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Bien que l'ef icacitéeńergetique des bâtiments se soit ameĺioreé ces dernieres anneés, il existe toujours un « ećart de performance » important entre leur conception et leur consommation d'eńergie reélle. Cet ećart de performance est dûàtrois sources principales : le comportement de l'utilisateur du bâtiment, la performance reélle des systemes et la performance eńergetique reélle de l'enveloppe. Les reśultats de ce travail visent àfaire progresser la iabilitéde la comprehension et de la quanti ication de cet ećart en lien avec la performance eńergetique de l'enveloppe du bâtiment en usage. La valeur du Coef icient de Perte de Chaleur (HLC) de l'enveloppe est geńeŕalement disponible dans les certi icats de performance eńergetique pour les bâtiments neufs ou reńoves, mais il existe encore des problemes de iabilitédans les methodes d'estimation de ce coef icient pour les bâtiments en service. Le HLC est la perte totale de chaleur d'un bâtiment reśultant du transfert de chaleur àtravers l'enveloppe du bâtiment (UA) et de l'in iltration et/ou de la ventilation (C v ) par degréde diffeŕence de tempeŕature entre l'inteŕieur et l'exteŕieur en W/°C. Ce travail commence par l'analyse et la preśentation detailleé de deux methodes d'estimation du HLC.

La ceĺebre methode « Co-heating », qui est quasiment une norme pour mesurer le HLC des enveloppes de bâtiments inoccupeś. Alors que la methode de la Moyenne permet d'estimer le HLC des enveloppes de bâtiment en usage. La methode de calcul de la moyenne est principalement baseé sur les systemes de surveillance des bâtiments, dejàtres reṕandus, qui permettent de mesurer les parametres lieś au confort inteŕieur et àla qualitéde l'air, àla consommation d'eńergie des systemes et aux donneés meteórologiques.Par ailleurs, une methode d'estimation de C v utilisant le CO 2 anthropique, comme gaz traceur, et les donneés de surveillance du systeme de ventilation est preśenteé. Ainsi, l'estimation du HLC de l'enveloppe du bâtiment en usage, pourrait etre deduite par une simple soustraction

L'objectif geńeŕal de ce projet est de progresser dans la iabilitéet l'optimisation des systemes de surveillance et de contrôle pour l'estimation et le dećouplage des HLC, a in de pouvoir dé inir un Kit de Surveillance eńergetique minimum pour les bâtiments reśidentiels ou tertiaires. Ces kits de suivi doivent etre aussi discrets que possible et doivent permettre de suivre de maniere iable un minimum de donneés qui, associeés àune analyse correcte, doivent permettre de caracteŕiser le comportement reél de l'enveloppe du bâtiment.

Apres la preśentation des methodes existantes pour l'estimation et le dećouplage des HLC en service, l'analyse de l'etat de l'art sur l'utilisation des systemes de surveillance et de contrôle pour la caracteŕisation eńergetique de l'enveloppe du bâtiment en service, est effectueé. Grâce àcette analyse sur les Systemes de Surveillance et de Contrôle, il a etéconstatéque dans la litteŕature existante, l'incertitude geńeŕale de la tempeŕature inteŕieure et exteŕieure (lorsqu'elle est preśenteé) est toujours consideŕeé comme la prećision du fabricant. Utiliser uniquement cette prećision comme incertitude globale pour ces deux mesures importantes pourrait conduire àune forte sous-estimation de leur incertitude reélle et cette sous-estimation se propagerait dans la valeur estimeé des HLC. vi University of Bordeaux A in d'analyser en profondeur cette question, qui pourrait geńeŕer de seŕieux problemes de iabilited es valeurs HLC, un systeme de surveillance tridimensionnelle a etéconçu et mis en place dans les bureaux d'un bâtiment tertiaire. A in d'analyser l'incertitude globale de la mesure de la tempeŕature de l'air inteŕieur, quatre zones thermiques du bâtiment ont etésurveilleés avec une approche tridimensionnelle. Pour analyser l'incertitude geńeŕale de la mesure de la tempeŕature de l'air exteŕieur, une approche similaire a etéappliqueé autour de l'enveloppe du bâtiment.

Les reśultats de cette analyse ont permis d'identi ier le meilleur emplacement des capteurs de tempeŕature inteŕieure et exteŕieure dans le bâtiment surveille. De meme, les ećarts entre la valeur de la prećision du capteur donneé par le fabricant et la valeur expeŕimentale de la prećision de la chaıne de mesure ont etéanalyseś. La principale contribution de cette these se trouve dans cette analyse oùune methodologie a etédeveloppeé pour quanti ier l'incertitude globale de mesure des variables intensives dans les bâtiments en service, comme la tempeŕature de l'air inteŕieur et la tempeŕature de l'air exteŕieur. Cette methodologie permet non seulement d'obtenir la valeur globale de l'incertitude des mesures (appeleé Incertitude de Mesure), qui contient toutes les sources d'incertitude, mais permet eǵalement de dećoupler cette incertitude dans l'incertitude associeé aux erreurs aleátoires et aux erreurs systeḿatiques. Ce dećouplage seṕare la valeur de la variance associeé àl'incertitude globale (Incertitude de Mesure) en la somme de deux variances, l'une associeé aux erreurs systeḿatiques (nommeé Incertitude de Mesure Capteur dans cette etude) et l'autre associeé aux erreurs aleátoires (nommeé Incertitude de Mesure Spatiale). D'autre part, sur la base de l'analyse de la methode de Co-heating et de la methode des Moyennes pour estimer le HLC, un Systeme de Surveillance et de Contrôle extremement detailléa etéconçu et mis en oeuvre dans un immeuble reśidentiel. L'objectif de ce systeme est de pouvoir analyser quel est l'ensemble minimum de capteurs nećessaires pour estimer et dećoupler les valeurs HLC d'un bâtiment en service avec une iabilitésuf isante. Les capteurs seĺectionneś ont la plus grande prećision possible qui pourrait etre trouveé pour l'application dans le secteur de la construction. En raison de la COVID-19, il n'a pas etépossible d'obtenir suf isamment de donneés de ce systeme mis en oeuvre pour effectuer l'analyse initialement prevue. Toutefois, des lignes directrices sont preśenteés sur l'approche d'analyse des donneés d'un tel systeme de surveillance et de contrôle a in d'obtenir le nombre minimum de capteurs pour l'estimation et le dećouplage HLC dans les bâtiments en service. La quanti ication de la diffeŕence entre la conception et les HLC, UA et C v en service n'est pas seulement la premiere etape dans la reduction de la consommation eńergetique reélle des bâtiments, et pourrait etre le debut d'une nouvelle ere pour la certi ication des bâtiments en service, sur la base des donneés obtenues du systeme de surveillance et de contrôle.
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envelope HLC could be decoupled by simple subtraction HLC

= U A + C v .
The general objective of this doctoral thesis project is to advance in the reliability and optimisation of Monitoring and Control Systems for HLC estimation and decoupling, so as to be able to de ine a minimum energy Monitoring Kit for residential or tertiary buildings in the future. These monitoring kits should be as unobtrusive as possible and should allow the minimum amount of data to be reliably monitored which, together with a correct analysis, should allow the real behaviour of the building envelope to be characterised.

Thus after presenting the existing in-use HLC estimation and decoupling methods, the analysis of the State of the Art on monitoring and control systems for in-use building envelope energy characterisation is performed. Thanks to this review on monitoring and control systems analysis, it has been found that the overall uncertainty of indoor and outdoor temperature (when presented) is always considered to be the manufacturer's accuracy in the existing literature. Using only the manufacturer's accuracy as the overall uncertainty for these two important measurements required for the in-use HLC estimation, might lead to strongly underestimating their real uncertainty and this underestimation would be propagated to the estimated HLC values. To deeply analyse this topic, which could generate serious reliability issues for the estimated HLC values, a three-dimensional monitoring system has been designed and deployed in an of ice building. To analyse the overall uncertainty of the indoor air temperature measurement, four thermal zones within the of ice building have been monitored with a three-dimensional approach. To analyse the overall uncertainty of the outdoor air temperature measurement, a three-dimensional monitoring approach has also been viii University of Bordeaux implemented around the building envelope.

Furthermore, the results of this analysis have allowed the identi ication of the best location for the indoor and outdoor temperature sensors on the monitored building. Besides, the quanti ication of the discrepancies between the value of the sensor accuracy given by the manufacturer and the experimental value of the sensor accuracy plus the monitoring and control system has also been analysed. Here, the main contribution of this thesis can be found: the methodology developed to allow the quanti ication of the overall uncertainty of intensive variable measurements such as indoor air temperature and outdoor air temperature on in-use buildings. This methodology not only allows us to obtain the overall value of these measurements' uncertainty containing all sources of uncertainty (called Measurement Uncertainty), but also allows us to decouple the Measurement Uncertainty into the uncertainty associated to the random and systematic errors. This decoupling separates the value of the variance associated with the overall uncertainty into the sum of two variances, one variance associated with the uncertainty related to the systematic errors (called in the study, Sensor Measurement Uncertainty) and another associated with the uncertainty related to the random errors (called in the study, Measurement's Spatial Uncertainty).

On the other hand, from the analysis of the Co-heating and the Average method to estimate the HLC, an extremely detailed monitoring system has been designed and implemented in a residential building.

The aim of this extremely detailed monitoring system is to be able to analyse what the minimum required set of sensors to estimate and decouple the in-use HLC values with suf icient reliability.

The selected sensors have the highest possible accuracy that could be found for building sector applications. A detailed economic analysis is also included for this extremely detailed monitoring. Due to the COVID-19, it has not been possible to obtain suf icient data of this implemented monitoring and control system to perform the planned analysis. However, the guidelines of how to analyse the data of this monitoring and control system to obtain the minimum sensor number for in-use HLC estimation and decoupling are presented.

Quantifying the difference between the design and in-use HLC, UA and C v is not only the irst step to reduce the buildings' actual energy consumption, but could be the beginning of a new building certi ication era based on in-use building monitored data. 

List of Tables

3.3

Matrix of data centred on M a with a Normal Distribution N(µ, σ) for each t j , also being applicable to data centred on (M a ) M Z (Equation3.9) or (M a ) M S (Equation3.10) . . . .

3.4

Matrix of statistical parameters of the Normal Distributions N(µ, σ) for each t j . . . . . . (θ dv i ) a Measurement Differential of M dv i centred on an Average Measurement for each t j .

(θ dv i ) MS Measurement Differential of M dv i centred on an Average Measurement of an MS for each t j .

(θ dv i ) MZ Measurement Differential of M dv i centred on an Average Measurement of an MZ for each t j .

(θ dv i ) vw Measurement Differential with respect to the Volume-Weighted Temperature of an MZ for each t j .

T Tripod.

TT Tripod Together.

U Internal Energy [kJ].

Ū Expanded uncertainty of Measurements. UPnP Universal Plug and Play.

UPV/EHU University of the Basque Country.

U-Value

Thermal Transmittance [W/(m 2 K)].

ACRONYMS xxxvii

INTRODUCTION

We all live in buildings, and most of us work inside buildings where we spend most of our lives, but we care little about the most important part of the buildings regarding our comfort and the building's in-use energy performance. This is the building envelope. Everything related to the building's indoor comfort conditions and its real energy consumption starts in the building envelope. If a high performance building envelope is designed according to the local environmental conditions (correctly considering building use, weather and orientation of the building), and the building is constructed as designed, only then, is it possible to have a highly ef icient building. For in-use building systems (e.g., boilers, heat pumps etc.), seasonal Key Performance Indicators (KPI) are currently well de ined for different building system typologies and are usually obtained as the measured heat or cold provided by the system divided by the measured gas or electricity consumed. Then a control over the evolution of the system's performance can be done during the buildings life. Making a performance evolution control similar to the KPIs related to the in-use building envelope energy performance is a crucial issue. It can be achieved through the continuous evaluation of the in-use Heat Loss Coef icient (HLC), transmission heat loss coef icient (UA) and In iltration and/or ventilation heat loss coef icient (C v )

during the buildings life. Obtaining a highly ef icient envelope in a building will allow, for two main reasons, energy consumption, building systems and user behaviour to be properly handled.

On the one hand, the building's systems (boilers, heat pumps, air conditioning systems, solar panels for heating etc.) will require a considerably smaller size (or design power) due to low power requirements compared to those corresponding to poorly behaving building envelopes. Thus, systems and their maintenance will be cheaper and their energy consumption will be lower. Furthermore, the inclusion of renewable energies can become economically and technically feasible even when they have to cover 100% of the annual energy demand of the building (Nearly Zero Energy Buildings [1]). Even more important are the optimal operating conditions required by the heating and cooling system's heat transfer luids to supply the temperatures required by buildings with high performing envelopes. In winter, the heating system working luid supply temperature can be low (30 -40 °C) and could be used in such heating distribution systems as under loor heating. This type of systems not only provide better comfort conditions to users, but also permit the use of high performing devices such as heat pumps or hybrid systems with solar collectors to be optimised. Even natural gas boilers will work under their most ef icient mode, as condensing boilers, if this type of underground distribution systems is possible thanks to the high performing building envelope. Note that usual radiators require hot water at 60 °C to 70 °C and do not permit the uses of boilers and heat pumps in their most ef icient modes. Regarding cooling systems, their heat transfer luids supply temperatures (15-20 °C) that may be closer to the indoor comfort temperature (23-25 °C) [2]. This will again permit the use of the under loor systems in the refreshing mode without producing condensation problems and the cooling systems chillers will work with higher ef iciencies as compared to current ones where colder heat transfer luid production is required (5-10°C). It is even possible to use the ventilation system alone to provide heating and cooling requirements if the building envelope performance is similar to the demanding 'Passivhaus' [3] requirements. There, heating and cooling distribution systems are avoided and comfort conditions can only be achieved with the mandatory ventilation system.

Together with the building system's real energy performance and the building envelope's actual energy performance, the user behaviour is the third main reason for energy consumption in buildings.

If any of these three real-life performances is not as expected during the design phase, the actual energy consumption of the building will be different from the predicted one. Note though, that, in building with a high performing envelope and high performing systems, it is much easier to maintain comfort conditions within the building, and the effect of the building user in the energy consumption discrepancy, will usually be smaller in comparison to the same user in a low performing building.

The automatic control of comfort conditions in highly ef icient buildings is simpler and the indoor comfort air temperature is lower in winter and higher in summer. For example, in a poorly insulated building, in winter, the inner surface of the building envelope walls might be as cold as 15 °C so the user will try to increase the indoor air temperature to 24-25 °C to try to obtain comfort conditions to compensate for the radiant energy losses against cold walls. However, the heating process of the indoor air will reduce the indoor air relative humidity and generate uncomfortable hygrothermal conditions. Furthermore, the energy consumption will be higher compared to the same building, under the same outdoor conditions, but with a high performing envelope where the indoor surface envelope temperatures will be close, for example, at 20 °C an air temperature of 21-23 °C will be suf icient to obtain indoor thermal comfort conditions [2]. The relative humidity will decrease less due to the lower heating of the indoor air and the dryness feeling may not appear. There, the heating energy demand is much lower due to the two factors, since the walls are better insulated less heat is being lost and, since the required indoor comfort air temperature is lower with the high performing envelope, the indoor to outdoor temperature difference is smaller, which will also reduce the heating energy demand. In summer, similar effects occur, but with the cooling system, where high performance building envelopes will provide better comfort and lower energy consumptions.

Thus, although there are three main reasons for real buildings to consume up to 2.5 times more than designed [4,5], namely building envelope [6][7][8], systems [START_REF] Baldi | Real-time monitoring energy ef iciency and performance degradation of condensing boilers[END_REF][START_REF] Stafford | Predicting in situ heat pump performance: An investigation into a single ground-source heat pump system in the context of 10 similar systems[END_REF][START_REF] Bourgeois | Adding advanced behavioural models in whole building energy simulation: A study on the total energy impact of manual and automated lighting control[END_REF] and users [START_REF] Aghemo | Management and monitoring of public buildings through ICT based systems: Control rules for energy saving with lighting and HVAC services[END_REF][START_REF] Gupta | Understanding occupants: Feedback techniques for large-scale low-carbon domestic refurbishments[END_REF][START_REF] Stevenson | Developing occupancy feedback from a prototype to improve housing production[END_REF], the building envelope's real energy performance is the key to drastically reducing the energy consumption of Europeans are now starting to become aware of the importance of a building's energy performance thanks to the building energy certi ication schemes implemented in the last few years. However, these certi icates are not based on the real monitored data results of the building's actual energy performance, but rather on the design phase parameters, essential annual estimation of energy consumption. These estimations are based on a building model where the different areas of the building envelope with their corresponding design transmittance (U-value) for opaque elements, plus the design solar factor coef icient (g-Value) in the case of semi-transparent elements, are considered.
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Then, based on the building's systems design seasonal performance, different software tools apply the corresponding EU member state regulation calculations, as de ined by article 3 of [17]. Finally, the building is energetically classi ied and a design annual energy consumption and design CO 2 emissions are given. Then, how is it possible that such a complex device as a car has had design and in-use energy characterization parameters since the nineties? However, considering the huge importance of the building envelope's real energy behaviour in population comfort and European energy consumption, how is it possible that a seemingly simple static device such a building envelope cannot be characterized under its in-use conditions? As highlighted by [16] in Figure 1.1, the building envelope measured Heat Loss Coef icient (HLC) can deviate up by to 100% from its design value.

There are still some gaps in the knowledge in the building physics area that do not allow us to reliably develop an in-use energy characterization method for occupied buildings' envelopes. Since the development of the Co-heating method for estimating an unoccupied building's HLC and its equivalent solar aperture (S a ) regarding the south global vertical solar radiation in 1985 [START_REF] Chapman | The pennyland project[END_REF] (new edition in 2013 [START_REF] Butler | Review of co-heating test methodologies[END_REF]), only one standard regarding the in-situ envelope characterization has been developed. The ISO 9869 standard from 1994 (updated in 2014 [START_REF]ISO.thermal insulation -building elements -in-situ measurement of thermal resistance and thermal transmittance -part 1: Heat low meter method[END_REF]) was developed only for in-situ U-value estimation of opaque walls. Remember, that the HLC considers both, the heat transmission through the envelope (walls, windows, roof and loor; UA value) and the In iltration and/or Ventilation losses (C v ) in W/ °C. The ISO 9869 method only provides the in-situ U-value [W/m 2 °C] of opaque walls, where one-dimensional heat low can be assumed. Although it might be valid to test some speci ic areas of an in-use building envelope, it is not useful for obtaining the global UA value of a whole building envelope. The ISO 9869 cannot be applied to ventilated façades, green roofs or walls, windows, frames, corners, joints, thermal bridges etc., where mass transfer effects occur and where multidimensional heat transfer mechanism effects also occur.

The Co-heating method can estimate the HLC of unoccupied buildings, but requires about a 3 week testing period with dedicated monitoring of the whole building in the winter season. Its indoor temperature must be controlled by speci ic electric radiators that will generate a high indoor to outdoor arti icial temperature difference. As detailed in [START_REF] Butler | Review of co-heating test methodologies[END_REF], by regressing the measured (Q+K)/∆T of Equation 1.1 against the measured V sol /∆T , the whole building HLC (remember

HLC = U A + C v [W/°C] [21]
) and the equivalent whole building solar aperture regarding south vertical global radiation (S a [m 2 ]) can be estimated under the co-heating testing conditions. Thus, the co-heating HLC will not consider the in-use In iltration/Ventilation behaviour and the estimated solar aperture will not represent the reality of the use of the building where it is common to have open blinds during winter periods. Moreover, the HLC is only obtained once in the co-heating, usually after the building is constructed or refurbished. Applying the Co-heating test could also considerably the building's delivery to the owners if it is inished in spring or summer. It is not practical to vacate buildings for three weeks and ill them with sensors and actuators once it is in operation. Therefore, the need to evaluate the HLC under in-use conditions is of vital importance.

(Q + K)/∆T = HLC -(S a V sol )/∆T [W /°C] ( 1 
It could thus be evaluated continuously during the building's life under its real in-use conditions by using the building's own monitoring system. So, why is it so dif icult to obtain the in-use HLC for a building envelope? Let us review the principal energy and mass exchanges occurring through a typical in-use building envelope in the heating season, see Figure 1.2. There are different energy gains within the building:

the heating heat input typically provided by water or glycol-water as heat transfer luid (Q heating ), metabolic heat gain produced by building users (K occupants ), electricity heat gains produced by all the electric devices consuming and dissipating electricity within the building envelope (K electricity ) and possible solar gains (S a V sol ).

We also have heat losses through the envelope due to:
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• Transmission effects (Q trans ) dependant on the building envelope's UA value and the T in to T out temperature difference (equation in Figure 1.2).

• In iltration effects (Q inf ), dependant on the in iltration heat loss coef icient (C v (inf ) ), which depends on the building envelope's total permeability to the air in iltration that will produce different in iltration volumetric air low rates V air (inf ) (also dependant on wind velocity, direction, and T in to T out temperature difference), and proportional to the air density (ρ air ), the air constant pressure speci ic heat (c pair ) and the T in to T out temperature difference (see equation in Figure 1.2).

• Ventilation effects (Q vent ), dependant on the ventilation heat loss coef icient (C v (vent) ) which depends on the ventilation volumetric air low rates V air (vent) (ventilation rates could be constant and scheduled or controlled by some indoor parameter such as indoor CO 2 concentration or relative humidity), and inversely proportional to the (if existing) Heat Recovery Ef iciency (η), to ρ air , to c pair and the T in to T out temperature difference (see equation in Figure 1.2).

If we sum, as in the equation of Figure 1.2 equation,

Q inf +vent = Q inf + Q vent , taking (T in -T out )
as the common factor, and reordering, we get Equation 1.2 for the most general case for the whole building's In iltration/Ventilation heat loss coef icient. Note that buildings without heat recovery in their ventilation system are represented by η = 0.

C v = Vair (vent) ρ air c pair (1 -η) + Vair (inf ) ρ air c pair [KW /°C] (1.2) 
HLC and the equivalent solar aperture (Sa) are the KPIs for the unoccupied building envelope energy performance characterization by the Co-heating method [START_REF] Butler | Review of co-heating test methodologies[END_REF]. Few research works to estimate these KPI in monitored in-use buildings exist [START_REF] Mejri | Energy performance assessment of occupied buildings using model identi ication techniques[END_REF]. Furthermore, none of them has carried out the decoupling of the HLC into its UA and C v coef icients, just using data sets from monitored in-use buildings.

One of the objectives of this thesis is to help to understand and reliably quantify the 'performance gap' between the design HLC and the actual HLC of building envelopes. Therefore, the irst aim is to analyse the existing HLC estimation methods for in-use building envelopes. Among the few methods to estimate the HLC of in-use buildings, we can ind the average method [START_REF] Uriarte | Mathematical development of an average method for estimating the reduction of the heat loss coef icient of 234 BIBLIOGRAPHY University of Bordeaux an energetically retro itted occupied of ice building[END_REF]. This method requires data sets obtained by a building monitoring system, comprising at least indoor and outdoor temperatures, heating systems energy inputs to the building, electricity consumptions and weather data. For reliable and robust in-use HLC estimation, the quanti ication of the overall uncertainty of each of these measured parameters is of crucial importance.

The average method applies the energy conservation principle to the building schematic of Figure 1.2. This energy conservation equation analysis (developed in detail within the literature review) allows to relate the HLC and the solar gains ((S a V sol ) κ ) to measurable variable parameters. These parameters are the heating system energy supply (Q hκ ), all internal gains due to occupant metabolic heat generation and the consumption of electric devices within the building envelope (K Tκ ), as well In [START_REF] Erkoreka | In-use of ice building energy characterization through basic monitoring and modelling[END_REF], Equation 1.3 has been applied to different cold and cloudy short winter periods of 3 to 5 days, where Q and (T in -T out ) were high. Thus, their measurement uncertainty was minimum. On the other hand, in these cloudy periods, the uncertain solar gains (S a V sol ) were low compared to (Q + K)

and thus although solar gains were only roughly estimated, Equation 1.3 was applied.

HLC = N κ=1 (Q hκ + K Tκ + (S a V sol ) κ ) N κ=1 (T inκ -T outκ ) [kW /°C] (1.3)
Although promising results have been obtained by Equation 1.3 in [START_REF] Erkoreka | In-use of ice building energy characterization through basic monitoring and modelling[END_REF], among others, it will be impossible to obtain a generic reliable HLC estimation method until the following issue is solved:

• The non-uniformity of the indoor air temperature, even within a thermal zone of a building, is very common. The same happens for the outdoor air temperature measurements, where signi icant differences can be found depending on the orientation and height.Thus, quantifying the overall uncertainty of the indoor and outdoor temperature (T in and T out ) measurements in in-use buildings and its propagation to the HLC estimations is crucial. This quanti ication is the main contribution of this thesis, since, following a detailed literature review on monitoring systems, it has been found that this issue is still unresolved, so a method to quantify these two measurements' overall uncertainty has been developed and implemented.

Finally, the anthropogenic CO 2 as tracer gas, in combination with direct measurements on the ventilation system, could be used to estimate the In iltration/Ventilation heat loss coef icient (C v ) (this is fully developed in the literature review section). Usually, the UA value can be assumed to be constant in a building. However, the C v value will be dependent on both: the user selected set points and regulation of the ventilation system as well as the behaviour of the in iltrations, which are mainly dependent on the window opening pattern, wind velocity and indoor to outdoor temperature variations.

OBJECTIVES

The research carried out in this thesis has, as its main objective, to help in the optimisation and reliability of the energy Monitoring and Control System (MCS) 1 of buildings to be integrated in Building Automation Systems (BAS) 2 in the future, so as to characterize the Thermal Envelope Performance (TEP) of Buildings through the reliable in-use HLC estimation and decoupling. The increase in reliability of the in-use HLC estimations and decoupling, could enable the emission of Energy Performance Certi ications (EPCs) after the construction or retro itting of a building and during the building's life cycle. Because of the important role of the MCS, they must be reliable in order to ensure that accurate and precise measurement values are obtained, along with the correct capture of data and storage of measurements. Figure 1.3 shows a diagram of the optimization process from the MCS scope.

To achieve this main objective, the following speci ic objectives have been identi ied in this thesis:

• Identi ication and analysis of the MCS used by different methods to estimate the TEP of Buildings in order to compare the different systems used in the literature.

• Develop a methodology to estimate the overall uncertainty of intensive variables of in-use buildings, such as the indoor air temperature of different thermal zones within a building or the outdoor air temperature surrounding the building envelope. The method should also permit this uncertainty to be decoupled in order to know which part of the uncertainty is due to random errors and which part is due to systematic errors.

• Design, testing and installation a three dimensional MCS to collect data in an in-use of ice building to analyse the developed methodology for the overall measurement uncertainty of the indoor and outdoor air temperatures.

• Design and deploy an extremely detailed MCS for a residential building, integrated into its design and rehabilitation phase, on the basis of the detailed analysis of the HLC estimation and decoupling methods, the MCS analysed in the literature review and the developed methodology for the overall uncertainty analysis of the intensive variables required for HLC estimation and decoupling. The aim of this extremely detailed monitoring system is to be able to analyse what is the minimum set of sensors required to estimate and decouple the in-use HLC values with suf icient reliability. Furthermore, it is necessary to select sensors with the greatest possible accuracy that can be found for building sector applications. Likewise, a detailed economic analysis must be done in order to know the investment needed to implement the extremely detailed monitoring. The guidelines on how to analyse the data of this monitoring and control system so as to obtain the minimum number of sensors for in-use HLC estimation and decoupling will be developed.

To design and deploy an extremely detailed MCS for a residential building, integrated into its design and rehabilitation phase, on the basis of the detailed analysis of the HLC estimation and decoupling methods, the MCS analyzed in the literature review and the developed methodology for the overall uncertainty analysis of the intensive variables required for HLC estimation and decoupling. Although most actual Building Automation Systems (BAS) or Building Management System (BMS) may measure the required parameters, further research is still needed to ensure that these data are accurate enough to rigorously apply HLC estimation methods.

Introduction

In order to provide some background to the role of the MCS to evaluate a Building's Envelope Energy

Performance by estimating its HLC, an introduction to the energy consumption in Europe is shown along with the role of the Heat Loss Coef icient (HLC) estimation in understanding the envelope's effect on the Energy Performance of Buildings (EPB). The monitoring systems used for this estimation are also set out together with the role of fault detection in building energy monitoring systems.

Butler and Dengel [START_REF] Butler | Review of co-heating test methodologies[END_REF] de ine the HLC as the total heat loss from a building resulting from heat transfer through the envelope (walls, roof and loor) and from background ventilation per °C of temperature difference between inside and outside (expressed as W/K). This review de ines the TEP as a characteristic that can be used to evaluate the energy performance of a building envelope. The TEP can be characterized by the estimation of the HLC, the energy consumption due to the envelope performance or the envelope elements' characterization (Thermal Resistance (R-value) or Thermal

Transmittance (U-value), dynamic thermal models of the envelope…).

Estimating the HLC and the TEP characterization of buildings is important to better understand their energy ef iciency, so as to generate EPCs (Figure 2.1 shows a scheme of the MCS, the HLC and TEP estimation so as to know the EPB in order to generate EPCs). These can be used as a tool to determine the discrepancies between performances at the design and operation phases of buildings. Actual TEP, actual energy equipment performance, and user behaviour are the three main reasons for a building to consume energy differently from what its design conditions suggest. European regulations emphasise the quality of the EPC and its reliability and remark the importance of the use of reliable methodologies to characterize the EPB [START_REF]Implementing the energy performance of buildings directive (EPBD) -featuring country reports[END_REF]. The use of the HLC estimation, as a methodology to generate the EPCs, needs to be fed with physical variables collected and processed by an MCS, which is composed of elements with the necessary precision to generate reliable EPCs. Likewise, the MCS require faults to be detected and minimized to guarantee a higher level of accuracy in the results by minimizing the error in calculations. Currently, existing smart buildings are monitored and controlled with various building systems (e.g., Heating, Ventilation and Air Conditioning (HVAC), heating, light systems), but do not have an integrated MCS of the type currently used in experimental tests to estimate the HLC.

Energy consumption of buildings in Europe

The potential for energy demand growth from connected devices in buildings, whether they are smart the Central Scenario, assuming limited rebound effects in consumer energy demand' [START_REF]Digitalization and Energy Working Group -International Energy Agency (IEA)[END_REF].

Increasing the energy ef iciency of buildings can generate economic, social, and environmental bene its and improve the building performance, providing better levels of comfort and well-being to users as health can be bene ited by indoor climate improvements. [START_REF]Commission proposes new rules for consumer centred clean energy transition -european commission[END_REF]. This reduction of 20% is a matter of urgency in the action plan and is equivalent to around 390

Mtoe. This energy reduction is supported by the Green Paper on energy ef iciency [START_REF]Action plan for energy ef iciency: Realising the potential[END_REF][START_REF]Green paper on energy ef iciency or doing more with less[END_REF].

Energy ef iciency and renewable energy technologies were the leading areas of Research, Development and Design (RD&D) investment of the European Commission in 2015, reaching signi icant shares (24% and 26%, respectively) of the total energy RD&D budget. RD&D for fossil fuels had the smallest share, accounting for 6% of the total budget in 2015 [START_REF]Energy technology RD&d budgets overview[END_REF], and everything indicates that this investment trend will be maintained in order to carry out the measures in the Clean Energy Package and meet the 2030 goals.

The the role of Monitoring and Control System in Energy Performance

Certi icates and the Heat Loss Coef icient to characterize the Thermal

Envelope Performance of buildings

The Energy Performance of Buildings Directive 2010/31/EU [32] proposes granting powers to the EU for rating the smart readiness of buildings in order to guarantee uniform conditions for its application. and electronic systems, so as to optimize the operation of the building and to be able to interact with the network. The smartness indicator will create awareness among the owners of buildings and their occupants about the value that lies behind the automation of buildings and the electronic monitoring of technical building systems, increasing the con idence of the occupants in the ability to obtain a real savings when introducing new improved features in their dwellings.

In the same way, this directive states the importance of comparing EPCs issued before and after renewal. To do so, a transparent method provided by the installer of the certi ication or quali ication level must be used to measure the performance of the equipment or material used for the renovation, thus guaranteeing their best use in the renovation of buildings in terms of the renovation quality, and to measure the associated inancial impact and energy ef iciency of buildings. To meet the objectives of the energy ef iciency policy for buildings, the transparency of EPCs should be improved by ensuring that all the necessary variables for calculations, for both certi ication and minimum energy performance requirements, are set out and applied consistently.

A report by the EPBD [40,[START_REF] Brajterman | EPBD compliance study -inal report. energy performance of buildings directive (EPBD) compliance study speci ic contract no[END_REF] stresses on the importance of implementing MCSs to achieve quality assurance. These are an essential part of assessing compliance rates, which require con idence validation in source data and legitimacy in order to issue compliance reports and they can then be used for certi ication, such as the EPCs.

According to Article 3 of the EPBD [17], the EU Members must estimate a building's energy performance using a speci ic methodology, at the very least using standardized conditions speci ied by national regulations. There, the HLC could play an important role, since it is one of the KPIs [START_REF] Erkoreka | In-use of ice building energy characterization through basic monitoring and modelling[END_REF] of the energy performance of building envelopes.

To estimate the Heat Loss Coef icient (HLC), it is necessary to collect physical variable data of an in-use building or an unoccupied building, depending on the calculus methodology employed, to estimate the HLC. The sensors should measure, among other parameters, the temperature, heating inputs, ventilation rates, solar radiation, and different energy consumptions [START_REF] Erkoreka | In-use of ice building energy characterization through basic monitoring and modelling[END_REF][START_REF] Johnston | Whole house heat loss test method (coheating)[END_REF] to demonstrate the energy performance of the building's envelope. In-use building monitoring will be developed in the next few years to collect physical variables, and could be used to obtain the building's envelope's thermal characteristics.

The TEP of a whole building is often quanti ied by the Heat Transfer Coef icient (HTC). HTC is interchangeable with a second term, the HLC, which has often been used when reporting Co-Heating results and will be used in this thesis to refer to the Heat Transfer Coef icient. HTC has been adopted as a standard term in line with the naming convention used in ISO1 52016-1:2017 [START_REF]ISO. energy performance of buildings -energy needs for heating and cooling, internal temperatures sensible and latent heat loads[END_REF], the international standard method for calculating the energy performance of a building, which overthrow the previous standard ISO 13790:2008 [START_REF]ISO. thermal performance of buildings -calculation of energy use for space heating[END_REF]. The HLC is a useful metric that describes the total, time-averaged rate of heat transfer (in Watts) from a building in a per-degree-Kelvin difference between indoor and outdoor air temperatures. Each building can be assumed to have a constant HLC-a value that is estimated as a metric in building energy models such as the Standard Assessment Procedure (SAP), which 'is the United Kingdom (UK) government standard to calculate a building's energy ef iciency and carbon emissions' [START_REF] Murphy | A comparison of the UK standard assessment procedure (SAP) and detailed simulation of building-integrated renewable energy systems[END_REF]. By estimating the HLC, the thermal performance of the complete building envelope, as built, can be directly compared with the designed thermal performance, independent of occupant behaviour and weather conditions.

The Monitoring and Control Systems used to estimate the Heat Loss

Coef icient to determine the Thermal Envelope Performance of Buildings

Given the importance of measuring buildings' energy performance, this thesis reviews the monitoring systems used to show the energy ef iciency level of buildings through physical data collected by sensors. These data are used to estimate the energy performance using speci ic methodologies, which in future will guarantee transparent EPCs for minimum energy consumption. This thesis focuses on the energy monitoring used in projects to estimate the HLC with two methods: the Average Method [START_REF] Erkoreka | In-use of ice building energy characterization through basic monitoring and modelling[END_REF] and the Regression Method, which is known as the Co-Heating method [START_REF] Butler | Review of co-heating test methodologies[END_REF][START_REF] Sutton | The co-heating test: The value of a number[END_REF]. These, along with other methods, can be used to calculate the TEP of buildings.

The latest report of Digitalization & Energy [START_REF]Digitalization and Energy Working Group -International Energy Agency (IEA)[END_REF] of the International Energy Agency (IEA) in 2017 stated that there is a greater potential for energy saving in heating, cooling and lighting, since these together in 2015 accounted for more than 60% of the total demand for inal energy in buildings.

The report also highlights the fact that sensors, intelligent controls, and connected devices consume energy to maintain connectivity, even when they are in standby mode. To improve the energy performance of the building, this necessitates, for example, the use of intelligent thermostats to improve the management of heating and cooling loads, allowing an improved and even remote control of the temperatures throughout the building.

Without automated monitoring and fault detection of the sensors and controls, the performance can degrade. The number and range of types of sensors installed in commercial buildings is inadequate to provide suf icient automated (or even visual) monitoring [START_REF] Brambley | Advanced sensors and controls for building applications: Market assessment and potential r&d pathways[END_REF]. The characterization of the TEP of in-use buildings and systems requires a monitoring system that provides real data, which in turn requires a minimum sensor set to obtain a correct characterization. The data collected from the sensor set then needs to be analysed with different and robust methodologies due to the large amount of data obtained from the building monitoring systems.

Currently, some energy monitoring systems are integrated in domotic systems in order to information about the energy consumption and perform the control of user comfort parameters. However, in order to characterize the TEP of in-use buildings, there is no evidence of the integration of an energy MCS with a minimum sensor set in domotic systems. This sensor set integrated in Building Automation Systems (BAS) or domotic systems would allow us to know the real energy performance of building envelopes through the TEP characterization after the construction or retro it of buildings.

CHAPTER 2. LITERATURE REVIEW
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Fault Diagnostic, Detection and Calibration in Building Monitoring Systems

Buildings may have operational problems due to degraded equipment, failed sensors, incorrect installation, poor maintenance, and improperly implemented controls. Currently, most problems related to building systems are detected through complaints from occupants or alarms provided by a BAS. Detection and diagnosis can be performed automatically by integrating the experience required to detect and diagnose operational problems into software tools that take advantage of existing sensors and control systems. These tools are not designed to replace the people who operate the building systems, but to help them improve the functioning of those systems. The automatic start-up and diagnosis technologies for systems and building equipment are expected to reduce and act on problems, as well as improve the functioning of the building, through the automatic and continuous detection of performance problems and maintenance requirements that are communicated to the building operators, who can then perform the necessary corrective actions [START_REF] Brambley | Advanced sensors and controls for building applications: Market assessment and potential r&d pathways[END_REF].

Due to the large amount of data collected from sensor sets, it is necessary to address which calibration system and methodologies are applied in the building energy monitoring systems, and to know the sensor set necessary to characterize the energy performance of in-use buildings' envelopes. The literature related to fault detection and calibration in building monitoring is focused on the building systems, including fan coils, Heating, Ventilation and Air Conditioning systems (HVACs), heat pumps, air conditioners, commercial refrigerators, lighting, water heaters, chillers and cooling towers, Air

Handling Units (AHUs), and Variable Air Volume (VAV) boxes. From all the works reviewed, a speci ic methodology that could be applied to the entire sensor set of the BAS and domotic systems was not found.

Monitoring and Control Systems used to estimate the Heat Loss

Coef icient using the Average Method and the Co-Heating Method

In order to introduce the study carried out concerning the review of MCS used in different projects published to estimate the HLC, the monitoring requirements of the Average Method and Co-Heating Method are analysed showing the main physical variables required. To introduce both methods, different mathematical modelling techniques, used to identify the real energy behaviour of buildings or building components based on measurements, are irst set out.

Different methods to characterize the building envelope energy behaviour

The traditional methods to characterize the TEP are based on the estimation of the energy behaviour of the building through the estimation of the R-value and/or U-Value to characterize the building's envelop elements, estimating overall heating energy consumption and measuring the in iltrations rates of the building. The new trend to characterize TEP is through the estimation of the Heat Loss Coef icient (HLC), which allows us to know how much heat the building loses, per each indoor to outdoor centigrade degree, due to Heat Transmission (UA) plus air in iltration/ventilation (C V ), Equation 2.12.

CHAPTER 2. LITERATURE REVIEW To estimate the HLC value of a building, there is a method which has been used since 1978 [START_REF] Socolow | Saving energy in the home : Princeton's experiments at Twin Rivers[END_REF],

named the Co-Heating method. This method is implemented in unoccupied buildings and requires a speci ic indoor condition to be maintained during the test. In the present, the scienti ic community is working to improve the HLC estimations in occupied buildings; one of these methods is the Average Method [START_REF] Uriarte | Mathematical development of an average method for estimating the reduction of the heat loss coef icient of 234 BIBLIOGRAPHY University of Bordeaux an energetically retro itted occupied of ice building[END_REF][START_REF] Erkoreka | In-use of ice building energy characterization through basic monitoring and modelling[END_REF], which is implemented in different experimental studies and currently is a candidate of The Executive Committee of the International Energy Agency (IEA) in Energy in Buildings and Communities (EBC) programme named the 'IEA-EBC Annex 71: Building energy performance assessment based on in-situ measurements' [START_REF] Kapsalaki | IEA-EBC annex 71[END_REF].

Summer ield [START_REF] Summer Ield | Empirical variation in 24-h pro iles of delivered power for a sample of UK dwellings: Implications for evaluating energy savings[END_REF] established that energy saving methods should be based on empirical methods instead of model estimations, where the simulations assume standard operation conditions without considering the occupation and real heat requirements, overestimating the energy demand of old buildings and underestimating it in new buildings, unless the models are fed with monitored occupation and HVAC system data. Since MCSs are not usually implemented in in-use buildings, the use of advanced mathematical modelling techniques, is common. Such physical statistical approaches are used [START_REF] Lü | Modeling and forecasting energy consumption for heterogeneous buildings using a physical-statistical approach[END_REF] to identify the real energy behaviour of buildings or building components based on measurements [START_REF] Roels | Characterising the actual thermal performance of buildings: Current results of common exercises performed in the framework of the IEA EBC annex 58-project[END_REF]. For this reason, the multiple linear regression, Autoregressive Model (ARX), Autoregressive Moving Average Model (ARMAX) [START_REF] Jimeńez | Application of multi-output ARX models for estimation of the u and g values of building components in outdoor testing[END_REF][START_REF] Jimeńez | Estimation of building component UA and gA from outdoor tests in warm and moderate weather conditions[END_REF] and Grey Box modelling (state space models) [START_REF] Andersen | Modelling the heat dynamics of a building using stochastic differential equations[END_REF][START_REF] Bacher | Identifying suitable models for the heat dynamics of buildings[END_REF][START_REF] Kristensen | Parameter estimation in stochastic grey-box models[END_REF] have been used by different authors to identify such building characteristics as U-values, Rvalue, Thermal Capacitances (C T ) and Solar Apertures (S a ), among others.

When the designed or simulated energy consumption are compared to real ones, a 'performance gap' [4] is usually observed. This gap can be affected by user behaviour and the building systems' real energy performance [START_REF] Menezes | Predicted vs. actual energy performance of non-domestic buildings: Using post-occupancy evaluation data to reduce the performance gap[END_REF], but the building envelope also has a considerable in luence on it. Some parameters have an in luence in increasing the 'performance gap', making it dif icult to accurately model such aspects as the simulation error related to the occupancy [START_REF] Aghemo | Management and monitoring of public buildings through ICT based systems: Control rules for energy saving with lighting and HVAC services[END_REF][START_REF] Stevenson | Developing occupancy feedback from a prototype to improve housing production[END_REF], weather data [START_REF] Oller | Improving transient thermal simulations of single dwellings using interpolated weather data[END_REF],
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Different Energy Performance of Building (EPB) estimation methods, which use building simulation software based on thermal models, have been developed by many countries in the European Union [START_REF]Implementing of the Energy Performance of Buildings directive (EPBD) -2016[END_REF][START_REF] Martizr | Intelligent energy europe[END_REF]. The most commonly used Key Performance Indicators (KPI), which are used to characterize the energy performance of a building's envelope, are the Heat Loss Coef icient (HLC), which considers Transmission Heat Losses through the envelope, or Heat Transfer Coef icient (UA), plus Ventilation and/or In iltration Heat Losses (C v ) [START_REF] Giraldo-Soto | Applying the decay method to the CO 2 produced by occupants for decoupling the heat loss coef icient of an in-use of ice building[END_REF], as well as the solar gains [START_REF] Butler | Review of co-heating test methodologies[END_REF]. Although there are some research works that estimate these KPI in monitored in-use buildings [START_REF] Mejri | Energy performance assessment of occupied buildings using model identi ication techniques[END_REF], it is still far from being a general method. Of the existing methods to estimate the building envelope Heat Loss Coef icient, the Co-heating method is the most developed, and it also includes speci ic testing procedures [START_REF] Chapman | The pennyland project[END_REF][START_REF] Butler | Review of co-heating test methodologies[END_REF][START_REF] Bauwens | Co-heating test: A state-of-the-art[END_REF]. This method is not prepared for working with in-use buildings, due to the dif iculties when estimating such parameters as solar gains or occupancy [START_REF] Marzouk | Assessment of existing buildings performance using system dynamics technique[END_REF][START_REF] Liang | Improving the accuracy of energy baseline models for commercial buildings with occupancy data[END_REF]. However, an Average Method has been developed to estimate the HLC of an in-use building in [START_REF] Erkoreka | In-use of ice building energy characterization through basic monitoring and modelling[END_REF].

General mathematical development to estimate the Heat Loss Coef icient through the Average Method

The origin of the method has been studied in detail to understand its limits when used in dynamic problems such as an in-use building. Figure 2.3 shows the system to be analysed from the Thermodynamics Open System (and not stationary) viewpoint. As can be seen in Figure 2.3, the building's envelope is the Control Volume (cv), or the boundary of the system through which heat and mass can be exchanged with the surroundings and the ground. Equation 2.1 states the energy conservation principle of a generic Thermodynamic Open System [START_REF] Moran | Fundamentals of Engineering Thermodynamics[END_REF].

Applying the energy conservation principal to the control volume shown in Figure 2 

∆E cv = ∆U + ∆E k + ∆E p (2.1)
Where Equation 2.2 shows dU dt in function of the different mass types (m i ) within the building (the analysed system), such as concrete, bricks, furniture, air, wood (the sum goes up to ϵ different types of mass present within the building), together with their speci ic heats (c i ), and the variation of the CHAPTER 2. LITERATURE REVIEW temperature of the building's mass (T i ) over time. The m i might change their temperatures (and thus their internal energy) when going from time instant t 1 to t N . For the air within the building, the speci ic heat at constant volume should be used.

dU dt = ϵ i m i du i (t) dt = ϵ i m i c i dT i (t) dt [kW ] (2.2)
Likewise, the dEcv dt term can be de ined by:

dE cv dt = Qcv -Ẇcv + Ėm [kW ] (2.
3)

The Qcv term takes into account all the pure heat exchanges occurring through the Control Volume boundary (the building envelope). In this case, the heat gained through the solar radiation entering the building and the metabolic heat generated by the occupants of the building are considered to be inputs (Equation 2.4)2 . Nevertheless, the added negative inputs are transmission heat losses through the envelope of the building.
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Qcv = S a V sol + K occupancy -U A(T in -T out ) [kW ] (2.4)
The next term, Ẇcv , considers the pure work exchanged through the Control Volume. In this case, the consumed electricity is considered as work. However, as the electricity is converted into heat within the system, the considered negative work is presented as positive heat gain (Equation 2.5). If electrical heating is present, this would be considered in the Ẇcv term.

-

Ẇcv = K electricity [kW ] (2.5)
Finally, the terms, E m = sup ṁsup (h + v 2 2 + gz) supexh ṁexh (h + v 2 2 + gz) exh , consider the net energy exchanged by the system due to the mass low rates of the water (it could be an other Heat Transfer Fluid) in the heating system and the air mass low rates of the ventilation and/or in iltration air exchanges. Here, the heat provided by the heating system is considered in the energy balance equation as the low and return hot water of the heating system circuit (Equation 2.6). The hot water for the heating system could be produced by different technologies. 

Ėm

C v (T in -T out ) = Q h -Q vent+inf [kW ] (2.6)
Likewise, the heat exchanges associated to the mass low, if the heat recovery system is added to the building is equal to:

Qh = Q = ṁwater c water (T watersup -T water exh ) [kW ]
(2.7)

Qvent+inf = Q vent + Q inf = C v (T in -T out ) = Vair(vent) ρ air c p air (T in -T out )(1 -η) + Vair(inf) ρ air c p air (T in -T out ) [kW ] (2.8)
For buildings without a ventilation system or a with ventilation system but heat recovery, then the CHAPTER 2. LITERATURE REVIEW term [ Vair(vent) ρ air c p air (T in -T out ) + Vair(inf) ρ air c p air (T in -T out )] represents the heat exchanged by the building with the outdoor ambient due to both phenomena, being the term, (1 -η), of Equation 2.6 and Equation 2.8, being equal to one (η = 0). If no ventilation system is present in the building, the ventilation term disappears. Then, the in iltration heat losses can be calculated using the speci ic heat at constant pressure of the air, c p air . The kinetic and potential energy variations of both lows can be neglected.

However, if the building is working on a ventilation system with heat recovery, Q vent should be calculated considering the heat recovery system ef iciency (1

-η ̸ = 1 or η ̸ = 0), then Q vent = Vair(vent) ρ air c p air (T in -T out )(1 -η))
, as shown in Equations 2.6 and 2.8. The whole mathematical development of these terms is carried out in [START_REF] Uriarte | Mathematical development of an average method for estimating the reduction of the heat loss coef icient of 234 BIBLIOGRAPHY University of Bordeaux an energetically retro itted occupied of ice building[END_REF]. The schematic of the different temperatures involved in a generic heat recovery system for a ventilation system, are shown in Figure 2.3.

