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Abstract

In a global effort to reduce carbon emissions from the building sector, reliable on-site thermal intrinsic
performance measurements could positively contribute to reducing the performance gap in newly constructed
or retrofitted buildings. A measurement is considered reliable when it is both accurate and precise, meaning
it is, on average, on target with a finite, ideally low level of uncertainty.

This paper aims to assess the reliability of a Heat Transfer Coefficient measurement using the Sereine
method. The paper conducts an extensive uncertainty analysis, defining a new expanded coverage interval
and thereby introduces an innovative approach to addressing uncertainties related to weather and building
type. This approach relies on an extensive set of numerical experiments to quantify the measurement
uncertainty under diverse measurement conditions.

An experimental campaign in an externally insulated house demonstrates good agreement among all
Sereine tests. It reveals that the expected performance consistently falls within the final widened coverage
interval, which suggests reproducibility of the measurement. Given its thorough and transparent uncer-
tainty quantification, the Sereine method could be a cornerstone for reliable performance measurement and,
consequently, a valuable tool for future performance contracting protocols or building certification.

Keywords: Inverse problem, Sereine test, Heat Transfer Coefficient, Reproducibility, Uncertainty analysis

1. Introduction cient (HTC), can significantly contribute to a uni-
fied approach to the verification of actual building
performance. Deb et al. [3] reported that stake-

holders recognize the numerous associated benefits

The changing climate raises serious threats for
buildings and occupants [1]: discomfort, illness,

mortality, financial consequences and further car-
bon emissions. Key factors for mitigation and adap-
tation are high performance of new constructions
and efficient mass renovation of the existing build-
ing stock. One of the strategies to achieve high
performance is the implementation of performance
contracting and performance guarantees in general.
To be effective, it is essential that the energy sav-
ings be verifiable by methods agreed upon by all
parties involved [2].

In that perspective, the measurement of the ac-
tual intrinsic energy performance of the building
envelope, such as the overall Heat Transfer Coeffi-
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of on-site measurements. In particular, stakehold-
ers expect that an overall HT'C measurement should
be easy to deploy, completed in a few days or less,
and conducted at a reasonable cost. More impor-
tantly, accuracy is for stakeholders a major concern
as is minimising the HTC associated uncertainty.

While accuracy of an HTC measurement method
is generally tackled in the related literature, there
is no common and shared practice for identifying
and quantifying the sources of uncertainty of these
methods. Fitton et al. [5] outlined indeed that each
method has its own uncertainty quantification ap-
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Nomenclature

X (parameter hat) Parameter estimate, i.e.
calculated from measured data

C;, C, Thermal capacitance parameters of the
RC models (J/K), see Appendix A

Cpv,air Volumetric heat capacity of air

(Wh/m?/K)

H,, H;, H, Conductance parameters of the RC
models (W/K), see Appendix A

H;,s Heat transfer coefficient by air infiltration
(W/K) as per ISO 13789 standard [4]

H;, Heat transfer coefficient by transmission
(W/K) as per ISO 13789 standard [4]

HTC Heat Transfer Coefficient (W/K): over-
all or whole-building heat transfer of the
building envelope towards exterior as de-

fined in the ISO 13789 standard [4]. See
section 2.3.2

nso Air change rate at a 50 Pa pressure dif-
ference (vol/h)

Py, Measured heating power (W)

Piny  Equivalent power lost or gained by air in-
filtrations during the test (W)

Qing Air flow rate by infiltration (m?/h)

Text, Tint External/indoor air temperature (°C)

ugrc HTC overal uncertainty (W/K)

uirP> HTC uncertainty after parameter and

variable uncertainty propagation (W/K)
(see section 2.3.3)

UMOB ﬁ estimate uncertainty resulting from
the maximum observed bias (W/K)

X* (starred parameter) True or target value

of the measurand/parameter. For ex-
ample, HTC} ) .qin, 18 the target HTC
value obtained by a coheating measure-

ment.
BIC  Bayesian Information Criterion

EWI and IWI External wall insulation and In-
ternal wall insulation

GUM Guide to the expression of Uncertainty
in Measurement (published by the Joint
Committee for Guides in Metrology)

IWEC International Weather for Energy Calcu-
lation

VIM International Vocabulary for Metrology
(published by the Joint Committee for
Guides in Metrology)

proach, with values ranging from 3 % to 30 %. More
specifically, without being exhaustive, the literature
shows variable levels of maturity regarding uncer-
tainty quantification. Gori et al. [6] or Thébault
and Bouchié [7], with earlier work of Stamp [8] and
Jack et al. [9], consider model-related, aleatory and
systematic sources of error. In contrast, others re-
main elusive [10, 11, 5], even when repeatability is
evidently not achieved.

It is likely that the concept of measurement un-
certainty and the estimation thereof is not fully un-
derstood by the building energy community. Defi-
nitions from the metrology community [12, 13] may
be of some help. The expectations of stakeholders
as identified by Deb et al. [3], can be translated
as follows: an HTC measurement should be precise
(meaning that when repeated, measurements are
close to each other), it should be accurate (close

to its true value) and reproducible (precision of the
same measurement method on the same object un-
der different conditions such as different operators
or locations). For the latter to make sense in the
case of an HT'C measurement, we propose to repute
reproducible an HTC measurement that is precise
when a same building is measured by different oper-
ators and under different weather and climate con-
ditions. Conditions for reproducibility may also be
specifically defined, excluding, for example, sum-
mer conditions, to ensure reproducibility under said
conditions.

In summary, the lack of common and shared
practice for uncertainty quantification poses a se-
rious reliability issue since an overly optimistic un-
certainty creates a misleading sense of confidence in
a measurement that is thereby neither repeatable
nor reproducible. Systemic uncertainty quantifica-



tion combined with accurate methods is, therefore,
a key factor in achieving a more reliable HTC mea-
surement.

