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Abstract

Grey box models are a solution for evaluating and quantifying the effect on building thermal performance of
different energy saving measures. They are usually used to predict a building thermal performance, and applied
to energy systems. This paper presents the application of a grey box model to evaluate the thermal
performance of a reference social housing building, focusing on its potential to evaluate the thermal
performance of building passive elements (building envelope). A methodology to be used by public
administration (to evaluate the effectiveness of a given energy renovation work) is also proposed. Firstly, a
monitoring carried out in an empty social housing dwelling during 3 months is presented. Afterwards, a grey
box model development is carried out using obtained monitoring data. Model development as well as some
general model results are presented and evaluated. Finally, a methodology proposal to be applied by public

administration is presented. By monitoring and developing a grey box model of a social housing building, this
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research aims to explore the possibilities of grey box models as a tool to represent in an accurate way the
thermal performance of a dwelling, focusing on evaluating building passive elements and their effects on

building energy consumption.
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1 Introduction

Buildings play an important role in energy consumption all over the world. Nowadays, the built environment
uses over 40% of the final energy consumption in the European Union, where a significant part is used for fulfil
their thermal demand [1]. For that reason, understanding the thermal performance of a given building is one of
the aims of many references found in literature, both by means of monitoring studies such as [2, 3], and/or by

model simulations [4-6].

Knowing the thermal performance of a building allows predicting the effect of potential energy renovation
measures, and then, identifying the optimal option in terms of energy, comfort or taking into account
economical issues. In fact, amongst the main barriers of the penetration of new technologies in the market it
can be found the uncertainties related to payback periods. Public administrations also found this problem
frequently when they try to evaluate the effect on energy savings of a specific energy saving measure carried

out with financial help from them.

Thus, literature shows how building models have been widely used with this aim as a useful tool in the last

years, and many kind of models are devoted to analyze thermal performance of a dwelling [7]. Some tools to
define that building models are currently widely spread and validated (such as TRNSYS or Energy Plus) [8-14].
However, this kind of models usually requires a significant computational time to perform yearly simulations

and they need very detailed data related to the building characteristics.

Other type of simulation is the black box approach. It is commonly used when limited information is known
about the building. It implies to define a mathematical function which represents the building thermal
behaviour. To do that, measured data (input and outputs) are used to define the model parameters.
Mathematical correlations which define the performance are identified based on mentioned measured data,

and then, once those correlations have been fixed, model is fed using new input data, in order to obtain the



corresponding output data. Many examples of this kind of models applied to different aspects related to

energy performance in buildings can be found in literature, such as [15-18].

Finally, grey box models combine both approaches. A simple physical model is used and its parameters are
fixed using measured data. Several designs and developments of grey box models applied to building

environment (with very different objectives) are available in literature [19-22].

In addition, many researchers have shown differences between the expected and the actual performance of
buildings, both in terms of energy consumption and indoor comfort, which are caused by faults in the building
envelop and systems, and by the influence of occupants’ behaviour in the operation of the building [23]. Faults
in the building envelope or systems, which occur often during construction process, are usually not taken into
account in simulations, which lead to inaccurate results. The influence of human behaviour is more difficult to
predict due to the heterogeneity of the occupant typologies and the interaction between them and the
building. As many studies in literature have shown (such as [24] for example), the human behaviour influences
significantly the energy performance of the building, and it will be affected not only by indoor comfort, but also
by different occupant’s features (household incomes, culture, age...) as well as other external factors such as
rebound effect [25-27]. For that reason, human behavior and operating conditions are often included in

building simulations using standardized profiles.

Then, for a better understanding of differences between expected and real performance of buildings, it is
necessary to monitor the building thermal performance. Monitoring can be carried out in occupied or empty
building (in order to avoid the user influence), long or short-term monitoring, and it can be focused on energy
consumption, the behaviour of the occupants and/or the resulting indoor comfort. A profuse number of papers
focused on monitoring studies (with different level of detail) can be easily found in literature. An interesting

overview of data collection methods has been recently presented in [23]

Many of the grey box models’ developments (related to building environment) found in literature aim in
general terms, to optimize the operation of the energy systems, but there are not many papers which using

grey box models to assess the thermal performance of the envelope.

However, for all mentioned above, grey box methodology can be a very useful tool in order to quantify the real

effect of a specific energy saving measure (global or partial) in a specific building. On the one hand, it has the



advantages of the simulations (it makes possible to comparing two different scenarios, before and after
retrofitting works, under the same operating conditions). On the other hand, it is necessary to carry out a
monitoring in order to define the grey box model, and thus, aforementioned possible faults in envelope or
systems will be implicitly taken into account, whereas they would be unnoticed when a typical simulation

program is used.

Then, this methodology can be useful in different sectors. In this case, it will be applied in social housing, as a
tool to quantify the real effect of energy saving measures carried out with public funding, which allows identify

the best energy renovation practices in order to define optimal long term strategies.