The heat recovery system works with four main temperatures: The outdoor or ambient air temperature (T out ), the renewed or supply air temperature (T sup ), the indoor air temperature (T in )

and the exhaust air temperature (T exh ). The supplied and exhaust air temperatures are those obtained after crossing the recovery system by both the low and return of the air lows. The supply temperature is that obtained after the external temperature crosses the recovery system. In winter, the heat from the exhaust stream will be used to heat up the cold inlet stream. Considering an adiabatic heat exchanger and the same volumetric low rates for supply and exhaust lows, the temperature drop of the exhaust stream should be equal to the inlet stream temperature increase across the heat exchanger. Therefore, the percentage of heat recovered could be de ined as: η = T airsup -Tout T in -Tout . Where Q recovery = Vair(vent) ρ air c p air (T in -T air exh ) = Vair(vent) ρ air c p air (T airsup -T out ). Then, taking into account the percentage of heat recovered (η) in Q vent = Vair(vent) ρ air c p air (T in -T airsup ), it is possible to have the T airsup value in function of η, T in and T out , thus,

Q vent = Vair(vent) ρ air c p air (T in -T out )(1 -η) (Equation 2.8).
Then, replacing the Equations 2.4, 2.5 and 2.6 in Equation 2.1, the Internal Energy (U ) rate is obtained with respect to the solar radiation gains, heating system gains, electricity and occupancy gains, in iltration/ventilation losses and heat transmission losses (Equation 2.9) [START_REF] Uriarte | Mathematical development of an average method for estimating the reduction of the heat loss coef icient of 234 BIBLIOGRAPHY University of Bordeaux an energetically retro itted occupied of ice building[END_REF].

dU dt = S a V sol (t) + K o (t) -U A(T in -T out )(t) + K e (t) + Q h (t) -C v (T in -T out )(t) = S a V sol (t) + K o (t) + K e (t) -(U A + C v )(T in -T out )(t) [kW ] (2.9)
Both the heat losses to the ground and the long wave radiative heat exchange occurring in the building envelope have been considered within the HLC value, as if they were working against (T in -T out ). This assumption is are also made in the original Co-Heating Method [START_REF] Butler | Review of co-heating test methodologies[END_REF], where the U A and C v values are also considered to be constant, so it is possible to obtain a relation between the Internal Energy variation rate ( 

dU dt = S a V sol (t) + K o (t) -U A(T in -T out )(t) + K e (t) + Q h (t) -C v (T in -T out )(t) = Q h (t) + S a V sol (t) + K o (t) + K e (t) -HLC(T in -T out )(t) [kW ] (2.10) - dU dt + Q h (t) + K o (t) + K e (t) = HLC(T in -T out )(t) -S a V sol (t) [kW ] (2.11)
If Equation 2.12 is replaced in Equation 2.9. Moreover, the HLC value can be decoupled through Equation 2.12 as the sum of the transmission heat loss coef icient and the in iltration and/or ventilation heat loss coef icient [START_REF] Giraldo-Soto | Applying the decay method to the CO 2 produced by occupants for decoupling the heat loss coef icient of an in-use of ice building[END_REF].

HLC = (U A + C v ) [kW / • C] (2.12)
Analysing Equation 2.10, it could be said that if the building's HLC is to be estimated by means of measurements, it would be necessary to make an instantaneous measurement of the energy rate being stored in the building ( dU dt ), the exact solar gains at the same instant (S a V sol (t)), the exact instantaneous heating gains (Q h (t)), the exact instantaneous internal gains due to occupants (K o (t)) and electricity consumption (K e (t)) and the exact indoor to outdoor temperature difference (T in -T out ). Obviously, the instantaneous accumulation term is nearly impossible to measure accurately and the exact instantaneous solar gains are also dif icult to measure in an in-use building. The rest of the terms could be measured accurately and instantaneously.

Integrating Equation 2.11 from an initial time equal to t 1 to a inal time t N , Equation 2.13 is obtained.

Since the data from monitoring systems are discrete, with measurements every ∆t, the integers from Equations 2.13 would become sums from k = 1 (in t 1 ) to k = N (in t N ), obtaining the Equation 2.14:

- t N t 1 dU + t N t 1 Q h (t)dt + t N t 1 K o (t)dt + t N t 1 K e (t)dt = HLC t N t 1 (T in -T out )(t)dt + t N t 1 S a V sol (t)dt [kJ] (2.13) CHAPTER 2. LITERATURE REVIEW 61
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- ϵ i=1 m i c i (T i (t N ) -T i (t 1 )) + N κ=1 Q hκ (∆t) + N κ=1 K oκ (∆t) + N κ=1 K eκ (∆t) = HLC N κ=1 (T inκ -T outκ )(∆t) + N k=1 (S a V sol ) κ (∆t) [kJ] (2.
HLC = ϵ i=1 m i c i (T i (t 1 ) -T N (t N )) + N κ=1 (Q hκ + K oκ + K eκ + (S a V sol ) κ )(∆t) N κ=1 (T inκ -T outκ )(∆t)
[kW /°C] (2.15)

K Tκ = K oκ + K eκ [kW ] (2.16) HLC = ϵ i=1 m i c i (T i (t 1 ) -T i (t N )) + N κ=1 (Q hκ + K Tκ + (S a V sol ) κ ) N κ=1 (T inκ -T outκ )
[kW /°C] (2.17)

Average Method

Erkoreka in 2016 [START_REF] Erkoreka | In-use of ice building energy characterization through basic monitoring and modelling[END_REF] proposed the Average Method [START_REF] Uriarte | Mathematical development of an average method for estimating the reduction of the heat loss coef icient of 234 BIBLIOGRAPHY University of Bordeaux an energetically retro itted occupied of ice building[END_REF], with similarities to the ISO 9869 standard [START_REF]ISO.thermal insulation -building elements -in-situ measurement of thermal resistance and thermal transmittance -part 1: Heat low meter method[END_REF], to estimate the HLC of whole in-use buildings. This method takes into account the κ observation of all heat gains inside the building, represented by (Q + K), and the solar gains (S a V sol ) (Equation 2.18) in speci ic periods where:

• There is very low solar radiation and it is possible to roughly estimate the building's solar heat gains. To minimize the uncertainty effect of roughly estimating the solar gains, these should be less than 10% compared to the sum of all the rest of the accurately measurable heat gains inside the building (Q + K).

• The interior to exterior average temperature difference during the selected testing period 62 CHAPTER 2. LITERATURE REVIEW University of Bordeaux should be higher than 15°C and never less than 10°C. Furthermore, the building's average temperature must be the same at the start and end times of the method to make the effect of the change in internal energy of the building negligible.

In Equation 2.17, it can be seen that the longer the considered period is, the smaller the impact of the difference in the thermal level of the building on the HLC estimation. Since the internal energy variation of the building is a property, it only depends on the initial and inal states of the building, while the denominator increases, the longer the period is. The accumulation term is very hard to estimate accurately. The proposed average method is formed by selected periods, where the initial indoor and outdoor temperatures (at t 1 ) and inal indoor and outdoor temperatures (at t N ) are equal.

In other words, both indoor and outdoor temperatures must be equal at the start and end of the periods. Thus, the average temperature between the indoor and outdoor temperatures will also be equal at t 1 and t N . If this is ful illed, it can be assumed that there will be no accumulated heat in the building, since the start and end points of the analysed period will have the same thermal level. Then, the energy accumulation inside the building will be negligible between these two time instants and it will be possible to ensure similar conditions, as in the stationary stag,e for the selected period. Since the longer the period is, the smaller the impact of the accumulation term, as proved in Equation 2.17;

if the period ful ils the same initial and inal thermal level conditions, applying the method to periods of at least 72 hours (three days), the accumulation term effect on the HLC will be negligible. Then, for the selected period, where T i (t 1 ) = T i (t N ), the Internal Energy Variation (U (t N ) -U (t 1 )) term can be considered equal to zero such that 2.17, the internal energy variation (U (t N ) -U (t 1 )) value is equal to zero, and taking ∆t as common factor and cancelling it, Equation 2.18 is obtained. Then, through this equation the air to air HLC estimation is carried out using the Average Method.

U (t N ) -U (t 1 ) = ϵ i=1 m i c i (0) = 0. If, in Equation
HLC N,air-to-air = N κ=1 (Q κ + K Tκ + S a V sol,κ ) N κ=1 (T inκ -T outκ ) [kW / • C] (2.18)
The second term introducing uncertainties in the method application are the solar gains of Equation 2.18. The method proposes using periods, not only with the same initial and inal temperatures of the building, but also with cold and cloudy periods where solar radiation is very low and could thus be considered purely diffuse [START_REF] Duf | Solar Engineering of Thermal Processes[END_REF]. For cloudy periods, any orientation of global radiation measurement can be used, since any of these measurements will be similar to a diffuse solar radiation measurement.

These periods can easily be found in countries or areas where cloudy and cold days are common in winter. It must be possible to ensure that the solar heat gains for these periods compared to the rest of the heat gains (heating (Q) plus all internal gains excluding solar radiation (K T )) of the building are less than 10%. Then, if these roughly estimated solar gains have an uncertainty as large as 100%, their effect on the HLC estimation would only be 10%. Accurately measuring heating and internal gains is possible, while measuring solar gains accurately is a hard task. However, if only cloudy days are present in the studied period and it can be considered that only diffuse solar radiation is affecting CHAPTER 2. LITERATURE REVIEW the whole building envelope, then it is possible to make a rough estimate of the solar gains.

To do so, it can be considered that by multiplying the total window area of the building envelope by a g-value of 0.5 [START_REF] Arasteh | Residential Windows: A Guide to New Technologies and Energy Performance[END_REF], a rough estimation of the solar aperture regarding the diffuse radiation can be obtained. Since diffuse radiation can be considered to be similar in all orientations, if this value is multiplied by the solar aperture, the internal gains created by the solar radiation can be estimated.

Therefore, it is reasonably easy to make rough estimates of the (S a V sol ) term in cloudy periods. Hence, due to the similarity between the results of S a V sol and S a H sol 3 in cloudy periods, the method could be applied using any of them indistinctly.

The Average Method has some similar characteristics regarding the mathematical estimation method used by the ISO 9869-1 method [START_REF]ISO.thermal insulation -building elements -in-situ measurement of thermal resistance and thermal transmittance -part 1: Heat low meter method[END_REF] for obtaining in-situ U-values of walls. The method described by the ISO 9869-1 requires the accumulated average U-value to be plotted during the periods considered valid for the estimation. On these plots, a stabilization band of ± 2% of the inal estimate during the last 24 hours of the testing period is required. Based on the mathematical development carried out in this work for the whole in-use building HLC estimation method, due to the complexity of a whole building when compared to a single wall analysis and considering the uncertainty limits imposed, this band will be expanded to ± 10%. In other words, the proposed average method will also perform the HLC accumulated average plots for the selected periods and should be able to provide stable HLC values within a ± 10% during the previous 24 hours in order to ensure a reliable HLC estimation.

To solve the HLC estimation through the Average Method, the required variables are obtained from ive different types of sensors, shown in The measurement of the variables in an in-use building to estimate the HLC through the Average Method have associated uncertainties; all these variables have systematic errors, while some of them have both systematic and random errors, where:

• The systematic errors of Q, K e , V sol , T in and T out can be obtained through the manufacturer's accuracy.

• On the contrary, the random errors depend on not controlled causes and should be estimated through methods to evaluate the uncertainty due to this type of errors. In the case of K o , there are studies that allow the number of persons in a space to be predicted with high precision 4 .

Since the selected periods to estimate the HLC through the Average Method are cloudy and cold, it ensures that Q, K o and K e have big enough value with respect to Solar Gains (S a V sol ), so it is possible to assume associated uncertainty of less than 10% for the solar gains. For the T in and T out of the thermal zones within buildings, there is currently no speci ic method to estimate their associated random uncertainties, so it is necessary to estimate them in order to study their propagation to the HLC through the Average Method. The latter is one of the main research gaps solved in this Thesis through the proposition and testing of an innovative method to estimate these random errors for the T in and T out . Furthermore, the proposed method is valid to estimate the random error values for any intensive, variable such as the CO 2 ppm concentration or

Relative Humidity within a building thermal zone or for the ambient surrounding a building.

HLC general expression applied to a multi-volume building

Buildings can be considered control volumes composed by multi-volumes or thermal zones, as is shown in the schema of Figure 2.4, where each loor volume (V F i ) is affected by several mass and heat exchanges between other volumes, the ground or the exterior. At the same time, each loor (F i ) can be composed by sub-spaces (F i,j ) or sub-volumes (V F i,j ) with an Indoor Temperature (T F i,j ), where each volume is affected by different heat and mass exchanges, coming either from other volumes, the ground or the exterior. Several heat gains and losses have been considered when estimating the HLC for a whole building enclosed in a control volume. However, the demonstration only considers the HLC estimation for a whole building with homogeneous indoor temperature.

Taking into account the building's multi-volumes, which have L loors and M sub-volumes per loor, the total HLC of the building can be estimated by applying Equation 2.19, where the HLC value of the whole building is de ined as the sum of the HLCs of the individual sub-volumes(HLC (F i,j ) ). The HLCs of these sub-volumes are estimated through Equation 2.20, which is based on the HLC estimation by applying Equation 2.18 directly to each volume as if they were only affected by (T F i,j -T out ). Thus, replacing Equation 2.20 in Equation 2.19 for each HLC (F i,j ) term, it is possible to develop a precise estimation of the HLC of the whole building, estimating the HLC for each volume and summing them through Equation 2.21. This estimation considers:

• The effects of the transmissions and in iltration through the walls between the volumes (V F i,j ) are cancelled out in the sum.

• The effects of energy transfers through internal walls due to transmission and in iltration between the considered sub-volumes are cancelled out in the sum, and only heat and mass transfers between indoor and outdoor air are considered by the aggregation of all individual HLC values.

The analytical development to obtain this general equation has been developed in depth in the publication named 'Mathematical development of an average method for estimating the reduction of the Heat Loss Coef icient of an energetically retro itted occupied of ice building' [START_REF] Uriarte | Mathematical development of an average method for estimating the reduction of the heat loss coef icient of 234 BIBLIOGRAPHY University of Bordeaux an energetically retro itted occupied of ice building[END_REF].

HLC = L i=1 M j=1 HLC (F i,j ) = HLC F 0,1 +HLC F 0,2 +...+HLC F 0,j +...+HLC F 1,j +...+HLC F i,j [kW / • C] (2.19
) 

HLC (F i,j ) = N κ=1 (Q h (F i,j )κ + K T (F i,j )κ + (S a V sol ) (F i,j )κ ) N κ=1 (T in (F i,j )κ -T outκ ) [kW /°C] (2.20) HLC = L i=1 M j=1 HLC (F i,j ) = L i=1 M j=1 N k=1 (Q h (F i,j )κ + K T (F i,j )κ + (S a V sol ) (F i,j )κ ) (T in (F i,j )κ -T outκ ) [kW /°C] (2.21)

Co-Heating Method

The performance parameters of the building of interest, in the form of the HLC and the equivalent solar aperture, are determined by applying a linear regression analysis, assuming a simpli ied thermal equilibrium and aggregate performance data. Therefore, we observe the aggregate performance of its components. A common method to evaluate this is the Co-Heating test. The Co-Heating test [START_REF] Butler | Review of co-heating test methodologies[END_REF] has existed for more than three decades and has been used for many purposes. [START_REF] Butler | Review of co-heating test methodologies[END_REF][START_REF] Johnston | Whole house heat loss test method (coheating)[END_REF][START_REF] Sutton | The co-heating test: The value of a number[END_REF][START_REF] Bauwens | Co-heating test: A state-of-the-art[END_REF][START_REF] Fletcher | Full scale dynamic building testing: Roadmap document 1:1 outline of test methods and equipment[END_REF].

According to the speci ications of the standard ISO 13790 [START_REF]ISO. thermal performance of buildings -calculation of energy use for space heating[END_REF], it is possible to obtain measurements to estimate the HLC of a dwelling through a Co-Heating test, determining the heat loss coef icient of the building envelope. Where there are other possible estimates of individual mechanisms of heat loss; for example, in iltration measurements [START_REF]Selected papers from the irst international conference a companion to: 'sustainable ecological engineering design -selected proceedings[END_REF] or point measurements (e.g., measurements of the building envelope's independent component U-values [START_REF]ISO.thermal insulation -building elements -in-situ measurement of thermal resistance and thermal transmittance -part 1: Heat low meter method[END_REF]).

Butler (2013) [START_REF] Butler | Review of co-heating test methodologies[END_REF] used the regression methodology to estimate the HLC (Equation 2.22) and the solar aperture (S a ) of the whole building with reference to the south vertical global solar radiation.

The Co-Heating test is carried out in winter to reduce the uncertainty effect of solar radiation on the estimated HLC value and requires some conditions for the indoor air temperature to be kept at 25°C.

The requirements to perform the test are:

• Unoccupied Building.

• All conducts closed.

• Interior doors open.

• Exterior doors and windows closed.

• Sensors without direct solar radiation incidence.

• Indoor and outdoor air temperature difference must be superior to 10 °C (T in -T out ≥10°C.).

• Keep indoor air temperature constant at 25°C.

• Five minute logging intervals.

• Once uniform mean temperature is achieved monitor for 1-3 weeks.

CHAPTER 2. LITERATURE REVIEW

(Q + K T ) = HLC(∆T ) -S a V sol (2.22)
• Q is all heating and ventilating systems' energy inputs inside the building [kW] .

• K T is all the other heat gains inside the building (metabolic, solar and heating gains are not included) [kW].

• ∆T is the difference between T in (the indoor air temperature) and T out (the outdoor air temperature) [K or ºC].

• S a [m 2 ] is the equivalent solar aperture of the whole building with reference to the south vertical global solar radiation. All the measurements of variables in an unoccupied building to estimate the HLC through the Co-Heating Method have associated uncertainties due to systematic errors, T out being, the only intensive variable that, besides having associated systematic errors, also has random errors. In the case of the T in variable, its measurement does not have random errors because, during the test, the value of this variable remains constant and homogeneous in all points of the volume 5 . Since solar gains (S a V sol )

are estimated together with the HLC through the regression method, the random errors associated to the solar gains (V sol ) are eliminated.

Decoupling the Heat Loss Coef icient of the building by estimating the

In iltration/Ventilation Heat Loss Coef icient by means of the metabolic carbon dioxide decay method

Using the occupants' metabolic CO 2 concentration decay analysis to estimate in-use C v , is a step forward in the attempt to decouple the estimated in-use HLC values into its Transmission Heat 5 The radiators heat the air mass to keep the temperature constant and the fans avoid the strati ication of the air temperature to guarantee a homogeneous air temperature in the all volumes. and Vairvent = 0. In the case of buildings with mechanical ventilation without heat recovery (η = 0), the C v general form can be reordered as Equation 2.25, and theoretically, even without making any direct measurement in the ventilation system, it would be possible to obtain the C v just from the ACH value estimation with the ASTM method. distribution within the whole volume. There, ful illing the ASTM method requirements will given us the total in iltration/ventilation volumetric low rates. However, two requirements established by the ASTM D6245-12 guide will need important research for the C v estimation. The ASTM D6245-12 section 9.3.1 states that the decay technique is based on the assumption that there is no source of tracer gas in the building, which in the case of CO 2 means that the building is no longer occupied. In in-use buildings there is usually one daily period where this method can be applied. For example, when the occupants leave their house in the mornings or once of ice buildings are unoccupied after a working day. Thus, theoretically, every time a building is unoccupied an ACH value can be obtained that is valid for the 1 to 4 hours decay period (decay study length depends on total ventilation rate) after the building is unoccupied. During this period, there is an important knowledge gap in the ACH estimation, this value being valid for the HLC decoupling. Note that the HLC will be estimated using building monitoring data of several days in a row, since the estimated HLC = U A + C v , the embedded C v part will consider the average C v of that whole period. However, the C v value is not constant even during a single day, since window openings, ventilation system controls or setpoints variations, wind velocity and direction variations generate changes in it during the day. Thus, a rigorous research has to be done to understand the reliability of these estimated C v values. For mechanically ventilated buildings, the ventilation part, Vairvent , can be measured continuously over 24 hours, and its corresponding C vvent averaged for the HLC estimation period. However, the Vairtot will only be available daily for the 1 to 4 hours discharging periods where the ASTM method can be applied. Thus, severe assumptions, such as considering the in iltration part constant or dependant on some measured variables, will have to be proved for a reliable C v estimation and further HLC decoupling. Other aspects related to the automatic detection of the suitable periods for the decay analysis, depending on the building use, will also require a deep analysis.

Vairtot = V •ACH = Vairvent + Vair inf [m 3 /s] (2.23) C v =
The ASTM D6245-12 section 9.3. exchange between indoor volumes with different concentrations, the correlation between the CO 2 decay analysis ACHs and the real volumetric low rates against the exterior must be obtained. In any case, through the mass conservation principle, the total sum of all the ASTM method individual Vairtot (F i,j ) should give us the Vairtot = Vairvent + Vair inf of the whole building, where the inner volumes mass exchanges have been cancelled out.

Importance of the in-use HLC estimation and relation of the measurement uncertainty with the HLC estimation uncertainty

The HLC estimation depends on heat gains, electricity gains, occupancy gains, solar radiation gains, outdoor temperature and indoor air temperature of a building, which are shown in Equations 2.18 and 2.22. Through an optimized MCS installed in a building, it is possible to obtain the measurements necessary to estimate the HLC value by reducing the measurement uncertainties due to systematic errors. However, it is also necessary to analyse the Monitoring System (MnS) 6 based on the estimation of the measurement uncertainty due to random error. Thus, knowledge of the overall uncertainties of the measurements is necessary to obtain as reliable a value for the HLC as possible, where the overall uncertainty includes the uncertainties due to systematic and random errors. For this, it is necessary to install enough sensors with a high accuracy when obtaining the measurements to estimate the HLC value: interior and exterior air temperature, energy consumptions and solar radiation; and also,to estimate the measurement uncertainty due to systematic and random errors.

The identi ication of all measurement uncertainties collected by the sensors to obtain the HLC value, allows us to know, with a certain con idence level, what the HLC estimation error is. To do so, it is necessary to estimate the overall uncertainties of the HLC function's variables based on Equation 2.

28 7 (HLC = f (Q, K e , K o , S a H sol , T in , T out ))
, where it is possible to obtain this Equation if averaged variable values are used for the period, t N . Once the uncertainties of these variables have been estimated, it is necessary to propagate these uncertainties in the HLC function, taking into account that its variables are not independent of each other. In this way the propagation of the HLC Uncertainty (U HLC ) would be estimated based on the propagation error exposed by Taylor [START_REF] Taylor | Introduction to Error Analysis[END_REF]. Thus, it is possible to calculate the HLC range (Equation 2.29 and Equation 2.30) taking into account all the uncertainty sources of the different variable measurements in the HLC error.¡. This allows us to obtain the representative reliable value of the HLC, which will be in a range of values.

Estimating reliable in-use HLC values of buildings is important to better understand their energy ef iciency, and to permit the generation of reliable Energy Performance Certi icates (EPCs), which can be employed as a tool to determine the discrepancies between performances at the design and operation phases of buildings. This is an important reason to estimate the HLC values with the highest precision and accuracy as possible, which is why it is necessary to know all the uncertainties associated to HLC estimation.

HLC = N κ=1 (Q κ + K Tκ + S a V sol,κ ) N κ=1 (T inκ -T outκ ) = N κ=1 (Qκ+K Tκ +SaV sol,κ ) N N κ=1 (T inκ -Toutκ) N = Q + K T + S a V sol T in -T out [kW / • C]
(2.28)

HLC range = HLC ± U HLC [kW / • C] (2.29) HLC -U HLC ≤ HLC range ≤ HLC + U HLC [kW / • C] (2.30)
Where,

• HLC range : Maximum and Minimum limits within which is the representative value of the Heat Loss Coef icient of an in-use Building can be.

• U HLC : HLC uncertainty, obtained by the error propagation of the different uncertainty sources of each of the variables [kW/ • C].

Error propagation

The propagation error for the addition and subtraction [START_REF] Taylor | Introduction to Error Analysis[END_REF] for the Equation 2.28, irst is estimated through Equation 2.31, where all terms' uncertainties are considered, including that of the roughly estimated solar gain. Finally, the propagation error for division in Equation 2.32 must be calculated to estimate the propagation error when estimating the HLC of the building or of a volume within the building. This equation should be also evaluated based on the general equation of the statistical error through the Taylor theorem [START_REF] Taylor | Introduction to Error Analysis[END_REF].

HLC = (Q ± δQ) + (K T ± δK T ) + (S a V sol ± δS a V sol ) (T in ± δT in ) -(T out ± δT out ) = (Q + K T + S a V sol ) ± (δQ + δK T + δS a V sol ) (T in -T out ) ± (δT in + δT out ) [kW / • C] (2.31) University of Bordeaux HLC = (Q + K T + S a V sol ) ± (δQ + δK T + δS a V sol ) (T in -T out ) ± (δT in + δT out ) [kW / • C] = Q + K T + S a V sol (T in -T out ) ± Q + K T + S a V sol T in -T out δQ + δK T + δS a V sol |Q + K T + S a V sol | + δT in -δT out |T in -T out | [kW / • C] (2.32)

Sensor accuracy of Monitoring Systems used in an experimental test to estimate the building envelope Heat Loss Coef icient for an in-use building

In order to have a reference from and know the current accuracy of the experimental test to estimate the HLC, this section presents the sensors used in a large, occupied of ice building (Table 2.3), together with the communication protocol, hardware, and software (Table 2.4) that was implemented.

The MCS was implemented in a public building of the University of the Basque Country under the 7th Framework Program for Research (FP7) [START_REF]What is FP7? -FP7 in brief -research -EUROPA[END_REF] project A2PBEER [START_REF]Affordable and adaptable public buildings through energy ef icient retro itting (a2pbeer)[END_REF][START_REF]Affordable and adaptable public buildings through energy ef icient retro itting | projects | FP7-NMP| european commission[END_REF], in which an energy characterization [START_REF] Erkoreka | In-use of ice building energy characterization through basic monitoring and modelling[END_REF] was carried out. This building has been retro itted and is currently being energetically monitored. Its MCS had not implemented any Fault Detection and Diagnostic (FDD) methods.

This project is a sample of how the automation of buildings is being implemented in research. This The programming occurs in two different phases. The irst phase is the creation of the topological structure of the installation, parametrization of the devices, and assigning of the physical addresses and groups. The second phase consists of the physical programming of the installation directly into the building.

Analysis of the state of the art of Monitoring and Control Systems implemented to estimate the Heat Loss Coef icient

To guarantee transparent EPCs for minimum EEPB, it is necessary to estimate the energy performance using speci ic methodologies in order to determine the energy ef iciency level of buildings. Physical data collected from the sensors of a monitoring system are necessary for this purpose. This section will focus on the study of energy monitoring systems used in projects to estimate the HLC with two methods: the Average Method [START_REF] Erkoreka | In-use of ice building energy characterization through basic monitoring and modelling[END_REF] and the Co-Heating Method, or similar [START_REF] Butler | Review of co-heating test methodologies[END_REF][START_REF] Sutton | The co-heating test: The value of a number[END_REF]. The analysis of the state of the art carried out begins with a review of building automation, communication protocols, sensors and the fault detection methods most used in building control systems. This gives a perspective on the monitoring and Control of the system that is necessary in building automation. In order to identify and analyse the MCSs implemented in current research projects, a review of the literature was undertaken that, through experimental tests, estimated the HLC using the Average Method, the Co-Heating Method, and other methods to characterize the TEP.
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This reviewed literature allowed the equipment that makes up the MCSs, and that is used to collect and process the physical variables in these experimental tests, to be identi ied. Figure 2.5 shows an abbreviated outline of the development of this section.

Building Automation

The Building Control System, also termed the BAS or BMS, is the control system composed of integrated hardware and software networks that monitors and controls the indoor climatic conditions in building facilities [START_REF] Shaikh | A review on optimized control systems for building energy and comfort management of smart sustainable buildings[END_REF].

The Building Automation System (BAS) is installed to monitor and control the heating, cooling, ventilation, air conditioning, lighting, shading, life safety, alarm security, and other building systems [START_REF] Domingues | Building automation systems: Concepts and technology review[END_REF]. The system can be divided into four areas: applications, hardware, communications, and oversights [START_REF] Brambley | Advanced sensors and controls for building applications: Market assessment and potential r&d pathways[END_REF]. The BAS is a part of the Intelligent Building, where this 'intelligence' implies capturing the current state of the building and its devices through the collection of physical variables and signal processing to make the appropriate adjustments, so that the building inhabitants experience increased marginal utility in terms of comfort and energy cost. Intelligent buildings increase this marginal utility through sensor system integration, computer automation, information and communication systems, smart home appliance devices, and new materials [START_REF] Gassmann | Sensors in intelligent buildings[END_REF].

'Domotic' is another term frequently used in reference to building automation; it is de ined by S.

Millán-Angleś [START_REF] Millán-Angleś | Estudio de la in luencia de la automatización en el proyecto arquitectónico[END_REF] as 'a scalable set of services integrated into the home that are provided by systems that can con igure one or several internal networks of the habitat and that, in turn, can communicate with networks outside the home'. These services have functions related to energy saving, the technical management of facilities, information, communication, leisure, accessibility, assistance, comfort, and more.

Lilis [START_REF] Lilis | Towards the next generation of intelligent building: An assessment study of current automation and future IoT based systems with a proposal for transitional design[END_REF] de ined three hierarchical level of functionality in a BAS. The management level is where all information is collected, aggregated, and represented for further management by the operator. The automation level includes the entire infrastructure for controlling and applying the management of the data or system supervision, in which interacting devices range from environmental sensors for luminosity, humidity, temperature, presence, and so forth, to actuators controlling passive devices and environmental parameters such as heating, lighting, and access to premises. Finally, the ield level is where all the end-devices and ield buses, which interface the physical world and are used in the automation of industrial processes and buildings, and which are limited solely to point-to-point communication within the BAS, belong.

The functions of a BAS generally include the HVAC systems; domestic hot water; lighting system control; shading systems control; energy conversion and storage (heating and cooling); onsite power generation; monitoring and data acquisition; and communications and security management [START_REF] Aste | Building automation and control systems and performance optimization: A framework for analysis[END_REF].

Building automation integrates technology in a closed space with intelligent designs, which in turn can be integrated by indoor and outdoor communication networks-wired or wireless-so that energy management is ef icient and includes the air conditioning and boiler controls, awning controls, and CHAPTER 2. LITERATURE REVIEW electric shutter and electricity management.

Economic and legal restrictions regarding energy consumption and environmentalism de ine building energy borders [START_REF] Gassmann | Sensors in intelligent buildings[END_REF]. House system optimization is possible through the Control System of the BAS, which helps to improve the comfort of the occupants while reducing the energy consumption and expediting the operation, monitoring, and maintenance of the building [START_REF] Domingues | Building automation systems: Concepts and technology review[END_REF]. The reduction of electricity consumption and improvement in the occupant comfort level make the building an energetically ef icient system, which is largely achieved by the interaction of a wide range of sensors that such collect physical variables, as the temperature, CO 2 concentration, zone air low, daylight levels, occupancy levels, and so forth [START_REF] Brambley | Advanced sensors and controls for building applications: Market assessment and potential r&d pathways[END_REF]. Even so, energy management is conditioned by user behaviour and comfort conditions have to take into account the lighting control and heating and cooling system control in the building automation.

Protocol communication used in a Building Automation

Communications play a major role in enabling building-wide controls. The communication protocols let communication between devices occur, and are central to data transmission in order to share essential information that allows effective control functioning. This transmission uses physical media through which control information and commands pass between devices via twisted-pair wiring or wireless devices, and has a substantial impact on the installed cost of building controls in building automation systems [START_REF] Brambley | Advanced sensors and controls for building applications: Market assessment and potential r&d pathways[END_REF]. Table 2.5 shows various analogies between the wired and wireless communication protocols.

Wired Wireless

High bandwidth Low-medium bandwidth High performance Higher latency Robust Interference Reliable Unreliable by nature Installation expensive Installation cheap "Unlimited" resources Low power, memory Static network Mobile network Less security problems More security problems Table 2.5: Differences between the Wired and Wireless communication protocols [START_REF] Domingues | Building automation systems: Concepts and technology review[END_REF].

Today, building automation systems can be created using a multitude of different standards. In the 2010 International Symposium on Industrial Electronics organised by the Institute of Electrical and Electronic Engineers (IEEE), the main building automation protocols were identi ied as [START_REF] Granzer | Future challenges for building automation: Wireless and security[END_REF]: 3. Z-Wave is a wireless communications protocol used mainly for home automation. It is a mesh network that uses low-energy radio waves to communicate from one device to another, allowing wireless control of appliances and other devices [START_REF]Z-wave for OEMs & developers[END_REF].

The low-power wireless communication protocols such as EnOcean and Z-Wave are generally used in home automation and industry. Similarly, INSTEON is not restricted and gives support for wireless communication, and, while it is generally used for home automation, it is not limited to this [START_REF] Domingues | Building automation systems: Concepts and technology review[END_REF].

According to a report from the Superior Council of Scienti ic Investigations (CSIC) of Spain (CSIC report (2014)) [START_REF] Millán-Angleś | Estudio de la in luencia de la automatización en el proyecto arquitectónico[END_REF], the most used communication protocols are Wi i, Ethernet, and Bluetooth. As for the control protocols, these are the European Installation Bus and KNX.
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On the other hand, the most used framework platforms are Lonworks, Universal Plug and Play (UPnP) architecture, which is an open architecture and allows the interconnection between devices such as personal computers, home appliances, consumer electronics devices and wireless devices [START_REF]OCF -UPnP standards & architecture[END_REF].

Moreover, Open Services Gateway Initiative (OSGi), which began in 1999 as a set of standards for a Java-based service framework that could be managed remotely, was originally conceived as a gateway to manage smart devices and other Internet-enabled devices in the home [START_REF]OSGi™ alliance -the dynamic module system for java[END_REF].

Gateways are used to translate the protocol information used in an initial network, to the protocol used in the destination network. The approach based on gateway has several disadvantages, storage of large mapping tables is required, and this is a factor that limits the scalability of the BAS, since the effort required for con iguration and maintenance increases with the translation of all the relevant data points that are incorporated from the appropriate segments. This is a signi icantly large mapping table to be stored and can be a limiting factor with respect to BAS scalability. In addition, having a front door can introduce a single point of failure and a security risk [START_REF] Granzer | Gateway-free integration of BACnet and KNX using multi-protocol devices[END_REF]. The literature demonstrates designs for multi-protocol devices, since this is a gateway-free solution that eliminates the need for specialised gateways for inter-protocol communication, increasing the potential product range available for each manufacturer and decreasing the installation cost and number of devices needed for building automation [START_REF] Granzer | Gateway-free integration of BACnet and KNX using multi-protocol devices[END_REF].

Unfortunately, protocols used in building automation are often not compatible with each other; therefore, inter-operation across system boundaries requires special gateway solutions. To counteract these limitations, several middleware solutions have been developed that allow the communication of adjacent sides so there is abstraction of the speci ic details of the provider of the BAS components [START_REF] Wendzel | Covert channels and their prevention in building automation protocols: A prototype exempli ied using BACnet[END_REF]. This solution (Middleware) is a software that allows interaction and communication between various applications or packages of programs, networks, hardware, and/or operating systems. The communication hid the heterogeneities of the software resources, operating system, protocols, etc., determining the interoperability between them [START_REF] Singh | Semantics-empowered middleware implementation for home ecosystem gateway[END_REF].

Currently, there is no intrusion detection and prevention available for the BAS networks, which are increasingly extending their functionalities and their connection to internet. This signi icantly increases the exposure of BAS networks to cyber-attacks due to the signi icant increase in the attack surface. This also increases the interconnection between communication protocols due to the increase in information services and advanced network technologies. The need for Cloud Computing and Fog Computing also increases in order to provide solutions for the automation of inal physical devices [START_REF] Pan | Anomaly behavior analysis for building automation systems[END_REF]. This allows integration on the Internet through a virtual representation, namely the vision of the Internet of Things (IoT) [START_REF] Jung | Integrating building automation systems and IPv6 in the internet of things[END_REF]. The building automation devices are considered for an integration in the IoT in order to have a smart and sustainable building operation [START_REF] Armbrust | A view of cloud computing[END_REF]. In addition, the main difference between Cloud and Fog computing is that the former the Cloud computing 'refers to both the applications delivered as services over the Internet and the Hardware and Systems Software (HS) in the data centres that provide those services' [START_REF] Armbrust | A view of cloud computing[END_REF], while Fog computing is a 'paradigm that extends Cloud computing and services to the edge of the network. Similar to Cloud, Fog provides 

Sensors used in Building Automation

The sensor systems are required in advanced intelligent buildings to provide comfort, high performance and automation, energy and resource savings, and security [START_REF] Gassmann | Sensors in intelligent buildings[END_REF]. In 2010, many modern automated buildings contained a limited number of wired sensors in such control systems as BACnet or

LonWorks. This is mainly because the wired sensors need additional wiring for each sensor, which is a signi icant barrier in wired sensor deployment due to the increased installation cost. The entrance into the market of low-cost wireless sensors without a need for wire has opened up opportunities in the market to increase the number of connected sensors in buildings, thus allowing for improved sensing of the different necessary variables to achieve ef icient and effective automation and consequently improve user comfort [START_REF] Agarwal | Occupancy-driven energy management for smart building automation[END_REF].

For the correct control of the interior conditions, a considerable number of sensors is necessary to control unwanted levels by the users and to achieve optimum levels in the use of energy. It is also necessary to use optimal control techniques in the system and throughout the building to achieve the levels of performance necessary to ensure that the conditions inside the building are of high quality with a minimum consumption of net energy [START_REF] Brambley | Advanced sensors and controls for building applications: Market assessment and potential r&d pathways[END_REF][START_REF] Domingues | Building automation systems: Concepts and technology review[END_REF][START_REF] Gassmann | Sensors in intelligent buildings[END_REF][START_REF] Ting-Pat So | Intelligent Building Systems[END_REF].

Previous research has speci ied the use of sensors and meters for controlling building performance, where the most installed environmental sensors are those measuring temperature, Relative Humidity (RH), and Carbon Dioxide (CO 2 ), which are used to control the HVAC operation. This control through environmental variables looks to maximize user comfort with an optimal performance of the HVAC systems [START_REF] Aste | Building automation and control systems and performance optimization: A framework for analysis[END_REF]. The sensor used to meter electrical power/current is one of the most important types of sensor employed for monitoring energy ef iciency. The main sensors and meters used for control in building automation based on previous researches [START_REF] Erkoreka | In-use of ice building energy characterization through basic monitoring and modelling[END_REF][START_REF] Aste | Building automation and control systems and performance optimization: A framework for analysis[END_REF].

In the literature, there is no speci ication of the monitoring system necessary to estimate the energy performance of a building's envelope using a speci ic methodology, according to Article 3 of the EPBD [17]. However, there are many studies that have been carried out to estimate the HLC in order to characterize the building's thermal envelope performance, together with other estimations to characterize the energetic behaviour of the building envelope. The monitoring systems needed to measure the user's behaviour and comfort are studied in depth in many papers through the control of heating, cooling, and lighting systems, measuring the electrical consumption of homes and buildings in order to know the energy performance of the users. In the next section, we will present the monitoring system necessary to estimate the HLC using the Average Method [START_REF] Erkoreka | In-use of ice building energy characterization through basic monitoring and modelling[END_REF] and the Co-Heating Method or similar method [START_REF] Murphy | A comparison of the UK standard assessment procedure (SAP) and detailed simulation of building-integrated renewable energy systems[END_REF][START_REF] Sutton | The co-heating test: The value of a number[END_REF] and will present a review of different monitoring systems used in different studies developed to estimate the HLC.
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Fault Detection and Diagnostics, prognostics and calibration in Building Monitoring Systems

Evaluating uncertainties in a test can lead to comprehension errors due to the absence of knowledge about the "true" value of a measured variable, especially systematic errors due to the absence of a reference between the true value and the measured value. The true value of a measurement can never be known, but when the HLC of a building is estimated, it varies in an unknown way and is dif icult to predict, and this makes it dif icult to assess the uncertainty of the estimate [103]. Some authors have studied the uncertainty in the calculation of the HLC, such as Stamp S. [START_REF] Stamp | Measuring and accounting for solar gains in steady state whole building heat loss measurements[END_REF], who investigated the uncertainties related to solar gains through ield tests and simulated Co-Heating tests.

Sensor errors greatly affect the performance of control, diagnosis, and optimization systems within building energy systems, negatively affecting energy ef iciency. Calibrated measurements improve the accuracy of energy performance analysis for a building energy system by up to 18% [START_REF] Yoon | Hidden factors and handling strategies on virtual in-situ sensor calibration in building energy systems: Prior information and cancellation effect[END_REF]. It has been reported that the exponential increase of the number of maintenance requests for building energy systems in the past decades is due to an increase in building operational faults [START_REF] Roper | The Facility Management Handbook[END_REF]. Typical operational faults may arise from improper installation, equipment degradation, sensor offset or failures, or control logic problems. The latter can be split into several categories: control faults, sensor offset, equipment performance degradation, fouling faults, stuck faults, and others [START_REF] Basarkar | Modeling and simulation of HVAC faults in energyplus[END_REF].

Table 2.7 shows the impact of sensor errors in a monitoring system, which re lect the need to implement and integer a tool to detect, predict, diagnose and calibrate the sensor and monitoring systems in all building automation systems in an integral way.

Automated Fault Detection and Diagnosis (AFDD) is an area of investigation concerned with automating the processes of detecting faults [START_REF] Kim | A review of fault detection and diagnostics methods for building systems[END_REF], whereby faulty operations, degraded performance, and broken components in a physical system are detected and understood. AFDD tools are based on algorithms that process data to determine if the source of the data is experiencing an error. The tool can be passive if the operation of the equipment/system is analysed without modifying any reference points or control outputs, or active if the changes are made automatically to produce or simulate the operating conditions of a wider range of conditions that could not be modi ied for some time in a normal operation [START_REF] Brambley | Advanced sensors and controls for building applications: Market assessment and potential r&d pathways[END_REF]. The impact of the failures allows the determination of the priority of repairs, directly affecting the reduction of energy use and costs and achieving greater comfort and useful life of the equipment, as well as a reduction in service costs. The severity of the failure and its impact on energy consumption must be considered in order to prioritize repairs. Assessing the failure or evaluating the impact (energy and cost) is one of the main steps in the AFDD process. However, determining the severity of the failure is dif icult because, in many cases, the information necessary to perform the evaluation is not readily available [START_REF] Kim | A review of fault detection and diagnostics methods for building systems[END_REF].

The sensor and control performance can degrade without automated monitoring and fault detection.

The number and range of the types of sensors installed in buildings today is inadequate to provide suf icient automated (or even visual) monitoring. Performance monitoring, automated fault detection CHAPTER 2. LITERATURE REVIEW

Reference

Error and Fault Analysed Impact R. Zhang, T. Hong [START_REF] Zhang | Modeling of HVAC operational faults in building performance simulation[END_REF] Outdoor air temperature sensor errors and thermostat errors on energy consumption.

Increase in cooling energy consumption by 0.8-13.6%, combined cooling and heating energy consumption increases 19.07-34.24%.

J. Verhelst, G. V. Ham [START_REF] Verhelst | Economic impact of persistent sensor and actuator faults in concrete core activated of ice buildings[END_REF] HVAC performance under the fault sensors and actuators in a concrete core activated of ice building.

Economic impact from +7% to +1000% due to simultaneous sensor and actuator faults (realistic, randomly distributed and non-correlative).

K. Roth, D. Westphalen [START_REF] Roth | The energy impact of faults in u.s. commercial buildings[END_REF] Identify thirteen key faults based on literature review, developing bottom-up energy impact range.

Increase of 4-18% in the annual energy consumption of the sum of commercial building HVAC, lighting, and refrigeration energy consumption. It is consistent with the typical range of energy waste reported in building commissioning studies.

J.Y. Kao, E.T. Pierce [START_REF] Kao | Sensor errors: Their effects on building energy consumption[END_REF] Simulation of error effects in the sensors of automatic controls for HVAC systems, in an ofice building of lightweight construction.

In annual building-energy requirements, an increase of 30-50% attributable to an air handling system.

W. Kim [START_REF] Kim | Fault detection and diagnosis for air conditioners and heat pumps based on virtual sensors[END_REF] Fault detection and diagnosis for air conditioners and heat pumps based on virtual sensors.

Reduction of approximately 20% of the cooling capacity and 15% of the energy ef iciency if the refrigerant undercharging is in the range of 25%. and diagnosis, commissioning, optimal control, and the use of developed environments, design tools, and trainers are complementary technologies, with a notable potential to realize signi icant energy savings and other performance improvements in commercial buildings, including existing buildings [START_REF] Brambley | Advanced sensors and controls for building applications: Market assessment and potential r&d pathways[END_REF]. All sensor systems are facing a noticeable upward trend in performance requirements for maintenance, downtime, reliability, fault tolerance, fault recovery, and adaptability [START_REF] Gassmann | Sensors in intelligent buildings[END_REF].

The main fault detection and calibration methodologies in building systems include fan coils, heat pumps, air conditioners, commercial refrigerators, lighting, water heaters, chillers and cooling towers, AHUs, and VAV boxes [START_REF] Kim | A review of fault detection and diagnostics methods for building systems[END_REF].

The The quantitative model-based method needs a precise mathematical model of system behaviour and reliable sensors for the acquisition of data-as it is the most complex model and the least popular, it is more often used for industrial purposes than building landscapes. There are also AFDD methods that combine these three methods, which are used to improve the ef iciency of individual methods and detect failures simultaneously (e.g., rule-based combined with statistical methods to reduce the noise, disturbances, and uncertainty of monitoring) [START_REF] Kim | A review of fault detection and diagnostics methods for building systems[END_REF].

AFDD can be integrated into an automatic start-up process. Start-up (new buildings) and commissioning (existing buildings) involve functional tests carried out to determine if a device or system is working correctly. In the commissioning process, the proper functioning of the equipment is veriied by observing a series of functional tests; however, it is not guaranteed that the equipment can continue to function properly. Only continuous monitoring of the state of the equipment and its performance can guarantee continuous operation. The AFDD system constantly monitors the equipment and identi ies failures and loss of performance, and is a fundamental system in the commissioning of buildings. While the intervention of a human operator or repair technician is essential to complete the start-up cycle, without the automated monitoring system operating continuously many problems may not be detected for days, weeks, months, or even years [START_REF] Brambley | Advanced sensors and controls for building applications: Market assessment and potential r&d pathways[END_REF].

All studies on the reviewed fault detection and calibration of monitoring systems did not apply AFDD methodologies in the energy monitoring system to characterize the TEP or to understand the energy ef iciency of in-use buildings' envelopes through HLC estimation. The methods currently lack a holistic approach to predict the global impacts of faults at the building level [START_REF] Kim | A review of fault detection and diagnostics methods for building systems[END_REF].

Literature review's study of Monitoring and Control Systems' equipment used in research projects to estimate the Heat Loss Coef icient and characterize the Thermal Envelope Performance of Buildings

In order to know the MCSs used to measure the physical variables necessary to estimate the HLC and TEP, a range of literature has been selected. The purpose of this selection is to identify the sensors, controls, hardware and software employed in research studies to determine, for example, what kind of accuracy and technical sheet the used sensors have. In addition, the technology used is analysed in the discussion section to understand the possibility of implementing the MCSs used in BAS and domotic systems to characterize TEP.

The choice of literature took into account several requirements to ensure the literature was based not only on an analytical study of HLC estimation and TEP characterization, but also had an experimental basis. The experimental basis should be speci ic to buildings, housing or prototypes. Within the selection, studies based on simulations or that are purely theoretical or analytical were not taken into account. The requirements for the research to be considered were:

1) Studies based on experimental tests of buildings, houses, or prototypes on a small scale.

CHAPTER 2. LITERATURE REVIEW d) Other methods (e.g., statistical methods) for estimating the building envelope energy behaviour, but that also include at least one of the following studies:

• Energy Consumption.

• Energy Balance.

• In iltration.

• Local U-Value.

• Other energy analysis (e.g., estimation of the heat dynamic of buildings).

Table 2.8 shows the relationship of the references selected for this study with the corresponding methods and studies carried out from 1978-2018. The references include reports, journal articles, and conference publications. The literature that was studied includes reports of the irst studies of the Co-Heating Method in the 1970s [START_REF] Socolow | Saving energy in the home : Princeton's experiments at Twin Rivers[END_REF], developed by the U.S. Energy Department [116], which analysed the sensors, controls, instrumentation, hardware and software necessary for MCSs to achieve HLC estimation and other buildings' envelope energy behaviour parameter estimation to characterize the TEP of buildings. Moreover, in the second decade of the 21st century, an increase in experimental tests was observed, with a greater concentration of publications occurring in 2015, 2016, and 2017.

In a study from 2018 [START_REF] Jack | First evidence for the reliability of building coheating tests[END_REF] exists in which a sensitivity analysis was carried out to determine the level of uncertainty in the HLC estimation due to the measurements obtained by the sensors. This type of analysis is necessary in order to identify which type of sensors should be implemented in the MCSs of buildings in order to characterize their TEP.

Table 2.9 shows the sensors, controls, hardware, software, and devices used in the experimental tests of each selected reference, together with the veri ication of the FDD method that was used, which was not implemented in any of the experimental tests studied. In the next section, the results and analysis of MCSs are developed through qualitative and quantitative analyses. Additionally, the methodology and criteria used to obtain the results are described.
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Quantitative and qualitative analysis of monitoring and control systems of the reviewed literature

In this section, the qualitative and quantitative analysis of the equipment and the technical speci ication level of the MCSs used in the 24 reviewed bibliographies that were reviewed, has been carried out. The objective of the qualitative and quantitative analyses is to identify the MCSs currently used to estimate the HLC and TEP in order to:

• Identify the technology used in experimental tests.

• Analyse the integration of MCSs into BAS.

• Identify the current state of FDD methods implemented in MCSs.

Based on the data recompilation of Table 2.9, a qualitative and quantitative analysis was undertaken in terms of the function of the equipment and technical speci ication level of the MCSs' described and presented in the methodology reviewed from the literature.

To analyse the MCS technologies used in the experimental tests of the selected bibliography, different levels have been de ined according to technical speci ications that selected publications describe in their experimental methodology. For this, the MCS equipment implemented to collect and process the physical variables to develop the methods for the TEP characterization, which these publications propose, is characterized. The three levels are de ined as Levels A, B, and C and they are quanti ied as 1, 0.5 and 0, respectively, and the degree of detail that de ines each level is shown in Table 2.10.