Objectives, research contribution and paper struc-
ture

This paper addresses the issue of HT'C measure-
ment reliability by contributing to the accuracy as-
sessment and the uncertainty quantification of the
Sereine test method, heir to the ISABELE method
[7] and the EPILOG project [14]. The main objec-
tives of the paper are:

e (A) to propose a unified systemic uncertainty
estimation of the Sereine HTC measurement;

e thereby (B) to tackle the residual variability
identified by Kennedy and O’Hagan [15];

e and (C) to quantify how the residual variability
affects the Sereine HTC estimation.

With this work, we aim at raising awareness on
the importance of uncertainty analysis and estima-
tion for reproducible HTC measurements and at
proposing a novel, systemic, and, most of all, trust-
worthy uncertainty estimation of an HT'C measure-
ment.

The paper begins by detailing the Sereine test
and presents an comprehensive uncertainty analy-
sis. Although most of the quantifiable uncertain-
ties are already accounted for, this paper delves
further into the residual variability. A computer-
based methodology uses dynamic thermal simula-
tions to produce virtual Sereine tests and thereby
quantify the residual uncertainty in a controlled en-
vironment. The paper identifies and quantifies a
maximum bias that depends on the outdoor tem-
perature and building type, which is then added
to the HTC estimate uncertainty. Finally, an ex-
perimental campaign illustrates how the novel ex-
panded uncertainty of the HTC estimation is con-
sistent and shows reproducibility of the measure-
ment.

2. Overview of the Sereine test and its un-
certainty estimation

The Sereine test aims at estimating the overall
Heat Transfer Coefficient (HTC) and its intrinsic
counterpart Hy,., the overall fabric heat transfer co-
efficient (as defined in the ISO 13789 standard [4]
and further explained in section 2.3.2). The Sere-
ine test relies on a specific sensor kit to measure the

building boundary conditions and to control the in-
door temperature as to follow an optimised heating
scenario. A fully automated procedure analyses the
collected data.

This section first conducts a comprehensive anal-
ysis of errors and sources of uncertainty that may
arise at all steps of the HTC measurement pro-
cess. The Sereine measurement setup and the data
analysis procedure are then detailed in light of the
uncertainty analysis. Finally, the section identifies
that the residual variability is influenced by weather
conditions and building type, that it is poorly ac-
counted for, and that addressing it is necessary for
ensuring measurement reproducibility.

2.1. HTC uncertainty budget: components, calcu-
lation and combination thereof

To provide a systemic uncertainty assessment of
the HTC estimation, an analysis of the possible
sources of uncertainty, or uncertainty budget, is
performed and summarised in Figure 1.

General perspective of sources of uncertainty in the
case of on-site HTC measurement

Many sources of uncertainty play a role in the
final estimation of the HTC uncertainty. Uncer-
tainty in thermal and computer inverse problems
has been tackled in the literature (among many
others [16, 15]) and can be roughly categorised as
follows:

e direct calculation error or code uncertainty
(due to rough discretization, inappropriate nu-
merical method, initialisation...);

e model error (or inadequacy);
e measurement noise error;

e sensor bias error;

e observation error;

e residual variability.

Residual variability is described in Kennedy and
O’Hagan [15] and relates to the possibility that a
process takes different values when repeated or re-
produced. Residual variability results from either
a stochastic error of the process or from a certain
form of model error that does not recognise the ex-
ternal factors influencing the process [15]. In the
case of an HTC measurement, it could be a signifi-
cant source of variability because the reproducibil-
ity assessment can never be performed under all



imaginable circumstances. Residual variability can
therefore be somewhat treacherous as it induces an
unknown and non-measurable error onto the HTC
estimation.

Application to the Sereine method

The categorization from Maillet et al. [16] and
Kennedy and O’Hagan [15], as mentioned earlier, is
detailed in Figure 1, completed by the Guide to the
expression of Uncertainty in Measurement (GUM)
[17] and applied to the case of an HTC estimation.

The overall process is divided into 3 sub-
processes: measurement equipment, on-site data
acquisition and data analysis. As indicated in Fig-
ure 1, some sources of uncertainty are already taken
into account in the overall process:

e equipment random uncertainty is accounted
for in the data analysis process, where errors
are supposed Gaussian;

e equipment systematic uncertainty and spatial
variability are likewise propagated in a post-
analysis sub-process, as described in section
2.3.3 and Thébault and Bouchié [7];

e informative heating signal: the test conditions
are optimised to provide 24- to 48-hour data
(or longer if necessary) as informative as pos-
sible. The design of the heating signal has been
the subject of a previous paper [18];

e model error is accounted for through the use
of stochastic modeling, as explained in Section
2.3.1;

e numerical accuracy can be considered estab-
lished since the algorithmic core relies on the
PySIP library for stochastic state-space infer-
ence [19].

The human related sources of error will remain
out of scope of this work: poorly placed sensors,
human error on data acquisition, and human error
on algorithm configuration. These sources relate
indeed rather to efficient training of the operator
and general good practice. They are admittedly
important to tackle, but are left outside the scope
of this paper.

Then remains uncertainty related to environmen-
tal conditions. While solar masks and effect of solar
radiation can be considered as accounted for thanks
to the Sereine sensor kit, weather variability is yet
expected to be a significant source of error given
earlier work [18]. Weather-related uncertainty may

also interact with the building-type. Depending on
whether the building is externally or internally in-
sulated, or depending on its thermal inertia, the
relative effects of weather conditions are likely to
differ.

2.2. Sereine measurement equipment and on-site
data acquisition setup

The equipment and on-site measurement setup
used bythe Sereine method are detailed in the next
two sections.

The Sereine measurement equipment

The Sereine sensor kit includes equipment for
measuring the building’s boundary conditions and
for controlling and monitoring the indoor heated
volume. While extensive details of the Sereine kit
can be found in Juricic et al. [18] and Challanson-
nex et al. [20], a brief description is provided here
for clarity.

