per hour) of 1 ACH, which is the required input in TRNSYS.

Infiltration: A constant value of infiltration is assumed for simulating these case studies.
The assumed value is 0.24 ACH. Improvements in infiltration airflow rate are mainly due

to windows renovation.

In short, the infiltration and ventilation values based on literature can be assumed as

showed in Table 5. 6.

Current situation Retrofitted situations

Ventilation 4 (7-8 am) 1
Infiltration 0.6 0.24

Table 5. 6. General assumed infiltration and ventilation values
5.1.3 Input for the TRNSYS model based on field measurements

Both the data obtained from tracer gas test carried out before the windows replacement
and values obtained after the calibration of the TRNSYS model found very similar values
of infiltration rates, around 0.15 ACH, pretty lower than expected. Thus, despite the fact
that infiltration depends on several conditions (such as outdoor air pressure or wind
velocity, to name but a few) a constant value of 0.15 ACH was set as a suitable average

infiltration rate for the studied dwelling.
5.1.4 Especial treatment of ventilation and infiltration rates on Chapters 5

Despite the mentioned above, the same ventilation and infiltration rates were
considered in all the scenarios. The reason of this assumption is the fact that the aim of
this work is to analyze the effect on thermal comfort and energy consumption of
different renovation actions. Thus, it was considered better to compare them each other

under the same conditions.
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Actually, some energy renovations involve a reduction of infiltration rates, for example a
windows replacement implies an energy demand reduction, and that improvement must
be also assigned to the energy renovation itself, although sometimes the reduction of
infiltration rates require a rise of ventilation rates in order not to reduce the indoor air
quality. On the other hand, better efficiency in ventilation is usually obtained not only by
optimizing that rate, but also by installing a heat recovery in the ventilation systems. In
this case, moreover, infiltration test carried out during the first monitoring period
showed that infiltration rates before renovation works were low. Anyway, it must be

taken into account that this assumption may reduce energy savings.

Therefore, the considered values for both scenarios were finally a constant infiltration
rate of 0.1 ACH for the models with field study-based operating conditions, and 0.6 ACH
for the models with literature-based operating conditions, In turn, a ventilation rate of 4

ACH from 7am to 8 am is considered for both situations. These values are summarized in

Table 5. 7.

Based on Literature =~ Based on Field Measurements
Ventilation 4 (7-8 am) 4 (7-8 am)
Infiltration 0.6 0.1
Table 5. 7. Final assumed infiltration and ventilation values

5.2 Internal gains

The internal gains for dwellings given by the IDAE [83] are based on an hourly schedule,
as shown in the following section.
= Occupation gains

Occupation gains are divided into sensible and latent gains. The convective fraction of
occupation gains is defined as 40% of its sensible part. The so defined data are

presented in Table 5. 8.

0-7 am 7 am-3 pm 3-11 pm 11-12 pm
[W/m2] Sensible Latent Sensible Latent Sensible Latent Sensible Latent
Working day 2.15 1.36 0.54 0.34 1.08 0.68 2.15 1.36
Saturday 2.15 1.36 2.15 1.36 2.15 1.36 2.15 1.36
Sunday 2.15 1.36 2.15 1.36 2.15 1.36 2.15 1.36

Table 5. 8. Internal Gains. Occupation
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= Artificial lighting gains

Artificial lighting gains convective fraction is defined as 20%. The artificial lighting gains

schedule is defined as shown in Table 5. 9.

[W/mz2] 0-7pm 7am-6pm 6-7pm 7-11pm 11-12pm
Daily 0.44 1.32 2.20 4.40 2.20
Table 5. 9. Internal Gains. Artificial Lighting gains

= Appliances gains

For the appliances gains a convective fraction is defined as 30%. The appliances gains

schedule is defined for dwelling as shown in Table 5. 10.

[W/mz2] 0-7pm 7am-6pm 6-7pm 7-11pm 11-12pm  Average [W/mZ.h]
Daily 0.44 1.32 2.20 4.40 2.20 1.65
Table 5. 10. Internal Gains. Appliance Gains

As a summary, all of the internal gains are shown in the following Fig. 5. 7.

Schedule for Internal Gains (according to IDAE, working Day)
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B Occupation (Sens) Occupation (Lat) Art. Lighting  ® Appliances

Fig. 5. 7. Schedule for Internal Gains
5.2.1 Input for the TRNSYS model based on bibliography

Based on the mentioned sources, internal gains were modelled according to data
presented in Table 5. 11 and Table 5. 12. No difference between weekdays and
weekends was assumed; therefore some modifications were made regarding the IDAE
values. These values led to the following given internal gains in kJ/h (see Fig. 5. 8) which

is the required input in TRNSYS.
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Schedule for Internal Gains (Input TRNSYS)
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Fig. 5. 8. Internal Gains in the Dwelling. Input TRNSYS [Kk] /h.m2]
[k]/h.mZ?] Occup. Gains Art. Lighting Appliances
Conv. Rad. TOT. Conv. Rad. TOT. Conv. Rad. TOT.
0-7 am 3.10 9.54 12.64 0.32 1.27 1.58 0.48 1.11 1.58
7 am-3 pm 0.78 2.39 3.17 0.95 3.8 4.75 1.42 3.33 4.75
3-6 pm 1.56 4.78 6.34 0.95 3.8 4.75 1.42 3.33 4.75
6-7 pm 1.56 4.78 6.34 1.58 6.34 7.92 2.38 5.54 7.92
7-11 pm 1.56 4.78 6.34 3.17 12.67 1584 4.75 11.09 15.84

11-12 pm 3.10 9.54 12.64 1.58 6.34 7.92 2.38 5.54 7.92
Table 5. 11. Total internal Gains in the Dwelling in TRNSYS model [k]/h.m?]

[k]/h] Occup. Gains Art. Lighting Appliances
Conv. Part Radiat. Part Conv. Part Radiat. Part Conv.Part Radiat. Part
0-7 am 162.63 501.14 16.64 66.57 24.96 58.25
7 am-3 pm 40.85 125.57 49.92 199.70 74.89 174.74
3-6 pm 81.69 251.14 49.92 199.70 74.89 174.74
6-7 pm 81.69 251.14 83.21 332.83 124.81 291.23
7-11 pm 81.69 251.14 166.42 665.66 249.62 582.45
11-12 pm 162.63 501.14 83.21 332.83 124.81 291.23

Table 5. 12. Total internal Gains in the Dwelling in TRNSYS model [k]/h]
5.2.2 Input for the TRNSYS model based on field measurements

Internal gains were analyzed and considered too high to represent the actual gains of a
building of these characteristics resulting into a very conservative assumption. For that
reason, new values corresponding to internal gains were set based on the experience of

ENEDI Research Group.
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In order to define occupation patterns, a dwelling occupied by four people was
considered. Taking into account that the dwelling model was divided into the different
thermal areas of the dwelling, it was considered, for example, that living room has no

occupation during night hours.

Similar criteria were followed when internal gains associated to lighting were defined,
where no lighting gains were assumed during sleeping hours, or during daylight hours.
Likewise, internal gains related to equipment of the dwelling were defined. Thereby,
internal gains assumed for the reference dwelling model are presented in Table 5. 13

(Living represents living room and kitchen, and each room was represented by a single

air node).

Living Room1l Room2 Room3

0-7 am 0 2 1 1

7-9 am 4 0 0 0

Occupation M-F 9am-6pm 1 0 0 0

(Number of 6-11 pm 2 0 1 1

persons) 11-12 pm 0 2 1 1

S-S 0-9 am 0 2 1 1

9am-12 pm 4 0 0 0

0-7 am 0 0 0 0

o 7-9 am 108 72 72 72

L‘ﬁht;l“g M-S 9am-6pm 0 0 0 0

(K/h) 6-11 pm 108 0 72 72

11-12 pm 0 72 72 72

0-7 am 36 0 0 0

_ 7-9 am 144 0 0 0

Eq‘g{‘;}‘;}‘;““ M-S 9am-6pm 36 0 0 0

6-11 pm 144 0 36 36

11-12 pm 36 0 0 0
Table 5. 13. Assumed internal gains based on field study for the reference dwelling

5.3 Set point temperatures

IDAE Annex III [83] defines setpoint temperatures with an hourly time basis for the
heating season, every day from January till May and from October to December. The
hourly schedule for a winter typical day is defined as follows:

= (0-7am:17°C
= 7am-11pm: 20°C
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= 11-12pm:17°C
5.3.1 Input for the TRNSYS model based on bibliography

A small modification was applied in comparison to hourly schedule suggested by IDAE.
Since a windows opening was assumed from 7 am to 8 am, no setpoint was defined
during that hour. Then, the hourly schedule was defined as follows:

= 0-7am:17°2°C

= 7-8am:-

= 8am-11pm:20°C
= 11-12pm: 17 °C

5.3.2 Input for the TRNSYS model based on field measurements

In the field study presented in Chapter 3 it was shown that indoor temperatures were
quite lower than those described by IDAE. Even though the setpoint temperature varies
significantly depending on the user (as shown in chapter 3) the following standard
hourly schedule was set as representative of social housing sector:

= (0-8am:-

= 8am-6pm:17°C

= 6-11pm: 20 °C
= 11-12pm: 17 °C

The radiative part assumed for the simulation of the terminal units was 0%.

5.4 Electricity Demand

As previously mentioned, these data were not used in this chapter, but they were in next
Chapter 8. Definition of electricity demand assumed in the study presented in Chapter 8

are presented in this subsection.
5.4.1 Input for the TRNSYS model based on bibliography

The electricity demand is based on the aforementioned IDAE criteria for internal gains.
When subtracting the electricity demand from the total internal gains (since electricity
is all converted into internal heat gains within the dwelling), the remainder of the
internal gains can be assumed to be generated by the people. This means that the

electricity demand can be obtained from IDAE data of lighting and appliances internal
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gains. According to this criteria, the following profile, presented in Table 5. 14, was

assumed in the TRNSYS simulation.

[k]/h] W/m? Tot. W Tot.kj/h  Total k] (Period)
0-7 am 0.88 46.22 166.42 1164.94
7 am-6 pm 2.64 138.68 499.25 5491.75
6-7 pm 4.4 231.13 832.08 832.08
7-11 pm 8.8 462.26 1664.15 6656.6
11-12 pm 4.4 231.132 832.08 832.08

TOTAL 14977.45 kj/day
Table 5. 14. Electricity demand in each dwelling [k] /h]

Electricity Demand is 14,977.45 kJ/day, which equals to 4.16 kWh/day (1518.55
kWh/an)

5.4.2 Input for the TRNSYS model based on field measurements

Due to this parameter was not measured in detail in the field monitoring described in

Chapter 3, no variations were applied in this aspect to the bibliography based input.
5.5 Domestic Hot Water Demand

Two different possibilities can be taken into account for considering the DHW demand.

* DHW based on profiles defined in Annex 42 file data profiles

DHW demand hourly Average (according to values of Annex 42)
12
10
8
< 6
: |
: | EERNEE |
0 : I
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
hour

Fig. 5. 9. Hourly Average (According to values of Annex 42)

The 24-h demand profile based on the number of litres of hot water consumption per
day and it is considered the same for all days. However, the energy demand for DHW
heating differs since it depends on the supply temperature. These DHW demand values

are obtained from Annex 42 file data profiles, assuming 100 litres per day. Hourly
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average for a typical day was calculated (taking as a reference the 15 minute based data
for a year described in Annex 42 file data profiles), resulting the averaged DHW

consumption profile presented in Fig. 5. 9.
=  DHW based on profiles defined in IDAE

Based on the total DHW demand defined by IDAE in [83], the profile depicted in Fig. 5.
10 was established.

DHW demand hourly Average (IDAE; % Max)
120

100

40
20 | | 1]}
Olll | |

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
hour

Fig. 5. 10. Hourly Average (IDAE; % Max)
5.5.1 Input for the TRNSYS model based on bibliography

For the TRNSYS model a dynamic but simplified setpoint schedule was used. The daily
demand of 101 litres of DHW was assumed. This daily demand is required according to

the schedule depicted in Fig. 5. 11.

12 DHW demand hourly Average (TRNSYS schedule)
10 -
8 .
€6
4 .
s EEEEEESESRERER
0
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
hour
Fig. 5. 11. Hourly Average (TRNSYS schedule)
= 0-6am:0

= 6-9 am: 11 litres/hour

* 9am-7pm:4 litres/hour
= 7-9 pm: 8 litres/hour

= O-12 pm: 4 litres/hour
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The temperature production for the DHW was set at 60 2C. Annual average supply
temperature is 15.4 °C, according to the measured data by "Consorcio de Aguas de
Bilbao" in " Venta Alta" for the year 2011 (personal communication by mail, April 2012).
Taking into account this value, the supply temperature of the DHW is calculated by the
approach presented in Eq. 10 (based on the formula described by Jansen in [53]):

o then
* If Toye < =5°C — TSupply_DHW =18
_ (2-Tout +15.4) Eq 10

o then
" If Tout = -5 — TSupply_DHW - 3
Therefore, the DHW supply temperature follows the outdoor temperature in a tempered
way. In addition the minimum temperature is 1.8 2C and the maximum is 27 ¢C whereas
the highest outdoor temperature in Bilbao (in the Metenorm data files) for a typical year

is 33.7 9C, as is depicted in Fig. 5. 12.

Water temp. Supply Vs. Outdoor Temperature

Water Temperature Supply [°C]

-10 -5 0 5 10 15 20 25 30 35
Outdoor Temperature [2C]

Fig. 5. 12. DHW Supply Temperature Vs Outdoor temperature
5.5.2 Input for the TRNSYS model based on field measurements

As in the case of electricity demand, as this parameter was not measured in detail in the

field monitoring study described in chapter 3, the values considered are those

aforementioned.
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5.6 Weather data

5.6.1 Input for the TRNSYS model

The weather data of Bilbao (Meteonorm Data Base) were used for the simulations.

These data files represent a typical meteorological year.
5.7 Other significant information about simulation

Capacitance, coupling air flow between different adjacent air nodes, or adjacent
dwellings temperatures were defined for the reference model according to the data
obtained from the calibration and validation process. Those values are presented in

section 6. The model validation was carried out using a 1h time step in every simulation.

6 Model Validation

Model validation is utilized to determine if a model is an accurate representation of the
real system. Validation is achieved through the calibration of the model, an iterative
process of comparing the model to actual system behaviour and using the discrepancies
between the two, and the insights gained, to improve the model. This process is repeated

until model accuracy is judged to be acceptable.

Besides, validation allows identifying which the most significant parameters in building

energy behaviour are.
As previously mentioned, the calibration of the model required:

= Setting up a climate file containing the real outdoor environmental conditions
during the period chosen to validate.

= The definition of heat input schedules.
6.1 Parameter combination assumed

To make and adjust this calibration, several parameters were adjusted in the model,

modifying them in an iterative process. Mentioned parameters are:

= (Capacitance of each air node of the dwelling

= Infiltration value of the dwelling
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= Coupling air flows between different air nodes (e.g. living room with bedrooms)

Adjacent dwelling temperatures play a very important role in indoor air temperature of
the dwelling. Since it is virtually impossible to known the heat routines in adjacent

dwellings (they were not measured) setpoint constant values were assumed in them.

About forty different parameter combinations were simulated in the model. Details

about the last of them are presented in Appendix 5.1.
6.2 Analysis of results

Indoor air temperature was used as a reference to compare calculated values by the
model and measured data, obtained in the first monitoring period. Model checking
described in appendix 5.2 were carried out for indoor air temperatures in each air node
of the dwelling, as well as the average value of the whole dwelling. Analysis results for

each parameter combination are presented in Appendix 5.2.
6.3 Selected model

According to the described analysis, model MV14 was selected as the most adjusted.
Calculated Vs. measured temperature for one room (in this case, room 2) and for the

whole dwelling are depicted respectively in Fig. 5. 13 and Fig. 5. 14.

TRNSYS model validation V14. Room 2
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Fig. 5. 13. Comparison between measured data and calculated data in room 2 (Model MV14)
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TRNSYS model validation V14. Whole Dwelling

® oo o o oo o oo o oo o oo o oo o oo o oo o oo
S99 ISERSIRS! ISERSIRS! ISEESIRS! SS9 SIS SIS ISIRSIRS) ISIRSIRS)
S 8N D 8 & & 8 & © 8 & © [CRESCe) [CRESCe) [CRESNCe) [CRESINCe) [CRES e

— — — — —

e - i - - i
01/02/2012|02/02/2012|03/02/2012|04/02/2012|05/02/2012|06/02/2012|07/02/2012|08/02/2012|09/02/2012|

Measured Calculated

Fig. 5. 14. Measured data Vs calculated data in the studied dwelling (Model MV14)

Analyses of residuals were carried out in the different parameter combinations. As a
way of example, residual of the calculated values for room 2 in the selected model is
depicted in Fig. 5. 15. Even though residual did not present high values (average residual
in room 2 temperatures are 0.34 2C, and 0.39 °C for the whole dwelling), some aspects

must be clarified.
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Fig. 5. 15. Residual of chosen model MV14 (average temperature in the Room 2)

On the one hand, the peak in the afternoon of 7th of February coincides with a punctual
moment with direct solar radiation in the room. This fact could be related to the fact that
assumptions on direct solar irradiation were not accurate enough, and not to the
accuracy of the model itself. Apart from this point, residuals follow a trend around 0, but

some days seem to have a trend higher than 0 (e.g. 4th of February), and other days,

184 |PART 3. MATHEMATICAL MODELS [3.5]



ENEDI Research Group
Thermal Engineering Department

i i Universidad  Euskal Herrik
University of the Basque Country g iversided ~ Euskal Herrko

however, the trend of the residual is slightly lower than 0 (e.g. 5t and 6t of February).
As previously stated, operating conditions of adjacent dwellings play an important role
in thermal performance of the studied dwelling, especially during the winter season, and
then, in indoor air temperatures. In fact, those residuals can be lessened if other setpoint
temperatures are assumed for adjacent dwellings. In this case, using as a reference the
room 2, the setpoint temperatures for upper and downer dwelling were modified,
obtaining as a result the adjustment presented in Fig. 5. 16. Residuals are also shown in

Fig. 5. 17.
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Fig. 5. 16. Calculated Vs Measured data (Room 2), after modifying setpoint in adjacent dwellings

Temp. [2C]
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Fig. 5. 17. Residuals of data set presented in Fig. 5. 16

Assumed operating conditions of adjacent dwellings are presented in Table 5. 15.

oC Mon. Tue. Wed. Thu. Fri.[0-8h]  Fri. [8-24h] Sat. Sun.

B1P5A  13.6 17.2 16 15.2 15.2 -(12) 16.8 -(12)
B1P3A 14 17.75 165 15.7 15.7 -(12.4) 173 -(12.4)
B1P4B No heating system is assumed

Table 5. 15. Setpoint temperatures assumed in adjacent dwellings

WHITE BOX MODELS. TRNSYS MODEL DEFINITION | 185



® o ‘ , Energy retrofits in social housing
Ingeniaritza Goi Eskola Teknikoa Analvsi its th | behavi
Escuela Técnica Superior de Ingenieria nalysis of its thermal behaviour
Bilbao Jon Terés Zubiaga

Indoor surface temperatures were also calculated and compared with monitored data.
Even though the fitting of them was not as good as that obtained for indoor air
temperatures, it can nevertheless be considered a good approximation, as depicted in

Fig. 5. 18, whereas residuals are depicted in Fig. 5. 19.
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Fig. 5. 19. Indoor surface temperatures. Residuals

Thus, taking into account all mentioned uncertainties and the influence of them on the
final performance of the studied dwelling, it can be affirmed that there was a good
approximation between the monitored data and the simulation results. Therefore, the
main characteristics defined in the model and the accuracy of the results obtained were
judged to be acceptable. The final values assumed for the building model are presented

in Table 5. 16.
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Rooml Room2 Room3 Living Room Staircase

Infiltration (from outdoors) [ACH] 0.1 0.1 0.1 0.1 10
Capacity [k] /K] 100 120 164 650 -
Infiltration (from Staircase) [ACH] - - - 0.26 -

Convective heat transfer coefficient

of wall (Fagade) [k]/h.m2K] 24

Table 5. 16. Final parameters assumed in the building model

The rest of the model parameters have been already presented. Hence, assumed
construction data have been those presented in section 4.1., ventilation criteria have
been presented in section 5.1, internal gains were assumed in section 5.2, setpoint
temperatures were defined as described in section 5.3, and electricity and DHW demand

were assumed according to 5.4 and 5.5, respectively.

7 Results

Simulations were carried out for the whole building. Dwellings were named according to
its position in the building. Thus, as shown in Fig. 5.3, the studied building has 3
staircases, with two dwellings per floor in each one. Dwellings of the first staircase
(south part of the building) were called B1, those corresponding to the middle stair case,
B2 and those of the third staircase (north part of the building) B3. Dwelling floor is
indicated in the next part of the name, where P1 indicates the floor number where the
dwelling is placed. Finally, the last letter shows if the dwelling is on the left hand (A) or
on the right hand (B). As a way of example, the dwelling B1P4A is that one located in the

first staircase, in the 4t floor, and in the left hand.

Staircase 1 (B1) Staircase 2 (B2) Staircase 3 (B3)

Floor A B A B A B
6 B1P6A B1P6B B2P6A B2P6B B3P6A B3P6B
5 B1P5A B1P5B B2P5A B2P5B B3P5A B3P5B
4 B1P4A B1P4B B2P4A B2P4B B3P4A B3P4B
3 B1P3A B1P3B B2P3A B2P3B B3P3A B3P3B
2 B1P2A B1P2B B2P2A B2P2B B3P2A B3P2B
1 B1P1A B1P1B B2P1A B2P1B B3P1A B3P1B

Table 5. 17. Nomenclature of the 36 dwellings
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According to the above nomenclature, the 36 dwellings of the studied building were
named as presented in Table 5. 17. This table can be superimposed on the facade
elevation represented in Fig. 5.2., where, as previously mentioned, staircase 1 is the
south part of the building. In the following subsections 7.1 and 7.2, results correspond to
scenario A (operating conditions based on literature) and scenario B (operating

conditions based on field measurements) are presented.
7.1 Scenario A. Models 6.1.1. & 6.2.1.

Firstly, heating demands were obtained for the whole building defining operating
conditions based on literature. Monthly heating demands for three different dwellings of
the building, before and after windows replacement are graphed in Fig. 5. 20 and Fig. 5.
21. These three dwellings were selected according to their relative position into the
building. Hence, there is a dwelling in the first plant in the south part (B1P1A), one
dwelling in the upper floor of the building, in the north part (B3P6B), and one dwelling
placed in the middle of the building (B2P4A). As expected, significant differences on
heating demand were seen depending of the placement of each dwelling into the
building, e.g. differences around 50% were found when the aforementioned dwelling

located in the middle of the building (B2P4A) and a dwelling located in the 6t floor

(B3P6B) were compared.
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Fig. 5. 20. Monthly heating demands before windows replacement. Literature-based operating
conditions (Model 6.1.1.)
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Savings on annual heating demand achieved by means of windows replacement were
calculated and they are presented in Table 5. 18. The highest percentage of energy
savings was obtained in the middle floors, where losses through floors and ceilings are
very low, and then, losses through windows (as well as through fagade) are more
significant. The obtained losses, however, are quite similar in all the dwellings when

absolute values are compared.

OB1P1A O B2P4A mB3P6B

Fig. 5. 21. Monthly heating demands after windows replacement. Literature-based operating
conditions (Model 6.2.1.)

[kWh] B1P1A B1P4A B1P6A B2P1A B2P4A B2P6A B3P1B B3P4B  B3P6B

6.1.1. 316398 2367.54 418195 2818.37 2015.98 3893.74 3192.09 2396.08 4269.14
6.2.1. 292641 2109.16 3930.07 2578.44 1763.11 3637.58 2954.70 2143.13 4016.41

Savings 237.57 25838  251.87 23994 25287 256.16  237.39 25296  252.73

% 751% 1091%  6.02% 851% 12.54%  6.58% 7.44%  10.56%  5.92%

Table 5. 18. Annual heating demand [kWh] and savings (in demand) per dwelling (Literature
based - Operating Conditions)

Finally, monthly energy savings in each dwelling were analyzed with these operating
conditions. Two cases of them are presented in Table 5. 19. In general, the main
reduction percentage is achieved in March, April and October. It can be also assumed
that windows replacement could decrease the number of on switches during these
periods. This fact also involves indirectly an additional slightly reduction of energy
consumption (energy consumption is assessed in next chapters) since the “on” switch of

any heating system usually involves a peak of its energy consumption.
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B2P4A B3P6B

Enerﬁ}(lveﬁinand Savings Ener%}(lveﬁinand Savings

6.1.1. 6.2.1. [kWh] % 6.1.1. 6.2.1. Savings %
JANUARY 496.18 44290 53.28 10.74% | 960.87 911.40 49.48 5.15%
FEBRUARY 35431  312.25 42.05 11.87% | 731.08 691.14 39.94 5.46%
MARCH 221.84 188.49 33.35 15.03% | 521.56  488.16 33.40 6.40%
APRIL 101.91 81.70 20.21 19.83% | 284.00 259.85 24.15 8.51%
MAY 15.50 10.29 5.20 33.57% 65.95 57.29 8.66 13.13%
JUNE 0.00 0.00 NA NA 4.36 2.86 1.50 34.37%
JULY - SEPT 0.00 0.00 NA NA 0.00 0.00 NA NA
OCTOBER 51.72 41.13 10.59 20.47% | 14530 131.61 13.69 9.42%
NOVEMBER 282.08  245.66 36.42 1291% | 60435 570.53 33.82 5.60%
DECEMBER 492.44  440.67 51.77 10.51% | 951.66  903.57 48.08 5.05%

Table 5. 19. Reduction on the monthly heating demand in the dwellings with the highest and
lowest energy savings

7.2 Scenario B. Models 6.1.2. & 6.2.2.

Energy simulations were also carried out under operating conditions based on field
measurements. For the sake of clarity, however, the case study was not the entire
building, but the analysis was focused on the reference dwelling. Although lower heating
demands were obtained, savings were found very similar when their relative values
were compared, even a little bit higher in the field study - based scenario, as

summarized in Table 5. 20.

Howerver, where assumed operating conditions tried to represent in a more faithful
way the actual social dwelling operating conditions, calculated energy savings were, in
absolute values, quite lower, as shown in Table 5. 20. Energy savings obtained for a
typical year with literature based operating conditions were 258.38 kWh, whereas
energy saving obtained with Field Study-based operating conditions were 150.1 kWh,
which represents a difference about 40% between both criteria. This point shows again
the importance of the operating conditions on the energy consumption of the dwelling.
Consequently, it must be underlined the importance of defining properly the operating

conditions in any building simulation.

190 | PART 3. MATHEMATICAL MODELS [3.5]



ENEDI Research Group v
Thermal Engineering Department

University of the Basque Country o iversided  Euskel Herrko

Nevertheless, as already mentioned in previous chapters, not only energy savings must
be taken into account in energy renovations, but also improvements on indoor comfort,
especially in social dwellings, where due to the reasons explained in Chapter 3 of this
thesis, energy consumption is lower than usual, and then, impacts of energy renovations
are not as significant as in buildings with “standard” operating conditions. In this case,
due to specific features of this population sector, energy renovations could seem quite
difficult to identify as an opportunity if only economic and/or energy issues are taken

into account.

SCENARIO A SCENARIO B

Energﬂzveﬁinand Savings Enerﬁzveﬁinand Savings

6.1.1. 6.2.1. [kWh] % 6.1.2. 6.2.2. [kWh] %
JANUARY 571.55 517.81 53.74 9.40% 320.56  283.36 37.20 11.60%
FEBRUARY 41343  370.61 42.82 10.36% | 206.23  179.13 27.10 13.14%
MARCH 266.27  232.38 33.89 12.73% 97.89 81.36 16.53 16.89%
APRIL 131.74  110.06 21.69 16.46% 32.60 25.89 6.71 20.59%
MAY 22.85 17.17 5.68 24.84% 0.23 0.00 0.23 100.00%
JUNE 0.04 0.00 0.04 100.00% 0.00 0.00 NA NA
JULY - SEPT. 0.00 0.00 NA NA 0.00 0.00 NA NA
OCTOBER 63.17 51.99 11.18 17.70% 17.67 14.09 3.58 20.27%
NOVEMBER 329.59  292.70 36.89 11.19% | 158.27 136.14 22.13 13.98%
DECEMBER 568.89 516.44 52.45 9.22% 325.96  289.34 36.62 11.23%
TOTAL 2367.54 2109.16 25838 1091% | 1159.40 1009.31 150.09 12.95%

Table 5. 20. Calculated reduction on the monthly heating demand in the reference dwelling
(B1P4A), depending on the operating conditions assumed

Moreover, indoor thermal comfort conditions are almost guaranteed when literature
based operating conditions are assumed, unlike when field study based operating
conditions are assumed. Therefore, if indoor comfort issues must also be taken into
account in any energy renovation, even with more reason must be considered in the

case of social housing sector.

Thermal comfort was also evaluated when results obtained from building simulation
based on field study operating conditions were analyzed, focusing on the reference
dwelling (B1P4A). Reasons to fix on 16 2C the limit temperature were presented on

Chapter 3, as well as in the publication based on mentioned chapter [55]. Bearing in
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mind this value, a comparison between both scenarios (before and after windows
replacement) was carried out for the calculated results of the reference dwelling.
Monthly values with the amount of hours that the dwelling presented an indoor
temperature lower than 16 2C are summarized in Table 5. 21 and Table 5. 22 (before

and after windows replacement respectively)

[amount of hours] Living Room Rooml Room2 Room3  Av.dwelling
JANUARY 99 34 64 32 68
FEBRUARY 70 31 42 20 44
MARCH 43 17 32 12 30
APRIL 12 2 12 2 8
MAY 1 0 1 0 0
JUNE - SEPTEMBER 0 0 0 0 0
OCTOBER 2 0 1 0 2
NOVEMBER 44 14 33 9 28
DECEMBER 98 33 57 30 64
TOTAL WINTER (NOV-APRIL) 366 131 240 105 242

Table 5. 21. Amount of hours that dwelling presented an indoor temperature lower than 16 2C
(Scenario 1. Model 6.1.2.)

[amount of hours] LivingRoom Rooml Room2 Room3  Av.dwelling
JANUARY 86 31 49 23 55
FEBRUARY 56 29 36 13 39
MARCH 33 15 30 10 25
APRIL 10 2 7 1 5
MAY 0 0 0 0 0
JUNE - SEPTEMBER 0 0 0 0 0
OCTOBER 2 0 0 0 0
NOVEMBER 36 9 22 5 19
DECEMBER 80 30 46 20 50
TOTAL WINTER (NOV-APRIL) 301 116 190 72 193

Table 5. 22. Amount of hours that dwelling presented an indoor temperature lower than 16 2C
(Scenario 2. Model 6.2.2.)

Other values were also analyzed, such as average and minimum temperature for each
month. Those statistical values are presented in Table 5. 23 and Table 5. 24. As it can be

observed tinny improvements were found in monthly average temperatures.
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Average Min. Standard % hours below

Temp Temp Deviation 162C
JANUARY 17.84 12.16 1.48 9.1%
FEBRUARY 18.09 12.86 1.49 6.5%
MARCH 18.96 13.48 1.72 4.0%
APRIL 20.28 15.00 2.01 1.1%
MAY 23.81 16.22 3.34 0.0%
OCTOBER 22.03 15.80 2.64 0.3%
NOVEMBER 18.45 14.05 1.32 3.9%
DECEMBER 17.84 12.43 1.44 8.6%
TOTAL WINTER (NOV-APRIL) 5.6%

Table 5. 23. Statistical values of temperatures obtained for the dwelling (average) before the
windows replacement (Model 6.1.2.)

Average Min. Standard % hours below

Temp Temp Deviation 16 °C
JANUARY 17.96 12.55 1.43 7.4%
FEBRUARY 18.23 13.27 1.44 5.8%
MARCH 19.16 13.81 1.68 3.4%
APRIL 20.57 15.37 1.98 0.7%
MAY 24.10 16.51 3.31 0.0%
OCTOBER 22.29 16.10 2.60 0.0%
NOVEMBER 18.59 14.36 1.27 2.6%
DECEMBER 17.95 12.79 1.39 6.7%
TOTAL WINTER (NOV-APRIL) 4.4%

Table 5. 24. Statistical values of temperatures obtained for the dwelling (average) after the
windows replacement (Model 6.2.2.)

Finally, results obtained under literature based conditions were qualitatively compared
with of obtained data under field study operating conditions. It has been working in
terms of heating demands, i.e. it is assumed an ideal heating system which supplies in
every moment the exact amount of energy required to achieve the temperature fixed as
the setpoint. For that reason, when wintertime values are assessed, this analysis only

can focus on the period when no setpoint temperature is fixed and the building performs

WHITE BOX MODELS. TRNSYS MODEL DEFINITION | 193



Energy retrofits in social housing

Ingeniaritza Goi Eskola Teknikoa . . .
Escuela Técnica Superior de Ingenieria Analysis of its thermal behaviour
Bilbao Jon Terés Zubiaga

as a free-running building (building does not make any use of mechanical heating or

cooling).

The free-running temperature represents the indoor temperature of the building in
thermal balance with the outdoor environment when neither heating nor cooling is
used. An analysis of the free running temperature in wintertime (i.e. 0-8 am) was
carried out. With this aim in mind, a week with low outdoor temperatures was selected
to carry out this analysis, namely 13t — 19th of January (Depicted in Fig. 5. 22 and Fig. 5.
23).
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Fig. 5. 22. Indoor air temperatures [2C] calculated with model 6.1.2.
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Fig. 5. 23. Indoor air temperatures [2C] calculated with model 6.2.2.

Two different moments can be identified during the aforementioned period: the first
one, from 0 am to 7 am, and the second one, from 7 am to 8 am, when punctual
ventilation was assumed. One of the reference points which were evaluated was the

indoor temperature at 7 am, just before ventilation starts, and after 7 hours without any
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use of heating system. In general, temperatures obtained for that hour of day after
windows replacement were about 0.5 2C higher than those obtained before windows

replacement.
7.3 Comparison between both scenarios

As mentioned before, the main difference between both scenarios was found when
absolute values of heating demand were analyzed. As shown in Table 5. 20, heating
demand calculated using field study based operating conditions were about 40% lower
than those calculated using operating conditions based on those suggested by IDAE.
Heating demand before windows replacement under field study based operating
conditions was 57.3% of those obtained under literature based operating conditions;
after windows replacement, it was 56%. Similar situation was found when absolute

values of energy savings were compared.

On the contrary, when energy savings were compared in relative values, both cases were
alike, independently of the operating conditions used (9.22% and 11.23%, as shown in
Table 5. 20.)

8 Conclusions

Validation process showed the great influence of the variables which are not
controllable when the case study unit is a dwelling, such as operating condition in
adjacent dwellings, especially in dwellings where no insulation system is found in its
facade and partition walls. This problem is usually reduced, and even becomes negligible
when the unit of the case study is the building, and then all boundary conditions are

more easily controlled (weather conditions).

It is also noted the influence of the selected operating conditions on the results of the
final energy savings, as presented in section 7.3. This aspect is not relevant when the
main objective is to compare the effect of different energy renovation strategies, due to
the fact that relative values obtained for energy savings were quite similar in both
assumptions. However, these differences must be taken into account when absolute

values are compared, e.g. for calculating paybacks, or LCA developing. In these cases,
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assuming operating conditions as close to the real ones as possible is a key factor to

obtain more accurate results.

