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Abstract: This paper reports the application of RC dynamic models for assessing thermal performance
of buildings from in-situ tests (obtaining the U value for the walls, and the UA value and gA value
for the whole buildings). The following aspects which are relevant to this approach have been
systematically analyzed: The effect of the solar radiation on the heat flux through the opaque walls
versus the performance of the models including this effect, the optimum number of nodes required to
represent the thermal systems, the assignment of inputs and outputs and the length of the test period.
Additionally, several options modelling relevant effects using unmeasured variables were studied to
evaluate the feasibility to reduce the cost and intrusiveness of the measurement devices required to
obtain accurate results. Data series recorded under different experimental conditions were considered
to analyze the robustness and validity of the results. The performance of the models for each of these
different test conditions is discussed. The uncertainties estimated using the described method for the
U values of the opaque walls, and the UA and gA values of the whole building, are, respectively,
2.8%, 4.2% and 2.3%. The feasibility to model relevant effects using unmeasured variables has been
demonstrated. A simplified and well-known building has been used as a case study, reinforcing and
complementing the validation criteria.

Keywords: building energy performance; building envelope; outdoor testing; in-situ tests; thermal
parameters; performance indicators; dynamic analysis

1. Introduction

The increasing consciousness on energy and environmental issues is leading to an intensification
of research that can contribute to guide the elaboration of regulations, aiming to save building energy
use and emissions of pollutants, frequently based on theoretical calculations. However, the theoretical
and actual building energy performance can show significant differences. This problem has been
evidenced and discussed by some researchers [1,2], showing that more scientific work is necessary to
enhance the reliability of the building energy simulation design tools and the procedures for assessing
the as-built energy performance. This research is also required to produce scientific background to
support the elaboration of regulations and standards for energy savings in buildings [3]. The Strategic
Plan [4] of the Energy in Buildings and Communities (EBC) Technology Collaboration Programme
(TCP) of the International Energy Agency (IEA), considers among its research themes the need for
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tools that identify sources of performance gaps and provide feedback to designers, building owners
and operators. It also observes the role of experimental research in understanding the sources of
performance gaps in the operational phase and states its usefulness to evaluate opportunities for
refurbishment and post-refurbishment performance.

Some published studies considered the effect on the performance gap of the differences between
the climate data files used for the simulations and the actual weather [5]. Some authors focus their
analysis on the effect of climate change [6]. These works identified relevant deviations on the building
energy performance due to the differences between the traditionally used climate data files and the
updated meteorological data. The gap related to the climate change has a relevant impact in several
areas. Some authors discus its effect on the conservation framework for wisely protecting heritage
resources in a changing climate [7]. Some studies identify the difference between the standard and
actual occupancy patterns as a relevant contribution to this performance gap [5,8]. Several studies apply
sensitivity analysis to identify the effects which are more relevant on the performance gap when they
are different from those assumed for simulations. The reference [9] reports the analysis of the deviation
from design specifications that could be introduced by poor workmanship on the construction process.
It identified that the execution of the building envelope is very relevant regarding the overall building
energy performance, particularly the thickness of the insulation layers and the airtightness. The work
reported in [10] evaluated the effect of the different hypotheses used for the thermal performance
assessment based on simulation of two office buildings. This work concluded that the deviation due
to the hypothesis used for the simulation and the actual measured values can triplicate the energy
demands. The biggest influence identified is due to the slab-on-grade modelling. The infiltration
rate has been also identified as a relevant contribution to this performance gap. The reference [11],
also reports a work based on sensitivity analysis quantifying the differences on the building energy
performance introduced by different values of the parameters that characterize the building envelope.
This work proposes a methodology based on this analysis to identify the most appropriate retrofit
measures of existing buildings.

The building envelope is a very influencing element on the energy performance of the buildings.
This issue is corroborated by several projects in this context which are considering the aforementioned
identified performance gap [12,13]. Experimental assessment procedures can contribute to solve the
problems caused by this performance gap [14]. Different data-based dynamic modelling approaches
can be applied to assess the in-situ thermal performance of the building envelope. These approaches are
different regarding complexity and also in terms of reliability [15]. These methods can be steady-state
or averaging methods that can be seen as integral approaches or dynamic approaches that can be seen
as differential approaches. Some simplified methods based on averages that were developed and fully
applied in the past are still being used [16]. Nevertheless, the applicability of these methods has certain
limitations regarding the test conditions or regarding the length of the test campaign. Such limitations
make difficult, and sometimes impossible, its applicability to buildings and/or, mainly buildings in
locations under warm weather and high levels of solar radiation.

Coheating tests are used to obtain the heat-loss coefficient of full-sized empty buildings from
in-situ measurements conducted in the heating season for a period of at least two weeks [17,18].
This parameter is obtained from steady-state calculations based on linear regression from daily
averages. This method has been developed, assessed and largely used in locations with cold weather
and relatively low levels of solar radiation. However, actual thermal performance of the building
envelope and its accurate characterization are also important in emplacements where the weather is
sunny and warm and hot [19–23]. The quick U-building (QUB) method is a relatively new method
used to measure the overall heat loss coefficient of empty buildings during one to two nights by
applying heating power and by measuring the indoor and the outdoor temperatures [24]. This reference
demonstrates that the accuracy of the QUB method depends on several aspects, such as the boundary
conditions (solar radiation), initial conditions (initial power and temperature distribution in the walls)
and on the design of QUB experiment (heating power and duration). Development and validation
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of reliable procedures, with generalized applicability to in-use buildings and including a sunny and
warm climate and capable of dealing with the dynamic features of these generalized conditions,
are also necessary to achieve the readiness required for deployment in this context. Uncertain accuracy,
high cost and intrusiveness limit the implementation of some experimental methods. Additionally,
the increasing availability of smart technologies and on-board monitoring systems offers a huge
amount of data that could be used for the assessment of building energy performance of in-use
buildings. The development and validation of reliable procedures together with the access to smart
technologies and on-board monitoring systems could facilitate the introduction of performance
assessment procedures in normative and commercial applications.

Dynamic issues are relevant to the energy performance of walls and whole buildings [25,26].
Dynamic data-based modelling techniques are promising to carry out the energy performance
assessment of in-use buildings overcoming some problems that arise when some average and
linear regression methods are applied. Wide activity has been developed in this area [3,27], with a
broad development on techniques for the identification of the parameters characterizing the thermal
performance of building components, from dynamic tests in outdoor test cells, usually obtained
from linear and time-invariant models [28]. The extension and generalization of the current scope of
application of these techniques is not simple, but some researches are undertaking this challenge [29].

This article deals with the application of RC dynamic models for assessing the in-situ thermal
performance of walls (identifying the U value) and whole buildings (identifying the UA value and gA
value). These models use an electrical analogy representing the thermal system to obtain the required
parameters. LORD software has been used as tool to identify the required parameters from the measured
data series [30]. The potential to apply this approach to in-use buildings has been demonstrated by
a previously published work [29]. This paper repots a further systematic analysis focusing on the
following aspects: the effect of the solar radiation on the heat flux through the opaque walls versus
the performance of the models including this effect. Although previous work [31] analyzed this issue
applying another method and concluded that neglecting this effect is convenient, a deeper analysis is
here reported. This work also studied the optimum number of nodes required to represent the thermal
systems, the assignment of inputs and outputs and the length of the test period. Additionally, several
options modelling relevant effects using unmeasured variables were studied to evaluate the feasibility
to reduce the cost and intrusiveness of the measurement devices required to obtain accurate results.
The feasibility to model relevant effects using unmeasured variables has been demonstrated.

A building which is well-known and simplified has been considered for this study. Data series
recorded under very different experimental conditions were used to analyze the robustness and
validity of the results. The performance of the models for each of these different test conditions is
discussed. The detailed information of the construction of the building which is available, including
accurate geometrical parameters and thermal properties of its construction materials, strengthens
and complements the criteria for validation. This issue together with the simplicity of the building,
the oversizing of its test set up and length, and the richness of the weather conditions throughout
the test campaign, are relevant features to make this case study suitable to corroborate, complement,
and extend some findings from previous works [31]. These analyses and comparisons give background
to support the criteria for selecting the best model among the considered candidates and the minimum
set of variables required to guarantee an adequate accuracy of the analysis. The objective is to find
the simplest and cheapest models giving enough accuracy. These requisites are crucial regarding
deployment in commercial applications.