The outdoor equipment aims at measuring
an overall equivalent temperature as defined in
Bouchié et al. [21]. To do so, SENS probes are de-
ployed in front of each wall and over each roof sur-
face with matching inclination and orientation. The
probes, see Figure 2, measure a so-called equiva-
lent temperature. The equivalent temperature rep-
resents the apparent temperature experienced by
the building envelope surface due to factors such as
outdoor air temperature, global irradiation, snow,
wind-driven rain and convection. A weighted aver-
age from all deployed SENS probes gives an overall
equivalent temperature used as external boundary
temperature.

Indoors, the Sereine kit utilises portable heating
devices (Figure 3), which are simultaneously con-
trolled by a central logger-controller. The devices
are equipped with fans that ensure homogeneous
temperatures across the building.

The Sereine protocol

The Sereine test relies on a perturbation method
where the building envelope and the indoor environ-
ment are fully controlled. Solar gains are limited
when possible by closing all blinds. If necessary,
glazed surfaces that have no blinds are covered with
cardboard. Ventilation is shut down and air inlets
are sealed similarly to an airtightness measurement.
However, airtightness defects, if reported, should be
left as they are.

The indoor air temperature is controlled by
portable heating devices of the Sereine kit. The
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Figure 1: Uncertainty analysis and sources of error of an HT'C estimation — application to the Sereine test:
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Figure 2: SENS sensor : measurement of the equivalent tem-
perature of a surface (source picture: INES)

temperature setpoint follows a pseudo-random sig-
nal, as defined in Juricic et al. [18] and depicted in
Figure 4.

Data acquisition may last one, two days or more,
depending on the building type and the insulation
level. Regarding the required duration, it is yet to
be determined.

2.8. Sereine data analysis

2.8.1. Appropriate models for data analysis and au-
tomation

To analyse the collected data on-site, an appro-

priate model must be used. A model is deemed

(!) untackled or partially tackled and influential

Figure 3: Sereine portable heating device (source picture:

AQC)

appropriate when it reproduces with sufficient ac-
curacy the dynamics observed in the data. Such
model cannot be known in advance. In agreement
with the existing literature [22], the most appropri-
ate model must be chosen among a set of models
through a model selection procedure.

The set of RC models used in the Sereine data
analysis is given in Appendix A. The set comprises
first order models up to 6t order models. Up to 3
boundary conditions can be considered, like an ad-
jacent unheated space, a crawlspace or unheated at-
tics. Figure 5 shows 3 examples of different bound-
ary conditions: a house with an adjacent unheated
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Figure 4: Sereine heating power control follows an optimized pseudo-random signal (here cut at 36 h) [18]

Figure 5: Accounting for unheated boundary zones in the RC model set: either (1) an equivalent temperature teq is inferred
for the entire envelope or (2) boundary zones are included in the model (through temperatures ¢p1,2), with or without thermal

capacity

garage and unheated attics can be modeled with an
overall single boundary condition, or the measure-
ments can be split into 2 or 3 boundary conditions.
When applicable, all resulting models are consid-
ered in the model selection procedure.

As for the model selection procedure, the litera-
ture [23, 24] suggests that a likelihood ratio-based
selection procedure is appropriate for RC model se-
lection. However, these papers primarily aim to
find models suitable for accurately predicting build-
ing thermal dynamics. In this research project,
with a particular focus on physical interpretabil-
ity in this research project, previous work [18; 20]
suggests that the Bayesian Information Criterion
(BIC) achieves higher physical interpretability of
the estimated parameters. Therefore, a BIC proce-
dure is applied in the Sereine data analysis.

Part of model error influence is solved with the
use of a stochastic grey-box color[25]. Although it
is not the orthodox approach presented in Kennedy
and O’Hagan [15], the use of a stochastic Gaussian
process catches part of the model error and part of
the random variability error. In addition, the model
error is also minimised through the RC model selec-
tion procedure, which basically finds an optimum
between number of parameters, henceforth higher
interpretability, and low residuals. It is important
to note that without model selection, an unfit RC

model, albeit stochastic, is unlikely to provide an
accurate uncertainty estimation.

Finally, an automated parameter initialisation
procedure is adopted from Faure et al. [26]. In
summary, this procedure uses the highly practi-
cally identifiable first-order model ti (1 capacitance,
1 resistance as shown in Appendix Appendix A)
to initialise the other models. Faure et al. [26]
demonstrated that this initialisation algorithm sig-
nificantly improved the convergence of the Sereine
set of models.

2.8.2. Sereine test output: HT'C' and Hy,

The selected stochastic RC model takes as input
the outdoor equivalent temperature and the heat-
ing power to predict the indoor air temperature.
The Heat Transfer Coefficient, i.e., the overall heat
transfer through the envelope, air infiltrations com-
prised, is directly inferred from the inverse problem
resolution with the selected RC model.

However, heat transfer through air infiltration is
variable and cannot be considered as an intrinsic
property of the envelope. In the end, the HTC is
itself variable and will depend on wind speeds and
temperature differences. The HTC as a measurand
is per se not repeatable.

The Sereine method separates therefore the
whole-building HT'C into an infiltration transfer co-



efficient Hyy, (which depends on weather conditions
during the test) and a transmission heat transfer
coefficient Hy, (see Equation 1 from the ISO 13789
standard [4]). Coefficient Hy, is an intrinsic prop-
erty and, therefore, a preferable measurand that
can be more easily compared to theoretical calcula-
tions.

HTC = Hyp + Hipg (1)

The Sereine data analysis can make in the end
two consecutive estimations: first, a regular HT'C
estimation from the measured heating power Py,
and then an H;,. estimation based on a corrected
heating power Pj defined as follows: P, = P, +
Pipns.

The heat power gained or lost by infiltration,
Pjn, is conventionally defined by Equation (2):

Pznf - Hlnf (Temthint) (2)
= anfC ,'u,air(Tezth‘int)
where:

e H;,s heat transfer coefficient [W/K] by infil-
tration

Teot the outdoor air temperature [K]

T;nt the indoor air temperature [K]

Qins the air flow rate by infiltration [m?/h]

o Cpv,air the volumetric heat capacity of air
[Wh/m?/ K]

The estimation of @,y is based on the stan-
dard EN 16798-7 (method 1) [27]. This simpli-
fied aeraulic model uses as inputs an ISO 9972-
compliant [28] air permeability test results, time-
varying wind speed measurements, main building
dimensions, and outdoor pressure coefficients. A
detailed explanation of this model can be found in
Thébault and Millet [29].