Thus, despite the fact that operating conditions in each dwelling depends on the
occupants, and it is not possible to know what will be exactly the user behaviour, it is
possible to define some operating condition profiles, according to a group classification
of the different occupants’ profiles, especially when an specific population sector is
studied (in the case of this thesis, social building stock). Even being a small sample (only
10 dwellings), it was shown in Chapter 3 the differences existing between general user

behaviour in this sector and the standard profiles proposed by IDAE.

Finally, It must be highlighted the fact that energy savings obtained on Social building
stock using field study - based operating conditions (and then, presumably more close
to the real occupants’ profile) could lead to lower values, as shown in this thesis. This
fact, however, must not be seen as an obstacle to carry out energy improvements in
social buildings, or to reason out as less interesting any renovation in this field. Quite the
opposite. as it has been already mentioned in the first chapters of this thesis, energy
renovation must be evaluated under a multi-criteria approach, i.e. not only economical
or energy considerations must be taken into account, but also social and healthy aspects,

somehow related to indoor comfort.

9 Referred appendices

Appendix 5.1. Combination of model parameters

Appendix 5.2. Analysis of validation model results
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RESUMEN

En este capitulo se describe el desarrollo de un modelo RC que represente el comportamiento
térmico de la vivienda de referencia. El modelo se ha definido a partir de los datos obtenidos en Ia
primera monitorizacion descrita en el Capitulo 4 de esta tesis, es decir, antes de la sustitucion de
las ventanas de la vivienda.

Asi en la primera parte del capitulo se presenta una breve introduccion sobre el uso de estos
modelos RC en edificacion, para posteriormente describir el enfoque y disefio del modelo, asi
como sus bases matemdticas. Posteriormente, se presentan los pardmetros caracteristicos
obtenidos para el modelo, y una descripcion del funcionamiento y los cdlculos que realiza el
modelo, una vez incluidos en él dichos pardmetros caracteristicos. Tras ello, se describe el proceso
de validacion del modelo y el uso del mismo, simulando el mismo caso que se hacia en el capitulo
previo con el modelo de TRNSYS. Se acaba con una comparacion entre el modelo TRNSYS definido
en el capitulo anterior y este modelo RC, para finalmente presentar las conclusiones, tanto del
capitulo como las generales obtenidas de esta parte 3 “Modelos matemadticos’, compuesta por los
capitulos 5y 6.

ABSTRACT

The development of a RC model is described in this chapter. This model is led to represent thermal
behaviour of the reference dwelling presented in Chapter 4, and it is developed based on data
obtained during the first monitoring described in mentioned chapter, ie. data corresponding to
the reference dwelling before window replacement.

Thus, a brief introduction of the use of RC models in buildings is presented. Secondly, the followed
approach and the model design are described, as well as its mathematical bases. Then,

characteristic parameters calculated for the model are shown, and the way that model works after
including those parameters is defined. Afterwards, validation procedure is presented, and the
model is used for simulating the same base case used in the previous chapter. Then, results
obtained by both models (TRNSYS and RC) are compared. Conclusions, both of this chapter and of
this Part 3 “Mathematical models” are numbered.
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1 Grey box models

1.1 Introduction

Different ways to analyse thermal performance of a dwelling or building have already
been dealt with in the previous chapters. The field study on occupied dwellings carried
out in Bilbao was described in Chapter 3, whereas in Chapter 5 the development of a
TRNSYS model to define the thermal behaviour of the dwelling was presented. For that

development, data gathered in the monitoring study described in Chapter 4 was used.

Thus, the usefulness of the white models, namely TRNSYS model, has been shown in the
previous chapter. However, this kind of models usually requires a significant
computational time to perform a yearly simulation. For that reason amongst others,
these tools might not be the best option when the user requires running a large number

of simulations.

As Ramallo-Gonzalez et al. refer in [84], some authors have faced this problem using
simpler building simulators [85,86]. Some of them were developed in the seventies and
are based on linear dynamic models, based on classical heat transfer theory and
resistance - capacitance analogues. In fact, the equation of heat transfer through solids
could be assumed lineal, and can be represented with the so called electrical analogy.
Within this analogy, conductivity of materials is processed as electrical conductivity, and

thermal capacity of materials as electrical capacity.
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Thus, these models, so called lumped parameter models, simplify the description of the
behaviour of spatially distributed physical systems into a model consisting of discrete
entities that approximate the behaviour of the distributed system under certain

assumptions.

An example of a simulator using this electrical analogy was published by Balcomb et al.
in 1977, where the thermal behaviour of a building heated with solar gains was
modelled with a simple network of resistors and capacitors (RC network), representing
conductivities and capacities of the studied building ([87], quoted by [84]). Another
example of one of the first useful approaches for the development of such models is
described in [88], which represented component materials in an assembly as an

equivalent network of thermal resistances and thermal capacitances.
1.2 Advantages of RC models in building simulations

One of the main advantages of using this kind of models to represent the building
performance is therefore the aforementioned low computational cost required in
comparison to white box models. As Ramallo-Gonzalez et al. affirm in [84], RC networks
can be mathematically modelled by a set of first order differential equations, also called

state-space systems and they provide the temperatures of building elements and zones.

Their mentioned short computational times made these models popular during the
seventies when computational resources were limited. However, despite the fact the
huge increase of computational resources have reduced this problem nowadays, RC

models are still used when quick building simulations are needed [72,85,86,89].

Moreover, the large amount of information required in white box models was already
mentioned in the previous chapter. RC models require a smaller quantity of information
to be developed, obtaining accurate results of the thermal performance of the building.
Besides, required data can be directly obtained from on field measurements. It makes
the development of the model easier, when it is possible to carry out a monitoring study

of the building or dwelling.
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1.3 Steps for the development of a grey box model

In this chapter, the development of a grey box model which represents the thermal
performance of the reference dwelling is presented. The eight steps depicted in Fig. 6.1

are followed for that purpose.

= e S0 [
\
o EE &

Fig. 6. 1. Steps followed to develop the RC Model of the reference dwelling

As a matter of fact, the four first steps depicted in Fig. 6.1 have already been presented
and thoroughly described in previous chapters. Thus, building assessment, monitoring
design, monitoring period and analysis of data were dealt with in Chapter 4. The second
row depicted in Fig. 6.1. (i.e. RC model definition, the model parameter identification,

model validation, and finally, use of the model) is described in this chapter.

Data corresponding to the first monitoring period is used to define the model. Due to the
necessity of controlling (amongst other variables) the heat input in the dwelling, as well
as monitoring different heating system routines, this methodology is more suitable
when it is possible to monitor an unoccupied dwelling, preferably during the winter

time.
1.4 Workflows with models

Generally, the data managed by a model are divided into three groups: independent
variables (x), dependent variables (y) and model parameters (4, 5...), which define f(x)
Depending on what the unknown values of the model are (and then, the aim of the
model), three different workflows can be followed when a model is developed: direct

procedure, inverse procedure and composed procedure. An explanatory graph about
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this point is depicted in Fig. 6. 2. The graph is based on the one presented by C. Ghiaus in
Rotterdam during an Annex 53 one-day Forum [29] held in April 2012.

Known Unknown Use
|:> |:> Direct: x, f(x) Vv Verify
- Simulation
y=
Inverse: Xy 1(x) Design
|:> |:> - Parameter identification
- State estimation
A=x/y - Structure estimation
|:> |:> - Control x)y X Control
x=y/A
Composed:

- Detection and diagnosis

Fig. 6. 2. Workflows to work with models, based on C. Ghiaus presentation

Direct procedure is used when excitements and parameters of the model are known, and
results about response of the model to those excitements are looked for. Typical
building simulations follow this procedure, where excitements (weather conditions, or
outdoor affections) and parameters (which define the building features such as thermal
resistance and capacity) are known, and the aim is to obtain the building response (e.g.

indoor temperatures or energy consumption).

Inverse procedure is used in two ways. The first one is when the characteristic
parameters of the model are unknown, but inputs and response of the model are known
and then, they are used to obtain the characteristic parameters. One example of this case
is the parameter identification procedure, when experimental data (inputs and
responses) are used to define those characteristic parameters. The second way of
inverse procedure is when only the parameters and the responses of the model are
known, and the unknown part corresponds to the input of the model. This is a typical
situation in control models, for instance, where building characteristics are defined, as
well as the sought output, and the model calculates the inputs to obtain that defined

output (e.g. heat input).
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Finally, some occasions require using both direct and inverse procedure, in a so called

composed procedure. This is the case developed in this chapter.
1.5 Structure of the Chapter

A thermal behaviour of the reference dwelling is characterised in this chapter, by means
of a lumped parameter model development. With this aim in mind, eight steps are
followed throughout the chapter. Firstly, a brief introduction about grey box models is
presented, and a scheme of the chosen model to develop is defined, using the data
obtained from the monitoring study presented in Chapter 4. Secondly, implementation
of the collected data in CTSM software is shown. Afterwards, the next part of the chapter
is devoted to show the dwelling model definition and its corresponding validation. Then,
the use of white box models and grey box models to calculate energy demand are
compared, taking into account their pros and cons. Finally, conclusions of the chapter

are summarized. A scheme with these steps is depicted in Fig. 6. 3.

1. Introduction to 6. Comparison
Grey Box models in TRNSYS - Grey Box
buildings Model

7. Pros and Cons of
each model

2. Grey Box Model 5. Results of the Grey 8. Conclusions of the

definition Box Model Chapter

3. Explanation of
calculations carried 4. Model Validation
out by defined model

Fig. 6. 3. Structure of the chapter

2 Objectives of this chapter

The main targets of this chapter could be summarized as follows:

= Describing and developing a methodology I order to quantify the heating

demand of a dwelling, by developing a grey box model.
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= Checking the usefulness of the model to estimate potential savings connected
to different energy renovation strategies.

= Comparing the grey box model results with those obtained with TRNSYS
model, and identifying the pros and cons of each kind of models for this

particular use.

3 Grey box models in buildings

3.1 Approach of the model

Before designing any model, it is necessary to establish which results are wanted to
obtain, and which data will be used for developing it. For that, a scheme of the model

was previously defined.

Heat fluxes in any building could be represented by an indoor air volume (a) which
receives a heat flux from internal gains (b) and, indirectly, solar radiation (which heats
the indoor floor, ceilings and walls, and then, by convection, the heat is released to
indoor air) (c) in order to maintain given conditions of indoor comfort. That heat is

steadily lost through the building envelope to the outdoor environment (d).

Therefore, thermal behaviour in buildings in the winter period could be understood in
the way "inputs and outputs” of the indoor air temperature are balanced. As previously
mentioned, there are two main sources of heat input, outdoors and indoors respectively.
On the one hand, solar gains (outdoors) enter in the buildings indirectly through opaque
walls (conduction) and directly through the windows (radiation). On the other hand,

there are internal gains, such as occupants, appliances and the heating system itself.

Likewise, there is also a heat output, which is composed by the sum of the losses
through opaque walls, roof, windows, structure, ventilation and infiltration. These losses
(or gains) are dependent on the difference of temperature between both sides and on
the thermal characteristics of those elements. The balance between inputs and outputs
maintains a stable indoor air temperature. Thus, the role of the heating system is to
increase the heat input in the system (indoor air) in order to equalize heat inputs and

heat losses.
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Fig. 6. 4. Single sketch of heat flux in dwellings

A similar approach could be assumed in a dwelling scale, as presented in Fig. 6. 4. A
dwelling presents the same heat inputs (solar gains and internal gains including the
heating system). Losses in the dwelling occur through opaque walls and windows, and
through structure, due to thermal bridges. Moreover, when the boundary is limited to a
dwelling, another heat flux can enter from adjacent dwellings when indoor thermal
conditions are different to the studied dwelling. Therefore, heat input or output will
depend on the conditions of the adjacent dwellings. Hence, this is the general scheme

followed for developing the dwelling model.

Furthermore, thermal inertia of the building elements (capacitance) also plays a role in
the energy balance. For that reason, the steady-state R-value traditionally used to
measure energy performance of a building envelope does not accurately reflect the

dynamic thermal behaviour of all complex building envelope systems.

In other words, heat does not flow directly from one point to another. To highlight this
point, the case of opaque walls can be used. When solar irradiation heats the wall up,
heat does not go immediately to indoor air, but it is stored in the wall and later released,
depending on the heat capacitance of the wall. Thus, let's suppose that two different
moments, with exactly the same inputs (solar radiation, outdoor temperature, internal
gains...) are studied. One moment is in July, and the other one, in February. Clearly, the
building response in July, i.e. after a week of high temperatures, will be totally different

to the building response in February after a week of low temperatures.

Hence, indoor air temperature, as well as building thermal behaviour in general, is
highly dependent, not only on excitements at a given moment, but also on conditions

during the previous moments.
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3.2 Defining the grey box model

A grey box model was developed to represent the thermal behaviour of a (reference)
dwelling. The grey box model was established using a combination of prior physical
knowledge and statistics. The prior physical knowledge is formulated by a set of
differential equations. The equations describe a lumped model of the heat dynamics of
the building. The physical model part is coupled with the data-driven model part with
which the information embedded in observed data is used for parameter estimation

[72].

Thus, defining building models with these networks involves representing the different
elements of the building with resistors and capacitors. Different detail levels can be set.
A multilayered construction can be defined just with two resistors, one capacitor and
one internal node ([90]quoted by [84]); or two resistors, one capacitor and one internal
node can be used to represent each slab of material. Obviously, including all wall layers
for all the surfaces of the envelope leads to larger RC-networks, so the detailed level will

be set by the author based on the aims of the model and the available information.

Then, the single schemes depicted in previous figures can be represented using
electrical analogy, with R and ( to create the model basis. The main calculation
principles of these models are based on the calculation of electrical networks. Three

ideas about these calculations are briefly presented in the following.

P—»

Ci
Fig. 6. 5. Single model encompassed by a node I with an excitement P and a capacity C

In any RC model (e.g. Fig. 6. 5), the balance in each node can be carried out as presented
in Eq. 11, where P represents the sum of the excitements (heat fluxes) which affect to

the node, T'is Temperature, tis time, and Cis thermal capacity.
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Ci+— =P Eq. 11
bodt
1 )
Rij
Ci

Fig. 6. 6. RC model formed by one resistor and one capacity

When a heat flux flows from other node with different temperature (e.g. Fig. 6. 6), that

heat flux through the resistance can be calculated as follows:

¢ij = (T; — ;) - Hy Eg.12
H;; = ! 13
And then:
darT;
Ci'd_tlz(Ti_Tj)'Hij Eq. 14

The indoor air temperature in a building is influenced by different heat fluxes. The
lumped parameter model developed in this chapter includes a model of the indoor air
connected with the outdoor air through 3 ways: through the opaque walls, through the
windows and through the rest of the elements (indoor partitions, structure...).
Moreover, the heater is also included in the model. In the following section, each part of

the model is defined.

In short, any node of the defined model can be affected by, at the most, 3 different kinds
of heat fluxes: that flux consequence of the solar irradiation (whose calculation is
explained in the following section), that flux consequence of connection with a node
with other temperature, and that flux directly provided by the heater, or internal gains

in general.
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4 Model definition

4.1 Inputs affecting a node in a building model

Taking into account the aforementioned general basis, these fluxes can be represented

in this way. Hence, this section describes those fluxes and their RC representation.
4.1.1 Solar irradiation. Effective area

Firstly, must be noted that solar irradiation has also a strong influence on the thermal
performance of the dwelling, both incident solar irradiation that passes through
awindow and the mentioned incident solar irradiation on the outdoor surfaces of
opaque walls. Accordingly, it must be taken into account in the model. However, linear
dynamic models are not capable of modelling radiation, and linear approximations must
be assumed to include this heat transfer mechanism. To do so, the effective area, both

for windows and walls, must be included in equations.

The effective window area (A4w-e) is a parameter which considers an average surface
exposed factor (f), G-value of the windows (g) and the real area of the window (4w).
Then, Aw-c is obtained by multiplying those three values, £ gand A Thus, the solar flux

that passes through windows is calculated as shown in Eq. 15.

bps=Ay_e Gp=f 9" Ay Gy Eq. 15
Where G is the horizontal beam radiation [w/m?Z].

Likewise, the effective facade area (Are) is a value which considers a surface exposed
factor (£), and the real area of the facade (4. The inclusion of this term in the governing
equations of the developed model is presented in the following (indoor air model and

opaque walls model).
4.1.2 Indoor air

Indoor air node was modeled as presented in Fig. 6. 7, based on that explained in
Appendix 6.1. Indoor temperature node is composed on a thermal capacity (Cin) and a
connection with the other elements in contact to indoor air. That connection is

represented through a thermal resistance, which represents the thermal resistance
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between the indoor air and other temperature node j. Other direct inputs, such as solar

gains, can be included in the node.

v VY *Tstr-in
Aw*Gh Rstr-in

— VNV Tw
Th N Rw
s Ve Te-in

Rn 77T in Re-in

Cin

Fig. 6. 7. RC model formed by one resistor and one capacity

Based on that explained in Appendix 6.1. the balance in the air node in the model is
connected with Te-in, Tw, Tstr-in and Th. The solar irradiation through the windows

also is considered in this node. The resulted equation is presented in the following:

dT;

TS

= (Ti - Te—in) "He_in + (Tin - Tw) “Hy,_in + (Tin - Tstr—in) *Hgtr_in
+ (Tin - Th) “Hy + Angh

Eq. 16

4.1.3 Opaque walls

A representation of the fagade branch defined in the RC model is depicted in Fig. 6. 8. It
represents the different resistances and capacitances considered through the opaque
walls, as well as temperature nodes and other collateral fluxes, such as solar irradiation,
which affects the heat flux indirectly, since it heats up the envelope, and it can modify it

significantly.

Qen As

i A
v ‘\‘/ X v
Re-in Te-in Re-Z Re-3 Te-out Re-out Tout

Ce

Fig. 6. 8. Fagade branch of the developed model

Different thermal resistances in series represent the thermal resistance of the wall,
appearing amongst them the temperature of envelope 7. as a new variable. Likewise, a
heat capacity of envelope is considered. Thus, the first order dynamics in this subsystem

are represented by Eq. 17.
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1 1
ATy = —Ge—in " At + — Pe—oue - dt Eq.17
Ce Ce

Which can be also expressed as presented in the following:

Cor GO = i =T Hoy + (T =T Hos Eq. 18
Where @,ure is the energy flux from outside to the envelope and @..;; is the energy flux
from envelope to indoor air. Following the same criteria, the balance in each node of the
branch can be done. As observed, those heat fluxes depend on the temperatures of each
node, and in turn, solar irradiation on the outdoor surface of the facade has a strong
influence on 7e.ous SO it must also be considered, and it was included as an input in this

node.
414 Heat flux through the windows

Heat flux related to the windows (¢pw due to heat transfer by conduction and solar
irradiation represented by GnAw) branch can be handled in an analogous way. A scheme

of the window branch is depicted in Fig. 6.9.

Gh AW
Tin Tout

o—\\\\- oA\ —e

Rw-in Rw-out

Fig. 6. 9. Windows branch of the developed model

As mentioned, heat losses by conduction through the windows are handled in the same
way to that presented in previous subsection, related to opaque walls. Moreover, other
energy flux through the windows must be considered, i.e. solar radiation. This flux must
also be considered when the balance in the indoor air node is made, using the

aforementioned effective area, as presented before.
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4.1.5 Heat flux through structure branch

In addition to the mentioned heat fluxes through opaque walls and windows, other heat
fluxes (through indoor partitions, thermal bridges...) also occur in a dwelling. These heat
fluxes are considered in this structure branch. Heat flux through structure is calculated

in the same way. The sketch of the structure branch is depicted in Fig. 6. 10.

,

I~

Rsﬂ"l Tstr-ln Rstr,z -
AN—F AN
o Tout
Tsrr-surf
Rslr-ln
Tln

Fig. 6. 10. Structure branch of the developed model

Similar balance to those developed in the case of the opaque walls can be applied to this

case. The balance in this case can be expressed as follows:

dT tr—i
Cstr * Sd; == (Tstr—surf - Tstr—in) “Hgproq + (Tout - Tstr—in) "Hgpr—2 Eq. 19

4.1.6 Heat flux from heating system

Heat flux given by the heating system can be treated in the same way as to heat flux
through the envelope. It is a more simple system indeed, composed by the heater node
itself, a heat capacity of the heater, a power input to the heater and a thermal resistance
between the heater and the indoor air temperature, as depicted in Fig. 6. 11.

P Tin

Rh-in

Ch

|

Fig. 6. 11. RC network representing the heat flux from the heating system to indoor air

The balance the heater node can be expressed as follows:
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dTy,

' dt = (Tin_Th)'Hh—in+P Eq.20

Cn
4.1.7 Ventilation

No ventilation happened in the dwelling during the monitoring period. Therefore, it was
not represented in the dwelling scheme. However, since ventilation may involve
important heat losses in a dwelling during its usage, it will be considered in the model
afterwards, as defined later. On its behalf, infiltration rates in the dwelling during the

monitoring period were evaluated, giving low values.

4.2 Model coupling

Therefore, heat transfer in the dwelling can be described by means of a lumped
parameter model, formulated by a deterministic type, linear continuous time state -
space model. Non described effects by mentioned deterministic model are added as a
noise, obtaining thus a stochastic model. The mathematical correlations of this kind of

model are described in detail in [72,91].

I'str-in I'str

Rstr-in

Cstr

RW- out

Re-out

Ch Cin Ce

Fig. 6. 12. RC network of the selected model, with the different branches highlighted

Thus, he coupling of the different elements of the model, described in the previously
section is presented in the following. The final model was represented with the RC-
network depicted in Fig. 6. 12. As shown in that figure, the model was divided in
different branches which represent different energy fluxes: energy flux through

structure (the upper branch, in blue), through the windows (the middle one, in green),
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through the facade (in purple) and from heating system (in orange). Also the influence

of solar radiation was considered in the model (4;xGr and AeGp).

The indoor environment was represented by an indoor air temperature 7j, and a heat
capacity of the indoor air mass Cj; This node is also affected by solar gains through
semi-transparent elements. It was obtained by taking horizontal global radiation (Gx)

weighted with the effective window area factor, as previously mentioned.

Connection with the outdoor environment is through thermal resistances and
temperature - capacity nodes. Two different kinds of thermal resistances are presented:
those which represent combined heat exchange (Rsu-in, Rstrz, Rwi, Rwz Re-in and Re-our);
and those which are purely conductive resistance, such as Rests, Rez and Rez Csor
represents the heat capacity of the structure, whilst (. quantifies the envelope heat

capacity.

Solar gains on the envelope outdoor surface were also taken into account, in a similar
way to solar gains of the indoor air node through semi-transparent elements. No heat
capacity was assumed in windows. Heat input from the heaters was not directly
included on the indoor air node, but as a small branch which included its thermal

resistance and heat capacity.

No infiltration losses were considered in the model. The correct adjustment obtained
proves that such losses were negligible. Indoor air renovation tests carried out by means
of tracer gas techniques during monitoring period showed that infiltration rate was
extremely low, despite the low quality of the windows. Low wind velocities logged

during monitoring period could explain this point.

In short, the model took into account thermal capacity of the dwelling and thermal
resistance of the envelope. The envelope was divided into the windows component
(with the solar gains related to them) and opaque walls component. The influence of the
structure on thermal behaviour (heat capacity and thermal bridges) was therefore also

considered in the model (upper branch).
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5 Parameter identification procedure

5.1 Equation system of the model

Hence, the system is governed by a set of equations of balance based on these
mathematical bases. The balance equations are applied on each model node, as
described later in detail in section 6.3. This set of equations encompasses a differential

equation system which can be represented as shown in Eq. 21 [92].

{aT} = [A{T}dt + [Bl{U}dt
{Y} = [CHT} + [D]{U}

Where [A] is the matrix which contains thermal properties of the model; {T} is a state

Eq. 21

vector formed by the temperature at each main node (Tin, Th, Tw, Tstr and Te); [B] is the
matrix which defines the way that excitements affect the model; {U} is the entry vector,
formed by excitement variables, such as outdoor temperature, solar irradiation and heat
power; {Y} is the measurement vector, formed by registered data, such as measured
temperatures and heat fluxes; [C] is the matrix which connects measured variables with
state variables; and finally [D], the matrix which connects measured variables with entry

variables.

Therefore, a equation system is defined by equations previously defined, applying in
each node. In the following, the four equations for the most significant nodes (Indoor
temperature, outdoor temperature, temperature of structure and temperature of the

envelope) are presented:

1
dT;,, = —A;,G,dt + T, —Ty,)dt
" Ci e Cin(Re—in + Rez) ( ¢ m)
1
+ (Tyye — Tiy)dt
Cin(Rw—in + Rw—out) out n
: ( ) (T = Tu)d -
+ Tetr — T; t+ T, —T; t
Cin(Rstr—in + Rstrz) st " Cin " Ry " "

+ O'inda)in
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dT, = ! (T T,)dt
¢ Ce (Re—in + Rez) " ¢
+ ! (T, + A,GLR T,)dt + o,d £q. 23
Ce (Re—out + Re3) out eYhMe—out e O W,

ATy = Tin — Tser)dt + Tout — Tser)dt + 0gprdw

str Cotr(Rstr—in + Rotr1) (Tin str) CotrRotra (Tout str) strAWser Eq. 24
1 1

dTh :_Pdt+—(TLn —Th)dt‘l'ahd(l)h Eq25

Ch ChRp

Together to these equations, steady state equations are used to calculate intermediate

nodes which have no Cassumed, based on Eq. 26.

¢ij = (T, = T;) - Hy; Eq. 26
This procedure can be followed to obtain the balance equation in each node, and the
equation system of the model would be defined like this. Then, having data of
temperatures, R and C values of the model can be obtained. The equation of

measurement would be the following:

ik =Tix + ex Eq. 27

Where Tif?( is the temperature calculated by the model, 7« is the measured temperature,
and eris the error. A maximum error can be fixed, when R and C values are calculated. R
and C values are then calculated by assigned different values for the R and C values, and

selecting those which the exthe minimum one.

This parameter identification procedure was carried out by means of the software
CTSM. It is a computer program for performing Continuous Time Stochastic Modelling.
The program was developed at Informatics and Mathematical Modelling (IMM) at the
Technical University of Denmark (DTU) [93]. Initial approximated parameter values
must be establish, and the assumed ranges of variation of them. Then, CTSM starts
calculations with those and estimates the adjusted parameters of the statistical model by
maximum-likelihood estimation (MLE) The software package LORD, which was
developed during the PASLINK projects, can also be used with the same aim. It allows

the modelling and identification of thermal systems, in particular building components
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[94]. In this case, LORD estimates parameters by means of least squares method. More

details about the used method can be found in [92].

Briefly explained, CTSM calculated the characteristic parameters of the defined model,
by means of minimizing the error. Based on the balance equation previously presented,
the software calculates the characteristic parameters (H and C of every element). For it,
some input data must be provided to the software. Those data are the data obtained in
the monitoring period: heater temperature, Power, indoor temperature, solar radiation,
temperature of indoor and outdoor surfaces of the wall and windows, temperature of
ceiling and floors and outdoor temperature. These input data is presented in detail in

the following section.
5.2 Used data to obtain characteristic parameters

According to the previous description, x corresponds to excitements of the system (heat
input P, solar irradiation and outdoor temperature); y corresponds to system variables
(temperatures and heat fluxes) whereas /) is associated to the parameters which define
the thermal properties of the model (heat capacity and resistance/conductance). They
are depicted in Fig. 6. 13, where x are marked in a red line, y are marked in a blue line

and the parameters which define f) are marked in green.

Fig. 6. 13. RC network of the developed model, with different highlights for its x, yyand £)
It must be noted that the power is marked as an excitement of the system. In fact, it

depends on the treatment given to the heat input in the model. There are two
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possibilities of introducing the heat input into the model. The first one is to introduce
the heat power as a predefined value, with a predefined routine. In this case, heat power
works as an independent variable. The second one is to introduce it as a dependent
variable which depends on the indoor air temperature in the previous time-step
(representing a heating system heat point). In this way, heat input acts as a dependent
variable which at the same time, affects another independent variable, i.e. indoor air

temperature. Both alternatives of treating the heat input are possible within this model.

Based on the schemes depicted in Fig. 6. 2, the followed methodology can be defined as a
composed procedure. Thus, parameter identification (inverse procedure) was firstly
carried out using measured data. This way, characteristic parameters of the model
(thermal capacities and resistances) were obtained, by CTSM. Secondly, once x and fx)
are known, direct use of the model is made to verify the model first, and then to make

simulations under different given conditions.

The development of this model was based on data which were collected during a series
of experiments carried out in February to May 2012 in a Social dwelling in Bilbao. The
study-case monitoring has been thoroughly described in Chapter 4. Specifically, data
obtained from 1st of February to 21st of February 2012 were used in the first step to

define the model. The following data series were used:
Independent variables x (excitements of the system)

= (pis the observed irradiation at the climate station
»  Tour[°C] represents outdoor temperature

= P [W]represents the power of the heater

Dependent variables y (system variables):

* T [9C] is a single value representing indoor temperature which is obtained
from the different indoor temperature measurements, measured by PT100
hanging freely in the middle of each room of the dwelling, as explained in

Chapter 4. It is the average indoor temperature.
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Fig. 6. 14. Some plots of the data used for defining the grey box model (1st-21st Feb 2012)
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" Tswin [2C] are the average surface temperature of indoor floor, ceiling and
pillars.

» T [2C] is the average temperature obtained from temperature sensors placed
in windows.

" Tein and Teou [2C] is the average temperature obtained from temperature
sensors placed in indoor and outdoor surface of facade. Two different
averages were calculated, corresponding to the indoor and outdoor surface
temperatures.

»= Ty [2C] is the average temperature obtained from temperature sensors placed

in the heaters.

Wind velocity was measured as well. However, due to the low values logged during the
monitoring period, it was not considered as a significant parameter. Plots of the
collected data used to define the model of the building previous to renovation are

depicted in Fig. 6. 14.
5.3 Lumped parameters model obtained for studied dwelling

Characteristic parameters obtained by CTSM for the model before windows replacement
are presented in Table 6. 1. These characteristic parameters contain information based
on physical knowledge and stochastic information of the data measured in the
monitoring period. Then, in a certain manner, they can be analysed assigning them a
physical meaning. Let’s focus on windows, for instance. Windows were represented by
two resistors (Ruw-inand Rw-our). Rw-in €quals 0.004 K/W. Taking into account that the total
window area in the dwelling is 11.5 m?, it can be affirmed that that R..;» equals 0.046
m2K/W. For calculating U-value, standard internal surface thermal resistance value of
0.13 m2K/W and standard external surface thermal resistance value of 0.04 m2K/W are
assumed. Its sum equals 0.216 m2K/W, which corresponds to a U-value of 4.62 W/ m2K.
Taking into account that this value also “includes” the repercussions of other hidden
effects of the dwelling, it can be assumed as logical (In TRNSYS, an U-value of 4.12 W/

m2K was assumed).

However, values obtained in that way are only a reference, and this analysis must be
taken with caution, since, as mentioned above, characteristic parameters are not purely

based on physical knowledge, but on stochastic methods as well. Therefore it is not
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possible to share out and distinguish the weight of each part in the value as it depends

on the detail level of the model, amongst other factors.

C [MJ/K] H [W/K] R [K/W] RroraL [K/W]
Hstr,in 820 Rstr,in 1/820
Structure 29.411 Hstr,1 1191 Rstr,1 1/1191 0.558
Hstr,2 1.8 Rstr,2 1/1.8
B ) Hw,in 305 Rw,in 1/305 0.007
Hw,out 255 Rw,out 1/255
He,in 1259 Re,in 1/1259
He,2 338 Re,2 1/338
Oé)eiﬂ’ﬁfgil)ls 1975 He,3 338 Re,3 1/338 0007
He,out 1679 Re,out 1/1679
Heater 0.001 Hh,1 15.5 Rh,1 1/15.5 0.06
Indoor air 0.667 -

Al: 3.1 m2; A2: 8.66 m?

Table 6. 1. Characteristic parameters of the model (before energy renovation)

6 How the model RC works

Once the model parameters have been defined, a model data is implemented, and it is
ready for doing simulations. The model was designed to calculate heating consumption,
as well as the different element temperatures, depending on the climate conditions,
operating conditions, and possible improvements of the model parameters. That is, this

RC model can be used with two different aims:

= On the one hand, this model allows the calculation of the monitored
dwelling/building under given conditions, and then to modify those
conditions (thermal resistance of facade, of windows, thermal capacity...) in
order to assess the effects of different possible renovation measurements on
the studied dwelling;

* On the other hand, this model allows the calculation of energy savings
achieved by a specific energy renovation, by means of a monitoring study

before and after renovation works. Characteristic parameters of the two
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scenarios can be obtained, and then, by comparing them, it is possible to
calculate and obtain the real effect of the renovation which has been carried
out. One of the advantages of this methodology is that the model faithfully
represents the real building performance of both scenarios, and not only the
theoretical improvement, i.e. if windows have been installed incorrectly in a
window replacement, and due to this wrong installation, infiltration rate
increases, this “hidden” effect will also be considered by the model, giving

then the building performance “as built”, and not “as projected”.

A detailed description of the calculations carried out by the model to obtain the

mentioned results is presented in this section.
6.1 Model inputs

Outdoor temperatures and solar irradiation (Gj) for each time step are introduced in the
model as inputs. Heat input is now defined not as a fixed value, but as a conditional one
depending on indoor temperature. A setpoint temperature must be defined, as well as
the heating power. In this way, heating consumption for a year can be obtained for the

dwelling in each model.
6.2 Model outputs

As mentioned before, the results obtained for each time step are the average
temperatures of the different elements measured during the study, i.e. indoor air
temperature, heater temperature, indoor surface temperature of facade, facade
temperature, outdoor surface temperature of facade, window temperature, indoor
surface temperature of structure. Besides, since heat input from the heater depends on
the defined setpoint, and then, on the indoor air temperature, annual heating

consumption is also calculated by the model.
6.3 Calculations

From mentioned input data, model calculates the temperature of the eight referent
points (see Fig. 6. 12). Governing equations for each point are defined as follows. The
first four values (7in, Th Tsu; Te) are calculated by means of the energy balance in each

point for each time step. That is, the sum of the inputs and outputs in a point must be
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equalled to 0. Then, the other four temperature values (7Zeous Tstr-in Te-in, Tw) are

calculated as described in the following equations, using as reference Eq. 12.
6.3.1 Indoor air temperature (Tin)

Indoor air temperature is calculated by means of the energy balance in this node. As
observed in Fig. 6. 13, indoor air node is affected by the following heat fluxes: solar gains
(AiGp), heat flux from the heater, heat flux through the structure, heat flux through the
opaque walls and heat flux through the windows. These heat fluxes entail a temperature
variation. Thus, energy balance in the indoor air node is defined in Eq. 28.

(Tin — Tin-1)
% - (Th - Tin) 'Hh + (Tin - Tstr,in) ' Hstr,(in,l) + (Tin - Te) Eq. 28

'He,(lz) + (Tin — Tout) “ Hw — A; - G + LosseSyent

0=Ci "

The balance presented in Eq. 28 is made up of seven different terms: power associated
to temperature variation, heat flux from the heater, heat flux through the structure, heat
flux through the opaque envelope, heat flux through the windows, heat flux due to solar

gains and ventilation heat losses, respectively.