At the same time, having a quality data sets obtained in building monitoring is useful to develop, validate and
calibrate different kind of models. However, experimental data often are not possible to obtain for different
reasons (availability of a case study, availability of required equipment...). Besides, it is hardly found available
this kind of data of a representative dwelling or building, so many model developers found an important
problem to validate and adjust its model using experimental data, and data obtained by simulation tools

(TRNSYS, energy plus...) are usually used. Taking into account these considerations, this paper aims:

e To provide high quality data sets of experimental data gathered in a representative empty dwelling
during three months, which can be used as useful tool to validate and/or adjust the building model by
means of comparison between monitoring data and calculated data. Moreover, data presented in this
paper, may be useful when the objective of a research is to study the effect of a specific energy saving
measure (thermal improvement of the envelope, a new heating system...) on a standard building,
since this study provides enough data to define a model of the selected building and to validate it,
regardless of the kind of model used.

e To explore the grey box models possibilities as a useful tool for tenants and public administrations to
assess the real effect of energy saving measures focused on passive elements (although also is
applicable to active ones) with two main objectives: identify the optimal solution amongst all the

possibilities, or evaluate the real effect of a specific energy saving measure.

To reach these objectives, a reference dwelling was selected as case-study to carry out a monitoring and a grey
box model of the selected dwelling was developed using the measured data. Firstly, selection and a detailed

description of the dwelling are presented. Secondly, description of the monitoring is shown. Results of the



monitoring are presented afterwards, and, the Grey Box Model development and calibration are described.
Once the thermal performance is validated, just occupation profiles and operating conditions must be fixed in

order to represent in a global way the energy consumption of the dwelling.

2 Case study and Methodology

2.1 Building general description

A social dwelling located in a district of Bilbao was selected for this study. Selection was carried out taking into
account a previous classification of the building stock presented in [28]. It is well known the complexity and
heterogeneity of the building stock and the consequent difficulty to define a “standard building”. However, the
chosen dwelling is quite representative in the region of a specific construction period of the 20'" century, the

60s. A significant number of today’s buildings were built up in that decade, especially in industrial cities.

The studied dwelling is located in a multi-family building built in 1959-1961, in the fourth floor. Some pictures
are presented in Figure 1 and the layout of the dwelling is shown in Figure 3. The net floor area is 52.5 m? and
the floor to ceiling height is 2.47 m. The considered dwelling has 3 external facades, orientated East, West and
South, but only two of them (E and W) have windows. The following description of the construction features
corresponds to the state of the dwelling when the monitoring period was carried out, in the first months of

2012.
2.2 Building construction features

External walls of the dwelling are composed by two layers of hollow bricks separated by an air gap. The indoor
surfaces of walls are plaster over gypsum. The external surface is currently the result of renovation works

carried out in 1987, when an addition of other facade layer was executed in the chosen building. The assumed
addition of a new layer in fagade is depicted in Figure 2. The thickness of thermal insulation is very small, even
negligible in some cases. Detailed section of the facade, as well as indoor partitions (both between two rooms

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

As far as windows are concerned, two different kinds of windows are found in the dwelling, both of them with
aluminium frame without thermal break. The window of room 5 (see Figure 3) was a single glazing window

whereas the rest of windows were double glazing.



The building was constructed with reinforced concrete structure, like many buildings built up in the region
during those years. Horizontal structure is composed by hollow-tiled floors, as usual in that construction

period.

2.3 Monitoring study

2.3.1 Measurement equipment

Detailed measurements of indoor and outdoor temperatures were collected using 53 PT100. Surface and air
temperature were measured with these sensors. Reflexive tape was used to protect the sensors from direct
solar radiation. Surface sensors were fixed using conductive plaster, in order to guarantee a good surface-
sensor contact. Four heat flux plates were also used in the study to measure values of the heat flux through
facades, floor and ceiling. A meteorological station was installed to measure solar radiation, wind velocity and
atmospheric pressure. Data obtained by Euskalmet meteorological station were also taken into account in this

study.

The indoor spaces of the monitored dwelling were numbered 1-8 (five rooms, a toilet, a hall and a drying area)
as shown in Figure 3. The heat supply in the monitored dwelling during this field study was purely electrical.
Five electrical space heaters were placed in room 1-5 (one heater in each room), and each heater was rated at
360 W. Thus, dwelling heating supply was measured by means of monitoring the electrical supply to the

heaters. Their heat inputs were measured using a SINEAX M561 single phase power meter.

An Agilent 34980A Data Acquisition and Switching system was used for logging measured values, with 34921A
channel armature multiplexer and 34921T terminal block. All sensors were previously calibrated and validated
in the LCCE of the Basque Government by means of international patterns, all of them with traceability.

Detailed information on instruments characteristics is presented in Table 2.

2.3.2 Data acquisition procedure and data treatment

Monitoring was carried out during three months (February — April, 2012). This way, monitoring guarantees to
provide a quality data set of the cold season. The monitoring is carried out during the winter season, because is
the season when energy systems (heating systems, in this case) are working. Summer period in this region has

a temperate climate, and no cooling systems are used in residential sector, so summer conditions have no



influence in the annual thermal energy demand of residential buildings. The dwelling was empty during the

monitoring period.

Measurements were taken with 1 minute frequency. Data acquisition system had an integrated filter. Thus,
data were passed through this filter to improve the signal quality. Sampling rate should be chosen according to
the response time of the studied object. Mentioned 1-min. frequency allowed checking the measurements in
detail. After this first checking, data were integrated in 10 minute periods (more suitable frequency for
buildings), by calculating the average value of each period. Outdoor conditions were also measured with a 10
minute frequency. This way heating demand, outdoor and indoor conditions were measured simultaneously,
guaranteeing the quality of the obtained data. A layout of the dwelling can be seen in Figure 3, where room
numbers and sensor positions are also shown. A list of corresponding sensors for the first scenario, classified

according these data groups, is detailed in Table 3.

