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a b s t r a c t 

QUB is an innovative method enabling the experimental measurement of the total heat loss coefficient 

(HLC) of a building envelope in one night only. It is based on a simple theory, yet can be demonstrated 

to be accurate even in a short time and in real buildings, as long as certain experimental conditions are 

fulfilled. 

This study combines analytical and numerical approaches to exactly solve the temperature response 

of an equivalent building submitted to a QUB test. This allows understanding that even with a short 

time experiment (less than a night), a reasonable accuracy on the estimated HLC can be obtained. The 

experiment has to be designed following a simple heating power criterion. 

Calculation is then tested experimentally in various cases whether in climate chamber or in real field, 

and whether on light weight/not insulated building or a heavy weight/highly insulated building. Results 

show that the QUB method performed by fulfilling this criterion is a promising method to estimate the 

HLC of a real building in the field with a reasonable accuracy in one night. 

© 2018 Elsevier B.V. All rights reserved. 
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1. Introduction 

Reducing energy consumption in buildings is one of the main

ways of addressing issues around global energy consumption.

Technical solutions to reduce consumption generally fall into two

main groups; those aimed at optimizing the services in the build-

ing, such as lighting and HVAC, whilst others are centered on im-

proving the fabric efficiency of the building, such as improved in-

sulation, glazing and airtightness improvements. This paper will fo-

cus on the latter category of fabric improvements to a building. 

When buildings are constructed or renovated with energy per-

formance as a central design outcome, their performance is gener-

ally modeled/predicted at design stage, often as part of a regula-

tory requirement. 

This paper presents a method of validating this prediction us-

ing an indicator, representing not the energy consumption, but the

intrinsic thermal loss of a building envelope. This indicator is the

heat loss coefficient (HLC), expressed in Watts per Kelvin, which

represents the thermal power loss due to the thermal difference
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etween interior and exterior temperatures (independently of the

olar radiation), divided by this temperature difference. The HLC

s the sum of two effects: transmission losses and air infiltration

osses. It is a global parameter, related to the overall building en-

elope, and, therefore, is the sum of the losses through all envelope

omponents. 

The main advantage of the HLC is that it is a parameter sim-

le enough so that it can actually be measured in several ways,

or example by a co-heating test [1] , by the PStar method [2] , or

y identification methods [3] , among others [4,5] . Additionally, its

heoretical value can be easily calculated for a building. It is thus

ossible to compare design and measured value of this parameter

nd estimate a performance gap related to the building envelope. 

These measurement methods of the HLC have the same draw-

ack: the measurements require several days or even weeks. This

ight be reasonable for a research project, but it cannot be applied

t a larger scale, which means that these methods have a limited

pplication. It is, therefore, important to find a method that would

e both much faster, and as reliable as the other ones. The method

resented in this paper, called QUB [4,6–10] , aims at reaching that

oal. 

https://doi.org/10.1016/j.enbuild.2018.06.002
http://www.ScienceDirect.com
http://www.elsevier.com/locate/enbuild
http://crossmark.crossref.org/dialog/?doi=10.1016/j.enbuild.2018.06.002&domain=pdf
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QUB has been shown to be able to measure the HLC of a

welling in at most 48 h [7,10] and even less [11] . This method can,

n principle, be adapted to any kind of building. This may seem

eeply counter-intuitive as buildings have time constants that can

e much longer than this value. For this reason, this paper presents

heoretical, numerical and experimental evidences for the validity

f the QUB method in three stages. In the first, RC models are

sed to explain QUB in a simple way that enables a good un-

erstanding of the theoretical bases and the proper experimental

onditions for the test. For that purpose, experimental investiga-

ions have been carried out in the Energy House of the Univer-

ity of Salford. In a second stage, another approach is shown us-

ng a quadrupole model. This method is more complex than the

rst but is also more detailed, and yields important results for the

ptimization of the QUB test. Finally the theoretical model is val-

dated using several cases. Experimental investigations have been

arried out at a small scale in real field in a bungalow located at

aint-Gobain Recherche, at a full scale dwelling inside a climatic

hamber in the Energy House at the University of Salford and at a

ull scale in the field in one of the Twin houses at Fraunhofer IBP.

hile limited in number, these examples are different enough to

ndicate a possible use in a large number of configurations. 