The same benchmark data have been used as support to other research focusing on different
aspects and methodologies. Rouchier et al. [32] report the application of Sequential Monte Carlo (SMC)
for the on-line estimation of the heat loss coefficient (HLC) of a building. Chávez et al. [31] analyzed
systematically different key aspects of a dynamic integrated method applied to assessing the in-situ
thermal performance of walls and whole buildings and demonstrated the reliability of that method.
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The analysis reported in this paper added to other published works [31] constitutes a collection of
methods systematically applied and validated by means of their application to the same test set up
and high quality benchmark data. This material contributes as a strong basis and background to the
development of procedures for the in-situ performance assessment of the building fabric, using data
recorded by on-board monitoring systems, from test campaigns conducted under a large variety of
weather and test conditions.

The next sections are organized as follows: Section 2 briefly describes the simplified building,
the boundary conditions and test set up used as a case study in this research work; Section 2 also
introduces the methodology that has been applied as well as the steps followed for the analysis, first of
the opaque walls and afterwards of the whole building; Section 3 reports and discusses the results;
and, finally, Section 4 synthesizes the main findings of the work.

2. Materials and Methods

2.1. Benchmark Set up and Data

A test box performing as a simplified building was used in this research work. It was built within
the framework of IEA EBC Annex 58. The same building was used as benchmark and support for
previous research works in this context. This building and the experiment set up are briefly presented
hereafter. Further information is reported in reference [15].

2.1.1. The Building (Test Box)

The simplified building is a test box that consists of a cubic structure (Figure 1). Its exterior
dimensions are 120 × 120 × 120 cm3, and the ceiling, floor and walls are all 12 cm thick. The south wall
has a wooden-framed window 71 × 71 cm2 and a glazed area of 52 × 52 cm2. It is suspended over
a structure that avoids contact with the ground. Due to its airtight construction, air leakage can be
assumed as negligible.

Figure 1. Experiment set up. (a) Test box and measurement devices in its surroundings, (b) detail of
installation of indoor air temperature sensors protected by aluminum cylinders, (c) detail of installation
of shielded and ventilated outdoor air temperature sensors.

The thermal transmittance (U in Wm−2K−1) and the solar-energy transmittance (g, dimensionless)
have been considered to characterize the opaque elements (ceiling, floor and walls) from
one-dimensional analysis. The overall thermal transmission coefficient (UA in WK−1) and the total solar
heat gain factor (gA in m2), have been considered to characterize the whole building envelope from
three-dimensional analysis. The values of the characteristic parameters of the building theoretically
calculated, together with the results obtained applying other method for the analysis were used as
complement to the validation criteria (Table 1). The maximum deviations for the theoretical values
were calculated as the standard deviation among all the average values for winter and summer data
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series due to variations of surface temperature and wind speed, which are minor deviations, as shown
in Table 1. The g value is very low. According to [15], it is 0.0060 in average. Taking into account this
low value it could lead to an undetectable effect of the solar radiation on the interior surfaces of the
opaque walls.

Table 1. Theoretical values of the characteristic parameters and estimated ranges of deviations from
their constant values, and values obtained applying other analysis method [31].

Parameters Theoretical Value Maximum Deviation Value from Dynamic
Integrated Method [31]

U Ceiling (W/m2K) 0.476 0.003 (0.7%) 0.50 ± (1.0%)
U Back (W/m2K) 0.476 0.003 (0.7%) 0.45 ± (0.03%)
U Right Wall (W/m2K) 0.476 0.003 (0.7%) 0.45 ± (2.5%)
U Left Wall (W/m2K) 0.476 0.003 (0.7%) 0.45 ± (1.0%)
UA Whole Box (W/K) 4.08 0.03 (0.7%) 4.08 ± (0.6%)
gA Whole Box (m2) 0.162 0.00002 (0.01%) 0.160 ± (1.7%)

2.1.2. Boundary Conditions

The test campaign was carried out outdoors at the Plataforma Solar de Almeria (PSA), in the
south east of Spain (37.1◦ N, 2.4◦ W). The area is rural, and the climate is typically hot and dry in
summer and cold in winter; the air temperature presents large oscillations from day to night, with high
levels solar radiation and clear sky.

2.1.3. Conducted Experiments and Data Series

Several experiments have been conducted under different test conditions to obtain different data
series which are suitable to analyze different aspects of the modelling methods. The heating power
was supplied by a 100 W incandescence lamp and the indoor air temperatures have been controlled
in order to set the different test conditions. The experiment set up includes a comprehensive set of
measurement devices [15]. The following subset of variables has been used for the analysis described
in the next sections:

• Indoor air temperature, Ti, as the average of the two measurements of this variable Ti_down and
Ti_up, shown in Figure 1b.

• Outdoor air temperature, Te, as the average of the two measurements of this variable Te_middle

and Te_down, shown in Figure 1c.
• Measured heat flux through ceiling, floor and all the opaque walls: ϕceiling, ϕfloor, ϕback, ϕleft

and ϕright.
• Measured heating power, Pheating.
• Measured global vertical solar radiation facing south, Gv.

The experiments have been designed aiming to produce several data series containing the
information required to apply system identification techniques. The phenomena to be characterized
must be evident and strong enough for the application of these techniques. In this context, a phenomenon
is strong enough when the amplitude of its driving variable is significantly higher than the uncertainty
in its measurement. If a driving variable does not fit this requisite, signal to noise is poor, leading to
inaccurate parameter estimates. Accordingly:

• To identify the heat transfer coefficient, the test set-up must guarantee strong enough heat loss
through the building envelope maximizing the indoor to outdoor air temperature difference,
which is the driving variable for this effect.

• To identify the overall gA-value, the solar gains must be strong enough. This is achieved when
the test period includes enough sunny days with high levels of solar radiation, which is the
corresponding driving variable.
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• To identify dynamic models, the system must be excited by dynamic input signals containing
a wide range of frequencies and including the characteristic time constants of the system.
The variables involved in the energy balance equations of outdoor tests have a dynamic
character, but identification is facilitated by the application of certain power sequences such as the
ROLBS [33] etc.

The following issues regarding the experiment set up are also relevant to the identifiability and
accuracy of the parameter estimates:

• Heating Power: heating the indoor air is necessary to maximize the indoor to outdoor air
temperature difference. Free running tests usually lead to poor signal to noise ratios in the
measurements of temperature difference and cause problems with identifiability. Additionally,
the heating power must be strong enough because it is a relevant variable to the energy balance
equation that must be used for the analysis.

• Homogeneity of the indoor air temperature: the solar radiation and the heating systems are
heating sources that can produce some inhomogeneity to the indoor air temperature which
contribute to the uncertainty of the parameter estimates. A mini fan has been used to improve the
air temperature homogeneity. A device with very small ventilation power has been chosen to
avoid perturbations in the interior convection coefficients.

• Sampling frequency: the sampling theorem must be fulfilled in the raw data as well as in any
resampling applied in the pre-processing phase. The sampling frequency must be at least twice
the frequency of the variable which is being measured.

According to all these issues three data series corresponding to different periods have been
considered. One-minute sampling interval has been set. This sampling interval guarantees that the
raw data fulfil the sampling theorem. The main differences among the three periods concerns to the
heating power and indoor temperature settings:

• Series 16: 6 December 2013 to 17 December 2013 (12 days). This series includes one ROLBS power
sequence and was mainly designed to optimize the test conditions to the application of the system
identifications techniques.

• Series 17: 18 December 2013 to 26 December 2013 (9 days). Aiming to reproduce as possible a
coheating test, but setting the indoor air temperature set point to 35 ◦C. This test sequence was
designed in order to have a reference analysis according as much as possible to the traditional
coheating test, and also to explore the application of steady-state approaches and also to analyze
the capability to apply the system identification techniques to this type of tests. This series is also
useful to analyze causality issues and different variables as the input signal. It must be observed
that this test is not identical to the coheating test described in the literature [17]. It is a bit modified
taking into account the given boundary conditions: in winter the indoor air temperature cannot be
maintained at a constant 25 ◦C because the low position of the sun produces a strong global solar
radiation incident on the window (Figure 2e). Consequently, the indoor air temperature shows
some dynamic behavior with overheating intervals (Figure 2d) even raising the set point to 35 ◦C.