Hstr,cin,1) and He (12) refer to the result of having two resistances (or H, the inverse of R) in

series (Hsuinand Hsy,z,and Hezand Hez respectively). They are calculated as follows:

-1

1 1

H. =(— Eq. 29
L(12) (Hi,l * Hi,z) !

Ventilation patterns have a great influence in the final heating demand of a dwelling. So,
an estimation of ventilation losses was also included in the model as a term of the
equation. It is calculated as defined in Eq. 30.

LosseSyent = ﬁ V-p-Cp-AT_4 Eq. 30
Where Lossesvens are the losses due to ventilation (or gains, if the result is a negative
value), n is number of ACH, V is air volume in the dwelling (m3), pis air density (1.225
kg/m3 is assumed), C, is the air heat capacity (1007 J/kg.K is assumed) and 47.; is the

difference between outdoor and indoor temperatures in the previous time step.
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6.3.2 Heater temperature (Th)

Heater temperature is calculated following an analogous method. This node is affected
by two fluxes: power (which is an input in the model) and heat flux from the heater to
indoor air node. Then, governing equation in the heater node is presented in Eq. 31.

(Ty — Th-1)

0=Ch 5

=P+ (Tp = Tin)  Hy Eq.31
6.3.3 Temperature of structure indoor surface (Tstr)

The node which represents the structure indoor surface (7%) is affected by two fluxes:
heat flux from the indoor air node and heat flux to outdoor air node. Thus, the balance in
this node is presented in Eq. 32.

) (TStT—in - Tstr—in,—l) _
At

0= Cstr (Ti - Tstr—in) ' Hstr(in,l) + (Tstr—in - Tout) ) Hstr,z Eq' 32

6.3.4 Envelope temperature (Te)

The temperature in the envelope node is also calculated by a balance in the node. Four
terms are considered when the balance in this node is calculated: power associated to
temperature variation, heat flux from the indoor air node, heat flux to outdoors and heat
flux due to solar gains and ventilation heat losses. It is presented in Eq. 33.

. (Te - Te,—l) _

0=20C, At

(Tin - Te) ’ He,(in,l) + (Te - Tout) ’ He,(Z,out) — Ay Gy Eq.33
6.3.5 Temperature of envelope outdoor surface (Te,out)

Once the four temperatures previously mentioned have been obtained, the other node
temperatures can be calculated from them, as mentioned before. Thus, the temperature
of the envelope outdoor surface is calculated by means of Eq. 34, known 7:and 7ous

T _ (Te - Hez) + (Toue * He—out) + (A Gp)
eout (He3 + He—out)

Eq. 34

6.3.6 Structure temperature (Tst)

The same procedure is used to calculate the temperature in this node, as presented in

Eq. 35.

(Tin ’ Hstr—in) + (Tstr—in ’ Hstrl)
(Hstr—in + Hstrl)

Torr = Eq. 35
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6.3.7 Temperature of envelope indoor surface (Te,in)

T = (Tin " He—in) + (To - Hep)
e (He—in + Hez)

Eq. 36

6.3.8 Windows temperature (Tw)

_ (Tin ' Hw,in) + (Tout ' Hw,out)
v (Hw,in + Hw,out)

Eq.37

6.3.9 Heatpower (P)

As mentioned before, heat input is an input of the model. Heat input can be defined in
two different ways. On the one hand, a fixed heat power routine can be assumed. Then,
the output of the model would be the calculated temperatures at each node and in each
time step. On the other hand, heat input can be introduced as a function of indoor air

temperature, introducing an hourly schedule with the setpoint temperature.

7 Model validation

As defined amongst others by Whisler et al. in [95], model validation might be defined as
a “comparison of the predictions of a verified model with experimental observation
other than those used to build and calibrate the model and identification and correction
of errors in the model until it is suitable for its intended purpose”. Although this
definition was actually developed for crop simulation models, it is also applicable to

models in general and to building models in particular.
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Fig. 6. 15. Indoor temperature calculated (red) Vs. observed (blue), and residuals (black)
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Bearing in mind this general definition, a comparison between calculated values of the
model and those obtained in the experimental observation was carried out, with the
help of C. Escudero (Laboratory for the Quality Control in Buildings, Basque
Government). A graph with both sets of data, as well as the residuals is depicted in Fig. 6.
15. As observed in a first sight, obtained residuals were very low values and around

Zero.

The autocorrelation function (ACF) and integrated periodogram of the residuals were
obtained using Statgraphics software, in order to verify that residuals presented a
random pattern related to white noise of measuring instrumentation. Thus, the analysis
of ACF of residuals of indoor air temperature is depicted in Fig. 6. 16. It was evaluated at
a maximum lapse of 50 h. Analysis showed that coefficients took low values, close to
zero, alternately, without a defined pattern. This performance means the dwelling

thermal performance is correctly represented by the model.

=

ACF
L B I IR BB
i | ]
: : |
i i ]

I

I

I

|

I

I
IR RN BRI IR I

]
-0,6
-1 1 1 . 1 . . L 1 . L . 1 . 1
0 5 10 15 20 25
Lag

Fig. 6. 16. Autocorrelation Function (ACF) of residuals

Similar conclusions were obtained when the integrated periodogram of residuals shown
in Fig. 6. 17 was checked. In this analysis, an ideal time serial purely at random would
present cumulative relative amplitudes for each frequency which would draw a diagonal
straight line. The Kolmogorov-Smirnov test (K-S test) was used to determinate if both
data sets differed significantly. Confidence intervals for 95% and 99% certainties are
presented in the aforementioned mentioned graph in red line (inside and outside,

respectively). The obtained periodogram showed noticeable deviations from the
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diagonal line, showing that there was an autocorrelation. However, since it was amongst
the confidence intervals, it can be assumed that those correlations were low and

therefore they could be neglected.
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Fig. 6. 17. Cumulated periodogram of residuals

In short, it can be affirmed that the model represent in a proper way the real thermal
behaviour of the dwelling. More detailed information about this validation procedure
was presented in the 8t National Congress of Engineering Thermodynamics held at

Burgos University in June 2013, and it can be found in [92].

8 Results of the model

In this section, the RC model of the dwelling (before renovation) is used as a way of
example to obtain the potential energy savings obtained by means of windows
replacement, in a similar way to what it has been presented in Chapter 5 with the
TRNSYS model. Thus, a comparison between both models and an evaluation of the

differences of the obtained results can be carried out.
8.1 Results of the model before carrying out the windows replacement

Even though the RC model presented in this chapter differs significantly to the TRNSYS
model developed in the previous one, similar operating conditions were assumed, in
order to make the comparison between both models easier. Thus, operating conditions
and weather data assumed for this model are presented in this subsection, based on

those presented in previous chapter for TRNSYS model.
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8.1.1 Operating conditions
8.1.1.1 Ventilation and infiltration

Ventilation rates assumed in this model were the same to those introduced in the
TRNSYS model, and specifically presented in section "5.1. Air I[nfiltration and
Ventilation". Thus, the assumed schedule for ventilation was a daily ventilation rate of 4

ACH from 7-8 am.

On the other hand, the characteristic parameters of grey box model include, in an
implicit way, the infiltration losses existing in the dwelling. For that reason, infiltration

rate is not an input in this model.
8.1.1.2 Setpoint temperatures

In a similar way, setpoint temperatures used in field study - based TRNSYS model was
used for this model. They are presented in the following:

= (0-8am:-

= 8am-6 pm: 17 2C

= 6-11 pm: 20 °C
= 11-12pm:17°C

8.1.1.3 Heating power

Unlike the TRNSYS model, the output of this RC model is not energy demand, but energy
consumption. Heat inputs work according to the aforementioned setpoint temperatures.
Due to the model definition, it is an on-off system, and no modulation of the heat input is
possible. When a given time-step presents an indoor air temperature lower than that set
in the setpoint temperatures schedule, heat input is activated, with a previously fixed

value. This value was assumed as 3500 W.
8.1.1.4 Internal gains

The developed RC model does not include the possibility of setting internal gains as an

input.
8.1.2 Weather data

The only weather data required in this RC model is the outdoor temperature and the

global solar irradiation. In order to make the comparison between results of this model
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and those obtained with TRNSYS model easier, the required weather data were obtained
from the weather file of Bilbao (Meteonorm Data Base), which was already used in

TRNSYS simulations presented in Chapter 5.

8.2 Modification of the model parameters to evaluate the improvement

of the windows replacement

As already mentioned in this chapter, characteristic parameters of the model (R and C
values) were calculated using a combination of prior physical knowledge (e.g. equations
of heat transfer in solids) and statistics. Therefore, information contained in each
parameter is a combination of both physical laws (the part of the model which is
known) and statistics (that part of the model which explains and fits the unknown
issues). In this way, a physical interpretation can be made of the above mentioned
parameters, and consequently, they can be modified in order to evaluate other possible

scenarios.

Since this case is addressed to assess the effect of windows replacement, this subsection

is only focusing on the windows branch.

As presented in Chapter 5 in table 5.2., old windows presented a Ufame equal to 5.7
W/m? K and a Uglass equal to 3.44 W/m? K. Taking into account the fact that the frame
represented 30% of the windows total area, Uw,1 (before renovation) was 4.12 W/m? K.
Following the same calculations, the value of the new windows (Uw;2) equalled 2.76
W/m? K. That is, windows U-Value improved 1.36 W/m? K. Only Hw,1 was modified to
represent the windows replacement in the model. Its modification was calculated as

follows.

As explained in section 5.3, H [W/K] is a characteristic parameter and is the inverse of R
[K/W]. Mentioned new U-Value of 2.76 W/m2 K implies a new resistance equal to
0.3623 m2K/W. Bearing in mind the fact that the U-Value is calculated based on the
standard internal surface thermal resistance value of 0.13 m2K/W, and the external
surface thermal resistance of 0.04 m2K/W, it can be deduced that the global thermal
resistance of the windows equal to 0.19231 m2K/W (internal and external surface
thermal resistance must be summed to this value). The total windows area of the

dwelling is 11.5 m?, so the total R of the new windows is 0.0167 K/W. Since windows
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were defined by two resistors (Rwin and Rwou) and Rwou was calculated as a
characteristic parameter with the value of 0.0033 K/W (Hw,ou:=305), the new Ru;,n
equals 0.0134 K/W. Then, new Hu,in can be calculated, obtaining a value of 75 K/W.

8.3 Comparison between both models

Results obtained with this model are presented in this section. The analysis of the

results was focused mainly on savings percentages obtained after windows replacement.
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Fig. 6. 18. Energy consumptions obtained by the RC model for both scenarios

As expected, energy consumption results gave significantly higher values than those
obtained with the TRNSYS model. This lack of fit between both models is explained

mainly due to the following reasons:

* Internal gains were assumed in the TRNSYS model, unlike in the RC Model.
= The TRNSYS model calculated the energy demand of the dwelling, whereas
the RC model calculated energy consumption using an specific heating system

(a 3500 W electric radiator, not adjustable to intermediate power values,
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which was activated every time-step when the indoor air temperature was
lower than the setpoint temperature).

= Temperatures assumed in adjacent dwellings also can play an important role
in the results. Thus, whereas in the TRNSYS model an assumption of adjacent
dwellings temperatures had to be made, the RC model includes implicitly in
its definition that statistical information, assuming those patterns (indoor
temperatures as function of outdoor temperatures, G, and heat input, which

indirectly includes losses to adjacent dwellings) in its structure.

Although absolute values cannot be directly compared, interesting conclusions were
obtained when relative values of energy savings were compared. It was shown in the
previous paper that, even though changing operating conditions obviously affected to
absolute values of final results, relative values of energy savings were similar. Therefore,
this condition was also expected to be fulfilled in this RC model, and similar energy

savings relative values were expected to be obtained.

However, relative energy savings obtained with this model were not similar when its
yearly values were compared with those obtained by TRNSYS model. For that reason,
energy savings were assessed more in detail, and monthly energy saving values
obtained by the three carried out simulation sets (one using RC model, two with
TRNSYS, assuming two different operating conditions) were analyzed. Thus, the
percentages of monthly energy savings obtained by the three mentioned simulation sets
are presented in Fig. 6. 19. The figure also graphs in a red line, the difference between
monthly results obtained with the RC model and TRNSYS model with field study - based

operating conditions.

Analysis of calculated energy savings showed two different trends, as shown in Fig. 6.
19. Obtained results for four months (November, December, January and February) can
be assumed as very similar in the three simulations, and especially, in the RC model and
TRNSYS model with field study - based operating conditions, both of them defined with
similar operating conditions. On the other hand, results obtained with the RC model for
the rest of the heating season differed significantly to those obtained with any of the two

TRNSYS models.
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Fig. 6. 19. Percentage of energy saving obtained by the carried out different simulations

This effect is explained by taking into account the way that solar gains are included in
the RC model. As mentioned in the first part of this chapter, unlike the equation of heat
transfer in solids, equation of radiation is not lineal, and therefore, linear dynamic
models are not capable of modelling it, and linear approximations are used to model this
heat transfer mechanism. In this model, the so called effective area was used with this
aim, as described in section 4.1.1. This term sets a constant value based on the relation
between observed Gj and heat gains at the outdoor surface of the fagade, as well as solar

gains through the windows.
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Fig. 6. 20. Solar zenith angle in Bilbao during the whole year

As also explained in this chapter, characteristic parameters of the model (effective
window and wall areas, amongst them) were calculated using observed data in
February. However, whereas G, was used as a reference value (since it is usually

available), solar gains are directly related to G, in the case of the reference dwelling,

GREY BOX MODELS. R-C MODEL DEFINITION | 231



® . ‘ , Energy retrofits in social housing
Ingeniaritza Goi Eskola Teknikoa ) e - .
Escuela Técnica Superior de Ingenieria Analysis of its thermal behaviour
Bilbao Jon Terés Zubiaga

since both facade and windows are vertical, and relation Gp-Gy is not a constant during
the whole year, and depends on the solar zenith angle, which varies significantly during

the year, as shown in Fig. 6. 20.

This fact is easily shown with an example. Consider two opposite moments of the year,
mid day of 21st of December, and mid day of 21st of June. Zenith angles in Bilbao for
those hours are 67.39° and 21.78° respectively. Based on these values and by means of a
simple trigonometric relation, G, and Gy of an hypothetical assumed value of 500 W of

direct solar irradiation are presented in Table 6. 2.

Zenith  Direct Solar irradiation Gh Gv Gh/Gv
[°C] W] W] W] [-]
December, 21st 67.39 500 192.23  461.57 0.42
June, 21st 21.78 500 464.31 185.52 2.50

Table 6. 2. Differences on ratio Gh/Gv in winter and summer

The disparity of values explains the lack of fitness between TRNSYS models and RC
model results, which in this case, are totally distorted. That is, the RC model gives similar
values to the TRNSYS model during the months when the solar zenith angle was similar
to the monitoring period of the used data (first weeks of February).This is so because
the effective area was calculated based on the ratio Gj-Gy with zenith angles of the
monitoring period, and then the effective area is actually a simplification which
represents the solar gains effect properly. However, the more the zenith angle varies
with respect to the monitoring period, the bigger the differences were found in the
results of both models. For that reason, energy saving results obtained by this method
must be evaluated in monthly periods, for the closest months to the period which data

used to define the model were observed.

9 Discussion

9.1 Grey box model

As mentioned in the introduction of this chapter, one of the main advantages of grey box
models is the low computational time required to perform a building simulation, in

comparison to white box models.
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Moreover, the amount of data required to build the model is significantly lower in the
grey box model, and they can be obtained through a monitoring study. In this way
uncertainties of data used to feed the model are lower and more controlled. Reduction of
required data, however, does not affect the quality of the obtained results, since the RC
model represents with a high accuracy the studied building or dwelling, as the validation

procedure showed.

On the other hand, the main drawback of this kind of models is its low flexibility. The
model represents a given case study with great accuracy, but characteristic parameters
are only applicable to that case study. To represent another building, new monitoring
and new characteristic parameters must be calculated. Even two buildings with exactly
the same construction, will have different characteristic parameters if any tiny change
involves any modification of their solar gains, for example. This is due to the fact that
solar gains are not governed by a linear equation, and the effects of them are included in

the model not based on physical knowledge, but based on statistics.

It has been shown that solar gains can lead to significant mistakes when periods

different to the monitored one are evaluated, as shown before.

Besides, if this model can be adequate to evaluate the thermal performance of the
building according to its passive elements (envelope, solar gains...), its low flexibility

makes it difficult to evaluate complex heating systems.

Thus, based on everything said above, It can be assumed that RC models are suitable
when a specific building is studied for a specific period of the year (e.g. winter period),

and no complex heating systems are considered.
9.2 TRNSYS model

Flexibility is one of the main pros of the TRNSYS model, both in any kind of tiny
modifications in the building (including those which affects to solar gains) and,
moreover, in the aspect of the active elements of the building, especially when the
heating systems become more complex. Moreover, being a white box model, no
experimental data of the case study is required to build the model and data for the
different elements encompassed by the model can be fulfilled based on literature and

existing databases.
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At the same time, this is the main drawback of TRNSYS: the amount of information
required to build a model, which usually involves assuming simplified values, which can
increase the uncertainty of the model. This aspect can be more or less controlled in the
case of systems and installations in general, where their standardized production and
tests allow having quite adjusted and accurate values. However, in the case of
construction elements, where the "handmade"” component still has a strong presence,
thermal performance of the envelope not only depends on thermal characteristics of
used materials, but also on the way it was built. This issue means that similar
construction elements can present significant differences on their thermal performance,
depending on the way they were built. This situation is even greater in the case of

renovations, since the older a building is, the higher the uncertainty is.

10 Conclusions

This chapter has described the development of a RC model and it has shown its
usefulness to represent the thermal performance of the chosen reference building

accurately, using experimental data obtained in a previous monitoring study.

It can also be used to calculate reference values of savings related to different energy
renovation strategies in the specific building studied, this is done by means of modifying
some characteristic parameters properly, based on their physical meaning, such as it has
been presented in section 8.2 of this chapter. However, results obtained in this way must
be used with caution, since these changes in characteristic parameters can introduce a

great level of uncertainty into the model.

Thus, the strongest point of this kind of models is its accuracy to represent the real
thermal performance of a specific building when characteristic parameters are obtained
from experimental data. Obtained results give information of the building as actually
built, taking into account all the interactions and all specific details of the construction,
not only based on data “as projected” but on theoretical project data. For that reason,
one of the main potential uses of this model is to evaluate the real effectiveness of any

energy renovation measure carried out in a given building. It allows obtaining the real

234|PART 3. MATHEMATICAL MODELS [3.6]



ENEDI Research Group v
Thermal Engineering Department

University of the Basque Country o iversided  Euskel Herrko

energy savings, through the characteristic parameters based on data gathered before

and after the carried out energy renovation.

The use of an effective area to introduce solar irradiation is a proper simplification
which does not affect the accuracy of results significantly. However, it must be taken
into account that the obtained effective area is only representative of the period close to
the season when data used to calculate the effective area was gathered. For that reason,
working with monthly values instead of yearly values is recommended when the RC

model is used.

As far as the detail of results is concerned, the RC model defined in this chapter is a
middle way between the Co-heating method (presented in Chapter 4) and TRNSYS

model, which is much more detailed.

Besides, in this third part of the thesis, two different kinds of models have been
presented and developed to represent the thermal performance of the chosen reference
dwelling. Both methods were built and adjusted based on experimental data, and both of
them allow the thermal characterization of the reference dwelling to be obtained.
Moreover, this aspect allowed the TRNSYS building model and the RC model to be

compared.

Thus, this chapter has shown the advantages of each model. As far as the RC model is
concerned, it must be noted its lower computational times, and its accuracy to define a
dwelling as actually built. The flexibility and its capacity of simulating energy systems
more in detail are the main advantages of TRNSYS. Moreover, in the case of the TRNSYS
model experimental data is not necessary, and the bibliography and existing databases
can provide the required data, even though it would be advisable to use experimental
data to validate and adjust the model. Hence, the most suitable model in each case
depends on the sought targets and the characteristics of the available information, and it

must be chosen according to those criteria
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RESUMEN

En este capitulo se presentan los ahorros energéticos alcanzados a través de posibles mejoras
tanto en la envolvente del edificio como en las instalaciones. Las diferentes medidas propuestas
son evaluadas bajo criterios econdomicos, energéticos, medioambientales y de confort El estudio
presentado en este capitulo fue llevado a cabo a escala de vivienda, usando la vivienda de
referencia presentada en el capitulo 4 de esta tesis como caso base. En una primera parte, las
simulaciones muestran los resultados de 64 posibles combinaciones de medidas de ahorro
energético en la envolvente del edificio. Después de elegir una de las combinaciones evaluadas, se
presenta el impacto de distintas estrategias de control en el consumo energético y el confort
Interior.

ABSTRACT

In this chapter, energy savings achieved by means of possible enhancements of both building
envelope and heating systems are presented and calculated by TRNSYS simulations. The different
proposed measurements are evaluated under economic, energy, environmental and comfort
criteria. The study presented in this chapter was carried out in a dwelling scale, using the
reference dwelling as a base case. Firstly, the results of 64 possible combinations of energy
savings measurements of the building envelope are shown. After choosing one of the evaluated
combinations, the impact of different heating control strategies on the final energy consumption
and indoor comfort are presented.

240|PART 4.SIMULATIONS [4.7]



ENEDI Research Group v
Thermal Engineering Department

University of the Basque Country o iversided  Euskel Herrko

1 Introduction

In the previous chapters, the developed models have been presented mainly to check the
energy efficiency of certain energy renovation actions. Thus, detailed analysis before

and after energy renovation allowed checking the actual improvement.

However, other of the main potentials of building modelling is to evaluate energy
renovation possibilities for a specific building and, amongst all of them, selecting the
optimal according to some defined criteria (energy, economic, comfort...). According to
it, in this chapter the effectiveness of the developed dynamic models (namely, the
TRNSYS model) for assessing the effects of several actions to improve energy

performance of the building is presented.

Besides, the validated TRNSYS model, along with the simulations presented in this
chapter, will be used in a future in the Energy System Plant (mentioned in Chapter 2),
which allows testing different systems and control strategies for building installations,

combining simulation and experimental procedures.

Energy savings measures (ESM) in existing buildings can be divided into three
categories: energy savings owed to the thermal performance of building envelope (it
reduces the energy demand), savings by upgrading heating systems (it reduces energy
consumption) and energy savings by supplying the total or part of the energy demand

by renewable resources (reducing thus P.E. consumption).
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This chapter focuses on two of them. The first part of the chapter is devoted to the
improvement of the building envelope, and the second part of the chapter studies the
savings by heating systems, namely assessing the influence of different control

strategies in the operation of condensing boilers.

As far as improvement of the building envelope is concerned, several references are
found in literature, many of them related to insulation materials. A state-of-art in
thermal insulation materials was presented in [10] or in [11], where the main
characteristics and applications of common building thermal insulation materials are
gathered. Energy and exergy analyses for three cases of exterior building walls located

in three climatic zones in winter conditions was presented in [96].

As already mentioned in Chapter 1, insulation layer optimization thickness has been
thoroughly studied and many references are found, such as [12], where an optimization
of the opaque wall was evaluated under energy, economic and environmental approach,
[18], where optimum insulation thickness in four different climate zones of Turkey was
calculated for four different insulation materials, [97], where the effect of the used fuel
type on the optimum insulation thickness was evaluated, [47], which defined optimal
thermal insulation strategies by means of dynamic simulations after experimental
comparison between 3 different wall constructions, or [15], where a review of the
economical and optimum thermal insulation thickness for building applications was

presented.

Regarding the analysis of heating systems and their control, not many studies are found.
As an example, an optimization of different parameters of the heating system taking into
account economic and comfort issues was described in [20], which showed, amongst
other things, that the supply-water temperature has a big influence not only on comfort,
but also on operating costs. Additionally the importance of the control strategies in the
energy performance of condensing boilers was demonstrated in a report published by
ESRU [98]. The influence of the control was analysed in other heating applications, as for

example [99-102].
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2 Objectives of the chapter

Thus, the main target of this chapter is to use the TRNSYS model to evaluate the impact
of different renovation actions in the envelope and heating system control strategies on

the final energy consumption of the dwelling.

With this aim, a variety of ESM in the selected building are proposed and their effect is
assessed, taking into account energy, environmental and economic issues. Moreover, the
various interventions according to their significance are classified and those which also

offer economic benefits are identified.

Hence, the outcomes would be twofold, on the one hand a flexible methodology is
presented which can be adapted and applied to any existing building; and on the other
hand, qualitative information is given on the main renovation actions to be carried out in

the large existing stock of buildings, working as handbook for architects and engineers.

3 Structure of the chapter

In order to fulfil this goal, the following steps were followed.. Firstly, using the TRNSYS
model developed in Chapter 5, different ESM on roof, fagade and windows are
considered along with all the possible combinations amongst them. Economical,
environmental and energy results are studied and analyzed. One ESM is selected, in
order to study the influence of heating system control strategies on a retrofitted
dwelling. A condensing boiler is considered as it is the most common technology being

installed nowadays in Spain for heating purposes.

After defining the case study, different control possibilities are presented, regarding the
general control strategy, the thermostat setpoint temperature and the boiler setpoint
temperature. A set of TRNSYS simulations is carried out, following the same procedure

followed in the analysis of the envelope.

Finally, results of all the combinations are presented and evaluated under both energy

and comfort criteria.
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4 Suggested retrofitting scenarios. Envelope improvement

Different ESM were laid and studied to improve the building envelope elements. These
ESM were addressed to improve the thermal behaviour of windows, roof and/or fagade.
Four scenarios were assumed for each element: scenario 0, when no improvement is
carried out; scenario 1, when a typical improvement is carried out (Business As Usual,
BAU); scenario 2, when BAU scenario is slightly improved; and finally, scenario 3, when
the best solution is assumed. Resulted models were named according to the
combinations of the ESM adopted in each case. Thus, Model 7E.1.2.0 represents Chapter
7, improvement of the envelope, facade scenario 1, roof scenario 2, windows scenario O.
This section briefly describes in what the ESMs of each element of the envelope are

about.
4.1 Fagade

The improvement on fagade thermal behaviour was assumed by means of adding an
extra thermal insulation layer (EPS). The addition of this layer was added to the existing

one which, as presented in Chapter 5, presented a thermal insulation layer of 2 cm.

Some assumptions had to be made in order to define the cost of each ESM. When
economic results and their related financial ratios were evaluated, the assigned cost to
facade renovation was not the total cost of the renovation, but the cost corresponding to
apply the ESM, i.e. the material and workforce cost corresponding to thermal insulation.
This assumption was taken due to the variability and amount of possible facade
renovations. Thus, it was assumed that facade has to be renovated in any case (and then,
the cost of the base renovation is included as maintenance cost of the building during its
lifespan) and just the addition of insulation layer was considered when economic
evaluations were carried out. Detailed information about assumed conditions for each

ESM in fagade is presented in the forthcoming subsections.

= Scenario 0. Base scenario: The base scenario of the facade is the original facade
without any ESM. The U-value of assumed facade in this scenario was 0.74
W/m2K. Detailed information about the construction data assumed in the
TRNSYS model, as well as its main thermal characteristics, has been presented in

the Chapter 5 (Table 5.1.).
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= Scenario 1. BAU: An addition of 4 cm of EPS on the facade outdoor surface was
assumed in scenario 1. Therefore, the U-value of the new retrofitted facade in this
scenario 1 was 0.43 W/m2.K.

= Scenario 2. Improved Scenario: In this case, an addition of 6 cm of EPS, also on the
facade outdoor surface was assumed. So the U-value of the new retrofitted facade
in this scenario 2 was reduced to 0.36 W/m2.K.

= Scenario 3. Best energy scenario: An addition of 12 cm of EPS on the facade
outdoor surface was assumed in this scenario. The resulting U-value was 0.24

W/m2.K.

The main data related to facade ESMs presented above are summarized in Table 7. 1 and
Table 7. 2. Cost of each ESM (according to data presented by /nstitut de Tecnologia de la
Construccio de Catalunya, ITEC [103]) is presented in Table 7. 1. Mentioned cost is
presented broken down into 3 items: the cost of the insulation material itself, the cost of
other materials required for installation, and the cost of the required workforce. As
mentioned before, only the additional cost of adding the specific ESM respect to a usual

facade refurbishment without ESM was considered.

Cost [€/m?]
Insulation
Insulation Material = Secondary materials  Labour Total investment
4 cm EPS 3.68 0.63 2.15 6.46
6 cm EPS 5.51 0.75 2.16 8.42
12 cm EPS 11.01 1.23 2.7 14.94
Table 7. 1. Cost of the studied ESM for fagade improvement (ITEC)
Addition of EPS in fagade
ESM in Fagade
Currently BAU Improved Scenario  Best Scenario
Scenario 0 1 2 3
Thermal ins, thickness [cm] 2 (+0) 6 (+4) 8 (+6) 14 (+12)
U [W/m2K] 0.74 0.43 0.36 0.24
Investment [€/m?2] - 6.46 8.42 14.94

Table 7. 2. Summary of data regarding to ESMs in fagade
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4.2 Roof

Analogously to the ESM considered in fagade, addition of a thermal insulation layer was

used to improve the thermal behaviour of the roof, fibreglass solid sheets, in this case.

The same assumptions as those presented for the facade case were made to set the cost

of each ESM. Detailed information about assumed conditions for each ESM in roof is

presented in the following subsections.

Scenario 0. Base scenario: The assumed base scenario for the roof was the original
roof without any ESM, with an U-value equal to 2.7 W/m?2.K. More information
about the construction data assumed in the TRNSYS model, as well as its main
thermal features, has been presented in the Chapter 5 (Table 5.1.)

Scenario 1. BAU: An addition of 6 cm of thermal insulation layer on the roof was
assumed in scenario 1. The U-value of the new retrofitted roof in this scenario 1
was 0.53 W/m2.K.

Scenario 2. Improved Scenario: In this case, an addition of 14 cm of thermal
insulation layer was assumed. The U-value of the new retrofitted roof in this
scenario 2 was 0.26 W/mZ2.K.

Scenario 3. Best energy scenario: Addition of 20 cm of fibreglass was assumed in

this scenario. The new U-value was 0.19 W/m?2.K.

Mentioned data about ESM in roof are summarized in Table 7. 3 and Table 7. 4. These

data were also obtained from ITEC. Since insulation thickness greater than 12 cm was

not available, cost corresponding to 14 cm and 20 cm were assumed as the sum of

different thickness (8cm + 6 cm) and (8 cm + 6 cm + 6 cm). Like in the case of facade

cases, only the additional cost of adding the specific ESM respect to a usual tilted roof

refurbishment without energy performance improvement was considered.

Cost [€/mZ?]
Insulation
Insulation Material = Secondary materials  Labour Total investment
6 cm Fibreglass 7.14 0.75 2.16 10.05
14 cm Fibreglass 16.43 1.68 2.7 20.81
20 cm Fibreglass 23.57 2.43 3.11 29.11

Table 7. 3. Cost of the studied ESM for roof improvement (ITEC)
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Addition of fibreglass in roof

ESM in roof
Currently BAU Improved Scenario  Best Scenario
Scenario 0 1 2 3
Thermal ins, thickness [cm] 0 6 14 20
U [W/m2.K] 2.7 0.53 0.26 0.19
Investment [€/m?2] - 10.05 20.81 29.11

Table 7. 4. Summary of data regarding to ESMs in roof

4.3 Windows

Finally, the improvement of the thermal performance of the envelope by window
replacement was also assessed. In the same way as with the roof and facade cases,
another four scenarios were considered in the windows case. These four scenarios are

presented in Table 7. 5.

Windows improvement

Window scenarios
Currently BAU Improved Scenario  Best Scenario
Scenario 0 1 2 3

Frame material (30%) (Wit“}/llgﬁlTB) PVC PVC PVC

Utrame [W/m2.K] 5.7 2.2 2.2 2.2
Glass 4/6/4 6/12/6 3/12/3 Low-E 4/16/4/16/4

Uglass [W/m2.K] 3.44 3.0 1.76 0.7

Uwind [W/m2K] 412 2.76 1.89 1.15

Table 7. 5. Summary of data regarding to window scenarios

4.4 Combination of the different scenarios

Thus, the 64 possible resulting retrofitting actions resulting from the combination of the
presented ESMs (4x4x4) were simulated with TRNSYS software. The reference building
model developed in chapter 5 was selected as a reference. The results obtained from
these simulations were thoroughly assessed, and one combination was selected to

define the retrofitted dwelling.
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5 Criteria for evaluating and choosing an ESM

As presented in Chapter 1, evaluation and classification of ESM depends on the chosen
criteria. Criteria for evaluating ESM can be classified in five main groups: economic
criteria, energy criteria, Life Cycle Assessment (LCA) criteria, environmental criteria and

indoor comfort criteria, which present important connections between them.

Economic criteria are one of the most typical used criteria since they present very clear
implications. Many studies focusing on examining the economic dimension of ESMs
(both in passive and active elements) can be found in literature, such as [104-106], to
name but a few. Either macroeconomic scale approach or focusing on the end-user point

of view are found amongst these studies.

Energy efficiency is also an usual criteria used for evaluating ESM. Energy efficiency is
usually measured by means of energy savings achieved with the ESM. Hence, it is related
to economic criteria, since financial benefits on ESM comes through energy savings
(yearly avoided costs). However, it is independent to a specific economic situation and it
is more valid for different economic scenarios or comparison between different policies.

A huge number of studies can be found on this topic, two of them are in [18,107].

Energy efficiency is often presented together with environmental criteria, which in
literature is usually referred to as 2E. This is very straightforward since, usually, higher
energy savings bring a reduction of the environmental impact of the building during its
lifespan. 3E criteria can be also found in literature [108,109], when economic, energy

and environmental aspects are taken into account in the evaluation.

Energy and environmental criteria are also connected to LCA. Whereas previously
exposed energy criteria are in the majority of the cases mainly focused on the energy use
during the lifespan of the building, LCA is a methodology to assess energy and
environmental impacts related to all the stages of a case study life from-cradle-to-grave
(i.e. from raw material extraction through materials processing manufacture, transport,
use, maintenance and disposal or recycling). It is performed by compiling an inventory
of relevant inputs and outputs and evaluating the potential environmental impacts

associated with those inputs and outputs. However, due to the great level of detail that
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can be reached by this method, usually is developed for separate building elements, and

not for the whole building.

Several works focused on LCA in buildings can be found in the literature, such as
[17,110-112]. The author of this thesis took part in a LCA analysis of a modular building
element, supposing different values of service life, with the aim of obtaining the
environmental hazard associated with the use phase for each case, also considering the

influence of rehabilitation systems on durability of buildings [113].

Finally, comfort aspects can also be taken into account in ESM evaluation since the main
goal of any building is to obtain suitable comfort conditions for its users. However, this
term is not homogeneously used amongst researchers due to its complexity, since
overall comfort depends on different factors such as thermal comfort, air quality,
acoustic comfort and luminosity [114]. This kind of analysis covers thermal comfort
[115] and indoor environmental quality (IEQ), both independently or taking also into

account energy issues [47,116].

Of course, other criteria can be used to evaluate ESM, such as functionality [117] or
aesthetics, which despite their qualitative nature, are usually used together with the

above mentioned criteria(Economic, environmental impact, energy...)

It must be noted that there are also many papers analyzing the effects of ESM under
political, healthy or social point of view. However, it can be affirmed that, actually, this

approach are assessed implicitly by a combination of the already presented indicators.

