energies MBPY

Article

Influence of Initial and Boundary Conditions on the
Accuracy of the QUB Method to Determine the
Overall Heat Loss Coefficient of a Building

Naveed Ahmad !, Christian Ghiaus 1*{0 and Thimothée Thiery 2

1 INSA-Lyon, Université Claude Bernard Lyon 1, CETHIL, UMRS5008, F-69621 Villeurbanne, France;
naveed.ahmad@insa-lyon.fr

2 Gaint-Gobain Research, 39 quai Lucien Lefranc, CEDEX 93303 Aubervilliers, France;

Thimothee.Thiery@saint-gobain.com

Correspondence: christian.ghiaus@insa-lyon.fr

check for
Received: 19 November 2019; Accepted: 13 December 2019; Published: 6 January 2020 updates

Abstract: The quick U-building (QUB) method is used to measure the overall heat loss coefficient of
buildings during one to two nights by applying heating power and by measuring the indoor and the
outdoor temperatures. In this paper, the numerical model of a real house, previously validated on
experimental data, is used to conduct several numerical QUB experiments. The results show that,
to some extent, the accuracy of QUB method depends on 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). QUB method shows robustness to variation in the value
of the overall heat loss coefficient for which the experiment was designed and in the variation of
optimum power for the QUB experiments. The variations in the QUB method results are smaller
on cloudy than on sunny days, the error being reduced from about 10% to about 7%. A correction
is proposed for the solar radiation absorbed by the wall that contributes to the evolution of air
temperature during the heating phase.

Keywords: building performance measurement; short term test methods; overall heat loss coefficient;
energy efficiency

1. Introduction

Two common approaches to reduce building energy consumption are: (1) to improve the
energy efficiency of the equipment inside the buildings, such as lighting and heating, ventilation,
and air-conditioning (HVAC) systems, and (2) to improve the performance of the building envelope
by adding insulation and by reducing infiltration rates, etc. [1]. It is relatively easy to measure the
equipment efficiency in comparison to the performance of the building envelope [2].

Some common indicators of building envelope performance are: overall heat loss coefficient,
thermal inertia, thermal resistance, solar factor, time constant, etc. [3]. The overall heat loss coefficient,
H (W/K) is a popular indicator of the thermal performance of the building envelope [3].

The H-value indicates the heat losses, Q, due to transmission and air infiltration through a
building with surface area A, maintained at a temperature difference AT between the ambient and the
indoor air [4]:

Q
H= AT 1)
Equation (1) is valid for [5]:

- steady state conditions;
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- constant thermal properties and heat transfer coefficient during the measurement;
- negligible variation in heat storage in building structure during the measurements.

Since these conditions are never met in real situations, certain corrective procedures are used,
such as:

- taking the mean values of H-value estimated over a period longer than three days and multiple
of 24 h;
- using corrections to compensate for storage effects [5].

The calculated or designed H-value of a building is prone to errors due to simplifications and
assumptions used in modeling of the building, difference between the real and the designed structure
of the building, change of the thermal properties of the material from the quoted values due to
workmanship, moisture transfer and wear and tear [5]. The calculated H-value therefore needs to
be validated using different on-site tests, also known as thermal performance tests, which may be
categorized as long-term and short-term methods.

Co-heating is a long-term, steady state test method in which the H-value is measured without
occupancy as a function of the daily energy consumption and the average outdoor temperature. In this
method, the building is kept at a constant temperature by supplying heat [6]. The measured heat
input, Qy, and the difference between the indoor and the outdoor temperatures, AT, are plotted using
linear regression to identify the H-value. As the test is conducted throughout the day, multiple linear
regressions are performed to identify H and solar aperture, A, as parameters of the linear relation:

Qn +8As = HAT, @

where g (W/m?) is the solar radiation received by the building.

The H-value estimated by using the co-heating method is considered accurate and is used as a
reference value. Two co-heating tests conducted for the same building by two different teams have
generated the same results [7].

Co-heating takes two to three weeks during the heating season, which reduces its practical
applicability [7,8]. It is therefore important to search for methods that are faster, can be employed on a
larger scale and, above all, are reliable enough [7].

Short-term methods were developed to overcome the shortcomings of long-term methods. PSTAR,
ISABELE and QUB are some of the short term test methods [9].

The PSTAR (primary and secondary terms analysis and renormalization) method is a dynamic
testing method that uses a parameter identification technique of a single zone model [8]. The test is
performed during three nights and four days; the first night is used to achieve steady state conditions,
the second night is used to let the temperature decay and the third night is used to find the power
required to obtain the set-point temperature [8]. One or more sunny days are included to obtain
data for finding out the solar aperture. The overall heat loss coefficient is estimated based on the
measurements during the last two nights. The method requires strict experimental conditions but
has repeatable accurate results. The errors result from the inability to achieve steady state conditions,
the influence of the heat lost to the ground and the sensitivity of the method to solar radiation [8].