Uncertainty of the infiltration model is accounted
for, as detailed in the next section. In particular,
the outdoor pressure coefficients (mainly depending
on the nearby air barriers around the building) and
the wind speed measurements (taken from the near-
est weather station, can differ from the local site at
10 meters height). These combined uncertainties
typically result in a 50 % error in the estimated in-
filtration flow rate P, s, but its impact on the Hy,
result remains generally acceptable when the build-
ing is highly airtight, and when the test conditions
are not excessively windy.

This infiltration model is admittedly a simplifica-
tion of the complex air flows by infiltration during
the Sereine test. However, it represents a reason-
able compromise between not accounting for air in-
filtration and using accurate but expensive methods
like gas tracer measurements. It effectively captures
most of the variability due to air infiltration, except
when wind speeds are extremely high or air leakages
substantial [29, 30].

2.8.3. Uncertainty propagation of sensor system-
atic errors

So far, the Sereine data analysis does not ac-
count for sensor and estimated variable-related
bias. As identified earlier, sensor-related bias can
occur when the sensors themselves exhibit system-
atic errors, or when the spatial variability of the
measurand is significant. Similarly, coefficients such
as solar absorbance and pressure coefficients (used
to compute the equivalent outdoor temperatures
and estimate the infiltration airflow) can also con-
tain significant biases relative to their estimated
values.

After the model calibration sub-process, the Sere-
ine data analysis adds an uncertainty propagation
for systematic errors. The principles and valida-
tion of this second step, introduced in Thébault and
Bouchié [7] and applied in de Carvalho Araujo et al.
[31], involve combining model calibrations with a
quasi-Monte Carlo method:

1. Systematic uncertainties are defined, each with
corresponding probability density functions;

2. a Sobol sampling produces a set of n samples,
each added to the measurement data, resulting
in n biased datasets;

3. Each biased dataset is processed using the
Sereine analysis procedure to produce an HTC
estimate;

4. All n estimates are summed to form a new
probability density function;

5. A 95 % confidence interval is inferred from the
new density function.

The latest novelty is to include a convergence
criterion, based on the overall variance variation.
With a Sobol sampling of the inputs, it allows stop-
ping the propagation when the convergence crite-
rion is met, thereby avoiding unnecessary computa-
tions. The resulting HT'C uncertainty is henceforth
named Ugzep2.



Bounds and probability densities for the consid-
ered systematic uncertainty sources are presented
in Appendix B.

2.4. Conclusion: uncertainty quantification in the
Sereine test

On-site thermal performance estimation of a
building envelope is prone to a number of uncer-
tainty sources that jeopardise the estimation pro-
cess as well as its repeatability and reliability, in
particular for tests of short duration. Section 2
has detailed the Sereine experimental setup and
data analysis, and has identified the most influen-
tial sources of error.

Among those, two significant sources of error are
to this day not accounted for in the Sereine anal-
ysis: weather conditions and building-type. Yet,
literature and previous work suggest it is neces-
sary to quantify the weather related and building
type related uncertainty. This paper will now focus
on quantifying these uncertainties and proposing a
method to account for them in the final estimation
of the Heat Transfer Coeflicient.

3. Methodology: quantification of the build-
ing type and weather related bias

Weather conditions and building type signifi-
cantly influence the accuracy of a Heat Transfer Co-
efficient estimation. A numerical experiment setup
that has therefore been developed to assess and
quantify this influence is described in this section.

3.1. Numerical experiment setup

The objective of the numerical experiments is to
(1) assess the variability of a Sereine test result un-
der weather conditions representative of French cli-
mates and (2) quantify the associated uncertain-
ties. The numerical setup relies on a building en-
ergy model in which a Sereine test, with modeled
Sereine sensors, is simulated.

For a simulated Sereine test to be analysed iden-
tically to an actual on-site test, the building energy
simulation needs to provide 5-minute time-step sim-
ulated data. The modeling tool and its algorithms
need therefore to be physically relevant at this fre-
quency. The simulation program EnergyPlus has
been chosen not only for its modeling abilities [32]
but also because it is open source and widely used
in the building energy community [33].

Figure 6: France representative weather data for the numer-
ical Sereine tests

The simulated Sereine tests are performed year-
round, once a week, except during the first week of
the simulation to avoid the influence of the initial-
isation process on the first day. Between two tests,
the indoor temperature set-point is 20 °C. For each
simulated year, there are, therefore 51 Sereine tests.

A numerical setup allows for easy changes in the
weather data to represent one or more climates.
Since the funding project foresees deployment in
the French metropolitan area, the IWEC weather
data for 21 cities have been chosen to represent the
French climatic variability. Figure 6 shows the 21
locations of the IWEC data, either in France or in
border locations. As summarised in Figure 7, with
51 tests a year and 21 sets of yearly weather data,
more than 1000 Sereine tests are simulated.

It should be noted that the weather data used in
this study do not represent extreme weather con-
ditions. This does not affect the validity of the
methodology because it is highly unlikely that a
Sereine test would be conducted during extreme
events, such as a winter storm or a heatwave.
Consequently, high wind speeds and elevated out-
door temperatures are de facto excluded, and the
weather variability used in this methodology is
based on typical data.

3.2. Numerical quantification of weather related
bias for two building-archetypes

The ambition is to reconstruct a faithful esti-
mation of the actual uncertainty for the HTC es-



Figure 7: Numerical test bed: two building-types, 51 Sereine tests over the entire year repeated for each of the 21 weather data

timate. Therefore, the next section will quantify
the weather-related uncertainty to establish a final
coverage interval, as defined in the VIM [13]: an
”interval containing the set of true quantity values
of [the] measurand with a stated probability, based
on the information available”. It is important to
note that this interval is not a ”confidence inter-
val” as it fundamentally differs from the statistical
concept, as explained in the Guide to the expression
of uncertainty in measurement [17].