2.3.3 Test-Routine

It must be taken into account that the monitoring does not aim to take measures under operating conditions,
but identifying the building thermal response related to different thermal situations. Thus, the resulting model
(defined using obtained data) allows calculating accurately the thermal response of the building under the
different possible realistic operating conditions. In order to measured aforementioned thermal response, a

controlled heat input routine was designed.

The controlled heat input was designed as a combination of a Randomly Ordered Logarithmic distributed
Binary Sequence (ROLBS, a high frequency routine, with a 30 min. step) and a Pseudorandom Binary Sequence
(PRBS, a low frequency routine, with a 60 minute step). The resulted routine, which has no correlations with
the other inputs, was designed to excite the heat dynamic at several ranges of frequencies in which the time
constant of the building is expected to be [29]. Thus, it allows uncoupling the different effects which have
influence on building thermal performance, such as thermal capacity or thermal resistance. Those time
constants varied from 60 minute steps to 12 hour steps. An example of resulted heat input routine for a week

is depicted in Figure 4.



2.3.4 Assessment of results

Acquisition system generated a data file daily. Each file (raw data) was firstly treated and measurements given
by each sensor were passed by calibration factors. These calibration factors were obtained by the
aforementioned calibration procedure. Calibrated results were assessed as follows. First of all, they were
studied day-per-day. This procedure allows to identify unexpected behaviour in any sensors, and assessing it in
detail or to check if all sensors had been measuring and correctly connected, for instance. Then, they were
integrated in ten minute periods, and average values for each element (indoor air temperature, outdoor

surface temperature of facade...) were obtained.
2.4 Grey Box Model definition

Obtained experimental data can be used for developing and adjusting different building models. This paper

presents the use of these data in a definition of a grey box model, based on a RC Network.

2.4.1 Inputs affecting a node in a building model

Grey box model was designed in an iterative procedure. This procedure started with the most single model and
its complexity was progressively increasing untill achieving a good model adjustment. Thus, the final model was
represented with the RC-network depicted in Figure 5, as well as a representation of the different branches. As
shown in the figure, the model was divided in different branches which represent different energy fluxes:
energy flux through structure (the upper branch), through the windows (the middle one), through the facade
and from heating system. All thermal nodes considered in the model are presented in Table 4. All parameters
identified during the learning process are presented in Table 5. Also the influence of solar radiation was

considered in the model (AiGr and AcGp).

2.4.1.1 Solar irradiation. Effective area

Solar irradiation has a strong influence on the thermal performance of the dwelling, both incident solar
irradiation that passes through a window and the mentioned incident solar irradiation on the outdoor surfaces
of opaque walls. Solar gains are easily accessible in building energy simulation tools such as TRNSYS, but
difficult to obtain in a real building. Different methodologies can be found in literature in order to include direct

and global solar radiation in this kind of models [22, 30].



In this paper, a simplified method has been used based on the effective area, both for windows and walls. The
introduced mathematical correlation aims to calculate the solar radiation effects in the building, taken into

account implicitly the geometric features of the building, solar masks, and cloud cover data.

The effective window area (Aw-) is @ parameter which considers an average surface exposed factor (f), G-value
of the windows (g) and the real area of the window (Aw). Then, Aw- is obtained by multiplying those three

values, f, g and Aw. Thus, the solar flux that passes through windows is calculated as shown in Eq. 1.

bs=Aw_e Gn=f"g- Ay Gy Eq.1
Where G is the horizontal beam radiation [w/m?].
Likewise, the effective facade area (Ar) is a value which considers a surface exposed factor (f), and the real
area of the facade (Ay). The inclusion of this term in the governing equations of the developed model is

presented in the following (indoor air model and opaque walls model).

2.4.1.2 Infiltration and ventilation

Infiltration losses are neglected. A tracer gas test was carried out in the dwelling, and obtained values were
lower than 0.5 ACH. In fact, these losses are actually included in the uncertainty component of the model. As
far as ventilation losses are concerned, no ventilation happened in the dwelling during the monitoring period.
Therefore, it was not represented in the dwelling scheme. However, since ventilation may involve important

heat losses in a dwelling during its usage, it will be considered in the model afterwards, as defined later.

2.4.2 Model coupling

Therefore, heat transfer in the dwelling is described by means of a lumped parameter model, formulated by a
deterministic type, linear time state - space model. Non described effects by mentioned deterministic model
are added as a noise, obtaining thus a stochastic model. The mathematical correlations of this kind of model

are described in detail in [29, 31].

Thus, the coupling of the different elements of the model is presented in Figure 5. The indoor environment was
represented by an indoor air temperature Ti» and a heat capacity of the indoor air mass Cin. This node is also
affected by solar gains through semi-transparent elements. It was obtained by taking horizontal global

radiation (Gn) weighted with the effective window area factor, as previously mentioned.