Levels Detail Degree of Technical Speci ications Quantitative Value

Level-A High degree speci ication 1

Level-B Partial speci ication 0.5

Level-C There is not speci ication 0 The evaluated criteria has been divided into two groups: one to analyse the Monitoring System that includes the sensors, and another to analyse the Control System that includes controls, communication protocols, software and hardware. Table 2.11 shows the criteria considered to analyse the MCSs' speci ication of the degree of technologies used in research projects in the reviewed literature. The MCSs' speci ication degree helps to identify the degree of importance of MCSs in HLC estimation and in other estimates used to determine the energy behaviour of the buildings, so as to characterize the TEP. This allows us know the reason why there is a dif iculty in identifying MCS technologies used in experimental tests. Regarding the Control System devices, they showed a similar tendency as the Monitoring System devices, with only around 12.50% giving a complete description specifying the model or type of control devices, the data sheet, and the criteria used to determinate the Control System in terms of the function of its technical requirements. On the other hand, 20.83% speci ied the protocol communication, software, and hardware used. In addition, just 25.00% speci ied the operating characteristics of the hardware and software used to control and process the collected data. 20.83% and 12.5%, respectively, specify the hardware and software type and the criterion used to determine the control system implemented.

By studying the publications, it was often possible to determine the sensors and devices used when these were not included explicitly in the methodologies because they were speci ied in the analysis, tables, and/or data graphics. In this way, it was possible to know, in some cases, the sensors used in the experimental test. Even so, there are publications that did not specify the devices used and just gave the results, making it impossible to identify the devices used in the experimental test. Tables 2 No project mentions the use of a Supervisory Control and Data Acquisition (SCADA) for collecting and processing data, although around 54.17% used a data logger and approximately 33.33% a data processor.

The communication protocols that were used were not identi ied; only around 20.83% of publications speci ied some characteristic of data transmission, and only one publication speci ied the use of a gateway or transmitter. A total of 29.17% of all publications speci ied the use of a computer.

The experimental tests that implemented the Co-Heating and other methods to estimate the energy behaviour of buildings' envelopes to characterize TEP have the same tendency.

The results show that no publication has implemented an FDD method to detect, identify, and correct the error in MCSs used during experimental tests. Level-A 1 0 0 0 0 0 0 0 0 0 100% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

Level-B 0 0 0 0 0 0 0 0 0 0 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% Level-A 1 0 1 0 0 0 0 0 0 0 100% 0.00% 100% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% Level-B 0 0 0 1 0 0 0 0 0 0 0.00% 0.00% 0.00% 100% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

Level-C 0 1 1 1 1 1 1 1 1 1 0.00% 100% 100% 100% 100% 100% 100% 100% 100% 100%
Level-C 0 1 0 0 1 1 1 1 1 1
0.00% 100% 0.00% 0.00% 100% 100% 100% 100% 100% 100% 

Conclusions

There is evidence that energy ef iciency research is primarily focused on the use of automated projects to collect physical data, transfer the information using standard communication protocols, and through the use of software, to process all information to control and monitor physical variables and undertake data treatment. Researchers could use centralised automation in their projects to facilitate the collection of a large amount of data. This could help them to not only understand the building envelope behaviour, but also to develop new services to be integrated into the market of Thermal Envelope Performance.

Currently in Building Automation Systems, there is no evidence of the integration of in-use building energy monitoring systems to characterize the Thermal Envelope Performance. However, it would be useful to know how ef icient the envelope is after the construction or retro it so as to determine the discrepancy between the building's design and the building in-use, and to identify future retro its of the building envelope. This would facilitate the maintenance of the system, allowing its self-regulation and calibration so as to increase the accuracy and reliability of the studies.

When the measurement uncertainty or measurement error is taken into account in the literature reviewed, only the manufacturer's accuracy (systematic errors) of sensors is taken into account, without considering the measurement uncertainties associated to random errors or other uncertainty CHAPTER 2. LITERATURE REVIEW sources.

The Co-Heating Method for HLC estimation has the advantage of being a method in which random errors are minimised. The random errors due to solar radiation disappears since they are estimated through the regression method together with the HLC value. The rest of the variables (indoor air temperature, electricity consumption and heating) have associated only systematic errors, so the outdoor air temperature is the only variable that has associated systematic and random errors. In this method, thanks to the air fans being used to continuously mix the indoor air, the indoor air temperature measurement does not have associated random errors. On the other hand, this method to estimate the HLC does not consider the user behaviour and its impact on the Energy Ef iciency of a Building, and although the method requires less investment in Monitoring and Control Systems, as they are usually mobile systems, it has the disadvantage that the dwelling or building must be unoccupied for a considerable period of time, which makes it dif icult to carry out the test on dwellings or buildings that are already inhabited.

The Average Method has the advantage that it is possible to know the impact of user behaviour in the Energy Ef iciency Building, as it is not necessary to have a dwelling or building unoccupied, but this method requires more investment in the Monitoring and Control Systems. Furthermore, the effect of the random errors are considerably increased with respect to the Co-Heating Method because the variables such as solar radiation gains are measured from sensors and not estimated by regression methods. The estimation of users' metabolic gains must also be taken into account, and the indoor air temperature is a measure that is not ixed homogeneously within the thermal zones that make up the building. These variable uncertainties, together with the outdoor air temperature uncertainty, give the HLC value a higher uncertainty, where systematic and random errors are associated to more variables with respect to the HLC estimation of the Co-Heating method. Here, one of the main aims of this Thesis is to develop and test a method that can provide the overall uncertainty of the indoor and outdoor air temperatures, considering both, the systematic and random errors. Note that, in the literature review, it has been highlighted, that all the research works dealing with the HLC estimation only consider the systematic error associated to the manufacturer's accuracy, forgetting the random error sources.

This study shows the need to focus on the effect of the estimation of the Heat Loss Coef icient and other estimations to determine the envelope energy behaviour of buildings using different sensor technologies, with laboratory accuracy and market sensor accuracy. This type of research could allow the development of a monitoring kit and control speci ications to de ine the Building Automation Systems, together with their layout in buildings, so as issue reliable Energy Performance Certi icates in the future. In addition, it is necessary to know the discrepancy in the estimations of Automation Systems and domotic systems for new and existing buildings, is essential. Here, we found the second aim of this thesis. After presenting in detail the average method to estimate the in-use HLC and the possible decoupling method for those in-use HLC; a detailed monitoring system for a residential building will be designed and implemented to be able so as to analyse in detail the MCS requirements and its associated costs.
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Introduction

Based on the literature review of section 2.3.7, the design of MCS with the necessary measurements to estimate the HLC through the Average Method and the Co-Heating Method (section 3.3) should be optimized. These measurements have associated uncertainties due to systematic and random errors, where the heating and ventilating systems' energy (Q) and electricity gains (K e ) only have associated measurement uncertainty due to systematic errors. Meanwhile, the solar gains (S a V sol ), occupants' metabolic gains (K o ), indoor and outdoor temperature (T in and T out ), all have associated measurement uncertainties due to systematic errors and random errors. In the case of HLC estimation through the Average Method (section 2.2.2), the effect of S a V sol and K o have a low uncertainty effect over the HLC estimation with respect to the Q and K e being measurements, since the method is applied in cold and cloudy periods, Q and K e the highest heat gains in the building. Thus, the overall measurement uncertainty of T in and T out is crucial and must be estimated in order to improve the HLC estimation. Understanding the overall uncertainty of T in and T out will permit us to design the MCS in order to quantify and reduce these uncertainties due to systematic and random errors.

On the other hand, when the HLC is estimated through the Co-Heating Method, only the T out has associated both system and random errors, since the rest of the variables (Q, K e , S a V sol and T in ) only have associated measurement uncertainty due to systematic errors, as explained in section 2.2.3.

The methodology carried out to estimate the overall measurement uncertainty has been developed within this research to apply the GUM method to the intensive variables measurements used to characterize the TEP and the HLC. In addition, a decoupling uncertainty method (section 3.2.2) has been developed (section 3.2.1) with the objective of separating the uncertainties due to systematic and random error of the estimated overall uncertainty. Finally, the developed methodology has been used to analyse the vertical strati ication of the measurements (section 3.2.3). Together with the uncertainty analysis, the estimation of the representative value of a measurement is explained using the estimation of the measurement uncertainty.

Finally, the MCS' general criteria to measure the variables involved in the HLC estimation and its decoupling through the Co-Heating Method and Average Method are presented. Likewise, other optional measurements of variables are included to estimate the in iltration and/or ventilation heat loss coef icients, the one dimensional transmission heat transfer coef icient (U-Value) of the envelope elements and the gas consumption to characterize the boiler's seasonal ef iciencies.

Uncertainty analysis for intensive variables measurement of in-use buildings

Measurements of physical quantities have a degree of uncertainty. The variability of the results of repeated measurements is due to the fact that it is impossible to keep constant the variables that can affect the result of such a measurement. One of the reasons associated with this, is that the 106 CHAPTER 3. METHODOLOGY University of Bordeaux manufacture of measurement equipment has a certain degree of quality that cannot be measured accurately even if actions are taken to limit the degree of uncertainty.

Estimating the uncertainty and indicating it properly allows data to be correctly interpreted and valid conclusions to be drawn, which implies that the measurement is not just the average value of the measurements. It is equally important to know how accurate and precise the measurement result is.

Therefore, every measurement must have both the numerical value with its corresponding physical units and the degree of uncertainty associated with the measured value. In this way, the uncertainty, at a speci ied con idence level, will characterize a range of values within which the measured quantity can lie.

The methodology for estimating the uncertainty value is a process detailed in the ISO Guide to the Expression of Uncertainty in Measurement (GUM) [103], where there are terminologies associated to measurement, some of which are:

Error: is the difference between a measurement and the true value of the measuring does not include mistakes and it is not possible to completely eliminate error in a measurement, it can be only controlled and characterized. Error is what causes values to differ when a measurement is repeated and none of the results can be preferred over the others. The total error is a combination of systematic error and random error.

Systematic error: tends to displace all measurements systematically, so that after a series of measurements, the average value is constantly shifted or varies in a predictable way. The causes may be known or unknown, but must always be corrected when they are present. Systematic error can only be corrected when the 'true value' (such as the value assigned to a calibration or reference specimen) is known.

Random error: is a component of the total error which, after a series of measurements, varies in an unpredictable way. It is not possible to correct the random error.

Accuracy: is the closeness between a measured value and the true value. Accuracy is an expression of the lack of error, no two measurements are exactly the same, thus some deviations can be controlled and some cannot. Some deviations can be controlled by careful adjustment of the experimental procedure. These types of deviations are systematic errors which are sometimes referred to as determinate errors.

Precision: is the closeness of agreement between independent measurements of a quantity under the same conditions. It is a measure of how well a measurement can be made without reference to a theoretical or true value. Since precision is not based on a true value, there is no bias or systematic error in the value, but instead it depends only on the distribution of random errors.

Repeatability: is simply the precision determined under conditions where the same methods and equipment are used by the same operator to make measurements on identical specimens.

Reproducibility is simply the precision determined under conditions where the same methods but CHAPTER 3. METHODOLOGY 107

University of the Basque Country different equipment are used by different operators to make measurements on identical specimens.

Uncertainty (of measurement):

this is a parameter, associated with the result of a measurement, that characterizes the dispersion of the values that could reasonably be attributed to the measuring.

Uncertainty of measurement comprises, in general, many components. Some of these components may be evaluated from the statistical distribution of the results of measurements' series and can be characterized by experimental standard deviations. The uncertainty is a value that characterizes the range of values within which the true value is asserted to lie. These value estimates should address error from all possible effects (both systematic and random) and, therefore, is usually the most appropriate means of expressing the accuracy of results. Uncertainty characterizes the range of values within which the true value is asserted to lie with some level of con idence.

Expanded uncertainty: quantity de ining an interval about the result of a measurement that may be expected to encompass a large fraction of the distribution of values that could reasonably be attributed to the measuring.

On the basis of all that is involved in the measurements, there is a discrepancy between the real measured value of an intensive variable of a volume within a building (or Measured Zone) and the individual measurements from sensors of an MCS. It will never be possible to know with certainty the real value of a measure, because its uncertainty is due to both systematic errors (can be controlled and eliminated) and different errors from random causes (cannot be controlled and eliminated). The measurement uncertainty associated to systematic error is given by the sensor accuracy (which is given by the manufacturer) and by the monitoring system where the sensor is installed. However, random errors are due to different causes, such as user behaviour, incidence of solar radiation, or effects produced by the ventilation and heating system, among others. The overall uncertainty of the measurement could be estimated by combining uncertainties of the systematic and random errors.

The different in luences or causes that have an impact on the temperature measurement or any measurement are the following [103]:

• Repeatability.

• Resolution.

• Reproducibility.

• Reference.

• Standard Uncertainty.

• Reference Standard Stability.

• Environmental Factors.

• Measurement speci ic contributors: Alignment, scale, evaporation, mismatch, etc.
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• Contributions required by method: ASTM1 , ISO/IEC2 , Military Procedure, etc.

• Accreditation requirements.

This section starts with the state of the art of uncertainty analysis methods and the developed methodology is then described for the following analysis:

• Measurement Sensor Uncertainty (U M (S) ) analysis: the uncertainty associated to systematic errors of the sensors and monitoring system is estimated.

• Measurement Uncertainty (U M ) analysis: the overall uncertainty analysis of the measurement for each Measured Zone is performed. In this estimation, all uncertainty sources on the measurement are considered (systematic and random errors).

• Measurement Spatial Uncertainty (U M (SP ) ) analysis: the uncertainty associated to random errors is estimated. For this, the Measurement Uncertainty (U M ) of the measurement is decoupled into sensor uncertainty and spatial uncertainty.

The statistical method for estimating the Measurement Uncertainty (U M ) and the Measurement Sensor Uncertainty (U M (S) ) is the same, so it is irst introduced as a general uncertainty analysis method at the start, then the speci ic application of the method to each of these two cases is detailed.

Statistical basis of the uncertainty estimation

The theoretical framework of the statistical analysis carried out to estimate the uncertainty is explained in this subsection. Data must be formed by experimental observations whose bell-shaped distribution is best represented by the normal distribution, also called the Gaussian distribution 

General method of uncertainty analysis applied to the measurement of intensive variables associated with the Heat Loss Coef icient estimation

The method set out in this section is developed in this research for measurements with a Type A sample. The analysis carried out can be applied to Indoor and Outdoor Air Temperature (T in and T out ), indoor and outdoor Carbon Dioxide (CO 2 ) concentration, Relative Humidity (RH) and any measurement that has the characteristics of a Type A sample.

To carry out the statistical study to estimate the measurement uncertainty of intensive variables, the samples should be the Instant of Times (t j ) with j = 1, ..., N . In each (t j ), different Sensor Measurements (M dv i ) values have been acquired in a Differential Volume (dv i ) of a Measured Zone (MZ), in which, in turn, the (dv i ) represents the volume where a sensor is located. M dv i represents one measurement point of the whole volume to be monitored, so that it is possible to know the estimated measurement value of the whole monitored volume. A diagram of these measurements is shown in In the case where there is only one sensor measurement in a volume (or thermal zone), the M dv i value cannot be centred with respect to a reference measurement, so the proposed statistical analysis cannot be applied to these volumes.

V M Z = n j=1 V M S j = g i=1 dv i [m 3 ] (3.1) V M S = y j=1 dv i [m 3 ] (3.2)
Where,

• V M Z : MZ Volume [m 3 ]. • V M S : MS Volume [m 3 ].
• dv i : Differential Volume contained in an MZ or an MS [m 3 ].

• g: Number of Differential Volume in an MZ volume.

• y: Number of Differential Volume in an MS volume.

• n: Number of MS volumes contained in an MZ.

M a = Z i=1 M dv i Z [SI] (3.3) 
where for an MZ and MS volumes, M a is de ined by Equations 3.4 and 3.5:

(M a ) M Z = p i=1 M dv i p [SI] (3.4) (M a ) M S = q i=1 M dv i q [SI] (3.5) 112 CHAPTER 3. METHODOLOGY University of Bordeaux
where,

• M a : Average Measurement of a Volume for each t j .

• (M a ) M Z : Average Measurement of an MZ Volume for each t j .

• (M a ) M S : Average Measurement of an MS volume for each t j .

• M dv i : Sensor Measurement for each t j .

• p: Number of M dv i in an MZ for each t j .

• q: Number of M dv i in an MS for each t j .

(M vw ) M Z = 1 V M Z n j=1 V M S j q i=1 (M dv i ) M S i q = 1 V M Z n j=1 V M S j (M a ) M S j [SI] (3.6)
where,

• (M vw ) M Z : Volume-Weighted Measurement of an MZ for each t j .

• (M dv i ) M S : Sensor Measurement (M dv i ) of an MS for each t j .

• V M S : Volume of an MS [m 3 ].

• V M Z : Volume of an MZ [m 3 ].

• q: Number of M dv i in an MS for each t j .

• n: Number of MS volumes contained in an MZ.

(θ dv i ) vw = (M dv i orM a ) -(M vw ) M Z [SI] (3.7)
where,

• (θ dv i ) vw : Measurement Differential with respect to the Volume-Weighted Measurement of an MZ for each t j .

• M dv i : Sensor Measurement for each t j .

• M a : Average Measurement for each t j .

• (M vw ) M Z : Volume Weighted Measurement of an MZ for each t j .
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(θ dv i ) a = M dv i -M a [SI] (3.8)
where for an MZ and MS volumes, θ a is de ined by Equations 3.9 and 3.10:

(θ dv i ) M Z = M dv i -(M a ) M Z [SI] (3.9) (θ dv i ) M S = M dv i -(M a ) M S [SI] (3.10)
Where,

• (θ dv i ) a : Measurement Differential of M dv i centred on an Average Measurement for each t j .

• (θ dv i ) M Z : Measurement Differential of M dv i centred on an Average Measurement of an MZ for each t j .

• (θ dv i ) M S : Measurement Differential of M dv i centred on an Average Measurement of an MS for each t j .

• M dv i Sensor Measurement for each t j .

• M a : Average Measurement for each t j .

• (M a ) M Z : Average Measurement of an MZ Volume for each t j .

• (M a ) M S : Average Measurement of an MS Volume for each t j .

The zero centred data collected from sensor measurements follows a Type A distribution, M dv i , where the large sample size is composed of different time instants (t j ) and there are several measurements on each t j . Table 3.1 shows the matrix of the raw data collected from the sensors.

The steps carried out for the statistical analysis to estimate the uncertainty of measurement are:

1. For more than one M dv i for each t j :

(a) Transform the raw data of each time instant (t j ) ( 2. For volumes with a single M dv i measurement for each t j , the method is not applicable.

In the case of the statistical analysis carried out in this research, Tables 3.4 and 3.5, the µ values are equal or close to zero. On the other hand, the σ and σ values determine the precision of the measurement, referring to how close the measured value is to the real one. 

M dv (i,t j ) | t j t 1 t 2 t 3 ... t N M dv (1,t j ) M dv (1,t 1 ) M dv (1,t 2 ) M dv (1,t 3 ) ... M dv (1,t N ) M dv (2,t j ) M dv (2,

Measurement Uncertainty Measurement Sensor Uncertainty Measurement's Spatial Uncertainty

U M U M (S) U M (SP )
(Equation3.17) (Equation3.17) (Equation3.17) 

µ t j = 1 Z Z i=1 θ dv (i,t j ) | j=1,2,..,N [SI] (3.11)
σ 2 t j = 1 Z -1 ∑ Z i=1 θ dv (i,t j ) -µ t j 2 | j=1,2,..,N [SI] (3.12) 116 CHAPTER 3. METHODOLOGY University of Bordeaux σ t j = 2 σ 2 t j | j=1,2,..,N [SI] (3.13) μ = 1 N N t j =1 µ t j [SI] (3.14) σ2 = 1 N N t j =1 σ 2 t j [SI] (3.15) σ = 2 √ σ2 [SI] (3.16) Ū = 2σ[SI] (3.17) 
where,

• θ dv (i,t j ) : Measurement Differential, de ined by the difference of M dv i with respect to M a , (M a ) M Z or (M a ) M Z ) for each t j .

• µ t j : Mean of Measurement Differentials θ dv i for each t j .

• σ 2 t j : Variance of Measurement Differentials θ dv i for each t j .

• σ t j : Experimental Standard Deviation of Measurement Differentials θ dv i for each t j .

• μ: Mean of t N samples.

• σ2 : Mean Variance of t N samples.

• σ: Mean Standard Deviation of t N samples, this value is associated to the Measurement Uncertainty estimation [SI].

• Ū : Expanded uncertainty of Measurements.

• Z: Number of M dv i measurements in MZ (Z = p) or MS (Z = q) volume for each t j .

• N : Sample Size de ined by the number of Instants of Time (t j ).
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Methodology to decouple systematic and random uncertainties of

U M = 2σ M = 2( 2 σ2 M ) = 2   2 1 N N t N =1 σ 2 t j (S) + σ 2 t j (SP )   [SI] (3.18) σ2 M = 1 N N t N =1 σ 2 (S) + σ 2 (SP ) = 1 N σ 2 t 1 (S) + σ 2 t 1 (SP ) + σ 2 t 2 (S) + σ 2 t 2 (SP ) + ... + σ 2 t N (S) + σ 2 t N (SP ) = 1 N σ 2 t 1 (S) + σ 2 t 2 (S) + ... + σ 2 t N (S) + σ 2 t 1 (SP ) + σ 2 t 2 (SP ) + ... + σ 2 t N (SP ) = 1 N σ 2 t 1 (S) + σ 2 t 2 (S) + ... + σ 2 t N (S) + 1 N σ 2 t 1 (SP ) + σ 2 t 2 (SP ) + ... + σ 2 t N (SP ) [SI] (3.19) σ2 t N (S) = 1 N σ 2 t 1 (S) + σ 2 t 2 (S) + ... + σ 2 t N (S) [SI] (3.20) 118 CHAPTER 3. METHODOLOGY University of Bordeaux σ2 t N (SP ) = 1 N σ 2 t 1 (SP ) + σ 2 t 2 (SP ) + ... + σ 2 t N (SP ) [SI] (3.21) σ2 M = σ 2 (S) + σ 2 (SP ) [SI] (3.22) σ2 (SP ) = σ2 M -σ2 (S) [SI] (3.23) σ(SP ) = 2 σ2 M -σ2 (S) [SI] (3.24) U M (SP ) = 2 σ(SP ) [SI] (3.25) 
U M = 2 2 σ2 (S) + σ2 (SP ) = 2 2 σ2 M = 2 (σ M ) [SI] (3.26) σ2 (S) = σ2 M -σ2 (SP ) [SI] (3.27) σ(S) = 2 σ2 M -σ2 (SP ) [SI] (3.28) U M (S) = 2 σ(S) = 2 σ2 (S) = 2 σ2 M -σ2 (SP ) [SI] (3.29)
where,

• U M : Measurement Uncertainty.
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• σ2 M : Mean Variance of t N samples associated to U M .

• σM : Mean Standard Deviation of t N samples associated to U M .

• U M (SP ) : Measurement's Spatial Uncertainty.

• σ2 (SP ) : Mean Variance of t N samples associated to U M (SP ) .

• σ(SP ) : Mean Standard Deviation of t N samples associated to U M (SP ) .

• U M (S) : Measurement Sensor Uncertainty.

• σ2 (S) : Mean Variance of t N samples associated to U M (S) .

• σ(S) : Mean Standard Deviation of t N samples associated to U M (S) .

• σ The decoupling method allows us to know the relation between the Sensor Mean Variance (σ 2 (S) ) and the Measurement Sensor Uncertainty (U M (S) ) with respect to the overall Mean Variance and the Measurement Uncertainty (U M ). This relation is called, in this manuscript, the Sensor Ratio (R S ) (Equation 3.30) and it represents the weight of the systematic causes over all uncertainties, where the σ2 (S) value can also be de ined through Equation 3.31.

R (S) = σ2 (S) σ2 M [SI] (3.30) σ2 (S) = R (S) σ2 M [SI] (3.31)
where,

• σ2 (S) : Mean Variance of t N samples associated to U M (S) .

• 

R (SP ) = σ2 (SP ) σ2 M [SI] (3.32) σ2 (SP ) = R (SP ) σ2 M [SI] (3.33)
where,

• σ2 (SP ) : Mean Variance of t N samples associated to U M (SP ) .

• R (SP ) : Ratio of Mean Variance of t N samples due to U M (SP ) with respect to Mean Variance of 

t N Samples due to U M . Knowing the R S , U M (S) , σ2 ( 
σ2 (SP ) = σ2 M -σ2 (S) = σ2 (S) R (S) -σ2 (S) = σ2 (S) 1 R (S) -1 = σ2 (S) 1 -R (S) R (S) [SI] (3.34) σ(SP ) = 2 σ2 M -σ2 (S) = 2 σ2 (S) R (S) -σ2 (S) = 2 σ2 (S) 1 R (S) -1 = 2 σ2 (S) 1 -R (S) R (S) [SI] (3.35) U M (SP ) = 2 σ(SP ) = 2 2 σ2 (SP ) = 2 2 σ2 M -σ2 (S) = 2    2 σ2 (S) R (S) -σ2 (S)    = 2 2 σ2 (S) 1 R (S) -1 = 2 2 σ2 (S) 1 -R (S) R (S) [SI] (3.36) CHAPTER 3. METHODOLOGY 121 
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σ2 M = σ2 (S) R (S) = σ2 (SP ) R (SP ) [SI] (3.37) σM = 2 σ2 (S) R (S) = 2 σ2 (SP ) R (SP ) [SI] (3.38) U M = 2 (σ) = 2    2 σ2 (S) R (S)    = 2    2 σ2 (SP ) R (SP )    [SI] (3.39)
where,

• U M : Measurement Uncertainty.

• σ2 M : Mean Variance of t N samples associated to U M .

• σM : Mean Standard Deviation of t N samples associated to U M .

• U M (SP ) : Measurement's Spatial Uncertainty.

• σ2 (SP ) : Mean Variance of t N samples associated to U M (SP ) .

• σ(SP ) : Mean Standard Deviation of t N samples associated to U M (SP ) .

• U M (S) : Measurement Sensor Uncertainty.

• σ2 (S) : Mean Variance of t N samples associated to U M (S) .

• σ(S) : Mean Standard Deviation of t N samples associated to U M (S) .

• 

σ2 (S) = σ2 M -σ2 (SP ) = σ2 (SP ) R (SP ) -σ2 (SP ) = σ2 (SP ) 1 R (SP ) -1 = σ2 (SP ) 1 -R (SP ) R (SP ) [SI] (3.40) 122 CHAPTER 3. METHODOLOGY University of Bordeaux σ(S) = 2 σ2 M -σ2 (SP ) = 2 σ2 (SP ) R (SP ) -σ2 (SP ) = 2 σ2 (SP ) 1 R (SP ) -1 = 2 σ2 (SP ) 1 -R (SP ) R (SP ) [SI] (3.41) U M (S) = 2 σ(S) = 2 2 σ2 (S) = 2 2 σ2 M -σ2 (SP ) = 2    2 σ2 (SP ) R (SP ) -σ2 (SP )    = 2 2 σ2 (SP ) 1 R (SP ) -1 = 2 2 σ2 (SP ) 1 -R (SP ) R (SP ) [SI] (3.42)
where,

• U M (S) : Measurement Sensor Uncertainty.

• σ2 (S) : Mean Variance of t N samples associated to U M (S) .

• σ(S) : Mean Standard Deviation of t N samples associated to U M (S) .

• σ2 (SP ) : Mean Variance of t N samples associated to U M (SP ) .

• R (SP ) : Ratio of Mean Variance of t N samples due to U M (SP ) with respect to Mean Variance of

t N Samples due to U M .

Estimation of the range of the representative measurement through the uncertainty estimation

The Measurement Uncertainty (U M ) can be estimated for an MZ or MS independently, so it is possible to estimate the range where a representative measurement can be. In the case of estimating the measurement range for an MZ, it is necessary to identify whether the whole or a large part of the MZ is monitored, or if only one or some MS are monitored (the entire MZ volume is not usually monitored).

To estimate the ranges, it is irst necessary to carried out a pre-monitoring to estimate the (M a ) M S , (M a ) M Z and (M vw ) M Z values. In this pre-monitoring, all or a large part of the whole MZ volume must be monitored, and their MSs must be monitored with more than one sensor. values, obtained in a post-monitoring. Figure 3.2 shows a scheme of the range of measurement of the case described.

M vw -2    2 σ2 (S) R (S)    = M vw -U M ≤ [M vw ] range ≤ M vw + U M = M vw + 2    2 σ2 (S) R (S)    [SI] (3.43) M a -2    2 σ2 (S) R (S)    = M a -U M ≤ [M a ] range ≤ M a + U M = M a + 2    2 σ2 (S) R (S)    [SI] (3.44) 
where,

• M vw : Volume Weighted Measurement of an MZ volume (M vw ) M Z (Equation 3.6) for each t j .

• M a : Average Measurement of a volume (M a ) M Z (Equation 3.4) or (M a ) M S (Equation 3.5) for a t N sample.

• [M vw ] range : Maximum and Minimum limits in which M vw of t N (M vw ) luctuates.

• [M a ] range : Maximum and Minimum limits in which M a of t N (M a ) luctuates.

One MS volume of an MZ volume is monitored to obtain M dv i values

This case is the most common as sensors are installed in one or some MSs to collect intensive measurement data for a studied MZ volume 4 , where the (M a ) M Z or (M vw ) M Z values are unknown for a t j or a period studied in a post-monitoring. However, through the procedure set out to below, it will be possible to estimate these values from the (M a ) M S value of a monitored MS.

In The information that gives this uncertainty is the amount of variation (accuracy) there is between the average measures of an MS with respect to the average measures of an MZ.

Once the U M value has been estimated from the exposed average comparisons, it is possible to 

(M a ) M S -U M ≤ [(M vw ) M Z ] band ≤ (M a ) M S + U M [SI] (3.45) (M a ) M S -U M ≤ [(M a ) M Z ] band ≤ (M a ) M S + U M [SI] (3.46)
where,

• 

Vertical analysis of Measurement Uncertainty: vertical strati ication's behaviour

The vertical analysis of the Measurement Uncertainty (U M ) is a particular study of the uncertainty analysis, where it is possible, through this study, to estimate the vertical strati ication, as a cause of having changes at different heights in intensive variable measurements [START_REF] Kong | Numerical study on temperature strati ication in a room with under loor air distribution system[END_REF]. This analysis will be applied to measurements from the sensor group (the sensors located in the same vertical line make up a sensor group), where each sensor measures (M dv i ) at different heights in an MZ or MS.

The M dv i values located in the same vertical line are centred on its M a value (Equation 3.3). Then, for the new values obtained, (θ dv i ) a for each t j , several combinations of these sensors located at different heights (called sensor group) must be done. For these group of sensors with Z values of (θ dv i ) a for each t j , the statistical analysis has been carried out in order to estimate the Measurement Uncertainty (U M ) for vertical measurements. In this particular case, the estimated uncertainty is called the Vertical Measurement Uncertainty (U V M ), which includes systematic and random causes.
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The Mean Variance and Mean Standard Deviation associated to U V M are σ2 V M and σV M respectively. For the (θ dv i ) a values (Equation 3.8) obtained, Equations 3.15, 3.16 and 3.17 are used to estimate σV M , σ2

V M and U V M , respectively. Likewise, it could be possible to decouple U V M to obtain the U S and U SP associated to this uncertainty, applying the same procedure as for U M (section 3.2.2).

Impact of spatial localisation over the Measurement Uncertainty

The aim of studying the impact of the spatial location of sensors over U M is to ind the best location to install the sensors so as to reduce the uncertainties associated to each measurement. The analysis should be done for sensors installed at the same height in order to eliminate the vertical strati ication in the measures. To study the impact it is necessary to analyse a group of sensors installed in different horizontal locations in an MZ. The irst step is to centre the M dv i values on M a or M vw of all the installed sensors to be studied, in order to obtain the new values, (θ dv i ) a or (θ dv i ) vw for each t j . Then, a combination of sensors located in different spaces of the studied MZ are put together to create the group of sensors to be studied. Each group of sensors have their (θ dv i ) a or (θ dv i ) vw , which have been obtained previously. The statistical analysis to obtain the U M estimation for each group of sensors is carried out for their (θ dv i ) a or (θ dv i ) vw .

Impact of number of sensors installed at the same height, but in different horizontal locations to decrease the Measurement Uncertainty in a Measured

Zone

This study is implemented using a group of sensors installed at the same height and distributed in different horizontal locations. All M dv i values of each t j are centred on M a or M vw to obtain (θ dv i ) a or (θ dv i ) vw . Then, to each t j (with Z (θ dv i ) a or (θ dv i ) vw ), the t-student method is applied to estimate the σM values for each t j . Note that this mean standard deviation is over each instant of time t j , not over the t N sample). By plotting the σM of t j , the evolution of σM for different numbers of sensors (Z

θ dv i ) values) is obtained.

Design of Monitoring and Control Systems for Heat Loss

Coef icient estimation for buildings

As has been shown in the literature review of section 2.3.7, the Co-Heating Method [START_REF] Butler | Review of co-heating test methodologies[END_REF] has been implemented in many projects since the 1970s, so this method can now be considered as a standard method to estimate the HLC in unoccupied buildings. The Average Method [START_REF] Erkoreka | In-use of ice building energy characterization through basic monitoring and modelling[END_REF] to estimate the HLC in in-use buildings is currently it is being implemented in different research projects in order to be standardized.

To design and implement an MCS in a building in order to estimate the HLC through the Co-Heating Method and Average Method, it is necessary to identify the sensors and hardware to measure and collect data concerning the variables involved in the HLC estimation and its decoupling. For this, the MCS requirements for each method are set out below, together with other optional measurements to CHAPTER 3. METHODOLOGY obtain the one dimensional Transmission Heat Transfer Coef icient (U-value), following the ISO 9869 method [START_REF]ISO.thermal insulation -building elements -in-situ measurement of thermal resistance and thermal transmittance -part 1: Heat low meter method[END_REF], and to estimate the heat loss through the Domestic Hot water (DHW) expelled from the dwelling or building.

HLC estimation through the Co-Heating Method:

This method is used in unoccupied buildings and is based on Equation 2.22. The MCS requirements are:

• Electrical equipments:

-Electrical radiators, heating system.

-Fans to homogenize the indoor air temperature.

• Monitoring System sensors:

-Indoor Air Temperature (T in )sensors.

-Outdoor Air Temperature (T out ) sensors.

-Electrical energy meters.

-Pyranometer (South vertical global solar radiation).

-Super icial Temperature (T sup ) sensors (Optional): These measurements, together with the heat lux meter in the main typologies of the building walls, following the ISO 9869 method [START_REF]ISO.thermal insulation -building elements -in-situ measurement of thermal resistance and thermal transmittance -part 1: Heat low meter method[END_REF], could permit us to obtain the one dimensional transmission heat transfer coef icient (U-value) of the main wall typologies of the building envelope. Having these U-values could help us to understand the deviations between the design and actual HLC value of the analysed buildings.

-Super icial heat lux sensors (Fluximeters) (Optional):

-Blower door test or tracer gas test to estimate the in iltration heat loss coef icient (C v ) and permit the decoupling of the estimated HLC values into in iltration (C v ) and transmission (UA-value) heat loss coef icients [START_REF] Giraldo-Soto | Applying the decay method to the CO 2 produced by occupants for decoupling the heat loss coef icient of an in-use of ice building[END_REF] (see section 2.2.4).

• Control System

-Hardware for data acquisition: Central Processing Unit (CPU).

-Relay or control system for Indoor air temperature.

-Supervisory Control And Data Acquisition (SCADA) [START_REF] Scada | Wikipedia, la enciclopedia libre[END_REF]. HLC estimation through the Average Method: This method is applied to in-use buildings, the MCS requirements based on Equation 2.18 are:
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• Monitoring System sensors:

-Indoor Air Temperature (T in ) sensors.

-Outdoor Air Temperature (T out ) sensors.

-Electrical energy meters: These electrical meters should only measure the electricity consumption within the building envelope that will end up as a heat input to the indoor air. In other words, the electrical consumptions for heating domestic hot water, washing machine or dishwasher will mainly leave the building through the drain tubes and will not be used to heat up the indoor air. Then, this heat should not be considered in the energy balance presented in section 2.2.2, since this heat will not leave the building through the building envelope in the forms of transmission or in iltration/ventilation losses. Thus, to develop the Monitoring system for in-use buildings, it is crucial to understand which of the electrical consumptions within the building end up as heat in the indoor air and participate CHAPTER 3. METHODOLOGY in the energy balance that has permitted us to obtain the Equation 2.18.

-Calorimeters (for heating and DHW systems): When domestic hot water is produced together with the space heating, which part of the heat is used for Domestic Hot water (DHW) production and which part is used for space heating must be measured accurately.

As for the electrical consumptions, the heat used to produce DHW mainly leaves the building through the hot water drain and is not transmitted to the indoor air, so it should not be considered in Equation 2.18.

-HVAC sensors: As presented in section 2.2.4, when we have ventilation systems, it is necessary to monitor them, adequately measuring the supply and exhaust mass low rates together with the temperatures of the supply and exhaust air streams in order to be able to estimate the ventilation heat loss coef icient. If this is not measured, it will be impossible to decouple the estimated HLC values into the in iltration/ventilation (C v ) and transmission (U A) heat loss coef icients.

-Indoor and outdoor Carbon Dioxide (CO 2 ) sensor: Measuring the indoor and outdoor CO 2 concentration values could following the procedure presented in section 2.2.4 enable, the estimation of the overall in iltration plus ventilation rates. Then, combining these results with the HVAC system measurements, it could be possible to estimate the in iltration and ventilation heat loss coef icients (C v ) and inally decouple the estimated HLC value to obtain the transmission heat loss coef icient (U A-value) of the building envelope.

Furthermore, the indoor CO 2 concentration, together with the in iltration/ventilation analysis, can permit us to estimate the metabolic heat generation within the occupied buildings with a certain accuracy.

-Gas meters (Optional): Measuring the gas consumption, together with the heat produced for space heating and Domestic Hot Water (DHW), will permit us (with just one more sensor) to correctly characterize the boiler's seasonal ef iciencies and we will be able to compare them with the theoretical ones.

-Pyranometer (Horizontal global solar radiation) (Optional): In case there is not an available nearby meteorological station, this variable should be measured so as to be able to detect cloudy periods with just diffuse solar radiation and also allow as to make rough estimates of the solar gains.

-Super icial Temperature (T sup ) sensors (Optional): These measurements, together with the heat lux meter in the main typologies of the building walls, following the ISO 9869 method [START_REF]ISO.thermal insulation -building elements -in-situ measurement of thermal resistance and thermal transmittance -part 1: Heat low meter method[END_REF], could permit us to obtain the one-dimensional transmission heat transfer coef icient (U-value) of the main wall typologies of the building envelope. Having these U-values could help us to understand the deviations between the design and actual HLC values of the analysed buildings. -SCADA or BMS. 

Conclusions

The methodology developed allows the overall measurement uncertainty of such intensive variables as indoor and outdoor air temperature to be estimated, with the aim of obtaining a more reliable estimation of the Heat Loss Coef icient of a building through the Co-Heating Method and the Average Method. It also allows us to know the weight of the random and systematic errors in the value of the total uncertainty of the measurement of these variables, through the decoupling method of overall uncertainty.

The identi ication of the equipment needed to measure the variables involved in the estimation of CHAPTER 3. METHODOLOGY 131

University of the Basque Country the Heat Loss Coef icient, and to collect these data, will allow the design and implementation of a comprehensive Monitoring and Control System in a residential or tertiary building. This system will be oversized to measure all the possible variables that can affect the estimation and decoupling of the Heat Loss Coef icient. Then, through the analysis proposed in the next section, the minimum number of sensors needed to estimate and decouple the Heat Loss Coef icient through the Average Method will be proposed.

The study of measurement uncertainty, together with the identi ication of a minimum number of sensors required to estimate and decouple the Heat Loss Coef icient in in-use buildings, will make it possible to obtain a Monitoring Kit that minimises the measurement uncertainty of the variables involved in the estimation and the decoupling of the Heat Loss Coef icient using the Average Method. 

RESULTS AND DISCUSSION

Based on the study carried out in the literature review, two Monitoring and Control Systems (MCS)

have been designed and installed, one in a tertiary building and the other one in a residential building.

The MCS of the tertiary building has been designed to deploy the uncertainty analysis of the indoor and outdoor air temperatures in the monitored tertiary building based on the developed methodology.

The main aim of this study is to prove that the overall uncertainty of the indoor and outdoor air measurements is considerably higher than the manufacturer's uncertainty associated to the temperature sensors. Likewise, the experimental sensor accuracy of the sensor plus MCS (called Measurement Sensor Uncertainty due to systematic errors), is estimated so it can be compared with the manufacturer's accuracy, In addition, it will allow us to know the Measurement´s Spatial Uncertainty (uncertainty due to random errors) through the decoupling method of Measurement Uncertainty. Furthermore, this study of the Measurement Uncertainty, which includes overall uncertainty sources due to systematic and random errors, will allow us to know the position in which to install the sensors within the monitored thermal zones with less uncertainty and more precision, as well as study the air temperature strati ication.

Finally, based on the Average Method and Co-heating Method measurement requirements, a very detailed monitoring of a residential building is designed and deployed in order to be able to analyse in detail the minimum set of sensors that would be required to accurately estimate and decouple the HLC of a residential building. A cost analysis is also included so as to be able to decide which what the optimum monitoring kit would be, considering both the minimum uncertainty of the HLC, Cv and U A estimates with a reasonable cost.

Introduction

Taking into account the importance of sensor measurement uncertainty, two Monitoring and Control Systems (MCS) have been designed and implemented in two buildings, one tertiary building and one residential building. The technologies used are sensors and hardware with high accuracy, as those used in laboratory testing and industrial automation systems. Both MCS have been designed taking into account the conclusions of the Literature review chapter (2.3.7) and the Methodology chapter (section 3.4).

The literature review highlights the importance of the measurement uncertainty estimation of T in and T out to improve the estimation of HLC, as in the Co-Heating Method as Average Method. Based on this, an MCS has been designed in a tertiary building to estimate the uncertainties associated to these intensive variables, T in and T out . Likewise, the methodology of measurement uncertainty explained in section 3.2 has been applied to both these variables in order to estimate the uncertainties due to systematic and random errors, together with a study of the vertical and spatial strati ication of air temperature. The in luence of the effects of solar radiation, the heating system and electrical consumption on the T in and T out measurements, also has been studied based on the uncertainty analysis. The entire uncertainty analysis has been carried out in order to improve the MCS through the T in and T out measurements.

In addition, the MCS design of residential buildings has been conceived with the aim of characterizing the TEP and HLC in occupied and unoccupied buildings making different studies and analyses such as the uncertainty analysis, comparing sensor technologies, the optimisation of HVAC and heating system monitoring, among others; together with the HLC estimation using the Average Method (Equation 2.18), the Co-Heating Method (Equation 2.22) and its decoupling (Equation 2.12).

This chapter starts with the presentation of the experimental test carried out in a tertiary building followed by the uncertainty analysis of the T in and T out measurements, which have been obtained

from the MCS of this tertiary building. Then, the experimental test carried out in a residential building is shown and the conclusions are given at the end. Eight tripods make up the interior MMS with twenty sensors at different heights, which have been installed in different of ices in the building to collect indoor air temperature measurements at different heights and locations. In addition, eight sensors make up the exterior MMS to collect data from outdoor air temperature measurements around the building envelope. Both MMS have been integrated into the existing BAS of the tertiary building; some other data collected by the BAS have also been taken into account for the analysis of the measurement uncertainties.

Design of a Mobile Monitoring System to analyse the overall uncertainties of the Indoor and Outdoor Air Temperature measurements in the administrative building of the UPV/EHU

The interior and exterior MMS datasets have been compiled based on a rigorous data collection process, with the potential to use the data to study the spatial measurement behaviour, taking into account the impact of solar radiation, the heating system and the electrical energy consumption.

Furthermore, it enables the global uncertainty measurements on an in-use building to be estimated and to break it down into the different uncertainty sources, such as the sensor accuracy, vertical and horizontal temperature variability, solar radiation, occupancy and heating system effects. Finally, it enables the optimization of monitoring and control systems for BAS, heating and HVAC systems, as well as any monitoring system implemented in research tests.

The Monitoring and Control Systems

The designed MMS was implemented to collect data in spaces with different distributions, cardinal orientations, volumes and at different heights of a tertiary building located in Leioa (Bilbao) Figure There are three types of dataset; data collected from the existing BAS and from two MMS, interior and exterior MMS. Each system is made up of different technologies.

For the interior experimental test, the Monitoring System (MnS) has been conceived as a mobile system, so as to be able to quickly change the MnS to different spaces and loors, adapting it to different distances, heights and geometrics in each space. Eight tripods, twenty sensors, two gateways, Modbus wire and aero-connectors make up the interior MMS. In the case of the MnS for the exterior experimental test, eight sensors have been placed around the building at different heights and cardinal orientations. A gateway, Modbus wire and aero-connectors compose the exterior MMS.

The following is to describe the building's characteristics and its existing BAS, along with the description of the interior and exterior MMS. Also, there is information on the technical speci ications, experimental layout distribution and geometric information of each monitored area.
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Technology and selected datasets from the Mobile Monitoring System and existing Building Automation System

There are three types of dataset; data collected from the existing BAS and from two MMS, interior and exterior MMS. Each system is made up of different technologies.

For the interior experimental test, the MnS has been conceived to be a mobile system, so as to be able to quickly change the MnS to different spaces and loors, adapting it to different distances, heights and geometrics in each space. Eight tripods, twenty sensors, two gateways, Modbus wire and aeroconnectors make up the interior MMS. In the case of the MnS for the exterior experimental test, eight sensors have been placed around the building at different heights and cardinal orientations.

A gateway, Modbus wire and aero-connectors compose the exterior MMS.

The technologies used for the interior and exterior MMS and the existing BAS of the tertiary building are:

1. MMS for interior measurement composed of: ii. Output 5V -3A: HDR-30-5 (Mean Well). One unit. Protocol communication Modbus-RTUS485. Eight units.

• With radiation shielding, but without mechanical ventilation: seven units.

• With radiation shielding and mechanical ventilation: one unit. ii. Output 5V -3A: HDR-30-5 (Mean Well). One unit.

The existing BAS of the Leioa building:

(a) Composed of sensors with KNX protocol communication, gateways and power supplies installed by the A2PBEER project of the European Union [START_REF]Affordable and adaptable public buildings through energy ef icient retro itting (a2pbeer)[END_REF], which are: i. Sensors (KNX):

• Electricity meters: EM/S3.16.1 and A43-211 (ABB).

• Calorimeters: Multical 602 (Kampstrup).

• Indoor comfort measurements: Temperature, relative humidity and carbon oxide: SK04-S8-CO 2 -TF (ARCUS-EDS).

• Exterior variable measurements: Temperature and relative humidity: SK01-TFK-AFF and SK10-THC-CO 2 -KF (ARCUS-EDS).

• Weather station: SK08-GLBS (ARCUS-EDS).

• Horizontal global solar radiation: SK08-GLBS (ARCUS-EDS).

ii ii. Software: IPAS visualisation software based on HTML technology (IPAS).

The existing Building Automation System and selected measurements

The tertiary building studied is the west block of the administrative building of the University of the Basque Country (UPV/EHU) and consists of four loors. A nursery is located on the Ground Floor (F0)

while the other three loors are made up of of ices (Floor One (F1), Floor Two (F2) and Floor Three (F3)). There is currently an existing BAS which was implemented during the A2PBEER project, with KNX protocol communication [START_REF]KNX association -KNX association[END_REF]. The KNX sensors installed in the existing BAS are described in 

Of ice Typologies (OT)

The of ices monitored in this experimental test have different cardinal orientations, distributions, geometry and volumes, each of them with different typologies. Each monitored of ice is identi ied as an Of ice Typology (OT), where each one has been classi ied according to the number of internal divisions called Workspaces (WS) and where each OT is located:

• Of ice Typology 1 (OT1): Located in F2.

• Of ice Typology 2 (OT2): Located in F2.

• Of ice Typology 3 (OT3): Located in F2.

• Of ice Typology 4 (OT4): Located in F3. 

Description of interior and exterior experimental tests using a 3D Mobile Monitoring System

The criteria for choosing the technology for a monitoring and control system in a BAS or in experimental tests are important to determine the accuracy level of the sensors and their measurements.

The technology currently used in domotic systems and BAS do not have the high precision and accuracy of laboratory technology; so it is necessary to introduce technology with greater accuracy and precision in order to increase the reliability of the building monitoring and control systems [START_REF] Giraldo-Soto | Monitoring system analysis for evaluating a building's envelope energy performance through estimation of its heat loss coef icient[END_REF].

Based on this perspective, the technology selected for this experimental test has been chosen with high precision sensors in mind, such as the sensors used in laboratory tests. The selection criteria were: 4.2.

The protocol communication implemented in the MMS was Modbus RTU-RS485 [START_REF]The modbus organization[END_REF]. For data collection, it was necessary to integrate the MMS into the admin building's BAS, which works with KNX protocol communication. It was necessary to use KNX Modbus RTU-RS485 gateways to integrate the MMS to the existing BAS [START_REF]The modbus organization[END_REF]. The use of these gateways allowed the collected MMS data to be sent to the web server, and all the information to be exported to a single database. The gateway brand used is a DEEI KNX-Modbus RTU, whose reference is KNXRTU1K [144]. Table 4.2 shows a brief technical description of the installed gateway.

The eight tripods that make up the MMS were distributed spatially and temporally in different OTs of F2 and F3. The tripods were interconnected using aero-connectors with different wire lengths, allowing for a quick installation of the MMS and adaption of the system to the different spatial geometries. 

Two types of test have been carried out using the interior MMS:

Tripod Together (TT) test: The TT period test datasets are pre ixed by TT.Tj with j = 1 to 8 (see Table A.5). All sensors were installed at the same height (at an average of 174 cm with a ±12 cm strip) and the same location (see Figure A.5).

Of ice Typology (OT) test:

The OT test period datasets are pre ixed by OTp .Tj, with p = 1 to 4 and j = 1 to 8 (see Table A .5). Four of ice typologies were monitored, OT1, OT2, OT3 and OT4. The sensors were installed at different heights on each tripod:

• High (hg): Located 30 cm from the OT ceiling.