Taking into account these criteria, the evaluation of ESM in this chapter is focusing on

the followings parameters:

= Energy issue is assessed by the energy demand and savings of energy demand.
Primary Energy savings is not taking into account. PE is useful when different
energy sources are used before and after implementing a specific ESM, and then,
it is necessary to unify the values in order to compare them. However, this value
does not give additional information in this case, since assumed energy source
was the same in all cases, natural gas.

= Economic and financial parameters evaluated are the Payback period, NPV, IRR,

SIR and ESIR.
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= Environmental issue is taking into account by means of CO; equivalent emissions.

Mentioned values calculated for each criteria group are presented and defined in detail

in Appendix 7.1.

6 Simulation of scenarios

6.1 TRNSYS simulation

The base building model used to evaluate mentioned ESM combinations was the one
developed in Chapter 5 (it would correspond to model 7.0.0.0.). Geometrical and
construction data have been presented in detail in section 4.1 of mentioned chapter,
whereas assumed operating conditions were those based on bibliography, described in
section 5 of mentioned chapter. The weather data of Bilbao (Meteonorm) were again

used. 1 h time step was used in all simulations related to ESM combinations.
6.2 Assumed values for evaluation

6.2.1 Energy values

= Energy performance of assumed heating system: 0.9 [118]

= Natural gas conversion factor to P.E.: 1.07 [119]
6.2.2 Economic values

= Natural gas cost: 5.0 c€/kWh. In January, 2013, the natural gas cost in Spain (tax
excluded) was 5.75 c€ for yearly energy consumption lower than 5.000 kWh and
5.08 c€ for yearly energy consumptions higher than 5.000 kWh [120].

* 114-5-6-7-8 % (based on values used in [104])

= Expected annual increasing of energy costs (natural gas): Three scenarios of

increasing were evaluated: 0-4-8%.
6.2.3 Environmental values

= Natural gas emission conversion factor to CO equivalent: 2.34 tCO2/toe [119].
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7 Evaluation of results and selection of a suggested ECM

7.1 Energy results

Regarding to energy issues, energy demand, savings of energy demand and PE savings
were assessed, as mentioned before. Energy demand obtained for each of the simulated
combination, as well as energy savings achieved in relation to base case (7.0.0.0.) are

presented in Fig. 7. 1.
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Fig. 7. 1. Yearly heating demands

The best combination scenario (7.3.3.3.) achieved savings of almost 65% respect to the
base case. But also significant savings were obtained acting only on one element. Typical
windows replacement (7.0.0.1.) achieved savings around 10% (as also shown in
previous chapter). The savings obtained by windows replacement were triple with the
best windows scenario (7.0.0.3). When the fagade is the only improved element,
obtained savings on energy demand ranged from 14.15% (7.1.0.0.) to almost 23%
(7.3.0.0.)

Effects of roof retrofitting were slightly less significant when the total energy demand of
the building was analyzed, from 7.64% (7.0.1.0.) to 10.10% (7.0.3.0.). Savings were
obviously more significant in the upper floor, where obtained energy savings reached

from 26.31% (7.0.1.0.) to 34.60% (7.0.3.0.).

STRATEGIES TO REDUCE ENERGY CONSUMPTION IN BUILDINGS | 251



Energy retrofits in social housing

Ingeniaritza Goi Eskola Teknikoa . . .
Escuela Técnica Superior de Ingenieria AnaIySIS Oflts thermal behaviour
Bilbao Jon Terés Zubiaga

Windows

S
X
0
Window Scen. 0 Window Scen. 1 Window Scen. 2 Window Scen.3
—x—RO0,F0 —x—R1,F1 =e=R2,F2 =>¢=R3,F3
Fig. 7. 2. Energy consumption of scenarios improving windows
=
=
4

" Facade Scen. 0 Fagade Scen. 1 Facgade Scen. 2 Facade Scen. 3
—*—R0, WO —*—R1, W1 =fe==R2, W2 =>&=R3, W3
Fig. 7. 3. Energy consumption of scenarios improving fagade
Roof
100000 === === == o= === === oo
e y
80000 - - T K

2 L0000 Me— S— P —— S
20000 ~ -t oo oo oo oooooooooooooo-
0
Roof Scen. 0 Roof Scen. 1 Roof Scen. 2 Roof Scen. 3
—*—F0, W0 —#—F1, W1 =he=F2, W2 =>=F3, W3

Fig. 7. 4. Energy consumption of scenarios improving roof

Energy demand reductions obtained by each individual element are depicted in Fig. 7. 2,
Fig. 7. 3 and Fig. 7. 4, for windows, facade and roof scenarios, respectively. In the case of

the window scenarios, energy consumption were steadily reduced from scenario to
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scenario, whereas both in facade and roof the energy demand reduction from scenario 0
to 1 was greater than from scenario 1 to 2 or 2 to 3. Comparing Fig. 7. 3 and Fig. 7. 4, it
can be also appreciated that when energy reduction for the whole building was
evaluated, savings were less betrayed in the case of the roof scenarios, as previously

observed.
7.2 Economical issues

Hence, the selection of the model bearing in mind only energy use during the building
lifespan would be quite direct. For that reason, a brief analysis based on economical

parameters was carried out.

Aforementioned parameters (payback period, NPV, IRR, SIR and ESIR) were evaluated
for each combination of ESM. Due to the characteristics of the analysis, assessment was
carried out in two different parts. Firstly, ESM combinations in roof and fagade were
evaluated, and afterwards, window replacement were selected independently, since the
cost of the windows replacement cannot be shared out like cost associated to roof and
facade improvements. Moreover, in the majority of the cases, windows improvement is
not only motivated by obtaining a quick payback of the investment, but other aspects,
such as thermal and acoustic comfort are appreciated, and as mentioned, it is not
possible to shared out the investment corresponding to improving the energy
performance and the investment devoted to the other issues, as done for roof and facade

improvements.

Financial help and other incentives promoted by different institutions and usual in this
case of works, are not considered. Thus, economic results presented below will be better

if any kind of economic incentives exists when the energy renovation is carried out.
7.2.1 Fagade and roof improvements

Hence, the 15 possible combinations of ESM for roof and fagade were economically
evaluated using previously mentioned parameters. Different values of (0, 4, 5, 6, 7, 8)
and natural gas cost increment Ac (0, 4%, 8%) were assumed. More detailed data is

presented in Appendix 7.2.

Two different trends were observed when NPV of the 15 models were compared.

Models where only the thermal characteristics of the roof were improved (7.0.1.0,
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7.0.2.0. and 7.0.3.0) presented a lower NPV values than the others. This trend was
observed in every r and Ac combination case, with different levels of significance. Two

examples of this aspect are depicted in Fig. 7. 5 and Fig. 7. 6.

NPV (r=0; Ac(NG)=4)

Lifespan[years]
—7.1.0.0. —7.2.0.0. —7.3.0.0. —7.0.1.0. 7.1.1.0. —7.2.1.0. —7.3.1.0. —7.0.2.0.
—7.1.2.0. —7.2.2.0. —7.3.2.0. —7.0.3.0. 7.1.3.0. 7.2.3.0. 7.3.3.0.

Fig. 7. 5. NPV (r=0, NG Cost increment: 4%)

NPV (r=4; Ac(NG)=4)

SAO000
Lifespan[years]

—7.1.0.0, —7.2.0.0. —7.3.0.0. —7.0.1.0. —7.1.1.0. —7.2.1.0. —7.3.1.0. —7.0.2.0.

—7.1.2.0. —7.2.2.0. —7.3.2.0. ——7.0.3.0. 7.1.3.0. 7.2.3.0. 7.3.3.0.

Fig. 7. 6. NPV (r=4%, NG Cost increment: 4%)

Three combinations were pre-selected after the first analysis: 7.1.0.0., which presented
the lower payback period and the best IRR; 7.2.0.0., which presented a better NPV than
7.1.0.0. with a slightly higher payback period and similar IRR in every scenario; and
7.3.1.0., which presented the best NPV in a 30 years lifespan. NPV of these combinations
assuming an r=6%, and three different values of natural gas cost increasing are

presented in Fig. 7. 7. Moreover, the graph also represents the depreciated payback
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period (DPP) of the different scenarios, which is the year when NPV is 0. ESIR and SIR

are also depicted for all ESM of fagade and roof combinations in Fig. 7. 8.

7.1.0.0.Vs 7.3.1.0 Vs. 7.2.0.0. (r=6)
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-
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Fig. 7. 7. NPV of the three preselected models
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Fig. 7. 8. SIR and ESIR of the ESM of roof and fagade combinations (r=6; C=4)

Finally, 7.3.1.0. was selected to be the best option. As mentioned before, it presented the
best NPV value, and previously obtained energy savings were quite greater in
comparison to 7.1.0.0. and 7.2.0.0. (31.39% in comparison to 14.15% and 17.49%
respectively), whereas its payback period was something acceptable for the investment

(between 5 and 9 years, depending on the assumed rand ¢).
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7.2.2 Windows improvements

As far as windows replacement is concerned, Scenario 1 of windows replacement was
finally selected. In the case of the climate of Bilbao, no interesting payback periods were
obtained when better windows were assumed. For that reason, the most usual solution

nowadays (scenario 1) was assumed for the case of the windows.
7.3 Environmental issues

In this case, CO; emissions related to energy use during the building lifespan do not give
additional information to that given by energy analysis, since conversion factor and
assumed heating system energy performance were the same in every case. In any event,

CO2 emissions values are detailed in Appendix 7.2.

7.4 Selected ESM

Therefore, the ESM combination assumed to retrofit the building was finally 7.3.1.1. Its
monthly heating demands, as well as the monotonic heat demand for heating of this
model are presented in Fig. 7. 9 and Fig. 7. 10, respectively. All data and values

mentioned in this section are also summarized in Appendix 7.2.

Monthly Heating Demands . Combination 7.3.1.1.
25000 ot m oo ooooooooooooooooooo-
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Fig. 7. 9. Monthly heating demands (7.3.1.1.)
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Monotonic Heat Demand
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Fig. 7. 10. Monotonic heat demand for 7.3.1.1. (DHW is not considered)

8 Renovation of the heating system

Once a specific ESM was selected, a heating system based on condensing boiler was
proposed and several control strategies were evaluated in order to assess the
consumption of the renovated building. These strategies focused on the general heating
system control definition, boiler temperature setpoint and indoor comfort temperature

setpoint.

Additional to the previous definition of the dwelling, during summer months window
opening was considered when indoor air temperature was over 22 2C and outdoor air
temperature was cooler than indoor air temperature. This was implemented
considering a 4 ACH ventilation rate. A 6 minute time step was used in this case in order

to account for the transient nature of the simulated components.
8.1 Definition of the heating system

Details concerning the proposed heating system are covered in this section. A natural
gas based heating system, with a condensing boiler and low temperature radiators was
assumed. A simple sketch of that system presented over the layout of the dwelling is

depicted in Fig. 7. 11.

The main components of the heating loop are the condensing boiler, the circulating
pump and a system of four radiators, placed in the living room and in each of the rooms.
The installation consists on a closed loop which surrounds the dwelling with the

radiators displayed in parallel to the loop by a bypass arrangement, enabling to
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decouple them from the loop and make the operation more flexible. The boiler is placed
in a corner of the kitchen allowing to exhaust the fumes through the external envelope of

the building.

P e [
ROOM 2 ROOM 3
ROOM 1
7N
||/
. )
1]
‘ @

Fig. 7. 11. Sketch of the assumed heating system in the dwelling

Subsequently a brief description of the considered element with their main
characteristics is presented. It is also explained the modelling approach followed for

their integration in TRNSYS simulation environment.
8.1.1 Condensing Boiler

A generic condensing boiler with a nominal power of 24 kW was chosen, which is the
typical boiler capacity used in domestic installations. This boiler uses the lower
temperature of the returning water in order to condense part of the water vapour
content in the exhausting fumes and recover their latent heat. Then, the lowest the
returning temperature the higher the amount of condensing water and the thermal

efficiency of the boiler.

The boiler presents load modulation being capable of adapting their instantaneous

production to a given temperature setpoint. Both the effects of the temperature of the
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feed in water and the partial load operation (PLR) on the thermal efficiency are included

in the simulation by the relationship in Eq. 38.

Npoiter = (—160.40233 + 26.6297 - Ty, — 1.06398 - Ty, 2 + 0.02041 - Ty, ® — 1.90629
1—PLR Eq. 38

“107% - Tp,* 4+ 6.97436 - 1077 - T,,°) - (1 + T) E

This equation was self-tailored considering the efficiency- temperature relation given by
the IDAE [82] and the part load operation relationship given by [98]. Owed to the lack of
more detailed information the approximation of assuming the direct product between
those two expressions was considered accurate enough to represent the actual

behaviour of these kinds of boilers for the purpose of this analysis.

This was included in TRNSYS simulation by a direct modification of TYPE 751 by TESS
Library [121] which gave rise to the TYPE 751b, where the efficiency expression
presented before was implemented within the existing code. These units usually present
their own circulating pump inside. The pump was modelled in TRNSYS by TYPE 3b and a

flow rate of 6 1/min was chosen according to the proposed design.
8.1.2 Radiators

As terminal units low temperature radiators were chosen. As a reference for their
specific definition "StelRad Elite K2 "radiators are chosen due to the quality of the data

given by manufacturers. Their main characteristics are presented in Table 7. 6.

Main characteristics of radiators

Nominal thermal power per length 1,778 W/m (*)
Effective thermal capacity 1,142 ] /kgK
Height of the radiator 0.6 m

(*) Nominal for 75 °C inlet temperature, 65°C outlet temperature and comfort temperature of 202C

Table 7. 6. Main characteristics of radiators

The radiator installed in each zone were sized according to the typical installer practice
resulting from a simple stationary calculation. This technique is very straightforward to
apply once the mathematical model is available. Stationary outdoor temperature of 02C
was chosen while 202C were imposed as the indoor comfort temperature. The heat gain

required to maintain these conditions was the radiator power required for each zone.
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Considering the radiator characteristics presented in Table 7. 6, the next lengths of

radiator were obtained for each zone (Table 7. 7).

LivingRoom Room1l Room2 Room 3

Radiator Length [m] 1.1 0.4 0.45 0.35
Table 7. 7. Radiator length per zone

A self-tailored code was developed for modelling the radiator and it was implemented in
TRNSYS as TYPE 211. It consists on a lumped capacitance model which couples the heat
transfer with the heat transfer fluid and the air node representing a certain thermal
zone. Thus, the aforementioned thermophysical properties of the radiator were

implemented in such model.
8.2 Operation of the heating system

Once the installation was defined several questions arised on how to run it properly. In
this chapter the operation of the heating system is discussed comprising three main

issues:

= General control strategy
= Boiler temperature setpoint

= Comfort temperature setpoint

It is considered that these elements present influence on the operation of heating
systems, especially when using condensing boilers. However, usually there is no clear
information on which operating strategies bring more benefits or how the end user can
run optimally this kind of systems getting the whole potential of the installation.
Analogously to those presented for the renovation of the envelope a comparative
analysis is made between these different strategies. The three considered issues and

how they are implemented are subsequently explained in detail.
8.2.1 General control strategy

Four possible heating system control strategies were assessed in this study. They are

summarized in Table 7. 8 and briefly described in the next paragraphs.

A simple system consisting of a simple mechanical thermostat in the living room was

considered first (Control A). In this case the room temperature governed the operation
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of the whole system and the rest of zones received heat whenever there was a heat

demand in the living room.

A modification of the previous system was introduced considering that the radiators in
the other rooms had thermostatic valves (Control B). These valves allowed flowing the
water through the radiator when there was thermal demand (temperature in the room
below the comfort temperature setpoint) and bypassed it when there was no need for

heating.

In the next case, mechanical thermostats were placed in every zone of the dwelling
(Control C). So, the system ran when one of the rooms needed heating in any of the
zones and it was not only governed by the conditions in the living room. At the same
time all the radiators presented thermostatic valves in order to bypass the water when

the system was running but there was no need for heating in a specific room.

Finally, the same case presented by Control B is selected but an additional control was
set up governing the boiler temperature setpoint by a linear relationship with the
outdoor temperature (Control D). This control made the boiler generating heat at 652C
when the temperature was below 152C and 50°C when it was over 209C, behaving

linearly between these two temperature levels.

Control Number Control type
1 Living room mechanical thermostat, no thermo-regulated valves
) Living room mechanical thermostat, thermo-regulated valves in other
rooms
3 Living room and non-living zone mechanical thermostat
4 Weather compensation, modulating supply water setpoint. Living room

temperature compensation. thermo-regulated valves in other rooms.

Table 7. 8. Control strategies assessed
8.2.2 Boiler temperature setpoint

Boilers allow selecting the temperature level for the heating production. Thus the
burner modulated its load to reach the desired temperature. In principle, the lower the
boiler setpoint, the lower the temperature returning to the boiler and therefore the
thermal efficiency if a condensing boiler is used. However, a low boiler temperature can

bring a lower efficiency to the radiators which can lead to problems in meeting the
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thermal comfort requirements. Three different temperatures were considered as

setpoint for the boiler; 552C, 602C and 652C.
8.2.3 Comfort temperature setpoint

The main purpose of a heating system is to provide good thermal comfort conditions to
the users of the building. In domestic applications thermal comfort is identified by the
temperature of the air and the whole installation is run to meet a specified temperature
which is known as comfort temperature setpoint. Different temperatures can be selected
as comfort temperature setpoint being the lowers the ones which imply a lower energy
consumption. However, as in the case of the boiler temperature setpoint, too low
comfort temperature setpoint will affect the thermal comfort of the users. In the carried
out analysis, three temperature levels were used: 19, 20 and 219C. It should be
considered that, while the comfort temperature setpoint is just a temperature objective

it is the actual running of the system which allows satisfying it at every time instant.
8.3 Simulation cases

From the combination of the aforementioned issues 30 simulation models arised.
Specifically, there were 9 models for the Control A, B and C and 3 cases for Control D

since the boiler temperature setpoint cannot be a variable in that case.

Resulted simulation models were named according to the combinations adopted in each
case. Thus, for instance, Model 7S.a.b.C would represent setpoint temperature a (192C);

setpoint of the boiler b (60 2C) and Control C configuration.
8.4 Evaluation criteria

As previously mentioned in regard to evaluation and classification of ESM on envelope,
different kind of evaluations can be made on the operation of the heating system
depending on the evaluation criteria. Amongst the available alternatives, energy and

comfort issues were selected for evaluating the above defined control scenarios.
8.4.1 Energy Criteria

Yearly and monthly energy consumption for each model, as well as average seasonal
performance values for the different control parameter combinations were considered

when energy aspects were evaluated.
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8.4.2 Comfort criteria

Unlike previous evaluation of the ESMs, it was interesting to evaluate comfort aspects
because, apart from the energy performance, a certain heating system should provide
good comfort conditions to the users. A certain heating system could provide a low
energy consumption but a complete analysis should evaluate its actual capacity in
providing good thermal conditions. This is the reason to consider this issue in the

evaluation of the heating system.

Thermal comfort is defined as “that condition of mind which expresses satisfaction with
the thermal environment” ([122] quoted by [123]). It is a result of a combination of
parameters related to the environment and the human body itself. Fanger, who
developed the first heat balance thermal comfort model, formulated an expression for
optimal thermal comfort which can be deduced from the metabolic rate, clothing
insulation and environmental conditions. Fanger proposed a method to predict the
actual thermal sensation of persons in an arbitrary climate where the variables might
not satisfy the equation: the Predicted Mean Vote (PMV). According to Fanger, the
sensation of thermal comfort was quantified by a scale with values ranging from -3
(cold) over 0 (neutral) to +3 (hot). Thus, the International Standard ISO 7730 [65] uses
these PMV indices (and PPD, predicted percentage of dissatisfied, which is related to
PMV) to predict the thermal sensation of people exposed to moderate thermal
environment, as well as to specify acceptable thermal environmental conditions for

comfort.

In any case, these data must be assessed taken into account the fact that in residential
buildings, conditions are not quite comparable to those during the experiments for
calibration of the PMV equations. That is, domestic scene is a very dynamic state: activity
level, as well as clothing can vary within small timescales, and fluctuating internal gains
can rapidly affect the indoor temperature. Moreover, there are many forms of
adaptations in the case of residential buildings, such as changing activity, adapting
clothing or opening windows, to name but a few. The range is thus wider than what is

generally the case for other building uses, e.g. office buildings.

PMV was calculated by TRNSYS. Input parameters were assumed constant and the same

for the four thermal zones. Defined input parameters were:
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= Metabolic Rate: 1 met
= (lothing Index: 1 clo
= Airspeed: 0.1 m/s

So, PMV values were obtained by TRNSYS at every time step. Analysis was focussed only
in the cold season of the year when the comfort was provided by heating (September -

April).
8.5 Results

Results obtained by the simulations of the defined cases are presented in this section.
However, the amount of obtained results was quite significant and it is expected to

analyze them in detail in future works.

Quantitative and qualitative analyses of the obtained results were carried out, taking
into account energy and comfort issues. Regarding the energy results, yearly and
seasonal final energy consumption, as well as average seasonal performance was

evaluated in each model. Analogously, the comfort was evaluated by the NPV.
8.5.1 Energy Results

While the demand can be an interesting factor to evaluate the performance of the
envelope, the effectiveness of the installations are better understood when the final
energy consumption is considered, since it involves also the performance of the whole
system. In this case, energy consumption is brought by the natural gas used to feed the
condensing boilers. The overall consumption for each of the cases resulting for the
combination of cases is presented in Fig. 7. 12. Moreover, in orange, the average
seasonal performance for each model is depicted in the graph, which is calculated as the

relation between energy output from the radiators and energy input into the boiler.

As stated in chapter 5, these results showed the influence that indoor air setpoint
temperature has on yearly energy consumption. In fact, models with a 19 2C indoor air
setpoint temperature (In blue) gave yearly energy consumption values nearly to 35 %
respect to the same model (same temperature in the boiler, the same control strategy)
with a setpoint temperature of 212C (in red). This result emphasizes the famous fact of
reducing the temperature setpoint in the thermostat leads to an important reduction in

the energy consumption. However the other issues, general control strategy and boiler
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temperature setpoint offer not so clear reductions in the energy consumption.
Understanding this effect seems clearer when analyzing how the different issues affect

the energy consumption.
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Fig. 7. 12. Yearly boiler energy consumption for each model

[t was seen that the boiler temperature slightly affected the energy consumption. When
it is reduced the returning temperature is also reduced enabling the condensing of the
boiler as it is seen by analyzing the seasonal performance of the boiler. However, it can
be stated that although the condensation reducing the boiler temperature setpoint can
be increased, the increase of the performance was not very big with this kind of wall
radiators. As shown in Fig. 7. 12, average seasonal performance ranges between 0.96

and 0.99.

Finally it is difficult to find clear relationships between the general control strategy and

the energy consumption and no clear statement can be made. This is owed to two facts:

= All the radiators were sized to its optimal as previously calculated and there are
no imbalance

= All the zones were heated at the same temperature setpoint at every moment.

These facts do not allow to take advantager of the control strategies and it is expected to
get better results when selective heating is applied to the different zones of the dwelling.
Taking into account the imposed constraints it can be said that the Control A, simple

mechanical thermostat in the living room, offers slightly lower consumption than the
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others, probably due to the fact that releasing more heat to the zones reduces the return

temperature and then, increase the condensation in the boiler.

To carry on with the analysis, the distribution of the energy consumption in winter and
spring/autumn when 602C was considered as the boiler temperature setpoint and 20°C
as the comfort temperature setpoint, is presented in Fig. 7. 13. It is observed that the
major part of the consumption occurs during the winter and again not significant trend

is seen amongst the control options.

1200 === oo

1000

Winter Spring/autum TOTAL

B 7bbA m 7bbB = 7bbC 7bD

Fig. 7. 13. Seasonal boiler energy consumption for models "bb"
8.5.2 Comfort Results

Up to now, only energy issues have been considered and it could happen that some of
the cases could lead to discomfort situations. According to the previous section 8.4.2,
average PMV was evaluated in each thermal zone (Fig. 7. 14). Even though PMV values
were in general similar in the different thermal zones for each model, small differences
were found. Thus, in every model room 2 was the zone with the best average PMV
values, followed by room 3. The worst PMV values, instead, were obtained in every case
for room 1. Differences are not higher than 0.05 in any case, which suggests that it can

be corrected adjusting the sizing of radiators, for example.

Nevertheless, if average values were considered as important indicators in order to
assess the indoor thermal comfort, the stability of PMV also must be taken into account

when comfort issues are evaluated. With this aim in mind, standard deviation of every
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data set was also evaluated. The results of the comfort analysis by means of PMV are
subsequently presented in Fig. 7. 15. There, the PMV average values along with its

standard deviation and the minimum and maximum are synthesized in a pareto chart.

Average PMV (in each thermal zone). Control A. Sep-Apr
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Fig. 7. 14. Average PMV in each thermal zone: living room, room 1, room 2, room 3 and dwelling
average (Control A, Sep-Apr)
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Fig. 7. 15. PMV in each combination (Average values from September to April)

[t is seen that all cases offered similar comfort conditions which were just slightly lower
when the temperature setpoint was diminished. However this reduction is almost

negligible. Moreover, according to mentioned results, it is concluded that the general
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trend of all models was slightly cool as shown by graphs, where no average value was
greater than 0 but always within -1 and 1, which can be easily adjusted changing the
clothing factor. It must be also noted the fact that the positive peaks are not related to

the heating system itself, but to other external circumstances.

In any case, it must be highlighted the all mentioned before about thermal comfort in
residential buildings, and the fact that these comfort values can be improved just by
increasing some tenths the clothing factor. Thus, the main strength of obtained PMV
results is not to define if the system achieves an expected thermal comfort (which is just
a matter of small adjustments on radiator sizing and comfort parameters such as
clothing factor and metabolic rate) but the fact that these values are a useful indicator to

compare the indoor comfort amongst models under the same conditions.

Indoor average Temperatures (Sep-Apr)

Indoor Temp. [2C]

15 T T T T T T T T T T T T T T T T T T T T T T T T T T T T T 1

Fig. 7. 16. Indoor average temperatures for each model

For that reason, indoor temperatures were also evaluated in order to have a better
picture of the indoor thermal comfort in each model. Moreover, comfort information by
means of temperature terms are usually easier to understand by the average user. Thus,
indoor temperatures during winter period (Dec-April) were firstly evaluated. These

data are presented in the next Fig. 7. 16 by means of other pareto chart.

Indoor temperature values were assessed taking into account average, minimum,

maximum and standard deviation temperatures for the selected cold period
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(September-April) and, in a similar way to the study presented in Chapter 3 of this

thesis, values corresponding to the coldest week of the year were also obtained.

Average Min. Temp Max. Temp Standard
Temp [2C] [eC] [eC] Deviation
7.b.a.A 21.47 17.15 28.85 2.01
CONTROLA  7.b.b.A 21.47 17.38 28.85 2.00
7.b.c.A 21.48 17.45 28.86 1.99
7.b.a.B 21.51 17.49 28.94 1.99
CONTROLB  7.b.b.B 21.52 17.58 28.95 1.98
7.b.c.B 21.53 17.62 28.96 1.98
7.b.a.C 21.51 17.15 28.86 1.98
CONTROLC  7.b.b.C 21.51 17.41 28.86 1.98
7.b.c.C 21.50 17.48 28.86 1.98
CONTROL D 7.b.D 21.52 17.52 28.95 1.98

Table 7. 9. Temperature values for September-April period

Besides, as a way of example, mentioned values for the models with a setpoint
temperature of 20 2C are presented in Table 7. 9. Analogously to PMV values, indoor
temperature values were virtually equal in every model, and differences found amongst

them can be considered negligible.

Indoor and radiator temperatures in the coldest week (4th-10th Februrary)
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Fig. 7. 17. Indoor temperature and radiator temperature in the coldest week (7.b.b.B.)
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Fig. 7. 18. Indoor temperature and radiator temperature in the coldest week (7.b.b.A.)

In order to evaluate the indoor conditions more in detail when heating system is
working, the same process was carried out taking data related to the coldest week of the
year, in this case, 4th -10th February. Two examples (combinations 7.b.b.B. and 7.b.b.A.)
are depicted in Fig. 7. 17 and Fig. 7. 18.

MODEL 19-21°C 18-22°C Lower than 182C  Higher than 22 °C
7baA 55.15 % 76.92% 0.24% 22.84%
7bbA 54.67% 77.86% 0 22.14%
7bcA 56.16% 76.86% 0 23.14%
7baB 57.41% 76.98% 0 23.02%
7bbB 57.82% 76.86% 0 23.14%
7bcB 58.30% 76.68% 0 23.32%
7baC 59.37% 76.20% 0.12% 23.08%
7bbC 54.31% 76.62% 0 23.38%
7bcC 59.37% 76.74% 0 23.26%
7bD 58.18% 76.74% 0 23.26%

Table 7. 10. Frequency of Temperatures during the coldest week (4th - 10th February)

Frequency of temperatures in the different models during that period was also
evaluated. Those related to models with a setpoint temperature of 20 2C are presented

in Table 7. 10. Like in the other indicators previously presented, differences of
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temperature results amongst the different models were negligible, which proved that
indoor comfort was achieved in similar levels in every model, independent on the used

control strategy.
8.6 Discussion

As mentioned below, every control strategies combination simulated in this chapter
achieve similar comfort levels, so the focus could be placed on the energy consumption.
As far as energy consumption is concerned, the highest differences amongst control
were found around 8%, being Control A the most favourable of the evaluated control

strategies.

However, further analysis of these control strategies would be recommended. Control B,
for example, presents a higher flexibility level than Control A, and it allows adapting the
heating system to heat only the rooms which are occupied in each moment, since
assumed thermostatic valves allow to the occupants activate or not each radiator
according to their necessity. In this case, simulations were programmed to activate each
radiator if room temperature were lower than the setpoint temperature. Then, the
Control B simulations present a significant improvement potential. Defining different
and more detailed occupation profiles per zones, and simulating each radiator not as a
function of room temperature, but of room occupancy would give results better fitted to
its real use. Finally one can identify what kind of occupation profiles are the most

suitable for this kind of control.

In a similar manner Control D can be referred to. In this case, a better adjustment of the
correlation boiler setpoint temperature and living room could lead to more optimal use

of the system, and then, to a lower energy consumption of it.

9 Conclusions

This chapter has shown the possibilities and flexibility of a validated TRNSYS model to
evaluate different strategies to improve the energy performance of a residential
building. Results of 64 possible combinations of ESM focusing on passive elements of the
building have been firstly presented. Not only energy results, but also economic and

environmental results were thoroughly assessed, and they have been presented in this
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chapter. Results show that in the majority of the cases thermal improvement of roof and
facade is not only beneficial under environmental, energy or social approach, but also
under an economic approach. Obtained economic indicators were clearly favourable,
even under conservative assumptions (assumed natural gas cost was lower than the real

cost in January 2013, no kind of financial or economic incentives were considered...)

Afterwards, an ESM combination was selected and the TRNSYS model was used for
evaluating the impact of the different heating system control strategies on the final
energy consumption of the dwelling. It has been shown that control strategy of the
heating system can play a significant role in reducing the energy consumption of a
dwelling. It is especially important the effect of the set point (as it has been mentioned in
previous chapters, such in Chapter 5), although other points, such as boiler temperature
or control strategies must be taken into account when a heating system is designed. On
the other hand, average seasonal performance has been similar in all of the assessed

model. It ranges, depending on the cases, between 0.96 and 0.99.

10 Referred Appendices

Appendix 7.1. Energy, economic and environmental criteria definition.

Appendix 7.2. Energy economic and environmental values of evaluated ESM

combinations.
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RESUMEN

Este capitulo evaliia el uso del concepto de Exergia como una herramienta itil para la evaluacion
de diferentes medidas de rehabilitacion energética en edificios. Incluye una breve revision
bibliogrdfica sobre el enfoque exergético en edificios en los iltimos afios, asi como el trabajo
llevado a cabo con Sabine Jansen en la “Faculty of Architecture” de la TU Delft (Paises Bajos)
durante el segundo trimestre de 2012.

ABSTRACT

This chapter of the thesis deals with the use of exergy as a fruitful tool for evaluating different
energy renovation strategies. It encompasses a brief literature review about exergy approach in
buildings, as well as the work carried out with Sabine Jansen in the Faculty of Architecture of the
TU Delft, in The Netherlands during the second trimester of 2012.
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1 Introduction

As mentioned in the first chapters, the work developed in this thesis tries to include the
whole process of renovation works. Thus, a data collection procedure has been
presented in the first chapters of the thesis: an overview of the building stock has been
described in the first chapter, whereas a field study of ten occupied dwellings has been
presented in Chapter 3, as well as the detailed monitoring study presented in Chapter 4
of a vacant dwelling. Chapter 5 and 6 have described the modelling developments in
order to assess and explain building performance, using the data collected to adjust the
model. An analysis of different actions in dwelling scale has been presented in Chapter 7.
And finally, in this chapter 8, different energy renovation strategies are evaluated, in this
case under a building scale approach, instead the dwelling scale approach used in the

previous chapter.

2 Exergy in Buildings

2.1 Introduction to exergy concept

Energy demand in buildings has various quality levels. One part of that energy demand
is electricity ("high quality" energy) for supplying the different electrical appliances and
lighting. However, an important part of the energy demand (more than 60% of the

overall energy demand in buildings) includes DHW and energy for heating and cooling.
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Energy demand for heating and cooling in the built environment is mainly a demand for

“low quality” due to associated temperatures required. Exergy is a

energy,
thermodynamic concept which can be regarded as the quality of a form of energy, by
expressing the maximum theoretical work that can be ideally obtained from it in a given
reference environment. The first law of thermodynamics states that energy cannot be
destroyed. However, exergy, according to the second law, can be destroyed. Gong and
Wall explained the differences between energy and exergy in their work [124], as

presented in Table 1. 6. Explanations of the exergy theory can be found in many

textbooks on thermodynamics, such as [125,126].

Energy

Exergy

The first law of Thermodynamics

The second law of Thermodynamics

Nothing disappears

Everything disperse

Energy is motion or ability to produce motion

Exergy is work or ability to produce work

AQ=AU+AW
Where:
AQ is the total heat supplied to the system,

AU is the total increase in the internal energy
U of the system,

AW is the total increase in the external energy
of the system or the total work done by the
system.

E = To(St — stt)
Where:
E is exergy,
Tois the temperature of the environment,

Seqtot is the entropy of the total system, i.e. the
system and the environment when the system
is in equilibrium with the environment,

Stot js the entropy of the total system at a
certain appropriate deviation from
equilibrium.

Energy and matter is “the same thing”.
Everything is energy

Exergy and information is “the same thing”.
Contrast is energy

Energy is always conserved. It can be neither
produced nor consumed.

Exergy is partly consumed in irreversible
process (i.e. real process). Exergy is never in
balance for a real process

Energy is a measure of quantity

Exergy is a measure of quantity and quality

Table 1. 6. Energy Vs Exergy (based on table presented in [124])
2.2 Exergy definitions

The exergy concept is based on the early classical thermodynamics of the 19th century,
as Sciubba and Wall affirmed and documented in [127]. The word “exergy” was

introduced in mid 20t century, and, since then, several exergy definitions can be found
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in literature, as gathered in [128]. Even though some subtle differences can be found
amongst these definitions, the majority of the quoted references by A. Hepbasli
mentioned "maximum theoretical work", whereas only three authors made mention of
"the quality of an energy source". According to those definitions, exergy can be defined
as "the maximum theoretical useful work that can be extracted from a system or may be

done by a certain quantity of energy, expressing the quality of an energy source".