• Series 18: 27 December 2013 to 7 January 2014 (12 days): also aiming to reproduce as possible a
Coheating test, but in this case setting the indoor air temperature set point to 21 ◦C, intending to
emulate the comfort zone in an in-use building. These more realistic conditions are set in order to
explore the possibilities to apply these identification techniques to in-use buildings using data
recorded by its on-board monitoring systems. These test conditions are also interesting to analyze
causality issues and different variables as output signals. In this case, the low level of the indoor to
outdoor air temperature difference increases the difficulty to identify the UA value. Additionally,
the contribution of the solar radiation to the space heating makes it impossible to maintain a
constant indoor air temperature. This effect, clearly seen from the observation of Figure 2e,f,
is stressing the need to apply dynamic techniques for the analysis.
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Figure 2. Data overview where Pheating is the heating Power; Gv and Gh are the vertical and the horizontal
global solar radiation, Ti_down and Ti_up are the two measurements of the indoor air temperature,
Te_middle and Te_down are the two measurements of the outdoor air temperatures. (a) Heating power.
Series 16, (b) indoor and outdoor air temperatures. Series 16, (c) heating power. Series 17, (d) indoor
and outdoor air temperatures. Series 17, (e) vertical and horizontal global solar radiation. Series 18,
(f) indoor and outdoor air temperatures. Series 18.

Finally, the consecutive records available in these data series have been merged in one data series
and then this full data series has been split in three series with identical length. The analysis has been
done using the resulting four data series, named as:

• Series a: 6 December 2013 to 16 December 2013 (11 days). The test conditions in this series are
dominated by the test conditions in series 16, with a ROLBS power sequence.

• Series b: 17 December 2013 to 27 December 2013 (11 days). The test conditions in this series
are dominated by the test conditions in series 17, mainly with 35 ◦C set point for the indoor air
temperature which is mainly constant.
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• Series c: 28 December 2013 to 7 January 2014 (11 days): The test conditions in this series
are dominated by the test conditions in series 18, mainly with 21 ◦C set point for the indoor
air temperature trying to maintain a constant indoor air temperature which actually has a
dynamic behavior.

• Series d: 6 December 2013 to 7 January 2014 (33 days), which is the combination of series 16, 17
and 18, therefore including a rich diversity of test conditions.

2.2. Data Analysis and Modelling Methodology

The subsequent subsections describe the following issues of the methodology that has been
applied: First, the dynamic RC modelling approach is briefly presented (in Section 2.2.1). The criteria
to assess performance of the models and the validity of the results are presented (in Section 2.2.2).
Then the application of this methodology to the ceiling, floor, opaque walls (in Section 2.2.3) and the
whole building (in Section 2.2.4) is described. Afterwards, some models including modelling of some
effects driven by unmeasured variables are considered (in Section 2.2.5).

Several candidate models have been considered. All these candidate models have been constructed
translating the physical features of the considered thermal systems into RC model structures.
Simplifications, in which validity was demonstrated in previous work [31], were taken into account to
construct these RC models. Accordingly, the starting points of this work are the results and conclusions
reported in [31]. This work explores the capabilities of RC models to improve the results of that work
analyzing the following aspects:

• Further analysis of the influence of the solar radiation that is transmitted through the opaque
walls versus the performance of the models including this effect. The work reported in [31]
concluded that including the solar radiation in the models of the opaque walls does not improve
the accuracy of the U value estimates. However, a model including a y-intercept was identified as
the best model among the considered candidate models. The y-intercept was interpreted as a
representation of the sum of the effects that were not included explicitly in the model. This issue
induced us to carry out further analysis reconsidering the effect of the solar radiation applying the
RC approach described in this paper.

• Other effects such as dependencies on wind speed, surface and fabric temperatures have been
disregarded taking into account the conclusions of the work reported in [31].

• Several options modelling relevant effects using unmeasured variables in order to evaluate
the feasibility to reduce the cost and intrusiveness of the measurement devices required us
to obtain accurate results. These options were not considered in [31]. However other works
have demonstrated the usefulness of modelling several effects which are driven by unmeasured
variables [34,35].

Additionally, the following issues of the RC modelling approach have been investigated along the
application of this method to the particular case study considered in this work:

• Reduction of the test period regarding the test period required us to obtain accurate results
applying the dynamic integrated method applied in [31].

• The optimum number of nodes required to represent the thermal systems.
• The assignment of inputs and outputs.
• The performance of the models using data recorded under different test conditions.

2.2.1. RC Models

RC models are used for obtaining the U value of the opaque walls and the UA value and gA value
of the whole building. These models use an electrical analogy representing the thermal system to obtain
the required parameters. The software tool LORD [30] has been used to identify the parameters of these
models. Physical criteria have been combined with this modelling approach to obtain these coefficients
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and also to validate the results. This applied approach is based on energy balances, constructed from
the main heat transfer contributions that are identified and modelled.

First, the U values of the opaque walls, ceiling and floor were obtained by a one-dimensional
analysis based on direct measurement of heat flux through the interior surfaces. The main focus of this
analysis was determining the optimum number of nodes to represent the opaque walls. Afterwards,
a three-dimensional analysis based on the energy balance on the air volume confined by the building
envelope, was applied to estimate the overall UA and gA values of the whole building envelope.
The data series a, b, c and d recorded under different test conditions as well as the results obtained
in previous work, applying a different method [31] and also the target design values, were used to
analyze the robustness of the results.

2.2.2. Assessment of the Validity of the Results

The performance of the candidate modes to give accurate estimates of the required characteristic
parameters was evaluated considering these aspects:

• The physical coherence of the results obtained using different data series recorded under very
different test conditions. The uncertainty related to the spread in each parameter was quantified
through the following parameter [36] and its minimization was used as a criterion for consistency:

σX =
Xmax −Xmin
√

12
, (1)

where X represents the parameter estimate that can be U, g, UA or gA. Xmax and Xmin are,
respectively, the maximum and minimum among the X estimates obtained from all the available
data series; and σx is the error obtained as the squared root of the variance estimate assuming a
rectangular distribution [36] for the parameter X.

• The average of the residuals: Considering the minimization of the difference between measured
output variable and model output, as indicator of good model performance. The value of this
indicator is considered good enough when it is in the range of the uncertainty of the measurement
of the model output.

• The agreement with the theoretical target values that are reported in Section 2.1.1. These values are
considered reliable references and are relevant complements to the validation criteria, taking into
account the simplicity and the detailed and accurate knowledge of the construction.

• The agreement with the results obtained by the application of other methods [31].

The systematic analysis and discussion of the quality of the results obtained from the different
candidate models has been assisted by plots of the proposed indicators versus the different
modelling options.

2.2.3. Modelling of the Ceiling, Opaque Walls and Floor

The analysis to obtain the U value of the opaque walls, ceiling and floor was based on the
one-dimensional energy balance equation on the corresponding interior surface. This energy balance
was referred to the net heat flux density measured on this surface. Several candidate models were
constructed based on different approximations for these effects and considering these contributions:

• Heat losses through the wall driven by the indoor to outdoor air temperature difference. A constant
U value is assumed to characterize this effect. As explained before, variations of this parameter
due to other effects have been disregarded.

• Solar gains driven by the solar radiation. Different candidate models that exclude and include this
effect were constructed, considering that this contribution could be a bit relevant or negligible to
the net heat flux through the opaque walls, ceiling and floor. The global solar radiation measured



Energies 2020, 13, 4800 10 of 30

on the corresponding exterior surface, multiplied by an unknown constant g value, was considered
in those candidate models including this contribution.