ISABELE (in-situ assessment of the building envelope performances) is a short time method
based on the response of the building temperature to the controlled heating input. This method
uses a dynamic model with five resistances and one capacity and identifies the overall heat loss
coefficient and the equivalent thermal capacity [10] ISABELE experiment involves the observation of
building temperature when no power is injected, followed by power injection and finally no power.
The required measurements are internal temperature, heating power injected, air infiltration rate and
external climate conditions. The test takes 5-15 days to be completed, depending on the thermal inertia
of the building [7]. The method is sensitive to air infiltration rate and solar radiation.

QUB (quick U-value of buildings) is a short time dynamic method, originally developed by
Saint-Gobain, that can determine the heat transfer coefficient value in one to two nights [11]. This
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method involves application of power in the form of a positive step input after sunset followed by no
power during the night (Figure 1).

The overall heat loss coefficient, Hgp, is estimated using slopes and values of power and
temperature from [12]:

Houp = ———, 3)
where:

aj—temperature slope during heating phase;

as—temperature slope during cooling phase;

Pj—measured power during heating phase;

Pr—measured power during cooling phase;

T1—temperature difference between outside and inside of the building during heating phase;
Tr—temperature difference between outside and inside of the building during the cooling phase.

Legend
Temperature, T ( C)‘ Py Power before the beginning of QUB experiment
P; Power during the heating phase

P, Power during the cooling phase

6, toyp Duration of heating or cooling
0; Indoor temperature
To Outdoor temperature
ay Slope of the temperature at the end of heating
a; Slope of the temperature at the end of cooling
To T, Indoor — outdoor temperature difference at the
end of the heating phase
Power, P (W)“ T, Indoor — outdoor temperature difference at the

end of the cooling phase
P

Py a1Py—ay Py

Hoyp =

ai1Ta—azTy

I

I
Pyp------- —

1

0 téUB 2toup Time

Figure 1. The quick U-building (QUB) experiment principles and steps [13].
It is possible to define a dimensionless quantity «,
a=1-Py/Py, 4)

where:

Pop—measured power before the start of the QUB experiment used to achieve the steady state conditions;
P1—measured power during the heating phase of the QUB experiment.

This quantity is used to determine the optimum power for QUB heating phase: the heating power
should be selected such that alpha remains between 0.4 and 0.7 [14].
The estimation of the overall heat loss coefficient, H, using Equation (3) is based on the evolution
of the indoor temperature, T;, as a function of the outdoor temperature, T,, and power input, P.
The parameter H is identified by assuming a thermal circuit with a single resistance and capacity [12]:
daT;

C— =P-H(T;~T,), (5)

where:
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C—internal thermal capacity of the building;
P—power injected;

T;—indoor temperature;

T,—outdoor temperature.

The derivation of Equation (3) from Equation (5) is based on the assumptions of homogeneous
internal temperature and constant external temperature [12]. Although Equation (5) is used in
Equation (3) to obtain the estimate of the overall heal loss coefficient, it is important to stress that QUB
method is not equivalent to fitting the full observed dynamic response of the building to a first order
model given by Equation (5). In the QUB method, the fitting is done on a short period at the end of
the heating and at the end of the cooling phases. The results are therefore not affected by the rapid
dynamics of the building [11].

The assumption of a RC network with one resistance and one capacity is simplistic and the
number of resistances and capacitances can be increased to n nodes to present the real behaviour of the
building [15]. In this case, the temperature can be represented as the sum of n exponentially decaying
terms [12]:

P P n _t
T =g+ [T(O) - H—]Zi_l ae ", ©)
where:

P—power input;

H,,f—overall heat loss coefficient;

T,—time constants in increasing order such that 7, presents the longest time constant;
ai—constants that depend on the model resistance, capacitance and initial conditions.

The measured Hgyp will be equal to the real value H,,r only if [16]:

Z?:l[ﬂi.(l)/ﬂ'] eXP(—t(T—li)) _ Z?ﬂ[“i-(z}”i] eXP(_t(T_Zi))
Eialai] eXP(—ti—lf) L) exp(—t(T—Zi))

@)

Equation (7) is true for n = 1, i.e., with only one time constant. This can happen only if the duration
of the two phases, i.e., heating t(1) and cooling £ ), increase to such extent that all the exponentials
decay, except the last one, exp(—t/1,). This is considered as sufficient time length for QUB experiment
and if this time is shorter than one night, then QUB experiment can be performed during a single
night [16].