Thermodynamic ideal processes are reversible, which means no exergy is destroyed and
the original situation can be re-obtained. In real processes, however, exergy is always
destroyed, often even in large amounts. The exergy destruction of a process indicates
the ideal thermodynamic improvement potential of this process. This improvement
potential is not shown in an energy analysis; exergy analysis can therefore add more
information for the evaluation of the performance and improvement potential of a
system. Hence, exergy may be a more rational measure of the performance of an energy
conversion process than energy [129]. Due to this potential to identify and quantify
consumption of useful energy as well as irreversibilities and losses (destruction of
exergy associated to mentioned irreversibilities) and consequently, to highlight the
areas of improvement of a system, exergy analysis has been extensively discussed and

applied to a wide variety of energy conversion systems.

Analogously to energy, exergy can be classified according to the nature of its origin (i.e.
potential, kinetic, or from material stream, electrical, etc.). Several authors have
proposed different classifications for exergy. A proposal for classification and
decomposition is presented in [130]. The proposal is divided into three levels: the first
one, based on the type of carrier (energy streams or material streams); the second one
is based on the exergy ratio of energy, also known as level of exergy (cases where the
exergy equals the energy content or cases where the exergy is less than the energy
content). Finally, the third level refers to the origin of the exergy (chemical, thermo-

mechanical, electrical...)
2.3 Reference State

As already stated, exergy measures the potential to cause a change a system or material
has. Thus, it is closely linked to the imbalance between a given system and its

environment. Therefore, it must always be formulated in relation to a reference
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environment, and then, the state of the environment will play an important role in the
mentioned potential. The correct definition of that reference environment may have a
strong influence on the result obtained from an exergy analysis, especially in building
assessments, where that influence is even higher, due to differences between some
"products” (e.g. energy for heating and cooling) and environment are quite lower than

those in other industrial processes, as later explained in section 2.5.3.
2.4 Applications of exergy analysis

Originally, the concept was primarily applied to chemical processes and thermal plant
analysis [127], with the aim of finding the most rational use of energy. An extensive
number of studies have been carried out in the last decades in this field, such as [131-

133].
2.5 Building Exergy Assessment

As mentioned before, the “low exergy” heating and cooling demands in the built
environment are generally met with “high exergy” energy sources, such as gas or
electricity and, as a consequence, a lot of exergy is usually destroyed in these systems. In
other words, heating and cooling systems are driven to maintain indoor comfort
temperatures at around 20 2C. Due to this temperature level, the energy demand for
heating and cooling in the built environment is mainly a demand for “low quality”
energy. However, this demand is usually met by aforementioned high quality energy
carriers. The building sector has a high potential for improving the quality match
between energy supply and demand and, thereby, reducing the required input of high

quality energy sources. It can be affirmed that there is much room for improvement.

Nevertheless, the exergy approach in the built environment is relatively new and may be
considered an emerging field of science. Exergy is often perceived as a highly complex
concept, and some engineers have simply disbelieved exergy methods to lead tangible
direct results. Therefore, as P. Sakulpipatsin states in his Thesis [134], specific examples
of exergy analyses for the built environment are needed to make the concept "more

familiar and usable to the building profession".

Although M. Shukuya and Nishikawa can be considered as the pioneers of exergy

application in built environment during the decade 90s, it can be affirmed that exergy
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concept in buildings has been significantly spread since the first years of the 21st
century, thanks to several international research projects, such as IEA ECBCS Annex 37

[135] and Annex 49 [74].

As a result, many studies related to the built environment can be found in the last years

in different levels, some of which are presented in section 2.5.7.
2.5.1 Exergy approach in built environment

A global exergy analysis in buildings should be based on a holistic framework, assessing
the whole energy chain for supplying energy demands in a building. Energy supply chain
is depicted in Fig. 8. 1. Although optimization of single components is required, the
influence of optimizing one component on the performance of the following and
previous ones should also be regarded. That is, focusing only on optimizing single
components might decrease the performance of the system as a whole, and for that

reason, optimization of the integral system must be taken into account.
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Fig. 8. 1. Energy supply chain for space heating in buildings (Adapted from [136])

Hence, one of the first steps in the exergy analysis is the estimation of the energy
demand of the building. Firstly, heat demand of the building must be obtained. Heat
demand is a key figure in the analysis, since it corresponds to the building's exergy load.

Then, energy and exergy requirements of the service equipment are calculated.
2.5.2 Steady state exergy analyses

Most exergy studies in the built environment are based on steady state calculations.
Steady state energy and exergy analysis can be performed using an excel tool based on
that developed within the framework of the aforementioned [EA ECBCS Annex 37. The

calculation approach follows the method developed by D. Schmidt, which divides all the
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processes into several subsystems, as previously shown in Fig. 8. 1. An input-output
approach is used in these calculations. This modular approach focusing a better
understanding of the processes involved in each subsystem, and makes it easier to
compare results between different building systems. Detailed information about

methodology and governing equations can be found in [136].
2.5.3 Dynamic exergy analysis

Steady state calculations might lead to inaccurate values. Several aspects, such as
thermal inertia or reference environment variations, may play an important role in the
building behaviour, and dynamic state must be considered in order to take them into
account. Thus, accurate estimations of the exergy demands and flows in buildings are

necessarily dynamic or, at least, quasi-steady.

Regarding to the reference environment selection, Rosen and Dincer carried out a
sensitivity analysis on the results for different definitions of reference environment,
based on temperature and humidity. They proved that, when properties of the system
are close to those of the reference state (the case of exergy analysis of space heating and
cooling in buildings), results from exergy analysis presented strong variations

depending on the definition of the reference environment [137].

A quantification of inaccuracies is presented by P. Sakulpipatsin in [134], where exergy
analyses in buildings using various reference environments (annual average value state,
dynamic reference state, taking into account air humidity or not...) in different climates
(The Netherlands, Bangkok and Portugal) are presented. Results depended on the
climate, but errors over 90% were obtained in the case of the hot humid climate of
Bangkok. For the temperate sea climate in Portugal (namely Lisbon), using average
annual indoor and outdoor air temperatures led to underestimations of 44% on exergy
flows. These underestimations are quite noteworthy in this Thesis, since Portugal is,
amongst the three studied countries by Sakulpipatsin, the closest to Spanish climatic

conditions,

At the same time, Angelotti and Caputo [138] evaluated the difference between steady
state and dynamic analysis for a heating and cooling system in two representative

[talian climates (Milano and Palermo). Although they only focused on the dynamic
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versus steady state issue whilst Sakulpipatsin also considered the effects of air humidity
on the reference state, both studies recommended dynamic exergy analyses whenever

HVAC systems operate in temperatures very close environmental temperature.

Nevertheless, despite the above mentioned, dynamic exergy analyses in buildings are
not widespread yet due to several reasons. One of them is that there is no tool for
dynamic exergy assessment implemented in the most usual building energy simulation

programs, as mentioned by S. Jansen in [139].

One dynamic exergy analysis example can be found in the study carried out by
Nishikawa and Shukuya [140] in 1999, where a method for calculating “cold” and
“warm” exergy stored by building envelopes is described. A case study is made to
examine the combined effects of shading and natural ventilation on making better use of

the walls heat capacity for passive cooling in Tokyo.
2.5.4 Key parameters for performance assessment and comparison

One of the problems to evaluate the results obtained in any exergy analysis is the exergy
performance definition. As D. Marmolejo-Correa and T. Gundersen affirmed in [130], the
characterization of the exergetic performance is often open for individual
interpretations, which may lead to confusion when processes are compared under
different exergy efficiency metrics. For that reason, having unique exergy efficiency for
all cases has been discussed in the literature since the beginning of the exergy concept.
In the aforementioned reference, they classified the six most used exergy efficiency
definitions into two main groups: input-output efficiencies and consumed-produced

efficiencies.

Like any other efficiency, exergy efficiencies are defined as the ratio between the
obtained output and the input required to produce it. However, as previously said,

several differences amongst definitions can be found in literature.

Firstly, depending on if the exergy efficiency is referred to a single component or
process, or to all processes and components integrating the system. This leads to

defining the so called “single” and “overall” exergy efficiencies.

Moreover, depending on the exergy output used to calculate the exergy efficiency

(exergy output in general, or desired exergy output), different types of exergy efficiency
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will be obtained. Thus, H. Torio et al. mentioned in [141] two main types of exergy

efficiencies, which are presented below.
2.5.4.1 Simple or universal exergy efficiency

It is an unambiguous definition that works when all the components of the incoming
exergy flow are transformed into some kind of useful output. It would be included into
the group of input-output efficiencies. Its mathematical expression is shown in the

following equation:

lpsimple =7 Eq. 39

2.5.4.2 Rational or functional exergy efficiency

In some systems, part of the exergy input does not constitute a useful output. Rational
exergy efficiency can be more suitable in those cases, where the desired exergy output is
only considered instead the total exergy output. It is defined as follows.

_ E Xdes,out

= Eq. 40
rat Ex;, q

2.54.3 Exergy expenditure figure

Exergy expenditure figure was defined by Schmidt et al. [142] for characterizing the
exergy supply in buildings. As shown in Eq. 41 for a general component 7 of an energy
system, this parameter is calculated as the ratio of the exergy input required for
supplying a given energy demand (effort) and the provided energy demand (use). It
gives an idea of the quality factor of the studied energy process, i.e. the exergy to energy

ratio. Exergy expenditure figure is calculated as follows:

Exin Fqini
'(/) = = Eq 41
rat Enout,i ni

Thus, exergy expenditure figure expresses the matching between quality levels of the

demanded and supplied energy.
2.5.4.4 Transit exergy

Some mentions to transit exergy can be also found in literature, i.e. unaffected exergy
after passing through the system. However, transit exergy is barely used in building

assessments. The exergy efficiency can be then calculated as follows:
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Exout - Extr

= Eq. 42

2.5.5 Other performance indices

Hepbasili, in its literature review presented in [128], gathered other performance
indices, such as exergetic renewability ratio (Rrex). This term is defined as the “useful
renewable exergy supplied to the building to the total exergy input to the system”ratio.

[t is expressed as follows:

Rgg, = Eq. 43

2.5.6 Indexes of exergy quality

As stated before, exergy expresses the energy quality, and accordingly, the amount of
energy of a system that can be transformed into useful energy. Having the exergy quality
indexes of the different energy carriers is essential in any exergy assessment. Wall

introduced in 1977 the exergy quality indexes presented in Table 1. 7.

Form of energy Quality index (% of exergy)
Potential energy 100
Kinetic energy 100
Electrical energy 100
Chemical energy About 100
Nuclear energy 95
Sunlight 93
Hot stream 60
District heating 30
Waste heat 5
Heat radiation from earth 0

Table 1. 7. Exergy quality indexes of different forms of energy (From [143])

2.5.7 Review of LowEx studies

As already mentioned, a growing number of studies about exergy in buildings can be

found in literature. Several examples are presented next.
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Starting with general issues related to environment and sustainability in building
environment, many references are found in literature. Four of them are presented in the
following as a way of example. Thus, in [144] the exergy concept is reviewed as a tool for
resource accounting, defining conversions of energy and material resources in Italian
society in terms of exergy. In [145] and [146] exergy is presented as a useful ecological
indicator, and sustainability is evaluated with relation to exergy flows of earth. Similar
conclusions are reached in [147], where M. A. Rosen and I. Dincer suggested that exergy
provides the basis for an effective measurement of the potential of a substance or energy

form to impact the environment.

Continuing with the urban scale, the research project with the name “Synergies between
Regional Planning and Exergy” funded by the Dutch Agency for Innovation and
Sustainable Development can be stood out. It explored and proposed an amount of
exergy-conscious design principles applied to the planning and design of sustainable
landscapes. In [148], S. Stremke, A. van den Dobbelsten and J. Koh presented the results

of that research.

Regarding to exergy demand evaluation in buildings, some tools have been developed in
the last years. The pre-design tool presented by Schmidt in [136] is noteworthy. It is led

to exergy assessment (in steady state) of heating and DHW systems for buildings.

Focusing on specific parts of the aforementioned energy/exergy chain, some studies
focused on quantifying the exergy demand in relation to the thermal characteristics of
the building envelope are found. As an example, Dovjak [96] evaluated the effects of the
thermal improvement of the building envelope and boiler efficiency on the thermal

behaviour of the building.

The influence of the occupants on the final energy consumption and energy performance
of a building has been already mentioned in this thesis. Exergy analyses taking into
account this point can be also found in literature, as that carried out by M. Schweiker
and M. Shukuya in [149], where adaptive comfort is evaluated with an exergy approach
of human body consumption. On the other hand, exergy is used in [150], where the
strong influence that operation and control strategies have on energy consumption of a
building is demonstrated. Furthermore, several studies focused on human metabolism

from an exergy point of view can be found in literature, such as [151-154].
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Nevertheless, it can be affirmed that energy systems in buildings are one of the most
extensive fields related to buildings where the exergy concept has been applied in the
last years. Some examples are: [155] and [156] on thermal storage systems; [157]
focused on low temperature radiant heating systems; and [158] on HVAC. Several
studies on heat pumps, solar systems and heat exchangers (both separately or

interacting amongst them) are also found, such as [159-162].

The literature review presented in this chapter indicates that applying the exergy
approach for energy renovation issues from a global point of view, taking into account
the actions both on the envelope and heating systems and assessing their influence is a
suitable tool. However, no study on global energy renovations of existing stock has been
found so far. Thus, in the following section two publications, resulting as a consequence
of the work developed in TU Delft by the author of this thesis together S. Jansen are
included. In them, the fruitfulness of the exergy approach to evaluate different energy

renovation strategies of the reference building of this thesis is assessed.

3 Referred Appendices

The appendix of this chapter (Appendix 8.1) includes the two mentioned papers:

= "The exergy approach for evaluating and developing an energy system for a social
dwelling”, published in Energy and Buildings in December 2012 (Vol 55, pag 693-
703) [53]

»  "Dynamic exergy analysis of energy systems for a social dwelling and exergy
based system improvement’, published in Energy and Buildings in September

2013 (Vol. 64, pag 359-371) [54]
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RESUMEN

Este iiltimo capitulo recoge las principales conclusiones de esta Tesis, asi como sus contribuciones
¥ una propuesta de lineas de trabajo futuras y la forma de llevarlas a cabo. Todo esto viene
acompanado también del plan de difusion, es decir, la lista de publicaciones actualmente
disponibles que han resultado del trabajo de esta tesis, asi como de aquellas que actualmente
estdn en proceso de preparacion.

ABSTRACT

This last chapter gathers the main conclusions of this PhD Thesis. Its contributions and a proposal
of future works which are identified are also presented, as well as the means to proceed with
them. This is accompanied by the dissemination plan, ie. list of publications which are currently
available (and which are a result of the work presented in the Thesis) as well as those which are
currently under preparation.
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1 Main contributions

The overarching goal of this PhD Thesis has been to deal with the evaluation of energy
renovation in buildings, face the different parts involved in that process, such as data
acquisition and monitoring, data treatment (by means of building models) and analysis
of obtained results. The most relevant contributions of this PhD Thesis, classified in

three different groups are listed in the following.
1.1 Characterization of social dwellings in the region

This PhD Thesis has provided an overview of the thermal characteristics of the Social
Housing sector in Bilbao. It has been deeply analysed, both its construction features and
indoor environment conditions. This overview has been developed based on data
obtained both from literature reviews and field studies, developed with the support of

Bilbao Social Housing.

Data of indoor thermal conditions and energy use logged during a year in ten occupied,
representative social dwellings have been obtained. These data allow obtaining
information regarding not only energy and comfort aspects in these dwellings, but also
occupants behaviour and operating conditions, being a reference in future simulations

for defining an occupant’s profile in this sector.

Detailed monitoring data of a representative dwelling have been also provided. These
data afford the possibility of using as a reference for validating and calibrating different

simulation models.
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1.2 Models definition

The development, calibration and validation of two kinds of models (a grey box model
and a TRNSYS model) of the reference dwelling have been provided in this thesis. These
models can be used in the future to simulate different elements and as a reference model

for test carried out by Energy System Testing Plant, as it is described later.

A comparison between both models have been performed, identifying the main

strengths and weaknesses of each one.

At the same time, the models resulted from the combination of different renovation
strategies can be used in the future to obtain the yearly energy demand, for different
levels of energy renovation in different climatic areas. These demand curves, obtained
by a validated model of a representative dwelling, will be useful in future analysis of the

different heating systems, carried out by Enedi Research Group.
1.3 Energy and exergy analysis

A detailed analysis of the effects on improving thermal behaviour of a dwelling by means
of different combinations of ESM has been presented in this thesis. Economic, energy,
environmental and comfort data have been considered for different envelope
refurbishment scenarios. Therefore, the advantages of each ESM combination have been
evaluated, allowing to identify the best options for places with weather conditions

similar to Bilbao.

Analogously to ESM on the building envelope, several improvements on energy systems
have been simulated and evaluated. Combinatory presented for these cases, as well as
the first conclusions, can be used as a reference for defining different tests in Energy

System Plant.

The usefulness of the exergy approach for evaluating different thermal performance
improvements has been also treated in this thesis. Dynamic analyses in a building scale
have been presented, assuming different renovation strategies under a holistic
approach, considering the entire energy supply chain for space heating and cooling in

buildings.
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2 Main conclusions

Partial conclusions have been presented in every chapter related to that chapter. For
that reason, in this section the conclusions are summarized, and the most significant

ones are highlighted.

One of the main challenges of the current society is to reduce the E.P. consumption.
Building sector plays an important role in this regard, and presents a huge potential for
improvement. This thesis has highlighted the importance of having a holistic approach

when building energy consumption is evaluated.

Four aspects must be faced when energy consumption optimization is sought in

buildings:

= Firstly, reducing the building energy demand, by means of improving the thermal
characteristics of the passive elements of the building. Some examples have been
presented in the first part of the Chapter 7.

* Improving the heating (and cooling) system efficiency. This involves supplying
the same energy demand with less P.E. consumption.

= A good control strategy of the heating systems also allows a more efficient usage
of the energy systems, as presented in Chapter 7. The influence of the occupant's
adaptive behaviour has been also shown in different parts of the thesis, such as in
Chapter 5, Chapter 6 and Chapter 7.

= Using renewable resources and surrounding energy flows for supplying a part of
the demand. A brief evaluation of some examples has been presented in Chapter

8.
Hence, the main conclusions are summarized in the following:

» Energy efficiency in buildings is a priority goal for the European Union. In the case of
Bilbao, more than 80% of the residential building stock was built before 80s and in
the majority of the cases, it presents a great improvement potential, especially the
part related to heating the building.

* As a result, European Directives and the consequently implementation of them on
Spanish legal framework are increasing energy requirements in buildings, not only

the new ones, but more and more, also existing buildings. At the same time, some
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governments and institutions offer incentives to improve the thermal behaviour of
buildings or dwellings. Thus, the development of tools to evaluate, in an accurate way,
effects of energy renovations is needed in order to, on the one hand, check if the
energy renovation fulfils the conditions required by law, and on the other hand,
identify the most adequate energy renovations, and whether a given incentive has
been invested in a suitable way or not.

* Energy consumption of the studied social dwellings has been, in general, lower than
expected. This situation is not due so much to a good thermal performance, but to a
low indoor temperatures in winter and hence, to poor indoor comfort levels.

= Sustainability on building renovations, and especially in social hosing sector, does not
have to be evaluated only in terms of energy savings but also under economic and
social criteria. The aim is to reduce cold homes and energy poverty, and in this way,
the risks they involve.

* Cold homes and the risk of energy poverty is a real problem in Spain, which can be
aggravated in the near future, due to the current economic recession and the
increment of fuel costs. Social housing sector is one of the main risk groups, and for
that reason, the improvement of its thermal performance must be considered as a
priority.

» The majority of the studied social dwellings present, however, a good indoor design,
which can make the occupants’ adaptive behaviour easier. This issue highlights the
interest of making the efforts on improving the thermal performance of the buildings
by means of updating energy systems and enhancing building envelope.

= This PhD Thesis has also demonstrated the influence of the occupants’ behaviour and
on energy consumption and indoor comfort. Chapter 3 has presented how many
aspects which are strongly dependent on the occupants (such as heating system
usage, ventilation patterns setpoint temperatures or closing the windows shutters at
night) involve great variations on the final energy consumption of a building.
Differences around 30% on energy consumption have been presented in Chapter 7
when comfort temperature setpoint varies 2 2C, and differences in other operating
conditions (such as ventilation patterns or internal gains) have been evaluated in
Chapter 7, where differences around 50% between models (field study conditions Vs

literature operating conditions) have been found.
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* When an energy evaluation is carried out at a dwelling scale, it must be taken into
account not only those factors related to the evaluated dwelling itself, but also to
adjacent dwellings, especially when no insulation system is found in its partition
walls, which is usual in buildings constructed before 80s.

= Although great differences on energy consumptions (and then, on energy savings,
when a given energy renovation is being evaluated) have been found when absolute
values were compared, relative values on energy savings have been found similar
when they are calculated under the same operating conditions in both scenarios
(before and after retrofitting works). Hence, relative values are quite less dependent
on a given operating conditions.

= Mentioned conclusions led to highlight the necessity of defining adequate operating
conditions, taking into account the possible user profiles of the building, when a
specific study case is evaluated.

* Monitoring studies allow obtaining information on the thermal performance of the
building as actually built, identifying “hidden” effects that in a simulation based on
project data would be missing.

* The correct monitoring design plays an important role on the subsequent success of
the study, and it must be defined according to sought targets. Monitoring carried out
with the objective of defining an RC model may not be the same to that aimed to carry
out a co-heating test.

» Variables such as operating conditions on adjacent dwellings can influence
significantly on the thermal performance of the building. This aspect affects not only
simulations, but also monitoring studies. For that reason, logged data led to obtain
information for defining them in a more accurate way and then, to reduce this effect,
is recommended.

» The main strengths on TRNSYS models on this field of energy renovations are
basically its flexibility, and the fact that no previous monitoring study is required for
its definitions (even though it would be advisable to validate the model). That is, it is
useful especially when data are obtained from a project and the building (or the
energy renovation) has not been constructed yet.

* The main advantages of the RC model are its lower computational times, as well as its

accuracy to represent the thermal behaviour of the dwelling “as built”, and not “as
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projected”. Thus, it is quite useful to evaluate the real savings of a specific energy
renovation.

» Solar gains in RC models must be carefully considered. The effective area
methodology, followed in this Thesis, is a useful way to include these gains in the
model. However, in this case, model results are only applicable to the months that are
close to the periods in which data used to define the model were obtained.

= RC models are quite useful when the thermal performance of a particular building or
dwelling is evaluated, whereas TRNSYS model presents more flexibility when
different strategies are evaluated, especially on energy systems.

» Thermal improvements on roof, and especially, on fagade have given good payback
periods in the majority of the assessed scenarios, amortizable in acceptable periods
(2-15 years in the majority of the cases, depending on the assumed financial
conditions rand 4C)

= Control strategy of the heating system can play a significant role. Parameters such as
boiler temperature slightly affects the energy consumption. Reducing it, the returning
temperature is also reduced, enabling the condensing of the boiler, and then,
increasing the seasonal performance of the boiler. In all studied cases, the thermal
performance ranged between 0.96 and 0.99, depending on the combination of control
parameters.

» Economic results are quite sensitive to several values difficult to predict accurately,
such as the yearly increase of fuel costs. Similarly, not only environmental, but also
exergy results, are very sensitive to the P.E. factor of the electricity production.

* The exergy concept is a useful tool to assess thermal performance in buildings under
a holistic approach. It complements and gives a more rational analysis than an
analysis solely based on the energy approach.

= Most exergy losses in the case study presented in chapter 8 cannot be identified using
energy analysis such as the exergy losses of heating systems based on combustion or
electrical resistance, losses between the energy demand and the energy supplied by
the emission system (depending on emission system, differences on exergy efficiency
varies from 0.12, using an electric heater to 0.52 using very low temperature floor

heating).
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Exergy analysis can support the development of improved systems with reduced
exergy losses and thus reduced high quality energy input. It identifies which
components of a given system are more responsible for the losses, and hence, more

responsible for the required input or resources.

3 Diffusion of the results

Even though some results have been already published, the diffusion of the results is, at

the time of writing these lines, under process. The main relevant contributions to the

dissemination of the results at international and national level so far are subsequently

listed.

3.1.1 International Journals

J. Terés-Zubiaga, K. Martin, A. Erkoreka, ].M. Sala, Field assessment of thermal
behaviour of social housing apartments in Bilbao, Northern Spain, Energy and
Buildings, 67 (2013) 118-135.

J. Terés-Zubiaga, S.C. Jansen, P. Luscuere, J.M. Sala, Dynamic exergy analysis of
energy systems for a social dwelling and exergy based system improvement, Energy
and Buildings, 64 (2013) 359-371.

S.C. Jansen, ]. Terés Zubiaga, P.G. Luscuere, The exergy approach for evaluating and
developing an energy system for a social dwelling”, Energy & Buildings, 55 (2012)
693-703.

V. ]. Del Campo Diaz, ]. Terés Zubiaga, “Experimental Investigation of Demand
Controlled Ventilation Systems: a Suitable Alternative for Controlling Ventilation in
Dwellings.” Journal of Energy and Power Engineering, 6 - 10 (2012). Pag. 1553-
1559.

3.1.2 National Journals

J. Terés Zubiaga, L. Arrien Elguezabal, J. M. Sala Lizarraga “Panoramica de la
rehabilitacion en Europa. Normativa e incentivos en 4 paises de la U.E.: Inglaterra,
Alemania, Francia y Espafia”. Revista de Edificacion. (2011) (Accepted).

V. ]. Del Campo Diaz, ]. Terés Zubiaga, (2010) “Ventilacion en Viviendas: El reto de
una ventilacidn eficaz y Eficiente”. Revista de Edificacion. N 39-40. Pag: 120-128.
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3.1.3 International Conferences

= J. Terés Zubiaga, Iker Gonzalez Pino, Alvaro Campos Celador, Estibaliz Pérez
Iribarren, José Maria Sala Lizarraga. “An Exergy Application for Assessment of
Dwellings Renovation.” III European Conference on Energy Efficiency and
Sustainability in Architecture and Planning. San Sebastian, (2012).

= ]. Terés Zubiaga, A. Campos Celador, E. Pérez Iribarren, 1. Gonzalez Pino, J. M. Sala
Lizarraga “PCM Possibilities in the Restoration of Public Housing” II European
Conference on Energy Efficiency and Sustainability in Architecture and Planing. San
Sebastian, (2011).

= E. Pérez Iribarren, L.A. del Portillo Valdés, .M. Sala Lizarraga, ]. Terés Zubiaga,
“Influence of durability on a modular building life cycle” XII DBMC. International

Conference on Durability of Building Materials and Components, Porto, (2011).
3.1.4 National Conferences

» (Carlos Garcia-Gafaro, César Escudero-Revilla, Gonzalo Diarce Belloso, Jon Terés
Zubiaga, Moisés Odriozola Maritorena. “Caracterizacion Térmica de Viviendas a
Partir de Monitorizacidn e Identificacion de Parametros” VIII Congreso Nacional de
Ingenieria Termodinamica, Burgos, (2013).

* Jon Terés Zubiaga. “Thermal Characterization of retrofiting systems. Monitoring.” I11
Jornadas de Rehabilitacion de Edificios. Bilbao, (2012).

= J. Terés Zubiaga, E. Pérez Iribarren, A. Campos Celador, ].M. Sala Lizarraga, M.
Olaizola Maritorena, “Estudio de la Aplicaciéon de Materiales de Cambio de Fase en
Rehabilitacion de Edificios de Viviendas” VII Congreso Nacional de Ingenieria
Termodinamica, Bilbao, (2011).

= E. Pérez Iribarren, J. Terés Zubiaga, L.A. del Portillo Valdés, M. Olaizola Maritorena,
A. Campos Celador, “Aplicaciéon de la Exergia como indicador Ambiental de los

edificios.” VII Congreso Nacional de Ingenieria Termodinamica, Bilbao, (2011).

3 more papers are currently under preparation for their publication in several

International Journals.

296 | CONCLUSIONS, CONTRIBUTIONS & FUTURE WORKS



ENEDI Research Group v
Thermal Engineering Department

University of the Basque Country o iversided  Euskel Herrko

4 Future directions

Although this PhD Thesis finishes here, the research work is still in progress. Different
directions have been identified to carry on with it in the future. Thus, this thesis sets up
the bases for future works, i.e. adjusted and validated models, a huge data base from
field studies or a defined methodology. All of these bases can be integrated on the
research lines that the Energy System Plant of the L.C.C.E. (see Fig. 2.1. in Chapter 2) will

be carried out in the future.

Thus, following mentioned picture, field monitoring studies have been described in
Chapter 3 and 4, where a huge amount of data has been obtained. In chapter 5 a
validated TRNSYS model, which can be used as reference model in this plant, has been
developed. Several combinations of actions on passive and active systems have been
developed in Chapter 7, which can be used as a reference in future tests of the plant.
Exergy approach has been proved in Chapter 8 as a useful tool to evaluate different

energy performance in buildings.
4.1 Future works

4.1.1 Related to experimental part

Related to Chapter 3, it could be interesting to carry out further research about the
influence of the occupants on energy consumption and indoor comfort. Many aspects
which are strongly dependent on the occupants, such as the heating system usage,
ventilation patterns, setpoint temperatures or window shutters closing at night, involve

great variations on the final energy consumption of the building.

A sample of ten different dwellings was studied in Chapter 3. Some of them presented a
low U- value in fagade, some of them presented a high C-value in fagade, and two of them
presented a high U -value and a low C- value in fagade at the same time. However, none
of them had a fagcade with both low U-Value and high C- value. It could be interesting to

study the thermal behaviour of a dwelling with these features in further research.

Obtaining accurate data on energy consumption was one of the main problems met
during that field study. Energy bills which are available every two months were the main

source of uncertainty. In most cases, they don’t disaggregate between energy
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consumption for DHW and heating or other uses. For this reason, some assumptions had
to be made. However, given that temperature and humidity data were taken with a 10
min time step, trying to get consumption data in similar time steps would be

recommended in order to obtain more accurate analysis.

Thus, increasing the amount of dwellings to be monitored, or collecting data in other
dwellings during shorter periods of time, would be useful in order to have more

accurate information about the Social Dwelling Sector.

The risk of cold homes in Spain is a factor to be taken into account. Although this
problem could be only linked to northern countries, this research has shown that, at
least in the social housing sector, cold homes can become a real problem. This problem
will be aggravated in the near future due to the economic crisis and the steady
increment of the energy prices. Even though this field is out of the scope of this thesis,
the interest of studies in this field should be highlighted when further research is carried

out.

Problems related to Co-heating test must be checked in detail. Even though some
hypothesis has been presented in Chapter 4, it should be interesting to compare results
obtained in this dwelling to results obtained from other dwelling, and identify which

was exactly the problem.
4.1.2 Related to building models

Some ideas for future works can be deduced from this part of the thesis, which has been
devoted to describing the developed mathematical models. Thus, one of the main
challenges of the works identified with the end of this PhD Thesis is those related to
building models, and specifically, to the interaction amongst both building models and

the Energy System Testing Plant of the LCCE.

First of all, it would be interesting to calculate the characteristic parameters based on
data collected after windows replacement. This way, a real and very accurate value of
energy saving attributed to windows replacement would be obtained for the winter
period. Besides, this value can help to identify and clarify the problems found with the
co-heating test, using sets of data from both monitoring periods, presented in the

Chapter 4 of this thesis.
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The RC model can be improved, by modifying the calculations to obtain energy demand
instead of energy consumption. This variation will involve introducing a modular heat
input (instead an on-off heat input) as a function of indoor air temperature, and not as a
previously fixed value (on-off) as currently does. Including the possibility of adding a
schedule of internal gains must also be part of the model improvement. In this way, a
schedule of internal gains will be assumed, which will make a more flexible model

available.

Once the RC model is improved, results of the RC model would be in the same conditions
of those obtained by the TRNSYS model, and comparison of absolute values results
would be easier. Moreover, the RC model will increase its capability of simulating with
operating conditions closer to the real use of the dwelling or building, and so, obtaining
absolute values of consumptions more adjusted to those the case study will have during

its lifespan.

FIELD MONITORING

Occupied dwellings

Characteristic Parameters’ User Profiles

identification

4
i
1
FIELD MONITORING - RC MODEL TRNSYS ENERGY SYSTEM
Vacant dwellings : Simulation Simulation PLANT
1

REF. MODEL
Developed in PhD Thesis

Experimental test of Based on
building elements literature

Fig. 9. 1. Interaction of monitoring studies, simulations and Energy System Plant

Moreover, this fact would make the aforementioned interaction between the TRNSYS
model and the RC model easier. The possibility of making it easy to work with the
interaction of both models must be studied. l.e. using the RC model to represent the
passive elements of the building, and TRNSYS to represent the active part (energy
systems) of the building, interacting both models with each other, in order to take

advantage of the benefits of both models. This interaction would integrate the work
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flow with the Energy System Plant, linking the three lines of the mentioned plant (Field

studies, Laboratory experimental data and simulations). The proposed interaction

amongst the different parts is shown in Fig. 9. 1.

There would be two different ways of working, depending on the sources of data and the

aim of the work carried out by the plant:

One of them is when the study case is not a specific building, but the energy
system. In this case, reference building model is the TRNSYS model defined in this
thesis, which can be run assuming different energy renovation levels, based on
the different combinations presented in Chapter 7. Moreover, thermal
characteristics of different retrofitting solutions can be tested in laboratory, for
obtaining their thermal characteristics (which define the solution behaviour
under dynamic conditions) and including them in a TRNSYS model. Thus, model
can also simulate new construction elements and retrofitting solutions tested in
Laboratory, in order to assess how the tested energy system would work with a

specific renovation measure. The workflow scheme is depicted in Fig. 9. 2.

FIELD MONITORING
Occupied dwellings

TRNSYS ENERGY SYSTEM
Simulation PLANT

REF. MODEL

Developed in PhD Thesis

Experimental test of Based on
building elements literature

Fig. 9. 2. Workflow when the object of the test is the energy system itself

The other one is when the tested heating system is wanted to be applied to a
specific dwelling or building. In this case, TRNSYS model energy demands are not
fed by TYPE 56, but by the RC model, whose characteristics parameters are
obtained previously by a monitoring. The workflow scheme in this case is

depicted in Fig. 9. 3.
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FIELD MONITORING
Occupied dwellings

Characteristic Parameters’ User Profiles

identification

|

FIELD MONITORING RC MODEL
Vacant dwellings Simulation

"

TRNSYS ENERGY SYSTEM
Simulation PLANT

Fig. 9. 3. Workflow when the object of the test is the interaction between the energy system and a
given building

Taking into account these workflows, it would be interesting to carry out experimental
tests under dynamic conditions of different fagade solutions (with and without ESM) in
order to create a data base which can be useful for feeding the TRNSYS model, as well as

for being as a reference for other research lines.
4.1.3 Related to simulations

The TRNSYS model developed for the selected building gives a huge amount of
possibilities on studying the influence of many factors on the energy performance of the
dwelling. Simulations presented in Chapter 7 are only a small example of the capabilities
of the model. Hence, some ideas of future works using the developed model are

presented in the following:
4.1.3.1 Passive elements

Exploring the effects of different insulation thickness and the optimal thickness on all
the climatic areas in Spain could be an interesting work to develop in the future
research, as well as keeping on looking for the best ESM combinations in each climatic

area. In this way, the most suitable solutions for each climatic area would be identified.