Taking into account these contributions, introducing c as the effective heat capacity of the wall
and Tw as its temperature, the one-dimensional energy balance equation on the interior surface of each
opaque wall, with all the terms in W/m2, is written as:

ϕ = c
dTw

dt
+ U(Ti − Te) − gG, (2)

The RC candidate models representing this energy balance in each opaque wall were constructed
linking indoor and outdoor air temperatures by one branch with several capacitors and resistances in
series (Figure 3a) as explained hereafter:

• Models with n nodes and being n from 3 to 7 were considered, in order to analyze different
distributions of thermal mass along the thickness of the walls. To avoid over-parameterization,
symmetry was assumed. H1-2 = H(n−1)−n; C2 = Cn−1; H2−3 = H(n−2)−(n−1); C3 = Cn−2; etc.

• The heat flux multiplied by a parameter (An) which is fixed to 1, is linked to node n.
• The outdoor air temperature (Te) is linked to node 1.
• The indoor air temperature (Ti) is linked to node n.
• Models including and non-including the solar radiation were evaluated as discussed in previous

paragraphs. For models including the solar radiation, it is multiplied by an unknown parameter
(A2) and linked to node 2.

• The indoor air temperature (Ti) and the heat flux through the internal surface of the wall (ϕ) were
considered as alternative outputs to the models. In principle the selection of the model output
must be based on causality, but both options were analyzed when these variables do not evidence
clearly which one should be chosen as output according to this criterion.

Figure 3. RC models considered for the analysis. The blue dots indicate the different candidate models
adding resistances and capacitances where n is 3 to 7. (a) One-dimensional analysis of the opaque walls.
With An fixed to 1, and C1 = Cn = 0. (b) Three-dimensional analysis of the whole building. With An

identified by the model and An+1 fixed to 1, and C1 = Cn+1 = 0.

First, a systematic analysis of the ceiling considering all these options and their combinations
was carried out. Once the best model for the ceiling was identified among all the candidate models
considered, the U value of floor and left, right, back walls was obtained using the best model found for
the ceiling taking into account that all these opaque components were almost identical. The following
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measurements of solar radiation were used: the horizontal global solar radiation for the ceiling,
the north vertical global solar radiation for the back wall, and the south vertical global solar radiation
for the floor, right and left walls.

Once we identified the best model representing the opaque walls, we analyzed the effect of the
length of the test period on the accuracy of the results. This model has been used to obtain the U value
of the ceiling, floor and opaque walls for different test lengths from 1 to 10 days.

2.2.4. Modelling of the Whole Building

The analysis to obtain the UA and gA of the whole box envelope was based on the three-dimensional
energy balance equation on the air volume confined by the building envelope. This energy balance refers
to the energy supplied and removed from this volume. Several candidate models were constructed
based on different approximations for these effects and considering these contributions:

• Heat supplied to the room by the heating system, Pheating.
• Heat losses through the building envelope driven by the indoor to outdoor air temperature

difference. A constant UA value is assumed. Variations of this parameter with wind speed and
outdoor surface temperature have been disregarded taking into account the conclusions from a
previous work [31].

• Solar gains driven by the solar radiation. Modelled as an unknown constant gA value multiplied
by the measured global vertical solar radiation. This effect is modelled assuming that the main
contribution of the solar radiation to the energy balance in the room is caused by the global vertical
solar radiation incident on the window.

• Air leakage. All the candidate models have been constructed under the hypothesis that this effect
is negligible, taking into account that the construction is known to be very tight. The results
reported in [31] corroborate this assumption.

Taking into account these contributions and introducing C as the effective heat capacity of the
room, the three-dimensional energy balance equation on the air volume confined by the building
envelope, with all the terms in W, is written as:

Pheating = C
dTi
dt

+ UA(Ti − Te) − gAGv, (3)

The RC candidate models representing this energy balance in the air volume confined by the
building envelope were constructed linking the indoor and outdoor air temperatures by the element
constituted by several capacitors and resistances (Figure 3b) as explained hereafter:

• A branch representing the opaque walls. Candidate models with 3 to 7 nodes in this branch were
considered, in order to analyze the suitability of modelling different distributions of thermal mass
along the thickness of these walls. To avoid over-parameterization, symmetry has been assumed.
H1−2 = H(n−1)−n; C2 = Cn−1; H2−3 = H(n−2)−(n−1); C3 = Cn−2; etc.

• A parallel branch, consisting in just a thermal resistance, representing a faster heat transmission
through the building envelope, mainly due to the window.

• The outdoor air temperature (Te) is linked to node 1.
• The indoor air temperature (Ti) is linked to node n.
• All the candidate models include the south vertical solar radiation (Gv) taking into account that

the facing south windows provoke a relevant contribution to the energy supplied to the room.
It is multiplied by an unknown parameter (An) and linked to node n.

• Node n+1 is linked to node n by a conductance that is fixed to a large value (such that
(1/Hn+1−n→ 0)). The heating power (Pheating) multiplied by a parameter (An+1) fixed to 1 is
linked to node n+1. This makes node n+1 equivalent to node n, but it is necessary because the tool
used to identify the considered models (LORD, [30,37]) allows just one link of heat flux per node.
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• The indoor air temperature (Ti) and the heating power (Pheating) were considered as alternative
outputs to the models. The issues that justify the consideration of these two options for the output
are the analogous to those mentioned in Section 2.2.3 for the opaque walls.

A systematic analysis of the whole box considering all these options and their combinations was
carried out.

Once identified the best model representing the whole building, the effect of the length of the test
period on the accuracy of the results has been analyzed. This model has been applied to obtain the UA
and gA value of the whole building for different test lengths from 1 to 10 days.

2.2.5. Models Including Effects Driven by Unmeasured Variables

Once the best model was identified among all the candidate models considered, several options
modelling the relevant effects using unmeasured variables were proposed and evaluated in order to
study the feasibility to reduce the cost and intrusiveness of the measurement devices required to obtain
accurate results. The following candidate models were considered:

• Model 1: using a synthetic variable, instead of the measured Gv, calculated according the following
expression trying to emulate the shape of the actual vertical global solar radiation:

Gv_synthetic =

{
cos(2πt + π); I f Gh > 1 W/m2

0; I f Gh ≤ 1 W/m2 , (4)

This strategy improves cost effectiveness as far as it can avoid the use of a pyranometer, specifically
installed for this analysis, measuring the global solar radiation on the orientation where the
building has relevant glassing surfaces. It can be applied in any the following cases:

1. When the horizontal global solar radiation is available, that is more standardized than having
it in any vertical surface.

2. When no measurement of solar radiation is available, but the time of sunrise and sunset are
known, which is relatively easy for a given location.

• Model 2: using a synthetic outdoor air temperature, instead of the measured Te, calculated
according to the following expression:

Te_synthetic = 8.48 ◦C
{

1 +
cos[2π(t− ∆t) + π]

2

}
, (5)

where 8.48 ◦C is the average outdoor air temperature according to the Typical Meteorological Year
(TMY) that was available for the location as reported in [6,38]. ∆t is a two-hour delay observed
between the solar radiation and the outdoor air temperature. This strategy offers the possibility
for a cost reduction when the Te corresponding to the TMY of the place is available.

• Model 3: using a binary variable, instead of the measured Pheating. This binary variable is one
when the heating is on and zero when the heating is off. The coefficient A4 was fixed to the
average of the heating power when it is on. In practice this would be equivalent to having a
record of the status of the heating system (on or off) along the experiment and the measurement of
the heating power supplied without being necessary any devices for its continuous measurement.
This option represents a moderate cost reduction as far as continuous measurement of heating
power is avoided, but it requires the continuous measurement of the status of heating system
which is simpler and cheaper than a continuous accurate measurement of the heating power.

• Model 4: the only difference between this model and Model 3 is that, in Model 4, the parameter
A4 is an identifiable parameter instead of the fixed value used in Model 3.
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• Model 5: using the set point indoors air temperature, instead of the measured Ti. This option
allows us to avoid the measurement of the indoor air temperature. This strategy is useful to
reduce the cost of the experiment as well as its intrusiveness.

3. Results and Discussion

This section presents the results obtained using all the candidate models and discusses their validity.

3.1. Analysis of the Opaque Walls

The results given by the different candidate models considered for the opaque walls, and the
validity of these results are presented and discussed in Sections 3.1.1 and 3.1.2.