The QUB experiment can be done in a time shorter than that required by the largest time constant
due to the clusters of the values of the time constants [11]. The time response of the QUB experiment
can be expressed in function of different time constants of the building [11]. The time constants are the
negative inverse of the eigenvalues of the state matrix A of the state space representation:

x = Ax + Bu
{ y =Cx+Du ’ ®

The time constants can be categorized in short, medium (significant and non-significant time
constants) and long (significant and non-significant time constants) [11]. The coefficients of the time
constants determine whether they are significant or not. The medium time constants with large coefficients
determine the exponential response of the building. The response of the building is exponential after the
decay of the exponentials corresponding to small time constants (insignificant) and before the effect
of the large time constants becomes significant. The slope of the response curve of the QUB method
should be determined at this stage [11].
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Experiments conducted in controlled environment on two real houses and on an apartment
building show that the QUB method can estimate the overall heat loss coefficient value within +20% of
the reference value, provided that the experiment is conducted with optimal conditions of power and
time duration [17,18]. The effect of the input power during the heating phase and the time duration on
H-value obtained experimentally has been already analyzed. The error curves help identify the power
level and the time duration for QUB experiment that will give minimum error. The error curves were
generated with constant initial conditions, constant outdoor temperature and no solar radiation before
the experiment [11].

It is important to understand the variation of the results obtained for H-value by using the QUB
method as a function of the changing boundary (solar radiation) and initial conditions of the building
(initial power). The analyses are performed by conducting numerical experiments on a simulation
model verified on a real house by using weather data obtained at a sampling time of 10 min [19].

2. Modeling

2.1. Calculation of Reference H-Value from the Model

The value for the overall heat loss coefficient, H, for a building when kept at a constant indoor
temperature by supplying heating power is defined as [11]:

H=

©)

where:

H—overall heat loss coefficient;
P—steady state power supplied;
0;—indoor air temperature;
T,—outdoor air temperature.

Since the steady state is never achieved, the global conductance is estimated by the integral in time:

j(‘)tfinul Pdt

Hz —.
t fina

(10)

When several different boundary conditions are present, the indoor temperature 0; is the result of
the gains from the different boundary temperatures T; and can be obtained as [11]:

0; = Zi KiT; + K,P, (11)
where:

K;—steady state gain for boundary temperature T},
K,—steady state gain for power,
Ti—boundary temperature.

In case of multiple zones, it is important to find the mean temperature, 6;, to be used in
Equation (9) instead of 0;. The equivalent mean temperature in case of zones with equal height can be
determined as [11]:

LiAibi

==
YA

(12)
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where:

Y. Ajf;—sum of products of floor area and temperature of all zones in the building,
Y.; Aji—sum of all floor areas of the zones.

The steady state heat loss coefficient in Equation (9) is then estimated as [11]:

Y.iPi

LiAi6
YiAi To

Href = (13)

where:

P,—power supplied to each zone,

A,—area of each zone,

0;—temperature of each zone in the steady state vector,
T,—outdoor temperature.

In the QUB experiment, heating power is applied as a step input to all zones of the house.
The power in each zone is tailored according to the surface area of each zone. This generates an
approximately uniform temperature distribution across all zones. In order to achieve the temperature
uniformity, the doors are opened and fans are used. The response of the building can be obtained by
using the discrete exponential method [18]:

X1 = Px 4 T'uy (14)
Vi = Cx¢ + Duy
where:
& =AM, (15a)
T =A"B(A-T), (15b)
where:

X—vector of system states;
u,—vector of inputs.

2.2. Data Used for QUB Numerical Experiments

For the empirical analysis of the QUB method, a simulation model was obtained and validated
with experimental data obtained by the International Energy Agency (IEA), EBC Annex-58 [17].

The numerical QUB experiments were simulated for the ground floor of a house that consists of
living room, kitchen, children’s room, bathroom, two doorways and a bedroom (Figure 2). The airflow
rate for infiltration was 1.62 m3/h. The values for outdoor and indoor convection heat transfer
coefficient were 23 and 8 W/m?K. The shutters for windows and doors on Southern face were closed.
The ceiling and the attic spaces were kept at a constant temperature of 20 °C. QUB experiments were
simulated for the weather data of 40 days (Experiment-1, IEA, EBC Annex-58 [17]). These data show a
good variation of weather with sunny, cloudy and partly cloudy days.
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Figure 2. The ground floor of the house layout and dimensions (in cm).

The average outdoor temperature during the nights varied between 6 and 16 °C. The conditions in
which some of the QUB experiments were performed were not optimal. A large temperature difference
(e.g., 10 °C) between the indoor temperature (20 °C) and the outdoor temperature during the night
is known to increase the accuracy of the method [7]. The conditions chosen in this paper were not
optimal and, therefore, the performance of the method was expected to be better in many cases.