Connection with the outdoor environment is through thermal resistances and temperature — capacity nodes.
Two different kinds of thermal resistances are presented: those which represent combined heat exchange (Rst-
in, Rstr2, Rw1, Rw2, Re-in and Re-out); and those which are purely conductive resistance, such as Restz, Rez and Res. Cstr

represents the heat capacity of the structure, whilst Ce quantifies the envelope heat capacity.

Solar gains on the envelope outdoor surface were also taken into account, in a similar way to solar gains of the
indoor air node through semi-transparent elements. No heat capacity was assumed in windows. Heat input
from the heaters was not directly included on the indoor air node, but as a small branch which included its

thermal resistance and heat capacity.

In short, the model took into account thermal capacity of the dwelling and thermal resistance of the envelope.
The envelope was divided into the windows component (with the solar gains related to them) and opaque
walls component. The influence of the structure on thermal behaviour (heat capacity and thermal bridges) was

therefore also considered in the model (upper branch).

2.4.2.1 Identification process of parameters
As previously mentioned, the developed model is a grey box model in which the physical part is a stochastic

linear state-space model where the dynamics of the states can be written as shown in Eq. 2.

{dT} = [Al{T}dt + [B]{U}dt
{r} = [C{T} + [DI{U}

Where [A] is the matrix which contains thermal properties of the model; {T} is a state vector formed by the

Eq. 2

temperature at each node; [B] is the matrix which defines the way that excitements affect the model; {U} is the
entry vector, formed by excitement variables, such as air temperatures, solar irradiation, etc; {Y} is the
measurement vector, formed by registered data, such as measured temperatures and heat fluxes; [C] is the
matrix which connects measured variables with state variables; and finally [D], the matrix which connects

measured variables with entry variables. More detailed information about this procedure can be found in [29].

Then, the full model includes five state variables, that each represents the temperature in an element of the
building: Temperature of the heater (Th), Temperature of the indoor air (Tin), Temperature of indoor surface of
fagade (Te-in), Temperature of outdoor surface of fagade (Te-out), Temperature of windows (Tw) and Temperature

of indoor surface of structure (Tstr-in). Similarly, the parameters of the model represent different thermal
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properties of the building. This point includes thermal resistances and heat capacitances, which are presented

in Table 5.

Finally effective areas in which the energy from solar radiation enters the building are included by means of
aforementioned effective area of facade and windows. The set of differential equations describing the heat

flows in the full model are:

1
dTy, = — A Grdt + (Te - Tin)dt + (Tout - Tin)dt

Cin Cin (Re—in + Rez) Cin(Rw—in + Rw—out)
1 Eq.3
+ Tstr — Tin)dt + Ty — Typ)dt + 0 dw;
Cin (Rstr—in + Rstrz) ( s m) Cin ’ Rh ( " m) Tin@in

dT, = ! (T, — T,)dt + (Tyur + A,GLR T,)dt + o,d

¢ Ce(Re—in + Rez) o ¢ Ce(Re—out + Re3) out erhTemout ¢ Teliibe Eq' 4
ATy, = ! (Ty, — Topp)dt + ! (Tyut — T )dt + 05rd
s Cstr (Rser—in + Rser1) " s CstrRstrz out s Ostr (st Eq.5
dT, = ! pPd ! T, Tw)d d
= t‘f‘m(in_ n)dt + opdwy, Eq. 6
And the measurement equation is:

Tk = Ti + ex Eq. 7

The parameters presented in Table 5 were initialized with geometrical observations and using as reference
Spanish thermal standards. The model was calculated by means of the software CTSM. It is a computer
program for performing Continuous Time Stochastic Modelling. The program was developed at Informatics and
Mathematical Modelling (IMM) at the Technical University of Denmark (DTU) [32]. The software package LORD,
which was developed during the PASLINK projects, can also be used with the same aim. It allows the modelling

and identification of thermal systems, in particular building components [33].

3 Experimental data

Results obtained by monitoring are briefly presented in this section. Due to the amount of data obtained,
results of a reference day are presented as an example. Firstly, results of each sensor are presented. Secondly,
average results of that typical day are presented, as well as the plot of the average values of the selected

period (1%%-21% of February).
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3.1 Results per sensor

Daily results were assessed, gathering them by systems and subsystems (Opaque walls, single glazing window,
double glazing window, indoor walls...). As Guerra-Santin and Tweed mentioned in [23], this kind of long term
measurements can say a lot about the performance of the building, and visual examination of the
measurements can give the researcher a good idea of temperature problems in the building, such as rooms
that are too cold or too warm). In this study, for example, results showed that one of the bedrooms (room 1)
presented a low temperature in comparison with the others, which suggested that there were significant heat

losses in there.

3.1.1 Indoor air temperature

Indoor air temperature was measured in the centre of the room, in every location where the occupant spends
most of their time, according to ASHRAE Standard 55 [34]. Thus, measured temperatures in each room, as well
as average temperature and AT (difference between maximum and minimum temperature) are depicted in

Figure 6.

3.1.2 Temperature of envelope indoor surface
Daily data sets belonging to temperatures of envelope indoor surface are depicted in Figure 7. All measured
indoor surfaces performed in a similar way. In this case, differences amongst measured temperatures were

about 0.5 °C.