3.1.1. The Ceiling

The results obtained using the different candidate models are presented in Figure 4 and Tables 2–5.
These tables and figure indicate that the three nodes models present a very bad performance taking
into account the large spread observed between the results obtained from different data series, the large
average value of the residual and the U value estimates which are far from the target theoretical
values and also far from the values obtained applying other methods. Attending to the same criteria,
a significant improvement is observed in the four nodes models. However, scarce variations are
observed when the number of nodes is increased. In some cases, the tendencies of these minor
variations regarding the four nodes models are towards worse performance.

Focusing on the four nodes models and attending to the spread of the results using different data
series, the model with Ti as output shows slightly smaller spread in the results than using ϕceiling as
output for the same model. Models including solar radiation do not show improvement regarding
those not including it. The others validity criteria do not show significant differences.

Figure 5c and Tables 4 and 5 show that the g values identified from the models including the solar
radiation are very low with relatively large uncertainties which indicates a poor identification of this
parameter due to its low value according to Section 2.1.1, corroborating its negligibility. This issue
corroborates why the models including the solar radiation are not improved.

According to these issues, the U value estimate obtained from the four nodes model, not including
solar radiation and using the indoor air temperature as output has been chosen (Figure 4b and Table 2).

3.1.2. Floor, Back, Right and Left Walls

The results obtained using the four nodes model for the floor, back, right and left walls are
summarized in Figure 5 and Tables 6–8. The U value estimates present better performance when the
solar radiation is not included (Figure 5a,b, and Tables 6 and 7). The g value estimates when models
include the solar radiation, are very low with large uncertainties (Figure 5c and Table 8). This behavior
was also observed for the ceiling, which makes sense taking into account that all these opaque elements
are identical, concluding that including the solar radiation also has a negative effect on the performance
of the models for the floor and opaque walls. The results obtained with the model that do not include
the solar radiation present very good agreement with the theoretical values and also with the results
obtained using other different method reported in [31] (Table 1).

3.1.3. Model Performance for Different Length of Test Period

Considering the results for the ceiling and back wall, very little variation in the accuracy of the U
value estimates for the different lengths of test period is observed. Attending to the spread in the U
value estimates for different data series, a slight improvement is observed for a six-day test period
which is maintained similar for larger test periods (Figure 6a and Table 9). The average of the residuals
does not show relevant differences for the different lengths of test period. These residuals are low and
in the range of the uncertainty of the measurement of the output variable.
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Figure 4. Ceiling. Results obtained using different candidate models. Left: average of U value for
series a, b and c. Right: residuals for series a in black, series b in red, series c in blue and pink for the
full data series d. (a) Including solar radiation. Output: Ti, (b) not including solar radiation. Output:
Ti, (c) including solar radiation. Output: ϕceiling, (d) not including solar radiation. Output: ϕceiling.
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Table 2. Ceiling. U value. Summary of the results using models that do not include solar radiation. Output: Ti. Where eU is the error and R is the average of the
residuals given by LORD for each data series.

Series a Series b Series c Series d Series a, b, c

Ner

Nodes
U

(W/m2K)
eU
(%)

R
(K)

U
(W/m2K)

eU
(%)

R
(K)

U
(W/m2K)

eU
(%)

R
(K)

U
(W/m2K)

eU
(%)

R
(K)

Uavg

(W/m2K)
σU

(W/m2K)
σU
(%)

3 1.47 7.2 5.26 0.93 0.1 3.11 1.42 0.8 3.85 0.59 – 6.46 1.27 0.16 12.4
4 0.53 0.3 0.52 0.50 0.1 0.45 0.55 1.8 0.56 0.51 – 0.81 0.52 0.01 2.8
5 0.53 0.3 0.53 0.50 0.1 0.43 0.55 0.3 0.39 0.27 0.3 2.33 0.52 0.01 2.8
6 0.23 0.2 0.62 0.50 0.005 0.45 0.55 0.1 0.56 0.24 0.1 1.68 0.42 0.09 21.6
7 0.34 0.6 0.62 0.66 0.3 0.72 0.61 100 1.00 0.24 0.2 1.59 0.54 0.09 17.2

Table 3. Ceiling. U value. Summary of the results using models that include solar radiation. Output: Ti. Where eU is the error and R is the average of the residuals
given by LORD for each data series.

Series a Series b Series c Series d Series a, b, c

Ner

Nodes
U

(W/m2K)
eU
(%)

R
(K)

U
(W/m2K)

eU
(%)

R
(K)

U
(W/m2K)

eU
(%)

R
(K)

U
(W/m2K)

σUm
(%)

R
(K)

Uavg
(W/m2K)

σU
(W/m2K)

σU
(%)

3 1.95 – 4.04 2.20 0.1 1.14 3.50 – 1.64 0.84 – 5.40 2.55 0.45 17.6
4 0.56 0.3 0.64 0.51 0.1 0.53 0.59 0.2 0.67 0.52 0.005 0.99 0.55 0.03 4.6
5 0.23 0.3 0.62 0.50 0.005 0.45 0.55 0.005 0.50 0.51 0.005 0.79 0.43 0.09 21.3
6 0.21 0.3 0.61 0.62 14.7 0.61 0.59 0.3 0.67 0.52 0.3 0.99 0.47 0.12 25.3
7 0.32 0.3 0.60 0.68 1.3 0.59 0.57 0.1 0.68 0.23 0.1 5.25 0.52 0.10 20.1

Table 4. Ceiling. g value. Summary of the results using models that include solar radiation. Output: Ti. Where eg is the error and R is the average of the residuals
given by LORD for each data series.

Series a Series b Series c Series d Series a, b, c

Ner

Nodes
g
(-)

eg
(%)

R
(K)

g
(-)

eg
(%)

R
(K)

g
(-)

eg
(%)

R
(K)

g
(-)

eg
(%)

R
(K)

gavg
(-)

σg
(-)

σg
(%)

3 0.177 – 4.04 0.495 0.1 1.14 0.325 – 1.64 0.055 – 5.40 0.332 0.091 27.6
4 0.007 0.005 0.64 0.007 0.005 0.53 0.007 0.005 0.67 0.007 0.005 0.99 0.007 0 0
5 – – 0.62 – – 0.45 – – 0.50 – – 0.79 – – –
6 0.007 27.2 0.61 0.067 58.7 0.61 0.007 0.005 0.67 0.007 0.005 0.99 0.027 0.017 64.2
7 0.007 1.4 0.60 0.067 5.5 0.59 0.007 0.005 0.68 0.007 22.8 5.25 0.027 0.017 64.2
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Table 5. Ceiling. g value. Summary of the results using models that include solar radiation. Output: ϕ. Where eg is the error and R is the average of the residuals
given by LORD for each data series.

Series a Series b Series c Series d Series a, b, c

Ner

Nodes
g
(-)

eg
(%)

R
(W/m2)

g
(-)

eg
(%)

R
(W/m2)

g
(-)

eg
(%)

R
(W/m2)

g
(-)

eg
(%)

R
(W/m2)

gavg
(-)

σg
(-)

σg
(%)

3 0.05 10.3 8.52 0.188 2.5 4.16 0.106 – 5.71 0.05 0.1 7.13 0.114 0.04 34.7
4 0.006 8.3 3.59 0.009 0.6 3.17 0.01 2.3 3.33 0.006 0.1 3.37 0.008 0.001 13.9
5 – – 3.37 – – 2.69 0.004 8.7 3.31 – – 3.60 0.004 0 –
6 0.002 100 3.51 0.001 100 3.24 0.003 3.8 3.16 0.002 14.9 3.51 0.002 0.001 28.9
7 0.002 100 3.51 0.002 27.2 3.24 0.009 – 3.32 0.007 100 3.51 0.004 0.002 46.6
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Figure 5. All the opaque walls: results obtained using a four nodes model. Left: average of U value for
series a, b and c. Right: values for series a in black, series b in red, series c in blue and pink for the full
data series d. (a) Not including solar radiation. Output: Ti; (b) including solar radiation. Output: Ti;
(c) including solar radiation. Output: Ti.

The average of the residuals for these opaque elements shows the best behavior for the series
b (Figure 6b,d,f), which is the series with the largest indoor to outdoor air temperature difference.
This issue corroborates the usefulness of maximizing this driving variable introduced in Section 2.1.3.
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Table 6. Opaque walls. U value. Summary of the results using models that do not include solar radiation. Output: Ti. Where eg is the error and R is the average of the
residuals given by LORD for each data series.