Mentioned assessment can be carried out under a multi-criteria analysis, using the
decision tree methodology. It would be recommended to define a set of criteria by
means of identifying the most significant parameters to be evaluated, and weighting
them according to its relative importance. Developing this methodology would allow to
compare different measurement combinations under different aspects such as
economic, energy, environmental, comfort issues, obtaining a global indicator to

compare different renovation strategies.
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4.1.3.2 FEnergy system

Only one heating system has been assessed in this chapter (Natural gas condensing
boiler with high temperature radiators). More possibilities on heating systems are
recommended to evaluate in further analysis, so to explore the differences on energy
consumption. Comparing condensing and typical boiler combined with floor heating,
low temperature radiators, or differences in these systems with a central or individual
boiler, as well as the so called adaptive control, are possibilities to analyise in further

analysis.

Moreover, several small adjustments can be done in the models. As an example, Control
B can be adjusted to represent in a more accurate way the flexibility of the thermostatic

valves of room radiators.

The developed models have been defined to evaluate the thermal performance of a
building in a temperate climate on winter conditions. For that reason, no especial
attention has been paid to define with accuracy adaptive behaviour in summer. For
further analysis, however, defining in a better way those conditions (such as ventilation
rates or window shutters operation) is advisable, especially if cooling systems, thermal
performance of building in summer, and other climatic areas are studied with this

model.
4.1.3.3 Other issues

Finally, developing a simplified methodology for evaluating thermal comfort based
mainly on indoor temperature (and then, avoiding to define parameters such as clothing
factor and metabolic rate) would be interesting. That methodology must fix the comfort
limits (19-21, 20-22) and a discomfort value would be obtained as a result of the
product of temperature difference to those limits and the duration of the period out of

comfort limits.

A handbook which gathers effects of different energy renovations on different building
types taking into account economic, energy and environmental issues will be developed,

obtained from the combination of experimental tests and simulations.

When economic aspects of ESM were assessed, the great influence of some variables

such as rand c (expected yearly increasing natural gas cost) was shown. A sensitivity
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analysis on the influence of mentioned parameters, as well as other such as the used fuel

type, on economic availability of energy renovations is recommended in further analysis.

Input parameters for calculating comfort (clothing factor, metabolic rate...) can be more
representative. More detailed schedules, adjusted to the room, season, and the hour of
the day can be defined in order to obtain a more accurate analysis. Similarly,
adjustments in assumed parameters and function for modelling the different control

strategies can be carried out.

Further analysis both on the influence of the control parameters (boiler temperature,
radiators temperature..) must be carried out in the future. Even thought involved
savings are not very high, slight savings can be achieved just modifying those
parameters to the optimal ones, making the optimal operation of the heating system and

its elements easier.

Analogously, optimization studies of the different parameters in different circumstances
(climate areas, buildings constructed in different periods...) must be carried out based
on the developed work in this chapter. Energy consumption results could be classified
by references buildings and references profiles, for obtaining representative energy

consumption values by areas, allowing to detect renovation priority areas.
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Appendix 1.1. Fuel Poverty. Literature review

The fuel poverty is mainly a consequence of the combination of three causes: poor
energy efficiency of housing, high energy prices and low household incomes. According

to this, three different indicators can be used to evaluate fuel poverty [163]:

= Households with difficulties to pay for energy bills
= Low thermal quality of the accommodation

=  Winter over mortality rate, as a consequence of under heated homes

The first and second indicators can be defined as “causes of fuel poverty”, whereas the

third one is a consequence of it.

Similar terms are used by other authors, such as [164], who highlight that “fuel poverty
is different to poverty. Poverty can be eradicated through income support, whereas the
eradication of fuel poverty requires not just income subsidisation but also crucial
investment in the capital stock (i.e. the household), as fuel poverty is caused by a complex

interaction between low income and domestic energy inefficiency”

1 Defining fuel poverty

However, before any kind of definition, the use of terms requires some discussion. At the
EU level, there is a conflicting use of the terms Energy Poverty and Fuel Poverty, as D.
Urge-Vorsatz and S. Tirado Herrrero noted in [165]. On the one hand, fuel poverty is the
most commonly used in English-speaking nations as the UK (e.g. [166], where the
concept originated, and Ireland [167]. On the other hand, other references from Central
and Eastern Europe [168] refer the same concept as energy poverty. Nevertheless, some
authors speak of energy poverty referring to the lack of access of quality energy carriers

[169].

In the original definitions that are currently prevalent in UK, fuel poverty is described as
a household’s inability to ensure an adequate thermal regime in its living space. D. Urge-
Vorsatz and S. Tirado Herrero give a broader definition of energy poverty, which

encompasses the various sorts of affordability-related challenges of the provision of
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adequate energy services to the domestic space. Thus, it represents situations in which
households with access to modern energy carriers cannot comfortably satisfy their
energy service needs, be it because of their inability to afford sufficient energy services
and/or because of the disproportional costs they have to bear for those energy services

[165]

Due to the scope of this thesis, focusing on thermal performance of buildings, the

concept of fuel povertyis used in this work, energy povertyinstead.

Nevertheless, despite of the fact of a huge amount of references can be found in
literature focusing on fuel poverty, in 2013, only three EU member states had an official
definition of fuel poverty (the United Kingdom, Republic of Ireland and France), as

presented in [170].

The Irish government defines fuel poverty as “the inability to afford adequate warmth in
a home, or the inability to achieve adequate warmth because of the energy inefficiency

of the home” [171].

In France, a person is considered fuel poor “if he encounters particular difficulties in his
accommodation in terms of energy supply related to the satisfaction of elementary
needs, this being due to the inadequacy of financial resources or housing conditions”

[172] (quoted by [170]).

In UK a fuel poor household is “one that cannot afford to keep adequately warm at
reasonable cost. The most widely accepted definition of a fuel poor household is one
which needs to spend more than 10% of its income on all fuel use and to heat its home

to an adequate standard of warmth” [173].

2 Consequences of fuel poverty

As mentioned below quoting [164] fuel poverty is not synonymous with poverty.
However, as [170] state, the two do certainly exacerbate each other; a low household
income can cause households to restrict their use of heating, whilst high fuel costs,
(perhaps resulting form an energy inefficient property), can put pressure on household
budgets, leading to households relinquish other essential items. According to this,

consequences of fuel poverty can be summarised in two main groups: the consequences
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related to economic factors as aforementioned giving up of other essential items such as
food, and those ones related to the lowering of indoor temperatures (cold homes).
Regarding to the first group, Christine Liddell found that children in fuel poor homes
have been found to have poorer weight gain and lower levels of adequate nutritional

intake, the so called “heat-or-eat” effect [174].

The major part of the three groups of consequences gathered in [170] could be actually
included as a consequence of cold homes: health consequences, consequences on mental
wellbeing and social contact and the most extreme consequence of fuel poverty, excess

winter mortality (EWM).

Health consequences of belonging to a fuel poor household are wide ranging, from an
increased likelihood of suffering from illnesses to an increased risk of suffering from
asthma. There is also an increased likelihood of the use of health services by people

living in cold homes. Some studies about this issue are referred in [170]

Mental wellbeing and social contact also are affected by living in cold homes. B.
Harrington et al. presented in [175] effects such as depression, social isolation and

constraints on mobility as consequences of living in a cold home.

But the phenomenon of excess winter mortality is without doubt, the most extreme
consequence of cold homes. Low winter indoor temperatures are an important factor
contributing to cold related morbidity and mortality [176]. Increased rates of mortality
during cold weather were first noted almost a century ago (e.g. [177]), and they have
been confirmed by an amount of studies “excess winter mortality". As affirmed in [178],
cold indoor temperatures are strongly implicated in this effect, in that risks are

especially great for residents of poorly insulated homes [179]

Thus, EWM is defined as “the surplus number of deaths occurring during the winter
season (from December to March inclusive) compared with the average of the non-
winter seasons” [180]. In his study of EWM across the EU14 from 1988 to 1997, Healy
found that Portugal and Spain suffered from the highest levels of EWM, despite the
general perception is that southern European countries are not affected by EWM (and
indeed fuel poverty) due to their milder climates. In Table 2. 1 results of the analysis of

EWM in EU-14 described by ]. D. Healy are presented. The results showed that Portugal,

APPENDIX 1.1. |V



® o ‘ , Energy retrofits in social housing
Ingeniaritza Goi Eskola Teknikoa ) e .
Escuela Técnica Superior de Ingenieria Analysis of its thermal behaviour
Bilbao Jon Terés Zubiaga

Spain and Ireland had the highest seasonal variation in mortality in Europe. In the case

of Spain presented an increase of some 21% (19.000 deaths).

CSVM 95% CI CSVM 95% CI
Austria 0.14 0.12t00.16 | Ireland 0.21 0.18 to 0.24
Belgium 0.13 0.09t00.17 | Italy 0.16 0.14t0 0.18
Denmark 0.12  0.10to 0.14 | Luxembourg 0.12 0.08to0 0.16
Finland 0.10 0.07 to 0.13 | Netherlands 0.11 0.09t0 0.13
France 0.13  0.11to0 0.15 | Portugal 0.28 0.25to 0.31
Germany 0.11  0.09to0 0.13 | Spain 0.21 0.19 to 0.23
Greece 0.18 0.15t00.21 | UK 0.18 0.16 to 0.20
Mean 016 0.14t00.18

Table 2. 1. Coefficient of seasonal variation in mortality (CSVM) in EU-14 (mean 1988-97)

This situation can be attributed to poor thermal efficiency standards, and suggests an
improvement in standards could reduce the levels of excess deaths. In a paper where
results of a survey carried out in Vienna during 2009 and 2010, K.M. Brunner et al,
affirmed, in fact, that limit financial resources are not only evident in the indoor
standards and operation conditions of the dwelling. They are also evident in the state of
the dwelling (only a small share of people with low incomes live in thermally improved
energy efficient flats, and many of them live in badly insulated buildings with leaking
windows). And finally, income does not only limit the choice of dwelling and its
maintenance, but is frequently also reflected in household equipment and appliances

[35].

Thus, adaptation of buildings is therefore the key factor to reducing the levels of
mortality resulting from cold winter temperatures (and hot summer temperatures as

well), and energy efficiency measures may be able to address both issues.

3 Energy renovations to tackling fuel poverty

Until few years ago (and still nowadays), tackling fuel poverty has been one of the main
incentives (sometimes, even more than ecological reasons) to carry out energy

renovations in buildings.
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Hence, many studies about energy efficiency and the suitability of energy renovations
under the perspective of tackling the fuel poverty can be found in literature, such as in
[62] where it is investigated possible improvements in the methodology for
identification of cold homes; In [181], where explanatory factors for persistent cold
temperatures in home which have received heating improvements are investigated, the
concept of a comfortable and healthy home is called into question by the behaviour of
occupants who prefer a cooler home, even when this preference involves temperatures
low enough to present a risk to health. Thus, the necessity of conveying the range of
tolerable living-conditions to the most vulnerable sections of the population is set up by

the authors of this reference.

4 Large-scale Studies about fuel poverty

As previously mentioned, many studies about fuel poverty have been undertaken in the
last years. In [178], the five main studies published between 2000 and 2009 focusing on
the impacts of cold housing in human health are deeply analysed. Amongst these five

studies, the British Warm Front project can be found, which are briefly described below.

Several of aforementioned studies have been developed into the so called Warm Front
Program. Warm Front (WF) is a UK government’s programme for tackling fuel poverty
in English households, providing grant-funded packages of insulation and heating
improvements. Through the scheme has significantly raised average indoor
temperatures in UK [176]. Based on the results presented in [182], at 16.5 2C (the
current estimated temperature of housing in Great Britain), 30% of the potential energy
saving will be taken as an increase in the comfort temperature, and the rest, as energy
savings. It is not until temperatures are around 19 2C that 80% is taken as an energy
saving.
The other four studies mentioned in that review are listed below. They are:

= CHP: Scottish Central Heating Program (UK)

= HIHS & HHHS: Housing, Insulation and Health Study & Housing, Heating and

Health Study (New Zeland)
= NATCEN (UK)
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= C-SNAP (US)

Interesting analysis of the results of these five programs on human health can be found

in [178]

5 The extent of fuel poverty in the EU. The case of Spain

Concerns about fuel poverty at the EU level have increased during last years. The
European Fuel Poverty and Energy Efficiency (EPEE) project, which ran from 2006 to
2009, was carried out to assess fuel poverty policy in United Kingdom, Spain, Italy
Belgium and France, and significant differences were found across these five member
states. Unlike the United Kingdom, which was found to have the greatest level of
knowledge and understanding of fuel poverty, in Spain “fuel poverty is not recognised at
any significant level... there is no perception of fuel poverty as a compelling social
problem” [183]. The lack of awareness about fuel poverty is alarming taking into
account the evidence indicates that southern European countries, (and also eastern
European countries with Bulgaria, Cyprus and Romania) suffer from the highest levels of
fuel poverty in Europe according to the three indicators presented by H. Thomson and C.
Snell and previously mentioned (Ability to pay to keep the home adequately warm,

arrears on utility bills and the presence of leaking roof, damp walls or rotten windows).

Besides, as can deduced from data previously presented in Table 2. 1, one of the direct
consequences of fuel poverty, the aforementioned EWM was already high in Spain years

ago, in the last 90’s, showing that it is not a recent problem in Spain.

Reinforcing this point, a study [184] was recently conducted aimed at exploring and
raising awareness about the dual relationship between fuel poverty and unemployment.
It also shows the increase of this problem in Spain in the last years and highlights

building retrofitting as one of the most effective ways to tackle fuel poverty.

VIII|APPENDICES



ENEDI Research Group
Thermal Engineering Department

i i i Universidad ~ Euskal Herrik
University of the Basque Country o iversidad  Euskal Herrko

Appendix 1.2. GHG emissions and energy of building
stock in the Basque Country

1 Residential building stock. GHG Emissions

Regarding GHG (Greenhouse gas) emissions of residential building stock in the Basque
Country, some values are presented in this section. In Fig. 2. 2, distribution of GHG

emissions by sectors in 2010 is depicted.

Tertiary Agriculture waste

7% 4%

Residential
8%

Fig. 2. 2. GHG emissions by sectors in the Basque Country in 2010 (EUSTAT, 2011)
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Fig. 2. 3. GHG emissions corresponding to Basque residential sector (EUSTAT, 2011)

The marked industrial profile of the region influences significantly the distribution. As
far as construction sector is concerned, it was responsible of about 15% of the total GHG

emissions, 8% of which corresponded to residential sector and 7% to tertiary sector.
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Evolution of GHG emissions since 1990 for the residential sector in the Basque Country

is presented in Fig. 2. 3.

As shown in Fig. 2. 3., between 2000-2006 annual GHG emissions were about 25%
higher than the baseline fixed by Kyoto protocol. Despite the fact that the trend has
changed in the last years, residential sector emissions are still far away from the
20/20/20 targets, i.e, a 20% reduction in EU greenhouse gas emissions from 1990

levels.

Thus, two strategies must be followed to achieve the mentioned targets. On the one
hand, all new buildings should be low energy consumers, even nearly zero - energy
buildings. But that achievement is not enough, because the major challenge is in the
existing building stock. Potential of thermal improvements in existing buildings is the
key strategy in the way to 20/20/20 targets. Likewise, energy efficiency measures
implementation, both in new and existing buildings, must take into account the

reduction of energy demand and the inclusion of renewable energy sources.

2 Energy use in Basque dwellings

According to data presented by EVE, mean consumption per dwelling in the Basque
Country is about 0.69 TOE per year, being annual electricity consumption 3370
kWh/dwelling and natural gas consumption 5930 kWh/dwelling. Renewable energy is
spreading out steadily, but it still represents about the 5% of the whole energy use,

according to the same source.

Energy consumption in the Basque Country presents similar distribution to the average
Spanish values. The main energy consumption in dwellings corresponds to heating
systems, which represent about 40% in the Northern Atlantic Area in Spain (where the
Basque Country is located) and 47% in Spain, according to IDAE data. Distribution of

energy consumption in Northern Atlantic Spain is depicted in Fig. 2. 4.

Looking at these data, a quickly introduction of policies leaded to burst energy
efficiency and renewable energy in building sector should be expected, in a similar way
to other sectors (Industry and transport). However, the result in building sector has

been slower than in the other cases. IDAE gives some reasons of this delay:
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Sector dispersal

Long life of buildings and building services
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Energy costs are not usually paid by the building developer, but by the user.
Energy issues have not been taken into account in the purchase of a building This

situation may change from now on with the buildings energy certification.
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Fig. 2. 4. Reparto Atlantico Norte (Analisis del consume energético del sector residencial en

Espafia 2011 IDAE)

2.1 Heating and cooling systems

Let’s focus on heating and cooling systems, whose energy consumption is closely linked

to the thermal performance of buildings. As deduced from Fig. 2. 4, the use of air

conditioning systems in dwellings is negligible in the Basque Country. On the contrary,

heating systems are responsible of more than 40% of energy consumption in residential

buildings. Almost the total of the Basque dwellings (91%, according to data obtained

from EUSTAT) have some kind of heating system, and its mean annual use is 4.6 months.

In its survey, EUSTAT identified three different kinds of heating systems:

Central heating, when the same heating system is shared by different dwellings in
one or several buildings.

Individual system, when heating corresponds only to one dwelling.

Punctual system, if only a device, (fixed or mobile) is used to heat one or several

rooms of the dwelling.
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In the coastal climate area, even though it is not the majority of the cases, an important
share of punctual systems can be found in dwellings (34%). The most used type is

individual system (47%), and only a 19% of the dwellings present central system.

Shares change in continental climate area. The use of punctual systems is almost
negligible (6%), and central heating systems are more widespread (34%). However, the

majority of the systems are also individual (60%)

A brief comment about the commonly used fuel is presented next. The share of heating
systems according to the used fuel is depicted in Fig. 2. 5. Some years ago, when there
was a bet for natural gas, a great effort to develop gas infrastructures was carried out. As
a result, gas (usually natural gas, but also propane in some cases) is used in a majority of

the houses (55%). Besides, electricity use for heating is not negligible at all, since 21% of

the dwellings used it.
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Fig. 2. 5. Heating systems (according to fuel) used in Basque dwellings (EUSTAT 2008)

However, in Social Dwelling. although natural gas-based heating systems are the most
common in dwellings of the Basque Country, many Social Housing apartments have no
natural gas heating installation. This can be explained because, even though the use of
this kind of heating systems is not especially expensive, it requires an important first
investment in installation. As a consequence, other heating systems, usually less
inefficient and more expensive during their lifespan, such as electric heaters, are used.

Due to the combination of high energy bills (e.g. electricity) and low thermal quality of
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some buildings, heating is not performed with usual comfort standards in a significant
amount of social dwellings. In fact this combination leads to logged indoor temperatures
lower than standard, and as a result, to the aforementioned situations of cold homes and

fuel poverty.
2.2 Energy consumption in dwellings according to their age

A study on energy consumption in buildings in the Basque Country was carried out by
EVE (Basque Energy Agency) in 2012. This study was performed by means of model
simulations and took into account the climatic area and the building construction year.
Two different climatic areas were defined for the Basque Country: a coastal and a
continental climatic area. A reference building defined according to the Spanish
Technical Building Code (CTE) requirements was taken into consideration. This
reference building is, in short, a building with the same conditions as the studied one,
but reaching the minimal energy requirements laid down by the CTE. As shown in Table
2. 2, the energy consumption for buildings constructed before 1979 is, on average, two
times to the energy consumption of the reference building in a continental climate, and

78% more in the case of buildings in coastal climate area.

Energy Consumption (CTE req. = 1)

Construction year

Coast Continental

Before 1979 1.78 2.01

1979-1985 1.39 1.59

1986-2007 1.18 1.35

After 2007 0.64 0.73

Table 2. 2. Energy consumption of the building stock in relation to minimal requirements of CTE

(EVE)

Coast

Continental

0% 10% 20% 30% 40% 50% 60%
1985-2007 m1979-1985 ® Before 1979

Fig. 2. 6 (Energy consumption in dwellings by construction year, 2012, EVE)
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It can also be observed that the newest buildings (built after 2007) have a mean energy
consumption of almost a third of those constructed before 1979. These data reinforce
the idea presented previously: the high potential of energy improvement that Basque
building stock has. In aforementioned study, the Basque Energy Agency calculated the
potential of energy improvement in buildings constructed before 2007. Potential energy
savings for heating was estimated to be around 40% of current heating consumption in

those dwellings. Some of the results obtained in that work are depicted in Fig. 2. 6.

2.3 Economic issues

Finally, economic aftermaths of the energy use in dwellings are dealt with in this section.
Energy bills, as it will be mentioned in the next chapter, can play an important role in

social aspects, especially in some sectors of the population.

According to data obtained from the Basque Energy Agency, electricity cost in dwellings
reached a total value of 582 M€ in year 2011 (with a mean cost of 20.3 c€/kWh),
whereas natural gas cost in the same year reached the figure of 203 M€ (with a mean
cost of 6.7 c€/kWh). This means that the average energy expense per dwelling was
1008€ (686 € electricity, 322 € natural gas). This figure amounted the 2.4% of
household incomes. However, it must be noted that this expense in energy has increased
meaningfully in the last years, due to the increase of both electricity and natural gas
prices. That increment can be clearly noticed in Fig. 2. 7, where the evolution of the

energy bill per year is depicted, based on data obtained from EVE.

1200 == oo

1000 -----======sssssmooooooooooooooooo-

800 T------==m=--mmmooe-

600 -+ ---

400 +---

Annual Bill [€/dwelling]

200 +---

0

2001 2006 2009 2010 2011

Fig. 2. 7. Annual energy expenses per dwelling (2012, EVE)
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Appendix 3.1. Occupants' questionnaire

o s, 5 ensdiffs

Untersty of e Bascin Coxemry

ICUESTIONARIO USUARIOS. ESTUDIO EFICIENCIA ENERGIETICA ETXEBIZITZAK. I

I A) Comportamiento del usuario y concienciacién |

01. équé importancia tiene el coste de la energia comparado con otros costes en la vivienda en la
determinacién del uso de su vivienda?
Muy importante — Importante — Ni importante ni no importante — Poco importante — nada
importante — NS/NC

02. ¢Considera su vivienda mas eficiente energéticamente que las demas?
Si —No = NS/NC

03. En caso de haber respondido Sl la pregunta 02, ¢Cuales de las siguientes caracteristicas cres
que hacen tu vivienda mas eficiente que otras {seleccione todas las que considere}?
Disefio o caracteristicas estructurales {Orientaciones, sombras...) — Comportamiento de la
envolvente (aislantes, ventanas...) — Sistema de calefaccion

04. éSuele dejar equipos en “Stand By” cuando no los esta usando?
Nunca — Raramente — A veces— Habitualmente — Practicamente siempre — No se aplica

05. ¢éSuele apagar la televisién u otros equipamientos eléctricos cuando nadie esta en la
habitacién durante mas de 15 minutos?
Nunca — Raramente — A veces— Habitualmente — Practicamente siempre — No se aplica

06. é¢Cuando adquiere un nuevo electrodoméstico, considera importante su clase energética?
Nunca — Raramente — A veces— Habitualmente — Practicamente siempre — No se aplica

07. éCudl es su patrén de ventilacién? éDurante cuanto tiempo tiene las ventanas abiertas? ¢En
qué momento del dia lo hace?

I B) Consumo de energia.

08. Consumo anual de energia

Tipo Cantidad Unidades Coste
Electricidad kw*h €
Diesel | €
Butano | €
Gas Natural m? €
09. Fuente

Facturas — Medidor — Otras

10. ¢éPodria indicar, al menos aproximadamente, el consumo de energia mensual dedicado a
calefaccion durante el periodo de monitorizacién?
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| o | Nn| D

Gas
Elect
Otras

I C) Descripcién de la vivienda e instalaciones

| Descripcion de la vivienda

11. ¢éDispone de sistemas de sombreamiento?
Si —No

12. éQué tipo de ventanas tiene la vivienda?
Marco
Vidrio
Grado de infiltracién

13. ¢Cémo suele utilizar habitualmente las persianas {cuéndo las baja)?
Al anochecer Al acostarse  Nunca

Salén

Cacina

Habitacién 1

Habitacién 2

Baiio

14. ¢Ha percibido en su vivienda problemas de humedad?
Si—No

15. Siharespondido Sl a la pregunta 13, {Dénde?
Paredes Techos Suelos

Salén

Cocina

Habitacién 1

Habitacién 2

Bafio

Sistemas energéticos

Calefaccién

16. ¢éTiene sistema de calefaccién centralizado?
Si—No

17. éTiene sistema de calefaccién en la vivienda?
Si—No
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18. En caso de haber respondido si a la pregunta 16, indique, aproximadamente, el uso tipico de
este sistema.
Operacién Mensual

Operacion
sistema

Operacién diaria

oldddddddddgde9ege9gg¢gg¢g§g-¢
2A 9999999 99dd ool idd §Nod o g o o o
O = N o < ] g N K O o v e v e e o = = = AN
L
M
X
J
V
S
D
19. ¢Tiene el sistema control de temperatura?
Si—No

20. En caso de haber respondido Sl la pregunta 18, indique cual es la temperatura de consigna. _

21. En caso de haberlos, éPurga los radiadores anualmente?
Si—No

22. ¢Utiliza otros aparatos de calefaccion?
Si—No

23. En caso de haber respondido si la pregunta 20, indique por favor qué tipo de estos aparatos
emplea en su casa.

NUmero de unidades
Radiador eléctrico portable
Calentador de aire
Estufas de combustible
Otros

24. ¢Cuando los utiliza {Ej: todas las tardes de invierno, algunas maiianas de invierno...)?

25. ¢éSe encuentran los emisores de calor {en caso de haberlos) libres de obstaculos?
Si—No

26. En caso de existir, ¢Conoce el funcionamiento de la caldera?
Si—No
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Usbiersity of the Bascue Cousery

27. Otras consideraciones al respecto del sistema de calor {Tipo de caldera, antigiiedad...)

Ventilacion

28. éTiene sistema de ventilacion en la vivienda?
Si—No

29. Si es asi, ¢Es centralizado?
Si—No

30. En caso de haber respondido si a la pregunta 24, indique, aproximadamente, el uso tipico de
este sistema.
Operacién Mensual
| E | Flm | a]lm]|] s3] a]ls]|]o]|nN]oD

Operacion diaria

Operacién
sistema

999999999999 §g S
ol ddddgdddagdgdddddddaddddqgdgdddqd g
29999999 99 d A o] dddd N g a & A o o
O = o o off ] "N K O v v o r e e e e = = AN

Oln|<|=[x|Z]|r

31. Otros comentarios referidos al sistema de ventilacion.

I D) Calidad de Aire Interior

32. éComo describiria la temperatura tipica de su vivienda en verano?
Demasiado calurosa — Algo calurosa — Confortable — Algo fria — Muy fria

33. éComo definiria Ia estabilidad de la temperatura en su vivienda en verano, si 1 es “muy
estable”, y 5 es “muy variable”?
1-2-3-4-5

34. éCémo se siente con la temperatura de su vivienda en verano?
Muy contento — Contento — ni contento ni descontento — Descontento — Muy descontento
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35. éCémo describiria la temperatura tipica de su vivienda en invierno?
Demasiado calurosa— Algo calurosa — Confortable — Algo fria — Muy fria

36. ¢Como definiria la estabilidad de la temperatura en su vivienda en invierng, si 1 es “muy
estable”, y 5 es “muy variable”?
1-2-3-4-5

37. éComo se siente con la temperatura de su vivienda en invierno?
Muy contento — Contento — ni contento ni descontento — Descontento — Muy descontento

38. Otros comentarios referentes a la temperatura

39. éComo definiria el movimiento de aire en su vivienda en verano, si 1 es “sin corriente”, y 5 es
“mucha corriente”?
1-2-3-4-5

40. é¢Cémo se siente con el movimiento de aire de su vivienda en verang?
Muy contento — Contento — ni contento ni descontento — Descontento — Muy descontento
41. ¢{Como definiria el movimiento de aire en su vivienda en invierno, si 1 es “muy estable”, y5
es “mucha corriente”?
1-2-3-4-5

42. iCémo se siente con el movimiento de aire de su vivienda en invierno?

Muy contento — Contento — ni contento ni descontento — Descontento — Muy descontento

43. Otros comentarios referentes a la temperatura

44, ¢Como definiria la calidad de aire interior en su vivienda durante el verano?
{Cargado) 1-2-3 -4 -5 {Fresco)
{Seco) 1-2-3-4-5(HUmedo)
{sin olores) 1 -2-3 -4 -5 (olores)

45. ¢Como se siente con la calidad de aire de su vivienda en verano?
Muy contento — Contento — ni contento ni descontento — Descontento — Muy descontento

46. ¢Como definiria la calidad de aire interior en su vivienda durante el invierno?
{Cargado) 1-2-3 -4-5{Fresco)
{Seco)1-2-3-4-5(HUmedo)
{Sin olores)1-2-3-4 -5 {olores)

47. ¢Como se siente con la calidad de aire de su vivienda en invierno?
Muy contento — Contento — ni contento ni descontento — Descontento — Muy descontento

48. Otros comentarios referentes a la Calidad de Aire
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49. ¢Coémo definiria la cantidad de luz natural que entra en su vivienda por lo general?
Demasiada — Adecuada — Poca

50. éExperimenta brillos y deslumbramientos por el sol en algtin sitio durante el dia en su casa?
Si—No

51. ¢{Coémo se siente con la cantidad de luz natural que entra en su casa?
Muy contento — Contento — ni contento ni descontento — Descontento — Muy descontento

I E Informacion Personal

52. éCuanto tiempo lleva viviendo en esta vivienda?

53. Numero de ocupantes permanentes en la vivienda.

54. Para cada uno de los ocupantes, completar la siguiente tabla:

Ocupante | Edad | Sexo{M/F) | Estatus{*) | Ocupacién Aprox. de vivienda
1
2
3
4
5
{*) 1: Trabajador atiempo completo/ 2: Trabajador a tiempo parcial/ 3: Trabajo desde casa/ 4:

Pensionista/ 5: Estudiante / 6:Parado

55. éComo cree que puede mejorarse el confort interior de su vivienda?

XX|APPENDICES



oman 1a 2400 742

ENEDI Research Group
Thermal Engineering Department

University of the Basque Country g iversided - Euskal Herrko

Appendix 3.2. Detailed data of monitoring

1 Geometric details of the dwellings and TH location

In this section 1 of the appendix, the geometrical features of the heating area of each

dwelling, as well as the location of the TH, are presented.
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Bedroom2 Kitchen Living Room

e

/
|
|
|

v

L Bedroom

D1 D2

BALCON
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DORMITORIO 1 || DORMITORIO 2
9,50 8,82

D9 D10

XXII|APPENDICES



ENEDI Research Group
Thermal Engineering Department

i i Universidad  Euskal Herrik
University of the Basque Country a et Eusks Harko

2 Winter graphs

In this section, 15 day analysis for each studied dwelling are presented.
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3 CDF of indoor temperatures in winter

Cumulative distribution function (CDF) corresponding to the series of registered

temperature in each dwelling are presented in the following graph.
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4 Indoor-outdoor Vs outdoor temperature in winter

In the following graphs, the difference between indoor and outdoor temperatures

against outdoor temperature is presented for each dwelling.

Indoor-Outdoor Temperature [2C]

Outdoor Temperature [2C]

Indoor-Outdoor Temperature [2C]

Outdoor Temperature [2C]
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Appendix 3.3. Assessment of thermal behaviour of
social housing apartments

= ]. Terés-Zubiaga, K. Martin, A. Erkoreka, ].M. Sala, Field assessment of thermal
behaviour of social housing apartments in Bilbao, Northern Spain, Energy and

Buildings 67 (2013) 118-135.
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Field assessment of thermal behaviour of Social Housing
apartments in Bilbao, Northern Spain
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Abstract

A field study of 10 social housing dwellings in the north of Spain is presented in this paper. Knowing the
building stock is the first step to set up priorities in a global strategy to improve the energy efficiency of the
existing building stock. Moreover, improving the energy efficiency of buildings is one of the most effective
ways to tackle fuel poverty, which is increasing in Spain in the last years, being social housing one of the

most vulnerable sectors of being at risk of fuel poverty.

The aim of this research is to describe a methodology for analysing the thermal performance of buildings
under a holistic approach. An overview of the thermal performance of the social housing stock in a city with
mild climate in Spain is presented. Social housing stock in Bilbao is classified by means of selecting 10
representative dwellings. A field study was performed during 10 months. Results of heating consumption as
well as indoor conditions are presented. Results show that energy consumption in winter is not as high as
expected, due to the low indoor temperatures. Amongst other factors, the influence of the occupants plays

an important role in the final thermal performance of dwellings.
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1 Introduction

Currently the energy consumption of the construction sector is estimated to be over 40% of the total energy
consumption in the European Union. Thus, the energy and environmental situation requires improving the
energy performance of buildings. The National Statistics Institute (year 2001) data shows that about 67% of
the Spanish dwelling stock was built before 1980, just when the first Spanish thermal regulation (NBE-CT
79) became effective. There is a similar situation in the case of the Basque Country (a region located in
Northern Spain) where more than 75% of the dwelling stock was constructed before 1980 [1]. Therefore, to

reduce the energy consumption, the main effort must be focused on the challenges of the existing stock.

The implications and benefits of energy renovations have consequences not only in the reduction of CO;
emissions and energy savings, but also in financial and social aspects. One of them is the so called fuel
poverty, which is mainly a consequence of a combination of three causes: poor energy efficiency of housing,
high energy prices and low household incomes. [2]. Poor energy efficiency can be responsible of low winter
indoor temperatures and in some countries it is an important factor contributing to cold related morbidity
and mortality as well [3]. Some other studies about energy efficiency, fuel poverty and the suitability of
energy renovations have been carried out, such as in [4][5][6]. This problem is increasing in the last years in
Spain, as shown in [7]. Thus, improving the energy efficiency of the existing stock is one of the main
strategies, not only for reducing CO emissions, but also for delivering affordable warmth to the fuel poor
households. Both, energy savings and improvement on the indoor comfort, have to be taken into account

during energy renovations projects.

Regarding occupants influence on the energy consumption in buildings, Annex 53 states that human
behaviour could have a great impact, even greater than building characteristics or other factors. Several
studies have pointed out large differences in energy consumption for similar buildings [8,9] thereby
suggesting to the occupant’s behaviour a strong influence. In [10] relationships between behavioural
patterns, user profiles and energy use are thoroughly analysed. Related to this approach, rebound effect
[11] is another factor to be considered when effectiveness of energy renovations is evaluated, as shown in

several studies such as in [12][13][14][15][16][17].

Because of all the above reasons, energy efficiency improvements in buildings, and especially in social
housing sector, have become a priority goal for the European Union. Due to its characteristics (such as

households with low incomes and construction features of the buildings), this sector is one of the most



vulnerable to fuel poverty. This way, quantifying the potential energy savings in the Social housing stock
must become a priority. Characterizing the social building stock is the first step to be taken, followed by the
thermal behaviour analysis of this building stock. Moreover, many energy models have been developed in
the last years to predict changes on energy consumption as a result of energy renovations. As affirmed in
[18], the assumptions for the operating conditions are usually based on profiles considered as standard,
rather than those from field measurements. Thus, having field measurements on the indoor conditions in
social dwellings is necessary to obtain a more accurate analysis of the energy renovation potential in the

social building sector.