. RC models 

.1. Description of the QUB method 

The QUB method is a dynamic analysis method in which the

LC, denoted H tot , is calculated by using the interior air tempera-

ure response to two consecutive internal thermal loads. The sim-

lest model one can use to represent a body submitted to transient

eat transfer is probably the lumped capacitance analysis with in-

ernal energy generation. It supposes that the interior of the body

s at homogeneous temperature, that all exchanges happen with

 medium of homogeneous temperature through an infinitely thin

nterface, and that the exterior temperature is constant. Thus, it is

n RC model with only one resistance and one capacity. The result

s the well-known equation: 

 QUB 

d T ∗

d t 
= Φ − H QUB T 

∗ (1) 

here C QUB is the apparent internal heat capacity [6,12] of the

ody in J/K. It corresponds to the total energy stored in the body,

oing from one steady-state to an another, when its interior tem-

erature increases by 1 K. � is the internal power in W brought by

ll internal heating sources, H QUB is the HLC identified with this

ethod and T ∗ is the difference between the interior and exte-

ior temperatures in K. If two separate experiments (1) and (2) are

one, with two different powers, and if we assume H QUB and C QUB 

o be constant during these two experiments, then: 

 QUB = 

T ′ 
(1) 

Φ(2) − T ′ 
(2) 

Φ(1) 

T ′ 
(1) 

T ∗
(2) 

− T ′ 
(2) 

T ∗
(1) 

(2) 

 QUB = 

Φ(1) T 
∗
(2) 

− Φ(2) T 
∗
(1) 

T ′ 
(1) 

T ∗
(2) 

− T ′ 
(2) 

T ∗
(1) 

(3) 

here T ′ = d T ∗/ d t . Thus it is quite easy in this simple case to cal-

ulate H QUB from only two experiments with two different inte-

ior heat loads. Of course, such a model is too crude to represent

he real behavior of a building; more nodes are needed for that.

he model we then use is a larger RC network with an indefinite

umber of nodes n (but with a unique internal ambient tempera-

ure, hence homogeneous inside the building). The problem takes

he form of a system of n differential equations with n unknown

emperatures. It is well-known that the temperatures evolution in

ime is a summation of n time exponential decays. If we focus
n the interior node, the long-term temperature value is given by

im t→∞ 

T ∗(t) = Φ/H tot in the case of heating of constant power �.

he general solution takes therefore the form: 

 

∗(t) = 

Φ

H tot 
+ 

[
T ∗(0) − Φ

H tot 

]
n ∑ 

i =1 

a i e 
−t/τi (4)

here τ i are time constants (it will be assumed here that they

ave an increasing value from τ 1 , the smallest time constant, to

n , the largest) and a i are constants depending on model resis-

ances and capacitors and on initial conditions. 

By injecting Eq. (4) in Eq. (2) it is easy to reach the conclusion

hat H QUB = H tot if: 

∑ n 
i =1 

[
a i, (1) /τi 

]
e −t (1) /τi ∑ n 

i =1 a i, (1) e 
−t (1) /τi 

= 

∑ n 
i =1 

[
a i, (2) /τi 

]
e −t (2) /τi ∑ n 

i =1 a i, (2) e 
−t (2) /τi 

(5) 

Eq. (5) is obviously true if n = 1 , but it must be noted that

t also becomes true when t (1) and t (2) increase enough so that

ll values of exp (−t/τi ) become negligible except exp (−t/τn ) . This

eans that after a sufficient time t L such as t L � τn −1 , the problem

ith multiple nodes and time constants can be treated as if only

ne time constant existed. If this sufficient time is shorter than a

ight, then the QUB method can be applied experimentally when

olar radiation is nil. This verification, mostly done experimentally,

s presented in Section 2.2 . 

.2. Experimental setup 

The QUB method is based on simple equations and consider-

tions. Some of them have an important influence on the way

he tests have to be done. For instance, in Section 2.1 , the ther-

al power is considered constant and known with accuracy. This

eans that it is important to eliminate or reduce all sources of

ncertainty. The most important step in that direction is to do

he test during the night without occupancy. Without solar or in-

ernal loads, the heat source used for the test can be measured

ith accuracy, especially if it is an electrical heater, and in par-

icular a simple Joule effect heater with low inertia. Other heat-

ng systems either require conversion coefficients (gas boiler, wood

urner, heat pumps...) or decrease the accuracy of the test by re-

ucing the knowledge of the instantaneous power dissipated (iner-

ial heating). However, even with an electrical heater, it is essential

o measure the real power consumed. Indeed, the voltage cannot

e assumed to be equal to its theoretical value. For instance, a de-

iation of 5% of the network voltage leads to a larger deviation of

and thus of H QUB of about 10% . This means that it is difficult

o guarantee a good accuracy of the test results unless the heat-

ng source is not the one already installed in the house, but is a

pecific test material that is brought into the building. 