Series a Series b Series c Series d Series a, b, c

Wall U
(W/m2K)

eU
(%)

R
(K)

U
(W/m2K)

eU
(%)

R
(K)

U
(W/m2K)

eU
(%)

R
(K)

U
(W/m2K)

eU
(%)

R
(K)

Uavg
(W/m2K)

σU
(W/m2K)

σU
(%)

Right 0.44 0.5 1.53 0.45 9.5 0.88 0.46 2.6 1.36 0.45 0.1 1.71 0.45 0.01 1.2
Left 0.46 15 1.35 0.47 77.3 0.78 0.48 22.4 1.08 0.47 4.4 1.48 0.47 0.01 1.0
Back 0.46 – 0.45 0.44 0.005 0.43 0.48 0.005 0.51 0.45 – 0.68 0.46 0.01 2.0
Floor 0.59 4 2.10 0.49 50.9 0.83 0.65 64.3 1.31 0.53 5.8 3.22 0.58 0.05 7.9
Celling 0.53 0.3 0.52 0.50 0.1 0.45 0.55 1.8 0.56 0.51 – 0.81 0.52 0.01 2.8

Table 7. Opaque walls. U value. Summary of the results using models that include solar radiation. Output: Ti. Where eg is the error and R is the average of the
residuals given by LORD for each data series.

Series a Series b Series c Series d Series a, b, c

Wall U
(W/m2K)

eU
(%)

R
(K)

U
(W/m2K)

eU
(%)

R
(K)

U
(W/m2K)

eU
(%)

R
(K)

U
(W/m2K)

eU
(%)

R
(K)

Uavg
(W/m2K)

σU
(W/m2K)

σU
(%)

Right 0.47 3.9 1.58 0.45 44.9 0.89 0.48 5.8 1.38 0.45 0.3 1.80 0.47 0.01 1.5
Left 5.46 89.8 4.57 0.47 40 0.78 0.56 41.4 1.03 2.95 2.4 7.18 2.16 1.44 66.6
Back 0.47 0.8 0.48 0.47 0.1 0.40 2.07 11.6 1.40 0.46 0.005 0.76 1.01 0.46 46.1
Floor 8.18 13 4.58 0.50 59.4 0.84 14.38 7.3 1.99 0.53 100 3.26 7.68 4.01 52.2
Celling 0.56 0.3 0.64 0.51 0.1 0.53 0.59 0.2 0.67 0.52 0.005 0.99 0.55 0.03 4.6

Table 8. Opaque walls. g value. Summary of the results using models that include solar radiation. Output: Ti. Where eg is the error and R is the average of the
residuals given by LORD for each data series.

Series a Series b Series c Series d Series a, b, c

Wall g
(-)

Ug
(%)

R
(K)

g
(-)

Ug
(%)

R
(K)

g
(-)

Ug
(%)

R
(K)

g
(-)

Ug
(%)

R
(K)

gavg
(-)

Ug
(-)

Ug
(%)

Right 0.007 0.005 1.58 0.007 30.4 0.89 0.007 0.005 1.38 – – 1.80 0.007 0.000 0.0
Left 0.337 86.3 4.57 – – 0.78 0.007 1.3 1.03 0.263 2.7 7.18 0.172 0.095 55.4
Back 0.007 0.005 0.48 0.031 0.005 0.40 0.911 14.7 1.40 0.007 0.005 0.76 0.316 0.261 82.5
Floor 0.507 15.5 4.58 – – 0.84 0.813 6.9 1.99 – – 3.26 0.66 0.088 13.4
Celling 0.007 0.005 0.64 0.007 0.005 0.53 0.007 0.005 0.67 0.007 0.005 0.99 0.007 0.000 0.0
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Figure 6. Opaque elements. Analysis of model performance for different length of test period. Series a
in black, series b in red and series c in blue. The continuous lines represent the averages values from
the results of the three data series a, b and c. Left U value. Right average of the residuals; (a,b) Ceiling;
(c,d) Back wall; (e,f) Floor.

Considering the floor, the spread of the results for the different data series is relatively large for test
periods shorter than seven days and increases slightly for larger test periods (Figure 6e). The average
of the residuals shows different behavior for the different data series, being relatively high for series a
and lower for series b and c (Figure 6f). The results for series a and c are far from the target theoretical
values. However, the results obtained using series b present better agreement with these theoretical
values. The observed behavior could be explained by the effect of the perturbation caused by the solar
radiation through the windows incident on the floor. The relative weight of this perturbation is smaller
for series b that presents the larger amplitude of indoor to outdoor air temperature difference which is
the main driven variable used to obtain the U value. This issue leads us to obtain better results from
series b even in the presence of the perturbation caused by the solar radiation incident on the interior
surface of the floor.
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Table 9. Ceiling. Comparison of the results for different test lengths. U using the 4 nodes model without solar radiation and Ti as output.

Series a Series b Series c Series a, b, c

Days
U

(W/m2K)
eU
(%)

R
(K)

U
(W/m2K)

eU
(%)

R
(K)

U
(W/m2K)

eU
(%)

R
(K)

Uavg
(W/m2K)

σU
(W/m2K)

σU
(%)

2 0.545 6.3 0.2 0.497 7.5 0.2 0.549 1.7 0.4 0.530 0.015 2.8
3 0.543 97.6 0.2 0.491 0.1 0.2 0.547 0.4 0.4 0.527 0.016 3.1
4 0.553 0.2 0.5 0.493 0.1 0.2 0.541 0.2 0.5 0.529 0.017 3.3
5 0.545 2.5 0.4 0.489 0.4 0.3 0.537 0.2 0.5 0.524 0.016 3.1
6 0.529 100 0.6 0.489 0.0 0.3 0.533 0.2 0.5 0.517 0.013 2.5
7 0.525 0.1 0.6 0.491 0.0 0.3 0.535 0.1 0.5 0.517 0.013 2.5
8 0.525 0.8 0.5 0.495 0.1 0.4 0.537 0.3 0.5 0.519 0.012 2.3
9 0.527 – 0.5 0.495 0.3 0.4 0.537 0.2 0.5 0.520 0.012 2.3

10 0.529 0.2 0.5 0.495 0.0 0.4 0.541 0.1 0.5 0.522 0.013 2.6
11 0.529 – 0.5 0.497 0.0 0.4 0.547 0.1 0.6 0.524 0.014 2.8



Energies 2020, 13, 4800 21 of 30

3.2. The Whole Building

The results obtained using the different candidate models considered to obtain UA and gA values
and also the validity of these results is presented and discussed in Sections 3.2.1–3.2.3. The number of
nodes in the opaque branch (3 to 7) is used to identify the models hereafter.

3.2.1. Models Considering Different Number of Nodes for the Branch Representing the Opaque Walls

The results obtained using different number of nodes for the branch representing the opaque walls
and setting the outdoor air temperature and the heating power as alternative outputs are summarized
in Figure 7, and Tables 10 and 11. These tables and figure show that:

• Attending to the spread in the results obtained using the different data series, the three nodes
model with Ti as output shows the best performance.

• Attending to the residual obtained using the different data series, scarce differences are observed
for the different candidate models.

Figure 7. Whole building: results obtained using different candidate models. Left: using Ti as output
variable. Right: using Pheating as output variable. (a) Average of UA for series a, b and c. (b) Average of
gA for series a, b and c. (c) Residuals for series a, b, c and d. Series a in black, series b in red, series c in
blue and pink for the full data series d.
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Table 10. Whole building. Summary of results. Output: Ti. UA values, and average of the residuals. Where eUA is the error and R is the average of the residuals given
by LORD for each data series.