• Medium (md): Located midway between the ceiling and loor of each OT.

• Low (lw): Located 30 cm from the OT loor.

Exterior experimental test and its 3D MMS

Exterior MMS were located around the building's façade and roof. Eight sensors were located on the Exterior (E) of the building envelope at different heights:

• Façades (F): At F1 height and F2 height.

• Roof (R): At F3 height.

Furthermore, the sensors were located at different cardinal orientations: North (nt), South (st), East (et) and West (wt). Seven out of the eight installed EE071-HTP sensors were protected against solar radiation using shields without mechanical ventilation and one with mechanical ventilation. Table A. 4 shows the sensor reA.14, A.15 and A.16 show, in the architectural drawings, the location of each sensor on the building envelope. Remember that these dataset ile codi ications are presented in Table A 

Datasets from the Mobile Monitoring System and existing Building Automation System

For the experimental test, some selected datasets measured by the existing BAS have been included

along with the MMS datasets. The main variables affecting the behaviour of the MMS measurements, CHAPTER 4. RESULTS AND DISCUSSION such as the heat power input of the heating system, the total electricity active power consumption within the analysed of ice, and the horizontal global solar radiation, have been included within the study. The dataset collected from the existing BAS of the in-use building consisted of data from some selected electricity meters (EM/S3.16.1), calorimeters (Multical 602) and the Horizontal Global Solar Radiation (SK08-GLBS (ARCUS-EDS)) sensors.

The collected data can be found in the Mendeley Data Repository called "Dataset of an in-use tertiary building collected from a detailed 3D Mobile Monitoring System and Building Automation System for indoor and outdoor air temperature analysis" [START_REF] Giraldo-Soto | Data repository. dataset of an inuse tertiary building collected from a detailed 3d mobile monitoring system and building automation system for indoor and outdoor air temperature analysis[END_REF].

The structure of the data iles of the 3D MMS is divided into weeks and per unit of measurement.

To identify the datasets for the experimental test, Tables A. 

Investment analysis

The cost analysis carried out includes the direct costs of material and integration of the MMS to the BAS of the in-use administrative building of UPV/EHU. 
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Detected challenges and improvements areas

The challenges detected during the design, installation and collection of the data have been:

• Design phase: Finding sensors with an accuracy similar to the sensors used in laboratory tests with a competitive price and according to the available budget.

• Setup: The gateway to convert protocol communication from Modbus RS485 to KNX has presented communication problems with the sensors. The gateway con iguration delayed the installation in the OT and E tests.

• Collected data: Loss of registered data, the monitoring in each OT has taken longer than expected to ensure a minimum period of ifteen days of faultless data. The causes of lost data are associated with electrical switch-off or with external problems of the BAS data collector.

During the Exterior Together (ET) test, two tests were carried out for the data collection using the same hardware, software and wire longitude, but in different locations: in the irst test, the sensors were put together, but due to the problems associated with the gateway con iguration and their communications problems, the data were not stored correctly. The authorisation for installing the sensors around the building and the deadlines of the project planning made it impossible to repeat this test within the building. Therefore, the test was repeated by installing the sensors together on the roof of the building. In this test, two sensors were installed on the mast (E.R.st.25 and E.R.st.26 sensors) and six sensors were placed on the roof loor. In this second tests the data ware correctly stored. However, once the data had been analysed, only the data from the sensors installed on the mast (E.R.st.25 and E.R.st.26) were taken into account for the study carried out in this research. This is because the data from the roof loor sensors were very dispersed, since the roof loor maintained the thermal inertia and this affected their measurements. A signi icant gap (bias) between their measurements with respect to the sensors installed on the mast (E.R.st.25 and E.R.st.26) was detected.

The improvement areas detected for future work are:

• Setup: Avoiding the use of gateways if the technology requirements allow. If the use of gateways is necessary, it is important to select very high quality ones, even if it means a higher hardware investment.

• Implement an FDD on the BAS and have a parallel system to register data in case of fault. 

Measurement uncertainty analysis of Indoor and Outdoor Air

Temperature in the administrative building of the UPV/EHU

For the MCS' optimization used to measure the variables involved in estimating and decoupling the HLC, an uncertainty analysis of the sensors' measurements must be carried out. Based on the theoretical frame of the Average Method (section 2.2.2), the Co-Heating Method (section 2.2.3) and the HLC decoupling method (section 2. The identi ication of all measurement uncertainties allows us to know with a certain level of con idence what the HLC estimation error is; one of these main measures being the intensive variables, T in and T out . These variables' measurement together with the heat gains from the heating system, and/or electricity gains, are required for the accurate estimation of the HLC in unoccupied buildings through the co-heating method. However, for the HLC estimation in in-use buildings through the average method, the accurate measurement (or estimation) of the heating system heat gains, electricity gains, occupancy gains, solar gains, outdoor air temperature and indoor air temperature of a building are required.

As proven in the literature review, the research works estimating the HLC of buildings only use the manufacturer's accuracy as the overall uncertainty for the indoor and outdoor temperature mismeasurements. In this section, it will be proven to what extent the manufacturer's accuracy differs from the overall uncertainty of the indoor air temperature of an in-use building thermal zone and from the outdoor air temperature. The T in and T out measurements, as intensive variables, are used in the EPB analysis, the optimization of BAS, buildings' ventilation system's controls and others building subsystems controls. In the same way, for the International Organization for Standardization (ISO) and the American Society of Heating,

Refrigerating & Air-Conditioning Engineers (AHSRAE), in their standards and handbooks, the T in and T out of in-use buildings and their subsystems are an important physical parameter used to develop procedures, methodologies and calculations ( [START_REF]ISO.thermal insulation -building elements -in-situ measurement of thermal resistance and thermal transmittance -part 1: Heat low meter method[END_REF][START_REF]ISO. energy performance of buildings -energy needs for heating and cooling, internal temperatures sensible and latent heat loads[END_REF][START_REF]ISO. thermal performance of buildings -calculation of energy use for space heating[END_REF][153][154][155][156][157][158][159][160][161][162]). All this shows the importance of the T in and T out roles and the need to estimate both measures with precision and accuracy through proper measurements. To do so, it is necessary to estimate the overall Temperature Uncertainty (U T ) in order to have a better approximation of the true representative T in and T out values of different thermal zones of in-use buildings.

Thus, the uncertainty analysis for T in and T out measurements has been presented for the studied tertiary building, where the Measured Zone (MZ) and Measurement Space (MS) speci ied in section 3.2.1 are identi ied as Thermal Zone (TZ) and Thermal Space (TS), respectively. In the analysis carried out, the measurements are exposed to several uncertainty sources, some of which are:

• The strati ication of the air leads to different temperature measurement values at the different points where the sensors are installed in a thermal zone; the number of sensors installed in the MnS to collect the temperature values of all points of this volume being insuf icient.

• Sensor uncertainty represented by manufacturer accuracy.
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• Vertical and horizontal temperature strati ication and/or variation.

• Solar radiation incidence.

• Thermal zones or volume geolocation.

• Heating incidence.

• Electricity heat gain incidence.

• User behaviour.

• Air currents.

• Thermal bridge.

• Volume insulation level with respect to exterior environment, etc.

Indoor air temperature global uncertainty results for the UPV/EHU administrative building

Taking into account the importance of properly estimating the overall Uncertainty value for T in , the analysis and estimation of U T has been developed for a multi-volume building (section 2.2.2) made up of four of ices with different cardinal orientations, divisions, volumes and geometries. The monitored in-use building has been the UPV/EHU administrative building, whose experimental test is explained in section 4.2.

The results include the following analysis:

• Measurement Sensor Uncertainty (U M (S) ) analysis of T in , called, Temperature Sensor Uncertainty U T (S) .

• Measurement Uncertainty (U M ) analysis of T in , called, Temperature Uncertainty U T .

• Measurement's Spatial Uncertainty U ( M (SP ) ) analysis of T in , called, Temperature's Spatial Uncertainty U T (SP ) .

• Estimation of the temperature range within which the representative value of T in can lie, based on the uncertainty analysis.

• Measurement's Vertical Uncertainty (U V M ) analysis of T in to study the vertical strati ication.

• Effect of radiation, heating and electricity consumption on the U M of T in .

• Impact of the number of sensors and their location on the U M of T in . 150 CHAPTER 4. RESULTS AND DISCUSSION
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Concepts and variables used in the methodology to estimate the uncertainty of the Indoor Air

Temperature

Based on the methodology set out in section 3.2.1, the variables identi ied for the study case are speci ied for the in-use tertiary building of UPV/EHU. The experimental test carried out with an MMS integer in a BAS has been described in section 4.2 and in the Data in Brief [START_REF] Giraldo-Soto | Dataset of an in-use tertiary building collected from a detailed 3d mobile monitoring system and building automation system for indoor and outdoor air temperature analysis[END_REF]. The concept and variables used in the uncertainty analysis of T in are set out below.

Thermal Zone (TZ) characterization

The Thermal Zone (TZ) and Thermal Space (TS) of the administrative building of UPV/EHU are identi ied as Of ice Typology (OT) and Workspace (WS), respectively. The OT are shown in Figure 4.3. An OT is de ined as a tertiary building volume composed of sub-volumes, which will be called Workspaces (WS). In the experimental test carried out, four-monitored OTs have been studied, composed of different WS distributions, for which two types of WS were identi ied in order to characterize the OT:

• Open Workspace (OWS): This is a large space where there are many workstations without dividing walls.

• Compact Workspace (CWS): This is a space with less volume than the OWS, where there is one or a maximum of two workstations. 

OW SR OT = V OW S V OT 100[%] (4.1)
where,

• OW SR OT : Open Workspace Ratio of an OT.

• V OW S : Open Workspace Volume within an OT [m 3 ].

• V OT : Volume of an OT [m 3 ].

Six typologies have been de ined in Table 4.4 to characterize the volume occupied by the OWS and describe each typology.

OWS Typologies OWSR Description

A 

Division Factor (DF):

This ratio de ines the number of CWSs in relation to the total number of WS in an OT, which is the sum of the number of OWSs and CWSs. This factor is calculated according to Equation 4.2.

DF OT = N CW S N CW S + N OW S 100[%] (4.2)
where,

• DF OT : Division Factor of a OT [%].

• N CW S : Number of Compact Workspaces in an OT.

• N OW S : Number of Open Workspaces in an OT.

In Table 4 

Identi ication of methodology's variables for the uncertainty analysis of Indoor Air Temperature (T in ) measurement

In order to relate the variable names of the methodology of sections 3.2.1 and 3.2.2 and the variable names of the results shown in this section, Table 4. 

Temperature Sensor Uncertainty analysis of the indoor air

The objective of this analysis is to obtain the experimental accuracy of the sensors plus the MMS.

To estimate this experimental value, for each time instant, t j , nineteen temperature measurements, ].

T dv i ,
U M (S) U T (S)
Temperature Sensor Uncertainty.

V M Z V OT OT Volume [m 3 ]. σ2 (S) σ2 (S)
Mean Variance of t N samples associated to U M (S) . 

V M S V W S WS Volume [m 3 ]. σ ( 
(M dvi ) M S (T dvi ) W S
Temperature Measurement (T dvi ) on a WS for each t j . CHAPTER 4. RESULTS AND DISCUSSION each temperature T dv i value for each t j . The U T (S) (Equation 3.17, Table 3.6) value represents the experimental accuracy of the sensor measurements plus MMS for a manufacturer's speci ic technology within a speci ic monitoring system.

U V M U V T Vertical Measurement Uncertainty.
This study provides insights into the experimental measurement accuracy for the sensor technology installed in the MMS. In this experimental test, all the sensors were left together at the same height (at a medium level of 174 cm with a strip of ±12 cm), measuring from 28 th June 2019 at 11:55 am to 1 st July 2019 at 12:10 am. Figure 4.5 shows the evolution of all T dv i during 24 hours of data collected from the TT test ( [START_REF] Giraldo-Soto | Data repository. dataset of an inuse tertiary building collected from a detailed 3d mobile monitoring system and building automation system for indoor and outdoor air temperature analysis[END_REF]) on 30 th June 2019 from 0:00 to 24:00. According to the methodology described in section 3.2.1, the normal distribution of the zero centred sample, N(0,σ), has a σ value of ±0.12°C, the U T (S) value being ±0.24°C for the MMS. The U T (S) value is less than the accuracy of the EE800-M1213 sensor based on the manufacturer's values shown in Table 10, which is ± 0.3 °C, with both values differing by 20% from the manufacturer's accuracy.

The statistical parameters for the values with eighteen sensors, excluding the EE071-HTPC sensor, has a U T (S) value of ± 0.22°C, the MMS being more accurate using only EE800-M1213 sensors, and the σ value being ± 0.113°C , which is 0.006°C less than the σ value from the statistical analysis of the nineteen sensors. The U T (S) value for the MMS in the next estimates in this section will be ± 0.24°C, which consider the systematic errors of both the sensor technologies used (EE800-M1213 

Temperature Uncertainty analysis of the Of ice Typology (Measured Zone) and the

Workspace (Measurement Space) of the tertiary building

The methodology used to estimate the Temperature Uncertainty is based on section 4.3.1 and the study has been carried out for OT and WS independently. Here, sensors are randomly distributed throughout the volume of each TZ for OT test, as detailed in section 4.2. For estimating the U T value for an OT, the differential temperature, ((θ dv i ) vw ) (Equation 3.7), must irst be calculated for each temperature value T dv i of each t j and then the statistical analysis of these (θ dv i ) vw values must be done.

In addition, to estimate the U T value for a WS, the ((θ dv i ) wsm ) (Equation 3.10) values must irst be calculated for each temperature value T dv i of each t j , after which the statistical analysis must be performed. The U T value is calculated for both OT and WS using Equation 3.17, which includes U T (S) and all other uncertainty causes described in section 3. The OT igures of section 3. For each OT, Table 4.9 shows the statistical results of the (θ dv i ) vw values (Equation 3.7) for each sample t j , where the T dv i has been centred on (T vw) OT (Equation 3.6). The OT1-C5, with fourteen temperature sensors, has its σ2 T , σT and U T values equal to 0.127 K 2 , ± 0.356 °C and ± 0.71°C, respectively. OT2-B3, with ive temperature sensors, has σ2

T , σT and U T values equal to 0.135 K 2 , ± 0.368 °C and ± 0.74 °C, respectively. OT3-D5, with nineteen temperature sensors, has σ2

T , σT and U T values equal to 0.287 K 2 , ± 0.536 °C and ± 1.07 °C, respectively. In addition, OT4-B4, with eighteen temperature sensors, has σ2

T , σT and U T values equal to 0.172 K 2 , ± 0.414 °C and ± 0.83 °C, respectively. The OT1-C5 and OT2-B3 OT have an almost equal uncertainty value and the lowest value of the four studied OT; both have the main façade oriented to the north, a very different OWS-CWS typology (Table 4.6), and a different number of sensors to measure the indoor air temperature. OT4-B4 has a similar U T value with respect to OT1-C5 and OT2-B3; this OT has the same OWSR (Table 4.6) as OT2-B3, but different from OT1-C5. These three OTs have in common that they have one main façade oriented to the north. Finally, OT3-D5 has a greater U T value than OT1-C5, OT2-B3 and OT4-B4; this OT has a different typology from the others and does not have any north-facing Façade, but it has its main façade to the south. 

Data centred on (T vw) OT

Of ice

Estimation of the representative Indoor Air Temperature of the Of ice Typologies and

Workspaces of the studied in-use tertiary building

Estimating the U T value, it is possible to know the U T range in which the representative temperature could be for each OT and WS, based on Equations 3.43 and 3.44, respectively. Tables 4.14 and 4.13

show the results of the minimum and maximum limits of the indoor air temperature range for each OT and WS, regarding the whole averaged period for the temperature of the OTs ((T vw ) OT ), so as to CHAPTER 4. RESULTS AND DISCUSSION be able to apply the U T for the experimental campaign carried out for this study.

[(T a ) The objective of this study is to identify which is the optimal height to install a sensor or group of sensors in the same vertical line, reducing the measurement uncertainty associated with the vertical strati ication of the T in with respect to the T a of the studied tripod, since the measurement of the temperature varies at different heights.

For the strati ication analysis, the selected tripods of OT3 are those that have the three sensors with the same kind of reference, EE800-M12J3 (Table 4.2), the selected tripods being T1, T2, T4 and T6 (Table A Analysing the statistical results by groups of three sensors (Table 4.17), wherethe temperature measurements of each tripod are included, it is possible to identify that the T1 and T2 values have higher values with respect to T4 and T6. For T2, the U V T value is equal to ± 0.54 °C and the σV T value is equal to ± 0.271 °C; and for T1, the U V T value is equal to ± 0.70 °C and the σV T value is equal to ± 0.349 °C. Likewise, for T4, the U V T value is equal to ± 0.26 °C and the σV T value is equal to ± 0.128 °C; and for T6, the U V T value is equal to ± 0. The best combination two sensors with respect to the vertical location has been analysed in order to reduce the vertical strati ication uncertainty. For this, Table 4.16 shows the results in two groups: The U V T values in analysis by sensor are better than the analysis by groups of two sensors, accuracy the measure with one sensor at medium level having a better accuracy than the measure with a group of two sensors at the high and medium levels. Nevertheless, the T in measurement with a group of two sensors, one located at the high level and other at the medium level, improves the accuracy of the temperature measure, obtaining lower μ values and the U V T values (measuring precision) if only the T in is measured with a sensor installed at the medium level. For each sensor group of an OSG, which are installed in the same vertical or Tripod (T), the T dv i values have been centred on T a3 (Equation 3.3) to obtain the (θ dv i ) a (Equation 3.8). In the experimental test carried out, the (θ dv i ) a value matches with the (θ dv i ) wsm value (Equation 3.10), the latter being the nomenclature used to carry out this analysis. The methodology to estimate the σV T (Equation 3.15), σ2 V T (Equation 3.16) and U V T (Equation 3.17) values are based on the methodology of section 3. 
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Tripod Height (Eq.3. The results shown in Tables 4.22, 4.23 and 4.24, can be seen that the sensor group with more precision is the combination of the medium and high levels, which has lower U V T values. On the other hand, these groups have lower accuracy with respect with T a , having greater μ values than other groups.

The group of sensors installed at the high and low levels has greater U V T values and the lower μ value; the combination of two sensors having greater accuracy and lower precision with respect to 
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Impact of spatial location on the Temperature Uncertainty

The statistical analysis has been carried out to collected data from seven sensors located at the high level of the tripods in OT4, with the objective of identifying the lowest U T value obtained to determine the best location to reduce the random causes of uncertainty. OT4 has been chosen as this OT has the highest number of tripods and sensors installed in an OWS, so it is possible to analyse many groups of sensors in different orientations within an OT. On the other hand, the sensors located at the high level have been selected for this study, since there are more EE800-M12J3 sensors with respect to the medium level, where, based on section 4.3.1, measures from the medium level have lower U V T values, followed by the high level.
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To study the impact of spatial location on the U T , the statistical analysis carried out is based on the (θ dv i ) vw values, which are calculated for each t j , centring their T dvi on the T vw of OT4. Then, only with the sensors installed at the high level of OT4's Tripods (T) (Figure A.9), a different group of sensors has been formed. Making different combinations of sensor layout, it is possible to determine what is the best sensor location to decrease the U T value, taking into account the number of sensors installed to monitor a volume. The statistical analysis described in section 3.2.1 is applied for each (θ dv i ) vw value of the group of sensors to be studied. In this way, the estimation of U T and σT values has been carried out for each studied group of sensors, formed by sensors installed at the high level in OT4.

The data analysed for this study was collected between 12 T4.hg.8 and T6.hg.12 sensors, with U T values equal to ± 0.63 °C and ± 0.83 °C, respectively, have the lowest U T value. Both are located at the northern façade, where sensor T4.hg.8 has a pillar between the north window and is thus more protected from the exterior incidence through the window. Sensor T6.hg.12 does not have any protection with respect to the window area and it is more exposed to northern exterior temperatures through the window, as well as radiation exchange 176 CHAPTER 4. RESULTS AND DISCUSSION University of Bordeaux (the northern façade has no shadings for the windows). Sensors T1.hg.1 and T2.hg.4 are also near window in luences, but this southern façade has shadings to protect it from the in luence of solar radiation, so their U T values are equal to ± 0.49 °C and ± 0.20 °C, respectively. These sensors are more protected by the window shielding than T1.hg.1 due to its position with respect to the exterior shielding. On the other hand, the U T values of T7.hg.15 and T8.hg.17 are equal to ± 0.34 °C and ± 0.36 °C. Both sensors are located in the interior zone of OT4, further away from the windows. The sensors with lower U T values are T1.hg.1, T7.hg.15 and T8.hg.17, which are less exposed to outside conditions impacting through the window. Further more, the accuracy of these T7.hg.15 and T8.hg.17 sensors is better than the rest, except sensor T2.hg. Likewise, in the results of the two, three and four-sensor groups, it has been observed that the sensor combination with lower U T values, are the groups where sensors with the lower U T values from the results of the sensors from Table 4.25 are included.

The uncertainty are increases along with the number of sensors a the location in which some sensors are installed, can have greater uncertainty values due to random errors, thus increasing the value of the quadratic sum of the variance in the estimation of the σ2 T and, therefore, the σT and its U T value. 

Sample

Impact of number of sensors installed at the same height, but in different horizontal locations to decrease the Measurement Uncertainty of the Indoor Air Temperature in a Thermal Zone

To analyse the impact of the number of sensors on U T in the temperature measurement, the t-student method is applied to different sensor groups installed at high level in OT4. All T dv i are centred on T vw to obtain the (θ dv i ) vw for each t j , and then, for these values, the σT of each t j is estimated (see section 3.2.5). Each group is made up of a variable number of sensors, so each group has Z values of T dv i in each t j (where Z matches the number of sensors in a studied group). Plotting the σT values of each t j for each group, it is possible to obtain the σT evolution over time with a con idence interval of 95% 180 CHAPTER 4. RESULTS AND DISCUSSION University of Bordeaux for each group of sensors.

Figure 4.18 shows the σ T evolution, with a con idence interval of 95%, applying the t-student method to each t j in each group characterized by the number of sensors or sensor measurement, Z T dv i , values. In addition, this igure shows an example of the uncertainty evolution due to the number of sensor measurements located at the high level in OT4. Graphically, it is possible to observe how the uncertainty decreases when the number of measurements (T dv i ) increase for each t j in the experimental test carried out. 

Outdoor air temperature global uncertainty results for the UPV/EHU administrative building

Based on the importance of properly estimating the overall Uncertainty value for T out , the analysis and estimation of U T has been developed for an administrative in-use building monitored at UPV/EHU.

This experimental test has been described in section 4.2.

The results show the following analysis:

• Measurement Sensor Uncertainty (U M (S) ) analysis of T out , called, Temperature Sensor Uncertainty U T (S) .

• Measurement Uncertainty (U M ) analysis of T out , called Temperature Uncertainty U T .

• Measurement's Spatial Uncertainty (U M (SP ) ) analysis of T out , called, Temperature's Spatial Uncertainty U T .

• Estimation of the temperature range in which the representative value of T out can lie, based on the uncertainty analysis.

• Measurement Uncertainty U M analysis for T out measurements protected with solar radiation shield with and without mechanical ventilation.

• Estimation of the temperature bandwidth in which the Average Temperature of the air surrounding the building, called the Total Average Temperature ((T a ) ta ), can be, if measured only from one outdoor M S of the building.

Conception and variables used in the methodology to estimate the uncertainty of the Outdoor Air Temperature

Based on the methodology set ut in section 3.2.1, the variables identi ied for the study case are speci ied for the in-use tertiary building of UPV/EHU, where the experimental test carried out with an MMS integer in a BAS has been described in section 4.4. The conception and variables used in the uncertainty analysis of T out are set out below.

Thermal Zone (TZ) characterization

The outdoor Thermal Zone (TZ ) and Thermal Space (TS) of the administrative building of UPV/EHU are identi ied as Building Air Volume (BAV) and Building Envelope Area (BEA), respectively, where:

• Building Air Volume (BAV): This TZ refers to the air surrounding the studied building.

• Building Envelope Area (BEA): This TS refers to the envelope areas of the building, where, for the studied case, they are made up of the north façade (F nd ), south façade (F st ), est Façade (F wt )

and Roof (R). 
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Identi ication of methodology's variables for the uncertainty analysis of Outdoor Air Temperature measurement

The variable names of the results shown in this section, are related to the variable names of the methodology of sections 3.2.1 and 3.2.2. Table 4.31 shows the relation of the variables for the uncertainty study, while 

Outdoor Air Temperature data

The data analysis has been carried out using the data sets available in the data repository [START_REF] Giraldo-Soto | Data repository. dataset of an inuse tertiary building collected from a detailed 3d mobile monitoring system and building automation system for indoor and outdoor air temperature analysis[END_REF] speci ied and described in section 4.2.

In the analysed period, 407,664 data points have been collected in 

Temperature Uncertainty analysis for Outdoor Air Temperature measurements protected with solar radiation shield, with and without mechanical ventilation

The purpose of this irst analysis is to demonstrate that the solar radiation shielded outdoor air temperature sensors are only measuring the convection air temperature, excluding any solar radiation effect on these temperature measurements. Solar radiation shields without mechanical ventilation are usually used to protect the outdoor air temperature sensors against solar radiation effects on their measurements. In this research, one of the temperature sensors has been protected by a mechanically ventilated solar shield, while the rest have been protected by naturally ventilated solar radiation shields. Thus, it has been possible irst of all to demonstrate that the not mechanically ventilated solar radiation protected air temperature measurements are not affected by the solar radiation. For this, two sensors, one with a mechanically ventilated solar shielding and the other with a not mechanically ventilated solar shielding, were installed in the same place measuring next to each other in a BA at the same height. Then, the Temperature Sensor Uncertainty (U T (S) ) for these two sensors has been estimated for a sample with N Instants of Time t N , where the T dv i measurements have been centred

with respect to the Local Average Temperature ((T a ) la ), in order to obtain the new data values, (θ dv i ) la .

The statistical analysis has been applied to the (θ dv i ) la values based on the methodology explained in ].

U M (S) U T (S)
Temperature Sensor Uncertainty.

V M Z V BAV BAV Volume [m 3 ]. σ2 (S) σ2 (S) Mean Variance of t N samples associated to U M (S) . V M S V BEA BEA Volume [m 3
]. The results of this statistical analysis are shown in Table 4.32 for t N , considering the RAD ON-OFF, RAD ON and RAD OFF periods, respectively, where the U T are equal to ± 0.091 °C, ±0.112 °C and ±0.077 °C for the RAD ON-OFF, RAD ON and RAD OFF periods, respectively. The case with the highest U T value occurs in the periods with radiation incidence and the lowest U T value is for the periods without radiation incidence. Analysing the U T difference value regarding the solar radiation effect, it is possible to obtain two values in order to compare the RAD ON-OFF and RAD OFF periods with respect to the RAD ON periods. UD is obtained by subtracting the U T value of periods with RAD ON-OFF and RAD OFF, from the U T of periods with radiation (RAD ON):

• The difference RAD ON and RAD OFF is equal to 0.035 °C. 

Temperature Uncertainty analysis of Outdoor Air surrounding the UPV/EHU building or

Building Air Volume

This section shows the overall uncertainty of the T out measurement surrounding the tertiary building or BAV, as well as the estimation of the T out measurement surrounding the building when only one BEA of the building is monitored. The statistical results of this section have been obtained based on the methodology described in subsection 3.2.1, with data centred on the Total Average Temperature ((T a ) ta ) (Equation 3.4) to obtain (θ a ) ta (Equation 3.9), which were calculated from the data of the eight-temperature sensors installed around the building envelope (E.F1.nd. These results show that the southern sensors measure 1.211 °C, 1.918v and 0.798 °C higher than the (T a ) ta surrounding the building during with and without solar radiation, with solar radiation and without solar radiation incidence, respectively. The temperatures measured by these sensors give the worst value of the (T a ) ta estimation.

Analysing the measurements per BEAs, it is clear that the roof is the most appropriate place for measuring the outdoors air temperature for this building for the three cases, RAD ON-OFF, RAD ON and RAD OFF. In fact, since we have centred the T dv i of each t j on the (T a ) ta calculated with the eight temperature measurements of each t j , the column μ is only zero for the case that studies the entire BAV measurements. Then, for the individual BEAs analyses, the column μ is giving the difference between the average of all the T dv i of all t N in each BEA and the average of all the T dv i of all t N in the entire BAV. Then, the tables for the RAD ON-OFF and RAD ON cases give reasonable results, since the southern façade μ must obviously be higher than the northern or roof μ values. However, even for the RAD OFF analysis, the southern façade μ is higher than the northern or roof μ values.

Furthermore, from Tables 4.33, 4.34 and 4.35, it can also be stated that the measurements on the roof are the ones with the lowest local uncertainty, since its U T value is always the minimum among the BEAs. Thus, the roof provides the closest value to the total average value of the air surrounding the whole building and, furthermore, it gives this value with the least local spread on the measurements.

Note, that having the least local spread has nothing to do with the overall uncertainty for the outdoor air temperature measurement. The overall outdoor air temperature measurement is given by the U T provided by the statistical analysis of the eight outdoor air temperature measurements.

Obviously, considering the eight air temperature measurements on all the BEAs, the total spread of the measurements is considerably higher than the local spread of the measurements carried out solely on the roof. Nevertheless, since the overall uncertainty for the air temperature representing the whole building envelope is usually the objective, the statistical analysis of the total spread of all the measurements is the one that gives the uncertainty level for the whole BAV air temperature. • [(T a ) ta ] band =(T a ) la ± 2.11 °C in periods with solar radiation.

• [(T a ) ta ] band =(T a ) la ± 1.11 °C in periods without solar radiation.

For measurements from the roof sensors:

• [(T a ) ta ] band =(T a ) la ± 0.98 °C in periods with/without solar radiation.

• [(T a ) ta ] band =(T a ) la ± 1.35 °C in periods with solar radiation.

• [(T a ) ta ] band =(T a ) la ± 0.70 °C in periods without solar radiation.

For measurements from the southern sensors:

• [(T a ) ta ] band =(T a ) la ± 2.47 °C in periods with/without solar radiation.

• [(T a ) ta ] band =(T a ) la ± 3.38 °C in periods with solar radiation.

• [(T a ) ta ] band =(T a ) la ± 1.07 °C in periods without solar radiation. The experimental accuracy of the sensor reference EE071-HTPC is equal to ±0.06°C (Table 4.42); this value is less than the manufacturer's accuracy, which is equal to ±0.1°C (Table A.1). Table 4.41 shows the mean variance and mean standard deviation calculated from the manufacturer's accuracy data.

[(T

This manufacturer U T (S) value is estimated with a con idence value equal to 95%, so the k value is equal to 2 [103]. The methodology applied to make this estimation is based on Equations 3.15, 3.16 and 3.17.

The value of U T includes both the uncertainties due to systematic errors (U T (S) ) and random errors (U T (SP ) ) (Equation 3.18 and 3.26). Thus, the U T value should be higher than U T (S) and U T (SP ) .

Based on the U T values shown in Table 4.32 of section 4.3.2 for the E.R3.st.25 and E.R3.st.26 sensors during the E test, the U T (S) must be less than U T equal to ±0.091°C, ±0.112°C and ±0.077°C for the cases the RAD ON-OFF, RAD ON and RAD OFF, respectively. If, comparing these U T values with the manufacturer's accuracy with a U T (S) equal to ±0.10°C, it is possible to identify that this value is higher than the U T value of Table 4.32. This demonstrates that the estimated value of U T (S) should be lower than the accuracy given by the sensor manufacturer. Thus, for the decoupling analysis, the experimental U T (S) value equal to ±0.06°C will be used. Note that using the manufacturer's accuracy for the decoupling (U T (S) equal to ±0.10ºC) of the overall uncertainty will provide very similar results. 

Decoupling of Temperature Uncertainty of whole the Building's Air Volume

This section shows the decoupling method results of the uncertainties estimated for the T out of BAV with a 95% con idence. For this, the data analysed is based on the temperature measurements from the eight sensors installed around the building envelope for the RAD ON-OFF, RAD ON and RAD OFF cases. Decoupling the U T value has allowed us to obtain the uncertainty due to the random errors of the T out , called in this document Temperature's Spatial Uncertainty (U T (SP ) ). This value has been calculated using the U T (S) value equal to ±0.06°C (Table 4. In order to appreciate the differences between the different values, the results are shown with ive decimals. Likewise, the U T (SP ) value is equal to ±0.41°C, the R S and R SP are equal to 1.95% and 98.05%, respectively, for the RAD ON period. In addition, for the RAD OFF period, the U T (SP ) value is equal to ±0.56°C, and the R S and R SP are equal to 1.05% and 98.95%, respectively.

• The U T (SP ) value of air temperature surrounding the southern façade is equal to ±1.08°C, the R S and R SP values are equal to 0.29% and 99.71%, respectively, for the RAD ON-OFF period.

Likewise, the U T (SP ) value is equal to ±1.47°C, the R S and R SP values are equal to 0.15% and 99.85%, respectively, for the RAD ON period. In addition, for the RAD OFF period the U T (SP ) value is equal to ±0.76°C, and the R S and R SP values are equal to 0.58% and 99.42%, respectively.

• The U T (SP ) value of air temperature surrounding the roof of building is equal to ±0.42°C, the R S and R SP values are equal to 1.88% and 98.12%, respectively, for the RAD ON-OFF period.

Likewise, the U T (SP ) value is equal to ±0.62°C, and the R S and R SP values are equal to 0.87% and 99.82%, respectively, for RAD ON period. In addition, for the RAD OFF period, the U T (SP )

value is equal to ±0.25°C, and the R S and R SP are equal to 5.16% and 94.84%, respectively. Regarding all these results, it is possible to observe that in the northern façade, southern façade and roof the U T (SP ) values of the three studied cases are similar, where the R SP values, which represents the random error's weight, are much higher than the R S values; this is due to the uncertainties associated to the random errors being predominant as compared to the systematic errors. The U T (SP )

estimation associated to random errors is lower on the roof than the northern and southern façades.

Here the T out measurement, for the three studied cases (RAD ON-OFF, RAD ON and RAD OFF periods), in the southern façade has higher uncertainty values, since the effect of the random errors is greater with respect to the roof and northern façade. The U The roof is the best location with the lowest measurement uncertainty due to random errors, so its R S value, which represents the weight of the systematic error, is greater than the northern and southern façades in the three cases. Even so, in all studied locations and studied cases the uncertainty due to systematic errors is almost negligible. Likewise, in the RAD OFF period, the uncertainty due to the random errors decreases a little because the incidence of solar radiation on the Spatial Uncertainty (U T (SP ) ) disappears without reducing the weight of the Temperature Sensor Uncertainty (U T (S) )

value. Likewise, the range limits within which the representative temperature of the air surrounding a BEA can lie for the studied building, has been estimated in Table 4.48 as an application example, where the minimum and maximum limits are equal:

For the northern façade:

• 

Design and deployment of an experimental Monitoring and

Control System for an in-use residential building of Vitoria-Gasteiz to analyse the sensor requirements so as to be able to estimate and decouple the Heat Loss Coef icient

Taking into account the conclusions of the state of the art, the methodology monitoring criteria section and the results regarding the indoor and outdoor uncertainty measurements, an MCS has been designed and installed in a residential building of Vitoria-Gasteiz. This MCS has been extremely

oversized to be able to monitor in detail all the possible variables that could affect the energy balance presented in the literature review. The ventilation system and the heat pumps have been monitored

in detail to understand their effect on the HLC estimation and decoupling. The MCS selection criteria have been brie ly presented in the methodology section. The MCS has been integrated in all the phases of the building retro itting project.

The residential building is a demonstrator building in Vitoria-Gasteiz ( Due to the Covid-19 lock-down, even if the monitoring system have been installed and is already storing data since January 2020, the inal tuning of the MCS was not inished in March due to the lockdown. Thus, the data analysis part of this monitoring system has not been included in this Thesis, since not enough quality data has been available with suf icient time. The pre-retro itting monitoring has been based on a standard con iguration, with the aim of inding a balance between the greatest possible knowledge of the building's behaviour and the least possible effect on the users of the homes, since half of the homes were inhabited in this demonstrator. This research work has been focused on the post-retro itting monitoring, whose scope is much more ambitious, since the aim is to integrated the MCS within the retro itting. This allows for much more intensive monitoring, while at the same time enabling the sensors to be optimised (type, number, communication protocols, control, etc.). In this sense, the monitoring proposed for the postrehabilitation phase has been highly innovative, with important scienti ic work, which will facilitate the design and de inition of the future monitoring requirements that would permit a reliable HLC estimation and its decoupling.

The global aims of the post-rehabilitation monitoring have been to design an energy MCS in order to optimise the monitoring system using technology with a high accuracy that are also used in inmotic systems and laboratory tests. The irst design goals have been:

• To design an MCS to characterize the TEP and Energy EPB using different methods, and also to 206 CHAPTER 4. RESULTS AND DISCUSSION University of Bordeaux quantify the gap between the design and post-construction phase.

• To integrate the energy MCS in the design and construction phase as an active part within the building construction project.

• To use different technologies, analogical and digital, to compare them, and to optimise and standardise the MCS.

• Use a control system in order to guarantee that the technologies are accurate, reliable, pro itable, and safe from cyber-attacks, also making it possible to quickly and easily identify the fault in the MCS with the possibility that an FDD can be integrated.

• To include the measurements of the energy systems that will permit the characterization of the TEP under in-use conditions.

Scope of monitoring systems for residential buildings

The Vitoria-Gasteiz demonstrator incorporates an MCS to evaluate the impact of the innovative rehabilitation, which has been designed for a building that belongs to the built heritage of the historical centre of the city, within the medieval quarter of the city. It will provide information on the energy improvement of the building's eco-rehabilitation and the ef iciency of its thermal envelope, making it possible to check the level of energy ef iciency of the building in post-rehabilitation use;

while at the same time providing a better understanding of how the energy systems of the building work (ventilation system, heating system), by knowing the energy consumption of each home, the thermal comfort and air quality for the users. At the same time, it will allow the user's behaviour to be understood, as can be done within an BMS [START_REF] Sirombo | Building monitoring system in a large social housing intervention in northern italy[END_REF], but using scienti ic and technical analysis techniques that different groups of researchers are currently working on.

Similarly, the scienti ic study with the MCS will allow progress to be made towards integrating energy monitoring into existing BAS and home automation systems, with reliable technologies, greater precision in sensors and communication protocols that guarantee cyber security [168], with the aim of initiating technology transfer with an investment and economic feasibility study. This will allow the end user to know the pro itability in economic and comfort terms, in order to increase its marginal utility to motivate such investment, and thus ensure the integration of the new BAS with energy monitoring systems in the market.

From the point of view of cultural heritage, the MCS to be implemented in the building provides a value enhancement in the environment of the medieval quarter of Vitoria-Gasteiz, being a reference in the integral rehabilitation of the buildings and dwellings of the historical centre from the point of view of eco-rehabilitation, energy improvement and automation of buildings catalogued as historical heritage.

To know the energy behaviour of the building before refurbishment, a set of tests was carried out and included [START_REF] Egusquiza | Co-creation of local eco-rehabilitation strategies for energy improvement of historic urban areas[END_REF]: infrared thermography to detect the presence of thermal bridges and/or insulation CHAPTER 4. RESULTS AND DISCUSSION faults, blower door test according to the standard EN 13829 [170] to assess the airtightness of the building, and in-situ measurement of thermal resistance and thermal transmittance of the Façade walls of the ground and irst loors, according to the standard ISO 9869 [START_REF]ISO.thermal insulation -building elements -in-situ measurement of thermal resistance and thermal transmittance -part 1: Heat low meter method[END_REF]. In order to cover the scope of the energy MCS an thus to know the energy behaviour after refurbishment, there are a total of 199 sensors, 70 hardware elements in the control system, 2 software 7, radiators and 7 fans, with which different types of data will be obtained, processed and analysed. In addition, the following tests and studies will be carried out with the designed MCS:

• Tracer gas test [171].

• Co-Heating test [START_REF] Butler | Review of co-heating test methodologies[END_REF].

• Study of the building's energy behaviour by estimating the HLC [START_REF] Erkoreka | In-use of ice building energy characterization through basic monitoring and modelling[END_REF] of the building under in-use conditions, including all the building's subsystems and the users' behaviour. The estimation of this coef icient with the building in use will make it possible to know the thermal behaviour of the building, taking into account the behaviour of the users together with the building subsystems.

• Study of the thermal behaviour of the building envelope by estimating the thermal resistance (R-value) and thermal transmittance (U-value) of some building envelope elements according to the ISO 9869-1 -2014 standard [START_REF]ISO.thermal insulation -building elements -in-situ measurement of thermal resistance and thermal transmittance -part 1: Heat low meter method[END_REF][START_REF]ISO. thermal performance of buildings -calculation of energy use for space heating[END_REF].

• Study of the energy improvement with respect to the electrical and thermal consumption of the building.

• Study of the thermal comfort and air quality with respect to the CO 2 level, ventilation and air renewal ratio.

• Study of the strati ication of air temperature, relative humidity and CO 2 .

• Study of different high precision technologies used in energy monitoring in the building.

• Study and compare different sensor technologies.

• Study the optimisation of energy MCSs.

• Technical and economic feasibility of the technology to implement the energy MCSs in BAS, with the objective of enabling the estimation, in real time, of the HLC of an in-use building and also to evaluate the EPB.

• Study of the discrepancy in the energy behaviour of the building envelope between the design phase, post-construction and the building in use.

Design of the Monitoring and Control System of the residential building

The MCS has been designed and is made up of 199 sensors, 70 hardware and 2 software elements. electric radiators, which are controlled on the basis of the set-points assigned to the control system on the basis of the indoor air temperature of the studied dwelling.

The number of sensors installed in each dwelling, and the total number of sensors installed in the building (199 sensors), has been determined by: The distribution of the dwellings; the characteristics of the building envelope, which has several construction phases and different construction materials;

the requirements set out in section 3.3, which speci ies the necessary and optional measurements to estimate and decouple the HLC through the Average Method and Co-heating Method; and inally by the design criteria of the MCS, which are:

• High measurement precision of the sensors, similar or superior to those used in laboratory tests.

• Sensors with digital communication protocol used in industrial automation.

• Analogical sensors used in laboratory tests as an alternative to sensors with digital communication protocol, in case it is not economically viable or the technology does not exist.

• Economic viability.

• Control system without the use of gateways.

• Control system with remote access that allows interaction with various communication protocols without the use of gateways, but with the capacity to capture and store data with the recommended frequency in each of the planned tests and studies.

• Control hardware and software used in industrial automation, with high reliability and precision of the equipment.

• Equipment with the possibility of being acquired through various suppliers at a national and CHAPTER 4. RESULTS AND DISCUSSION 209
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• The sensors to be chosen must be of different measurement typologies:

-Indoor and outdoor air temperature: Used to know the thermal comfort, estimation of HLC (Equation 2.18 and Equation 2.22), to study indoor air temperature uncertainty.

-Indoor and outdoor relative humidity: Used to know the user comfort, to study the indoor relative humidity uncertainty.

-Indoor radiant temperature: Used to know the user comfort level.

-Indoor and outdoor CO 2 : Used to know the user comfort, air quality, to decouple the HLC (Equation 2.12) and to study indoor CO 2 uncertainty.

-Air temperature in ducts and inside houses: Used to the control of the HVAC system, to decouple the HLC (Equation 2.12).

-Relative humidity of the air in ducts and inside houses: Used to the control of the HVAC system.

-Air speed in ducts: Used to control the HVAC system and estimate the ventilation mass low rates for HLC decoupling.

-Surface temperature in walls and loors: Used to estimate the R-value and U-value, estimation of heat transfer through the walls, loors and roofs.

-Heat lux in surfaces: Used to estimate the R-value and U-value, estimation of heat transfer through the walls.

-Air, water and water-glycolic lows in ducts: Used to estimate the heat gains due to the heating system.

-Temperature of liquids in ducts: Used to estimate the heat gains due to the heating system.

-Wind speed: Used to estimate the air in iltration to the dwelling.

-Wind direction outside: Used to estimate the air in iltration to the dwelling.

-Direct solar radiation: Used to estimate the solar gains for the estimation of HLC (Equations 2.18 and 2.22).

-Electrical consumption: Used to estimate the electricity gains for the estimation of HLC (Equations 2.18 and 2.22). Note that individual pieces of equipment are considered in order to know their weight in the electricity consumption. Part of the electricity consumed by devices that heat up water might not be considered within the HLC estimation equations.
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• The distribution and number of measurement units has been determined by:

-Number of volumes or rooms in the house.

-Strati ication studies in the study areas with different orientations.

-Co-Heating test requirements.

Architecture of the Monitoring and Control System of the residential building

The Vitoria-Gasteiz demonstrator consists of three loors and a Basement (B0), where the Ground Floor (F0), First Floor (F1) and Second Floor (F2) include a ventilation system with heat recovery. In turn F0 and F1 include aerothermal energy for the heating system and Domotic Hot Water (DHW) production. On the other hand, F2 uses natural gas for the heating system and DHW.

In the Basement (B0), only surface temperature and heat low measurements are taken in its ceiling slab for the Co-Heating test. It is a space for commercial use, is uninhabited and its current use is for storage. The F0 has a dwelling and a Facility Room (FR). The F0 dwelling had an integral rehabilitation and is inhabited, it has a total of 41 ixed sensors, the FR has the aerothermal and electrical system of building, which is only monitored for the Co-Heating test. The F1, with a partial refurbishment that includes a ventilation system and aerothermal energy, will have two study phases. The irst phase of monitoring will be carried out with the uninhabited dwelling, while in the second phase of monitoring it will be occupied. The total number of ixed sensors in the uninhabited house is 77 and in the inhabited house 67. The F2, with 28 sensors, has two levels and a ireplace on the irst level.

To measure the Exterior (E) conditions, 5 ixed sensors are installed, four of them on the roof of the building.

There are four ixed CnS connected in series, one per dwelling loor and one in the Facilities Room (FR). The E sensors are controlled by the F2 control system. The aerothermal system of F1 and F2, together with the natural gas consumption of F2, are controlled by the FR's CnS. The mobile MCS has an independent CnS.

One of the objectives of estimating the HLC through the Average Method and the Co-Heating Method is to have a reference HLC value obtained through the co-heating test that will permit us to compare the results of the HLC values obtained with the average method when the building is occupied. Thus, the average method in-use HLC values discrepancies will be understood thanks to the detailed monitoring of all the variables that are considered in the energy balance developed in the literature review section.

The installed sensors reference and the manufacturer's accuracy of the MnS is shown in 

Investment analysis

The investment analysis carried out includes the direct investment of material, the installation and setup of the residential building's MCS in Vitoria-Gasteiz, the investment estimation including bills and budget of stock sensors and hardware with the price of the purchase year. These prices are taken into account for the analysis, since there is the documentation to justify the investment made at the time of purchase. Tables 4 

Detected challenges and improvements areas

The challenges detected during the design, installation and collection of the data have been:
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• Design phase: Finding sensors with an accuracy similar of those used in laboratory tests with a competitive price and according to the available budget.

• Installation: Coordination and integration within construction phases.

• Setup: Problems with extranet connections with the programming company to make the tests.

The internet connection was implemented by a router with a data card, the facilities room does not have ADSL or optical ibre connection.

• Collected data: The update of the irewall has led to cuts in data recording.

The improvement areas detected for the future:

• Design: Update and optimise the economic investment with updated prices of sensors, hardware, software, installation and labour force, taking into account the estimated investment presented in the 4.4 section.

• Setup: Improve the extranet connection using optical ibre for example.

• Implement a parallel system to register data in case of fault.

During the lock-down, in March, April, May and June of 2020, because of the COVID-19 pandemic, failures in the communication with the MCS and the data storage were detected, making it impossible to act on the system to correct them in time. The COVID-19 crisis is currently a challenge for the future research work based on the MCS of the Vitoria-Gasteiz building, and the research project is being adapted to ensure the data collection to achieve the objectives set out in this research.

Conclusions

Measurement of indoor air temperature:

In this paper, high quality indoor air temperature measurements of different thermal zones of an in-use of ice building have been statistically analysed to evaluate different components of indoor Temperature Uncertainty. The main conclusion is that the temperature sensor uncertainty of the monitored thermal zones is 2 to 10.7 times bigger than the manufacturer's accuracy for sensors.

Thus, using the manufacturer's accuracy as the overall temperature uncertainty value of the indoor air temperature measurement of a thermal zone could underestimate the uncertainty of the thermal zone temperature.

This research has developed a method that permits monitored indoor air temperature measurements to be analysed in order to estimate both the overall temperature uncertainty of a thermal zone and the uncertainty associated to the systematic error of the temperature sensors, including the uncertainty associated to the monitoring system where the sensor has been installed. Furthermore, through the decoupling method developed in this study, it is possible to analytically estimate the uncertainty associated to the random errors of temperature sensor measurements of a thermal zone.
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The results show that there is even a discrepancy between the sensor accuracy given by the manufacturer and the experimental accuracy of the sensor plus the monitoring equipment. In the studied case, the manufacturer's accuracy for the sensors used was 0.3 °C and 0.1 °C; while the uncertainty associated to the used temperature sensor technology plus the uncertainty associated to the monitoring system has been estimated to be of 0.24 °C.

In addition, a classi ication of of ice typologies has been developed to better understand and analyse the uncertainty analysis results. Based on this Of ice Typology classi ication, four thermal zones with different geometric and spatial characteristics have been selected for monitoring in an in-use of ice As for the temperature strati ication or Vertical Uncertainty, the best location of sensors, in order to have a temperature measurement of monitored volume with more precision and accuracy, is the medium height if only one sensor is installed, followed by the high level. Measuring with two sensors, it is possible to have a better precision if one sensor is installed at the high height and the other at medium height. If on the contrary it interests more, have temperature measurement with better precision, the best two positions to install two sensors are one high and the other low. Based on the study of the effects of solar radiation, heating and electricity consumption, the above locations remain the same as those already mentioned.