Determining the weather conditions that al-
low for accurate HTC estimations and quantifying
their associated uncertainty must be accomplished
through a large number of experiments conducted
under representative weather conditions. Conduct-
ing an extensive on-site experimental campaign is
not feasible due to its time-consuming costly na-
ture. Instead, numerical experiments have been set
up.

As described in Section 3, the Sereine test is vir-
tually implemented in two numerical energy mod-
els representing externally and internally insulated
houses, and it is performed over 50 times across
21 climates. The building energy models are based
on the geometry of a case study later used for the
experimental validation (see section 4). However,
the envelope composition have been modified to
represent typical IWI and EWI house envelopes in
France. Like any building energy model, a theoret-
ical HTC can be obtained: HTC* = 89.3 W/K
and H}. = 82.2 W/K for the EWI house and
HTC* = 1129 W/K and H}. = 106.7 W/K for
the IWT house.

Figure 8 shows how the HTC estimations from
48-hour data in the IWI house vary throughout the
entire year and across all 21 climates. The theo-
retical HTC value of the building energy model is
provided as a reference with a + 20 % margin. The

HTC estimations are notably less accurate in sum-
mer than in winter. This is likely due to the smaller
temperature difference between the indoor and out-
door environment, which affects both the accuracy
and precision of the HTC estimation.
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Figure 8: HTC variability across entire year: estimations
over 48-hour data show highest variability in summer and
lowest in winter

Figure 9 then focuses on the direct influence of
the outdoor temperature on the 48-hour HTC esti-
mations of the IWI house. To achieve this, an aver-
age outdoor temperature is calculated based on the
observed outdoor temperature during the 48-hour
analysed data.

Two observations can be made from Figure 9: (1)
temperature is clearly influential, with a slight in-
crease in HTC values as outdoor temperatures rise
and (2) variability remains moderate up to an aver-
age of approximately 8 °C beyond which variability
increases significantly.

The initial objective is to quantify a maximum
bias observed in HTC estimations with the Sereine
test, regardless of the season. Performing this quan-
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Figure 9: HTC variability dependent on outdoor air temper-
ature

tification once for the entire year would be some-
what misleading, as it would not accurately reflect
the evolution of variability across different seasons.

Instead, a maximum bias is calculated as a func-
tion of the average outdoor temperature during the
test. The calculation principle, illustrated in Fig-
ure 10, is as follows: (1) calculate the average out-
door temperature during the test and designate
it as Tipres, (2) define a moving window ranging
from [Tinres — 5 t0 Tinres|, and consider all results
within this interval for step (3), where the 95" per-
centile provides the maximum bias for the Ty es
moving window. For example in Figure 10, with
Tinres = 15 °C, the maximum observed bias is ap-
proximately 17 %, denoted MOBW1|,, &

The calculation of the maximum bias is
performed for four test durations: 12 hours, 24
hours, 36 hours, and 48 hours. The results are dis-
played in Figure 11. The same calculations are car-
ried out for the externally insulated version of the
house across six different test durations, and the re-
sults are presented in Figure 12. Ideally, the maxi-
mum bias should be estimated for a broader range
of durations. However, each estimation is compu-
tationally expansive, which is why we have focused
on multiples of 12 hours.

From Figure 11, it is evident that a 12-hour Sere-
ine test in a well-insulated house exhibits maxi-
mum biases exceeding 60 % even in winter. This
indicates that when combining uncertainty propa-
gation with the maximum bias for a 12-hour test,
the resulting confidence interval is likely not rea-
sonable. Consequently, estimating the HTC based
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Figure 10: Maximum bias calculation: mowing window prin-
ciple. In this example, the average temperature is Tipres =
15°C. The 95" bias percentile over the temperature range
10-15 °C, i.e. the observed bias to add to the measurement
uncertainty, is 17 %.

on a 12-hour test is not feasible for an insulated
house. Lower maximum bias values are achieved
with longer test durations. In general, a winter test
is feasible within 24 hours, and an early mid-season
test can be accomplished within 48 hours.
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Figure 11: Maximum bias for an internally insulated house

As for the externally insulated house, the low-
est maximum biases are obtained with test dura-
tions longer than 48 hours. In winter, when aver-
age outdoor temperatures are lower than 8-10 °C,
a 48-hour test should yield acceptable final uncer-
tainties. In mid-season however, the maximum bias



grows and is likely to make the final HTC estima-
tion uncertainty too high to be acceptable for stake-
holders. Longer durations, 72 h or 96 h, may then
be needed for HTC measurements in mid-season.
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Figure 12: Maximum bias for an externally insulated house

The final step is to account for the maximum
bias in the overall uncertainty of the HTC estimate.
The maximum bias is assumed to follow a uniform
distribution. Thus, the uncertainty on the HTC
estimate is calculated as follows:

MOB'thres:T
V3

The final HTC uncertainty estimation, denoted
ugTC, is calculated using the classical formula:

UpMoB =

_ step2yo 2
ugTC = \/(uHTC) +uyoB

Here, ugfippc% represents the HTC uncertainty result-
ing from the systematic error propagation at step 2
(as described in Section 2.3.3).

It is important to note that this is not the place
to establish whether there exists a specific refer-
ence value for the maximum bias. While a 50—
60 % bias was already considered too high, as it
could render HT'C estimations non-significant when
combined with other sources of uncertainty, the ac-
ceptability of a 20 % or a 30 % maximum bias is
not yet relevant. What truly matters is the final
confidence interval, which combines the maximum
weather-related bias with the other sources of un-
certainty. We believe it is the responsibility of the
test operator and, ultimately, the stakeholders to
determine whether or not the final HTC uncertainty
is acceptable. We further discuss this perspective
in Section 5.
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Figure 13: INCAS platform at the French National Solar
Energy Institute (source picture: CEA)

4. Experimental assessment of the Sereine
test

To validate the concept of incorporating a max-
imum observed bias and, consequently, assess the
reproducibility of the Sereine method, an experi-
mental campaign was conducted on the I-BB house
at the INCAS platform. Nine Sereine tests were
carried out, and this section presents the HTC esti-
mations obtained from these tests. Additionally, an
analysis of the uncertainty, both with and without
the maximum bias, and relatively to the weather
conditions.