Series a Series b Series c Series d Series a, b, c

Ner

Nodes
UA

(W/K)
eUA
(%)

R
(K)

UA
(W/K)

eUA
(%)

R
(K)

UA
(W/K)

eUA
(%)

R
(K)

UA
(W/K)

eUA
(%)

R
(K)

UAavg
(W/K)

σUA
(W/K)

σUA
(%)

3 4.10 6.4 0.58 4.35 3.3 0.53 3.75 2.1 0.55 4.14 1.4 0.70 4.07 0.17 4.2
4 3.68 2.6 0.67 4.20 4 0.49 4.83 7.4 0.61 4.15 0.8 0.56 4.24 0.33 7.8
5 4.22 1 0.33 4.82 – 0.40 4.44 0.2 0.40 4.15 0.1 0.55 4.49 0.17 3.9
6 4.13 4.8 0.40 5.99 14.4 0.43 4.44 0.5 0.40 4.05 2.1 0.57 4.85 0.54 11.1
7 4.22 0.5 0.33 5.29 0.6 0.37 3.87 0.1 0.41 4.15 0.1 0.56 4.46 0.41 9.2

Table 11. Whole building. Summary of results. Output: Ti. gA values, and average of the residuals. Where egA is the error and R is the average of the residuals given
by LORD for each data series.

Series a Series b Series c Series d Series a, b, c

Ner

Nodes
gA

(m2)
egA
(%)

R
(K)

gA
(m2)

egA
(%)

R
(K)

gA
(m2)

egA
(%)

R
(K)

gA
(m2)

egA
(%)

R
(K)

gAavg
(m2)

σgA
(m2)

σgA
(%)

3 0.153 0.1 0.58 0.153 10.6 0.53 0.141 2.7 0.55 0.153 1.6 0.70 0.149 0.003 2.3
4 0.117 5.3 0.67 0.153 2.8 0.49 0.141 3.1 0.61 0.165 5.4 0.56 0.137 0.01 7.6
5 0.165 0.005 0.33 0.177 – 0.40 0.153 0.8 0.40 0.165 0.2 0.55 0.165 0.007 4.2
6 0.141 0.005 0.40 0.153 12.4 0.43 0.153 0.2 0.40 0.141 1.2 0.57 0.149 0.003 2.3
7 0.165 0.005 0.33 0.177 0.9 0.37 0.141 0.8 0.41 0.165 0.005 0.56 0.161 0.01 6.5
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Taking into account the observed performance of the considered models, the three nodes model,
with Ti as output, including solar radiation has been chosen to give the final results for the UA and gA
values. This model is named as Model 0 hereafter.

Focusing on the results obtained from the different data series, the results obtained from series
a is the one that shows the best agreement with the theoretical values and with the results obtained
applying a different analysis approach (see Tables 1, 10 and 11). This is logical taking into account that
the test conditions from this data series was optimized for the application of system identifications
techniques, as explained in the Section 2.1.3.

3.2.2. Model Performance for Different Length of the Test Period

The results of the analysis carried out are summarized in Figure 8, and Tables 12 and 13. These tables
and figure show that the spreads in the UA and gA obtained for the different data series is relatively
high for the shortest lengths of test periods. These spreads oscillate for the different lengths of test
period with a decreasing tendency for increasing lengths of the test period and is significantly small for
a test period of four days in the case of UA. It is also relatively low for lengths of the test periods of five
and eight days (Figure 8a). However, the gA value shows large spread for test periods shorter than six
days and is relatively low for tests periods of six and eight days (Figure 8b). The average of the residuals
does not show relevant differences for the different lengths of test period. These residuals are low and
in a range that is similar to the range of the uncertainty of the measurement of the output variable.

Figure 8. Whole building. Analysis of model performance for different length of test period. Series a in
black, series b in red and series c in blue. The continuous lines represent the average values from the
results of the three data series a, b and c. (a) UA value. (b) gA value.
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Table 12. Whole building. Comparison of the results for different test lengths. UA for the 3 nodes model with solar radiation and Ti as output.

Series a Series b Series c Series a, b, c

Days UA
(W/K)

eUA
(%)

R
(K)

UA
(W/K)

eUA
(%)

R
(K)

UA
(W/K)

eUA
(%)

R
(K)

UAavg
(W/K)

σUA
(W/K)

σUA
(%)

2 4.35 14.3 0.4 5.09 18.4 0.6 5.75 10.9 0.3 5.06 0.41 8.0
3 7.17 8.7 0.4 3.95 2.4 0.4 5.54 5.3 0.4 5.55 0.93 16.8
4 4.00 11 0.6 4.24 0.5 0.4 4.25 4 0.5 4.16 0.07 1.7
5 4.01 3.7 0.6 4.25 1.1 0.4 3.87 12 0.5 4.04 0.11 2.7
6 4.06 8 0.6 4.41 7.4 0.4 3.80 2.9 0.6 4.09 0.18 4.3
7 4.11 2.8 0.6 4.17 0.2 0.4 4.73 7.2 0.6 4.18 0.31 7.5
8 4.13 7.8 0.6 4.16 0.4 0.4 3.87 4.8 0.6 4.05 0.08 2.1
9 4.10 1.6 0.6 4.18 2.3 0.4 4.74 5.8 0.6 4.34 0.19 4.3

10 4.10 2.2 0.6 4.42 5 0.4 4.43 10.3 0.6 4.31 0.10 2.2
11 4.10 6.8 0.6 4.35 1.7 0.5 3.75 2.9 0.6 4.07 0.17 4.3

Table 13. Whole building. Comparison of the results for different test lengths. gA using the 3 nodes model with solar radiation and Ti as output.

Series a Series b Series c Series a, b, c

Days gA
(m2)

egA
(%)

R
(K)

gA
(m2)

egA
(%)

R
(K)

gA
(m2)

egA
(%)

R
(K)

gAavg
(m2)

σgA
(m2)

σgA
(%)

2 0.165 2.2 0.4 0.105 100.0 0.6 0.385 1.0 0.3 0.218 0.081 37.0
3 0.481 2.8 0.4 0.105 15.5 0.4 0.227 1.4 0.4 0.271 0.109 40.1
4 0.153 3.8 0.6 0.203 0.8 0.4 0.165 2.1 0.5 0.174 0.014 8.3
5 0.153 2.4 0.6 0.203 4.4 0.4 0.141 6.8 0.5 0.166 0.018 10.8
6 0.153 0.9 0.6 0.165 27.9 0.4 0.141 3.6 0.6 0.153 0.007 4.5
7 0.153 1.1 0.6 0.177 1.1 0.4 0.141 13.5 0.6 0.145 0.017 12.0
8 0.153 4.8 0.6 0.165 5.1 0.4 0.153 0.1 0.6 0.157 0.003 2.2
9 0.153 0.2 0.6 0.177 8.5 0.4 0.141 10.7 0.6 0.157 0.01 6.6

10 0.153 0.1 0.6 0.177 8.0 0.4 0.141 3.8 0.6 0.157 0.01 6.6
11 0.153 0.1 0.6 0.153 3.1 0.5 0.141 2.7 0.6 0.149 0.003 2.3
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3.2.3. Models Including Non-Measured Variables

The results obtained for the considered models including non-measured variables are summarized
in Tables 14 and 15, and discussed in the following:

• Model 1 using a synthetic variable, instead of the measured Gv, has given good UA estimates only
if the data series is long enough (series d). This result indicates that this strategy is useful for a
cost reduction of the test set up when the length of the test campaign is not critical.

• Model 2 using a synthetic outdoor air temperature, instead of the measured Te, has shown a
better behavior when the indoor air temperature is higher (series a and b). In this case the errors
due to the difference between the true Te and Te_synthetic have a relative lower influence than
having a lower indoor to outdoor temperature difference. This result indicates that when the test
conditions allow to achieve a high enough indoor to outdoor temperature difference and the TMY
of the place is available, a cost reduction of the test set up by eliminating the measurement of the
outdoor air temperature is possible.

• Model 3 using a binary variable, instead of the measured Pheating, has given good results for all the
data series. These results support the validity of a model implementing a moderate cost reduction
regarding the reference model 0 as discussed in Section 3.2.

• Model 4 which is model 3 modified by the parameter A4 set as an identifiable parameter instead
of a fixed value, has given good UA estimates only if the data series is long enough (series d).
This result indicates that this strategy is useful for a cost reduction of the test set up when the
length of the test campaign is not critical.

• Model 5 using the set point indoors air temperature, instead of the measured Ti, has shown good
results only when this set point is remarkably high (series b) which is useful for testing empty
buildings allowing setting up a high enough Ti.