3.1.3 Temperature of envelope outdoor surface

Temperature of the envelope outdoor surface was measured in two different points: one sensor was located in
the western fagade (Te12) and the other one in the eastern fagade (Te42). Data obtained from the sensors
placed on the outdoor surface of the fagade are graphed in Figure 8. The inclusion of plots related to outdoor
temperature and solar irradiation (dotted lines, blue and yellow respectively) has been considered interesting,
since envelope outdoor surface is obviously the element more affected by climate conditions. The influence of
radiative heat exchange between the outdoor surface of fagade and sky, and the effects of solar irradiation

over facade are clearly identified when these data is analyzing.
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3.1.4 Temperature of floor and ceiling surface

In this case, temperatures measured in room 1 showed also in this case values significantly lower than the
others. Average values of AT for the other rooms graphed in figures in red line (data set corresponding to room
1 has not been taken into account), were 0.4 2C in the case of floor surfaces, and 0.6 ¢C in the case of ceiling
surfaces. As also expected, ceiling surface is more sensible than floor surface to heat input variations, and, in

general, to indoor air temperatures.

3.1.5 Temperature of pillars

Two different behaviours were observed amongst measured temperature in pillars. On the one hand, pillars
which are in the middle of the dwelling (Tp41 and T,7) presented the highest surface temperatures. On the
other hand, all the pillars placed in facade (Tp1, T,3 and Tp8) showed measurements lower than the average
values. However, while Tp41 and T,7 did not show great differences and measurements of both pillars were
quite similar, measurements obtained from Ty1, Tp3 and T,8 displayed significant differences. In the case of T8,
this disparity can be explained because the pillar is placed in a non-heated room. Tp1 measurements should be
similar to T,3, since they both are in the same orientation, and in a heated room. In a similar way to other
temperatures measured in room 1 (as shown before), data obtained from this room were about 0.5 2C lower

than those obtained in room 3, which, presumably had similar conditions.

3.1.6 Temperature of indoor partitions
Surface temperature measurements of indoor partitions for the 1% of February are depicted in Figure 9. If
temperatures corresponding to sensors placed in room 1 (Tm11 and Tm12) and room 6 (Tm61 and Tm62) are not

taken into account, AT (depicted in Figure 9 in red line) presented an average value for that day of 0.7 C.

Interesting information can be obtained when focusing on data sets whose performance differs from the rest,
i.e. Tm11, Tm12, Tm61 and Tm62. In relation to data collected in room 6, low temperatures registered in Tm61

and Tm62 can be explained mainly since this room has no heat input.

Regarding to data logged in room 1, temperatures measured in this room were lower than the rest of the
heated room. Analyzing in detail these values, one can come to the conclusion that these low values were not a
consequence of the low temperatures of the room, but they were the cause itself of the low temperature in

room 1. It was observed that the lowest indoor partition temperatures were logged in Tm11 (this is the wall
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that separates the dwelling with the contiguous one) and temperature values obtained from Tm12 (this wall
separates the dwelling and the staircase) were especially low. These low temperatures may suggest that there
were important heat losses through these walls to contiguous dwelling and, mainly, to staircase. In the first
case, a limited use of the heating system (if there were) in the contiguous dwelling can explain the losses
through Tm11. Losses through Tm12 are the most significant, as it can be concluded when at Figure 9 is

observed.

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

be closely linked with the differences on heat outputs, i.e. heat losses.

3.1.7 Windows temperatures

Five sensors were placed to obtain the temperatures related to windows, as presented in Figure 10. Two
different types of windows were evaluated, single glazing window, and one double glazing window (in room 2).
Temperatures in glazing area and frames were logged. In the case of the double glazing window, temperatures
were measured both in the indoor and outdoor surface of the glass, whereas in the single glazing window only

indoor surface temperature was logged. Sensors’ nomenclature is presented in Table 6.

Being both types of windows low thermal quality windows, significant differences were appreciated between
single and double glazing (differences of more than 2 2C were found when indoor surface temperatures were

compared).
3.2 Average data per day

After analyzing the different elements separately, average values were obtained, with the aim of having a
representative value for each one. Previously, AT (between maximum and minimum logged values in each
moment) for each element had been studied in order to ensure the representation of every sensor, and 1 min.
frequency data had been integrated in a 10 min. frequency data set. Average indoor air temperature was
calculated using measurements obtained with the eight sensors (T.1-T.8). Data set of each sensor was

weighted using the room area where each sensor was located, as Eq. 8 shows.
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T_zzTiXAi
a Y A; Eq. 8

Where T, is the weighted average indoor air temperature; Ti is the indoor air temperature logged by each
sensor; and Ajis the area of each room. This way, calculated values are more representatives, because the
problem found when the room area was not taken into account was that the two small rooms without heating
(drying area and bathroom) caused an average temperature lower than actually was. The rest of average values
(T#,in, Ttout, Tw, Tstr, Tts, Tsi and Tp) were obtained using the measurements logged by the sensors pointed out in

Table 7.

Taken into account the assumptions exposed above, average values for each day were calculated. As a way of
example, average values for the same day (1% of February 2012) are presented in Figure 11. Looking at the
graph, some points should be remarked. First of all, the “heat chain” is clearly shown in the figure. Heat flows

from the hottest point (heater resistance) to the coldest point (outdoor environment).

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

temperature (Test) are much more stable.