Measurement of outdoor air temperature:

In the outdoor air temperature measurements for a four-loor building, the uncertainties associated to the random effects are predominant compared to the systematic errors; the overall Temperature Uncertainty value and the Temperature Spatial Uncertainty values being practically the same.

The outdoor air temperature sensors with and without mechanical ventilation shielding measure the convection temperature, not the radiant temperature of the air. This is evidenced by the low uncertainty values of sensors with and without mechanical ventilation installed in the solar radiation shield, which are equal to ± 0.091 °C for the analysed periods with and without radiation, ± 0.112 °C for periods with solar radiation, and ± 0.077 °C for periods without solar radiation.

Before installing the sensors in a monitoring system, it is important to experimentally to estimate the accuracy of the sensors plus the monitoring and control system, because this estimated value is different from the manufacturer's accuracy of the sensors. The measurement uncertainty study due to systematic errors of the outdoor air temperature shows that the sensor uncertainty given by the sensor's manufacturer (equal to ± 0. for periods with/without solar radiation incidence and with solar radiation incidence, respectively, to the average temperature.

To know with a 95% of con idence the temperature ranges of the representative temperature of the air surrounding one area of the building envelope (one façade or roof), the measurement must be collected from sensors installed in the corresponding studied area to estimate the measurement uncertainty value in order to add this value to the average temperature of the area to be studied. For the studied tertiary building, to obtain the representative temperature of the southern façade, it is necessary to add ± 3.14 °C, ± 4.41 °C and ± 1.57 °C for periods with/without solar radiation, with solar radiation and without solar radiation incidence, respectively. For the roof, it is necessary to add ± 0.42 °C, ± 0.62 °C and ± 0.25 °C, respectively. Moreover, for the northern façade, it is necessary to add ± 0.53 °C, ± 0.41 °C and ± 0.56 °C, respectively. CHAPTER 4. RESULTS AND DISCUSSION

Final conclusions

It has been proven in the literature review that in Building Automation Systems, there is currently no evidence of the integration of in-use building energy monitoring systems to characterize the Thermal Envelope Performance. However, it would be useful to know how ef icient the envelope is after the construction or retro it in order to determine the discrepancy between the building's design and the building in-use, and to identify future retro it requirements of the building envelope. through the regression method together with the HLC value. The rest of the variables (indoor air temperature, electricity consumption and heating) have associated only systematic errors, so the outdoor air temperature is the only variable that has associated systematic and random errors. In this method, thanks to the air fans that are used to continuously mix the indoor air, the indoor air temperature measurement does not have associated random errors. On the other hand, this method to estimate the HLC does not consider user behaviour, since the dwelling or building must be unoccupied during the considerable period of time that takes to carry out this test. The latter makes it dif icult to carry out this type of tests on dwellings or buildings that are already inhabited.

The Average Method has the advantage that it is possible to estimate the impact of the user behaviour in the estimated Heat Loss Coef icient, since it is not necessary to have the dwelling or building unoccupied. Furthermore, the effect of the random errors in the estimated HLCs are considerably increased with respect to the co-heating method, since the variables such as solar radiation gains are measured from sensors and not estimated by the method. The estimation of users' metabolic gains must also be taken into account and the indoor air temperature is a measure that is not homogeneous within the thermal zones that make up the building. These uncertainty variables, together with the outdoor air temperature uncertainty, give the average method HLC value a higher uncertainty, where systematic and random errors are associated to more variables with respect to the HLC estimation of the co-heating method.

The methodology developed in this thesis allows the overall measurement uncertainty of the intensive variables, such as indoor air temperature and outdoor air temperature to be estimated, with the aim of obtaining a more reliable estimation of the HLC of a building through the co-heating method and the average method. It has also allowed us to know the weight of the random and systematic errors in the the total uncertainty of the measurement of these intensive variables, through the decoupling method of the overall uncertainty.

Based on the developed methodology for overall uncertainty estimation, high quality three dimensional indoor air temperature measurements of different thermal zones of an in-use of ice building have been statistically analysed to evaluate the different components of the indoor Temperature Uncertainty. The main conclusion is that the overall temperature uncertainty of the monitored thermal zones is 2.4 to 10.7 times bigger than the manufacturer's accuracy for sensors. Thus, using the manufacturer's accuracy as the overall temperature uncertainty value of the indoor air temperature measurement of a thermal zone could underestimate the uncertainty of the thermal zone temperature.

This thesis has developed a method that permits monitored indoor air temperature measurements to be analysed in order to estimate both, the overall temperature uncertainty of a thermal zone and the uncertainty associated to the systematic error of the temperature sensors, including the uncertainty associated to the monitoring system where the sensor has been installed. Furthermore, through the decoupling method developed in this study, it has been possible to analytically estimate the uncertainty associated to the random errors of temperature sensor measurements of a thermal CHAPTER 5. FINAL CONCLUSIONS, CONTRIBUTIONS AND NEW RESEARCH LINES zone.

The results show that there is even a discrepancy between the sensor accuracy given by the manufacturer and the experimental accuracy of the sensor plus the monitoring equipment. In the studied case, the manufacturer's accuracy for the sensors used was 0.3 °C and 0.1 °C; while the uncertainty associated to the used temperature sensor technology plus the uncertainty associated to the monitoring system has been estimated to be of 0.24 °C.

In addition, a classi ication of of ice typologies has been developed to better understand and analyse sensors have been used, some of them with a 0.3 °C manufacturer's accuracy and others with a 0.1 °C manufacturer's accuracy. So, it can be seen that the overall uncertainties calculated, with a 95% con idence, are 2.4 to 3.6 higher than the ±0.3 °C manufacturer's sensor accuracy, or 7 to 10.7 higher than the ±0.1°C manufacturer's sensor accuracy.

Finally, based on a proposed decoupling method, the estimated overall temperature uncertainties have been decoupled using the already estimated sensor In the outdoor air temperature measurements for the analysed four-loor building, to a greater extent than for the indoor air temperature, the uncertainties associated to the random effects are predominant compared to the systematic errors; the overall Temperature Uncertainty value and the Temperature Spatial Uncertainty value being practically the same.

Before performing the overall uncertainty analysis, it has been proven that the outdoor air temper-University of Bordeaux between adjacent loors and dwellings. These Co-heating tests will provide reliable HLC results for this residential building based on the only well-established methodology that allows us to obtain the HLC of unoccupied buildings. It is also planned to perform a tracer gas test for the unoccupied building loors in order to be able to measure their in iltration heat loss coef icients. The latter will provide us with the possibility of decoupling this Co-heating HLC into its transmission heat loss coef icient (UA-Value) and the in iltration heat loss coef icient (Cv inf iltration ). Remember that the HLC = U A + C v .

Furthermore, the Vitoria-Gasteiz building will be inhabited while being monitored by the extremely detailed monitoring system presented in chapter 3.4. This extremely detailed MCS will permit us to accurately measure all the energy lows occurring within the building while it is occupied and it will also provide detailed weather and indoor conditions data so as to be able to estimate and decouple the HLC using the Average Method. These in-use HLC values, alongside the issues dealt with in the chapter The latter analysis will permit us to de ine a monitoring kit for occupied residential buildings, as well as the guides of where and how the sensors should be installed, together with the required accuracy for each of the sensor types. For the main intensive variable measurements: indoor and outdoor air temperature (required for the HLC estimation) and indoor and outdoor CO 2 concentrations (required for the HLC decoupling), the uncertainty method developed in this thesis will be crucial, since it will allows us to reliably estimate the overall uncertainty of these variables. Only then, these monitoring kits should permit the reliable HLC estimation and decoupling. Therefore, with a few extra sensors providing the fuel or electricity consumption of the systems that produce the space heating and domestic hot water, it will also permit us to reliably obtain the seasonal ef iciencies of such systems.

Thanks to the detailed economic analysis presented in the thesis, this experimental test will also open the way to performing the economic optimisation of inmotic technologies to be integrated into in-use dwellings in order to know, in real time, their energy behaviour, including the yearly re-estimation CHAPTER 5. FINAL CONCLUSIONS, CONTRIBUTIONS AND NEW RESEARCH LINES and decoupling of the Heat Loss Coef icient.

To inish, we must remember that the design and implementation of reliable monitoring and control systems for estimating and decoupling the HLC of in-use buildings will, in the near future, allow us to generate reliable Energy Performance Certi icates based on in-use data. These certi icates will be able to better explain the reasons for the energy performance gap between the design and operation phases of buildings and evaluate the user behaviour and the building subsystems. In further research, studying the interior temperature in residential buildings will enable us to know the behaviour of the Temperature Uncertainty (U T ) in order to compare the results and conclusions of this experimental test on tertiary buildings, and also be able to make the interior temperature uncertainty propagation for Heat Loss Coef icient (HLC) estimation to this type of buildings. [START_REF]Affordable and adaptable public buildings through energy ef icient retro itting (a2pbeer)[END_REF]. * * * The OT test is the information collected from the interior MMS installed in four of ices, where each tripod has been distributed in different locations within the monitored of ice. The TT test is the information collected from interior MMS where the tripods have been situated in the same place so that the twenty sensors have been measuring together at the same height.

Table A.5: Interior MMS codes: ile name codes, ile column code and sensor reference [START_REF] Giraldo-Soto | Dataset of an in-use tertiary building collected from a detailed 3d mobile monitoring system and building automation system for indoor and outdoor air temperature analysis[END_REF]. The E test is the information collected from the exterior MMS installed around the building envelope; the ET test is the information collected from exterior MMS where the eight sensors have been measuring together at the same place on the roof of the building.

Table A.6: Exterior MMS codes: ile name codes, ile column code and sensor reference [START_REF] Giraldo-Soto | Dataset of an in-use tertiary building collected from a detailed 3d mobile monitoring system and building automation system for indoor and outdoor air temperature analysis[END_REF]. * * * ID sensors: 131 is the total electric power on F2 (F2 is composed of OT1, OT2 and OT3). 141 is the total electric power on F3 (OT4). 132 is the power supplied by the heating system to the north oriented of ices at F2 (OT1 and OT2). 133 is the power supplied by the heating system to the south oriented of ices at F2 (OT3). 142 is the power supplied by the heating system to the north oriented areas at F3 (OT4). 143 is the power supplied by the heating system to the south oriented areas at F3 (OT4). 142143 is the total heating power supplied by the heating system to the F3 (sum of 142 and 143). 1413 is the horizontal global solar radiation. 1413 is the horizontal global solar radiation. The measurement of 1413 is the only data that have been taken into account in both the OT test and the E test; the rest of the sensor measurements are taken into account only in the OT test, depending on the loor where the test is done. All data are supplied by the existing BAS.

Codes of existing

Table A.7: Existing BAS codes: ile name codes, ile column code and sensor reference [START_REF] Giraldo-Soto | Dataset of an in-use tertiary building collected from a detailed 3d mobile monitoring system and building automation system for indoor and outdoor air temperature analysis[END_REF]. 
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  about the in-use fuel consumption (usually in litres/100 km) of car owners and most car owners, even remember the design fuel consumption of their cars. Thus, a real awareness has been generated among the population related to the transport in-use energy ef iciencies. Much thought should be given to how it is possible for the transport sector, representing 33% of the 2016 energy consumption in Europe, has produced general awareness about the real energy ef iciencies of our cars, while the building sector, representing 40% of the energy consumption in 2016, has not generated this awareness among the population[START_REF]Energy statistics -an overview -statistics explained[END_REF].

Figure 1 . 1 :

 11 Figure 1.1: Measured (through the co-heating test) versus predicted whole house's Heat Loss Coef icient (HLC) (W/K) for 18 new build dwellings in the UK [16].

. 1 )

 1 All measured parameters Equation 1.1 are daily averaged; Q: all energy inputs inside the building due to heating and ventilating systems [W]; K: internal heat gains inside the building due to all electricity consumed and dissipated within the building and metabolic heat gains due to occupants (not present in co-heating tests) [W]; ∆T = T in -T out : indoor to outdoor daily average temperature difference; V sol : south vertical global solar radiation [m 2 ]. Note that the Co-heating Method requires all the ventilation ducts and to close all the blinds to be 42 CHAPTER 1. INTRODUCTION University of Bordeaux closed to minimize the effect of the solar gains on the entire regression of Equation 1.1 regression.

Figure 1 . 2 :

 12 Figure 1.2: Schematic of main energy and mass exchanges through the building envelope.

Figure 1 . 3 :

 13 Figure 1.3: Scheme of optimized MCS scope.

Figure 2 . 1 :

 21 Figure 2.1: Scheme of tools to determinate the gap between performances at design and operation phases of buildings: the HLC and TEP estimation role to know the envelope energy behaviour in order to generate EPCs related to the building envelope.

Figure 2 . 2 :

 22 Figure 2.2: Traditional estimation of the TEP versus the new estimation trend through the HLC estimation.

Figure 2 . 3 :

 23 Figure 2.3: Scheme of all energy and mass exchanges through the control volume de ined by the building envelope.

Figure 2 . 4 :

 24 Figure 2.4: Scheme of all heat and mass exchanges through the multi-volume building ( loors (left) and sub-spaces (right)).

  example, and the literature studied in the next section, demonstrate the need to implement MCSs in experimental tests to obtain the energy characterization of the building envelope and a correct estimate of the HCL. Kamstrup Multical 602 for heating; F0 1 calorimeter; F1, F2 and F3 2 calorimeters per loor, for the set sensors E T ± (0.4 + 4/ΔT)% Lighting system 4 Electricity Power Meter: 1 ABB EM/S 3.16.1 meter, 3 ABB A43 meters (1 per loor) (W/m 2 ) 1 Pyranometer on roof (horizontal radiation): ARCUS SK08-GLBS ±5%

Figure 2 . 5 :

 25 Figure 2.5: Scheme of MCSs used in reviewed literature to estimate the HLC and characterize the TEP.

1 . 4 .

 14 KNX is an international standard (ISO/IEC 14543-3), European (CENELEC EN 50090 and CEN EN 13321-1) and Chinese (GB/T 20965), open for control in both commercial and residential buildings[START_REF]KNX association -KNX association[END_REF]; 2. LonWorks standard is based on the scheme proposed by LON (Local Operating Network). The standard has been rati ied by the American National Standards Institute (ANSI) organization as 78 CHAPTER 2. LITERATURE REVIEW University of Bordeaux of icial in 1999 (ANSI/EIA 709.1-A-1999 [85]; 3. The Data communication protocol for Building Automation and Control Networks (BACnet) was developed under the auspices of the American Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE) 13 5-1995-7 and was published in 1995. The BACnet standard has the objective of providing a solution to the systems of automation and control of buildings of different sizes and types [86]; EnOcean is the standard based on the Institute of Electrical and Electronics Engineers (IEEE) 802.15.4. Here the modules based on EnOcean technology combine micro power converters with very low power electronics. This technology allows wireless communication between wireless sensors without batteries, switches, controllers and gateways. EnOcean is a wireless energy capture technology used in building automation systems and other industrial applications, transportation, logistics and smart homes [87]; 5. Zigbee speci ies a set of high-level wireless communication protocols with low-power digital transmission, based on the IEEE 802.15.4 standard for Wireless Personal Area Networks (WPAN) [88]. Currently, the BACnet, LonWorks, KNX and ZigBee technologies (based on IEEE 802.15.4) have attained considerable weight in the global market, as KNX has a strong presence in the European market [28]. Other technologies frequently used in BAS are: 1. INSTEON is a domotic network technology designed by SmartLabs, Inc. (Irvine, CA, USA). It is designed to allow devices such as switches, thermostats, sensors (movement, heat, smoke etc.) to be connected in a network through the power line and the radio frequency [89]; 2. Modbus is a communications protocol located at level 7 of the Open System Interconnection (OSI) Model, based on the master/slave architecture (Remote Terminal Unit), or client/server (Transmission Control Protocol/Internet Protocol (TCP/IP)), designed in 1979 by Modicon for its range of Programmable Logic Controllers (PLCs). Developed into a de facto standard communications protocol in the industry, it has the greatest availability for the connection of industrial electronic devices [90];

  AFDD methods can be classi ied into quantitative model-based, qualitative model-based, and process history-based methods[113-115] (Figure 2.6). The history-based process is the most used when the theoretical model of system behaviour is inappropriate to explain its behaviour, or it is not easy to create the model. In this AFDD method, the Black Box is the most used because of its 84 CHAPTER 2. LITERATURE REVIEW University of Bordeaux simplicity. The qualitative model-based (rule-based) method is the second most used AFDD method.

Figure 2 . 6 : 2 )

 262 Figure 2.6: Classi ication scheme for AFDD methods based on previous researches[START_REF] Kim | A review of fault detection and diagnostics methods for building systems[END_REF][START_REF] Katipamula | Review article: Methods for fault detection, diagnostics, and prognostics for building systems-a review, part i[END_REF] 
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 2 LITERATURE REVIEW 93University of the Basque Country Speci ication level's degree of analysed criteria in the reviewed literature
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 136 , [103]), where, for a sample size N with Z measures per sample, it is possible to obtain the Mean (µ), the Variance (σ 2 ) and the Standard Deviation (σ) for each sample (Z values), as well as the Mean (μ), Mean Variance (σ 2 ) and the Mean Standard Deviation (σ) of the sample (N values). In addition, for the sample with a normal distribution centred on the µ and σ values, it is known a priori that the Mean (µ) of any sample has a 68% probability of falling within the interval μ ± σ. Measurements involve uncertainties, where repeated measurements give an indication of the measurement uncertainty through the dispersion in its measured values. In the case of independent observation series of 30 or more, the evaluation of uncertainty by statistical analysis is called Type A evaluations based on the GUM 3 method [103]. In the statistical analysis of the Type A assessment, the sample's Mean Standard Deviation (σ) of a probability distribution re lects the uncertainty value, where the Standard Uncertainty (U) is the measurement uncertainty expressed in terms of a sample's Mean Standard Deviation (U = σ). If the U value is multiplied by a Coverage Factor (k) in a Type A distribution with sample size greater than

Figure 3 . 1 ,

 31 Figure 3.1, which represents a building with several loors with Measured Zones (MZ). Each MZ can be composed of a number of volumes called Measured Spaces (MS). A building has x MZ volumes composed of g Differential Volumes (dv i ) and n MS volumes composed of Differential Volumes (dv i ); in turn, each MZ has p M dv i measurements and each MS has q M dv i measurements. Equation 3.1 de ines the MZ volume (V M Z ) as the sum of n volumes of the MS (V M S ) that makes up the MZ. Equation 3.2 de ines the MS volume (V M S ) as the sum of y dv i contained in each MS. Equation 3.3 shows the general equation to calculate the Average Measurement (M a ), while Equation 3.4 shows the Average Measurements of an MZ ((M a ) M Z ) de ined by the sum of p units of M dv i measurement in an MZ divided by p. Also, Equation3.5 shows the Average Measurement of an MS (M a ) M S de ined by the sum of q units of M dv i measurements in an MS divided by q. Equation 3.6 de ines the Volume-Weighted

Figure 3 . 1 :

 31 Figure 3.1: Scheme of differential volumes of Measured Zones (MZ) and Measured Spaces (MS) in a building composed by several loors.

Type Asamples

  Within the thesis, a methodology to decouple the measurement uncertainties associated to the systematic and random errors for a Type A sample has been developed. The Measurement's Spatial Uncertainty U M (SP ) includes the random causes of uncertainty, while the systematic errors are considered into the Measurement Sensor Uncertainty U M (S) ; these two uncertainties are independent of each other and are estimated as Expanded Uncertainties ( Ū ). The Measurement Uncertainty (U M ) values include overall uncertainty sources, that is the U M (S) and U M (SP ) values are included for any analysed volume (MZ or MS). Decoupling the U M value, it is possible to estimate the U M (SP ) value on the basis of the previous estimation of U M and U M (S) through the statistical parameters set out above. The decoupling method is based on the sample's Mean Variance σ2 (Equation 3.15). Thus, through the analytical method of the mean-variance sum (Equation 3.22), it is possible to decouple the Measurement Uncertainties U M (Equation 3.26), since the U M (S) value is independent of the rest of the causes of the Measurement Uncertainty, U M (SP ) , and both uncertainties make up the Measurement Uncertainty U M value; then the Mean Variance σ2 associated to U M is directly proportional to the sum of the mean variance associated to U M (S) , σ2 (S) and the mean variance associated to U M (SP ) , σ2 (SP ) . Equations 3.18, 3.19, 3.20, 3.21, 3.22, 3.23, 3.24, 3.25, 3.26 3.27, 3.28 and 3.29 show the analytical development of the decoupling method of Measurement Uncertainty U M (Equation 3.26), so it is possible to obtain U M (SP ) with Equation 3.25.

  S) and σ(S) values, for a Measured Zone, it is possible to estimate the σ2 (SP ) , σ(SP ) and U M (SP ) values through Equations 3.34, 3.35 and 3.36, respectively, and also the σ2 , σ and U M values by applying Equations 3.37, 3.38 and 3.39, respectively.

Figures 3 .

 3 Figures 3.2 and 3.3 show an scheme of the two estimation ranges of the representative measurements when the whole MZ is monitored and where one or several MSs are monitored. Henceforth, the measurements carried out after the pre-monitoring are called post-monitoring. Thus, the different cases are set out to below.

Figure 3 . 2 :

 32 Figure 3.2: Scheme of [(M vw )MZ ]range and [(M a)M Z ]range estimation based on the UM estimation.

Figure 3 . 3 :

 33 Figure 3.3: Scheme of [(M vw )MZ ] band and [(M a)M Z ] band estimation when one or some MSs are monitored to measure a intensive variable in an MZ.

  the pre-monitoring, the (M a ) M Z or (M vw ) M Z values and (M a ) M S values should be calculated, together with the statistical parameters for the (M a ) M S centred on these (M a ) M Z or (M vw ) M Z values to obtain the U M estimation. This estimated U M is based on the comparison between the average measurement of an MS ((M a ) M S ) and the average measurement of the MZ ((M a ) M Z or (M vw ) M Z ).

  scheme of the band in which the (M a ) M Z of the MZ can be when there is only one monitored MS.

  [(M vw ) M Z ] band : Volume Weighted Measurement's Bandwidth. Maximum and Minimum limits in which M vw of t N ((M vw ) M Z ) of the MZ luctuate, based on one measurement of an MS that forms part of it. • [(M a ) M Z ] band : Average Measurement's Bandwidth of an MZ. Maximum and Minimum limit in which M a of t N ((M a ) M Z ) of the MZ luctuate, based on one measurement of an MS that forms part of it.

Figure 3 . 4 :

 34 Figure 3.4: Scheme of MCS requirement of Co-Heating test to estimate the HLC.

-

  Super icial heat lux sensors (Fluximeters) (Optional).• Control System-Hardware for data acquisition: Central Processing Unit (CPU).

Figure 3 . 5 :

 35 Figure 3.5: Scheme of MCS requirement of Average method to estimate the HLC.

4. 1 .

 1 This building is the west block of the rectory building of the University of the Basque Country (UPV/EHU).

Figure 4 . 1 :

 41 Figure 4.1: Location of tertiary building. City/Town/Region: Leioa/Bizkaia/Basque Country. Country: Spain. Latitude and longitude: 43.3316308, -2.9716170.

Figure 4 . 2 :

 42 Figure 4.2: The UPV/EHU administrative building in Leioa post-retro itting: a) northern façade, b) West Façade, c) southern façade, d) Roof.

  , relative humidity and Carbon Dioxide (CO 2 ): EE800-M12J3 (E+E Elektronik) [140]. Protocol communication Modbus-RTUS485. Eighteen units. ii. Temperature and relative humidity: EE071-HTPC 1 with shielding (E+E Elektronik). Protocol communication Modbus-RTUS485. One unit. iii. Radiant temperature: WBGT-PT100 (4L) (Ahlborn) [143]. Analogical communication -resistive signal. One unit. (c) Gateway: i. Modbus -KNX: KNXRTU1K (DEEI) [144]. Maximum number of points 1000. Supports Boolean data, 8 bits, 16 bits, 32 bits, 64 bits, loat 16, loat 32. 120-ohm resistor inside the gateway. One unit. (d) Data collector: i. Analogical communication: Almemo 2590 (Ahlborn) [145]. One unit. (e) Power supply: i. Output 24V -4.2A: HDR-100-24N (Mean Well). One unit.

1

  The name reference EE071-HTPC [141] of E+E plus manufacturer has been changed by the name reference EE071-HS1TT1F3[142]. and relative humidity: EE071-HTPC with shielding (E+E Elektronik).

  -KNX: IBOX-KNX-MBM (IntsisBox) [146]. One unit. (c) Power supplies: i. Output 24V -4.2A: HDR-100-24N (Mean Well). One unit.

1 . 2 . 4 .

 124 Monitoring technology characterised by CHAPTER 4. RESULTS AND DISCUSSION (a) High accuracy. (b) Monitoring systems used in industry. Protocol communication: (a) Digital protocol. (b) Frequently used in industrial MCS and not in domotic systems. (c) Protocol that can, in the future, be compared to Transmission Control Protocol/Internet Protocol (TCP/IP) protocol communication.3. Hardware: (a) Gateways with a capacity to integrate the new protocol communication and technology in the existing BAS of the tertiary building, which use KNX technology and protocol communication. Viable costs. The implemented interior and exterior MMS technology is described below, together with the MMS layout, where the sensors and hardware implemented in UPV/EHU administrator building are shown in Figure A.10, which is described in the following subsection: Interior experimental test and its 3D MMS on the different OT The MnS implemented in the experimental test is a mobile system that uses eight tripods distributed in the different volumes of the monitored Of ice Typologies (OT). Twenty sensors have been installed on eight tripods at different heights (shown in Figure A.11), while the types of sensor and their accuracy are described in Table

  90% RH). ±3% RH (0-100% RH) Ahlborn:WBGT -PT100 (4L) Radiant Temperature PT 1000 Class B (-50 °C to +200 °C) Duplex interface for Modbus RTU. The 120-ohm RS485 termination resistor inside the gateway. Operating temperature -40 to +8 5°C. Maximum number of points 1000.Supports Boolean data, 8 bits, 16 bits, 32 bits, 64 bits, loat 16, loat 32.
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 24 , the Measurement Uncertainty (U M ) of the Indoor Air Temperature (T in ) and the Outdoor Air Temperature (T out ) have been identi ied as crucial as a irst step to optimising the MCS. As speci ied in the literature review (chapter 2.3.7), the overall uncertainty estimation of these two variables is necessary to estimate the HLC more accurately the HLC through the Co-Heating Method and Average Method. This study is based on the collected data from the MMS implemented on the in-use administrative building of UPV/EHU, which is shown and described in section 4.2.

T

  in and T out in buildings are physical parameters that in luences different aspects of scienti ic and technical works, studies and research. T in and T out values are collected from sensors as a unit of measurement, where the estimation of the U M of T in and T out , called Temperature Uncertainty (U T ), should give the overall error (systematic and random errors) associated to the T in and T out measures and which are studied and estimated below. Based on the study of the literature review, the scienti ic experiments and publications do not usually specify the technical information from the manufacturer of the technology used for monitoring; likewise, measurement uncertainty values are not taken into account in experimental or simulation studies. In the cases where the uncertainties associated with the interior temperature are used, only the accuracy given by the manufacturer (uncertainty associated with systematic errors) is considered as a measurement uncertainty, without taking into account uncertainties associated with random effects. In other cases, there is no speci ication of the particular methodology used to estimate the temperature uncertainty. The estimation of the overall 148 CHAPTER 4. RESULTS AND DISCUSSION University of Bordeaux U T of indoor and outdoor air, has been based on the experimental test carried out in the tertiary inuse building with the monitoring system for the UPV/EHU administration building, where an MMS was installed to collect T in and T out data. The study results are based on the global uncertainty analysis, which were described on the Methodology section of this document, developed within this research study. The scope of the obtained results is to estimate and decouple the overall U T of indoor and outdoor air measurements of the studied tertiary in-use building and open a new methodology and analysis to be applied to other related studies. The results and discussion presented allow conclusions to be drawn on the analysis of the uncertainties.

Figure 4 . 3 :

 43 Figure 4.3: Scheme of the uncertainty of Tin measurement for different Thermal Zones (TZs) and Thermal Spaces (TSs) identi ied in the in-use tertiary building.

  6 shows the relation of variables for the uncertainty study and Figure 4.4 shows a scheme of the uncertainty of T in measurement for different Thermal Zones (TZs) and Thermal Spaces (TSs) identi ied in an in-use tertiary building. CHAPTER 4. RESULTS AND DISCUSSION

Figure 4 . 4 :

 44 Figure 4.4: Scheme of the uncertainty of Tin measurement for different Thermal Zones (TZs) and Thermal Spaces (TSs) identi ied in an in-use tertiary building.

NZi

  have been obtained by installing nineteen sensors together at the same height in the same location of the same WS (section 4.2). The experimental accuracy of the sensors, or the Temperature Sensor Uncertainty U T (S) , is given by the Expanded Uncertainty 2σ (S) value, as described in section 3.2.1, which is obtained from the differential temperature, ((θ dv i ) W S ) (Equation3.10) values of 154 Sample Size de ined by the number of Instants of Time (t Number of T dvi Temperature in OT (Z = p) or WS (Z = q) Differential Volume contained in and OT or a WS [m 3

Table 4 . 7 :

 47 respect to the Volume-Weighted Temperature of a OT for each t j . T dvi centred on an Average Temperature of a WS for each t j . Names of particularized variables for the uncertainty study of the Tin measurement.

Figure 4 . 5 :

 45 Figure 4.5: T dv i evolution in 24 hours of data collected from the TT test between 30 th June 2019 at 0:00 to 24:00. (TT test ([149]).

2 . 1 .

 21 The estimated U T value includes all sources of uncertainty that have an impact on the indoor air temperature measurement of the considered volumes, the random errors (Temperature's Spatial Uncertainty U T (SP ) ) and the systematic errors (Temperature Sensor Uncertainty U T (S) ).

Figure 4 . 6 :

 46 Figure 4.6: T dv i evolution during 24 hours of data collected from the OT test [149]: a. OT1 data 11 th June 2019 from 0:00 to 24:00. b. OT2 data of 11 th June 2019 from 0:00 to 24:00. c. OT3 data of 29 th May 2019 from 0:00 to 24:00. d. OT4 data of 24 th April 2019 from 0:00 to 24:00.

Figure 4 . 7 :

 47 Figure 4.7: Temperature Histogram of T dv i from MMS in OT1 for a sample size equal to 28,733 tN with measurement frequency equal to ten seconds.

  where the results of each sensor measurement are with respect to the Average Temperature (T a ) of the tripod's sensors. Thus, in the studied case, this matches with the Average Temperature of the corresponding ((T a ) W S ). The results show that all sensors located at medium level have lower U V T , σV T and μ values, their temperature measurement have better precision (lower σV T value) and better accuracy (lower μ value) with respect to the T a value of the studied tripod. This means that the sensors located at the medium level give a T dv i values closer to the T a than the others sensors located on the same tripod. The level with the greatest values of U V T , σV T and μ are the sensors located at the low height. Figures 4.8 and 4.9 show the σV T tendency by tripod and height level.

  25 °C and the σV T value is equal to ± 0.126 °C. T1 and T2 are located in a CWS where doors are open most of the time, thus being in luenced by a constant air current, occupations, solar radiations, and heating effects among other random incidences. In additions, T4 and T6 are located in a CWS where doors are closed most of the time, their statistical values being very similar, and the random incidences in both CWS have similar impacts on their temperature measurements.

  tripods located in WS with closed doors most of the time (T4 and T6) and tripods located in WS with doors open most of the time (T1 and T2):T4 and T6: In this case, the U V T and σV T values are lowest for the sensor installed in the high and medium levels. This combination is the best from the point of view of precision, but with less accuracy (greater μ values). For two sensors located in the high and low levels, the values have better accuracy (lowest μ values) with less precision and greater values of U V T and σV T .T1 and T2:In this case, the U V T and σV T values are lowest for the sensors installed in the high and low levels This combination is the best from the point of view of the precision, (lowest U V T values) but with less accuracy (greater μ values). For two sensors located in the high and medium levels, the values have better accuracy (lower μ values) with less precision (greater U V T and σV T values).

Figure 4 .

 4 Figure 4.10 shows the σV T values by groups of two sensors at different heights, and their variation with respect to each tripod. In addition, Figure 4.11 shows the tendency of the σV T values by tripod for groups formed by two sensors at different heights.

Figure 4 . 8 :

 48 Figure 4.8: Standard deviation tendency by vertical height for each tripod with one sensor.

Figure 4 . 9 :

 49 Figure 4.9: Standard deviation tendency by tripod with two sensors for each vertical height.

Figure 4 . 10 :

 410 Figure 4.10: Standard deviation tendency by vertical height for each tripod with one sensors.

Figure 4 . 11 :

 411 Figure 4.11: Standard deviation tendency by tripod with one sensor for each vertical height.

  2.1 for (θ dv i ) wsm values. Based on the results shown in Tables 4.19, 4.20 and 4.21, the inferior U V T and μ values are from the sensor installed at the medium level for all studied OSG. They are being also the sensor measurements with the better precision and accuracy with respect to the T a of the studied tripod. Likewise, the sensors installed at the low level have greater U V T and μ values, the temperature measurements being those with the lowest accuracy and precision. Figures 4.12

  , 4.13 and 4.14 shows this result tendency through the evolution of the σV T values for the RAD ON and RAD OFF samples and Ph ON and Ph OFF samples, Pw ON and Pw OFF samples, respectively. The effects of the Off cycles for all OSG have lower U V T , σV T and μ values than the effects of the On cycles.

Figure 4 . 12 :

 412 Figure 4.12: Mean standard deviation tendency by sensor based on vertical location for RAD ON and RAD OFF samples.

Figure 4 . 13 :

 413 Figure 4.13: Mean standard deviation tendency by sensor based on vertical location for Ph ON and Ph OFF samples.

Figure 4 . 14 :

 414 Figure 4.14: Mean standard deviation tendency by sensor based on vertical location for Pw ON and Pw OFF samples.

, 4 .

 4 16 and 4.17 shows this result tendency through the evolution of the σV T values for the RAD ON and RAD OFF samples, Ph ON and Ph OFF samples and Pw ON and Pw OFF samples, respectively.The effects of the Off cycles for all OSG with groups of two sensors have lower U V T ,σ V T and μ values than the effects of the On cycles. The statistical results of the impact on the U V T of the On-Off cycles of the studied OSGs: solar radiation, heating system and electricity consumption show the same tendency as the Total Sample results, which has been studied in section 4.3.1. These results are consistent from the point of view of the vertical strati ication of T in .

Figure 4 . 15 :

 415 Figure 4.15: Mean standard deviation tendency by sensor based on vertical location for RAD ON and RAD OFF samples.

Figure 4 .

 4 Figure 4.16: Mean standard deviation tendency by sensor based on vertical location for Ph ON and Ph OFF samples.

Figure 4 .

 4 Figure 4.17: Mean standard deviation tendency by sensor based on vertical location for Pw ON and Pw OFF samples.

Figure 4 . 18 :

 418 Figure 4.18: Uncertainty evolution for each (θ dv i )vw by Instant of Time (tN ), in function of the number of sensors (T dv i values) installed at high level in OT4.

Figure 4 . 19 :

 419 Figure 4.19: Scheme of the uncertainty of the Tout measurement for different Thermal Zones (TZs) and Thermal Spaces (TSs) identi ied in an in-use tertiary building.

Figure 4 .

 4 [START_REF]ISO.thermal insulation -building elements -in-situ measurement of thermal resistance and thermal transmittance -part 1: Heat low meter method[END_REF] shows a scheme of the uncertainty of the T out measurement for different Thermal Zones (TZs) and Thermal Spaces (TSs) identi ied in an in-use tertiary building.

Figure 4 . 20 :

 420 Figure 4.20: Scheme of the uncertainty of the Tout measurement for different Thermal Zones (TZs) and Thermal Spaces (TSs) identi ied in an in-use tertiary building.

section 3 . 2 . 1 .

 321 The analysed data have been collected by the E.R3.st.25 and E.R3.st.26 sensors, with and without mechanical ventilation within the solar radiation shield, respectively, from 7 th October 2019 at 12:42:20 to 6 th January 2020 3:53:00 during the Exterior E test (section 4.2).

Figure 4 .N

 4 21 shows the temperature evolution of both air temperature sensors, together with the horizontal global solar radiation measurements on the 19 th October, 2020 from 0:00 to 23:59. Likewise, Figure C.Sample Size de ined by the number of Instants of Time (t

aTable 4 .

 4 Ratio of Mean Variance of t N samples due to U T (SP ) with respect to Mean Variance of t N Samples due to U the MZ luctuate, based on the one measurement of a MS that make it up. M a T Average Temperature of a Volume or Area (BAV or BEA). 31: Names of particularized variables for the uncertainty study of the Tout measurement. CHAPTER 4. RESULTS AND DISCUSSION University of the Basque Country histogram of all t N with two T dv i measurements per sample (Z=2) (E.R3.st.25 and E.R3.st.26 sensors). In addition, Figures C.2, C.3 and C.4 show the histograms of t N with the T dv i data, centred with respect to (T a ) la for the RAD ON-OFF, RAD ON and RAD OFF periods, respectively.

Figure 4 .

 4 Figure 4.21: T dv i evolution for October 19 th , 2020 from 0:00 to 23:59 of data collected from the E.R3.st.25 and E.R3.st.26 sensors of the MMS.

-

  Figure C.5 (RAD ON-OFF case), Figure C.6 (RAD ON case) and Figure C.7 (RAD OFF case) show the histogram of the eight T dv i measurements (Z=8) for all the t N samples considered in each case; -Figure C.8 (RAD ON-OFF case), Figure C.9 (RAD ON case) and Figure C.10 (RAD-OFF case) show the histogram of the eight T dv i measurements (Z=8) centred with respect to (T a ) ta for all the t N samples considered in each case. CHAPTER 4. RESULTS AND DISCUSSION • For the data analysis of the sensor measurements installed per BEAs regarding the (T a ) ta calculated for the whole BAV, the histograms of the data centred on (T a ) ta are shown in: -Figure C.11 (RAD ON-OFF case), Figure C.12 (RAD ON case) and Figure C.13 (RAD-OFF case) for E.F1.nd.20 and E.F1.nd.21sensors (Northern façade); -Figure C.14 (RAD ON-OFF case), Figure C.15 (RAD ON case) and Figure C.16 (RAD-OFF case) for E.F1.st.23 and E.F2.st.24 sensors (Southern façade); -Figure C.17 (RAD ON-OFF case), Figure C.18 (RAD ON case) and Figure C.

  37 shows the Total Average Temperature Band ([(T a ) ta ] band ) (Equation 3.45) in which the average temperature of BAV (T a ) ta ) for the whole monitored period can lie if only one of the three BEA is monitored.

Figure 4 . 22 :

 422 Figure 4.22: T dv i evolution on October 19 th , 2020 from 0:00 to 23:59 of data collected from E.F1.nd.20, E.F1.nd.21, E.F1.wt.22, E.F1.st.23, E.F2.st.24, E.R3.st.25, E.R3.st.26 and E.R3.nd.27 sensors of the MMS.

  Thus, having the Local Average Temperature ((T a ) la of one BEA: the roof, northern façade or southern façade, and the uncertainty values obtained from data centre on (T a ) ta ; it is possible to obtain a temperature range in which the Total Average Temperature ((T a ) ta ) of the BAV can be valid for the whole monitored period. This range of temperatures is called, the Total Average Temperature Band ([(T a ) ta ] band ) (Equation 3.45). This air temperature band can be estimated subtracting and adding the estimated U T to the (T a ) la (Equation3.5) of the monitored BEA, whose values are shown in Tables 4.33, 4.34 and 4.35. The [(T a ) ta ] band of the BAV estimated from the U T results is shown below: For measurements from the northern sensor: 192 CHAPTER 4. RESULTS AND DISCUSSION University of Bordeaux • [(T a ) ta ] band =(T a ) la ± 1.90 °C in periods with/without solar radiation.

Figure 4 . 24 :

 424 Figure 4.24: (T dv i )evolution during 10 hours from 4 th May 2019 at 0:15:00 to 10:10:00 of data collected from the E.R3.st.25 and E.R3.st.26 sensors, there is no solar radiation.

Decoupling

  Temperature Uncertainty by means of the Temperature Sensor Uncertainty to estimate the Temperature's Spatial Uncertainty In this section, the decoupling method has been carried out to estimate the Temperature's Spatial Uncertainty (U T (SP ) ) in order to know the in luence of the random uncertainties in the Temperature Uncertainty (U T ), together with the systematic errors through the Temperature Sensor Uncertainty U T (S) . Likewise, the range in which the representative temperature value of the BAV lies has been estimated with a 95% of con idence. The results of decoupling the U T from the U T (S) to estimate the U T (SP ) are shown below for the whole BAV and each BEA.

  [START_REF] Johnston | Whole house heat loss test method (coheating)[END_REF].The results of decoupling the U T from the U T (S) to estimate the U T (SP ) are shown below for the whole BAV. The outdoor air overall U T value equal to ±2.22ºC, ±3.19ºC and 1.38º±C, together with its associated values of mean variance and mean standard deviation (Tables 4.33, 4.34 and 4.35) have been taken into account to obtain the results of the decoupling method, for the RAD ON-OFF, RAD ON and RAD OFF cases. Decoupling the (U T ) value has allowed us to obtain the uncertainty due to the random errors affecting the T out measurement, called in this document Temperature Spatial Uncertainty (U T (SP ) ). This value has been calculated using the U T (S) value equal to ±0.06ºC (from

Figure 4 .

 4 [START_REF] Shaikh | A review on optimized control systems for building energy and comfort management of smart sustainable buildings[END_REF] [163] within the ENERPAT -SUDOE project4 ,[START_REF]V sudoe interreg -interreg program sudoe -home[END_REF][START_REF]V sudoe interreg -interreg program sudoe -co-creation of energetically ef icient territorial solutions of patrimonial residential habitat ecorenovation in SUDOE historical centres[END_REF][166] which has been planned in two monitoring phases: the irst before and the second after the eco-renovation actions (Figure4.25). Although the objectives of both monitoring sessions are essentially identical, the scope, conditioning factors, number of sensors and approach differ signi icantly. Here, only the post-retro itting detailed monitoring is presented.

Figure 4 . 26 :

 426 Figure 4.26: The residential building in Vitoria-Gasteiz: a) Pre-retro itting, b) Post-retro itting.

  .2000ppm < ±(50ppm +2% of measuring value) SMP6 Radiation Spectral range (20% point): 280 to 3000 nm and (50% points): 285 to 2800 nm. Response time (63%): < 1.5 s and (95%): < 12 s. Zero offset A < 10 W /m 2 and B < 4 W /m 2 . Directional response: (up to 80°with 1000 W/m² beam): < 15 W /m 2 . Temperature dependence of sensitivity: (-40 °C to +70 °C) < 3%.

2 (

 2 m/s rms (< 5m/s ). ±3 % rms (5m/s...60m/s) (0...+60 °C). ±(0.2-0.05*T)°C at (0...+40°C). ±(0.2+0.032*(T-60))°C at (0...-60°C). Stability: 0.05°C/year RH (0..85% RH). ±3,5% RH (0...100% RH). (T=23°C). Stability: -1%/year Carbon Dioxide ±(50ppm + 3% of measurement at 25°C and 1013 hPa. Stability: 51% of measure-ment/5years. TOTAL SENSORS[START_REF] Wendzel | Covert channels and their prevention in building automation protocols: A prototype exempli ied using BACnet[END_REF] 

Finally, based on

  a proposed decoupling method, the estimated overall temperature uncertainties have been decoupled using the already estimated sensor plus monitoring system uncertainty to obtain the Temperature's Spatial Uncertainty. In this Temperature's Spatial Uncertainty, all the other sources of uncertainty, excluding the sensor plus monitoring system, are considered. To estimate the weight of the different sources of uncertainty, the Ratio of Mean Variance due to Sensor Uncertainty over the Mean Variance due to the overall Temperature Uncertainty has been de ined. This ratio has allowed us to know the percentage weight of the sensor plus monitoring system uncertainty over the overall temperature uncertainty for the four studied Of ice Typologies and studied Workspaces. In the case of the Of ice Typologies, the weight has values between 4.91% and 11.14%. In addition, the Ratio of Mean Variance due to Spatial Temperature Uncertainty has been de ined in an analogous way and the obtained values range between 88.86% and 95.09%. Both ratio values allow us to know the degree of importance of all Spatial Uncertainties, excluding the Sensor Uncertainties, over thermal zones where the temperature measurements have been performed.Analysing individual work spaces or volumes that make up the four analysed thermal zones, in the individual volumes most exposed to the random effects of the air temperature measurement, such as the air low, occupants, solar radiation, or heating effect, among others, the Spatial Uncertainty has more weight with respect to the overall Temperature Uncertainty than the volumes less exposed to these random effects.

  The equipment necessary to carry out the Thermal Envelope Performance characterization includes sensors, controllers, software, hardware, communication protocols, and other devices and components of Monitoring and Control Systems. At the end of the 1970s and the beginning of the 1980s, studies were undertaken regarding the different monitoring technologies and cost/precision criteria for equipment selection used in the energy monitoring of buildings to characterize their Thermal Envelope Performance through the estimation of the Heat Loss Coef icient. Currently, there is no evidence for which monitoring systems should be used to characterize the Thermal Envelope Performance in Building Automation Systems or domotic systems.The reviewed publications do not specify the selection criteria of the monitoring systems used in research projects, which shows that there is no standardization in the type of Monitoring and Control System that should be used to perform experimental tests in these estimations. It is also evident that experimental tests tend to focus more on developing methods to estimate the Heat Loss Coef icient and other parameters estimations to characterize the Thermal Envelope Performance, rather than carrying out an analysis to determine the criteria to choose the Monitoring and Control Systems. This trend is apparent even though the sensors used to measure physical variables are critical for the reliability of the data collected to perform the Thermal Envelope Performance characterization.It has also been observed that the Monitoring and Control Systems used to estimate Heat LossCoef icient allow the analysis and estimation of other parameters used to characterize buildings' Thermal Envelope Performance.The standardisation of the Monitoring and Control Systems used for the Thermal Envelope Performance characterization in experimental tests needs further research in order to ensure the physical data are accurate enough to rigorously apply the Heat Loss Coef icient estimation and decoupling methods.Remember that the Heat Loss Coef icient (HLC) is the sum of the building envelope transmission heat loss coef icient (UA) plus the in iltration and/or ventilation heat loss coef icient (C v ). In this way, if for example the HLC and the C v are estimated, the HLC could be decoupled using the following simple subtraction: U A = HLC-C v . When the measurement uncertainty or measurement error is taken into account in the literature reviewed, only the manufacturer's accuracy (systematic errors) of sensors is taken into account, without considering the measurement uncertainties associated to random errors or other uncertainty sources. The Co-Heating Method for HLC estimation has the advantage of being a method in which the random 224 CHAPTER 5. FINAL CONCLUSIONS, CONTRIBUTIONS AND NEW RESEARCH LINES University of Bordeaux errors are minimised. The random errors due to solar radiation disappear since they are estimated

  the uncertainty analysis results. Based on this Of ice Typology classi ication, four thermal zones with different geometric and spatial characteristics have been selected for monitoring in an in-use of ice building. There, these overall uncertainty values have been obtained after applying the developed statistical method: ±0.71 °C, ±0.74 °C, ±1.07 °C and ±0.83 °C. The of ices with a larger south-facing façade area have greater Temperature Uncertainties than the of ices with a larger north-facing facade area. The of ices with large south and north facing façade areas have uncertainty values close to the of ices with only one large north-facing façade area. During this study, two different types of

  plus monitoring system uncertainty to obtain the Temperature's Spatial Uncertainty, where all the other sources of uncertainty, excluding the sensor plus monitoring system, are considered. To estimate the weight of the different sources of uncertainty, the Ratio of Mean Variance due to Sensor Uncertainty over the Mean Variance due to the overall Temperature Uncertainty has been de ined as R (S) . This ratio has allowed us to know the percentage weight of the sensor plus monitoring system uncertainty over the overall temperature uncertainty for the four studied Of ice Typologies and studied Workspaces. In the case of the Of ice Typologies, the weight has values between 4.91% and 11.14%. In addition, the Ratio of Mean Variance due to Spatial Temperature Uncertainty (R (SP ) ) has been de ined in an analogous way and the obtained values range between 88.86% and 95.09%. Both ratio values, R (S) and R (SP ) , allow us to know the degree of importance of all Spatial Uncertainties U T (SP ) , excluding the uncertainty associated to the sensors plus monitoring system, over thermal zones where the temperature measurements have been performed.

3. 4 ,

 4 will have a reference HLC value for comparison from the Co-heating test. As commented before, we also expect to have their respective decoupled UA and C v values. Then, having both the extremely detailed data sets of all the energy lows, detailed indoor conditions and weather data, together with the reference HLC, UA and C v values from the Co-heating test, it will be possible to know what the key measurements are that provide reliable HLC, UA and C v values with a minimum number of sensors by means of the Average Method in this occupied building case.In a dwelling of the Vitoria-Gasteiz building, an analytical study of the estimated HLC values through the Co-Heating Method (with the dwelling unoccupied) and the Average Method (with the dwelling occupied) will be carried out, in order to know what is the impact of the user behaviour on the estimated HLC value in the dwelling when is occupied. Also, it will allow us to know the experimental value of the heat gain variable due to occupation, together with the study of methods to estimate the uncertainty associated to this variable. Likewise, it will open a new way to analyse and develop a new methodology to estimate the number of occupants from the estimation of the experimental heat gains due to occupancy, and then compare the developed methodology with the estimation of the number of occupants through the CO 2 measurement and another estimation techniques, currently used.

  This study will also open the way to starting the uncertainty propagation and sensitivity analysis on the Heat Loss Coef icients (HLC) estimations of in-use buildings with monitoring in real-time, in order to improve our knowledge of energy performance concerning the buildings and their energy ef iciency. Estimating the overall Measurement Uncertainty of other intensive variables (such as CO 2 concentrations or relative humidity), through the statistical method developed in this research, will also help to improve the estimation of thermal comfort, air quality, heating and HVAC controls, among others. Finally, trying to develop a new methodology to more accurately estimate the heat gains due to the occupants' metabolic heat generation, by means of measuring the CO 2 concentrations of the indoor thermal zones and estimating its associated measurement uncertainty, is another open line of research, where the number of occupants can be estimated with more precision and accuracy through the machine learning techniques.With the estimated overall Temperature Uncertainty values, it will be possible to study the propagation of the indoor air temperature overall uncertainty in different ields, where the thermal zones' indoor air temperature is used for calculation purposes, such as for the case of the estimation of the Heat Loss Coef icient (HLC) of in-use buildings.