As a first step, a QUB experiment was performed with constant outdoor temperature and no solar
radiation before the start of the experiment for which different levels of power and time duration were
used. The error contour plot for the house was similar to those obtained previously in literature [11].
It shows that QUB error was predictable at given power and time (Figure 3a).

Figure 3b shows the rise and fall of temperatures in different rooms of the experimental house
during the simulated QUB experiment. It was evident that there was a slight variation +0.8 °C in
the temperature of different rooms during the QUB experiment. It was therefore important to take
weighted average temperature, given by Equation (12), in case of multiple thermal zones (shown by
black circles for heating and pink circles for cooling phase of QUB experiment in Figure 3b.

The power during the heating phase is estimated by:

Pheating = 2Href(Ti - To)/ (16)

where:

H,,f—the reference overall heat loss coefficient supposed for the building before the QUB experiment
is performed;
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T;—indoor temperature;
T,—outdoor temperature.

In our experiments, a constant power of 600 W was supplied before the beginning of each QUB
experiment. A small power of 200 W was kept during the cooling phase of QUB experiments.

211
. » "Temp rise in diferent rooms
75 ,./ _ gt (heating phase)

5000

208 1 o /
\4-—" indoor air tem% t .
45[][] By L =
P
2050 . . Weighted aver. Temp
4000 . .ééi')ef (all zones)
= 204F .07 L AU
= _ 2041 . T =i
Ry . [ . 'OO .
o 3500 s OOOO . T
o © 20250077 .. ..
IR BTG ey 5
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= 2077
%ﬂ g LR
& o e T
E 2500 = e . / -‘-'r.{.lj_j(-/‘)i{;}: 114, pes.
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(all zones) e B Yy )
2000
19.6 | ’
1500 | Tempfalin dfeatioons 0 hees
19.4 (cooling phase)
1000
\ \ \ 19.2 \ \ - \ |
1 2 3 4 o’ 6 0 2 4 6 8 10
(a) Heating Time, t, (h) (b) Time,t] (h)

Figure 3. Design of the QUB experiment: (a) heating power and time duration: error curves of the
overall heat loss coefficient (black) and internal temperature (red); the blue star shows the error when
the experiment is performed at 1500 W and 5 h duration for the each phase of the QUB experiment and
(b) the exponential response of seven zones of the house for 1500 W and 5 h: fall of temperature during
the two stages of QUB experiments (dotted line), weighted average temperature rise during heating
(the black circles) and weighted average temperature fall during cooling (pink).

Figure 4a shows the values of the overall heat loss coefficient, Hgy;p, obtained by numerical QUB
experiments and the exact value of the overall heat coefficient, H,, fr obtained from the mathematical
model [11]. Weather conditions during the experiments are given in Figure 4b,c. The majority of
the values of the overall heat coefficients were within +20% of the reference steady state overall
heat loss coefficient. The outliers in Figure 4a coincided with extremely small power ratios (alpha
value in Equation (4)). Alpha value should be in the range of 0.4-0.7 [14]. The day 18 of the QUB
experiment shows a positive slope during the cooling phase, meaning that temperature increased
instead of decreasing. These cases were considered outliers and were removed as they correspond to
‘bad’ designs of experiment and/or to external climatic conditions, which need to be disregarded.
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Figure 4. (a) Overall heat loss coefficient obtained with the QUB experiment obtained for 40 days with
weather data obtained by International Energy Agency (IEA), EBC Annex-58. The dashed red lines
show a range of +20% of the reference steady state value. (b) Global horizontal radiation. (¢) Outdoor
temperature during 40 days of QUB experiment.
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3. Influence of the Boundary and the Initial Conditions on the Results of QUB Measurement

3.1. Influence of the Starting Time of the Experiment: Before or After the Sunset

Equation (3) used for estimation of Hgy;p does not take into account the solar radiation. Although
the QUB experiment started after the sunset, the solar radiation absorbed by the building envelope
might influence the results of QUB experiment. To explore the effect of the solar radiation delayed by
the transmission through the walls, the QUB experiment was performed at different starting times
with respect to sunset.

Figure 5 shows the errors of QUB experiment (black curves) and the indoor temperature (red curves)
when the QUB experiment was done for heating power ranging from 500 to 3500 W and time duration
between 0 and 6 h. When the time duration was shorter than 30 min., the measurement was very
sensitive to the heating power: there was a large variation of error with a small variation of heating
power. The errors became less sensitive with power if the time duration was about 5-6 h. When
QUB experiment was performed half an hour before the sunset, in the same conditions of power and
duration (1500 W and 5 h), the error was 13% (blue star in Figure 5).

Heating Power, Fh (W)

Heating Time, t

) ()

Figure 5. Error (blue star) when the experiment is performed half an hour before the sunset time

(at 1500 W and 5 h of heating); error of measured overall heat loss coefficient (black curves), indoor
temperature (red curves).