Influence of heater or outdoor environment on each element can also be explained with this graph. Indoor air
temperature and indoor surfaces are, obviously, more sensible to heater influence, especially when it is not a
sunny day. Two different performances were shown by windows, depending on their glazing area. Single
glazing windows (T2, in the graph) presented, in the main, glazing area temperatures about two degrees below

the double glazing windows (Tv1).
3.3 Learning data for parameters identification procedure

Once daily data sets were obtained, they were gathered into periods of three weeks data sets. Thus, data sets
corresponding to the first three weeks of monitoring (1%-215* February 2012) are presented in Figure 12. These

data were used for grey box identification and validation.
4 RCmodel results

How monitoring data allowed detecting some performances that in other way they would have gone unnoticed

has been presented in section 3.1. However, it must be highlighted the fact that the grey box model does not
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make differences on that information, but that information, as well as infiltration or possible thermal bridges,
are added in the sum of the components. That is, even though apparently, some effects which affect the
thermal performance of the dwelling are missing, they are implicitly included in the different parameters of the

model.
4.1 Characteristic parameters

Following the procedure previously presented, the RC model of the dwelling was developed. To do that, firstly,
the parameter identification (fix) was carried out using measured data (x, y). Different data periods for
identification process can be found in literature, from 4 days [35] to 60 days [36]. As mentioned before, in this
case, data corresponding to the period 1°%-21%, February (21 days, depicted in Figure 12) was used as learning

data for identification process.

This way, characteristic parameters of the model (thermal capacitances and resistances) were obtained.
Secondly, once inputs (x) and characteristic parameters (fiy) had been known, direct use of the model was
made to verify the model first checking the model represented the real thermal performance of the dwelling by
comparing the calculated results to measured data. Finally, the model was used to make simulations under

different given conditions (x’) obtaining the sought results (y’). The data series presented in Table 8 were used.

Wind velocity was measured as well. However, due to the low values logged during the monitoring period, it
was not considered as a significant parameter. Characteristic parameters (f) obtained for the model are
presented in Table 9. Rsir,1 and Hstr,2, as well as He2 and He3 are presented together, since actually, both values
are calculated separately for methodology reasons (to include between them the capacity; those values
separately are just the best adjustment of the model, based on statistical procedures), but the sum of them is
representative of the R value of the structure and the opaque walls respectively (assuming that other “hidden

effects” of the building can be also included in this value).

Some general considerations can be stated taking into account the values presented in Table 9. First of all,
values of the thermal transmittance of the envelope (H), both for windows and opaque walls. If the value of
each element is multiplied by the element area, an average value of the transmittance [W/m?2.K]. In fact, this is
the important information which the model provides, since these values can be useful as reference to feed

other models later (for instance, to adjust a more detailed TRNSYS model). The scope of these values will be
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closely linked to the detail level defined in the grey box model. Similarly, C values give information about the
thermal inertia of the building. That is, these values show the response time of the dwelling or building to the

variations of outdoor conditions.

Finally, A1 and A2 values (effective area) provide information of the dwelling gains related to solar radiation,
both through opaque walls and windows, assessing the ratio between that value and the real area of the
element (opaque wall, windows or roof if there were). In short, the higher effective area, the higher solar gains

the dwelling has.

4.2 Model validation

A model validation, by means of a comparison between calculated values of the model and those obtained in
the experimental observation was carried out. A graph with both sets of data, as well as the residuals is

depicted in Figure 13. As observed in a first sight, obtained residuals were very low values and around zero.

The autocorrelation function (ACF) and integrated periodogram of the residuals were assessed to verify that
residuals presented a random pattern related to white noise of measuring instrumentation. Thus, the analysis
of ACF of residuals of indoor air temperature is depicted in Figure 14. It was evaluated at a maximum lapse of
50 h. Analysis showed that coefficients took low values, close to zero, alternately, without a defined pattern.

This performance means the dwelling thermal performance is correctly represented by the model.

Similar conclusions were obtained when the integrated periodogram of residuals (shown in Figure 15) was
checked. In this analysis, an ideal time serial purely at random would present cumulative relative amplitudes
for each frequency which would draw a diagonal straight line. The Kolmogorov-Smirnov test (K-S test) was used
to determinate if both data sets differed significantly. Confidence intervals for 95% and 99% certainties are
presented in the aforementioned mentioned graph in red line (inside and outside, respectively). Since obtained
periodogram was amongst the confidence intervals, it can be assumed that those correlations were low and

therefore they could be neglected.

4.3 Model results

One of the most interesting points of using this model, is the fact that the building can be simulated changing
the conditions existing during the monitoring period, using other weather conditions for example, or fixing

some operating conditions in the setpoint comfort temperature.
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Heating consumption of the dwelling during the winter period (November-March) was obtained using the
developed RC model. Weather conditions of Bilbao, were assumed for the simulation. The required weather
data (Outdoor temperature and Gn) were obtained from Meteonorm data base, which represent a typical
meteorological year. Thus, heating consumption during the winter period was calculated as 3098 kWh, which
represents around 60 kWh/m? during those five months. Obtained monthly results for those months are

depicted in Figure 16.

5 Discussion and final considerations

5.1 Pros and cons of RC Models

The methodology developed in this paper is devoted to evaluate the thermal performance of existing buildings,
based on measured data, and comparing different scenarios (before and after renovation works, for example)

under the same conditions.