Figure A. 5 :

 5 Figure A.5: Interior 3D MMS tripods and sensors all together during the TT test [139].

File

  Name Codes of Interior Mobile Monitoring System (MMS) OT#.Tp#.H.ID#_XY(SI)_w# // TT#.Tp#.H.ID#_XY(SI)_w# File Column Codes of Interior Mobile Monitoring System (MMS) OT#.Tp#.H.ID#_XY(SI) // TT#.Tp#.H.ID#_XY(SI) Codes of Interior MMS Sensor (Sensor Reference) Sensor measurement: Air Temperature (T) and Radiant Temperature (Trad). * * SI: Symbol (C) represents Degrees Celsius [°C].

  Temperature (T). * * SI: (C) represent Degrees Celsius [°C]. * * *

  Building Automation System (BAS) OT#.T9.md.ID#_XY(SI)_w# // E.T9.md.ID#_XY(SI)_w# File Column Codes of existing Building Automation System (BAS) OT#.T9.md.ID#_XY(SI) // E.T9.md.ID#_XY(SI) Codes of BAS Sensor (Sensor Reference) T9.md.ID# Of ice Typology (OT#) Test/ Virtual Tripod Reference Virtual Height location ID sensor Sensor Measurement (XY) /m 2 ) or rad(W-m2) w# * Sensor measurement: Heating Power (ph) from calorimeter, Active Power (pw) from electricity meters, Solar Radiation (rad). * * SI: W represents Watts [W ] and m 2 represents Square Meter [m2]. W-m2 and W /m 2 represent Watt per square meter [W /m 2 ].

Figure B. 1 :

 1 Figure B.1: Temperature Histogram of T dvi from nineteen sensors measuring together (eighteen EE800-M1213 sensors and one EE071-HTPC sensor), for a sample size equal to 868 tN with measurement frequency equal to ive minutes.

Figure B. 2 :

 2 Figure B.2: Temperature Histogram of (θ dv i )wsm from nineteen sensors measuring together (eighteen EE800-M1213 sensors and one EE071-HTPC sensor), for a sample size equal to 868 tN with measurement frequency equal to ive minutes.

Figure B. 3 :

 3 Figure B.3: Temperature Histogram of (θ dv i )vw from MMS in OT1 for a sample size equal to 28,733 tN with measurement frequency equal to ten seconds.

Figure B. 7 :

 7 Figure B.7: Temperature Histogram of (θ dv i )vw from MMS in OT3 for a sample size equal to 18,861 tN with measurement frequency equal to ifty seconds.

Figure B. 8 :

 8 Figure B.8: Temperature Histogram of T dvi from MMS in OT4 for a sample size equal to 35,381 tN with measurement frequency equal to forty seconds.

Figure B. 9 :

 9 Figure B.9: Temperature Histogram of (θ dv i )vw from MMS in OT4 for a sample size equal to 35,381 tN with measurement frequency equal to forty seconds.

Figure B. 13 :

 13 Figure B.13: Temperature Histogram of (θ dv i )wsm from MMS in OT3.2C3.3 for a sample size equal to 18,861 tN with measurement frequency equal to ifty seconds.

Figure B. 14 :

 14 Figure B.14: Temperature Histogram of T dvi from MMS in OT3.2C3.5 for a sample size equal to 18,861 tN with measurement frequency equal to ifty seconds.

Figure B. 15 :

 15 Figure B.15: Temperature Histogram of (θ dv i )wsm from MMS in OT3.2C3.5 for a sample size equal to 18,861 tN with measurement frequency equal to ifty seconds.

Figure C. 1 :

 1 Figure C.1: Temperature Histogram of T dv i from E.R3.s.25 and E.R3.s.26 sensors of the MMS for a sample size equal to 50,958 tN with and without solar radiation.

Figure C. 2 :

 2 Figure C.2: Temperature Histogram of (θ dv i ) la with data centred on the Local Average Temperature (Ta) la for E.R3.s.25 and E.R3.s.26 sensors of the MMS for a sample size equal to 50,958 tN with and without solar radiation.

Figure C. 3 :

 3 Figure C.3: Temperature Histogram of (θ dv i ) la with data centred on the Local Average Temperature (Ta) la for E.R3.s.25 and E.R3.s.26 sensors of the MMS for a sample size equal to 17,527 tN with solar radiation.

Figure C. 7 :

 7 Figure C.7: Temperature Histogram of (T dv i ) from E.F1.n.20, E.F1.n.21, E.F1.w.22, E.F1.s.23, E.F2.s.24, E.R3.s.25, E.R3.s.26 and E.R3.n.27 sensors of the MMS for a sample size equal to 29,05 tN without solar radiation.

Figure C. 8 :

 8 Figure C.8: Temperature Histogram of (θ dv i )ta with data centred on the Total Average Temperature ((Ta)ta) for E.F1.n.20, E.F1.n.21, E.F1.w.22, E.F1.s.23, E.F2.s.24, E.R3.s.25, E.R3.s.26 and E.R3.n.27 sensors of MMS for a sample size equal to 50,958 tN with and without solar radiation.

Figure C. 9 :

 9 Figure C.9: Temperature Histogram of (θ dv i )ta with data centred on the Total Average Temperature ((Ta)ta) for E.F1.n.20, E.F1.n.21, E.F1.w.22, E.F1.s.23, E.F2.s.24, E.R3.s.25, E.R3.s.26 and E.R3.n.27 sensors of MMS for a sample size equal to 17,527 tN with solar radiation.

Figure C. 13 :

 13 Figure C.13: Temperature Histogram of ((θ dv i )ta) with data centred on the Total Average Temperature ((Ta)ta) for E.F1.n.20 and E.F1.n.21 sensors of MMS for a sample size equal to 29,05 tN without solar radiation.

Figure C. 14 :

 14 Figure C.14: Temperature Histogram of ((θ dv i )ta) with data centred on the Total Average Temperature ((Ta)ta) for E.F1.s.23 and E.F2.s.24 sensors of MMS for a sample size equal to 50,958 tN with and without solar radiation.

Figure C. 15 :

 15 Figure C.15: Temperature Histogram of ((θ dv i )ta) with data centred on the Total Average Temperature ((Ta)ta) for E.F1.s.23 and E.F2.s.24 sensors of MMS for a sample size equal to 17,527 tN with solar radiation.

Figure C. 19 :

 19 Figure C.19: Temperature Histogram of (θ dv i )ta with data centred on the Total Average Temperature ((Ta)ta) for E.R3.s.25, E.R3.s.26 and E.R3.n.27 sensors of MMS for a sample size equal to 29,05 tN without solar radiation.

Figure C. 20 :

 20 Figure C.20: Temperature Histogram of T dv i from E.F1.n.20 and E.F1.n.21 sensors of the MMS for a sample size equal to 50,958 tN with and without solar radiation.

Figure C. 21 :

 21 Figure C.21: Temperature Histogram of T dv i from E.F1.n.20 and E.F1.n.21sensors of the MMS for a sample size equal to 17,527 tN with solar radiation.

Figure C. 22 :

 22 Figure C.22: Temperature Histogram of T dv i from E.F1.n.20 and E.F1.n.21sensors of MMS for a sample size equal to 29,05 tN without solar radiation.

Figure C. 23 :

 23 Figure C.23: Temperature Histogram of T dv i from E.F1.s.23 and E.F2.s.24 sensors of the MMS for a sample size equal to 50,958 tN with and without solar radiation.

Figure C. 24 :

 24 Figure C.24: Temperature Histogram of T dv i from E.F1.s.23 and E.F2.s.24 sensors of the MMS for a sample size equal to 17,527 tN with solar radiation.

Figure C. 25 :

 25 Figure C.25: Temperature Histogram of T dv i from E.F1.s.23 and E.F2.s.24 sensors of the MMS for a sample size equal to 29,05 tN without solar radiation.

Figure C. 26 :

 26 Figure C.26: Temperature Histogram of T dv i from E.R3.s.25, E.R3.s.26 and E.R3.n.27 sensors of the MMS for a sample size equal to 50,958 tN with and without solar radiation.

Figure C. 27 :

 27 Figure C.27: Temperature Histogram of T dv i from E.R3.s.25, E.R3.s.26 and E.R3.n.27 sensors of the MMS for a sample size equal to 17,527 tN with solar radiation.

Figure C. 31 :

 31 Figure C.31: Temperature Histogram of (θ dv i ) la with data centred on Local Average Temperature ((Ta) la )for E.F1.n.20 and E.F1.n.21 sensors of the MMS for a sample size equal to 29,05 tN without solar radiation.

Figure C. 32 :

 32 Figure C.32: Temperature Histogram of (θ dv i ) la with data centred on Local Average Temperature ((Ta) la ) for E.F1.s.23 and E.F2.s.24 sensors of the MMS for a sample size equal to 50,958 tN with and without solar radiation.

Figure C. 33 :

 33 Figure C.33: Temperature Histogram of (θ dv i ) la with data centred on Local Average Temperature ((Ta) la ) for E.F1.s.23 and E.F2.s.24 sensors of MMS for a sample size equal to 17,527 tN with solar radiation.

Figure C. 37 :

 37 Figure C.37: Temperature Histogram of (θ dv i ) la with data centred on Local Average Temperature ((Ta) la ) for E.R3.s.25, E.R3.s.26 and E.R3.n.27 sensors of the MMS for a sample size equal to 29,05 tN without solar radiation.

Figure C. 38 :

 38 Figure C.38: Temperature Histogram of T dv i from E.R3.s.25 and E.R3.s.26 sensors of MMS for a sample size equal to 233 tN with measurement frequency equal to ive minutes and without solar radiation.

Figure

  Figure C.39: Temperature Histogram of (θ dv i ) la with data centred on Local Average Temperature (Ta) la for E.R3.s.25 and E.R3.s.26 sensors of MMS for a sample size equal to 233 tN with measurement frequency equal to ive minutes and without solar radiation.

Table D. 4 :

 4 Spatial Location of Mobile MMS' Sensor of Co-Heating test based on Figure D.5, Figure D.6 and Figure D.7.

Figure D. 8 :

 8 Figure D.8: Sensors and Hardware installed in residential building at Vitoria-Gasteiz.

Figure D. 12 :

 12 Figure D.12: Installed indoor sensors of Fixed MCS pictures in F2.

Figure D. 13 :

 13 Figure D.13: Installed outdoor sensors of Fixed MCS pictures in roof.
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  Excluding by experts in the building physics ield, the building envelope is taken as just a simple static component of the building that should not require complex methods to test if it is working as expected or if it has been built as designed. Making a parallelism with the transport sector, we could say that the building envelope's in-use energy characterization is 30 years beyond the car's in-use energy behaviour characterization. It is common to hear in non-technical conversations
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  It is necessary to reduce the energy consumption of buildings, which represents approximately 40% of energy consumption in Europe, in order to reduce Carbon Dioxide (CO 2 ) emissions[17].Approximately 35% of buildings in the EU are over 50 years old. Of this percentage, only around 0.4-1.2% (depending on the country) are renewed annually. This implies that a greater renovation of existing buildings could generate signi icant energy savings through the reduction of 5-6% of the EU's total energy consumption, and 5% of the total CO 2 emissions[START_REF]Buildings -energy -european commission[END_REF]. The ' Action Plan for Energy Ef iciency: Realizing the Potential' calls on all regional and local authorities to develop energy

ef iciency plans and to transpose the directives on the energy performance of buildings into national legislation [31]. On 30 November 2016, the European Commission presented a proposal for a modest review of Directive 2010/31/EU on the Energy Performance of Buildings [32]. Some of the measures in the Clean Energy Package aim to meet the objectives of energy and climate of the EU 2030, together with the amending of the Energy Performance of Buildings Directive (EPBD) [33], which is aimed at achieving the EU's energy ef iciency objectives that are also addressed in the Energy Ef iciency Directive (EED) 2012/27/EU [34]. The proposed revision of the EED (part of the Clean Energy Package) establishes a greater number of energy ef iciency measures by 2030, where the directive modi ied in 2018 has as a key element having a main energy ef iciency target of at least 32.5% [34,

ρ air c p air (T in -T out )(1 -η) + Vair(inf) ρ air c p air (T in -T out )]+ ṁwater c water (T watersup -T water exh ) = ṁwater c w (T watersup -T water exh )-

  =

	sup	ṁsup (h +	v 2 2	+ gz) sup -	exh	ṁexh (h +	v 2 2	+ gz) exh =
	ṁair (h airsup -h air exh ) + ṁwater (h watersup -h water exh ) =
	-[ Vair(vent)						
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	Typology	Sensor Measure	International System Unit
	Energy	velope Electricity consumed within the building en-	Wh, kWh, MWh
		Energy supplied by the Heating System	Wh, kWh, MWh
	Weather	Outdoor temperature Horizontal global solar radiation	• C W/m 2
	Indoor Conditions Indoor Temperature	• C

Table 2 .

 2 1: Physical variables measured in the Average Method.

•

  V sol is the vertical south global solar radiation [kW/m 2 ].To perform this regression and obtain the HLC and S a V sol of Equation2.22, the variables are obtained from ive different types of sensors, shown in Table2.2.

	Typology	Sensor Measure	International System Unit
	Energy	Electricity consumed within the building	Wh, kWh, MWh
		Energy consumption by the heaters and fans	Wh, kWh, MWh
	Weather	Outdoor temperature Vertical global south solar radiation	• C W/m 2
	Indoor Conditions Indoor Temperature	• C

Table 2 .

 2 

	2: Physical variables measured in the Co-Heating test.

  A) and In iltration Heat Loss Coef icient (C v )[START_REF] Giraldo-Soto | Applying the decay method to the CO 2 produced by occupants for decoupling the heat loss coef icient of an in-use of ice building[END_REF]. The metabolic CO 2 of the building occupants can be used as a tracer gas to estimate the total air in iltration plus the ventilation volumetric low rates by means of CO 2 concentration decay analysis, as detailed in[START_REF] Van Buggenhout | Data-based mechanistic modelling approach to determine the age of air in a ventilated space[END_REF]. The use of CO 2 generated from occupants as a tracer gas to determine air change rates in buildings, is described
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	Loss Coef icient (U in the ASTM D6245-12 'Standard Guide for Using Indoor Carbon Dioxide Concentrations to Evaluate
	Indoor Air Quality and Ventilation' [72]. According to this guide, and together with the ASTM E741-11
	Method [73], air change rates (or Air Changes per Hour of the analysed whole volume, ACH in [h -1 ])
	can be estimated using the tracer gas decay technique in which occupant-generated CO 2 is used as a
	tracer gas.	
	In small buildings where the indoor whole volume CO 2 concentration ful ils the ASTM method's
	homogeneity criteria, it would provide the total in iltration/ventilation volumetric low rate as in
	Equation 2.23, where V is the total indoor volume of the building in [m 3 ] and ACH should be
	converted to [s -1 ].	
	From Equation 2.6, the most general form of the in iltration and/or ventilation heat loss coef icient
	(C v ) is extracted (Equation 2.24), where, for buildings without a ventilation system, Vairtot = Vair inf
	68	CHAPTER 2. LITERATURE REVIEW

Vairvent ρ air c p air (1 -η) + Vair inf ρ air c p air

  Tout . However if the ventilation system is not compensated, and the supply volumetric low rate Vairsup is different from the exhaust volumetric low rate Vair exh , then CHAPTER 2. LITERATURE REVIEW 69University of the Basque Country it can be proven, that Q vent = Vair(vent) ρ air c p air (T in -T out )(1 -η) will have the form of Equation2.26. Then it will be at least necessary to measure, in the ventilation system, the supply and return volumetric low rates and the supply (T sup ) and indoor (T in ) temperatures (See Figure2.3). For such cases, the C v value would be estimated as in Equation2.[START_REF]Implementing the energy performance of buildings directive (EPBD) -featuring country reports[END_REF].Q vent =Vair exh ρ air c p air T in -Vairsup ρ air c p air T sup Vair exh ρ air c p air T in -Vairsup ρ air c p air T sup

	[kW /°C] However, for buildings with mechanical ventilation with heat recovery, we will again need the Vairtot (2.24) C v = ( Vairvent + Vair inf )ρ air c p air [kW /°C] (2.25) estimation by means of the ASTM method, but we will also need dedicated measurements in the ventilation system ducts to measure Vairvent and η of Equation 2.24. For correctly compensated ventilation systems where supply and exhaust volumetric lows are equal ( Vairsup = Vair exh = Vairvent ), the heat recovery ef iciency η for each instant can be estimated by measuring the four temperatures of η = T airsup -Tout (T in -T out ) [W ] (2.26) C v = T in -T out Vair inf ρ air c p air [W /°C] (2.27) T in -T in -T out Based on this development, it is possible to estimate the C v for buildings with homogeneous CO 2

  When using CO 2 , this concentration uniformity requirement should be applied to the difference between the indoor to outdoor concentration. Then, in theory, for the case of Figure2.4, if ACH (F 0,1 ) , ACH (F 0,2 ) ,...,ACH (F i,j ) are estimated by the ASTM method, those ACH values could
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	10% of the average concentration in the studied volume (at least at the beginning and end of the
	sampling period). be used to obtain the total In iltration/Ventilation rates ( Vairtot (F 0,1 ) , Vairtot (F 0,2 ) , ..., Vairtot (F i,j ) ). Here,
	there is a great challenge to the C v estimation; since those individual ACHs are affected by the CO 2
		5 refers to ASTM E741-11, where the indoor tracer gas concentration
	at multiple points (at least two points) within the analysed volume is required to differ by less than
	70	CHAPTER 2. LITERATURE REVIEW

Table 2 .

 2 3: Monitoring system used in a public building of the University of the Basque Country.Red (+) and black (-) for the bus line. The two remaining wires are yellow and white, which will be used for additional applications, additional power supply of certain components, or as an additional bus line or reserve for breakdowns.
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Software

Speci ic KNX software tool Unique Standard Application for Programming KNX Systems Software

Table 2

 2 

	Typology	Sensor Measure	International System Unit
		Electricity Consumption	Wh, kWh, MWh
	Total Consumption:	Energy Consumption for Heating Water Consumption	Wh, kWh, MWh l, m 3
		Fuel Consumption	Wh, kWh, MWh, l, Nm 3 , m 3
		Temperature	• C
		Relative humidity	%
	Weather:	Global Solar Radiation	W/m 2
		Wind Velocity	km/h
		Wind Direction	(0 • -360 • )
		Temperature	• C
	Indoor Conditions:	Relative Humidity CO 2 Concentration	% ppm
		Illuminance Level (Lux)	lux
		Fluid Temperature of Circuit:	°C
		AHU/HVAC and Hot Water	
	Building Systems:	AHU/HVAC Relative Humidity Flows	% l/s, m 3 /s
		Pressures	kPa, Pa
		Presence Sensors	0-100%, 0-1, ON/OFF, 0/1
		CO	

.6 shows a list of the main sensors and meters used for control in building automation. CHAPTER 2. LITERATURE REVIEW 2 Sensors 0-100%, 0-1, ON/OFF, 0/1 Frequency to Collect Data High, Medium and Low Frequency s, min, h, day, month, year

Table 2 . 6 :
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Table 2 .

 2 

7: Examples of impacts produced by sensor errors in some study cases.

Table 2 . 8
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						TEP CHARACTERIZATION THROUGH		
								Estimation of Building Envelope
				HLC Estimation		Energy Behaviour Through	
	Reference	Publication Year	Co-Heating Method	Regression Method	Average Method	Corrected Average Method	Energy Consumption	Energy Balance Estimation	In iltration Estimation	U-Value Estimation	R-Value Estimation	Other Estimations and Methods *
	[49]		X				X		X			
	[118]											

2. LITERATURE REVIEW 87

University of the Basque Country : List of publications used in the MCS to characterize the TEP of in-situ buildings through HLC estimation and other estimates used to assess energy behaviour of the buildings.
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FDD Sensors Actuators Control System Other Devices Reference Publication Year Type of publication Specify the application to MCS Indoor Air Temperature Surface Temperature(outdoor and indoor) Indoor CO 2 Interior Relative Humidity Heat Fluxes In iltration Infrared Thermography Illuminance Level (Lux) Total Electricity Meter Gas Meter Heat Meter HVAC Air Flow Light Electricity Meter Outdoor Air Temperature Exterior Relative Humidity Global Vertical Solar Radiation Intensity Global Horizontal Solar Radiation Intensity Diffuse Solar Radiation Intensity Outdoor Illuminance Level (Lux) Wind Speed Anemometer Wind Direction Atmospheric Pressure Rainfall Thermostat Other Building Devices to Control Protocol Communication Getaway or Transmitters Data logger

  

	Electric Radiator
	Fans
	HVAC
	Building Heating Systems
	Computer
	SCADA
	Data Processor
	[49]

Table 2 .
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10: Description of the level quanti ication used to analyse the MCSs presented in the reviewed literature.

Table 2 .
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[START_REF] Aghemo | Management and monitoring of public buildings through ICT based systems: Control rules for energy saving with lighting and HVAC services[END_REF] 

shows the review bibliography with the analysed criteria and the corresponding level for each of them. In analysing the Monitoring System's device criteria, more than 50% of the literature studied falls into level C-where it has not been possible to identify the type or model of the sensors 90 CHAPTER 2. LITERATURE REVIEW

Table 2 .

 2 11: Criteria to evaluate the speci ication level of MCS. used in those experimental tests. Of 24 bibliographies reviewed, 83.33% did not specify the data

sheet, and 58.33% did not specify the sensor's accuracy either. A total of 79.2% did not describe the decision criteria used to select the sensors (economic, technical, or other criteria). Furthermore, a 66.67% used the Co-Heating Method and 16.67% used other regression methods. One publication estimated the HLC with the Corrected Average Method and another with the Average Method, with each one representing 4.17% of total publications reviewed. To estimate local U-Values, two of four publications used ISO9869:1994, one publication does not specify the methodology implemented, and another was based on ISO 6946:2007

[START_REF] Rodriguez-Gracia | Adaptive domotic system in green buildings[END_REF]

. Seven publications, or 29.17%, implemented other methodologies to characterize the TEP-for example, statistical methods. These values are speci ied in Tables 2.13, 2.14, 2.15, 2.16, 2.17, 2.18, 2.19, 2.20 and 2.21.

  .13, 2.14, 2.15, 2.16, 2.17, 2.18, 2.19, 2.20 and 2.21 show the sensors, devices, software and hardware specify if this measure was collected by a station. In the tests, just 12.50% and 16.67% had used sensors to measure the indoor CO 2 level and indoor relative humidity, respectively. In 20.83% of experimental tests, infrared thermography was used, and 50.00% used different devices to estimate the in iltration. Only 33.33% used local heat low sensors. The meteorological conditions were measured in several tests, of which 50.00% speci ied the horizontal global radiation, 62.50% the vertical global radiation, and 33.33% the diffuse radiation and relative humidity sensors. Bordeaux the Corrected Average Method for TEP characterization. Two publications used devices to measure the surface temperature, heat low, indoor CO 2 concentration, and gas consumption. Six experimental tests did not measure the interior RH, interior illuminance level, and HVAC air low. A total of 71.43% used a sensor meter to measure the total electricity consumption and measure the global horizontal solar radiation, 85.71% measured the outdoor temperature, and 100% measured the global vertical solar radiation. A total of 57.14% measured the diffuse radiation, and 42.86% the exterior RH. Only one publication used an electrical radiator or a heating system, while in two publications an HVAC system was used. 42.86% used heat meters and measure in iltrations, while 57.14% measure the direction and speed of the wind.Analysing the devices of Control Systems of all literatures, around 41.67% used a thermostat and 25.00% used any other device for another purpose, for example to open or close windows. Around 56.25% of publications that analysed the Co-Heating test used thermostats, versus 14.29% that implemented other methods to estimate the energy performance of buildings' envelopes.

	In 83.33% of the reviewed literature, an electricity meter was used to measure the total energy
	consumption. Likewise, in determining the use of other meter sensors, 16.67% used gas meters,
	25.00% used heat meters, and 8.33% used HVAC air low and speci ic sensors to measure the light
	electricity consumption.
	A total of 66.67% used the Co-Heating Method for their experimental tests, whereas 93.75% specify
	Furthermore, the 50.00% used fans and 56.25% electric radiators, versus 33.33% and 41.67%,
	respectively, of all literatures.
	The Average Method used in experimental tests, speci ied devices, besides the use of heating meters,
	to measure the interior, exterior and surface temperature, heat low, electricity consumption, exterior
	relative humidity, horizontal, vertical and diffuse solar radiation, direction and wind speed. The
	Corrected Average Method speci ied measures of the interior and exterior temperature, indoor
	CO 2 concentration, interior and exterior RH and light power consumption, indoor and outdoor

identi ied in the selected literature. It was possible to identify, in 100% of literature the use of sensors to measure the interior temperature, in 83.33% those used to measure the exterior temperature, and in around 12.50% those used to measure surface temperatures. The difference between the exterior and interior temperatures may be because these data were collected using weather stations, but CHAPTER 2. LITERATURE REVIEW neither literature the use of a meter to measure the total electricity consumption and 81.25% the use of a sensor to measure the exterior temperature; of these, 25.00% measured the exterior RH and only 12.50% measured the interior RH. Respectively, 50.00% and 37.50% measured the global vertical and global horizontal solar radiation, while 18.75% measured wind speed and 25.00% measured diffuse solar radiation and wind direction, only 56.25% and 50.00%, respectively, described the use of electrical radiators and fans. A total of 56.25% measured air in iltration, 31.25% used infrared thermography, 37.50% used heat low, and only 6.25% measured surface temperatures. 25.00% and 18.75% used heating and HVAC systems. The use of these building systems in some cases was to maintain the internal conditions when a building prototype was being tested, or to avoid strati ication during different tests. The physical variables shown in Table

2

.2 are those measured in the Co-Heating Methods developed in selected publications.

Experimental tests in 75.00% of the reviewed cases that used other regression methods used sensors to measure the total electricity consumption, outdoor temperature, exterior relative humidity, vertical solar radiation, and wind direction, while 50.00% measured the surface temperature, indoor CO 2 concentration, heat low, gas consumption, and diffuse solar radiation. All of the reviewed research experiments used sensors to measure global horizontal radiation, wind speed, and heating meters. Another 25.00% with sensors measured the interior relative humidity, in iltration, interior illumination level, light electricity consumption, and exterior illuminance. illumination levels and horizontal solar radiation, wind speed, and also uses heating meters. Each of these methods were used by only one of the experimental tests. Seven papers (29.17%) used methods different to Co-Heating, regressions, the Average Method, and 92 CHAPTER 2. LITERATURE REVIEW University of

Table 2 .

 2 12: Qualitative analysis of the speci ication level's degree of the analysed criteria for the devices, hardware, and software of MCSs used in buildings or prototypes in each publication studied. Criteria based onTable 2.11. 
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Table 2 .

 2 13: Quantitative analysis of speci ication level's degree of the analysed criteria of MCSs used in buildings or prototypes in all reviewed literature.

	Reviewed

Literature with Co-Heating Method (HLC estimation) Number of references considering the analysed criteria of MCS

  

	Co-Heating Method		MnSs' Devices				CnSs' Devices		
	16 references (66.67%)	MnS-1	MnS-2	MnS-3	MnS-4	CnS-1	CnS-2	CnS-3	CnS-4	CnS-5	CnS-6
	Level-A	6 37.50% 6.25% 18.75% 6.25% 1 3 1	3 18.75% 18.75% 31.25% 25.00% 12.50% 6.25% 3 5 4 2 1
	Level-B	2 12.50% 6.25% 25.00% 6.25% 1 4 1	0 0.00% 31.25% 0.00% 25.00% 37.50% 12.50% 5 0 4 6 2
	Level-C	8 50.00% 87.50% 56.25% 87.50% 14 9 14	13 81.25% 50.00% 68.75% 50.00% 50.00% 81.25% 8 11 8 8 13

Table 2 .

 2 

14: Quantitative analysis of speci ication level's degree of the analysed criteria of MCSs used in buildings or prototypes in all reviewed literature with Co-Heating Method (HLC estimation).

Reviewed Literature with Regression Method (HLC estimation) Number of references considering the analysed criteria of MCS

  

	Regression Methods		MnSs' Devices				CnSs' Devices		
	4 references (16.67%)	MnS-1	MnS-2	MnS-3	MnS-4	CnS-1	CnS-2	CnS-3	CnS-4	CnS-5	CnS-6
	Level-A	2 50.00% 0.00% 25.00% 0.00% 0 1 0	1 25.00% 0.00% 0	0 0.00% 0.00% 50.00% 6.25% 0 2 1
	Level-B	2 50.00% 50.00% 50.00% 75.00% 2 2 3	0 0.00% 25.00% 25.00% 0.00% 0.00% 12.50% 1 1 0 0 2
	Level-C	0 0.00% 50.00% 25.00% 25.00% 2 1 1	0 0.00% 75.00% 75.00% 100% 50.00% 50.00% 3 3 4 2 2

Table 2 .

 2 

15: Quantitative analysis of speci ication level's degree of the analysed criteria of MCSs used in buildings or prototypes in all reviewed literature with Regression Method (HLC estimation).

Reviewed Literature

with Average Method (HLC estimation) Number of references considering the analysed criteria of MCS Average Method MnSs' Devices CnSs' Devices 1 reference (4.17%) MnS-1 MnS-2 MnS-3 MnS-4 CnS-1 CnS-2 CnS-3 CnS-4 CnS-5 CnS-6

  

Table 2 .

 2 16: Quantitative analysis of speci ication level's degree of the analysed criteria of MCSs used in buildings or prototypes in all reviewed literature with Average Method (HLC estimation).

	Reviewed

Literature with Corrected Average Method (HLC estimation) Number of references considering the analysed criteria of MCS Corrected Average Method MnSs' Devices CnSs' Devices 1 reference

  

(4.17%) MnS-1 MnS-2 MnS-3 MnS-4 CnS-1 CnS-2 CnS-3 CnS-4 CnS-5 CnS-6

Table 2 .

 2 

	Reviewed

17: Quantitative analysis of speci ication level's degree of the analysed criteria of MCSs used in buildings or prototypes in all reviewed literature with Corrected Average Method (HLC estimation).

Literature implementing other methods Number of references considering the analysed criteria of MCS Other methods applied *

  

			MnSs' Devices				CnSs' Devices		
	7 references (29.17%)	MnS-1	MnS-2	MnS-3	MnS-4	CnS-1	CnS-2	CnS-3	CnS-4	CnS-5	CnS-6
	Level-A	1 14.29% 0.00% 0	0 0.00%	0 0.00%	0 0.00%	0 0.00%	0 0.00% 28.57% 42.86% 28.57% 2 3 2
	Level-B	2 28.57% 28.57% 28.57% 28.57% 2 2 2	1 14.29% 28.57% 14.29% 14.29% 28.57% 28.57% 2 1 1 2 2
	Level-C	4 57.14% 71.43% 71.43% 71.43% 5 5 5	6 85.71% 71.43% 85.71% 57.14% 28.57% 42.86% 5 6 4 2 3
											

* This quantitative analysis include experimental test that use other methods: (i) To estimate HLC using methods different to Co-Heating Method, Average Method and Corrected Average Method.

(ii) To characterize the Thermal Envelope performance (TEP).

Table 2 .
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[START_REF] Chapman | The pennyland project[END_REF]

: Quantitative analysis of speci ication level's degree of the analysed criteria of MCSs used in buildings or prototypes in all reviewed literature implementing other methods.

Global Analysis Specify the application to MCS Indoor Air Temperature Surface Temperature(out and indoor) Indoor CO 2

  

	Total Electricity Meter Gas Meter Heat Meter HVAC Air Flow Light Electricity Meter	20 4 6 2 2	83.33% 16.67% 25.00% 8.33% 8.33%	15 2 2 1 1	93.75% 12.50% 12.50% 6.25% 6.25%	3 2 4 0 1	75.00% 50% 100% 0.00% 25.00%	1 0 1 0 0	100% 0.00% 100% 0.00% 0.00%	0 0 1 0 1	0.00% 0.00% 100% 0.00% 100%	5 2 3 1 0	71.43% 28.57% 42.86% 14.29% 0.00%
	Interior Relative Humidity Heat Fluxes In iltration Infrared Thermography Illuminance Level (Lux)	24 3 3 4 8 12 5 2	100% 12.50% 12.50% 16.67% 33.33% 50.00% 20.83% 8.33%	16 1 0 2 6 9 5 0	100% 6.25% 0.00% 12.50% 37.50% 56.25% 31.25% 0.00%	4 2 2 1 2 1 0 1	100% 50.00% 50.00% 25.00% 50.00% 25.00% 0.00% 25.00%	1 1 0 0 1 0 0 0	100% 100% 0.00% 0.00% 100% 0.00% 0.00% 0.00%	1 0 1 1 0 0 0 1	100% 0.00% 100% 100% 0.00% 0.00% 0.00% 100%	7 2 2 1 2 3 0 1	100% 28.57% 28.57% 14.29% 28.57% 42.86% 0.00% 14.29%
		0	0.00%	0	0.00%	0	0.00%	0	0.00%	0	0.00%	0	0.00%
		Total references 24	Percentage rate 100%	Total references 16	Percentage rate 66.67%	Total references 4	Percentage rate 16.67%	Total references 1	Percentage rate 4.17%	Total references 1	Percentage rate 4.17%	Total references 7	Percentage rate 29.17%
		All Literatures Studied	Co-Heating Method	Regression Method	Average Method	Corrected Average Method	Other Methods Applied

Table 2 .

 2 

[START_REF] Butler | Review of co-heating test methodologies[END_REF]

: Quantitative analysis of the references studied by methodology: Global analysis of the method used, the fault detection and indoor sensor type used for measuring physical variables in the MCSs in each methodology.

FDD Outdoor Sensors Literatures by methods Total/Rate Global Analysis Specify the application to MCS Outdoor Air Temperature Exterior Relative Humidity Global Vertical Solar Radiation Intensity Global Horizontal Solar Radiation Intensity Diffuse Solar Radiation Intensity Outdoor Illuminance Level (Lux) Wind Speed Anemometer Wind Direction Atmospheric Pressure Precipitation All Literatures Studied

  

	Other Methods Applied Total references Percentage rate 29.17%	Corrected Average Method Total references 1 Percentage rate 4.17%	Average Method Total references 1 Percentage rate 4.17%	Regression Method Total references 4 Percentage rate 16.67%	Co-Heating Method Total references 16 Percentage rate 66.67%	Percentage rate 100%	Total references 24
	0.00%	0.00%	0	0.00%	0	0.00%	0	0.00%	0	0.00%	0
	85.71% 42.86% 100% 71.43% 57.14% 0.00% 57.14% 57.14% 0.00% 0.00%	100% 100% 0.00% 100% 0.00% 100% 100% 0.00% 0.00% 0.00%	1 1 0 1 0 1 1 0 0 0	100% 100% 100% 100% 100% 0.00% 100% 100% 0.00% 0.00%	1 1 1 1 1 0 1 1 0 0	75.00% 75.00% 75.00% 100% 25.00% 25.00% 100% 75.00% 0.00% 0.00%	3 3 3 4 2 1 4 3 0 0	81.25% 25.00% 50.00% 37.50% 25.00% 0.00% 18.75% 25.00% 0.00% 6.25%	13 4 8 6 4 0 3 4 0 1	83.33% 33.33% 62.50% 50.00% 33.33% 4.17% 33.33% 33.33% 0.00% 4.17%	20 8 15 12 8 1 8 8 0 1

Table 2 .

 2 20: Quantitative analysis of the references studied by methodology: Global analysis of the method used, the fault detection and outdoor sensor type used for measuring physical variables in the MCSs in each methodology.
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Table 2 . 21

 221 

: Quantitative analysis of references studied by methodology: Global analysis of the method, actuators, controls systems, and devices used in each methodology.

  to focus more on developing methods to estimate the Heat Loss Coef icient and other estimations to determine the envelope energy behaviour of buildings to characterize the Thermal Envelope Performance, rather than carrying out an analysis to determine the criteria to choose the Monitoring and Control Systems. This trend is apparent even though the sensors used to measure physical variables are critical to the reliability of the data collected to perform the Thermal Envelope Performance characterization. It has been also observed that the Monitoring and Control Systems used to estimate Heat Loss Coef icient allow the analysis and estimation of other parameters used to characterize the buildings' the Thermal Envelope Performance. The physical in order to introduce this characterization into these automation systems. For this to be effective, the experimental tests should develop selection criteria for the Monitoring and Control Systems in the research projects to standardize them.The standardization of the Monitoring and Control Systems used in the Thermal Envelope Performance characterization in experimental tests needs further research in order to ensure that the physical data are accurate enough to rigorously apply the Heat Loss Coef icient estimation methods. In this way, the Heat Loss Coef icient estimates for the emission of reliable Energy Performance Certiicates, according to the requirements of the legislation, may be used if they are able to be integrated into Building Automation Systems and domotic systems. It is also necessary to emphasise the importance of de ining the criteria in Monitoring and Control System selection in order to guarantee that the technologies are accurate, reliable, pro itable, and safe from cyber-attacks.Air Handling Units and Variable Air Volume boxes. However, a speci ic method for all Monitoring and Control Systems used in Building Automation Systems and domotic systems has not been found, while this is essential in order to integrate Fault Detection and Diagnosis methods for all parties that make up these Monitoring and Control Systems. It is necessary to develop Fault Detection and Diagnosis methods to calibrate, predict and detect the error of all devices in a Monitoring and Control System.

The equipment necessary to carry out the Thermal Envelope Performance characterization includes sensors, controllers, software, hardware, communication protocols, and other devices and components of Monitoring and Control Systems. At the end of the 1970s and the beginning of the 1980s, studies were undertaken regarding the different monitoring technologies and cost/precision criteria for equipment selection used in the energy monitoring of buildings to characterize the Thermal Envelope Performance of buildings with the estimation of the Heat Loss Coef icient, together with other estimations. There is currently no evidence from recent studies comparing the different sensors and equipment used in energy monitoring with existing technologies. There is also no evidence for which monitoring systems should be used to characterize the Thermal Envelope Performance in Building Automation Systems or domotic systems. The reviewed publications do not specify the selection criteria of the monitoring systems used in research projects, which shows that there is no standardization in the type of Monitoring and Control System that should be used to perform experimental tests in these estimations. It is also evident that experimental tests tend variables necessary for these estimations are collected in current Building Automation Systems and domotic systems in order to determine user comfort, electricity consumption, and for the control of the building systems. This makes it possible for the experimental tests used to characterize Thermal Envelope Performance to be designed from the perspective of Building Automation Systems and 100 CHAPTER 2. LITERATURE REVIEW University of Bordeaux domotic systems, No publication has been found that develops Automated Fault Detection and Diagnosis methods for the whole monitoring system of a Building Automation System or domotic system. Studies that characterize the Thermal Envelope Performance by testing different sensor technologies to understand any discrepancies in the Heat Loss Coef icient estimation, and what the sensor response is in building energy monitoring systems, are also lacking. The methods analysed to estimate the Heat Loss Coef icient and other estimates to determine the envelope energy behaviour of buildings only take into account the errors and the manufacturing precision of the devices used. As an example, to understand the measured discrepancies of temperature, RH, CO 2 levels, energy consumption, solar radiation, and other physical variables, it is necessary to know the sensor characteristics used in a building's automation in the research projects that characterize the Thermal Envelope Performance. For this, it is essential to know in real-time the faults that occur during the experimental tests, in order to analyse their impact and determine the error discrepancies with the manufacturing data sheet. All of this information is necessary for the implementation of Automated Fault Detection and Diagnosis methods in the Monitoring and Control Systems of experimental tests. The literature studied in this thesis evidences the use of Automated Fault Detection and Diagnosis methods in such building systems as fan coils, Heating, Ventilation and Air Conditioning systems, heat pumps, air conditioners, commercial refrigerators, lighting, water heaters, chillers, cooling towers,

  Therefore, knowing how to integrate the standardised Monitoring and Control Systems used to estimate the Heat Loss Coef icient and other estimations to determinate the envelope energy behaviours of buildings, which characterize the Thermal Envelope Performance in Building

the Heat Loss Coef icient and other estimations to determinate the envelope energy behaviours of buildings. This discrepancy can be determined using the technology of current Building Automation Systems and domotic systems to know if, with the market technology, it is possible to determine the Thermal Envelope Performance of buildings after the new building construction or retro it of 102 CHAPTER 2. LITERATURE REVIEW University of Bordeaux existing buildings.

  30, an "Expanded Uncertainty" is obtained, which is expected to be within the 95% con idence level interval if the k-value is equal to 2 ( Ū = 2σ), or 99% if it is equal to 3 ( Ū = 3σ)[103]. When there are fewer than 30 repeated measurements, the appropriate k-value is based on the Student t-distributions[103].In this document, the overall Expanded Uncertainty ( Ū ) value of the Measurement (M) from sensors is called "Measurement Uncertainty (U M )", with a U value multiplied by a k-value equal to 2. In addition, there are two different contributions of uncertainties, one due to systematic error (identi ied in this manuscript as Measurement Sensor Uncertainty (U M (S) ), and another due to random luctuations (identi ied in this manuscript as Measurement Spatial Uncertainty (U M (SP ) ), both estimated as Expanded Uncertainties ( Ū ), but they are independent of each other.The other type of uncertainty assessment set out in the GUM method [103] is the Type B distributions, which are not systematic errors and are not based on repeated measurements; therefore, Type B uncertainties have in inity degrees of freedom. Such distributions include manufacturer's speci ications, ASTM standards, experience, etc. This type of uncertainty is not applied in the methodology described here.

Table 3

 3 

	.1) into a centred Measurement

i )((θ dv i ) vw (Equation 3.7), (θ dv i ) a (Equation 3.8), (θ dv i ) M Z (Equation 3.9) or (θ dv i ) M S (Equation 3.10)) for each instant of time (t j ), according to the volume type to be studied, V M Z or V M S analysis to be carried out. Now, for each time instant (t j ), a new normal distribution N(µ, σ) with mean, µ, and standard deviation, σ, (Table

3

.2 or

Table 3 .

 3 Calculate the statistical parameters for θ dv i values of each t j : the mean (µ), standard deviation (σ) and variance (σ 2 ) values, as well as the maximum (Max) and minimum (Min) values are obtained for each time instant (Table3.4).(c) Calculate the Mean (μ), Mean Variance (σ 2 )and the Mean Standard Deviation (σ) of the sample composed of N Instants of Time (t N ) (Table3.5), based on the GUM method [103]. These statistical parameters are associated with the Measurement Uncertainty (U M ) estimation. (d) Estimate the Measurement Uncertainty (U M ), with a con idence interval of 95%, multiplying σ by k=2 (Table 3.6), based on the GUM method [103].

	3) is obtained.	
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Table 3 .

 3 (θ dv (1,t j ) ) vw (θ dv (1,t 1 ) ) vw (θ dv (1,t 2 ) ) vw (θ dv (1,t 3 ) ) vw ... (θ dv (1,t N ) ) vw (θ dv (2,t j ) ) vw (θ dv (2,t 1 ) ) vw (θ dv (2,t 2 ) ) vw (θ dv (2,t3) ) vw ... (θ dv (2,t N ) ) vw (θ dv (3,t j ) ) vw (θ dv (3,t 1 ) ) vw (θ dv (3,t 2 ) ) vw (θ dv (3,t 3 ) ) vw ... (θ dv (3,t N ) ) vw ) vw (θ dv (Z,t 2 ) ) vw (θ dv (Z,t 3 ) ) vw ... (θ dv (Z,t N ) ) vw

	t 1	t 2	t 3	...	t N

1: Matrix of measured raw data for a sample composed of several tj. (θ dv (i,t j ) ) vw (Equation3.7)| t j

Table 3 .

 3 (θ dv(1,t j ) ) a (θ dv (1,t 1 ) ) a (θ dv (1,t 2 ) ) a (θ dv (1,t 3 ) ) a ... (θ dv (1,t N ) ) a (θ dv (2,t j ) ) a (θ dv (2,t 1 ) ) a (θ dv (2,t 2 ) ) a (θ dv (2,t 3 ) ) a ... (θ dv (2,t N ) ) a (θ dv (3,t j ) ) a (θ dv (3,t 1 ) ) a (θ dv (3,t 2 ) ) a (θ dv (3,t 3 ) ) a ... (θ dv (3,t N ) ) a ) a (θ dv (Z,t 2 ) ) a (θ dv (Z,t 3 ) ) a ... (θ dv (Z,t N ) ) a

	(Equation3.8)|t j	t 1	t 2	t 3	...	t N
	...	...	...	...	...	...
	(θ dv (Z,t j ) ) a	(θ dv (Z,t 1 )				

2: Matrix of zero centred data with respect to (Mvw)MZ with a Normal Distribution N(µ, σ) for each tj.

(θ dv (i,t j ) ) a

Table 3 .

 3 3: Matrix of data centred on Ma with a Normal Distribution N(µ, σ) for each tj, also being applicable to data centred on (Ma)MZ (Equation3.9) or (Ma)MS (Equation3.[START_REF] Stafford | Predicting in situ heat pump performance: An investigation into a single ground-source heat pump system in the context of 10 similar systems[END_REF] .

	Statistical Parameters| t j	t 1	t 2	t 3	...	t N
	µ t j (Equation3.11)	µ t 1	µ t 2	µ t 3	...	µ t N
	σ 2 t j (Equation3.12)	σ 2 t 1	σ 2 t 2	σ 2 t 3	...	σ 2 t N
	σ t j (Equation3.13)	σ t 1	σ t 2	σ t 3	...	σ t N
	M ax t Statistical Parameters	MZ	MS		
	μt N (Equation3.14)	μMZ	μMS		
	σ2 t N (Equation3.15)	σ2 M Z	σ2 M S		
	σt N (Equation3.16)	σMZ	σMS		

j M ax t 1 M ax t 2 M ax t 3 ... M ax t N M in t j M in t 1 M in t 2 M in t 3 ... M in t N

Table 3.4: Matrix of statistical parameters of the Normal Distributions N(µ, σ) for each tj.

Table 3 . 5
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: Matrix of global statistical parameters of the Normal Distributions N(μ, σ) for the tN sample.

Table 3 . 6

 36 

: Expanded uncertainties of measurements.

  2 t j : Variance of Z Measurement Differential (θ dv i ) ((θ dv i ) vw (Equation 3.7) or (θ dv i ) a (Equation 3.8)) for each t j . • σ 2 t j (S) : Variance of Z Measurement Differential (θ dv i ) ((θ dv i ) vw (Equation 3.7) or (θ dv i ) a (Equation 3.8)) for each t j due to Sensor Uncertainty U M (S) .

	• σ 2 t

j

(SP ) 

: Variance of Z Measurement Differential(θ dv i ) ((θ dv i ) vw (Equation 3.7) or (θ dv i ) a (Equation 3.8)) for each t j due to Measurement Spatial Uncertainty U M (SP ) .

  On the other hand, it is possible to obtain the relation between the Mean Variance σ(SP ) associated to U M (SP ) with respect to the Mean Variance σ2 associated to U M through Equation 3.30, thus obtaining the Spatial Ratio R SP through Equation3.32, which represents the weight of the random causes over all uncertainties, where the σ2 (SP ) value can also be de ined through Equation 3.33.

		University of Bordeaux
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R (S) : Ratio of Mean Variance of t N samples due to U M (S) with respect to Mean Variance of t N Samples due to U M .

  R (SP ) : Ratio of Mean Variance of t N samples due to U M (SP ) with respect to Mean Variance of t N Samples due to U M . • R (S) : Ratio of Mean Variance of t N samples due to U M (S) with respect to Mean Variance of t N Samples due to U M . If the R SP , U M (SP ) , σ2 (SP ) and σ(SP ) values are known, it is possible to estimate the σ2 (S) , σ(S) and U M (S) , values through Equations 3.40, 3.41 and 3.42, respectively.

  HLC through the Average Method for tertiary buildings. The experimental test shown in this chapter has been published in the Data in Brief called 'Dataset of an in-use tertiary building collected from a detailed 3D Mobile Monitoring System and Building Automation System for indoor and outdoor air temperature analysis'[START_REF] Giraldo-Soto | Dataset of an in-use tertiary building collected from a detailed 3d mobile monitoring system and building automation system for indoor and outdoor air temperature analysis[END_REF].

	A Mobile Monitoring System (MMS), integrated within the existing BAS of a tertiary building, has been
	designed taking into account the high sensor accuracy and the ability to be installed easily and quickly

in different cardinal locations, distribution spaces, volumes and at different heights of a tertiary inuse building located in Leioa (Bilbao). Two types of MMS (interior MMS and exterior MMS) have been designed to be able to carry out studies to optimise the measurement intensive variables, such as the indoor and outdoor air temperature measurements of the monitoring system to estimate the 134 CHAPTER 4. RESULTS AND DISCUSSION

University of Bordeaux

Table A .

 A 

1. Figures A.1, A.2, A.3 and A.

4 

show the loor layouts for each building level, including the roof, and the selected BAS sensor references provided in this document.

The MMS experimental test was carried out on two of the four loors of this tertiary building, loors two (F2) and three (F3). These were selected because they can represent four different types of of ice layouts, each one representing a different of ice typology. F2 has the particularity that it is made up of three different, independent of ice spaces and F3 is a single of ice. Likewise, around the building eight sensors have been installed at different orientations and locations. Figures A.

11 and A

.17 show the installed sensors for the interior MMS and exterior MMS, respectively.

Table 4

 4 

		.1 shows the areas, heights and volumes of each OT and WS according to the architectural
	drawings shown in Figures A.6, A.7, A.8 and A.9.
	140	CHAPTER 4. RESULTS AND DISCUSSION

* The 3C1 height shown is a mean value of this WS. Nevertheless, the volume shown takes into account the different heights within this WS. All southern façade windows have external shading elements, except in the WS reference 3C1.2. Windows in the north, east and west façades have no shading elements.