There was a reduction of the error to 10.5% when the experiment was performed one hour after the
sunset (Figure 6). There was no further reduction of error when the starting time of QUB experiment
was further delayed. It could be inferred that the solar radiation influenced QUB results.

Figure 6 shows a reduction of about 2-3% (for example from 13% to 10.5%, in the case of heating
power 1500 W and time duration 5 h, represented by the blue star) in the case of an experiment done
one hour after the sunset. This reduction is important if the experiment duration is larger than 3 h
since for shorter durations the errors are very sensitive to the value of the heating power. The optimal
duration of the experiment and of the heating power can be explained through the distribution of
the time constants: the exponential responses due to the very short time constants need to attain
steady-state, QUB measurement being done for medium time constants [11].
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Heating Power, Ph (W)

Heating Time, t, (h)

Figure 6. Results (blue star) when the experiment is performed one hour after the sunset (at 1500 W
and 5 h of heating); error of overall heat loss coefficient (black curves), indoor temperature (red curves).

3.1.1. Influence of the Day Type: Sunny, Cloudy or Partly Cloudy

The experimental data offer the opportunity to investigate the impact of the day type (sunny,
cloudy or partly cloudy) on the results of the QUB experiment. To perform the analysis, days were
classified based on the average global horizontal solar radiation. The QUB numerical experiments
were performed with the weather data, optimal power and time duration of five hours. For each day,
the initial conditions were simulated with respect to the conditions of all the days before the QUB
experiment. The days were categorized as sunny days (average global horizontal radiation larger than
350 W /m?), partly cloudy days (average global horizontal radiation larger than 150 W/m?) and cloudy
days (average global horizontal solar radiation smaller 150 W/m?). It could be observed that the
results for sunny days had a higher variation as compared to cloudy and partly cloudy days (Figure 7).
The 2nd and 3rd quartile of the QUB results on cloudy days were closer to the steady state H-value
as compared to the QUB results on sunny days (Figure 7). However, the variation in QUB results on
all types of days, such as cloudy, partly cloudy and sunny days, show that not all the errors could be
explained solely by the solar radiation.

To explore further the effects of solar radiation on the QUB measurement, experiments were
simulated on a sunny day. The simulations were started assuming that the temperature in the external
walls was constant and equal to 10 °C. Then, simulations were repeated with the weather data of a
given day in order to obtain the initial conditions. Figure 8 shows the results when the same day was
repeated 1, 2, ..., 40 times. It could be observed that the initial conditions of temperature distribution
in the walls highly influenced the errors of QUB measurement. If initially the temperature in the walls
was 10 °C, the error of QUB experiment was 140%. However, this type of arbitrary initial conditions
was specific to a numerical experiment; the simulations need to be repeated for more days in order
to obtain values of the state variables, which are not influenced by the “arbitrary” initial conditions.
It can be noticed in Figure 8 that the errors entered in a range after 15-17 days.
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Figure 7. QUB value variation as a function of day type: sunny, partly cloudy and cloudy days. Dashed
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Figure 8. Convergence of the QUB test when the experiment is repeated without solar radiations
(blue circles) and with solar radiations (black asterisk). In absence of solar radiations (blue circles)
the QUB test settles at a value closer to H,,s. Blue dashed line the reference/steady state over all heat
transfer coefficient (H,,s), upper dashed red line (+20% H,f) and lower dashed red line (~=20% H,).

The results of QUB method for a sunny day give higher error (about 10%, black stars in Figure 8)
than during cloudy days (about 7%, black stars in Figure 8).
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The power of the heater was the only power considered for estimation of the overall heat loss
coefficient in Equation (3). Therefore, Equation (3) gave a better value when there was no solar radiation
(Figure 8). However, for a sunny day the envelope of the building continuously receives solar radiation
that is partially absorbed and stored. When the QUB experiment starts immediately after the sunset
and the heating continues for a short duration of time after the sunset, the contribution of the delayed
solar radiation transferred to the room air through the building envelope cannot be ignored. Therefore,
a correction is needed, so that the power during the heating phases is:

p 1= p heater + P solar correction- (17)

In the absence of solar radiation, the evolution of the indoor temperature during the QUB
experiment was different as shown in Figure 9. The temperature profile in the case of no delayed
solar radiation through the walls (orange line) was different from the profile when delayed solar
radiation from the wall was considered (blue line). In order for both lines to have the same evolution,
an additional power needs to be added to the indoor air (orange line in Figure 9).

30 T T T T T T

G- P
& 09 -0 ®

]
k=]
L

T

('?.

&
1
0]
&
1

“J
L]

=)

o

[
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26 T L / e
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T
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. . - . -~ 0]
Temerapture evolution during QUB experiment (C™)

0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Time duration (Hours)

Figure 9. Temperature evolution during the QUB heating phase with no solar radiation (in orange) and
with solar radiation (in blue).