4.1. The case study : INCAS platform house I-BB

To validate the feasibility and reproducibility of
the Sereine method, a comprehensive case study is
conducted on house I-BB. This house is a full-scale
building located within the experimental INCAS
platform, as depicted in Figure 13, at the French
National Solar Energy Institute (INES). The plat-
form is situated in Le Bourget-du-Lac (N: 45°650,
E: 5°867). House I-BB has a concrete cast structure
and is externally highly insulated.

A co-heating test has been conducted to estab-
lish a reference value for the HTC, resulting in
HTC,cating = 80.7 W/K (£7.2 % calculated in
accordance with Gori et al. [6]). Additionally, a
pressurization test has been carried out and re-
peated to assess the air permeability level, yielding
nso = 3.5 At (:|:58 %)

4.2. Overview of the experimental campaign

Table 1 provides an initial summary of key de-
tails about the tests, including the test dates, the



Table 1: Summary of practical information for the experimental campaign conducted on house I-BB. The tests are arranged

in order of average outdoor temperature for ease of analysis.
* long datasets have been truncated for the analysis.

Started on
temperature
Test #1 Nov 374 6.4 °C
Test #2  Oct 2374 6.7 °C
Test #3  Apr 14" 7.4 °C
Test #4  Oct 27th 7.8 °C
Test #5  Oct 15" 8.6 °C
Test #6  Oct 11" 10.2 °C
Test #7  Apr 237¢ 13.5 °C
Test #8  Oct 8" 13.5 °C
Test #9  Oct 19" 14.8 °C

recorded average outdoor temperature, and the
amount of available data.

Tests #1 and #2 were conducted under the cold-
est conditions, with average temperatures below
7 °C, while tests #7, #8 and #9 were performed
under milder weather conditions with average tem-
peratures exceeding 13 °C. Based on the numerical
findings, it is expected that tests #1 and #2 will
exhibit better accuracy than tests #7, #8 and #39.
To be more precise, it is not excluded that tests
#7, #8 and #9 perform well in isolation, but it is
likely that, when repeated, their overall accuracy is
lower.

4.8. Including the mazximum bias: an illustration
with test #7

Figure 14 provides an illustrative representation
of the novel uncertainty quantification of the HTC
estimate. The initial uncertainty, shown in blue,
predicts an error in the range of 7-30 %. It is unex-
pectedly low with a 12-hour dataset, and the confi-
dence interval is far from the reference value. After
24 hours, the HTC estimate converges toward the
reference value and its confidence interval contains
the reference value.

When the HTC confidence interval includes the
maximum bias, shown in brick-orange in Figure 14,
the overall uncertainty significantly increases for
short test durations. It takes more than 48 hours
for the overall uncertainty to decrease below a 50 %
error and over 72 hours to decrease below 33 %.
For a 12-hour duration, the overall uncertainty is
much larger than without the maximum bias , pro-
viding a more realistic representation of the actual
uncertainty of the HTC estimate. In other words, it
means that with a 12-hour dataset and under other

Average 48-hour
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Average 48-hour Duration dataset

wind speed
1.55 m/s 96 h
1.25 m/s 48 h
5.48 m/s 94 h
1.08 m/s 48 h
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Figure 14: Convergence of the HTC estimation and maxi-
mum bias - illustration on test #7 on the I-BB EWI house

measurement, conditions, a significant variability of
HTC estimates is very likely to be observed.

4.4. Reproducibility of the HTC measurement on
house I-BB

Let us now compare the results of all 9 Sereine
tests conducted on the I-BB house.

Figure 15 displays the 48-hour HT'C estimates of
all 9 Sereine tests on house I-BB and the 72-hour
HTC estimates for the three longer tests. Both
the initial uncertainty (in blue) and the novel un-
certainty including the maximum bias (in brick-
orange) are shown. The co-heating reference value
HTC;,cqting is provided with its associated 7.2 %
uncertainty.

As expected, Figure 15 illustrates that confidence
intervals without maximum bias do not always in-
tersect with the HT'C* reference value: four out of
nine tests fail to do so. With the expanded uncer-
tainty calculation, the confidence intervals intersect
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Figure 15: All 48-hour HTC estimations and three 72-hour
tests — EWI house I-BB

the reference for all 9 tests. Figure 15 also demon-
strates how a longer test duration results in a lower
overall uncertainty for the HTC estimate.

Figure 16 illustrates the influence of average
outdoor temperatures on the 48-hour HTC esti-
mates and its associated uncertainty calculation.
As expected, higher outdoor temperatures result
in greater variability in HTC estimates, as seen in
tests #7, #8 and #9. For example, Test #7 per-
forms well, but test #8, under almost identical con-
ditionsyields a very different estimate. In contrast,
lower temperatures generally lead to both good ac-
curacy and precision, except perhaps for Test #4,
where the poorer precision is compensated for by
a confidence interval that intersects with the refer-
ence value.

It is evident that variability in estimates caused
by outdoor conditions is not adequately accounted
for in the uncertainty calculation without the inclu-
sion of the maximum bias, shown in blue in Figure
16. In this case, the confidence intervals remain
similar, regardless of the outdoor temperature and,
consequently, they do not reflect the true uncer-
tainty associated with on-site HTC measurements.

5. Discussion

In this paper, we have presented the Sereine test
procedure in detail, analysed its sources of un-
certainty, and numerically quantified the weather-
and building type-related maximum bias, which has
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Figure 16: HT'C estimation variability as a function of out-
door temperature — EWI house I-BB

been added to the uncertainty quantification of the
HTC estimation. Through repeated tests on an ex-
perimental house, we have demonstrated that the
novel expanded coverage interval includes the ref-
erence value in all measurements.