Table 4 .

 4 

1: Areas, heights and volumes of OT and WS based on the architectural drawings shown in

Figure A.6, Figure A.7, Figure A.8 and Figure A.9.

Table A

 A A.6, A.7, A.8 and A.9. The encoding of the dataset iles is shown in TableA.5.

.2 shows the position of each sensor on each tripod, as well as sensor and manufacturing references. Table A.3 shows the WS location in each OT with respect to the architectural drawings 142 CHAPTER 4. RESULTS AND DISCUSSION University of Bordeaux shown in Figures

  .6.

	The exterior experimental test is composed of two tests:
	Exterior Together (ET) test: The ET test period datasets are pre ixed by ET.R3. All sensors are
	installed at the same location, ive (sensor IDs 20 to 24) over the roof loor, while two (sensor IDs
	25 to 26) are on the roof mast (see Figure A.12). The sensor ID 27 is also on a roof mast, but is not
	shown in Figure A.12.
	Exterior (E) test: The E test period datasets are pre ixed by E.Fn and E.R3, with n=1 or 2 (see Table
	A.6).

  5, A.6 and A.7 show the coding for the interior and exterior MMS sensors and the selected measurements of the existing BAS of the in-use

building. Tables A.2, A.3 and A.4 show the sensor reference and location. To identify the MMS sensors in diagrams; Figures A.6, A.7, A.8, A.9, A.13, A.14, A.15 and A.16 show a schematic location of the sensors.

Table 4

 4 

	not considered.

.

3 

shows the unit cost, total costs without taxes, while the budget and bills used for the cost calculation are shown in Appendix III. The total investment is equal to 15,709.56 €, where the 47.05% (7,391.70 €) has been invested in sensors of the monitoring kit, and 8.08% (1,269.50 €) corresponds to the control kit composed of hardware equipment. The integration and setup is 30.22% (4,747.00 €) of the total cost. The rest of the costs corresponding to the other installation costs being 14.65% (2,301.39 €) of the total cost.

The indirect costs of this project correspond to the electricity costs, but the hours spent by the doctoral candidate together with the support of the thesis directors and laboratory technician are

Table 4 .

 4 

3: Investment of MMS and its integration in the BAS of UPV/EHU building

[START_REF] Giraldo-Soto | Dataset of an in-use tertiary building collected from a detailed 3d mobile monitoring system and building automation system for indoor and outdoor air temperature analysis[END_REF]

.

Table 4 . 2

 42 

: Technical characteristics of sensors, gateway and protocol communications of interior MMS.

  Among others, the reliable measurement of the T in and T out play an important role in ef iciently operating in-use buildings. Both are physical variables that are studied and analysed in multiple scienti ic ields of in-use buildings and other areas. These include tests related with air quality, thermal com-

fort, ventilation systems, pollution concentration and environmental conditions, meteorology studies, biotechnology, energy ef iciency, engineer's designs, EPB, among others. Many publications deal with T in and T out , which play a key role in studies of in-use buildings. For example, it is currently possible to ind around 71,647 and 67,084 T in and T out results, respectively, in buildings from Science Direct [150], around 784 and 388 T in and T out results, respectively, from the Institute of Electrical and Electronics Engineers (IEEE) [151] and around 13,470 and 14,638 T in and T out publications, respectively, in the Taylor & Francis Group [152].

Table 4 . 4
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: OWS typologies based on the OWSR.

Table 4 .

 4 5: CWS Typologies based on DF. Based on Equation 4.1, Table 4.4, Equation 4.2 and Table 4.5, the of ice zone's characterization results for the OWR and DF values have been obtained and are shown in Table 4.6: the OWS-CWS typology
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.5, six typologies have been de ined relative to the number of CWS. west, has six CWSs, while OT3-D5, facing south-west, has eight CWSs; both OTs have similar OWR values and the same DF typology. Both these OTs have many CWSs and nearly 50% of the volume is occupied by an OWS. The OT2-B3, with a north orientation, has one CWS and 84.18% of the volume is occupied by an OWS. In addition, OT4-B4 (facing north, south and west), has three CWSs and the same proportion of OWS volume with respect to OT2-B3. This OT has the same OWS typology, but a total volume considerably greater than OT2-B3.

Table 4 . 6 :

 46 Results of the of ice characterization based on the studied thermal zones.

Table 4 .

 4 

8 shows the statistical analysis results for a sample size of 868 t N , each t j with nineteentemperature measurements collected at a measurement frequency of ive minutes. Figures B.1 and B.2 show the temperature frequency diagram of the sample data analysed in this section for T dv i and (θ dv i ) wsm .

Table 4 .

 4 8: Statistical results of Temperature Sensor Uncertainty (U T (S) ) analysis for the MMS.

  2.1 allow us to identify the interior and exterior CWSs facing north, south, west and with multiple cardinal orientations. In this section, Figure 4.6 shows the T dv i evolution From th June 2019 at 14:11:40 to 23 rd June 2019 at 05:29:10, every 10 seconds. • OT2: From th June 2019 at 14:20:50 to 23 rd June 2019 at 05:07:30, every 10 seconds. • OT3: From th May 2019 at 7:09:10 to 30 rd May 2019 at 5:05:50, every 50 seconds.
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	• OT4: From th April 2019 at 14:43:20 to 29 rd April 2019 at 00:06:40, every 40 seconds.
	during 24 hours of data collected from the OT test ([149]) for OT1, OT2, OT3 and OT4. Figures 4.7,
	B.4, B.6 and B.8 show the sample histogram for the T dv i collected by the sensors in OT1, OT2, OT3 and
	158	CHAPTER 4. RESULTS AND DISCUSSION

OT4, respectively. Likewise, the sample histogram for the (θ dv i ) vw values for OT1, OT2, OT3 and OT4 are shown in Figures B.3, B.5, B.7 and B.9, respectively. The OT test was carried out in the following periods: CHAPTER 4. RESULTS AND DISCUSSION • OT1:

Table 4 .

 4 

		Sample	Measures	μ[°C]	σ2 T [K 2 ]	σT [°C]	U T [°C]		
	Typology	Size	(Z) by t j	(Eq.3.14)	(Eq.3.15)	(Eq.3.16)	(Eq.3.17)	Min	Max
	OT1-C5	28,733	14	0.144	0.127	0.356	0.71	-2.336	1.882
	OT2-B3	28,705	5	-0.174	0.135	0.368	0.74	-1.616	1.448
	OT3-D5	18,861	19	-0.033	0.287	0.536	1.07	-4.145	2.732
	OT4-B4	35,381	18	-0.031	0.172	0.414	0.83	-3.917	3.146

9: Sample statistical results and UT estimation of OT (θ dv i )vw values (Equation 3.7), with T dv i centred on (T vw)OT (Equation 3.6).

Values from U T (S) Analysis (

Table 4 .8): σ2 (S) = 0.014 K 2 , σ(S) = 0.119 °C, U T (S) = 0.24 °C Of ice σT

 4 

			T	* [K 2 ]	σ2 (SP ) [K 2 ]	σ(SP ) [°C]	U T (SP ) [°C]	R (S)	R (SP )
	Typology	(Eq.3.14)	(Eq.3.22)	(Eq.3.23)	(Eq.3.24)	(Eq.3.25)	(Eq.3.30)	(Eq.3.32)
	OT1-C5	0.356	0.127	0.113	0.335	0.67	11.14%	88.86%
	OT2-B3	0.368	0.135	0.121	0.348	0.70	10.43%	89.57%
	OT3-D5	0.536	0.287	0.273	0.523	1.05	4.91%	95.09%
	OT4-B4	0.414	0.172	0.157	0.397	0.79	8.23%	91.77%
								

* [°C] σ2 * Results obtained from Table 4.9.

Table 4 .

 4 11: Decoupling of global standard deviation values of temperature measurement for four OT volumes.

	Values from U T (S) Analysis (Table 4.8): σ2 (S) = 0.014 K 2 , σ(S) = 0.119 °C, U T (S) = 0.24	°C
		σT	* [°C]	σ2 T	* [K 2 ]	σ2 (SP ) [K 2 ]	σ(SP ) [°C]	U T (SP ) [°C]	R (S)	R (SP )
	Workspace	(Eq.3.14)	(Eq.3.22)	(Eq.3.23)	(Eq.3.24)	(Eq.3.25)	(Eq.3.30)	(Eq.3.32)
	OT1-2C1	0.209	0.044	0.030	0.172	0.34	32.26%	67.74%
	OT1-2C1.1	0.315	0.099	0.085	0.292	0.58	14.21%	85.79%
	OT1-2C1.3	n.a.	n.a.	n.a.	n.a.	n.a.	n.a.	n.a.
	OT1-2C1.4	n.a.	n.a.	n.a.	n.a.	n.a.	n.a.	n.a.
	OT1-2C1.5	0.285	0.081	0.067	0.259	0.52	17.38%	82.62%
	OT1-2C1.6	0.186	0.034	0.020	0.143	0.29	40.95%	59.05%
	OT2-2C2	0.259	0.067	0.053	0.230	0.46	21.06%	78.94%
	OT2-2C2.1	0.306	0.094	0.080	0.282	0.56	15.03%	84.97%
	OT3-2C3	0.311	0.097	0.083	0.288	0.58	14.58%	85.42%
	OT3-2C3.2	0.126	0.016	0.002	0.042	0.08	88.69%	11.31%
	OT3-2C3.3	0.128	0.016	0.002	0.048	0.10	85.75%	14.25%
	OT3-2C3.4	0.137	0.019	0.005	0.068	0.14	75.50%	24.50%
	OT3-2C3.5	0.271	0.074	0.060	0.244	0.49	19.17%	80.83%
	OT3-2C3.7	n.a.	n.a.	n.a.	n.a.	n.a.	n.a.	n.a.
	OT3-2C3.8	n.a.	n.a.	n.a.	n.a.	n.a.	n.a.	n.a.
	OT3-2C3.9	0.349	0.122	0.107	0.328	0.66	11.62%	88.38%
	OT4-3C1	0.332	0.110	0.096	0.310	0.62	12.82%	87.18%
	OT4-3C1.1	n.a.	n.a.	n.a.	n.a.	n.a.	n.a.	n.a.
	OT4-3C1.2	n.a.	n.a.	n.a.	n.a.	n.a.	n.a.	n.a.
									

* Results obtained from Table

4

.10. n.a. value means "not applicable": the statistical analysis cannot be applied to the WS with only one T dvi for each t j (Z=1).

Table 4 .

 4 12: Decoupling of global standard deviation values of temperature measurement for each WS.

W S ] range (Equation 3.44)

  

	Workspace	(T a ) W S	* [°C]	U T	* * [°C]	Minimum Limit [°C]	Maximum Limit [°C]
	OT1-2C1	23.10	±0.42	22.68	23.52
	OT1-2C1.1	22.83	±0.63	22.20	23.46
	OT1-2C1.3	n.a.		n.a.	n.a.	n.a.
	OT1-2C1.4	n.a.		n.a.	n.a.	n.a.
	OT1-2C1.5	22.98	±0.57	22.41	23.55
	OT1-2C1.6	23.02	±0.37	22.65	23.39
	OT2-2C2	22.63	±0.52	22.11	23.15
	OT2-2C2.1	22.23	±0.61	21.62	22.84
	OT3-2C3	23.29	±0.62	22.67	23.91
	OT3-2C3.2	23.49	±0.25	23.24	23.74
	OT3-2C3.3	23.45	±0.26	23.19	23.71
	OT3-2C3.4	23.78	±0.27	23.51	24.05
	OT3-2C3.5	23.50	±0.54	22.96	24.04
	OT3-2C3.7	n.a.		n.a.	n.a.	n.a.
	OT3-2C3.8	n.a.		n.a.	n.a.	n.a.
	OT3-2C3.9	22.51	±0.70	21.81	23.21
	OT4-3C1	22.96	±0.66	22.30	23.62
	OT4-3C1.1	n.a.		n.a.	n.a.	n.a.
	OT4-3C1.2	n.a.		n.a.	n.a.	n.a.
							

* (T a ) W S is the Average Temperature of a WS for the whole monitored period. * * Values obtained from Table

4

.10.

Table 4 .

 4 

	Of ice

[START_REF] Gupta | Understanding occupants: Feedback techniques for large-scale low-carbon domestic refurbishments[END_REF]

: Example of the range in which, the representative value of the Average Temperature of a WS for the whole monitored period ((T a)W S ) can be with a con idence interval of 95%.

vw ) OT ] range (Equation 3.44)

  OT is the Volume Weight Average Temperature of an OT for the whole monitored period.

	Typology	(T vw ) OT	* [°C]	U T	* * [°C]	Minimum Limit [°C]	Maximum Limit [°C]
	OT1-C5	22.83	±0.71	22.12	23.55
	OT2-B3	22.57	±0.74	21.83	23.30
	OT3-D5	23.33	±1.07	22.25	24.40
	OT4-B4	22.99	±0.83	22.17	23.82
							

* (T vw ) * * Values obtained from Table

4

.9.

Table 4 .
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14: Example of the range in which the representative value of the Volume Weight Average Temperature of a OT for the whole monitored period ((T vw )OT ) can be with a con idence interval of 95%. 164 CHAPTER 4. RESULTS AND DISCUSSION University of Bordeaux Vertical

analysis of Temperature Uncertainty: vertical strati ication's behaviour in a Thermal Space of of the in-use tertiary building

  Vertical analysis of U T , called Vertical temperature Uncertainty (U V T ), was performed in OT3 as it is an of ice with more quantities of CWS, and with a greater number of monitored CWS with tripods during the OT test (the sensor layout is shown in Figure A.8 and is speci ied in TableA.3). The sensor groups are made up by combining the three sensors installed on a tripod (three sensors installed in the same vertical line), where the group of sensors to be studied can be made up of one, two or three sensors. Before the creation of the group of sensors to be studied, the (θ dv i ) a values (Equation 3.8) are obtained, centring each T dv i of the studied tripod on its T a 2 value (Equation3.3). Then, the statistical analysis is carried out based on the studied group of sensors, where each t j has Z (θ dv i ) a values, and whose Z value depends on the number of sensors (or group of sensors) to analyse in the studied tripod or vertical line. The methodology applied in this analysis is described in section 3.2.3. In the studied OT, (θ dv i ) a matches the (θ dv i ) wsm value (Equation 3.10), the latter being the nomenclature used to carry out this analysis.

  Figures B.10, B.12, B.14 and B.16 show the histogram of T dv i for 18,8861 t N of OT3.2C3.2, OT3.2C3.3, OT3.2C3.5 and OT3.2C3.9, respectively. Figures B.11, B.13, B.15 and B.17 show the histogram of (θ dv i ) wsm for 18,8861 t N of OT3.2C3.2, OT3.2C3.3, OT3.2C3.5 and OT3.2C3.9, respectively. Statistical results from one sensor of each tripod located in a different CWS are shown in Table4.15, 

.2) (T8 is not considered since it has the T8.md.19 sensor with reference: EE071-HTPC). Statistics analysis has developed independently for each studied tripod and for a sample size of 18,861 t N . The study by tripod has been carried out for a combination of Z measurements by t j . These Z values are made up by combining the tripod's sensors located at different heights. The studied period is from 19 th May 2019 at 7:09:10 to 30 th May 2019 at 5:05:50. Statistical parameters results are shown in Tables 4.15, 4.16 and 4.17

.

3.16) (Eq.3.17)

  

	2C3.2	T6.hg.12	0.078	0.068	0.14
		T6.md.13	0.068	0.049	0.10
		T6.lw.14	-0.146	0.093	0.19
	2C3.3	T4.hg.8	0.124	0.079	0.16
		T4.md.9	-0.010	0.055	0.11
		T4.lw.10	-0.114	0.109	0.22
	2C3.5	T2.hg.4	0.246	0.211	0.42
		T2.md.5	0.010	0.055	0.11
		T2.lw.6	-0.255	0.218	0.44
	2C3.9	T1.hg.1	0.324	0.118	0.24
		T1.md.2	0.126	0.069	0.14
		T1.lw.3	-0.450	0.151	0.30

Table 4 .

 4 

15: Statistical results of vertical uncertainty analysis by sensor in OT3. CHAPTER 4. RESULTS AND DISCUSSION

3.16) (Eq.3.17) 2C3.2 T6.hg.12 -T6.md.13 0.073 0.059 0.12 T6.hg.12 -T6.lw.14 -0.034 0.138 0.28

  

		T6.md.13 -T6.lw.14	-0.039	0.131	0.26
	2C3.3	T4.hg.8 -T4.md.9	0.057	0.095	0.19
		T4.hg.8 -T4.lw.10	0.005	0.152	0.30
		T4.md.9 -T4.lw.10	-0.062	0.100	0.20
	2C3.5	T2.hg.4 -T2.md.5	0.128	0.194	0.39
		T2.hg.4 -T2.lw.6	-0.005	0.330	0.66
		T2.md.5 -T2.lw.6	-0.123	0.207	0.41
	2C3.9	T1.hg.1 -T1.md.2	0.225	0.138	0.28
		T1.hg.1 -T1.lw.3	-0.063	0.410	0.82
		T1.md.2 -T1.lw.3	-0.162	0.311	0.62

Table 4 .

 4 16: Statistical results of vertical uncertainty analysis by group of two sensors in OT3. Section 4.3.1 shows and analyse the results of U V T estimations.

	On-Off Study Groups (OSGs)		Incident effects	
	OSG Name	Sample Size (N)	Solar Radiation	Heating Cycle	Electricity Consumption
	Total Sample *	18,861	rad.on & rad.off	ph.on & ph.off	pw.on & pw.off
	RAD ON Sample	7,000	rad.on rad.off	rad.on & rad.off	pw.on & pw.off
	RAD OFF Sample	6,974	rad.off	rad.on & rad.off	pw.on & pw.off
	Ph ON Sample	8,267	rad.on & rad.off	rad.on	pw.on & pw.off
	Ph OFF Sample	7,411	rad.on & rad.off	rad.off	pw.on & pw.off
	Pw ON Sample	5,905	rad.on & rad.off	rad.on & rad.off	pw.on
	Pw OFF Sample	9,811	rad.on & rad.off	rad.on & rad.off	pw.off
					

* 

Table 4 .

 4 18: Relation of On-Off Sample Groups (OSGs) to analyse UV T estimation based on radiation, heating cycle and electricity consumption effects.

Table 4 .

 4 [START_REF] Butler | Review of co-heating test methodologies[END_REF]: Statistical parameters by one sensor of the OSGs to study the solar radiation effect on the vertical uncertainty.

			14) (Eq.3.16) (Eq.3.17)	(Eq.3.14) (Eq.3.16) (Eq.3.17)	(Eq.3.14) (Eq.3.16) (Eq.3.17)
	T1	hg	0.324	0.118	0.24	0.369	0.125	0.25	0.277	0.087	0.17
		md	0.126	0.0769	0.14	0.158	0.075	0.15	0.093	0.042	0.08
		lw	-0.450	0.151	0.30	-0.526	0.150	0.30	-0.370	0.101	0.20
	T2	hg	0.246	0.211	0.42	0.345	0.227	0.45	0.140	0.128	0.26
		md	0.010	0.055	0.11	0.014	0.062	0.12	0.005	0.047	0.09
		lw	-0.255	0.218	0.44	-0.360	0.234	0.47	-0.145	0.129	0.26
	T4	hg	0.124	0.079	0.16	0.150	0.096	0.19	0.097	0.043	0.09
		md	-0.010	0.055	0.11	0.003	0.062	0.12	-0.018	0.045	0.09
		lw	-0.114	0.109	0.22	-0.147	0.135	0.27	-0.079	0.056	0.11
	T6	hg	0.078	0.068	0.14	0.092	0.084	0.17	0.063	0.041	0.08
		md	0.068	0.049	0.10	0.075	0.056	0.11	0.061	0.041	0.08
		lw	-0.146	0.093	0.19	-0.167	0.117	0.23	-0.124	0.053	0.11
	Data centred on		Total Sample			Ph ON sample			Ph OFF sample
	T a		Sample Size (N): 18,861	Sample Size (N): 8,267	Sample Size (N): 7,411
	Vertical	μ[°C]	σV T [°C]	U V T [°C]	μ[°C]	σV T [°C]	U V T [°C]	μ[°C]	σV T [°C]	U V T [°C]
	Tripod Height	(Eq.3.14) (Eq.3.16) (Eq.3.17)	(Eq.3.14) (Eq.3.16) (Eq.3.17)	(Eq.3.14) (Eq.3.16) (Eq.3.17)
	T1	hg	0.324	0.118	0.24	0.352	0.134	0.27	0.293	0.086	0.17
		md	0.126	0.0769	0.14	0.154	0.074	0.15	0.095	0.046	0.09
		lw	-0.450	0.151	0.30	-0.506	0.163	0.33	-0.388	0.104	0.21
	T2	hg	0.246	0.211	0.42	0.344	0.245	0.49	0.136	0.067	0.13
		md	0.010	0.055	0.11	0.021	0.061	0.12	0.002	0.045	0.09
		lw	-0.255	0.218	0.44	-0.364	0.247	0.49	-0.133	0.066	0.13
	T4	hg	0.124	0.079	0.16	0.151	0.093	0.19	0.094	0.043	0.09
		md	-0.010	0.055	0.11	0.007	0.057	0.11	-0.029	0.045	0.09
		lw	-0.114	0.109	0.22	-0.158	0.126	0.25	-0.06 4	0.053	0.11
	T6	hg	0.078	0.068	0.14	0.089	0.081	0.16	0.066	0.045	0.09
		md	0.068	0.049	0.10	0.073	0.056	0.11	0.063	0.040	0.08
		lw	-0.146	0.093	0.19	-0.162	0.117	0.23	-0.129	0.052	0.10

Table 4 .

 4 [START_REF]ISO.thermal insulation -building elements -in-situ measurement of thermal resistance and thermal transmittance -part 1: Heat low meter method[END_REF]: Statistical parameters by one sensor of the OSGs to study the heating system effect on the vertical uncertainty.
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Table 4 .

 4 21: Statistical parameters by one sensor of the OSGsto study the electricity consumption effect on the vertical uncertainty.

14) (Eq.3.16) (Eq.3.17) (Eq.3.14) (Eq.3.16) (Eq.3.17) (Eq.3.14) (Eq.3.16) (Eq.3.17)

  

	T1	md -hg	0.225	0.138	0.28	0.263	0.148	0.30	0.185	0.114	0.23
		hg -lw	-0.063	0.410	0.82	-0.079	0.468	0.94	-0.047	0.337	0.67
		md -lw	-0.162	0.311	0.62	-0.184	0.362	0.72	-0.138	0.244	0.49
	T2	md -hg	0.128	0.194	0.39	0.180	0.234	0.47	0.073	0.117	0.23
		hg -lw	0.005	0.330	0.66	-0.007	0.421	0.84	0.003	0.192	0.38
		md -lw	-0.123	0.207	0.41	-0.173	0.253	0.51	-0.070	0.123	0.25
	T4	md -hg	0.057	0.095	0.19	0.073	0.111	0.22	0.040	0.072	0.14
		hg -lw	0.005	0.152	0.30	0.002	0.189	0.38	0.009	0.101	0.20
		md -lw	-0.06 2	0.100	0.20	-0.075	0.127	0.25	-0.049	0.060	0.12
	T6	md -hg	0.073	0.059	0.12	0.084	0.072	0.14	0.062	0.041	0.08
		hg -lw	-0.034	0.138	0.28	-0.037	0.165	0.33	-0.031	0.105	0.21
		md -lw	-0.039	0.131	0.26	-0.046	0.152	0.30	-0.032	0.104	0.21

Table 4 .

 4 22: Statistical parameters by two sensors of the OSGs to study the solar radiation effect on the vertical uncertainty.
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Table 4 .

 4 23: Statistical parameters by two sensors of the OSGs to study the heating system effect on the vertical uncertainty.

	Data centred on		Total Sample	Pw ON sample	Pw OFF sample
	T a	Sample Size (N): 18,861	Sample Size (N): 5,905	Sample Size (N): 9,811
	Vertical	μ[°C]	σV	

T [°C]

Table 4 .

 4 24: Statistical parameters by two sensors of the OSGs to study the electricity consumption effect on the vertical uncertainty.

Table 4 .

 4 th April 2019 at 14:43:20 and 29 th April 2019 at 00:06:40; with a collection frequency of 40 seconds. For OT4, Figures B.8 and B.9 show the histogram of T dv i and (θ dv i ) a , respectively, for a sample size equal to 35,381 t N . 25 shows the statistical results for one sensor. T3.hg.7 has U T greater than the U T values of the rest of the sensors. Sensor T3.hg.7, installed in 3C1.2 CWS (Figure A.9), does not have shadingsto cover their windows, this WS more exposed to solar radiation. This is the reason why the T dv i of this CWS is higher than the rest of the OT4 workspaces during the testing period, which is also why current analysis does not consider the T3.hg.7 sensor measurement. Tables 4.26, 4.27, 4.28, 4.29 and 4.30 show the result excluding sensor T3.hg.7 as this CWS has windows without shadings and its sensor measurements present values with great randomness with respect to the rest of the south facing sensors (tripods T1 and T2).

		Sample Size (N): 35,381	
	Sensor	μ[°C]	σT [°C]	U T [°C]
	ID	(Eq.3.14)	(Eq.3.16)	(Eq.3.17)
	T1.hg.1	0.363	0.243	0.49
	T2.hg.4	0.046	0.102	0.20
	T3.hg.7	0.459	0.788	1.58
	T4.hg.8	0.212	0.314	0.63
	T6.hg.12	0.280	0.413	0.83
	T7.hg.15	0.133	0.168	0.34
	T8.hg.17	0.176	0.179	0.36

Table 4 .

 4 25: Statistics results by sensor analysing values of (θ dv i )vw for high-level sensors in OT4 in order to determine the best spatial location.

Table 4 .

 4 4, with μ values equal to 0.046 °C. In general, sensors closer to windows have a greater uncertainty than sensors located in the interior of the OWS.Using two sensors, the best location and sensor combination are groups of two T2.hg.4-T7.hg.15 and T2.hg.4-T8.hg.17 with U T values equal to ± 0.29 °C and ± 0.32 °C, σT values equal to ±0.145°C and ±0.159 °C and μ values equal to 0.090 °C and 0.111 °C, respectively (Table4.26). Of these two-sensor groups, the combination with better accuracy and precision is the T2.hg.4-T7.hg.15 group, being the best location to install two sensors for monitoring OT4. 26: Statistics results by two-sensor group analysing values of (θ dv i )vw for high-level sensors in OT4 in order to determine the best spatial location.University of the Basque Country 0.118°C. The following best combination using three sensors are the groups T1.hg.1-T2.hg.4-T7.hg.15, T1.hg.1-T2.hg.4-T8.hg.17 and T2.hg.4-T4.hg.8-T7.hg.15, with U T values equal to ± 0.45 °C for these three groups and μ values equal to 0.181 °C, 0.195 °C and 0.130 °C, respectively. The sensor group with the best accuracy the T2.hg.4-T4.hg.8-T7.hg.15 combination. On the other hand, the combinations T4.hg.8-T7.hg.15-T8.hg.17 and T6.hg.12 -T7.hg.15-T8.hg.17 have the U T value equal to ± 0.46 °C and ± 0.57 °C, respectively. These sensor groups have values approximately equal to the T1.hg.1-T2.hg.4-T7.hg.15, T1.hg.1-T2.hg.4-T8.hg.17 and T2.hg.4-T4.hg.8-T7.hg.15 U T values, but they have some variation in their accuracy with μ values equal to 0.174 °C and 0.196 °C, respectively.

		Sample Size (N): 35,381	
	Sensor	μ[°C]	σT [°C]	U T [°C]
	Group	(Eq.3.14)	(Eq.3.16)	(Eq.3.17)
	T1.hg.1-T2.hg.4	0.204	0.245	0.49
	T1.hg.1-T4.hg.8	0.287	0.291	0.58
	T1.hg.1-T6.hg.12	0.321	0.341	0.68
	T1.hg.1-T7.hg.15	0.248	0.238	0.48
	T1.hg.1-T8.hg.17	0.269	0.233	0.47
	T2.hg.4-T4.hg.8	0.129	0.248	0.50
	T2.hg.4-T6.hg.12	0.163	0.323	0.65
	T2.hg.4-T7.hg.15	0.090	0.145	0.29
	T2.hg.4-T8.hg.17	0.111	0.159	0.32
	T4.hg.8-T6.hg.12	0.246	0.369	0.74
	T4.hg.8-T7.hg.15	0.172	0.255	0.51
	T4.hg.8-T8.hg.17	0.194	0.256	0.51
	T6.hg.12-T7.hg.15	0.207	0.323	0.65
	T6.hg.12-T8.hg.17	0.228	0.322	0.64
	T7.hg.15-T8.hg.17	0.154	0.175	0.35

Using three sensors (Table

4

.27), the best combination of sensors is the T2.hg.4-T7.hg.15-T8.hg.17 group. Which, whose U T values equal ± 0.32 °C, σT values equal ± 0.162 °C and μ values equal to CHAPTER 4. RESULTS AND DISCUSSION

Table 4 .

 4 27: Statistics results by three-sensor group analysing values of (θ dv i )vw for high-level sensors in OT4. of Bordeaux sensor group T2.hg.4-T6.hg.12-T7.hg.15-T8.hg.17 has better measurement accuracy with respect to T1.hg.1-T2.hg.4-T7.hg.15-T8.hg.17, with a μ value equal to 0.159 °C, but lower precision with the σT and U T values equal to ± 0.259 °C and ± 0.52 °C, respectively.

	University

The measurement analysis of groups made up of four sensors (Table

4

.28), T1.hg.1-T2.hg.4-T7.hg.15-T8.hg.17 and T2.hg.4-T4.hg.8-T7.hg.15-T8.hg.17, have the same U T value equal to ± 0.43 °C and μ value equal to 0.179°C and 0.142 °C, respectively. The T2.hg.4-T4.hg.8-T7.hg.15-T8.hg.17 group has more measurement accuracy with respect to the T1.hg.1-T2.hg.4-T7.hg.15-T8.hg.17 group. The

Table 4 .

 4 28: Statistics results by four-sensor group analysing values of (θ dv i )vw for high-level sensors in OT4 in order to determine the best spatial location.Using ive sensors for measurements (Table4.29), the combination with more precision is T1.hg.1-T2.hg.4-T4.hg.8-T7.hg.15-T8.hg.17, with theσ T and U T values equal to ± 0.238 °C and ±0.48°C,

	respectively, and the μ value equal to 0.186 °C. The T2.hg.4-T4.hg.8-T6.hg.12-T7.hg.15-T8.hg.17 group
	has more measurement accuracy with a μ value equal to 0.169 °C, and the U T value equal to ± 0.54°C
	for a σT value equal to ± 0.272°C.
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Table 4 .

 4 29: Statistics results by ive-sensor group analysing values of (θ dv i )vw for high-level sensors in OT4 in order to determine the best spatial location.Analysing the ive-sensors group, T1.hg.1-T2.hg.4-T4.hg.8-T7.hg.15-T8.hg.17 combination, with U T , σT and μ values equal to ± 0.55 °C, ± 0.277 °C and 0.202 °C, respectively, the U T value increases as this group includes the sensor with greater U T values based on results by sensors of Table4.25.

Size (N): 35,381 Sensor μ[°C] σT [°C] U T [°C] Group (Eq.3.14) (Eq.3.16) (Eq.3.17)

  

	T1.hg.1-T2.hg.4-T4.hg.8-T6.hg.12-T6.hg.15-T6.hg.17	0.202	0.277	0.55

Table 4 .

 4 30: Statistics results for six-sensor group analysing values of (θ dv i )vw for high-level sensors in OT4 in order to determine the best spatial location.

  50,958 Instants of Time (t N ) from 7th October 2019 at 12:42:20 to 6th January 2020 at 3:53:00, during the Exterior (E) Test (section 4.2). The results show three analysed cases for periods with different t N sizes: periods only With Solar Radiation (RAD ON) incidence, Without Solar Radiation (RAD OFF) incidence and With and Without Solar Radiation (RAD ON-OFF) incidence, and whose sample sizes (N) are equal to 17,527; 29,065 and 50,958 Instants of Time (t N ), respectively.In the RAD ON-OFF case, with a sample size equal to 50,958 t N , not all the t j have solar radiation data registered from the sensor E.T9.md.1413 (section 4.2), of which 8% of these t j do not have registered data for solar radiation, while the other 92% (46,952 t N ) do have registered solar radiation data. The statistical analysis of the RAD ON-OFF case carried out in this section is based on a sample size equal to 50,958 t N . The RAD ON-OFF case with a sample size equal to 46,952 t N is shown only in subsection 2.2.2 in order to analyse the U T value of the whole BAV with a smaller sample size.

•

  The difference RAD ON and RAD ON-OFF is equal to 0.022 °C.

		University of Bordeaux
	Both difference results are very low, which is a clear sign that the measured temperature is the air
	temperature excluding any solar radiation effect in any of the solar radiation shielding types, with
	and without mechanical ventilation.
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Data centred on the local average temperature for E.R3.st.25 and E.R3.st.26 (Roof (R)) Statistical t N with RAD ON-OFF t N with RAD ON t N with RAD OFF

  

	Parameters	N=50,958	N=17,527	N=29,065
	Z Measures by t j	2	2	2
	(μ) [°C] (Eq.3.14)	0.000	0.000	0.000
	(σ 2 T )[K 2 ] (Eq.3.15)	0.002	0.003	0.001
	(σ T ) [°C] (Eq.3.16)	0.045	0.056	0.039
	(U T )[°C] (Eq.3.17)	0.091	0.112	0.077
	Min	-0.289	-0.230	-0.289
	Max	0.290	0.230	0.290

Table 4 .

 4 32: UT estimation of (θ dv i ) la with data centred on the (Ta) la of the E.R3.st.[START_REF]Remote monitoring and control[END_REF] and E.R3.st.26 sensors for each tj with and without solar radiation, with solar radiation and without solar radiation cases.

  19 (RAD-OFF case) for E.R3.st.25, E.R3.st.26 and E.R3.nd.27 sensors (Roof). Tables 4.33, 4.34 and 4.35 show the results of the statistical analysis for the three studied cases, RAD ON-OFF (N=50,958), RAD ON (N=17,527) and RAD OFF (N=29,065). Table 4.36 shows the results of RAD ON-OFF for a smaller sample size equal to 46,952 t N of the eight sensors: E.F1.nd.20, E.F1.nd.21, E.F1.wt.22, E.F1.st.23, E.F2.st.24, E.R3.st.25, E.R3.st.26 and E.R3.nd.27, where there were both, temperature and global horizontal solar radiation measurements. Finally, Table 4.

Temperature Uncertainty estimation of whole Building Air Volume The

  20, E.F1.nd.21, E.F1.wt.22, E.F1.st.23, E.F2.st.24, E.R3.st.25, E.R3.st.26 and E.R3.nd.[START_REF]Implementing the energy performance of buildings directive (EPBD) -featuring country reports[END_REF] sensors of the MMS. results of this subsection show the U T of the T out surrounding the tertiary building for the three study cases (RAD ON-OFF, RAD ON and RAD OFF). Table4.33 (RAD ON-OFF periods), Table4.34 (RAD ON periods) and Table4.35 (RAD OFF periods) show the U T results for the analysed t N samples.In the case of the RAD ON and RAD OFF periods, the U T values are equal to ± 3.19 °C (Table4.34) and ± 1.38 °C (Table4.35), respectively. The RAD ON period uncertainty values are considerably higher than those of the RAD OFF periods. The uncertainty of the outdoor air temperate surrounding the tertiary building in periods with and without radiation (RAD ON-OFF) is equal to ± 2.22 °C (Table4.33). Thus, the minimum uncertainty for the overall outdoor air temperature measurements is obtained when it is measured during periods without solar radiation.Finally, comparing the U T value equal to ± 2.22 °C of the sample with 50,958 t N to the U T value of ± 2.24 °C (Table4.36) of the sample size of 46,592 t N , it is possible to af irm that the t N equal to ±2.22°C is a consistent value of the temperature uncertainty of the air surrounding the building for the RAD ON-OFF case.

		University of Bordeaux
		Data
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centred on (T a ) ta . t N with RAD ON-OFF -N=50,958 Sensor Measures (T dv i ) ta /(T dv i ) la [°C

  (T a ) la for the whole monitored period (Equation 3.5). * * (T a ) ta for the whole monitored period (Equation 3.4).

				]	μ[°C]	σ2 T [K 2 ]	σT [°C]	U T [°C]	
	BEA Reference (Z) by t N	Eq.3.4/Eq.3.5	(Eq.3.14) (Eq.3.15) (Eq.3.16) (Eq.3.17)	Min	Max
	F nd	E.F1.nd.20	2	17.414 *	-0.396	0.899	0.948	1.90	-4.501 2.279
		E.F1.nd.21							
	F st	E.F1.st.23	2	19.021 *	1.211	1.527	1.236	2.47	-0.997 7.079
		E.F2.st.24							
	R	E.R3.st.25	3	17.489 *	-0.321	0.240	0.490	0.98	-2.488 2.240
		E.R3.st.26							
		E.R3.nd.27							
	F nd	E.F1.nd.20	8	17.810 * *	0.000	1.230	1.109	2.22	-4.501 7.079
	F st	E.F1.nd.21							
	F wt	E.F1.wt.22							
	R	E.F1.st.23							
		E.F2.st.24							
		E.R3.st.25							
		E.R3.st.26							
		E.R3.nd.27							
									

* 

Table 4 .

 4 [START_REF]Energy performance of buildings: Impact assessment[END_REF]: UT estimation of (θ dv i )ta for each BEA with data centred on the (Ta)ta for each tj with and without solar radiation. Including data with and without solar radiation measurement data.radiation incidence, respectively. The temperature measured by these sensors give the best value of the (T a ) ta value and are more homogenous than northern sensor in the three studied periods. The μ values of sensor installed on the southern façade (E.F1.st.23 and E.F2.st.24 sensors) are equal to 1.211 °C, 1.918 °C and 0.798 °C, respectively, for the RAD ON-OFF, RAD ON and RAD OFF periods.

a ) la ] band [°C] (Equation 3.45)

  (T a ) la is the average temperature of air surrounding a BEA for the whole monitored periods. * * Obtained from Tables 4.33, 4.34 and 4.35 

		Sensor	Studied	(T a ) la	* [°C] U T	* * [°C]	Minimum	Maximum
	BEA Reference Cases	(Eq.3.5)	(Eq.3.17)	Limit [°C]	Limit [°C]
	F nd	E.F1.nd.20 RAD ON-OFF	17.414	1.90	15.517	19.310
		E.F1.nd.21 RAD ON	19.286	2.11	17.174	21.399
			RAD OFF	16.677	1.11	15.565	17.789
	F st	E.F1.st.23	RAD ON-OFF	19.021	2.47	16.549	21.492
		E.F2.st.24	RAD ON	22.353	3.38	18.975	25.731
			RAD OFF	17.471	1.07	16.404	18.537
	R	E.R3.st.25 RAD ON-OFF	17.489	0.98	16.509	18.469
		E.R3.st.26 RAD ON	20.096	1.35	18.750	21.442
		E.R3.nd.27 RAD OFF	16.395	0.70	15.691	17.099
	* *						

Table 4 .

 4 37: Example of the [(T a)ta]band analysis, in which the average temperature of air surrounding the tertiary building or BAV for the whole monitored period ((T a)ta) can lie, if only one BEA is monitored. analysed period. Likewise, Figure4.24 shows the 10 hours evolution of the E.R3.st.25 and E.R3.st.26 sensors, in which values with and without solar radiation are included.

Table 4 .

 4 41: Statistical results from manufacturer's accuracy of the EE071-HTPC sensor.
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Table 4 .

 4 42: Statistical results from experimental accuracy of the EE071-HTPC sensor.

Table 4 .

 4 [START_REF] Johnston | Whole house heat loss test method (coheating)[END_REF].CHAPTER 4. RESULTS AND DISCUSSIONBased on the methodology of section 3.2.2, the U T (SP ) (Equations 3.35 and 3.36), R S (Equation 3.30) and R SP (Equation3.32) values have been estimated. For the RAD ON-OFF case, the U T (SP ) value is equal to ±2.22°C, while the R S and R SP values are equal to 0.07% and 99.93%, respectively (

Table 4 .

 4 [START_REF]ISO -international organization for standardization[END_REF]. The U T (SP ) value of the RAD ON case is equal to ±3.19°C, the R S and R SP values are equal to 0.03% and 99.97%, respectively (Table4.43). For the RAD OFF case, the U T (SP ) value is equal to ±1.38°C, the R S and R SP values are equal to 0.018% and 99.83%, respectively (Table4.43). The R SP values for all cases are three orders of magnitude higher than the R S values. Thus the temperature measurement uncertainties associated to the random errors are those with the main incidence on the T out measurement. The systematic errors can be considered negligible in this case.Finally, Table4.[START_REF]ISO. energy performance of buildings -energy needs for heating and cooling, internal temperatures sensible and latent heat loads[END_REF] shows an example of the limits within which the representative average temperature of the BAV ((T a ) ta ) for the monitored period can lie with a 95% con idence: • 15.591 °C ≤ [(T a ) ta ] range ≤ 20.028 °C for RAD ON-OFF periods. • 17.247 °C ≤ [(T a ) ta ] range ≤ 23.624 °C for RAD ON periods. • 15.291 °C ≤ [(T a ) ta ] range ≤ 18.056 °C for RAD OFF periods.

E.F1.nd.20 -E.F1.wt.21 (F nd ), E.F1.wt.22 (F wt ), E.F1.st.23 -E.F2.st.24 (F st ), E.

R3.st.25 -E.R3.st.26 -E.R3.nd.27 (R) Values from U T (S) Analysis (Table 4.42): σ2 (S) = 0.001 K 2 , σ(S) = 0.029 °C, U T (S) = 0.06 °C Study Sample σ2

  Values from Table 4.33 (RAD ON-OFF), Table 4.34 (RAD ON) and Table 4.35 (RAD OFF.)

									R (S)	R (SP )
	Case	Size (N)	(Eq.3.22) (Eq.3.14) (Eq.3.17)	(Eq.3.23) (Eq.3.24)	(Eq.3.25)	(Eq.3.30) (Eq.3.32)
	RAD ON-OFF 50,958	1.23028	1.10918	2.22	1.22944	1.10805	2.22	0.07%	99.93%
	RAD ON	17,527	2.54138	1.59417	3.19	2.54054	1.59339	3.19	0.03%	99.97%
	RAD OFF	29,065	0.47779	0.69122	1.38	0.47696	0.68941	1.38	0.18%	99.83%
	*									

T [K 2 ] * σT [°C] * U T [°C] * σ2 (SP ) [K 2 ] σ(SP ) [°C] U T (SP ) [°C]

Table 4 .

 4 43: Decoupling of Tout measurement with data centred on the (Ta)ta for the eight installed sensors around the building for the RAD ON-OFF, RAD ON and RAD OFF cases.

	E.F1.nd.20 -E.F1.wt.21 (F nd ), E.F1.st.23 -E.F2.st.24 (F st ),E.F1.wt.22 (F wt ), E.R3.st.25 -E.R3.st.26 -E.R3.nd.27 (R)
	[(T

a ) ta ] range (Eq.3.44) Study [(T a ) ta ]

  (T a ) ta is the average temperature of air surrounding the building or BAV for the whole monitored periods.

		[°C]	U T [°C]	Minimum	Maximum
	Case	(Eq.3.5)	(Eq.3.17)	Limit [°C]	Limit [°C]
	RAD ON-OFF	17.810	± 2.22	15.591	20.028
	RAD ON	20.435	± 3.19	17.247	23.624
	RAD OFF	16.673	± 1.38	15.291	18.056
					

* *

Table 4 .

 4 44: Example of estimation the [(T a)ta]range, within which the representative temperature of the air surrounding the building or BAV for the whole monitored period (T a)ta), can lie with a 95% con idence for the studied tertiary building.

	Decoupling

of Temperature Uncertainty of air surrounding the Building Envelope Area The

  following results show the U T (SP ) values of the (T out ) surrounding the three BEAs: the northern façade, southern façade and roof; whose uncertainty results have been set out in Tables 4.38, 4.39 and 4.40 of section 4.3.2. The decoupling method of U T has been applied to data from sensors installed on the northern façade (E.F1.nd.20 and E.F1.nd.21), southern façade (E.F1.st.23 and E.F2.st.24) and roof (E.R3.st.25, E.R3.st.26 and E.R3.nd.27). T (SP ) value of air temperature surrounding the northern façade is equal to ±0.53, the R S and R SP values are equal to 1.20% and 98.80%, respectively, for the RAD ON-OFF period.

	Table 4.45 (RAD ON-OFF case), 4.46 (RAD ON case) and 4.47 (RAD OFF case) show the following
	results:
	• The U

t N with RAD ON-OFF -N=50,958 Values from U T (S) Analysis (Table 4.42): σ2 (S) = 0.001 K 2 , σ(S) = 0.029 °C, U T (S) = 0.06 °C Sensor σ2

  

			T	* [K 2 ]	σT	* [°C]	U T	* [°C]	σ2 (SP ) [K 2 ] σ(SP ) [°C] U T (SP ) [°C]	R (S)	R (SP )
	BEA Reference	(Eq.3.22) (Eq.3.14) (Eq.3.17)	(Eq.3.23) (Eq.3.24)	(Eq.3.25)	(Eq.3.30) (Eq.3.32)
	F nd	E.F1.nd.20	0.070	0.264	0.53	0.069	0.263	0.53	1.20%	98.80%
		E.F1.nd.21								
	F st	E.F1.st.23	0.293	0.541	1.08	0.292	0.540	1.08	0.29%	99.71%
		E.F2.st.24								
	R	E.R3.st.25	0.045	0.211	0.42	0.044	0.209	0.42	1.88%	98.12%
		E.R3.st.26								
		E.R3.nd.27								
										

* Results obtained from

Table 4 . 38 Table 4 .

 4384 [START_REF]ISO. thermal performance of buildings -calculation of energy use for space heating[END_REF]: Decoupling of the Tout measurement from the BEA with data centred on the (Ta) la for each tj with and without solar radiation.

	CHAPTER 4. RESULTS AND DISCUSSION	201

t

N with RAD ON -N=17,527 Values from U T (S) Analysis (Table 4.42): σ2 (S) = 0.001 K 2 , σ(S) = 0.029 °C, U T (S) = 0.06 °C Sensor σ2

  

			T	* [K 2 ]	σT	* [°C]	U T	* [°C]	σ2 (SP ) [K 2 ] σ(SP ) [°C] U T (SP ) [°C]	R (S)	R (SP )
	BEA Reference	(Eq.3.22) (Eq.3.14) (Eq.3.17)	(Eq.3.23) (Eq.3.24)	(Eq.3.25)	(Eq.3.30) (Eq.3.32)
	F nd	E.F1.nd.20	0.043	0.207	0.41	0.042	0.205	0.41	1.95%	98.05%
		E.F1.nd.21								
	F st	E.F1.st.23	0.540	0.735	1.47	0.539	0.734	1.47	0.15%	99.85%
		E.F2.st.24								
	R	E.R3.st.25	0.097	0.311	0.62	0.096	0.309	0.62	0.87%	99.13%
		E.R3.st.26								
		E.R3.nd.27								
	* Results obtained from Table 4.38						

Table 4 .

 4 [START_REF] Murphy | A comparison of the UK standard assessment procedure (SAP) and detailed simulation of building-integrated renewable energy systems[END_REF]: Decoupling of the Tout measurement from the BEA with data centred on the (Ta) la for each tj with solar radiation.

t

N with RAD OFF -N=29,065 Values from U T (S) Analysis (Table 4.42): σ2 (S) = 0.001 K 2 , σ(S) = 0.029 °C, U T (S) = 0.06 °C Sensor σ2

  

			T	* [K 2 ]	σT	* [°C]	U T	* [°C]	σ2 (SP ) [K 2 ] σ(SP ) [°C] U T (SP ) [°C]	R (S)	R (SP )
	BEA Reference	(Eq.3.22) (Eq.3.14) (Eq.3.17)	(Eq.3.23) (Eq.3.24)	(Eq.3.25)	(Eq.3.30) (Eq.3.32)
	F nd	E.F1.nd.20	0.080	0.282	0.56	0.079	0.281	0.56	1.05%	98.95%
		E.F1.nd.21								
	F st	E.F1.st.23	0.145	0.380	0.76	0.144	0.379	0.76	0.58%	99.42%
		E.F2.st.24								
	R	E.R3.st.25	0.016	0.127	0.25	0.015	0.124	0.25	5.16%	94.84%
		E.R3.st.26								
		E.R3.nd.27								
										

* Results obtained from

Table 4 . 38 Table 4 .

 4384 47: Decoupling of the Tout measurement from the BEA with data centred on the (Ta) la for each tj without solar radiation.

a ) la ] range (Eq.3.44)

  T (SP ) values are greater in the RAD ON period than the RAD ON-OFF and RAD OFF periods; where the latter has lower U T (SP ) values (less randomness associated with temperature measurement). (T a ) la is the average temperature of air surrounding a BEA for the whole monitored periods.

						University of Bordeaux
		[(T Sensor Studied [(T a ) la ] * [°C] U T [°C] Minimum	Maximum
	BEA	Reference	Cases	(Eq.3.5)	(Eq.3.17)	Limit [°C]	Limit [°C]
	F nd	E.F1.nd.20	RAD ON-OFF	17.414	0.53	16.885	17.943
		E.F1.nd.21	RAD ON	19.286	0.41	18.872	19.700
			RAD OFF	16.677	0.56	16.113	17.242
	F st	E.F1.st.23	RAD ON-OFF	19.021	1.08	17.938	20.103
		E.F2.st.24	RAD ON	22.353	1.47	20.884	23.822
			RAD OFF	17.471	0.76	16.710	18.231
	R	E.R3.st.25	RAD ON-OFF	17.489	0.42	17.067	17.911
		E.R3.st.26	RAD ON	20.096	0.62	19.475	20.717
		E.R3.nd.27	RAD OFF	16.395	0.25	16.141	16.650
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* 

Table 4 .