3.1.2. Correction for Solar Radiation

The correction for solar radiation requires the calculation of delayed heat flow to indoor air due to

solar radiation absorbed by the building envelope. In order to solve this problem, two calculations
were performed (Figure 10):

(1) The heat flow from the building envelope to the room air, considering both outdoor temperature
and solar radiation as inputs, was calculated in order to obtain the temperature of the walls and
the temperature of the air. The heat flow from the envelope to the room air was calculated as
convective heat transfer due to temperature difference between room air and walls (Figure 10a).

(2) In the second case, the heat flow from the building envelope to the room air was calculated
by considering only the outdoor temperature (no solar radiation) as input from the boundary
conditions (Figure 10b). A controller was added to introduce the additional heat flow necessary
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to obtain the indoor temperature, Ox (Figure 10b), the same as indoor temperature, 0;, obtained

in the first step (i.e., with solar radiation, Figure 10a). The heat flow rate Q, introduced by the
controller represents the contribution of the solar radiation (Figure 10b).

- Ql = Qaucdaor Temp contribution
Q‘Qoutdaur Temp contribution + Qsalar contribution 4

® ~
N\ / Qz = Qsalnr contibution
T, \ To
\ / Tsp =6;

~ |~—‘C + Q Oy Q,

+ \

= Thermal Q 0 - Thermal u > b

i

networks networks

Pheater

Pheater

(a) (b)

Figure 10. QUB experiment with (a) indoor temperature evolution as a function of solar radiation,
outdoor temperature and heater power and (b) temperature evolution as a function of outdoor
temperature, heater power and a controller.

The power delivered by the controller required to keep the temperature 6; (without solar radiation)
equal to the indoor temperature 6; (with solar radiation) is the contribution of solar radiation (Figure 11).
For the case studied, the average power from the controller was equal to 110 W. This was considered
as the power contributed by the walls to the room air during the heating phase of QUB experiment.
Adding this to P; (power during heating phase) in QUB expression for H in Equation (3) reduced the
QUB error from 10% to 8% (Figure 12). It should be noted here that a small variation of the input
power could compensate for the power contributed by the walls due to solar radiation.

30 T T T T T T T T

298 | o = o

296

294

202 - o
@1 - Ti (no solar)

29
T o

Iolcs

Temperature evolution during QUB experiment (C°)

0..5 1 1.5 2 2.5 3 3.5 4 4.5 5
Time duration (Hours)

)
oo
@

Figure 11. Temperature evolution during the QUB heating phase with no solar radiations and controller
heat (orange line) and with solar radiations (blue).
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Figure 12. The error with solar correction (black asterisk) smaller (closer to H,, f reference value) and no
solar correction (blue asterisks) further from the reference value. Blue dashed line the reference/steady
state over all heat transfer coefficient (H,.f), upper dashed red line (+20% H,,s) and lower dashed red
line (=20% Hy).

3.2. Influence of Initial Conditions

3.2.1. Value of Power before the Experiment

The optimal error curves for the experimental house changed with the initial conditions (Figure 13).
The QUB method error increased when there was no initial power before the start of the QUB experiment
(Figure 13a). The error curves converged when the house was supplied with a steady heating power of
600 W before the QUB experiment (Figure 13b).

Figure 14 shows the results of QUB experiment when no power was used before the experiment
(panel a) and when power of 600 W was used before the experiment. It can be seen that the errors
persist after 15 days when there was no power before the experiment (Figure 14a); if the building was
heated before the experiment, the errors of QUB experiment decreased, being in the range +20%.
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Figure 13. QUB error curves for the experimental house (a) no initial power before the experiment,
the curves move towards increased error (b) initial power before the experiment, the curves converge,
red curves show the indoor air temperature and black curve show the error curves.
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Figure 14. QUB values obtained for simulations for forty days (a) no initial power before the QUB
experiment and (b) initial power before QUB experiment. Blue dashed line the reference/steady state
over all heat transfer coefficient (H,), upper dashed red line (+20% H,.f) and lower dashed red line

(=20% Hyep).

3.2.2. Time Duration

It is interesting to see that H-values with small errors could be obtained with QUB tests having
short heating duration. This is evident from Figure 15 showing that Hgy;p value within +20% of the
reference value could be obtained during the first half hour of QUB experiment. The error curves
however were very sensitive to power level if the duration of the experiment was short.