Then, this paper allows identify the main pros and cons of RC models (comparing them to white models). The
main identified advantages are the lower amount of data required and the fact that uncertainties of data are
more controlled. On the other hand, its main drawback comparing to white models is its lower flexibility to

change building features, building heating systems and the aspects related to solar gains (blinds, shadows...).

Taking into account mentioned pros and cons, it was observed that RC models can be a very useful tool to
owners, investors and public administration to quantify and evaluate the real effect of a given energy saving
measure on a specific residential building (both in partial and global energy renovations): It can be adapted to
residential building features, required monitoring period to obtained learning data for parameter identification
process is no longer than a month, and the methodology takes into account the possible faults in building
envelope or energy systems (which are found quite often in this kind of buildings) whereas at the same time,
allows to difference the human behaviour effects, which can be included in the model afterwards. These
effects can be then included both by considering indoor gains according to a given occupation profile and by
assuming different setpoint temperatures. This last point is a key factor when thermal performance of social
housing buildings is assessed: due to user profile the influence of the rebound effect is more significant, and
moreover, many of them are usually rented, so it is usual that the user of the building before renovation is not

the same that the user which will live in the dwelling after renovation process.
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5.2 Improvements, methodology proposal and suggested application

Finally, for all the mentioned above, an application methodology is proposed in this section. The main
motivation of it is the necessity of a local public administration of assessing and quantifying the effectiveness of
the energy saving measures developed using public funding. For that reason, this section is focused on the

application of mentioned methodology on social housing sector.

First of all, it must be highlighted that the study shows that monitoring can be carried out using a lower amount
of sensors. For that reason, is proposed to use 2 sensors per dwelling to measure indoor air temperature (in
two significant rooms), 4 sensors to measure temperature of opaque envelope (2 in the indoor surface, and 2
in the outdoor surface), 2 sensors in windows, 2 temperature sensors related to heating system, 4-6 sensors to
monitoring surface temperatures of the structure, and the required equipment to measure the outdoor

conditions (solar irradiation and temperature, mainly).

Regarding to monitoring period, as shown in this paper, a 21 day-period is enough to obtain the learning data

required to define an RC model which predicts accurately the thermal performance of the dwelling.

Then, taken into account the mentioned consideration, a methodology proposal is suggested and presented in
Figure 17. As shown, two short monitoring periods (21 days) are proposed, before and after renovation works.
Obtained data in those monitoring are used in the parameter identification procedure, and then, parameters of
the model corresponding to thermal performance of the building or dwelling before and after renovation
works are obtained. Both RC models are fed with the same operating conditions in order to compare the
thermal performance of the building under the same conditions. That comparison allows evaluating the real

effect of the carried out energy renovation quantitatively.

6 Conclusions

This paper has provided high quality data sets of experimental data obtained by means of a detailed monitoring
study carried out in a representative empty dwelling during three months. Moreover, a RC model development
using measured data has been also presented in this paper, and showing that this kind of models can be a very

useful tool to represent in an accurate way the thermal performance of a dwelling. The study has confirmed

that the RC model represents with high accuracy the thermal performance of the studied dwelling, as the
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validation procedure has shown. It must be also highlighted that the strongest point of this kind of models is
the fact that it gives information of the building as actually is and performs, taking into account all the
interactions and all specific details of the construction, not only based on data “as projected” but on real

project data.

A methodology has been proposed to be applied to quantify the real effects of energy saving measures carried
out with public funding, which can be easily adapted to requirements and constraints of social housing and
public administration. It allows defining a mechanical procedure for parameter identification and its
applicability covers all the range of the energy renovation possibilities carried out by public administration in
social housing, from partial energy renovation of building envelope or energy systems, to global building energy

renovations.

Building values related to its thermal performance (H and C) are usually defined in other tools (like TRNSYS or
Energy Plus, to name but a few) based on literature. But in some cases, especially in those buildings where
information about fagade construction or renovation works is not very accurately (this situation is usual in
building renovations), the differences between the theoretical values based on literature and the real ones can
be quite significant, reducing then the accuracy of the obtained results. This problem is avoided using the

methodology presented in this paper.
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Figures

Figure 1. General view of the building where the case study dwelling is located
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Figure 2. Fagade constructive section (according to Bilbao Social Housing renovation in 1989)
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Figure 3. Layout of the studied dwelling before retrofitting works
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Indoor air temperatures
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Indoor partition temperatures
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Figure 12. Plots of the data used in co-heating method and RC model (1st-21st Feb 2012)
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Figure 17. Methodology proposed to evaluate energy renovation effect in social housing
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Tables

Kind of wall Constructive section U —value (calculated) [W/m2K]

Gypsum

Hollow Brick (4.5 cm)

Air gap
External Walls Hollow Brick (12.5 cm) 0.74

Thermal Insulation (2 cm)

Hollow Brick (4.5 cm)

Cement Mortar (2cm)

Projected arid (1,5 cm)

Plaster
Dwelling Partitions Hollow Brick (4.5 cm) 3.59

Plaster

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

Plaster (1 cm)