 4 48: Example of the estimation of the limits of the range within which the average temperature of the air surrounding the BEA (T a)la) can lie for the whole monitored period. [(T a)la]range(Equation 3.44) 

  16.885 °C ≤ [(T a ) la ] range ≤ 17.943 °C for RAD ON-OFF periods. • 18.872 °C ≤ [(T a ) la ] range ≤ 19.700 °C for RAD ON periods. • 16.113 °C ≤ [(T a ) la ] range ≤ 17.242 °C for RAD OFF periods. [(T a ) la ] range ≤ 23.822 °C for RAD ON periods. • 16.710 °C ≤ [(T a ) la ] range ≤ 18.231 °C for RAD OFF periods. CHAPTER 4. RESULTS AND DISCUSSION • 17.067 °C ≤ [(T a ) la ] range ≤ 17.911 °C for RAD ON-OFF periods. • 19.475 °C ≤ [(T a ) la ] range ≤ 20.717 °C for RAD ON periods. • 16.141 °C ≤ [(T a ) la ] range ≤ 16.650 °C for RAD OFF periods.

	For the southern façade:
	• 17.938 °C ≤ [(T a ) la ] range ≤ 20.103 °C for RAD ON-OFF periods.
	• 20.884 °C ≤

  This has a total of 154 sensors, of which 85 are digital with ModBus Protocol Communication (PC), 2 sensors have Wi-Fi and 67 sensors are analogical, of which, 41 are resistive and 26 thermocouples. In turn, this system has 44 hardware elements and one software as part of the Control This has been designed for the Co-Heating test and has a total of 45 sensors, of which 8 are digital with ModBus PC and 38 are analogical, of which, 27 are resistive and 10 thermocouples. This system has 26 hardware elements and one software elements as part of the control system. The control system of each MCS has been implemented with Beckhoff[172] hardware and software, which is made up of a Central Processing Unit (CPU), analogue and digital terminals, Bus coupler and TwinCat software. This MMS is also composed of 7 fans and 7

		University of Bordeaux
	in order to carry out the Co-Heating test:
	Fixed MCS: System (CnS). Within the Fixed MCS, a 3D monitoring has been implemented in two zones of the irst
	loor, in Zones 2 (Z2) and 4 (Z4) (see Figure D.2). The objective of this 3D monitoring is to study the
	strati ication and overall uncertainty of measurement, while at the same time making a comparison
	of sensor technologies. The layout of 3D monitoring is shown in Figure D.9.
	Mobile MCS or Mobile Co-Heating System:
	The design integrates two MCS, one Fixed MCS and another mobile MCS, this last has been designed
	208	CHAPTER 4. RESULTS AND DISCUSSION

Table 4

 4 On the other hand, Table D.3 plus Figures D.5, D.6 and D.7 show the sensors layout of the Co-Heating test for F1, F0 and f2, respectively. Some pictures of installed sensors and CnS of ixed MCS are shown in Figures D.10, D.11, D.12 and D.13 of F0, F1, F2, and roof, respectively. In addition some pictures of the mobile MCS for doing the Co-Heating test are shown in Figure D.14. The sensors and hardware implemented in the residential building are shown in Figure D.8, which is described in the following subsection:

		MnSs OF THE RESIDENTIAL BUILDING	
	MCS	Digital Sensors	Analogue Sensors	Total by
	Type	ModBus Wi-i Resistive Thermocouple	MCS
	Fixed MCS	85	2	48	19	154
	Mobile MCS	8	0	27	10	45
	Total	93	2	75	29	199

.53 and 4.54. Likewise, Table D.1 plus Figure D.1 show the layout of F0 plus FR sensors; Table D.2 plus Figure D.2 show the layout of F1 sensors; inally, Table D.3 plus Figures D.3 and D.4 show the layout of CHAPTER 4. RESULTS AND DISCUSSION F2 plus E sensors.

Table 4 .

 4 49: Number of sensors installed in the Fixed MCS and Mobile MCS of the residential building.

		FIXED MnS OF THE RESIDENTIAL BUILDING	
	MnS	Digital Sensors	Analogue Sensors	Total by
	Location ModBus Wi-i Resistive TThermocouple	MCS
	F0	23	0	14	7	424
	F1	31	2	34	10	77
	F2	27	0	0	1	28
	E	4	0	0	1	5
	Total	85	2	41	26	154

Table 4 .

 4 50: Number of sensors installed in the Fixed MCS of the residential building.

					CnSs OF THE RESIDENTIAL BUILDING				
	MCS					Hardware					Software Total by
	Type	CX2020-0121 EK1100 EL6021 EL3202 EL3602 EL3064 EL1502 EL2622 KL9100 TwinCat	MCS
	Fixed MCS	1	3	4	21	9	2	1	0	3	1	45
	Mobile MCS	1	0	1	14	5	0	0	4	1	1	27
	Total	2	3	5	35	14	2	1	4	4	2	72

Table 4 .

 4 51: Number of hardware and software elements used in the Fixed MCS and Mobile MCS of the residential building.
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Table 4 .

 4 52: Number of hardware and software elements used in the Fixed MCS of the residential building.

Table 4 .

 4 .55, 4.56, 4.57, 4.58, 4.59 and 4.60 show the unit cost and total costs without taxes, where the budget and bills used for the investment are shown in Appendix IV, in which the price of the stock and new sensor equipment and hardware.The installation has been carried out in parallel with the retro itting. The total investment shown in 60, is equal to 99,556.11 €, where 55.50% (55,249.76 €) has been invested in the sensors for the monitoring kit, a 12.05% (111,995.19 €) corresponds to the control kit composed of hardware and software equipment. The programming and setup take up 13.94%% (13,877.10 €) of the total cost. The rest of the costs correspond to the calibration of the sensors from stock, while the equipment and rentals of the installation account for 14.82% (14,775.76 €) of the total cost.

	Within the monitoring kit (Table 4.55), all the digital sensors, the AMR-PT100 (4L), 23 units of
	Phymeas-Type7 and 13 units of 515-720 are new acquisitiosn corresponding to 34.69% (34,536.30
	€). The rest of the sensors are stock provided by the UPV/EHU [173] and the ENERPAT project co-
	funder, Tecnalia [174]. Within the Hardware equipment (Table 4.56), the stock represents 5.44%
	(5,415.74 €), with 2 units of CX2020-0121, 17 units of EL3202, 6 units of EL3602, 2 units of EL3064,
	and 1 unit of EL1502. This equipment has been supplied by Tecnalia. The rest of the hardware
	equipment is of new acquisition, accounting for 6.61% (6,579.45 €). The total investment, excluding
	the stock, is equal to 46,409,41€, the stock investment being equal to 53,146.70 €.
	The indirect cost of this project corresponding to the electricity costs and the hours spent by the

doctoral candidate during the design phase, installing and setup phases, together with the support of the thesis directors during the design and setup phases, are not considered. CHAPTER 4. RESULTS AND DISCUSSION

Table 4 .

 4 53: Accuracy and references of digital sensors installed in Fixed MCS and Mobile MCS of the residential building.
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Table 4 .

 4 54: Accuracy and references of analogue sensors installed in Fixed MCS and Mobile MCS of the residential building.

	CHAPTER 4. RESULTS AND DISCUSSION

Table 4 .

 4 55: Monitoring kit's investment of Vitoria-Gasteiz' MCS.

	Typology	Product	Units	Unit Cost	Total Cost	Cost Weigh
	Hardware	PLC -CX2020-0121	2	187.01 €	374.02 €	0.38%
	Hardware	Heat-EK1100	3	44.65 €	133.95 €	0.13%
	Hardware	EL6021	5	176.59 €	882.95 €	0.89%
	Hardware	EL3202	35	191.63 €	6,707.05 €	6.74%
	Hardware	EL3602	14	233.89 €	3,274.46 €	3.29%
	Hardware	EL3064	2	117.93 €	235.86 €	0.24%
	Hardware	EL1502	1	144.81 €	144.81 €	0.15%
	Hardware	EL2622	4	35.67 €	142.68 €	0.14%
	Hardware	KL9100	4	12.58 €	50.32 €	0.05%
	Software	TwinCat	1	49.09 €	49.09 €	0.05%
	Control Kit Total	71	1,139.85 €	11,995.19 €	12.05%

Table 4 .

 4 
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56: Control kit's investment of Vitoria-Gasteiz' MCS.

Table 4 .

 4 57: Equipment investment of Vitoria-Gasteiz' MCS.

	Typology	Product	Unit Cost	Total Cost	Cost Weigh	
	Installing	Installing of MCS	1	12,671.24 €	12,671.24 €	12.73%
	Calibration	Fluximeter calibration	1	576.00 €	576.00 €	0.58%
	Calibration	GMP-220 Calibration	1	1,440.00 €	1,440.00 €	1.45%
	Rent Car	Vant rent	1	68.52 €	68,52 €	1.17%
		Installing Total	3	13,877.10 €	13,877.10 €	14.82%

Table 4 .

 4 58: Installing investment of Vitoria-Gasteiz' MCS.

	Typology	Product	Unit Cost	Total Cost	Cost Weigh	
	Setup	Programming Fixed MCS	1	12,337.00 €	12,337.00 €	12.39%
	Setup	Programming Modi ication	1	371.00 €	371.00 €	0.37%
	Setup	Programming Mobile MCS	1	1,169.10 €	1,169.10 €	1.17%
		Setup Total	3	13,877.10 €	13,877.10 €	13.94%

Table 4 .

 4 59: Setup investment of Vitoria-Gasteiz' MCS.

	Product	Total Cost	Cost Weigh
	Monitoring Kit Total	55,227.76 €	55.50%
	Equipment Total	3,678.30 €	3.69%
	Control Kit Total	12,720.68 €	12.05%
	Installing Total	14,755.76 €	14.82%
	Setup Total	13,877.10 €	13.94%
	Total MCS of Residential Building	99,556.11 €	100%

Table 4 .

 4 

60: Total investment of Vitoria-Gasteiz' MCS.

  building. The following overall uncertainty values have been obtained after applying the developed statistical method: ±0.71°C, ±0.74°C, ±1.07 °C and ±0.83°C. These values allow an estimate of the upper and lower limits of the real representative indoor air temperature value. The of ices with a larger south-facing Façade area have greater Temperature Uncertainties than the of ices with a larger north-facing Façade area. The of ices with large south and north facing façade areas have uncertainty values close to the of ices with only one large north-facing Façade area. During this study, two different types of sensors have been used, some with a 0.3 °C manufacturer accuracy and other with a 0.1°C manufacturer accuracy. Then, it can be seen that the overall uncertainties calculated, with a 95% con idence interval, are 2.4 to 3.6 higher than the ±0.3 °C manufacturer's sensor accuracy, or they are 7 to 10.7 higher than the ±0.1°C manufacturer's sensor accuracy.

  The studied cases show the values of the Ratio due to Sensor Uncertainty are between 11.62% and 32.26%, and the values of the the values of the Ratio due to Spatial Uncertainty are between 67.74% and 88.38% in volumes exposed to many random effects; while the values of the CHAPTER 4. RESULTS AND DISCUSSION University of the Basque Country Ratio due to Sensor Uncertainty are between 75.50% and 88.96%, and the values of the Ratio due to Spatial Uncertainty are between 11.31% and 24.50% in volumes with a low exposition to random effects.As for temperature strati ication or Vertical Uncertainty, the best location for sensors in order to have a temperature measurement with more precision and accuracy, is to install one sensor at the medium level; the high level location being the next best position to locate the sensor. If two sensors are installed to monitor a volume, with a temperature measurement with better precision, one sensor should be located at the medium level and another at high level.The results show as increasing the number of sensors can decreases the Temperature Uncertainty value. Furthermore, the best spatial location to install sensors in a Workspace (WS) is away from windows and centred on the volume, as uncertainty causes derived from the exterior environment have a greater impact over the temperature measurements. If only one sensor is installed, based on the results, this should be at the middle level and located in the centre of the volume. If two sensors are installed, the best location is to locate them in the centre of volume.

  The overall Temperature Uncertainty (in which all the measurement uncertainty sources are included) of the air surrounding the building is equal to ± 2.22 °C in periods with and without solar radiation incidence, ± 3.19 °C in periods with solar radiation incidence, and ± 1.38 °C in periods without solar radiation incidence. For estimations or studies where only cloudy periods are considered, the Temperature Uncertainty is considerably lower; in the analysed building, this was equal to ± 1.38 °C.The Temperature Spatial Uncertainties (which include the random errors) of the air surrounding the building have the same values as the estimated Temperature Uncertainties, being equal to ± 2.22ºC in periods with and without solar radiation incidence, ± 3.19ºC in periods with solar radiation incidence, and ± 1.38ºC in periods without solar radiation incidence. Likewise, they represent, 99.93%, 99.97% and 99.83%, respectively, of the total uncertainty of temperature. Thus, only considering the manufacturer's uncertainty as the overall uncertainty of the outdoor air measurement, leads to strongly underestimating the uncertainty value of the outdoor air measurements.If outdoor air temperature sensors are measuring only in one exterior area of the building, through the uncertainty analysis, it is possible to estimate the range in which the average temperature of air surrounding the building can lie. Likewise, it is possible to identify the best location area to install the outdoor air temperature sensors in order to obtain a measurement with the lowest uncertainty value with respect to the air temperature surrounding the building in the event of sensors being installed around it. To estimate this band in the studied case of tertiary buildings if the temperature sensors are only measuring on the northern façade, it is necessary to add the ± 1.90 °C, ± 2.11 °C and ± 1.11 °C for periods with/without solar radiation incidence and with solar radiation incidence, respectively, to the average temperature. Likewise, if the temperature sensors are measuring on the roof, it is necessary to add ± 0.98 °C, ± 1.35 °C and ± 0.70 °C for periods with/without solar radiation incidence and with solar radiation incidence, respectively, to the average temperature. In addition, if the temperature sensors are measuring on the southern façade, it is necessary to add ± 2.47 °C, ± 3.38 °C and ± 1.07 °C
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	Sensor Uncertainty estimated experimentally, which is equal to ± 0.06 °C, being a 98% higher than the
	accuracy given by the manufacturer.

10 °C) is superior to the experimental accuracy or Temperature 220 CHAPTER 4. RESULTS AND DISCUSSION

Tripod Number Sensor Reference Height Sensor ID Sensor Manufacture Reference

  

	T1	T1.hg.1	hg	1	EE800-M12J3
		T1.md.2	md	2	EE800-M12J3
		T1.lw.3	lw	3	EE800-M12J3
	T2	T2.hg.4	hg	4	EE800-M12J3
		T2.md.5	md	5	EE800-M12J3
		T2.lw.6	lw	6	EE800-M12J3
	T3	T3.hg.7	hg	7	EE800-M12J3
	T4	T4.hg.8	hg	8	EE800-M12J3
		T4.md.9	md	9	EE800-M12J3
		T4.lw.10	lw	10	EE800-M12J3
	T5	T5.lw.11	lw	11	EE800-M12J3
	T6	T6.hg.12	hg	12	EE800-M12J3
		T6.md.13	md	13	EE800-M12J3
		T6.lw.14	lw	14	EE800-M12J3
	T7	T7.hg.15	hg	15	EE800-M12J3
		T7.md.30	md	30	WBGT -PT100
		T7.lw.16	lw	16	EE800-M12J3
	T8	T8.hg.17	lw	17	EE800-M12J3
		T8.md.19	hg	19	EE071-HTPC *
		T8.lw.18	md	18	EE800-M12J3
					

* EE071-HTP with radiation shielding without mechanical ventilation

[START_REF] Giraldo-Soto | Dataset of an in-use tertiary building collected from a detailed 3d mobile monitoring system and building automation system for indoor and outdoor air temperature analysis[END_REF]

.

Table A .

 A 2: Sensor references installed on the eight tripods and level location.

  EE071-HTP protected with solar radiation shielding without mechanical ventilation. * * EE071-HTP protected with solar radiation shielding with mechanical ventilation. A.4: Exterior (E) Layout of EE071-HTPC sensors installed around the building envelope[START_REF] Giraldo-Soto | Dataset of an in-use tertiary building collected from a detailed 3d mobile monitoring system and building automation system for indoor and outdoor air temperature analysis[END_REF].Figure A.3: F2 of the UPV/EHU admin building in Leioa. Includes the position of the three selected measurement points of the existing BAS referred to inTable A.6. Based on A2PBEER project's architecture plans

						Sensor
	Sensor	Façade (F)/		Cardinal	Sensor	Manufacture
	Reference	Roof (R)		Floor Orientation	ID	Reference
	E.F1.nt.20	F	1	nt	20	EE071-HTP *
	E.F1.nt.21	F	1	nt	21	EE071-HTP *
	E.F1.wt.22	F	1	wt	22	EE071-HTP *
	E.F1.st.23	F	1	st	23	EE071-HTP *
	E.F2.st.24	F	2	st	24	EE071-HTP *
	E.R3.st.25	R	3	st	25	EE071-HTP * *
	E.R3.st.26	R	3	st	26	EE071-HTP *
	E.R3.nt.27	R	3	nt	27	EE071-HTP *
	* Table					

Spatial Localization of Fixed MMS' Sensor based on Figure D.1

  Table D.1: Spatial Location in F0 of Fixed MMS' Sensor based on Figure D.1. Table D.2: Spatial Location in F1 of Fixed MMS' Sensor based on Figure D.2.

				Spatial Localization of Fixed MMS' Sensor based on Figure D.2
				Digital Sensors					Analogue Sensors
	Sensor ID	Floor Spatial Localization of Fixed MMS' Sensor based on Figures D.3 and D.4 Zone Reference Sensor ID Floor Zone	Reference
		F1	Z1 Digital Sensors	EE800-M12J3			82	F1 Analogue Sensors Z8	2113-1-073
	Sensor ID	Digital Sensors Z2 Floor F1 Zone	EE800-M12J3 Reference	83 Sensor ID	Analogue Sensors F1 Z2 Floor Zone	2113-1-073 Reference
	Sensor ID 01	Floor F0 F1 F1 F2 F1 F2	Zone Z3 Z2 Z2 Z6 Z2 Z6		Reference EE800-M12J3 EE800-M12J3 EE800-M12J3 EE800-M12J3 EE800-M12J3 EE800-M12J3	Sensor ID 18 84 85 125 86 46	Floor F0 F1 F1 F2 F1 F0	Zone Z1 Z1 Z2 Z13 ZE Z6	Reference 2113-1-073 2113-1-073 GMP-220 2113-1-073 2113-1-073 5561515-Itron
	02	F0 F1 F2		Z2 Z2 Z1		EE800-M12J3 EE800-M12J3 EE800-M12J3		19	87	F0 F1	Z6 ZN	2113-1-073 2113-1-073
	03	F0 F1 F2		Z4 Z2 Z2		EE800-M12J3 EE800-M12J3 EE800-M12J3		20	88	F0 F1	Z1 Z2	2113-1-073 2113-1-073
	04	F0 F1 F2		Z1 Z2 Z3		EE800-M12J3 EE800-M12J3 EE800-M12J3		21	89	F0 F1	ZE Z2	578-062 578-062
	05	F0 F1 F2		Z6 Z3 Z4		EE800-M12J3 EE800-M12J3 EE800-M12J3		22	90	F0 F1	Z1 ZN	2113-1-073 2113-1-073
	06	F0 F1 F2		Z7 Z4 Z4		EE800-M12J3 EE800-M12J3 EE800-M12J3		23	91	F0 F1	ZE Z2	578-062 2113-1-073
	07	F0 F1 F2		Z1 Z4 Z5		MM880-DMF EE800-M12J3 EE800-M12J3		24	92	F0 F1	Z1 ZW	2113-1-073 2113-1-073
	08 09 10 11 39 12	F0 F1 F2 F0 F1 F2 F0 F0 F0 F0 F1 F1 F2 F1 F2 F1 F2 F1 F2		Z1 Z4 Z7 Z1 Z4 Z7 Z1 Z1 Z1 Z1 Z4 Z4 Z8 Z4 Z9 Z5 Z10 Z6 Z11	MM880-DMF EE800-M12J3 EE800-M12J3 MM880-DMF EE800-M12J3 EE800-M12J3 MM880-DMF MM880-DMF MM880-DMF EE650-T2J3L100-P1 EE800-M12J3 EE800-M12J3 EE800-M12J3 EE800-M12J3 EE800-M12J3 EE800-M12J3 EE800-M12J3 EE800-M12J3 EE800-M12J3		25 26 27 28 29 30	93 94 95 96 97 98 99	F0 F1 F0 F1 F0 F0 F0 F0 F1 F1 F2 F1 F1	ZN Z4 Z1 Z6 ZN Z1 ZW Z3 Z6 Z8 Z6 Z1 Z2	2113-1-073 578-062 2113-1-073 2113-1-073 578-062 2113-1-073 578-062 2113-1-073 2113-1-073 2113-1-073 2113-1-073 515-720 515-720
	13	F0 F1 F2		Z1 Z7 Z13	EE650-T2J3L100-P1 EE800-M12J3 4.920.00.000		31 100	F0 F1	Z5 Z2	2113-1-073 515-720
	14	F0 F1 F2		Z1 Z2 Z13	EE160-HTX3XPBB HD 35ED 1NB (HD 35APW) SMP6	32 101	F0 F1	Z3 Z2	Phymeas-Type7 515-720
	15	F0 F1 F2		Z1 Z3 Z13	EE160-HTX3XPBB HD 35ED 1NB (HD 35APW0) SMP6	33 102	F0 F1	Z2 Z2	Phymeas-Type7 515-720
	16	F0 F1 F2		Z1 ZN Z5		EE850-M12-J3-P1 EE071-HTPC MM880-DMF		34 103	F0 F1	Z1 Z2	Phymeas-Type7 515-720
	17	F0 F1 F2		Z1 Z7 Z5		EE850-M12-J3-P1 MM880-DMF MM880-DMF		35 104	F0 F1	Z1 Z2	Phymeas-Type7 515-720
		F1 F2		Z7 Z5		MM880-DMF MM880-DMF		36 105	F0 F1	Z1 Z2	Phymeas-Type7 515-720
		F1 F2 F1 F2 F1 F1 F2 F1 F2 F1 F2		Z7 Z5 Z7 Z5 Z7 Z7 Z12 Z7 Z12 Z7 Z12	MM880-DMF MM880-DMF MM880-DMF MM880-DMF MM880-DMF MM880-DMF MultiCal-403 EE650-T2J3L100-P1 MultiCal-403 EE650-T2J3L100-P1 EE650-T2J3L100-P1		37 106 38 107 41 42 43 201 108 109 110	F0 F1 F0 F1 F0 F0 F0 F1 F1 F1 F1	Z1 Z4 Z1 Z2 Z5 Z5 Z5 Z2 Z2 Z1 Z2	515-720 Phymeas-Type7 AMR-PT100(4L) Phymeas-Type7 MM880-DMF MultiCal-403 MultiCal-403 578-062 Phymeas-Type7 Phymeas-Type7 Phymeas-Type7
		F1 F2		Z7 Z12	EE160-HTX3XPBB EE650-T2J3L100-P1		44 111	F0 F1	Z5 Z2	MultiCal-403 Phymeas-Type7
		F1 F2		Z7 Z12		EE160-HTX3XPBB EE160-HTX3XPBB		45 112	F0 F1	Z5 Z2	MultiCal-403 Phymeas-Type7
		F1 F2		Z7 Z12		EE850-M12-J3-P1 EE160-HTX3XPBB		113	F1	Z2	Phymeas-Type7
		F1 F2		Z7 Z12		EE850-M12-J3-P1 EE850-M12-J3-P1		114	F1	Z4	Phymeas-Type7
		F2		Z12		EE850-M12-J3-P1		115	F1	Z6	Phymeas-Type7
								116	F1	Z6	Phymeas-Type7
								117	F2	Z6	Phymeas-Type7
								118	F1	Z2	KPC1-5
								119	F1	Z2	KPC1-5
								120	F1	Z2	KPC1-5
								121	F1	Z2	KPC1-5
								122	F1	Z2	KPC1-5
								123	F1	Z2	KPC1-5
								124	F1	Z2	KPC1-5

Table D .

 D 3: Spatial Location in F2 of Fixed MMS' Sensor based on Figures D.3 and D.4. APPENDIX D. MCS' SENSOR INSTALLED IN THE RESIDENTIAL BUILDING
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Spatial Localization of Mobile MMS' Sensor for Co-Heating Test based on Figure D.5

  

		Digital Sensors			Analogue Sensors	
	Sensor ID	Floor	Zone	Reference	Sensor ID	Floor	Zone	Reference
	150	n.a.	n.a.	MM880-DMF	158	F0	Z6	2113-1-073
	151	n.a.	n.a.	MM880-DMF	159	F0	Z1	2113-1-073
	152	n.a.	n.a.	MM880-DMF	160	F0	Z1	2113-1-073
	153	n.a.	n.a.	MM880-DMF	161	F0	Z1	2113-1-073
	154	n.a.	n.a.	MM880-DMF	162	F0	Z2	2113-1-073
	155	n.a.	n.a.	MM880-DMF	163	F0	Z2	2113-1-073
	156	n.a.	n.a.	MM880-DMF	164	F0	Z2	2113-1-073
	157	n.a.	n.a.	MM880-DMF	165	F0	Z5	2113-1-073
					166	F1	Z1	2113-1-073
					167	F1	Z1	2113-1-073
					168	F1	Z2	2113-1-073
					169	F1	Z2	2113-1-073
					170	F1	Z4	2113-1-073
					171	F1	Z4	2113-1-073
					172	F1	Z6	2113-1-073
					173	F1	Z6	2113-1-073
					174	F2	Z1	2113-1-073
					175	F2	Z2	2113-1-073
					176	F2	Z4	2113-1-073
					177	F2	Z5	2113-1-073

Calle Correria 119 Planta segunda-Atico cant unitario total Contadores de energía
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	-INSTALACION DE CABLEADO PARA SENSORES EN			
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The general de inition of an MCS is a 'system designed to control large or complex facilities such as factories, power plants, network operations centres, airports, and spacecraft, with some degree of automation'[START_REF]Remote monitoring and control[END_REF], which can be implemented also in buildings.

A BAS or Building Management Systems (BMS) is a computer-based control system installed in buildings that controls and monitors the building's mechanical and electrical equipment, such as ventilation, lighting, power systems, ire systems, and security systems[START_REF] Shaikh | A review on optimized control systems for building energy and comfort management of smart sustainable buildings[END_REF].CHAPTER 1. INTRODUCTION 

ISO: 'International Organization for Standardization'[START_REF]ISO -international organization for standardization[END_REF]. CHAPTER

LITERATURE REVIEW

In the equations with units in kilowatts[kW] and where the variable of Global Vertical Solar Radiation (V sol ) is included, which has units of Watt per square metre [W/m 2 ], it is necessary to convert this value to kilowatts per square metre [kW/m 2 ] in order to obtain the solar gain value (SaV sol ) in kilowatts[kW].

As an example, based on the measurement of metabolic carbon dioxide and through the use of mathematical models, it is possible to predict, with an accuracy of 94.68%, the count of human occupation indoors in a small room[START_REF]Remote monitoring and control[END_REF]. CHAPTER 2. LITERATURE REVIEW

The Monitoring System (MnS) is composed of the equipment used to measure variables and collect data, through the Control System (CnS), which is made up of hardware, so that actuators and software, the data from the sensors can be collected and processed to control a process[START_REF]Remote monitoring and control[END_REF].

In Equation 2.28, the Q, KT , SaV sol , Tin and Tout are the average values for the studied period (tN ) CHAPTER 2. LITERATURE REVIEW

Table 2.4: Control system (CnS) used in a public building of the University of the Basque Country. CHAPTER 2. LITERATURE REVIEW

X [119] X X [120] X X [121] X X X X [18] X X X [122] X [7] X X [123] X [124] X [6] X [125] X X X [126] X [127] X [128] X X [129] X X X [130] X X X [24] X X [131] X X [132] X [133] X X X [134] X X X [135] X [117]X * Includes others estimations of building energy behaviour as the estimations of the heat dynamics of buildings, thermal performance evaluations, and so forth, using other methods, are presented in Table2.8. The methods used are statistical methods and other models of calculus (e.g., Grey Box Modelling, multiple linear regression, ARX and ARMAX models, etc.).

Report No X X X X X X X X X X X X X X X X X X X X X [118] 1979 Paper No X X X X X X [119] 1979 Report No X X X X X X X X [120] 1980 Report No X X X X X X X X [121] 1985 Report No X X X X X X X X X X X X X X X X X X X [18] 1985 Report No X X X X X X X X X X X [122] 1995 Paper No X X X X X X [7] 2000 Paper No X X X X [123] 2001 Paper No X X X X X X X [124] 2005 Paper No X X X X X X X X [6] 2007 Paper No X X X X X X X X X X X X X [125] 2013 Paper No X X X X X X X X [126] 2015 Conference Paper No X X X X X X X X X X [127] 2015 Conference Paper No X X X X X X X X X X X X X [128] 2015 Conference Paper No X X X X X X X X [129] 2015 Paper No X X X X X X X X X X X X X [130] 2016 Paper No X X X X X X X X X X X [24] 2016 Paper No X X X X X X X X X X X [131] 2016 Paper No X X X X X X X X X X X X X X [132] 2017 Paper No X X X X X X X X X X X X [133] 2017 Paper No X X X X X X X X X X X X [134] 2017 Paper No X X X X X X X X X X X X [135] 2018 Paper No X X X X X X X X X [117] 2018 Paper No X X X X X X X X X XTable 2.9: MCSs in the reviewed literature from 1979-2018, speci ied by the authors to characterize the TEP of buildings. CHAPTER 2. LITERATURE REVIEW

ASTM: "American Society for Testing and Materials

IEC: "International Electrotechnical Commission".

GUM: "Guide to the Expression of Uncertainty in Measurement". CHAPTER 3. METHODOLOGY

For example, sensors to measure temperature, relative humidity, CO2, the thermostats, etc., are installed in one or some MSs (e.g. room or of ice) in an MZ (e.g., building or dwelling)

The Ta of whole sensors installed on the same vertical, matches the Ta value of the sensors installed on a Tripod (T). Since each T is located in a WS, the average temperature of each T is the Average Temperature of a WS ((Ta)W S ).CHAPTER 4. RESULTS AND DISCUSSION

The Ta of whole sensors installed at the same vertical (located a Tripod (t)), matches the average temperature of each T with the Average Temperature of a WS ((Ta)W S ).

CHAPTER 4. RESULTS AND DISCUSSION

Figure A.7: OT2 sensor layout, located in F2. Based on A2PBEER project's architecture plans [76] [139].

Figure A.9: OT4 sensor layout, located in F3. Based on A2PBEER project's architecture plans[START_REF] Giraldo-Soto | Dataset of an in-use tertiary building collected from a detailed 3d mobile monitoring system and building automation system for indoor and outdoor air temperature analysis[END_REF].

Figure A.1: F0 of the UPV/EHU admin building in Leioa. Based on A2PBEER project's architecture plans[START_REF]Affordable and adaptable public buildings through energy ef icient retro itting (a2pbeer)[END_REF].

Figure D.1: Sensor Layout of Fixed MCS in F0.

Figure D.5: Sensor Layout of Mobile MCS in F0 for Co-Heating test.

Figure D.7: Sensor Layout of Mobile MCS in F2 for Co-Heating test.

Av. Benjamin Franklin, 

ACKNOWLEDGEMENTS

First of all, I would like to thank my thesis directors Aitor Erkoreka and Laurent Mora, whose help has been decisive throughout the scienti ic direction of this thesis. My gratitude is in inite for their valuable advice and all the time dedicated in these years. I am also grateful for the sponsorship received from the University of the Basque Country (UPV/EHU)

Based on these U T estimations, the [(T a ) ta ] band limits (Equation 3.45) have been estimated for each BEA of the studied building and these results are shown in Table 4. 37. The roof with the [(T a ) ta ] band value equal to 1.243 °C in RAD ON period, has the lowest bandwidth for the RAD ON-OFF and RAD OFF periods being equal to 0.845 °C and 0.510 °C, respectively. After the roof, the monitored BEA with low [(T a ) ta ] band value is the northern façade, where the [(T a ) ta ] band value is equal to 1.058 °C, 0.828 °C and 1.129 °C, respectively, for the RAD ON-OFF, RAD ON and RAD OFF periods. The northern façade has the lowest [(T a ) ta ] band value in the RAD ON periods. The widest band for the RAD ON-OFF, RAD ON and RAD OFF cases is obtained in the monitored southern façade, being equal to 2.165 °C, 2.939 °C and 1.521 °C, respectively. Temperature Uncertainty analysis of the air surrounding the Building Envelope Areas: roof, northern and southern façades This section shows the U T value of the air surrounding the three BEAs: the roof, northern and southern façades. The data have been analysed independently by monitored area; for this, each BEA dataset has been centred on its (T a ) la (Equation 3.5) to estimate the statistical parameters based on Subsection 3.2.1. The igures and tables shown in this section are: The evolution of the temperatures during 24 hours are shown on Figure 4.23, in October 19, 2020 from 0:00 to 23:59 for the group of sensors E.F1.nd.20 -E.F1.nd.21, E.F1.st.23 -E.F2.st.24 and E.R3.st.25 -E.R3.st.26 -E.R3.nd.27. The T dv i Histogram of the t N samples for the three cases (RAD ON-OFF, RAD ON, RAD OFF) are shown, respectively, in Figures C.20, C.21 and C.22 for E.F1.nd.20 and E.F1.nd.21sensors, Figures C.23, C.24 and C.25 for E.F1.st.23 and E.F2.st.24 sensors, Figures C.26, C.27 and C.28 for E.R3.st.25, E.R3.st.26 and E.R3.nd.27.

Chapter 3 METHODOLOGY

This chapter shows the methodology and criteria used to design MCSs in order to be optimized and thus characterize the TEP and estimate the HLC in monitored buildings. The theoretical basis of the GUM method is also presented to estimate the overall uncertainties in random samples, independent from each other and with a normal distribution. The proposed method permits the overall uncertainties of intensive variables such as temperature, relative humidity or CO 2 concentration values within monitored volumes to be estimated. These volumes could be thermal zones within a building or the volume surrounding the building envelope. In addition, a methodology to decouple these overall Measurement Uncertainties in two types of uncertainty is also developed; one of these uncertainties is associated to the random errors (Measurement's Spatial Uncertainty (U M (SP ) )) and and the other is associated to the systematic errors (Sensor Measurement Uncertainty (U M (S) )). n.a. value means 'not applicable': the statistical analysis has not been applied to the WS with only one T dvi for each t j (Z=1). For each WS, Table 4.10 shows the statistical results of (θ dv i ) wsm (Equation 3.10) for each sample (t N ), where the T dv i has been centred on (T a) W S (Equation 3.5). The methodology is not applicable to the WS with only one T dv i for each t j (Z=1), these have been marked as n.a. (not applicable in the table). Unlike the μ value of the OTs which were centred on (T vw) OT , the μ values of all WS have been centred on (T a) W S are thus are equal to zero.

University of Bordeaux

Data centred on (T a) W S

Of ice

The OWS of each analysed of ice typology, OT1-2C1, OT2-2C2, OT3-2C3 and OT4-3C1, have σ2 T values between 0.044 K 2 and 0.110 K 2 , σT values between ± 0.209 °C and ± 0.332°C and U T values between ± 0.42 °C and ± 0.66 °C. The OT1-2C1 has the lowest U T values; this OWS has perimeter areas within OT1-C5 and one perimeter with west orientation, OT2-2C2 has a σT value ±0.05 °C greater than OT3-2C3, this OWS has perimeter areas within OT3-D5 and one perimeter side facing north. OT3-2C3 and OT4-3C1 have worse U T values with respect to OT1-2C1 and OT2-2C2, both OWSs have a perimeter side facing south and west; in addition, OT3-2C3 has a perimeter side facing north.

The interior CWS with three temperature measurements, OT1-2C1.6, OT3-2C3.2 and OT3-2C3. 3 

have σ2

T values between 0.016 K 2 and 0.034 K 2 , σT values between ± 0.126 °C and ± 0.186 °C and U T values between ± 0.25 °C and ± 0.37 °C. These are the lowest U T values of all the results. The σ2 T value of OT1-2C1.6 is ± 0.06 °C higher because the door is open all the time with respect to OT3-2C3. has σ2 T , σT and U T values equal to 0.019 K 2 , ± 0.137 °C and ± 0.27 °C, respectively, which are the lowest values of all exterior CWSs. This CWS has two sensors to measure air temperature for each t j (Z=2), the doors are closed most of the time and the windows are always closed, while all the other frequently occupied exterior CWSs behave similarly and have U T values between ± 0.54 °C and ± 0.70 °C, that is, they have greater uncertainties.

The U T results of T in shown in Table 4.9 plus the U M values of the Q, K e , K o measurements of each Sub-Volume (V i,j ) or Thermal Zone (TZ) of the tertiary building, together with the U M of the S a V sol j ) and T out measurements, make it possible to obtain the U HLC (Equation 2.29) of the HLC (HLC F i, (Equation 2.20) for each F i,j , thus the estimation of the HLC can be obtained using Equation 2.32.

Decoupling Temperature Uncertainty to estimate Temperature's Spatial Uncertainty of the in-use tertiary building Section 3.2.2 sets out the methodology for decoupling U T to estimate the U T (SP ) value from the already estimated U T (S) and U T values. The U T (S) value is ± 0.24 °C that estimated in section 4. The overall effect of U T (S) on U T is based on the value of R (S) . The effect of this on the analysis of the OT zone has values of between 4.91% and 11.14%, while the global effect of U T (SP ) , based on the value of the R (SP ) value, has values of between 88.86% and 95.06% (Table 4.11). In general, there is the same trend in the global effects of U T (S) and U T (SP ) with respect to U T in the WS zone study shown in Table 4.12, where the R (S) values are between 11.62% and 32.26% and the R (SP ) values are between 67.74% and 88.38%, for OT1-2C1, OT1-2C1.1, OT1-2C1.5, OT1-2C1.6, OT2-2C, OT2-2C2.1, OT3-2C3, OT3-2C3.5, OT3-2C3.9 and OT4-3C1. Here, the W Ss have the doors open most of the time and there are occupants, solar radiation, heating effect and air currents, among other characteristics. This trend is different in three W Ss, OT3-2C3.2, OT3-2C3.3 and OT3-2C3. 4, where the values of R (S) are between [START_REF]What is FP7? -FP7 in brief -research -EUROPA[END_REF].50% and 88.96% and the R (SP ) values are between 11.31% and 24.50%, in which the global effect of U T (S) is greater with respect to the global effect of U T (SP ) . These WSs have the doors closed most of the time and there are neither occupants, air currents, solar radiation, or heating effects, among other types of uncertainty causes. 
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Data centred on T a (Equation 3.3). Sample Size (N):

Incidence of heating system, electricity consumption and solar radiation effects over Vertical

Temperature Uncertainty (U V T )

This study is focused on the Vertical Temperature Uncertainty (U V T ) to analyse how it is affected by the On-Off cycles of the effects of the heating system, electricity consumption and solar radiation on the air temperature strati ication. For this analysis , we selected groups of study with different sample sizes (t N ), called On-Off Sample Groups (OSGs), based on:

• Solar radiation effects: t N group of periods With Solar Radiation (RAD ON) and Without solar radiation (RAD OFF) or only with solar diffuse radiation, in which, during the studied period, the t N sample can have randomly On-Off cycles of the heating system and electricity consumption.

• Heating effect: t N group of periods with Heating Power On (Ph ON) and another group with Heating Power Off (Ph OFF), in which, during the studied period, the t N sample can have randomly On-Off cycles of solar radiation and electricity consumption.

• Electricity consumption effect: t N group of periods with workers in OT or Active Power On (Pw ON) and without workers in OT or Active Power Off (Pw OFF), in which, during the studied period, the t N sample can have randomly On-Off cycles of heating system and solar radiation.

The statistical analysis has been carried out on OT3 for tripods: T1, T2, T4 and T6, where each studied tripod has a sample size equal to 18,861 T dv i . For these studied tripods, six OSGs with different T dv i sample sizes have been selected. Each OSG, in turn, is made up of a group of sensors, as the groups of sensors were formed in the U V T study of section4.3.1, so as to be compared with respect to the U V T results obtained in Tables 4.15, 4.16 and 4.17 of section 4.3.1. 

Estimation of the Total Average Temperature of whole Building Air's Volume when only one

Building Envelope Area is monitored

The T out is usually measured with sensors installed in one BEA, as for instance the northern façade and roof of buildings. However, the (T a ) la obtained from the T dv i of one BEA, is not the same (T a ) ta value of the BAV. Through the uncertainty analysis of T dv i data of BEA centred with respect to the (T a ) ta value, which has been obtained from the eight sensors installed around the building, it is possible to estimate a band of values in which the (T a ) ta can lie when only is the T out is measured from the sensors installed in one BEA.

The statistical study has been carried out to estimate the Total Average Temperature ((T a ) ta ) of the air surrounding the building when only one BEA (roof, north and south façade) is monitored to collect data. The methodology used to obtain the statistical results is based on section 3.2.2, whose results are shown in Table 4.33 (RAD ON-OFF period), Table 4.34 (RAD ON period) and the sensors installed on the northern Façade, where the T out sensors are usually installed. The sensors on the roofs of buildings are also exposed to solar radiation, but in this area, the air low comes from all directions, which can reduce the air temperature variation with respect to the façade that is more exposed to the solar radiation, the southern façade.

Temperature Sensor Uncertainty analysis

The objective of this analysis is to estimate the uncertainty sources due to systematic errors of the installed sensors plus monitoring and control system (Temperature Sensor Uncertainty (U T (S) )). To carry out this study, the sensors must measure together (Exterior Together (ET) Test (section 4.2)) in the same place in a BEA. Then, using the collected T out data, the U T (S) has been estimated for Z T dv i values, which were centred with respect to (T a ) la to obtain the (θ a ) la . The statistical analysis has been applied to these (θ a ) la values based on the methodology set out in section 3.2.1.

The U T (S) value considers the uncertainty due to the systematic errors. This value is given by the sensor manufacturer through the sensor accuracy and can also be obtained experimentally.

Data from the sensors E.R3.st. [START_REF]Remote monitoring and control[END_REF] Chapter 5

Final Conclusions, contributions and New Research Lines

This chapter presents a recapitulation of the conclusions obtained in this doctoral thesis. In addition, the main research contributions of this doctoral thesis and the contributions related to the thesis are also listed. Likewise, the new research lines opened by this thesis are also presented with the objective to continue the research works to improve the Energy Performance of Buildings and in consequence help to meet the global target to reduce buildings' CO 2 emissions and its impact on global climate change.

University of Bordeaux ature sensors, with and without mechanical ventilation within the solar shielding, measure the convection temperature, not affected by the possible radiation effects on the temperature sensor. This is evidenced by the low uncertainty values of sensors with and without mechanical ventilation installed in the solar radiation shield, which are equal to ± 0.091 °C for the analysed periods with and without radiation, ± 0.112 °C for periods with solar radiation, ± 0.077 °C for periods without solar radiation.

To perform the decoupling analysis to the overall uncertainty, it has been important to experimentally estimate the accuracy of the sensors plus monitoring and control system, because this estimated value is again different from the manufacturer's accuracy of the sensors. The measurement uncertainty study due to systematic errors of outdoor air temperature shows that the sensor uncertainty given by the sensor's manufacturer (equal to ± 0.10 °C) is superior to the experimental accuracy or Temperature Sensor Uncertainty estimated experimentally, which is equal to ± 0.06 °C.

The overall Temperature Uncertainty (which includes all the measurement uncertainty sources) of the air surrounding the building was equal to ± 2.22 °C in periods with and without solar radiation incidence, ± 3.19 °C in periods with solar radiation incidence and ± 1.38 °C in periods without solar radiation incidence. For estimations or studies where only cloudy periods are considered (such as in the average method), the Temperature Uncertainty is considerably lower; in the analysed building, this was equal to ± 1.38 °C.

The Temperature Spatial Uncertainties (which include only the random errors) of the air surrounding the building have the same values as the estimated overall Temperature Uncertainties, being equal to ± 2.22 °C in periods with and without solar radiation incidence, ± 3.19 °C in periods with solar radiation incidence and ± 1.38 °C in periods without solar radiation incidence. Likewise, they represent 99.93%, 99.97% and 99.83% of the total uncertainty of temperature in periods with and without solar radiation incidence, with solar radiation incidence and without solar radiation incidence, respectively. Thus, only considering the manufacturer's accuracy as the overall uncertainty of the outdoor air measurement, leads to strongly underestimating the uncertainty value of the outdoor air measurements.

The second objective of this thesis deals with the minimum monitoring requirements that could provide reliable Energy Performance Certi icates of buildings based on real monitored data. For this, based on the Co-heating Method requirements for the HLC estimation of unoccupied buildings, a mobile monitoring and control system has been designed and deployed to carry out the co-heating test in a three loor residential building in Vitoria-Gasteiz. Furthermore, based on the average method requirements for the HLC estimation and decoupling for occupied buildings, an extremely detailed monitoring and control system has also been designed and deployed in the three loors of this residential building. It has have been possible to design and implement these two monitoring systems thanks to the detailed analysis of both methods and following the criteria developed in the methodology section for selecting the required sensors. Due to Covid-19, even though the MCS had been installed by January 2020, it has not been possible to obtain enough reliable data to perform the detailed analysis that could lead to a speci ication of the minimum monitoring kit requirements so as CHAPTER 5. FINAL CONCLUSIONS, CONTRIBUTIONS AND NEW RESEARCH LINES to reliably estimate and decouple the HLC of this in-use building.

Furthermore, proving the reliability of the average method, could open a door to the reliable estimation of Key Performance Indicators (KPI) related to building users. By using the building envelope in-use performance KPIs (in-use HLC, UA and C v values) and the currently existing building systems' in-use KPIs, it would be possible to estimate the in-use building energy consumption in an hypothetical case where the in-use building systems are used in an optimal manner to produce optimal comfort and air quality conditions within the building. This optimal energy consumption value would be based on real building envelopes and real building systems and would then be compared to the real energy consumption monitored data. The difference in consumption could be assigned to the building user misuse and a KPI could be de ined to make this effect easily understandable this effect to the wider public. Once different KPIs regarding the three main energy consumption discrepancy sources for the in-use building energy consumption are available, the most user-friendly KPIs for the general public could be selected for a new building certi ication scheme based on in-use data. In addition, if the HLC is decoupled, it will be possible to analyse the real origin of the heat losses of the buildings and, in such a case, the disagreement with the design parameters will be easier to understand. If the reason for the losses comes from the transmission part (UA), an envelope insulation improvement should be performed. On the other hand, if the cause were the

In iltration/Ventilation losses (C v ), it would be necessary to check the ventilation system and the building's airtightness.

Contributions

The scienti ic publications carried out during the development of this thesis, have been framed within Part of the results of this research have been disseminated through the following scienti ic publications and have also been presented at the following congresses: [START_REF] Giraldo-Soto | Dataset of an in-use tertiary building collected from a detailed 3d mobile monitoring system and building automation system for indoor and outdoor air temperature analysis[END_REF]. [START_REF] Giraldo-Soto | Dataset of an in-use tertiary building collected from a detailed 3d mobile monitoring system and building automation system for indoor and outdoor air temperature analysis[END_REF]. [START_REF] Giraldo-Soto | Dataset of an in-use tertiary building collected from a detailed 3d mobile monitoring system and building automation system for indoor and outdoor air temperature analysis[END_REF]. Página 1 de 1 De conformidad con lo dispuesto en la normativa vigente en protección de datos personales, Reglamento (UE) 2016/679 del Parlamento Europeo y del Consejo , del 27 de abril de 2016 , le informamos de que sus datos personales serán tratados bajo la responsabilidad de CONTROL LLEVANT I.C.S.L. para el envío de comunicaciones sobre nuestros productos y servicios, y para la realización del trabajo contratado con nuestras empresa , dichos datos se conservarán mientras haya un interés mutuo para ello. Le informamos que puede ejercer los derechos de acceso, rectificación , supresión , limitación y oposición al tratamiento dirigiéndose a Avda. Benjamin Frankin, 28 B. 46980 Paterna (Valencia) y Correo electrónico: admon@sensovant.com. Si considera que el tratamiento de datos no se ajusta a la normativa vigente, podrá presentar una reclamación ante la autoridad de control. La información contenida en este mensaje es confidencial y puede incluir datos de carácter reservado. Esta información va dirigida únicamente a su destinatario. El acceso o su uso por parte de otra persona no autorizada 
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ENSAYO:

Calibración de 24 medidores de flujo de calor mediante ensayos en equipo de medida de la conductividad térmica por el método de flujo de calor, HFM 436/3/0 Lambda de la marca NETZSCH.

NORMAS DE REFERENCIA:

El equipo de medida de la conductividad térmica HFM 436/3/0 Lambda de la marca NETZSCH esta homologado para la ejecución de ensayos según UNE-EN 12667:2002 3. MUESTRA:

24 medidores de flujo de calor, con señal de medida en mV.

CONDICIONES:

Se determinará el factor de calibración de cada medidor de flujo de calor en mV/(W/m 2 ). Dicho factor resultará de la ejecución de un ensayo en el equipo de medida NETZSCH de una muestra formada por uno o dos (según sean sus dimensiones) medidores de flujo de calor a calibrar en medio de capas de manta de espuma aislante térmica, asociando el flujo de calor estabilizado del ensayo con la señal en mV obtenida de cada medidor.

La lectura y registro de la señal en mV de los medidores de flujo se hará con el adquisidor que corresponda, o en su defecto se dispone de un equipo adquisidor por multiplexión Agilent 34980A. Los factores de calibración de los 24 medidores de flujo de calor serán determinados a una temperatura media de 20ºC y un salto térmico de 10 ºC.

El plazo de ejecución de las 24 calibraciones será de una semana, dependiendo de la disponibilidad del equipo de medida. Los resultados del presente servicio serán consignados en un único informe, identificando cada medidor de flujo de calor según la codificación indicada por el cliente.

OFERTA ECONÓMICA:

Determinación del factor de calibración de 24 medidores de flujo de calor mediante ensayos en conductivímetro HFM 436/3/0 Lambda de la marca NETZSCH y emisión de un único informe (60€/unidad)……………………….……………………………...1440,00 €