The variation in error with the time duration of QUB test could be further explored by performing
QUB experiments with different time durations. The dependency of QUB errors with time was
generated by repeating a QUB experiment with time duration ranging from 20 min to 5 h (Figure 16).
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It can be seen that initially the error was large (30%) but it reduced significantly during the next
twenty minutes. The error remains almost constant after 1-2 h of the QUB experiment, which was
in accordance with previously published results [11]. This behavior was explained by the important

contribution of the exponentials corresponding to medium time constants (1...2 h), which have
significant coefficients [5].
Ay
ST
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3000 )%R R )
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Figure 15. QUB error curves (black) and indoor temperature curves (red) during the first 1.5 h of the
QUB experiment (heating phase).
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Figure 16. Variation of QUB error with change in time duration of the QUB experiment.
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3.2.3. Value of Power during the Experiment

It is evident from the plot of error curves (Figure 3) that variation in input power changes the
output of the QUB method. The optimum power for QUB experiment on any day with reference to the
initial power can be estimated by using [7]:

Poptimum =1 Href(Ti - T), (18)

where 1 can vary from 1.7 to 3.3 [16].

The effect of variation of the optimum power could be investigated by generating error curves
for the twin house with £20% of the optimum power (Pyptinum) value. In this case the error curves
were almost vertical (Figure 17). The advantage of this behavior was that the variation in QUB error
(with +20% variation in power) was limited (maximum variation of 6% in QUB error). For example,

the QUB error would vary by 3% when the optimum power varied from 2100 to 2600 W (blue vertical
line in Figure 17).

Heating Power, Ph (W)

Heating Time, t, (h)

Figure 17. QUB errors generated with variation of the optimum power: error curves (black) and indoor
temperature (red). The blue vertical line shows error for QUB experiments at different levels of power
but for the same duration of the experiment.

4. Influence of the Initially Assumed Value of the Overall Heat Loss Coefficient

Design of experiment can be used to estimate the optimum power for the QUB experiment that
can give low errors [11]. The design of experiment (DOE) depends on the overall heat loss coefficient
used, a quantity that depends on the stated or calculated value using building material properties.
The stated or calculated value of the overall heat loss coefficient is not known accurately due to material
property deterioration, missing insulation layers, moisture transfer and the quality of workmanship.
It is therefore important to investigate how the results of the QUB method change when the overall
heat loss coefficient value used in the design of the experiment is different from the real overall heat
loss coefficient of building, which in general is larger than the designed value.

Three cases were studied in which the value of H (used for the design of the experiment) and the
real value of H were different:
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(1) The outer wall insulation for design of QUB experiment was two times higher than of the real
wall (8% error in assumed H,,r compared to the real envelope).

(2) The real wall insulation is completely missing whereas in the design of QUB experiment the outer
wall has insulation (50% error in assumed H,,s compared to the real envelope).

(3) The real wall had no insulation and the roof insulation was smaller as compared to the wall and
roof insulation used in the design of QUB experiment (100% error in assumed H,, compared to
the real envelope).

For the cases discussed above, the a priori error is defined as the error when the real H-value
was used for designing the experiment, whereas the a posteriori error is defined as the error when a
supposed H-value (obtained, for example from building specifications), which is different of the real
H-value, was used for designing the experiment. Figure 18 shows the results of 32 QUB experiments
conducted on different days. The results show that when 8% error of H-value was used in the design
of the experiment (Figure 18a), the increase in a posteriori error was not significant (shown by the blue
bar slightly higher than the red bar).

20 T T T
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18 F [N = Priori error i
16 - 1
14 1
;5 12r ]
]
5 10r : 7
@ Mediean error
=)
o 8 1
6r J
4 J
2
0
5 10 15 20 25 30
(a) Experiment days
25 T T T
-a Posterior error
[ = Priori error
20 1
g_? 15 F q
g
o a Poesleripri medi
o
2
ol ---HH--- - NN || NN N EE NN NN | E——
Priori medial ‘ ‘
5 | 4
0
5 10 15 20 25 30

(b) Experiment days

Figure 18. Cont.
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Figure 18. A posteriori error analysis for three case studies: (a) outer wall insulation is reduced (8%
error in H-value), (b) outdoor wall insulation is completely removed (50% error in H-value) and (c)
outdoor wall insulation removed and roof insulation reduced (100% error in H-value). Red bars show
error with real envelope and blue bars show QUB error with assumed envelope.

Figure 18b shows that with no outer wall insulation (H,.s error of 50%) the a posteriori error was
higher than the a priori error, with a median of a posteriori errors 10% as compared to median error of
6% for a priori errors. The majority of errors still lied within +15%. In case of no wall insulation and
reduced roof insulation (Hy.f error of 100%) the a posteriori error was significantly higher as compared
to a priori error, with a median of a posteriori errors of 16% as compared to a priori median error of 8%
(Figure 18c). Nevertheless, in this case the error made with the QUB method (median error of 16%) was
significantly smaller than the error made on the initial estimate of the overall heat loss coefficient (100%).