Besides, the interior ambiance is considered to be a single node.

he internal temperature is thus implicitly considered homoge-

eous, even if there are several rooms or even floors. But heat-

ng a building in a way that the temperatures in all rooms are

dentical, or at least close to each other, is a difficult task in a

ynamic test. It requires the power to be adapted to each room.

here are two ways to do this. The first is to regulate the power of

ach heating element, depending on the temperature of the room

n which it is placed. It is thus possible to ensure a perfectly ho-

ogeneous heating, but the system required to do this is rather

omplex. The second way is a heating source that can be easily

dapted to each room’s surface. This solution has been used and

onsists in a large number of small power heat sources (approxi-

ately 100 W), placed in a way designed to maximize the convec-

ive heating, and reduce direct heating of the walls by radiation,

r of the ground by conduction (see Fig. 1 ). An alternative would

e to use usual fan heaters with various powers to be selected. In



126 F. Alzetto et al. / Energy & Buildings 174 (2018) 124–133 

Fig. 1. 110 W aluminum heat mats connected to boxes allowing to switch simulta- 

neously on or off at requested times. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Energy House of the University of Salford. It is a full size typical Victorian 

House build inside a climate chamber. 
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all cases, it is important to ensure a significant temperature differ-

ence between the internal and external environments to insure a

relatively homogenous temperature in the entire building. The total

installed power shall be calculated by optimizing the value of the

parameter α presented in Section 3 (using the design heat loss fig-

ure for the building, or when this is not available, a simple steady

state heat loss calculation, for example RdSAP in the UK [13] ). This

installation has been shown [10] to improve reliability and repro-

ducibility. 

The QUB method requires two different powers to be applied.

For practical rather than theoretical reasons (mainly related to the

possibilities of the equipment used), most of our tests are done

with 100% of the installed power in the first stage and 0% in the

second. But these two stages have to be done during the night.

There are two ways to do this. The first is to have each stage dur-

ing an entire night, which leads to a test duration of about 36 h

(less than 48 h with preparation and clean-up); the second is to

have both stages in the same night, for a test duration of 8–12 h

(less than 24 h in total). 

Eq. (5) shows that test duration must be as long as possible,

but also that if we assume that there is no strong influence of the

initial conditions on the values, that is to say if ∀ i, a i , (1) ≈ a i , (2) ,

then H QUB = H tot if t (1) = t (2) . For this reason, and because it has

been shown to lead to more accurate and more reproducible exper-

imental results [10] , this condition is used in all tests in this paper.

Furthermore, each variable of Eqs. (2) and (3) is calculated at the

end of each stage. This data analysis period must be long enough

to reduce the measurement noise, but short enough to ensure that

the calculated data are representative. There is no absolute optimal

value for this duration; it must be evaluated on a case-by-case ba-

sis depending on the measurement noise and the duration of each

stage. 

2.3. Validation of the QUB method 

Although several validation cases exist, either on numerical

[9] or on real [8,9] buildings, the one presented here is probably
he most conclusive. It was carried out at the Energy House at

he University of Salford [14] . The Energy House shown in Fig. 2

s constructed to meet the specification of a typical 1910 terraced

roperty from the UK that has been through reasonable modifica-

ions. The house is located inside a well-insulated concrete cham-

er which has a solid concrete floor. It consists of a test house,

onnected via a party wall to a smaller neighboring building. The

eating system is a gas condensing combination boiler fed via a

et system to radiators in each room in the test house and elec-

ric panel heaters in the neighboring house. The chamber itself is

ooled by an air handling unit that is supplied with cooling by 4

ondenser units, with a total of 60 kW of cooling (15 kW per unit).

his is supplied to the chamber via a ducted HVAC system. This

ystem reacts to the heat load of the house in the chamber and

aintains the temperature in a range of ± 0.5 K around the set-

oint. Tests have been done under different configurations, two are

resented here: with and without ceiling level insulation. Addi-

ional technical information on the Energy House can be found in

7,14] . 

The Energy House is therefore a real building which can be

ubmitted to either a variable or a constant external temperature

ithout solar radiation nor wind [15] . It can therefore be used to

easure the value of H tot in steady-state conditions, and compare

he value obtained with the QUB method with a reference having a

ow uncertainty—something that is complicated to have in a build-

ng in external conditions. An example of a steady-state measure-

ent is presented in Fig. 3 . In this case, the HLC is calculated by

imply dividing the power by the temperature difference between

nside and outside, both values averaged over the considered 12 h

ong period (between the two vertical solid black lines). 