On the influence of outdoor temperature

It is not surprising that outdoor temperature
was found to have a significant impact on the
HTC uncertainty. Earlier work [18] revealed that
higher temperatures were associated with lower
physical interpretability of the HTC estimation,
i.e., the HTC estimate was either far from the
reference value and/or that its uncertainty interval
was wider. The literature on other methods also
supports the influence of weather conditions on
accuracy [9, 8, 11]. The novelty of the Sereine
method lies in quantifying the maximum bias and
providing a coverage interval that almost always
contains the true value.

On the inter- and extrapolation of the mazimum
bias

The question of whether the numerical bias quan-
tification can be inter- and extrapolated is not triv-
ial. It is reasonable to expect that the maximum
bias would be much lower in a non-insulated house
than in a well-insulated one, all other things being
equal. However, without further numerical tests,
inter- and extrapolation becomes a delicate task.



From a physical perspective, we can expect a con-
tinuous behaviour, without any form of tipping
point. Linearity, tough, is unlikely, and a logis-
tic behaviour might be more plausible. This aspect
remains to be explored in future research.

In addition, it is worth noting that house I-BB
has an HTC* reference value of 80.7 W/K (£7.2 %)
whereas the externally insulated numerical model
has a reference of 89.3 W/K. This means that
the numerical bias was extrapolated towards lower
values of HTC. It can be expected that the ex-
panded coverage interval has been somewhat un-
derestimated.

In any case, it would be prudent to quantify the
bias for moderately insulated building models to
gain insights into interpolation, and for highly in-
sulated models to explore the validity of extrapo-
lation. Additional numerical tests should be com-
plemented by more field experiments. A larger ex-
perimental campaign was launched in 2022 and will
continue until 2024, with up to 200 tests expected.

Another open question regarding interpolation is
that the maximum biases have onlybeen calculated
for multiples of 12 hours. As a consequence, the
only test durations admissible are also multiples of
12 hours. Whether interpolation of the maximum
bias is feasible has not been assessed but could be
interesting. It would avoid making the calculation
for all biases at minute time-steps. In the end,
having 1-hour time-step maximum bias would
be advantageous, as it would enable convergence
checks and potentially reduce the overall test
duration in real-time.

Another point worth discussing is the outdoor
boundary condition. Section 2.2 showed how the
Sereine kit measures an overall equivalent temper-
ature. This makes the Sereine method different
from other on-site data based methods that use an
outdoor air temperature but not less compliant to
the ISO 13789:2017 standard [4]. The ISO 13789
standard refers indeed to the ISO 6946:2017 stan-
dard [34] which opens the possibility to use other
measurand than the air temperature to represent
the external environment ”when appropriate to the
purpose of the calculation”. Our standpoint is that
measuring an outdoor equivalent temperature is an
advantage for the Sereine test to be used as a con-
ventional reference.

That the HTC is time-varying is not surprising,
since it includes heat transfer through air leak-
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ages, which are dependent on temperature differ-
ence and wind. The H;. when defined as a func-
tion of indoor and outdoor air temperatures is how-
ever also time varying, since solar irradiation, ra-
diative transfers with the environment as well as
wind speed play a significant role in the actual ther-
mal transfers through the envelope. This means
that there is a significant model error in an out-
door air temperature defined Hy, definition as well.
So considering the actual on-site measurement con-
ditions of an HT'C or an Hy, measurement, the out-
door equivalent temperature can be considered rep-
resentative and ”appropriate” in the sense of the
ISO 6946:2017.

In a recent work, Li [35] studied the discrepancies
between ISO-calculated U-values (and henceforth
whole-dwelling HTCs) and values calculated from
on-site measurements. Li [35] pinpoints the dis-
crepancies to the fact that outdoor air temperature
is used as a proxy for environmental temperature,
hence introducing a model error in the calculation.
His discussion as to whether a ”true” HTC exists
actually questions the HTC (and counterpart Hy,)
as an adequate measurand. The HTC is indeed
widely used as the reference indicator of the enve-
lope performance [5] but can never be considered as
an intrinsic and constant performance indicator. To
tackle this, Li [35] proposes either to characterise
the surface resistance relatively to environmental
conditions or to define a scenario-specific HTC ref-
erence.

The Sereine method described in this paper
rather proposes to define a conventional H*
based on the equivalent temperature. The use
of the SENS probes reduces the variability due
to convective transfers, accounts for radiative
transfers and direct solar radiation. Admittedly,
the data analysis relies on an expert-guessed wall
and roof tile emissivity. The resulting uncertainty
is however propagated in the uncertainty analysis.
As a result, the measured Hy,. presents a lower
variability and is one step closer to an intrinsic
property of the envelope and henceforth better
suited for certification or performance contracting.

Last but not least, we would like to discuss the
concept of expanded coverage interval. As sug-
gested by Deb et al. [3], from a stakeholder point of
view, larger intervals may be seen as a worse mea-
surement that cannot be trusted. From where we
stand, the expanded uncertainty is on the contrary



an opportunity.

When sources of uncertainty are quantified and
accounted for, a large coverage interval is full of
information: it means that effort needs to be put
on data quality, measurement duration, number of
sensors, etc. On this matter, the Sereine method
does not so far include operator related uncertainty.
Human related errors could however be influential.
For the Sereine method to be reproducible in the
strict sense of the GUM [17], this question should
addressed in the future. Understanding and identi-
fying the sources of uncertainty can lead to directed
efforts to reduce that uncertainty.

Consequently, we can consider that it is the task
of the test operator to venture an opinion on the
acceptability of the final HT'C uncertainty, with in
sight the expectations of the client. In any case, an
expanded coverage interval is the actual assurance
of reproducibility and is therefore a step closer to a
reliable HTC estimation for certification.