This also means that, in practice, the experimentalist will clearly notice that “something went
wrong” in the sense that the measured value of the heat loss coefficient is very different from the
assumed value (median difference being 100% — 16% = 84%). The experimentalist can then suspect
that there is an important gap between the theoretical design of the building and its actual state. This
could also trigger another QUB experiment, using for the design of experiment the measured value of
the heat loss coefficient instead of the theoretical (or stated by design) value. In this case, the measured
and the assumed values would be much closer, confirming the important gap between theoretical and
actual thermal performance.

5. Conclusions

In this work, QUB numerical experiments were performed on a verified model of a real house at
different levels of power, starting time, time duration, initial and boundary conditions. The weather
data of forty days was used to simulate numerical QUB experiments. The following conclusions could
be drawn from the results of the numerical QUB experiments:

e  Heating building with steady state power before the experiment improved QUB results. The error
curves show a large error when there was no initial power before the QUB experiment. The error
curves converged to smaller error when the building was supplied with power before the experiment.

e  Hgyp values within +20% of the steady state value could be obtained with short durations of
the QUB experiment (0.2-1 h). However, the measured overall heat loss coefficient, Hoyp, was
sensitive to power variation during the first hour. The error curves were less sensitive to variation
in heating power if the QUB experiment was longer than 2 h.
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e  The starting time of the QUB experiment before or after the sunset affected the results. A QUB
experiment half an hour before the sunset gave an error of 14% that was reduced to 11% when the
experiment was conducted one hour after the sunset.

e  Comparison of QUB results for sunny and cloudy days revealed that at a given power and time
duration of the QUB experiment the results on cloudy days showed less variation as compared to
sunny days.

e QUB errors on sunny days were due to solar radiation absorbed by the walls of the building.
The absorbed solar radiation contributes as a delayed heat input to the evolution of air temperature
during heating phase. This paper proposed a method to estimate the delayed solar radiation and
to correct the input power during the heating phase. The solar correction factor, when added to
the heating power Py in the QUB expression, reduced the error by 2%.

e A +20% variation in power used for QUB experiment as per recommend power level Poytimum =
2H,,¢(T; = To) could change the error by 3%—4%.

e Itispossible that the overall heat loss coefficient value H,, used for calculation of optimum power
for QUB experiment is not known with accuracy, e.g., there may be a missing insulation layer
inside the wall or the thickness of the real wall insulation may be higher than the stated value.
To check the robustness of QUB method, three scenarios were replicated to perform a posteriori
error analysis:

- The real outer wall insulation was twice the assumed value: the real H,.¢ value of the
house was 8% less than the value used for QUB experiment design. QUB method (without
knowing the real situation) responded well to the changed H-value. The error remained
well within 15% for most of the days of QUB experiment.

- The real outer wall insulation was missing (50% change in value as compared to the
assumed H-value for QUB method): QUB method, without knowing the real condition of
outer wall, responded with 4% increase in error compared to the situation when the real
condition of the outer wall was known. The error remained within +20% for most of the
days of QUB experiment.

- The real outer wall insulation was missing and the roof insulation was reduced (100% changed
value as compared to the assumed H-value for the QUB method). Though the QUB method
responded to the changed situation, the error increased significantly (12.5%). Still, even in
this extreme case, we noted that the error made with the QUB method was significantly
smaller than that error made originally. In this situation, although the accuracy of the
method was deteriorated, the method still clearly showed the important fact that the
assumed value of heat loss coefficient was far smaller than the true one.
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Abbreviations

Nomenclature

As surface area, m?

C internal thermal capacity, J/K

g solar radiation received by the building (absorbed and transmitted), W/m?
H overall heat loss coefficient (HLC), W/K

Hyer reference overall heat loss coefficient, W/K

Hous overall heat loss coefficient measured using QUB method, W/K

Py power measured before the beginning of QUB experiment, W

Py power measured during the heating phase of QUB experiment, W

) power measured during the cooling phase of QUB experiment, W

P power corrected for solar radiation added to P;, W

T temperature, K or °C

T, outdoor temperature, K or °C

T; indoor temperature, K or °C

T temperature difference between outside and inside air during the heating phase, K or C°
T> temperature difference between outside and inside air during the cooling phase, K or C°
tous time duration of the heating or the cooling, s

K steady state gain for power

K; steady state gain for boundary temperature

u heat transfer coefficient, W/(m?2 K)

Greek letters

0 mean (or equivalent) temperature, K or °C

0; indoor temperature, K or °C

T time constant, hour or seconds

Q heat input, W

aj temperature slope during heating phase of QUB experiment

ap temperature slope during cooling phase of QUB experiment

Vectors and matrices

A state matrix in state space model

B input matrix in state space model

C output matrix in state space model

D feed through matrix in state space model

u input vector

Ugs input vector in steady state

X state vector

y output vector

Yss output vector in steady state
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