Such a calculation can be considered to give reference values

 ref of the HLC H tot . An example of inside temperature evolu-

ion during a QUB test is presented on Fig. 4 . It shows the aver-

ge (weighted by room volume) temperature measurements in the

ouse, and curves derived from an RC model with two time con-

tants. One is the best fit found called Fit, and one is the same

odel with only the largest time constant identified call Trend. It

hus shows the exponential trend towards which the model tends.

he model used is derived from Eq. (4) by keeping only two time

onstants. This corresponds to a RC model with two capacitors and

 minimum of two resistances. 

Fig. 4 shows that the model fits the data rather well; although

hree or more time constants would be needed for a perfect fit,

wo seem sufficient in these specific conditions to describe the be-

avior of the air temperature. Furthermore, the first time constant
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Fig. 3. Steady-state measurements at the Energy House. The blue line is the average 

inside temperature, the red is the outside temperature and the green is the heating 

power. The period used for average is delimited by the two solid black lines. (For 

interpretation of the references to color in this figure legend, the reader is referred 

to the web version of this article.) 

Fig. 4. QUB test at the Energy House. The solid green lines represents the average 

inside temperature, the solid blue is the best fit obtained using a two time con- 

stant model and the dashed red is the trend using only the largest time constant of 

the best fit. (For interpretation of the references to color in this figure legend, the 

reader is referred to the web version of this article.) 

Table 1 

Results of three measurements at the Energy House in two different building con- 

figurations. 

Case 1 2 3 

t h = t c [h] 12 8 12 

Roof insulation? No Yes 

H ref [W/K] 263.9 ± 2.7 209.5 ± 2.3 

H QUB [W/K] 255 ± 9 264 ± 8 216 ± 7 

i  

t  

e  

p  

i

 

t  

Q  

s  
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r

Fig. 5. Results of QUB tests of different durations at the Energy House in Salford. 

The blue dots are the HLC results obtained via the QUB method as a function of the 

heating and cooling durations and the dashed red lines delimit the reference value 

± 10%. (For interpretation of the references to color in this figure legend, the reader 

is referred to the web version of this article.) 
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s around 23 min and has significant effects for only an hour in

his specific case. After that, the temperature behaves as a single

xponential function. This tends to confirm the logical reasoning

resented in Section 2.1 and thus show that the QUB method can

ndeed be applied. 

Yet showing that QUB can be applied does not mean that it ac-

ually works. For that, it is necessary to compare the results of the

UB method with the reference given by the steady-state mea-

urements. The results of three different QUB tests are presented

n Table 1 . They show each test’s characteristics, the durations of

he heating and the cooling phases, the reference values and the

esults of the QUB test. 
Uncertainty for the HLC obtained from the static and QUB test

as calculated by error propagation of the uncertainty associated

ith the measured variables � and T in Eq. (2) . The differences be-

ween H ref and H QUB are low, which is strong evidence of the relia-

ility of the QUB method. The theoretical basis of the QUB method

nd its experimental feasibility and accuracy are therefore proven. 

Yet some important questions remain, in particular, about the

elation between the error, the building characteristics, and the

est duration. For instance, H QUB is theoretically equal to H ref if

 h = t c > t L . But the model described in Section 2 does not say how

arge the error is if t h = t c < t L . To have an idea about this, tests

ith different durations have been done in Salford, with t h being

s low as 0.5 h. The results of several such tests, compared to the

eference values, are presented in Fig. 5 . The dots are QUB results

nd the red lines are the reference ± 10 %. They show that results

an be good even with the shortest durations. As this effect is not

nticipated by the simple RC model, a more complex one has to

e developed. This new model and its validation are presented in

ections 3 and 4 . 

. Quadrupole model 

In order to understand the behavior of the building for the

hort times, a different model has been developed. It is based on

 quadripolar description of the monodimensional heat transfer

hrough a wall [16] . The principle of this approach is to describe

he heat equation in the Laplace frequency space. In the frequency

pace, the equations for the temperatures and heat fluxes can be

olved easily, quickly, and exactly. The solution in the time domain

s calculated by inverse Laplace transforms of the frequency space

olution. For a monodimensional heat transfer, this can be done

emi-analytically (it still needs a numerical integration in the com-

lex space). The main advantage of this approach is that there is

o differential equation to be solved, so there is no discretization

n time and space, which is an approximation of the diffusive pro-

ess (due to an insufficient number of resistances and capacitors

n the nodal network formalism). The main drawback is that an-

lytical expressions are needed in the Laplace domain for all the

oundary conditions (temperatures and/or heat fluxes). 