Given the results of Deb et al. [3], stakeholders
should probably be clearly made aware of the influ-
ence of all sources of uncertainty of an on-site HTC
measurement, regardless of the method used. When
uncertainty of the HTC measurement is transpar-
ently quantified, a compromise between cost, dura-
tion and accuracy will inevitably rise. For an HTC
measurement to be both cheap and swift, it can-
not be highly accurate, and vice-versa. This might
come as a surprise for stakeholders and be an ob-
stacle to measurement based verification of the en-
velope performance. Transparently and thoroughly
quantifying the HT'C uncertainty is therefore an im-
portant step towards acceptance of on-site methods
by all parties involved.

6. Conclusion

In a global effort to reducing the carbon emissions
from the building sector, reliable on-site thermal
performance measurements could become a valu-
able asset to reducing the building intrinsic perfor-
mance gap in newly built or retrofitted buildings.
By a thorough uncertainty quantification approach,
this paper aimed at identifying, quantifying and ac-
counting for the sources of uncertainty in a Sereine
test for Heat Transfer Coefficient measurement.

This paper first detailed the steps of a Sereine
test and examined the sources of uncertainty at
each step. Uncertainties related to weather and
building type have been identified as significant fac-
tors affecting accuracy and precision. To the extent
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of our knowledge, neither the Sereine method nor
any other method accounts for these factors in their
uncertainty estimation.

A numerical test bed has been set up to quan-
tify the uncertainty related to the weather condi-
tions. This quantification has been performed first
on an internally insulated building model and then
on an externally insulated model, showing signif-
icant differences in variability. These numerical
tests have shown that short tests, typically those
under 24 hours, and tests on externally insulated
houses come with larger residual uncertainty. An
exhaustive uncertainty estimation of the Sereine
HTC measurement is then proposed as a coverage
interval.

With this novel systemic approach, the Sereine
method is put to the test in an experimental cam-
paign. The coverage interval of all 9 tests contained
the expected Heat Transfer Coefficient value sug-
gesting a satisfactory reproducibility of the Sereine
method in its new uncertainty analysis approach.

Finally, the paper argues that the acceptability
of the final coverage interval is a shared task be-
tween the test operator and the client: the client
may express a target value with an associated un-
certainty target based on which the test operator
may propose appropriate test conditions and du-
ration. It is our belief that such agreement on a
target uncertainty can only be achieved on the ba-
sis of a transparent and thorough uncertainty anal-
ysis. Uncertainty quantification holds indeed valu-
able information and should therefore be considered
as an opportunity. In the end, only a consensual
agreement on target performance values and asso-
ciated uncertainty can advantageously nourish the
grounds for effective energy performance verifica-
tion and contracting.
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Appendix A. RC models used in the Sere-
ine data analysis

As to make the nomenclature self-explanatory,
each model is named according to the nodes asso-
ciated to a thermal capacity. The name given to
the node depends on the position and the element
it represents:

e a node representing a thermal capacity of an
external wall is named tw. If an external wall
is modeled with two capacities, the nodes are
named twtw2;

e the node associated to the indoor air is named
ti. All models have the ti node, but not all
have a capacitance at this node, henceforth no
ti in their name;

e a node associated to an internal mass is named
tm;

e some models have a parallel transmittance Hy,
which has consequently no capacitance and
represents heat flux with very low thermal in-
ertia. A letter b is then added to the model
name;

e Additional boundary conditions nodes from
adjacent instrumented zones are named tb.
Up to two additional boundary conditions are
modeled, named tb1tb2

With these naming rules, the structure of all
models can be determined from its name. Table
A.2 sums up all models used in the data analysis
process of the Sereine test, with all model names,
model orders, the number of boundary conditions
they take into account and the degrees of freedom.
The latter is used in the model selection process
described in Section 2.3.1.

As an illustration, we give here the representation
in electrical analogy of models tw, titw and tibtw,
respectively in Figures A.17, A.18 and A.19.
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Table A.2: Sereine analysis RC model set
Number of
boundary
conditions

Model

Name
order

ti

tw

tib

tib2

twti

twbti

twtm

twtw2

twth

twtitm
twtw2ti
twtw2bti
twtw2tm
twtbti

twtbtm
twtw2tb
twtb1tb2
twtbtitm
twtw2tbti
twtw2tbtm
twtb1tb2ti
twtb1tb2tm
twtw2tb1tb2
twtw2tbtitm
twtb1tb2titm
twtw2tb1tb2ti
twtw2tb1tb2tm
twtw2tb1tb2titm
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Figure A.18: Model twti

Degrees
of
freedom
6
7
7
8
11
12
12
12
13
16
16
17
17
17
18
18
19
22
22
23
23
24
24
27
28
28
29
33
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Figure A.19: Model twbti

Appendix B. Systematic error sources and
quantification

The following table presents the bounds and
probability densities for the considered systematic
uncertainty sources.
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Potential causes

Systematic

Measurand . Distribution uncertainty
of systematic error
range
Indoor temperature leefi h e ight (.)f meas.urem(.ent, .. Normal + 05K
possibility of insufficient air mixing
Sensor Sensor outdoor position,
related Outdoor temperature insufficient ventilation of the module Normal +1K
bias SENS plates Local position of SENS sensor, Normal L 05K
temperatures heat transfer on the edges
Simple temperature Local p051t10.n of sensor, Normal 11K
sensor local convective and radiative effects
Heat power Meter error Normal +2%
Local position of weather station
Wind speed anemometer, uncharted obstructions, Normal +30 %
measurement error
ENS pl .
Measured SENS P a.t o Measurement uncertainty, dust level Normal +5%
. absorbtivities
coeflicients o
Uncertainties related to
Blowerdoor Based on
. the blowerdoor
leakage coefficient Normal blowerdoor
and exponent measurement documented test report
p in the ISO 9972 [28] P
PrességllgiV (i:r(zzfjvicients £0.7,0.3]*
Estimated Wind direction, uncharted obstructions Uniform [-0.6,0.4]*
coeflicients CPleew [0.05,0.5]*
CProof T
Walls and shutters Rough estimation from color chart:
e judgment error, Normal + 0.2
absorptivities

plurality of wall absorptivities

Table B.3: Systematic error cause and quantification (* min and max values tabulated according to EN 16798-7 (method 1)

(27])
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