The results obtained from these alternative models which are in the range of the expected values
are highlighted in green in Tables 14 and 15.
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Table 14. Whole building. Models including non-measured variables. Output: Ti. Summary of the results. UA values, and average of the residuals.

Series a Series b Series c Series d Series a, b, c

Model UA
(W/K)

eUA
(%)

R
(K)

UA
(W/K)

eUA
(%)

R
(K)

UA
(W/K)

eUA
(%)

R
(K)

UA
(W/K)

eUA
(%)

R
(K)

UAavg
(W/K)

σUA
(W/K)

σUA
(%)

0 4.10 6.4 0.6 4.35 3.3 0.5 3.75 2.1 0.6 4.14 1.4 0.7 4.07 0.17 4.2
1 3.02 41.7 2.3 3.23 18.9 1.0 3.38 100 2.4 3.97 56 3.0 3.21 0.10 3.2
2 4.00 6.4 0.7 3.88 4 0.6 3.58 11 1.2 4.00 33.5 1.9 3.82 0.12 3.2
3 4.09 5.3 0.6 4.26 3.4 0.5 3.72 4.1 0.6 3.87 1.2 0.7 4.03 0.16 3.9
4 35.45 2.7 0.6 2.93 8.1 0.5 3.22 3.5 0.6 3.91 19.2 0.7 13.87 9.39 67.7

5 1 - - - 4.04 0.1 31.4 1 4.47 0.005 40.2 1 3.89 0.2 49.0 1 - - -
1 Model 5 has Pheating and output. Its residuals (R) are in Watts.

Table 15. Whole building. Models including non-measured variables. Output: Ti. Summary of the results. gA values, and average of the residuals.

Series a Series b Series c Series d Series a, b, c

Model gA
(m2)

egA
(%)

R
(K)

gA
(m2)

egA
(%)

R
(K)

gA
(m2)

egA
(%)

R
(K)

gA
(m2)

egA
(%)

R
(K)

UAavg
(m2)

σgA
(m2)

σgA
(%)

0 0.153 0.1 0.6 0.153 10.6 0.5 0.141 2.7 0.6 0.153 1.6 0.7 0.149 0.003 2.3
1 - - - - - - - - - - - - - - -
2 0.165 0.6 0.7 0.141 8.3 0.6 0.227 1.4 1.2 0.177 32.3 1.9 0.178 0.025 14.0
3 0.153 4.6 0.6 0.153 2.4 0.5 0.141 3.8 0.6 0.141 1.3 0.7 0.149 0.003 2.3
4 1.361 0.4 0.6 0.105 17.4 0.5 0.105 0.8 0.6 0.141 20.4 0.7 0.524 0.363 69.2

5 1 - - - 0.151 0.2 31.4 1 0.100 0.005 40.2 1 0.100 0.005 49.0 1 - - -
1 Model 5 has Pheating and output. Its residuals (R) are in Watts.
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4. Conclusions

The reported systematic analysis has demonstrated the capability of the dynamic data-based RC
models to assess the U value of opaque walls as well as the UA and gA values of whole buildings.
The results and conclusions are supported by the richness of the data series recorded under very
different conditions of the tests carried out on a benchmark set-up. Additionally, the well-known
theoretical target values and the results obtained using other method give strong support to the validity
of the obtained results.

The following conclusions were extracted from the one-dimensional analysis carried out to obtain
the U value of the opaque walls, ceiling and floor:

• The best performance among all the candidate models has been observed in the four nodes model,
with Ti as output, non-including solar radiation. This model has been chosen to give the final
results for the U value of the opaque walls, ceiling and floor.

• The results obtained using models assigning the heat flux as output instead of the indoor
air temperature did not show significant differences regarding the results obtained using the
chosen model.

• The results obtained using models including the solar radiation do not show significant differences
regarding the chosen model that do not include this variable. This result can be explained in
two different ways, both leading to conclude that including the solar radiation on the opaque
wall models is not convenient, (1) either because its effect is in practice negligible on the heat flux
measured through the internal surfaces of these walls, or (2) because its effect is in the range of
the uncertainty of the measurement of heat flux. In this case, modelling the effect of the solar
radiation from the recorded data is not possible.

The following conclusions were extracted from the three-dimensional energy balance and analysis
carried out to determine the UA and gA values of the whole building:

• Taking into account the observed performance of the considered models, the best performance
among all the candidate models has been observed in the three nodes model, with Ti as output,
including the solar radiation. This model has been chosen to give the final results for the UA and
gA values because it shows the best performance attending to the spread in the results obtained
using different data series.

• The data series that was optimized for the application of system identifications techniques (series a
including a ROLBS power sequence), gave the most accurate results, which makes sense taking
into account that a system identification tool has been applied to obtain these parameters.

The analysis of the influence of the length of the test periods on the performance of the chosen
models has shown that this length is relevant to the accuracy of the results. The worse performance
was observed for the lowest length with improving tendencies and certain oscillation when the length
is increased. This tendency is slightly seen for the U value of opaque walls but is more evident for the
whole building that shows very bad performance for the lowest test periods. In both cases (opaque
walls and whole building) six-day and eight-day test lengths have shown the best performances.
These issues evidence the usefulness of analyzing the optimum length for each case study.

The following conclusions were extracted from the three-dimensional energy balance and analysis
carried out to determine the UA and gA values of the whole building using non-measured variables
reducing the cost of experiment set up and simplifying it:

• If the heating power has an on/off pattern, models can give accurate results including this
contribution to the energy balance as a binary variable that is one when the heating is on and zero
when the heating is off, together with a constant coefficient fixed to the average of the heating
power when it is on. The same model avoiding the average of the heating power when it is on can
give also acceptable results for long enough testing periods.
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• Using a synthetic variable, instead of the measured Gv, can give good enough results when the
tests campaign is long enough.

• Using a synthetic outdoor air temperature, instead of the measured Te, can give acceptable results
when the test conditions allow to achieve a high enough indoor to outdoor temperature difference
and the TMY of the place is available.

• Using the set point indoors air temperature, instead of the measured Ti, can give good results
only when this set point is remarkably high, which is useful for testing empty buildings allowing
setting up a high enough indoor air temperature.

It must be highlighted that the models chosen to obtain the final result are highly dependent on
the characteristics of the building envelope. The best models identified for this case study cannot be
used arbitrarily to other buildings. The application of this modelling approach to any other building
typology requires one to follow the same process presented in this article. First, constructing several
candidate models based on physical criteria and feasible approximations. Afterwards, selecting the
best model following the steps and the validation criteria presented in this paper. The identification
of the most suitable model output, the optimum number of nodes to represent the opaque elements,
determining if the transmission of the solar radiation through the opaque walls is or is not relevant,
and the assessment of the robustness of the results, are key aspects that can show different behavior in
different buildings and consequently must be analyzed in each case study.

The analysis reported in this paper added to other published works constitutes a collection of
methods systematically applied and validated by means of their application to high quality benchmark
data. This material provides strong background and support to the development of procedures for
in-situ performance assessment of the building fabric, from data recorded by the on-board monitoring
systems, from experimental campaigns conducted under a wide variety of dynamic conditions.

The presented methodology for building energy performance assessment would be very useful
to carry out diagnosis, resulting in a guidance to assist energy rehabilitations, and also to assess the
effectiveness of such refurbishments once implemented. A large proportion of the buildings that need
an energy rehabilitation are in-use. The capability to carry out such analysis using on-board monitoring
system on in-use buildings, would contribute to reduce the intrusiveness of these assessment techniques,
enhancing the readiness for deployment of this methodology.

Further research work to be undertaken in this area should expand the generality of the presented
approach and its validity. In order to achieve these objectives, case studies increasing gradually the
level of reality should be considered. In this context, the simplified building considered in this paper,
and an extended test campaign that is available, are useful to study the following relevant aspects:
extend the analysis to other months (including summer, spring and autumn), and also to study the
feasibility to characterize the building in the presence of air infiltrations, different building orientations
and incorporating phase change materials. Additionally, other buildings should be considered as case
studies, to continue expanding the generality of these methods and extending the study to different
building typologies under different weather conditions.
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