A global approach is necessary to study the thermal performance of buildings, considering the building as a
complex system composed by different subsystems. With this aim in mind, in this work ten occupied
apartments have been studied under a holistic approach to have an overview of their thermal performance.
There is no shortage of similar field studies available in the literature to assess thermal comfort and energy
consumption in low energy buildings [8], office buildings [19] or vernacular or historical buildings
[20][21][22]. Nevertheless, it is not so prevalent to come across with this kind of studies applied to the
Social Housing Sector. One exception could be found in the large-scale surveys carried out by Warm Front

Project [23].

2 Objectives

In order to define optimal strategies in building renovations, its thermal behaviour must be known. Thus,
architectural and thermal behaviour of Social Housing Stock in Bilbao is assessed in a field study. Along this

line, the main aims of this paper are:

(a) Provide an insight of the thermal performance of Social Housing Stock in Bilbao, Northern Spain, and
identify the real energy consumption in social dwellings in a city with mild weather conditions both in
winter and summer; (b) Identify the potential improvement of the social housing stock; (c) Provide energy
consumption and indoor environment field measurements of these ten dwellings, which can be used in
future researches and models to set up operating conditions not based on standards, but on field
measurements; and (d) Provide a comparative and qualitative analysis of thermal building performance of

ten selected dwellings, representatives of the social building stock.



This study is not only focusing on energy consumption itself, but also on assessing thermal comfort in the
dwellings. Previously mentioned aspects related to health issues, however, are out of scope of the present

study, although they must be taken into account when energy retrofitting benefits are considered.

To accomplish with these goals the building stock of social housing in Bilbao has been classified according
to the criteria described in section 4. Based on this classification, 10 social housing apartments,
representatives of the different construction periods of the 20t Century have been studied using a holistic
approach. Results obtained from this survey provide an important database to quantify the potential benefit

of retrofitting the existing social building stock in the Basque Country.

3 Approach

A holistic approach is applied in this study. In this systemic approach, buildings are treated as open systems
considering interactions between them and their environment. Similar approaches are explained and used
in [20] with historical buildings, in Annex 53 [24] or in [25]. The approach used in this paper is based on

these references. The different considered subsystems are shown in Fig. 1.
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Fig. 1. Subsystems for investigation.
Building techniques, building envelope and energy systems could be considered as a boundary subsystem,
which makes a separation between outdoor environment and occupants or indoor environment [26]. The

combination of all these factors will give as a result the energy performance of the dwelling.

Building renovations are usually focused on the improvement of 3 subsystems: building techniques (such as
thermal bridges), building envelope and energy systems. However, although the objective of any
improvement in the building energy performance is usually within these subsystems, it is important to take
into account the interaction amongst building techniques, building envelope and energy systems, and the
other subsystems, and the consequences of these interactions on the overall energy consumption. The study

presented in this paper has been carried out bearing in mind this approach.



4 Choice of buildings

This field study has been carried out in Bilbao from November 2011 to September 2012. All apartments
have been occupied during the monitoring period. Different heating systems are used in the selected
dwellings: out of the 10 dwellings, 4 are heated by natural gas heating systems, 3 by electric heaters, 1 by
kerosene heater, 1 by butane heater and 1 has not a heating system whatsoever. All the studied dwellings
have no mechanical ventilation system. The climate for the studied area (Bilbao), located in latitude 43¢ N,
is oceanic. The proximity to the ocean makes summer and winter temperatures relatively temperate, with
low intensity thermal oscillations. Average maximum temperature is between 25 °C and 26 °C during

summer period, while the average minimum in winter can vary between 6 °C and 7 °C.

4.1 Building stock classification criteria

Building stock of Bilbao is characterised by the construction period in this study. Several factors act upon
construction features, like social and financial situations and/or building regulations. As far as thermal
requirements are concerned, after the Oil Crisis in the 70’s, in Spain, like in many European countries, the
requirements for insulation of buildings were considerably reinforced. With this aim in mind, the first
thermal regulation was developed and came into force in 1979. Unlike in other European countries, there
was no new Spanish thermal regulation till 2006, when the Spanish Technical Building Code (CTE) [27]
came into force. Detailed data about the Building stock in Bilbao, based on Population and Housing

Censuses developed by National Statistics Institute in 2001, by construction year, is shown in Fig. 2.
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Fig. 2. Building stock in Bilbao in relation to construction year (Building Stock: 10044, year 2001, INE)
Based on the mentioned facts, 5 different periods have been identified since 1900, as depicted in Fig. 3
(Periods are numbered from 1 to 5). Different representative constructive sections of facades in relation
with each period are shown in Table 1. € (Heat Capacity) and U-Valueare calculated as described in eq. 1

and eq. 2



1

= eq.1
1
Rin + Ri + Rout
= . . eq.2
C= Z PiCpi§
Where:
Rin: is the internal surface thermal resistance (0.13 m2K/W) [28]
Ri: is the surface to surface thermal resistance of the construction element
Rout: is the external surface thermal resistance (0.04 m2K/W) [28]
pi: is the density of the 7layer material.
Cp,i: is the specific heat capacity of the 7layer material
e: is the thickness of the 7layer
c?xl;ﬁ_"vl\?:k MANAG. LAW NBE-CT79 CTE
1(1900-1939) 2 (1939-1957) 3 (1957-1980) 4 (1980-2006) 5 (2006-...)
| | | R s — — r
1900 19361939 1957 1970's 1979 2006
Fig. 3. Construction periods during twentieth century in Bilbao (Spain)
Geometrical features of the heating area
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From Indoors (left) to Outdoors (right)
U [w/m2K] Constructive Section Period U [w/m2K] Constructive Section Perio
C[k]/ m2K] (in-out) C[kJ/ m2K] (in-out) d
Plaster
F.a. Plaster F.b Hollow Brick (12.5 cm)
U:1.11 Perforated Brick (37 cm) 1 U:1.16 Airgap | 1-2
C:463.8 Cement Mortar C:359.8 Concrete Wall (10 cm)
Cement Mortar (2cm)
Plaster Plaster
F.c Hollow Brick (4.5 cm) F.c.1 Hollow Brick (tisrfgr:;))
U: 1.44 Air gap 3 U:1.27 . 3
C: 160.0 Hollow Brick (12.5 cm) C: 180.0 Hollow Brick (12.5 cm)
Cement Mortar (2cm) Cement Mortar (2cm)
Lightened Cement Mortar (2cm)
Plaster
Hollow Brick (AZiSF(:gr:F)) Plaster
F.c.2 . F.d. Hollow Brick (4.5 cm)
U: 0.43 Hollow Brick (12.5 cm) 3 U: 0.48 Thermal Insulation (3 cm) | 4
Cement Mortar (2 cm) .
C:238.4 . C:189.0 Air gap
Thermal Insulation (4 cm) Perforated Brick (12.5 cm)
Hollow brick (9 cm) '
Lightened Cement Mortar (2 cm)
Plaster
Fe Hollow Brick (4.5 cm)
U: 041 Thermal Insulatlonl‘§i6rcgr:3 4.5
C:162.6 Hollow Brick (12.5 cm)
Cement Mortar (2cm)

Table 1. Constructive Sections of Facades (according to data provided by Bilbao Social Housing)




4.2 Selection of study-cases

Each apartment of the sample (Fig. 4) was selected according to features defined in section 4.1. This way, all

aforementioned periods are represented by at least two dwellings. One new dwelling, built in 2005 (only a

year before the Spanish Technical Building Code came to force) is also included in this study.

In(.ioor Envelope Windows En. Syst Occ
Environm
Uwall Cwall A
A . Uwin Heating Property
N2 Year Sec. | [W/mzk] | [K]/m2K] Wind. Infiltr.
2
(m2) (calc) (calc) (calc) System type
D1 1921 53.33 F.a 1.11 463.8 Wood (f); Gass 6 5.35 High Butane Rented
PVC (f); Glass Elect.
D2 1921 45.68 F.a 1.11 463.8 4/6/4) 2.38 Low heater Rented
Al (f); Glass 6 - 5.35-  High- Elect.
D3 1952 51.5 F.b 1.16 359.8 Wood (f); Gass 6 570 Med. heater Rented
Al (f); Glass .
D4 1952 51.5 F.b 1.16 359.8 4/6/4) 3.37 High None Rented
D5 | 1960 4768  Fcl 127 180 PVC (); Glass 238  Low  Nat.Gas | Owner
4/6/4)
PVC (f); Glass Elect.
D6 1960 39.7 F.c.2 0.43 238.4 4/6/4) 2.38 Low Heater Rented
D7 | 1960 4765  Fcl 127 180 PVC (); Glass 238  Low  Nat.Gas | Owner
4/6/4)
D8 | 1995 68.3 Fd 0.48 189 PVC (); Glass 238  Low  Nat.Gas | Rented
4/6/4)
PVC (f); Glass
D9 1995 87 F.d 0.48 189 4/6/4) 2.38 Low Nat. Gas Owner
D10 | 2005 58.5 Fe 0.41 162.6 Pvi%}ga“ 238  Low  Kerosene | Rented

Table 2. Summary of the characteristics of the studied dwellings, according to the subsystems presented in Fig.
1 (Indoor Environment, Envelope, Windows, Energy Systems and Occupants)

D9. 1995

Fig. 4. Location of the ten case-studies.

D5. 1960




As far as construction features are concerned, these dwellings can be considered representative not only of
the social housing in Bilbao, but also of the social housing stock of the main urban areas in the region.
Different aspects and features are taken into account for each dwelling, according to the approach described
in section 3. Some of these aspects are summarized in Table 2. Occupation factors, such as occupant age,

number of occupants or period of occupation, have been considered as well.

4.3 Field study

Based on aforementioned systemic approach, each dwelling is analyzed in situ. The data are combined in

six groups based on the aforementioned six subsystems, as summarized in Table 3.

Subsystem Data Information sources
Outdoor Geographical parameters (Lat, Long) Field measurements, Bibliographical sources
Environment and Climatic area, solar radiation Field measurements, Bibliographical sources
Site Microclimate, outdoor temperature and RH WEB Data, Recorded Data. Visual inspection
Building Techniques | Thermal Bridges Thermal imaging
Building Envelope | Thermal characteristics of the walls Bibliographical sources
Energy Systems Energy Systems, Energy consumption Questionnaires, Energy bills
Indoor design Indoor distribution Plans, field measurements, visual inspection.
Indoor Environment: Plans, sections, Facades Field measurements
Occupants —— ; - - - - :
Activities, Behaviour, environmental quality Questionnaires, Field measurements

Table 3. Collected data

4.4 Data collection

4.4.1 Temperature and humidity

Several temperature and humidity monitoring studies can be found in literature. The criteria presented in
[4] have been a reference for this study. According to this criterion, detailed measurements of temperature
and humidity were collected using Temp-RH Hobo Data loggers (HOBO U12-011). Their resolution is 0.03
2C (25 2C) for temperature and 0.03 % for relative humidity, and their accuracy is £0.35 2C and +2.5 %
respectively. They were placed far away from direct heat or humidity sources and windows and
approximately 1 m above the ground. These data loggers are programmed to collect data with a 10 min.
frequency. Although longer time steps can be found in literature (from 20 min. [29] to 2 h. [20]), 10 min.
time step has been used because it allows having information about some occupant actions, such as heating
system activation or ventilation patterns. Temp-RH data loggers were previously calibrated and validated in

the Laboratory for the Quality Control in Buildings (LCCE) of the Basque Government.

A TH (Thermo Hygrometer) was installed in the living room of each apartment and in some of them another
TH was installed in the main bedroom, according to the indoor environment (Fig. 5). Similar criteria have

been followed in other studies, e.g. in [17] or in [20]




[Ermie] ] = = = == T a7
N F Wr | OALERIA
‘ | 230
| 2 | — = =
| [ SALA - COCINA il H earo e
‘ 572 L e
| o1
; e Loarsial 1 — ' e ' PASILLO 11l
__ ¥ [| v L J‘ ® 142
— % 3 » « — :
w ] == —F1._° &
Salon | socing ‘ } Lj'»‘, H TaR0L ‘ —r
H | || A | DORMITORIO 1 RMITORIO 2 {1 [~
I J! | J‘\ | 9,50 8,82 —E
JLI N T— ||
T .= - ~
ol ol
] L B S L 2 :

Fig. 5. Layout of some case studies (D1, D3-D4, D6 and D10).
Outdoor temperature and relative humidity were taken from a meteorological station of the Basque
Government located in Deusto, Bilbao. This station measures variables such as air temperature, relative

humidity, global horizontal irradiation and wind speed, among others, with a sampling frequency of 10-min.

4.4.2 Energy Consumption

Some assumptions have been made to estimate heating consumption in winter. The information sources are
not the same in all the dwellings. In most of the cases (six of them) energy bills have been provided, but in
two dwellings, heating consumption data have been collected in questionnaires. In the last case (D4) no
heating system is used. Actually, a small electric heater is used punctually but its consumption has been
considered negligible when summer and winter consumption are compared. In case D5 some meter

readings have complemented the information from natural gas bills.

Collected data are presented for each dwelling in Table 4, where energy consumption related to the source
during the indicated period is presented. However, it is necessary to standardize these data sets, because
some of them are electricity consumption of the whole dwelling and others are natural gas consumption for
Domestic Hot Water (DHW) and the heating system. In all the selected cases, this heating consumption has
been extrapolated to the same period (1st Dec. - 1st Apr), due to the fact that the heating system has been

working from the second or third week of December till the last days of March in every dwelling.
E.=—S eq.3
B

= — . eq. 4
H w EW nW EB
Eg. 3 and Eq. 4 are used to calculate the estimated heating consumption in winter, where Eg is the base

energy consumption per day, Es is the energy consumption in summertime, E,, is the energy consumption in



wintertime, Hw is the estimated heating consumption in winter, ns is the evaluated number of days of the
summer period and ny is the evaluated number of days of the winter period. Eg (kWh/day) is calculated
considering the energy consumption in summer per day. This method is a good approximation to estimate
the heating consumption, especially when heating and DHW is supplied by a natural gas boiler. DHW
consumption is assumed to be similar for the whole year, so heating consumption, which only happens in
winter, is calculated as natural gas consumption in winter (DHW + Heating) minus natural gas
consumption in summer (DHW). This method is also used when the energy supply of the dwelling is purely

electrical.

Therefore, the following assumptions have been made in order to estimate the heating consumption during
winter period: 7) 159 kWh / Butane Gas Cylinder; 2) Base consumption (without heating) per day is
calculated according to data from summer period, eq. 3. The estimated heating consumption in winter is
obtained by means of eq. 4.; 3) In this case, the base consumption is assumed according to IDAE[30] (due to
variability of the dwelling energy consumption in summer). The estimated heating consumption in winter is

obtained using eq. 4.; 4) Using as reference 43400 k] /kg for LHV of Kerosene. (9.4 kWh/1)

Data collected Estimated consumption 1 Dic- 1 April

Source Period Consumption Assumptions
[D1] Questionnaires Whole Winter 4 lz;fianndee%as 1)
[D2] Electricity Bills 24 Nov-20 Mar 1840 kWh 3) (Base consumption: 4,16 kWh/day)
[D3] Electricity Bills 12 Dec-11 Apr 863 kWh 3) (Base consumption: 4,16 kWh/day)
[D4] N/A N/A NEGLIGIBLE NEGLIGIBLE
[D5] Natural Gas Bills 18 Dec-17Apr 3600 kWh 2) (Base consumption: 6 kWh/day)
[D6] Electricity Bill Not enough data available
[D7] Natural Gas Bills 15Nov-14Mar 3936 kWh 2) (Base Consumption: 6 kWh/day)
[D8] Natural Gas Bills 15Nov-14Mar 2145 kWh 2) (Base Consumption: 6.7 kWh/day)
[D9] Natural Gas Bills 15Nov-14Mar 3990 kWh 2) (Base Consumption: 5 kWh/day)
[D10] Questionnaires Whole Winter 20 1 kerosene 4)

Table 4. Heating Consumption data collected

Moreover, the fact that not all rooms are heated in some dwellings is another problem to standardize the

heating consumption estimation. As questionnaires and measurements show, in some dwellings only one or

two rooms are heated (D1, D3 and D10, as summarized in the appendix). In order to adequate the

consumption and having a more representative value of kWh/m?, a relation between heat consumption and

real heated area has also been calculated. These values, which are used as a reference to compare the

studied dwelling with others, are presented in Table 5.




Estimated consump. Heated rooms m? (heated Consumpt. Corrected Consumpt.
[kWh] area) [kWh/m2.year] [kWh/m2.year]
[D1] 636 Bedroom (x2), Kitchen 33.87 11.93 18.78
[D2] 1354 Whole dwelling 45.68 29.64 29.64
[D3] 356 Living room 10.31 6.91 34.52
[D4] NA NA NA NA NA
[D5] 2880 Whole dwelling 47.65 60.44 60.44
[D6] Not enough data available
[D7] 3210 Whole dwelling 47.65 67.37 67.37
[D8] 1335 Whole dwelling 68.3 19.55 19.55
[DI] 3385 Whole dwelling 87 38.91 38.91
[D10] 188 Living room 12.6 3.21 14.92
Table 5. Heating Consumption collected and calculation data
4.4.3 IR techniques

Thermal imaging inspection was also carried out during the investigation of two aforementioned
subsystems: Envelope and Building Techniques. Infrared radiation is emitted by all objects above absolute
zero. The IR camera measures this radiation and gives the surface temperature according to the black body

radiation law which have to be corrected with the emissivity for grey bodies.

Thermography allows detecting thermal heterogeneities of the envelope, like thermal bridges, or variations
of the U-Value of different areas of the facades (see Fig. 14). Some aspects which have a strong influence in
IR assessment are [31]: Emissivity (€), Relative Humidity (RH).AT (It is recommended at leasta 10-15 °C
temperature difference between indoors to outdoors when IR analysis is carried out) and Solar Radiation.
IR images must be taken avoiding sunny hours, to avoid the effect of the sun on the walls. In this way, also
the thermal inertia of the walls must be taken into account. Other factors, like distance of the measured
element, air temperature, air relative humidity, wind or reflected temperature have to be considered as

well, especially if quantitative analysis is carried out.

According to these parameters, the infrared thermographs were performed with a FLIR infrared Camera
Model PS60 which has an accuracy of 2% in temperature measuring. The emissivity used in the calculations
has been 0.9 because most of building construction materials has high emissivities, The inspection was
carried out during 2 nights: 28t February 2012 (01.00-04.00 AM) and 2" March 2012 (00.00-01.00 AM).
During the first night collection, the air temperature was 6,5 2C and there was a RH of 88%. During the
second night, the air temperature was 9 2C and there was a RH of 88%. No rains were recorded in the

previous days.
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4.4.4 Thermal comfort

Special attention has been paid in this study to the thermal comfort. Thermal comfort and healthy indoor
environment are two of the most important targets of any construction. In this approach, these aspects have
been included in “Occupants” subsystem. Different factors determine a comfortable environment, such as
air temperature, relative humidity, air movement, human activity and type of clothes, to name some of
them. Predicted Mean Vote (PMV) or Predicted Percentage Dissatisfied (PPD) indexes are used to assess
thermal comfort. PPD is defined in terms of the PMV. PMV depends on activity, clothing, air temperature,
mean radiant temperature, air velocity and humidity [32]. As this long term monitoring study was carried
out in occupied dwellings, there were some limitations with the used instrumentation, and all of the above
mentioned parameters were not registered during the research. For this reason, a simplified method has

been used to assess thermal comfort in dwellings, which is described in section 6.6.

4.4.5 Questionnaires
To complete this study, the occupants of each dwelling filled in some questionnaires during the monitoring
period. The information supplied by the questionnaires is related to occupant behaviour and awareness,

energy consumption, building services, indoor air quality and occupation patterns.

4.5 Data Analysis

Different analyses of the collected data were made according to different moments of the monitoring

period:

e Seasonal values were analyzed for winter (Dec-Mar), tempered season (Apr-May) and summer
(Jun-Aug).

e The coldest period of 15 days, (1-14 February)

e One period of 15 days in Spring.

e The hottest period of 15 days, (8-22 August)

e Short time periods (48h). The hottest (18t-19th August), the coldest (8t-9th February) and

tempered (24t-25t% April) short periods.

These values for each dwelling are provided: maximum and minimum values, average values, standard

deviations and correlations between indoors and outdoors air temperatures.
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5 Results

U-values of dwellings are clearly gathered in two defined ranges. One is the group related to the newest
(Built after 80’s) or energy renovated buildings, which have an U-value between 0.40-0.50 W/m2K. The
other group refers to buildings built before the first thermal regulation (1979) with a U-value between

1.10-1.30 W/mz2K.

As expected there are two clear correlations. First of all the higher AT, the higher the heat consumption. As
it was also expected, when two dwellings with similar heating consumption are compared, the higher AT
corresponds to the lower U-value. This trend is clearly shown in the graph depicted in Fig. 6. A comfort zone
has been assumed to this study. Even though comfort zone in winter is defined between 20 2C and 24 2C by
ASHRAE in [33], the thermal comfort limits are selected according to [22] (18 °C +2 2C) Thus, red lines
represent these comfort limits for winter, which makes 5.832C and 9.832C of AT). AT in this graph is the
difference of the average indoor and outdoor temperatures in winter (see Fig. 8). The time-constant (t) has
been calculated dividing C [J/m2.K] by U [W/m2.K], so 7 is presented in hours [h], according to [34]. This

concept is considered useful in this graph since it encompasses both C and U in only one term.

Heat consumption, U-Value and average AT in studied dwellings
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Fig. 6. Energy performance of the dwellings. Relation between yearly energy consumption per square meter of
heated area, time constant and average AT. (Non available heating consumption data in D6) Outdoor Average:
10.17

However, if only these aspects are taken into account, an unexpected performance of two dwellings could be
deduced looking at this graph: the highest heat consumption in each interval (D5 and D7, respectively)

doesn’t correspond with the highest AT. This point proves that other aspects, such as heat capacity of the
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facade, user behaviour, ventilation, windows quality and opaque walls and windows ratio or thermal
bridges, to name but a few, play an important role in thermal performance in these dwellings. Both
dwellings (D5 and D7) present not only a high U-Value (1.27 W/mZK) but also a low heat capacity value in
facade (180 kJ/m2K), whilst other studied dwellings with low U value in their facades have, however higher
heat capacity (360 kJ/ m2K - 423 k]/ m2K); Differences between D5 and D7 could be explained when

ventilation patterns are born in mind or user behaviour, in general.
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Fig. 7. Comparison of the monthly average temperatures in some studied dwellings.
Thus, these consumption differences should be evaluated and explained analysing more parameters. D3 and
D4 are quite similarly constructed. Their differences can be explained when the used heating system is
taken into account (D4 has no heating system) and when comparing the average monthly indoor
temperatures (Fig. 7). Even using the same heating system (natural gas with high temperature radiators),
significant differences can be found in heating consumption (about 50%), as Fig. 7 shows in graphs for D8

and D9. When D5 and D7 are compared, with similar average indoor temperatures during winter period,
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differences in heating consumption (Fig. 6) can be attributed in this case to occupants behaviour, as

previously said.

6 Analysis of results

6.1 Analysis of annual indoor environment

Social housing sector is a heterogeneous dwelling group when indoor thermal conditions are taken into
account. In the studied group, significant differences are found for the average monthly indoor
temperatures, especially in winter time, when heating systems are used and consequently, heat

consumption is the highest (Fig. 8). This period will be studied in detail later.
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Fig. 8.Maximum, average and minimum monthly indoor temperatures for the 10 studied dwellings.
Fluctuations in indoor temperature are a consequence of several factors, such as the heat capacity of the
building structure, the heating system control or ventilation patterns, to name but a few. Diurnal and
Nocturnal Ranges give an idea of the indoor temperature stability. The ratio of internal to external
temperature fluctuation (At;/At,) shows correlations between indoor and outdoor temperatures, and it will
depend on the dwelling features (Building Techniques, Building Envelope and Energy Systems) and, on the

other hand, on dwelling services and dwelling operation, related to occupant behaviour.

Table 6 shows the nocturnal and diurnal ranges by seasons. The higher diurnal and nocturnal ranges of
indoor temperatures are in winter period, when heating systems are used. The average of diurnal range in
this period is between 3.18 (D2) and 1.16 (D6), whilst the average of nocturnal range is between 3.63 (D10)

and 0.82 (D6). In summertime, instead, these ranges are in general quite smaller, from 3.36 (D2) to about

0.8 (D4 and D6).
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Winter Period (Dec-Mar) Spring Period (Apr-May) Summer Period (Jun-Aug)

Diurnal Nocturnal Diurnal Nocturnal Diurnal Nocturnal

c Range Range Range Range Range Range

(kl/ m°K) (8-20h) (20-8h) (8-20h) (20-8h) (8-20h) (20-8h)
(At) (At) (At) (At) (At) (At)
(To) 5.53 4.01 4.58 4.02 5.19 4.38
D1 463.8 2.14 2.15 1.23 1.33 1.07 0.99
D2 463.8 3.18 2.87 2.53 2.49 3.36 3.68
D3 359.8 3.11 2.99 1.32 1.39 0.91 0.93
D4 359.8 1.19 1.68 1.03 1.46 0.81 1.08
D5 180.0 2.64 2.84 1.98 1.85 2.03 1.80
D6 2384 1.16 0.82 0.89 0.89 0.79 0.85
D7 180.0 2.98 2.55 1.63 1.33 1.03 0.93
D8 189.0 1.79 1.41 1.64 1.12 1.75 1.38
D9 189.0 2.18 1.92 1.43 1.58 1.17 1.27
D10 162.6 2.02 3.63 1.54 1.56 1.11 1.23
Average of dwellings 2.24 2.29 1.52 1.50 1.40 1.41

Table 6. Ratio of internal to external diurnal and nocturnal temperature fluctuation for the studied dwellings
(main room data)

Differences can also be found when the two monitored rooms of the same dwelling are compared, especially
in wintertime. If all rooms of the dwelling are heated by the heating system, nocturnal and diurnal ranges
are similar in both rooms (e.g. D5, average diurnal range is 2.64 in the main room and 2.85 in the bedroom;
and average nocturnal range is 2.84 in the main room and 2.70 in bedroom) When only some rooms of the
dwelling are heated, the differences are quite bigger: in D3 the average diurnal range is 3.11 in the main
room and 1.36 in the bedroom; and the average nocturnal range is 2.99 in the main room and 1.27 in the

bedroom.

These results seem to be contradictory with that mentioned in [22], where it is affirmed that fluctuation
temperature is closely linked to the heat capacity of the structure. However, this phenomenon can be
explained with the fact that both studies have been carried out under different conditions (in this case,
every monitored dwelling has been occupied during monitoring periods, whereas in [22] two dwellings out
of the three were vacant). The way of using the heating system in winter, and ventilation management of
the user in summer (both strategies regarding to occupants’ behaviour) can increase significantly the
indoor temperature range of the dwellings. As a matter of fact, this is proved with the result of diurnal range
of temperatures in D4 in winter, (one of the lowest of the sample), which has no heating system, as well as
in D6, (it presents the lowest temperature range) where the use of the heating system is very occasional,
according to D6 questionnaire. This hypothesis is proved in summer as well. Dwelling D6, which is also the
dwelling with the lowest temperature in summer, is vacant during this period. Other factors, such as the

ratio of area of exposed envelope and dwelling area can complement the explanation of these results. Thus,
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the high values of D2 are also explained due to its location within the building, directly under the roof,
whereas in D1 the effect of high C in the opaque walls could be counteracted by the low quality of the

windows.

Indoor relative humidity (RH) has also been studied. The accepted range of RH for thermal comfort is from
30% to 70% [33]. Therefore, as shown Fig. 9, more than 99% of registered RH data were higher than 30%
in all dwellings. However, the situation changes when the highest limit is observed. In four dwellings, more
than 5% of registered data were out of comfort zone, and two of them gave especially high values: D6
(32.4% of the registered data out of comfort zone) and D7 (46.9% of the registered data out of comfort
zone). Seasonal detailed information is presented in Table 7. The majority of collected data higher than RH

70% correspond to wintertime, except in D7 which has high RH values in every evaluated season.

Relative Humidity. Cumulative Functions
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Fig. 9.Relative Humidity in the Dwellings. Cumulative Distribution Function.

R.H. Dec 2011 - Sept 2012 Winter Tempered season Summer
Measuresup  Measures higher | Measures higher than Measures higher than Measures higher than
to 30% (%) than 70% (%) 70% (%) 70% (%) 70% (%)

D1 0.02% 3.7% 8.1% 0.14% 0.36%
D2 0.00% 16.2% 27.5% 12.1% 3.9%
D3 0.06% 0.3% 0.82% 0.00% 0.1%
D4 0.00% 7.2% 16.2% 0.19% 0.02%
D5 0.02% 4.9% 9.2% 3.5% 0.02%
D6 0.2% 32.4% 63.2% 18.6% 0.81%
D7 0.00% 46.9% 40.6% 58.8% 47.5%
D8 0.00% 3.0% 0.85% 1.76% 6.9%
D9 0.00% 0.08% 0.03% 0.00% 0.2%
D10 0.00% 7.0% 10.1% 2.3% 6.0%

Table 7. Summary of logged RH (%) during the whole period and by seasons: Winter (Dec 2011 - Mar 2012),
tempered season (Apr-May 2012) and Summer (Jun-Jul-Aug 2012)

In occupied dwellings RH is directly affected by natural ventilation (there is no mechanical ventilation in the

studied dwellings). Thus, this parameter can also give information about the ventilation rate, whether it has
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been enough or not. Indoor RH is related to outdoors RH, and with indoor humidity sources like cooking or

human activity. Too high RH values could mean low ventilation rate, as well as low indoor temperatures.
6.2 Winter period

6.2.1 Overall analyisis

Winter period data (Dec 2011-Mar 2012) are presented in this section. Some temperature limits are
defined to evaluate indoor temperatures in dwellings. For winter, thermal comfort limits have been set up
around 18 2C +2 °C based on the research presented in [22]. Moreover, the lowest limit (16 2C) has been

used as a reference in other studies for identifying “cold homes” when standardized temperatures are used
[4].

Average indoor temperature in two dwellings in winter is lower than 16 2C (D4 and D10). For dwellings D1,
D2, D6 and D8 average indoor temperatures are also low (Table 8). The reasons of these low temperatures
can be different in each case: recurring inoccupation of dwelling, inadequate heating equipment control,

building and heating system characteristics, ventilation patterns...

Maximum Minimum Average Range (5C) Stal}de?rd

Temp. (2C) Temp. (°C) Temp. (2C) Deviation
Outdoors 25.80 -0.30 10.17 26.10 3.87
D1 24.46 9.73 16.94 14.73 1.85
D2 22.71 10.79 17.56 11.92 1.32
D3 26.13 14.36 19.35 11.77 1.86
D4 21.27 9.21 14.38 12.06 2.26
D5 23.86 12.94 18.79 1091 1.59
D6 23.69 13.81 17.67 9.88 1.61
D7 22.39 14.27 18.71 8.13 1.25
D8 22.66 11.13 17.70 11.53 1.20
D9 24.22 13.64 20.48 10.58 1.04
D10 23.28 10.52 15.43 12.76 1.68

Table 8. Summary of logged temperatures (2C) in Winter (Dic-Jan-Feb-Mar)
6.2.2 15-day and 48-hour periods
48-hour period and 15-day period analysis (Fig. 10 and Fig. 11 respectively) allows complementing the
information gathered by questionnaires with real data obtained by the thermo-hygrometers. Ventilation
(opening windows) and heating consumption patterns are easily identified in these analyses. Opening
windows in winter are identified in the graphs because RH and temperature drops suddenly. In a similar

way, when heating system is activated, temperature increases and RH drops at the same time. Two
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examples of this behaviour for dwellings D3 (Heating system activation) and D5 (opening windows) are

depicted in Fig. 10.

D3 (1955). D5 (1960).

Fig. 10. 48-h analysis. Identification of heating system activation (left graph) or opening windows (right graph)
These analyses allow also comparing different heating systems, and the way of using them. For example, D1
and D3 use heaters only in some rooms of the whole dwelling. However, the results are quite different in
each case (Fig. 11). Although both dwellings are occupied during the whole day, D1 only have some peaks
with over 16 2C in the heated area and in the 48-hour analysis there is a minimum of 12 2C (in that moment,
windows are open), whilst D3, a dwelling heated by a 2kW electric heater located in the living room, has a

significant amount of logged data over 20 2C in the heated area.

Several differences can also be found in the evolution of non-heated area temperatures in these dwellings.
D4 (with no heating system) has a very low temperature during the coldest period. Temperature in the
whole dwelling is stable and the same in the two studied points, and small peaks appear in the main room,
due to the use of a small heater, whose consumption has been neglected in energy consumption estimations.
Dwellings with natural gas and one radiator in each room have smaller temperature differences in the
whole dwelling during the day (e.g. in D5 natural gas heating system with one heat radiator in each room is
used. The system is commanded with a thermostat located in the living room). Energy consumption for
heating is usually higher in these dwellings, but the whole dwelling works closer to comfort levels.
Temperatures are similar in every room, and small variations are due to different ventilation patterns in

each room.
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Fig. 11. Indoor RH and Temperature and outdoor temperature for D1, D3, D4 and D5 dwellings during 15-day
period in winter.

In this analysed 15-day period, the 4 dwellings (D1, D4, D6 and D10) have an average temperature below

16 2C and only one dwelling (D9) have an average temperature higher than 19 ¢C (Table 9)

Maximum Minimum Average Range (<C) Starllda}rd

Temp. (°C) Temp. (°C) Temp. (°C) Deviation
Outdoors 12.10 -0.30 5.08 12.40 2.54
D1 19.01 9.73 14.38 9.28 1.55
D2 21.10 12.99 16.95 8.11 1.43
D3 25.72 15.51 18.46 10.21 1.99
D4 1391 9.21 10.57 4.69 0.76
D5 23.16 12.94 18.38 10.22 1.97
D6 17.68 13.81 15.04 3.87 0.84
D7 22.39 14.27 18.86 8.13 1.52
D8 18.60 12.85 16.75 5.76 0.92
D9 24.22 14.96 20.24 9.26 1.01
D10 22.32 10.52 14.81 11.81 1.97

Table 9. Summary of logged temperatures (2C) in the 15 coldest days (1-14 Feb 2012)
6.3 Summer period

In order to assess the thermal behaviour of each building without any heating or cooling system, monitoring
measures have also been carried out in summer, from June to August 2012. As it was expected in this
climatic area, indoor thermal comfort is satisfactory without any cooling systems,. As shown in Table 10, the
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range of indoor average temperatures is between 6.82 (D7) and 12.34 (D2), with a standard deviation
between 1.31 (D7) and 1.86 (D4). These data show the capacity of these dwellings to attenuate the impact

of the diurnal summer thermal variations.

Maximum Minimum Average Range (2C) Starlldallrd

Temp. (°C) Temp. (°C) Temp. (°C) Deviation
Outdoors 36.90 12.40 20.35 24.50 3.53
D1 28.64 17.80 23.81 10.85 1.60
D2 29.12 16.77 23.87 12.34 1.70
D3 28.15 20.75 24.06 7.40 1.43
D4 29.99 20.25 24.32 9.75 1.86
D5 30.14 19.75 24.54 10.40 1.43
D6 28.72 20.32 24.62 8.40 1.78
D7 26.97 20.15 23.25 6.82 1.31
D8 29.57 18.89 22.99 10.68 1.38
D9 27.85 20.60 24.72 7.25 1.43
D10 26.72 18.46 23.27 8.26 1.42

Table 10. Summary of logged temperatures (2C) in summer (June-August)

D1(1921). D1(1921).