Table 1. Construction of the main elements of the dwelling envelope
Parameter Units Sensor Uncertainty
Temperature [°C] PT100. A class (4 wire) +0,2°C
Heat Flux [W/m?] Ahlborn FQA-0801-H +5%
Anemometer [m/s] Meteo Multi FMA510 +0,5/+0,3 m/s
Barometric pressure [bar] Meteo Multi FMA510 +0,5 mbar
Relative humidity [%] Meteo Multi FMA510 +3%
Solar Irradiation [W/m?] Kipp and Zonen CMP11 +3%
Electrical power (heaters) [W] Sineax M561 single phase power meter +0,2%
Table 2. Characteristics of the used sensors
Collected data group Number Collected data group Number
of sensors of sensors
Indoor Air Temperature [Ta] 8 Surface Temperature of Structure  [Tsu] 16
Surf. Temp. of opaque env. [Te] 6 - Ceiling [Ts] 5
- Indoor surface 4 - Floor [Ts] 5
- Outdoor surface 2 - Pillars (in) [To] 2

Surface Temp. of windows [Te] 5 - Pillars (out) [To] 4
Surface Temp. of partitions [Tm] 13 Heater Temperature [Te] 5
Flux meters [F] 4 Outdoor Conditions - 4

Table 3. Highlights of the dwelling
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Nodes

Element

(subscript)

Description

Indoor air in

Opaque e-in; e;

walls out

Windows w

Structure Str-in; str

Cin is linked to this node. Other direct inputs, such as solar gains or internal gains
must be also included in this node.
It includes the different resistances and capacitances considered in the opaque

e- walls, as well as other collateral fluxes, such as solar irradiation, which affects
which affects the heat flux indirectly, since it heats up the envelope, and it can
modify it significantly.

This element has no capacity associated, since in residential buildings thermal
inertia of windows can be neglected when comparing to opaque fagade thermal
inertia.

Since the case study is a dwelling, and not a whole building, some heat losses
occurs to other adjacent dwellings. Structure branch represents the heat flux
through the rest of the envelope elements (thermal bridges, indoor partitions...).
The balance in this node is expressed in Eq. 5.

Heating h It is linked to the heater capacitance. The balance of this node is expressed as
system shown in Eq. 6.
Table 4. Thermal nodes considered in the RC model
Name Description
Ch Heater capacitance
Cin Internal air and furniture capacitance
Ce Wall capacitance
Cest Structure capacitance
Rn Convective resistance between heater and indoor air
Re-in Internal convective resistance (walls)
Re2 and Res Wall conductive resistances
Re-out External convective resistances (walls)
Rw-in Internal convective resistance (Windows)
Rw-out External convective resistance (Windows)
Rstr-in Internal convective resistance (structure)
Rstr1 and Rstr2 Structure conductive resistances
Table 5. Description of grey box model parameters
Element Surface Room 2 (Double Glazing) Room 5 (Single Glazing)
Indoor surface Te21 Tes1
Glass
Outdoor surface Te22 -
Frame Indoor Surface Te23 Tes2

Table 6. Sensor’s temperature placed in windows
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Initials Nomenclature Values taken into account
':(' Te Reference heater temperature Ta
< P Input heat power Measured power of the 5 heaters
Ta Average ind. air temperature (weighted) Ta1-Tas
a Tfin Average ind. surface temperature of facade Te11, Te31, Tea1, Teas
S Trout Average outd. surface temperature of fagade Te12, Tea2
= Tw Average surface temperature on windows Te21, Tes1
= Tstr Average temperature of structure Tts1-Ttss, Tfir-Tris, Tp1, Tp3
‘5‘ Tss Average temperature of ceiling surfaces Tes1-Trss
E Tsi Average temperature of flf)or surfaces Trir-Tris
Tp Average temperature of pillars surface Tp1, Tp3
5 Tout Outdoor temperature Web data (Euskalmet)
O Gh Global horizontal irradiation Web data (Euskalmet)

Table 7. Measured data sets

Variables Description
Independent variables Gn It is the observed irradiation at the climate station
x (excitements of the  Tou: [2C] It represents outdoor temperature
system) P [W] It represents the power of the heater
T [2C] It is the objective function of the model. It is a single value which is

the average indoor temperature measurements.
They are the average surface temperature of indoor floor and

: 0
Triand Trs [°C] ceiling respectively

Dependent variablesy Tr [2C] It is the average temperature measured in pillars
(system variables) Tw [€C] It is the average temperature obtained from temperature sensors
v placed in windows
It is the average temperature obtained from temperature sensors
T [eC] placed in indoor and outdoor surface of facade. Two different
Fr averages were calculated, corresponding to the indoor and
outdoor surface temperatures
Table 8. Data series used in the RC model
C [MJ/K] H [W/K] R [K/W]

Hstr-in 820 Rstr-in 1/820
Structure 29.411 0.558

Hstr,1-2 1.8 Rstr,1-2 1/1.8

Hw—in 305 Rw—in 1/305
Windows - 0.007

Hw-out 255 Rw-out 1/255

He-in 1259 Re-in 1/1259
Opague walls 1.975 He,2-3 169 Re2-3 1/169 0.007
(envelope)

He-out 1679 Re-out 1/1679
Heater 0.001 Hh,1 15.5 Rh,1 1/15.5 0.06
Indoor air 0.667 -

Al:3.1m?; A2:8.66 m?

Table 9. Characteristic parameters of the model
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