D4 (1955). D4 (1960).
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Fig. 12. 15-day and 48-hour period (the hottest period) analyses for D1, D4 and D5 in summer.
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For this period, indoor temperatures are evaluated in detail as well (Fig. 12). Thermal comfort limits have
been set up with a maximum value of 28 2C. Even during the hottest period of the year, an optimised
management of occupants (reduction of solar gains during day time and natural cooling at night) ensures a
proper thermal regulation. This regulation is achieved thanks to the specific architectural designs of these
dwellings, especially because its indoor distribution allows a cross ventilation and thermal draught created

by existing temperature gradients between opposite fagcades, which allows adequate natural ventilation.

6.4 Spring period (tempered season)

Tempered season data (April-May 2012) have been assessed as well. Similar methodology has been
followed to analyse these data. In this period, only in one dwelling (D10) the average indoor temperature is
lower than 18 2C. The other dwellings have average temperatures between 18.15 2C (D4) and 21.19 C

(D9). Standard deviations in this period are in general quite higher than those obtained in wintertime.

Regarding to 15-day and 48-hour period analyisis, although indoor thermal conditions between the
dwellings are similar in this period, still several significant differences can be found. Some dwellings used

the heating system during some days of this period.

6.5 Thermal imaging inspection

To analyse the heat consumption of a dwelling, another issue to take into account is the impact of thermal
bridges. According to diverse consulted bibliography, the impact of thermal bridges on heat consumption
can vary from 5% [35] (insulating the exterior of the building envelope) to 39% [36] (in many insulated

single family houses with bad thermal bridge treatment).

Despite the complexity to carry out an accurate quantitatively IR inspection, the temperature profile in the
thermal bridge created in the slab face of each building has been analysed, as shown in Fig. 13. The
minimum temperature in the external surface of the fagade (Tmin) corresponds to a point far away from the
thermal bridge, where the heat flux is supposed to be one-dimensional. The difference between the
minimum and the maximum temperature (AT) indicates the level of the impact of the slab face thermal

bridge. The higher AT, the higher the thermal bridge impact is.
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Fig. 13. Temperature profile in the slab face thermal bridge of dwelling D2.
The lowest difference of surface temperature (AT) has been found in the buildings corresponding to
dwellings D3 and D7 (0,7 2C), whilst the highest AT was registered in the facade of D2 (3,3 2C). The possible
effect of thermal bridges over the global thermal performance of the dwellings is not very well defined
when these results and indoor temperatures or consumption in each dwelling are assessed together, due to
the fact that the effect of other variables such as opening windows patterns, (see Fig. 10) make negligible
the impact of thermal bridges. In this case, the fact that dwellings have been occupied during the monitoring
period is a handicap to evaluate this effect. Studying quantitatively the thermal bridges effect on a dwelling
requires to limit the effect of human behaviour, either by means of simulations, or by carrying out the study
in vacant dwellings, since factors manipulated by the user (such as heating temperature set point,
ventilation rates or internal gains) have a strong influence on the thermal gradient between indoors and

outdoors. This fact can vary the AT value of a thermal bridge.

Fig. 14. Thermographs of some buildings studied (a) D2; (b) D3; (c) D5; (d) D8.
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6.6 Indoor thermal comfort and risk of cold homes

Due to the fact that some of the logged temperature data in winter are much lower than expected, a study
has been developed in order to evaluate indoor thermal comfort in winter, and the risk of cold homes.
Thermal comfort is defined by ISO 7730 ([32]) as the mental condition expressing satisfaction with thermal
environment. As it has been mentioned in section 4.4.4, recording all these parameters has not been
possible. For this reason, an approximation based on the statistical analysis has been made, following the

procedure presented in [22].

Cumulative distribution functions (CDF) were obtained with the series of registered temperatures in the
studied dwellings during winter period, from 1st of December 2012 to 1st of April 2012 (Fig. 15). Significant
differences can be found when CDF are compared. About 80% of the registered data in D4 in winter is lower
than 16°C. On the other hand, in D9 the share of the registered data below 16°C is negligible, almost 70% of
the time the temperature is over 202C, which could suggest that reducing the set point temperature would
reduce energy consumption without reducing indoor environment comfort levels. CDF of D10, D1, D2 and
D5 are also presented in Fig. 15. CDF of D2 shows a balanced indoor temperature management, where less

than 5% of the registered data is below 162C and less than 5% of the registered data is over 202C.

A summary of logged temperatures according to these criteria is presented in Table 11. In this table the
thermal performance of D4 must be highlighted. It is not only the coldest dwelling in winter, but also one of
the dwellings with higher temperatures in summer (see Table 10) if it is compared to other dwellings. D6
logged high temperatures in summer, but this is due to the fact that the dwelling was empty during this
summer period and thus, there was no ventilation during this period. D5 presents higher temperatures over
the whole year. Thermal performance of D4 could be explained because the high U-value of its fagade and

especially because it is located in the upper floor of the building and the U-Value of its roof is too high.
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Fig. 15. Cumulative Distribution Function of 6 studied dwellings in winter (D4, D10, D1, D2, D5 and D9).

Winter Tempered season Summer
Measures Measures over Measures Measures over Measures Measures over

below 16 °C 20°C below 16 °C 202C below 20 °C 282C
. 94.67% 1.41% 69.96% 10.43% 52.00% 3.43%
D1 24.6% 5.68 % 11.69% 41.69% 0.20% 0.02%
D2 9.06% 4.94 % 3.13% 39.77% 2.42% 0.17%
D3 0.83% 30.25% 1.15% 49.24% 0.00% 0.00%
D4 81.86% 2.27% 33.15% 29.33% 0.00% 1.36%
D5 0.94% 29.20% 0.00% 52.53% 0.00% 2.33%
D6 12.92% 5.96% 0.14% 46.69% 0.00% 5.07%
D7 1.09% 16.99% 0.31% 26.94% 0.00% 0.00%
D8 5.20% 4.75% 0.92% 30.26% 0.28% 0.03%
D9 0.26% 71.85% 0.00% 76.58% 0.00% 0.00%
D10 65.90% 1.13% 25.41% 18.27% 0.08% 0.00%

Table 11 Summary of logged temperatures in the main room (%) in winter (Dec 2011 - Mar 2012), tempered
season (Apr-May 2012) and summer (Jun-Jul-Aug 2012)

These CDF analyses give quantitative information, but they don’t describe the temperature evolution inside

the dwellings. As described in [22] the difference between indoor and outdoor temperatures against

outdoor temperature is analyzed (Fig. 16). The thermal comfort zone is marked in these graphs, so as to

identify which measures are in the thermal comfort zone and which measures are not. The graphs also
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show the share of measures which are below 16 ¢C. Previously mentioned thermal comfort limits are

selected (18 2C £2 2C) according to [22].

The CDF temperature in winter gives an idea of the heating system usage. Differences between D4, (where
more than 80% of the measured temperatures are below 16 2C), and D9, (where more than 99% of
measured temperatures are higher than 16 ¢C), are clear. In this case, one of the most influential factors is
not the building envelop, the energy system or the building techniques but the building operation (i.e. the

way that occupants use and manage the building) and specially, the way the heating system is used.

Indoor-Outdoor Temperature (#€)

s ° s 10 15 ) 3 N\
Outdoor Temperature (%) N

s ) s 10 15
Outdoor Temperature (°C)

Fig. 16. Indoor-Outdoor temperature against outdoor temperatures in wintertime. (D2 and D4).

7 Discussion

7.1 Overall discussion of the results

Thermal behaviour of dwellings can be explained only when the building is studied under a global
approach. In the case of the analyzed dwellings, occupants’ behaviour (as affirmed in [37]) plays an
important role in indoor thermal characteristics, moreover in summertime. In most of the studied cases, it
can ensure a thermal regulation thanks to specific architectural design of the dwellings: crossing
distribution of the indoor environment, distribution of rooms according to its uses and orientations or
indoor distributions which allow natural ventilation. Thus, following the approach presented in Fig. 1, the

results obtained may be summarized in the following points:

Outdoor environment and site. The studied dwellings are located in an area with a tempered climate,

although sporadically peaks of temperature (both high and low) could be registered.

Heating systems. In the majority of the analysed dwellings the heating system efficiency could be improved,

especially in rented ones, where the occupants usually decide not to invest on an efficient heating system.
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Building envelope. In many dwellings windows have been replaced at least once, and “Bilbao Social
Housing”have promoted and developed plans in this way, usually acting not on a building scale, but on a
dwelling scale. However, there is still a great number of buildings and dwellings with envelopes displaying a

poor thermal performance.

Building Techniques. The effects of the thermal bridges have not been appreciated due to their low impact

compared to other effects, such as ventilation patterns, as it has been described in section 6.5.

Indoor design. In general, studied dwellings present a good indoor design, with crossing indoor distribution,

adapted to uses and orientation.

Occupants. Occupation patterns, ventilation patterns or ways of using the heating system have a high
repercussion in the comfort and in the energy consumption. This can be observed in Fig. 11, where the
measured temperature profiles in three dwellings during two weeks in February are presented. The
differences are not only in the heating system fuel, but also in ventilation patterns. In this way, strategies for

increasing the occupants' awareness are recommended to be developed.

7.2 Remarks on indoor comfort

7.2.1 Winter period

As summarized in Table 8, four of the studied dwellings have an indoor average temperature lower than 16
2C during the coldest period in winter, and two of them present an average temperature lower than 16 2C
when the whole winter is analyzed. On the contrary four dwellings have an average temperature over 18 °C.
In three of these four dwellings (D5, D7 and D9), the occupants are the owners. In the fourth one, although
the average indoor temperature is higher than 18 2C, it is quite unstable. These three dwellings are the only
ones which have natural gas based heating system, and the household incomes of these dwellings are also
the highest of the ten studied cases. Other studies have also demonstrated that amongst other factors,

household incomes and energy consumption and therefore, indoor comfort at home, are closely linked [38].

The majority of the analyzed dwellings have lower energy consumption than expected. This is not due so
much to the building thermal performance itself, but to the indoor temperatures which take in some cases

very low values.

Improving the thermal performance of the stock of social dwelling not only must aim at reducing energy

consumption, but also at improving indoor comfort. For that reason, when the effectiveness of a renovation
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in a social dwelling is evaluated, indoor environment parameters, such as indoor temperature and RH, must
be taken into account. The improvements on the indoor comfort should be considered as positively as
energy savings itself. Factors which are out of the scope of our study, such as health and social factors will

also be benefitted through a proper renovation of social dwellings.

7.2.2 Summer Period

Indoor conditions in summer have also been considered in this study. Similar methodology to the one used
in section 6.6 to evaluate indoor comfort in winter could be followed to study the indoor thermal comfort in
summer. In this case, it has not been accomplished because the registered indoor temperatures in summer
are in general quite comfortable, rarely higher than 28 2C even during the hottest days of the year, as

expected in this climatic area.

8 Conclusions

In order to establish a good energy renovation strategy of the building stock, and to consider different
priority criteria, it is necessary to have accurate data on the thermal performance of the building stock. This
paper has shown a methodology for studying thermal performance of social dwellings based on a long term
monitoring of 10 dwellings. Collected data have been used to define general trends on energy consumption
and thermal performance of social housing sector, as well as enough data to define the operation conditions
in social dwellings, based on this field study, and not in standards. Significant differences have been found
comparing standard operation conditions and operation conditions based on gathered measurements. This
study also provides qualitative and quantitative characterization of ten reference dwellings, representative

of the Social Housing Sector in Bilbao.

The field investigation shows that energy consumption of these social dwellings is lower than expected. In
section 6.2 has been shown that this situation is not due that much to a good thermal performance of the
studied dwellings, but to a lowering of the indoor comfort levels, and low indoor temperatures in winter.
This way, future energy retrofitting strategies will have to bear in mind this aspect when their effectiveness
will be assessed. That is, sustainability on building renovations does not have to be evaluated only in terms
of energy savings, but also under economic and social criteria. The aim of reducing cold homes (and this
way the risks which they involve) must be considered as important as energy savings themselves, especially

in social housing sector.
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Differences on energy consumption for heating have been found amongst the studied dwellings. Those
differences can only be explained properly when all subsystems and their interactions are considered in the
study. Especially important is the indoor average temperature required by the occupants in winter, which is
closely linked to household incomes. The highest indoor temperatures have been found in the dwellings
with higher household incomes. These differences on indoor conditions also depend on the heating system
and its use, as described in section 0. It proves the heating system influence on the indoor thermal comfort,

both the kind of heating system itself and the use of it given by the occupant.

It could be interesting to carry out further researches about the influence of the occupants on energy
consumption and indoor comfort. Many aspects which are strongly dependent on the occupants, such as the
mentioned heating system usage, ventilation patterns, set point temperatures or closing the window

shutters at night, involve great variations on the final energy consumption of a building.

The study also shows that the majority of dwellings have a good design, which can allow thermal regulation
by means of the occupants’ adaptive behaviour. Energy renovations in social dwellings in this city has to be

leaded mainly to improve energy systems and building envelope, both walls and windows if necessary.

It is necessary to investigate accurately the different types of social dwellings before any retrofitting
intervention, according to the classification previously mentioned. The best retrofitting strategy for
improving thermal performance of a building constructed in 1920, with high thermal mass in facade will be

different than the best one for a building constructed in 1960 with a light facade.

In this research, a sample of ten different dwellings has been studied. Some of them present a low U value in
facade, some of them present a high C in facade, and two of them present high U value and low C in fagade at
the same time. However, none of them have a fagade with both low U-Value and high C. It could be

interesting to study the thermal behaviour of a dwelling with these features in further researches.

Finally, in another research line, the risk of cold homes in Spain is a factor to be taken into account.
Although this problem could seem to be only linked to northern countries, this research has shown that, at
least in social housing sector, cold home is a real problem. This problem will be aggravated in the near
future due to the economic crisis and the steady increment of the energy prices. More studies focusing on

cold home concept should be carried out.

29



In short, social dwelling stock is one of the sectors with more risk of energy poverty. Hence, social housing
stock, especially those built before 1980, should be a priority in energy renovation strategies, both due to its

potential of improvement and the need to fight against the risk of fuel poverty and cold homes.
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10 Appendix

A summary of geometrical and other features of the heating area in each studied dwelling are presented in

Table Al.
Geometrical features of the heated areas
T—— — — > ee————
=
L] f
3 : i
‘ Hl' ﬂ ‘
—I | |
D1 D2 D3 D4 D5
o ——T — — -
[ ’ [LJL i g ¢] (U:
P @t - T '
n ,
( 7{ e - 7;‘ : | i
D6 D7 D8 D9 D10
m? fagade ( of heated area) EF m?2 fagade ( of heated area) EF
Apartment Facade:
32.5 (Fagade) .
6.5 (Windows; 20%) Apartment Fagcade:
[D1] 1.67 [D6] 27.9 (Fagade) 1.43
Heated Area Facade: 7 (Windows; 25%)
22.5 (Fagade) ! 0
4.5 (Windows; 20%)
Apartment Facade: Apartment Facade:
29.75 (Facgade) 41.25 (Facade)
5.55 (Windows; 20%) 10.23 (Windows; 25%)
e Heated Area Facade: 151 [D7] Heated Area Facade: 116
29.75 (Facade) 41.25 (Facade)
5.55 (Windows; 20%) 10.23 (Windows; 25%)
Apartment Facade: Apartment Facade:
35 (Fagade) 46.8 (Fagade)
8.75 (Windows; 25%) 11.5 (Windows; 25%)
[D3] Heated Area Facade: 1.37 [D8] Heated Area Facade: 171
7.5 (Fagade) 46.8 (Fagade)
1.95 (Windows; 26%) 11.5 (Windows; 25%)
Apartment Facade:
42.9 (Fagade)
Apartment Facade: : . oco
[D4] 35 (Facade) N/A | [D9] 10.7 (Windows; 25%) 159
8.75 (Windows; 25%) Heated Area Facade:
' ’ 42.9 (Fagade)
10.7 (Windows; 25%)
Apartment Facade: Apartment Facade:
41.25 (Fagade) 35.9 (Fagade)
10.23 (Windows; 25%) 7.7 (Windows;21%)
[D5] Heated Area Facade: 116 Ay Heated Area Facade: 0.86
41.25 (Fagade) 14.95 (Facgade)
10.23 (Windows; 25%) 2.72 (Windows; 18%)

Table Al. Geometrical features of the heating area in each dwelling. (EF: Envelope Factor= m2 heated area /m?2

facade of heated area)
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Appendix 5.1. Combinations of TRNSYS model

Capacity [kJ/K] Infiltrations [ren/h] Coupling Air Flow [kg/h] Adj. Dwellings' teperatures [2C]
Rl R2 R3 LR Dwelling Staircase B1P3A B1P5A B1PAB

MVl 82 100 164 450  0.05 Ao e feeRiE e 17 16 No heating
R1. R2:40

MV2 140 180 240 550  0.05 5 sl 17 16 No heating
R1.R2:40

MV3 82 120 164 900  0.15 5p e aiReatiRA0 17 16 No heating
R1. R2:60

MV4 100 120 164 750  0.15 30 B ESENRLO 17 16 No heating
R1. R2:60

MV5 100 120 164 750 02 G et 17 16 No heating
R1.R2:60

MV6 100 120 164 750 0.2 S0 b B L LR M E b 16 No heating
R1. R2:60 5-5: OFF

MV7 100 120 164 1500 0.2 30 e R SGE g 16 No heating
R1. R2:60 S5 162

MV8 100 120 164 750 0.2 ag o086 M2 16 No heating
R1. R2:60 55167

MV9 100 120 164 750 0.1 Go e e ahee 16 No heating
R1. R2:60 55 162

MV10 100 120 164 650 0.1 5o dsiREEa L0 L0 M E 1S 16 No heating
R1.R2:60 5-5:16.2

MV11 100 120 164 650 0.1 qg 0P ERDRLI St 16 No heating
R1. R2:80 S5 162

MV12 100 120 164 650 0.1 g e BIARORZSDRLGSE ks = NE 1 16 No heating
R1. R2:80 5-5:15.3

e 100 b ded e o o \R-RBA0RIIGRI0SC 22 MFI65  MEI6
R1.R2:100 M-F:14.9 M-F:14.4

e o \R-B3AORIIGRIOSC 22 MFI65  MFI6
R1. R2:100 M-F: 149 M-F:14.4

MV15 100 120 164 650 0.1 10 :;';' ';iiigg; Beabi 080 88 hesting o lheating. NoHeating

Selected model: MV14
R1: Roem 1; R2: Room 2; R3: Room 3; LR: Living Room; SC: Staircase

Fig. A.5.1. 1. Configuration of the parameters of the last fifteen evaluated models
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Appendix 5.2. Residual analysis of validation model
results

The residuals from a fitted model are the differences between the responses observed
and the measured data. In addition to qualitative analysis of the residuals carried out
analyzing the graphs, a single quantitative analysis was also developed. Thus, average of
absolute value of residuals, average of real value of residuals, standard deviation and
normal distribution of data corresponding to each air node and average dwelling were

analysed for each model.

Analysis of Residuals
( Al?sv.e\;:l%lees) (R(?J%ZEF &) Standard Desv.  Normal Distribution
Vi Dwelling 0.45 0.11 0.53 041
R1 0.44 -0.08 0.52 0.56
R2 0.38 0.04 0.49 0.46
R3 0.76 -0.70 0.55 0.90
Living 0.57 0.03 0.68 0.48
V2 Dwelling 0.44 0.11 0.52 042
R1 0.42 -0.09 0.50 0.57
R2 0.38 0.04 0.48 0.47
R3 0.75 -0.71 0.54 091
Living 0.54 0.02 0.65 0.49
V3 Dwelling 0.54 0.41 053 022
R1 0.46 0.29 0.50 0.28
R2 0.49 0.37 0.49 0.22
R3 0.51 -0.29 0.54 0.71
Living 0.58 0.24 0.66 0.36
V4 Dwelling 0.51 0.34 0.52 0.25
R1 0.43 0.06 0.53 0.46
R2 0.43 0.25 0.49 0.31
R3 0.49 -0.29 0.52 0.71
Living 0.55 0.23 0.64 0.36
V5 Dwelling 0.62 0.54 0.53 015
R1 0.46 0.18 0.54 0.37
R2 0.50 0.39 0.50 0.22
R3 0.45 -0.10 0.53 0.58
Living 0.65 0.46 0.64 0.24
Vé Dwelling 0.59 0.51 051 016
R1 0.43 0.17 0.52 0.37
R2 0.47 0.37 0.47 0.21
R3 0.44 -0.13 0.50 0.60
Living 0.61 0.42 0.63 0.25
v7 Dwelling 0.50 0.36 0.49 023
R1 0.42 0.11 0.51 0.41
R2 0.43 0.30 0.46 0.26
R3 0.43 -0.26 0.46 0.71
Living 0.50 0.22 0.58 0.35

Table A.5.2. 1. Some statistical values of obtained residuals (V1-V7)
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Analysis of Residuals

Average Average

(s Veles) (Rl Talnes) Standard Desv.  Normal Distribution

e Dwelling 0.52 0.37 0.51 0.23
R1 0.43 0.11 0.53 0.41
R2 0.45 0.30 0.48 0.26
R3 0.47 025 0.51 0.69
Living 0.55 0.24 0.63 0.35
V9 Dwelling 0.44 0.18 0.50 0.36
R1 0.43 -0.08 0.52 0.56
R2 0.37 0.10 0.47 0.41
R3 0.56 -0.45 0.50 0.81
Living 0.52 0.04 0.62 0.48
V10 Dwelling 045 0.22 0.51 0.33
R1 0.43 -0.06 0.52 0.55
R2 0.38 0.13 0.47 0.40
R3 0.53 -0.39 0.51 0.78
Living 0.54 0.09 0.64 0.44
Vi1 Dwelling 0.43 0.16 0.50 0.37
R1 0.43 -0.09 0.51 0.57
R2 0.37 0.08 0.47 0.43
R3 0.56 -0.46 0.50 0.82
Living 0.53 0.03 0.62 0.48
V12 Dwelling 0.44 0.21 0.50 0.34
R1 0.43 -0.07 0.51 0.55
R2 0.37 0.10 0.47 0.41
R3 0.54 -0.42 0.50 0.80
Living 0.53 0.09 0.62 0.44
V13 Dwelling 0.56 0.48 0.49 017
R1 0.42 0.12 0.51 0.41
R2 0.42 0.29 0.46 0.26
R3 0.44 0.16 0.50 0.63
Living 0.59 0.41 0.62 0.25
V14 Dwelling 0.39 0.16 0.46 0.36
R1 0.45 -0.27 0.46 0.72
R2 0.34 -0.02 0.43 0.51
R3 0.55 -0.47 0.46 0.84
Living 0.50 0.11 0.59 0.43
V15 Dwelling 0.85 0.83 0.60 0.08
R1 0.48 0.27 0.55 0.31
R2 0.59 0.55 0.52 0.15
R3 0.50 0.19 0.60 0.38
Living 0.93 0.86 0.74 0.12

Table A.5.2. 2. Some statistical values of obtained residuals (V8-V15)
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Appendix 7.1. Energy, economic and environmental
criteria description

1 Energy Analysis

Energy efficiency is usually measured by energy savings, i.e. the different of yearly
energy consumption before and after ESM implementation (for a typical year and under
the same operating conditions). Three different values are presented for each ESM:
annual energy demand, annual energy demand savings and annual primary energy (PE)

savings.
1.1 Energy demand

Values of annual energy demand of the building were calculated for each of the 64 ESM
scenarios presented in this chapter. These values were directly obtained from TRNSYS

simulations and presented in kWh.
1.2 Savings of energy demand

Once obtained by TRNSYS the energy demand values before and after the renovation,
also the savings of energy demand are presented for each scenario, calculating the

energy difference in kWh, between both situations.

2 Economic Analysis

Several evaluation methods exist to evaluate the economic performance of an ESM, such
as Payback Period, Net Present Value, Internal Rate of Return and ratio of savings and

investment, to name a few.

Some parameters must be taken into account for the analysis of mentioned attributes.
The most basic ones are the investment (I), which is paid a single time in the beginning
of the lifespan of the ESM [€], and savings or avoided costs (S) which are obtained in a
yearly basis [€/year].
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The assumed capital investment for each ESM has been already presented in section 4.
Yearly savings are closely linked to the energy savings obtained by simulations. In order
to calculate energy consumption savings (only energy demand values were calculated in
the first simulations) a standard heating system with natural gas boiler, with a
harmonized energy efficiency of 0.9 [118] was assumed. Thus, savings are calculated

according to Eq. 44.

S7frw. =MHs " (ED7.o.o.o. - ED7.f.r.w.) “Cya. Eq. 44

Where S7¢rw. are savings per year [€/year] or the specific ESM combination, nus is the
harmonized energy efficiency of the assumed heating system, ED700.0. is the yearly
energy demand calculated by TRNSYS for the base case, ED7¢rw. is the yearly energy
demand calculated by TRNSYS for the specific ESM combination, and cng. is the natural

gas cost.
2.1 Payback Period

The payback period is defined as the period of time required for the return on an
investment to repay the sum of the original investment. It can be calculated a simple
payback period or a depreciated payback period. Simple payback period does not take
into account the time value of money, as it is calculated as described in Eq. 45.

PPyypge = =L
Simple ™ g1€/year]

Eq. 45
The Depreciated Payback Period (DPP) constitutes a variant of the PP. As the PP, this
method determines the number of years that are required until the investor recovers
the initial investment, through net cash flows that are expected as a result of the
investment (in this case, yearly savings S,). However, DPP takes also into account the
cost of capital r and it is calculated as presented by Eq. 46.

—In (1 — rS_nI)

In(1+r)

DPP = Eq. 46

Where LS is the assumed lifespan of the ESM, and r is the mentioned cost of capital [%].

Similarly, net cash flows (in the case study, yearly savings) can be assumed as constant

or variable. On the first case, it can be assumed they remain constant for every & On the
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second case, however variations connected to expected increase of the natural gas cost

can be assumed.
2.2 Net Present Value (NPV)

The NPV sums the initial capital investment and the present net cash flows over the
lifespan of the ESM. Bearing in mind that no maintenance costs are assumed in this

study, the only cash flow is the yearly savings. Therefore, NPV is calculates as follows:

LS
Sn
NPV:—I+Zm Eq47
n=0

Where nis the time period and S, are the savings for year n. If only economic criteria is
taken into account, an investment should be realised only if NPV>0, whilst in case

different ESM are compared, the best of them would be the one with the highest NPV.
2.3 Internal Return Rate (IRR)

IRR calculation is based on Eq. 48. This method aims at the determination of the
discount rate r that renders the present value of future discounted cash flows of an
investment (yearly savings) equal to the initial investment, i.e. IRR determines the r that

involves that NPV equals 0.

LS
NPV = 1+Z S =0 Eq. 48
- AT B
n=

Hence, IRR constitutes the highest interest that can be paid for finding the capital that is
required for an investment. Thus, an investment is attractive when IRR is greater than
the minimum acceptable interest rate, or than r. The higher IRR is, the more attractive

investment is.
2.4 Savings to investment ratio (SIR)

This parameter is calculated by dividing the present value of the future inflows (yearly
savings) for the years of the evaluation (lifespan), by the present value of the future

outflows (investment and costs) for the same period, as described in Eq. 49.
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LS Sn
01 +1)"
SIR = —( ) Eq. 49
Zn o (1 + r)n

Where S, are the savings for the year n, and c, are de cost for the year n. Since not
maintenance costs were assumed in this work, and then, the cost of each ESM is just the

initial investment I, Eq. 49. can be simplified as follows:

Znzo (1:|g-—r)" Eq. 50
SIR = —
When the present value of inflows (the sum of yearly savings) is equal to the initial
investment, i.e. NPV =0, then SIR=1, while if it is greater (smaller) then SIR >1 (SIR<1).
Thus, under the SIR point of view, the higher SIR is obtained for a specific ESM, the more

attractive the ESM is.
2.5 Energy savings to investment ratio (ESIR)

Similarly to previous SIR, other reference value can be evaluated for assessing and
comparing different ESM, which is the yearly energy savings to investment ratio
[kWh/€], which refers the amount of yearly energy savings per invested euro. It is

calculated as follows:

S
ESIR = % Eq.51

In this case, the higher ESIR is, the most attractive the investment is.

3 Environmental Impact

Environmental impact of an ESM can be measured by means of different parameters,
such as depletion of ozone layer, acidification or CO2 emission equivalent. The analysis
also can be focusing on different stages (impact reduction by reduction of energy use,
environmental impact of the renovation process regarding to material manufacturing

and transport...).

In this case, COz emission equivalent of the building energy use for each ESM
combination is presented, and so, the environmental impact is evaluated by means of

avoided COz emission equivalent for each case.
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Avoided CO: emission equivalent is calculated by subtracting the CO: emission
equivalent obtained for each combination to CO; emission equivalent of the base case.
CO2 emission equivalent is calculated using the conversion factor corresponding to each

energy source (in this case, natural gas), as presented in Eq. 52.

COjee = Edem,7.f.r.w. - Fem,NG Eq. 52
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Appendix 7.2. Energy, economic and environmental

values of the evaluated ESM combinations

1 Energy and Environmental values

44 0LTT 66'0T 96°L 6971 LS'TT (80T 8L 9Tl PUTT 0T vyl pS0T or'6 8L'8 88'S

sgulaes 'ba 70D
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® Energy retrofits in social housing

Ingeniaritza Goi Eskola Teknikoa . . .
Escuela Técnica Superior de Ingenieria AnaIySIS OfItS thermal behaviour
Bilbao Jon Terés Zubiaga

2 Economic values

ESIR value for each combination is presented in Fig. A.7.1. 2. In Fig. A.7.1. 3, IRR set

values is depicted, by its maximum, minimum and average value for each combination.
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Fig. A7.1.2.ESIR
IRR
B0
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Fig. A.7.1. 3 Maximum, minimum and average IRR values

Economic values for each assessed scenario are presented in the following charts.
Mentioned values are presented in two graphs and one table for each model. The first
graph depicts the NPV during the considered lifespan (30 years). Moreover, this graph
also depicts the depreciated payback period (DPP) of each scenario, which is the point

when NPV becomes 0.

Second graph depicts the SIR for each scenario, depending on the r and yearly increasing

of natural gas cost (%) assumed, whereas IRR values related with mentioned

parameters are presented in the table.
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= Combination 7.1.0.0.

ESIR: 4.70 kWh/€

NPV (& DPP). Combination 7.1.0.0.

S10000 -~ - - oo oo ooooooooooooooooo-
1234567 89101112131415161718192021222324252627282930
Years
———7.1.0.0. (r=7; C=0) s 7.1.0.0. (r=7; C=4) - = =7.1.0.0. (r=7; C=8)
—7.1.0.0. (r=8; C=0) e 7.1.0.0. (r=8; C=4) - = =7.1.0.0. (r=8; C=8)
——7.1.0.0. (r=5; C=0) e 7.1.0.0. (r=>5; C=4) = = =7.1.0.0. (r=5; C=8)
7.1.0.0. (r=6; C=0) 7.1.0.0. (r=6; C=4) 7.1.0.0. (r=6; C=8)
———7.1.0.0. (r=4; C=0) 7.1.0.0. (r=4; C=4) 7.1.0.0. (r=4; C=8)
—7.1.0.0. (r=0; C=0) e 7.1.0.0. (r=0; C=4) - = =7.1.0.0. (r=0; C=8)
SIR (Combination 7.1.0.0)
18
16
14
12
10
8
6
4
2
0
r=6
IRR 7.1.0.0. r=0 r=4 r=5 r=6 r=7 r=8
AC:0 35.32% 30.11% 28.87% 27.66% 26.46% 25.29%
AC:4 40.24% 34.85% 33.56% 32.30% 31.07% 29.85%
AC:8 44.49% 38.94% 37.61% 36.32% 35.04% 33.79%
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= Combination 7.2.0.0.

ESIR: 4.45 kWh/€

NPV (& DPP). Combination 7.2.0.0.

1234567 8 9101112131415161718192021222324252627282930

Years
—7.2.0.0. (r=7; C=0) e 7.2.0.0. (r=7; C=4) = = =7.2.0.0. (r=7; C=8)
—7.2.0.0. (r=8; C=0) e 7.2.0.0. (r=8; C=4) - = =7.2.0.0. (r=8; C=8)
———7.2.0.0. (r=5; C=0) e 7.2.0.0. (r=5; C=4) - = =7.2.0.0. (r=5; C=8)
7.2.0.0. (r=6; C=0) 7.2.0.0. (r=6; C=4) 7.2.0.0. (r=6; C=8)
——7.2.0.0. (r=4; C=0) 7.2.0.0. (r=4; C=4) 7.2.0.0. (r=4; C=8)
———7.2.0.0. (r=0; C=0) e 7.2.0.0. (r=0; C=4) - = =7.2.0.0. (r=0; C=8)
SIR (Combination 7.2.0.0)

2D e

AC:0|AC:4|AC:8 | AC:0|AC:4 | AC:8|AC:0|AC:4|AC:8|AC:0|AC:4|AC:8|AC:0|AC:4 | AC:8

r=0 r=6 r=8

IRR 7.2.0.0. r= r=4 r=5 r=6 r=7 r=8
AC:0 32.86% 27.75% 26.53% 25.34% 24.17% 23.02%
AC:4 37.67% 32.37% 31.11% 29.88% 28.66% 27.47%
AC:8 41.79% 36.33% 35.04% 33.76% 32.51% 31.28%
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= Combination 7.3.0.0.

ESIR: 3.28 kWh/€

NPV (& DPP). Combination 7.3.0.0.

1234567 8 9101112131415161718192021222324252627282930

Years
———7.3.0.0. (r=7; C=0) e 7.3.0.0. (r=7; C=4) - = =7.3.0.0. (r=7; C=8)
——7.3.0.0. (r=8; C=0) s 7.3.0.0. (r=8; C=4) - = =7.3.0.0. (r=8; C=8)
———7.3.0.0. (r=5; C=0) s 7.3.0.0. (r=5; C=4) - = =7.3.0.0. (r=5; C=8)
7.3.0.0. (r=6; C=0) 7.3.0.0. (r=6; C=4) 7.3.0.0. (r=6; C=8)
—17.3.0.0. (r=4; C=0) 7.3.0.0. (r=4; C=4) 7.3.0.0. (r=4; C=8)
———7.3.0.0. (r=0; C=0) e 7.3.0.0. (r=0; C=4) - = =7.3.0.0. (r=0; C=8)
SIR (Combination 7.3.0.0)

AC:0|AC:4|AC:8 | AC:0|AC:4 | AC:8|AC:0|AC:4|AC:8|AC:0|AC:4|AC:8|AC:0|AC:4 | AC:8

r=0 r=6 r=8

IRR 7.3.0.0. r=0 r=4 r=5 r=6 r=7 r=8
AC:0 22.24% 17.54% 16.42% 15.32% 14.25% 13.19%
AC:4 26.51% 21.65% 20.49% 19.35% 18.24% 17.14%
AC:8 30.00% 25.00% 23.81% 22.64% 21.50% 20.37%
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