In the case of the QUB method, we focus on the understanding

f what happens for the shortest durations. This does not require

 more detailed spatial analysis of the case, but rather a better de-
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Fig. 6. Representation of a semi-infinite slab of a homogeneous material. 

Fig. 7. Power on the inner face as a function of the time. 
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scription of the dynamic properties of the heat equation than with

simpler RC models. 

3.1. A quadrupole model of the QUB method 

In this section we describe the physical model chosen using the

thermal quadrupole formalism and provide the main equation to

be solved in the frequency space. We consider the case of a semi-

infinite slab of thickness e represented in Fig. 6 . The outer face

(noted out) is at a constant temperature during the experiment

whereas we use a thermal load on the inner face (noted in) as

in a QUB test. To prepare the initial state we consider first a con-

stant power P 0 until the time t 0 preceding the QUB test. The QUB

test then starts in a first phase with a constant load of power P h 
on the inner face during a time t h . Then the second phase lets the

temperature evolve freely without any power for the same dura-

tion t h . A steady state at the beginning of the QUB test is therefore

obtained by letting t 0 tend to ∞ . A representation of the power

evolution is provided in Fig. 7 . 

The temperature response of the inner face is then fully de-

scribed by the thermophysical properties of the homogeneous ma-

terial and the boundary conditions. The properties are the ther-

mal conductivity λ, the specific heat capacity c and the density

ρ . These three parameters can be combined with the thickness to

obtain the thermal resistance R = e/λ and the thermal characteris-

tic time of the slab τ = e 2 ρc/λ. The boundary conditions are the

power evolution of the inner face and the temperature evolution

of the outer face. The interior temperature is T ∗(t) = T in 

(t) − T out ,

where T out is supposed to be constant. 

Calling θ ( p ) and φ( p ) the Laplace transforms of T ∗ and �, these

two boundary conditions can be written as: 

θout (p) = 0 (6)

φin 

(p) = 

P 0 
p 

+ 

P h − P 0 
p 

e −pt 0 + 

−P h 
p 

e −p ( t 0 + t h ) (7)
If the slab is supposed to be constituted of N different layers in

eries, then standard quadrupole theory [16] gives the following

elationship between the interior and exterior temperatures and

uxes: 

θin 

(p) 

φin 

(p) 

]
= 

[
A ( p ) B ( p ) 
C ( p ) D ( p ) 

]
. 

[
θout (p) 
φout (p) 

]
(8)

A ( p ) B ( p ) 
C ( p ) D ( p ) 

]
= 

N ∏ 

i =1 

[
cosh ( 

√ 

pτi ) 
R i √ 

pτi 
sinh ( 

√ 

pτi ) √ 

pτi 

R i 
sinh ( 

√ 

pτi ) cosh ( 
√ 

pτi ) 

]
(9)

By injecting Eqs. (6) and (7) in Eq. (8) , the temperature of the

nner face is given by: 

in 

(p) = 

B (p) 

D (p) 

[ 
P 0 
p 

+ 

P h − P 0 
p 

e −pt 0 + 

−P h 
p 

e −p ( t 0 + t h ) 
] 

(10)

Knowing the thermophysical properties of the different mate-

ials, Eqs. (9) and (10) describe the exact temperature behavior of

he inner face in the frequency space. This model describes ther-

al conduction through an assembly of homogeneous layers. It

oes not include air infiltration neither parallel conduction heat

ransfers. Using this approach we could define such a model which

ould be more representative of a building but it would be more

omplex to get a semi-analytical solution in the time domain. In

he next section, we show how to calculate the temperature evo-

ution in time during a QUB test and the consequence of the model

eduction to a simple RC network. 

.2. Semi-analytical solution and consequence on QUB 

Going back to the definition of inverse Laplace transform, the

nversion to the time domain rests on the identification of the

oles of θ in which are obviously 0 and the poles of B ( p )/ D ( p ) and

heir associated residues. 

It has been shown [16] that each individual layer i can be de-

cribed by an infinity of 2RC circuits in series. Using this descrip-

ion the associated thermal quadrupole is: 

A B 

C D 

]
= 

N ∏ 

i =1 

lim 

n i →∞ 

{[
1 

R i 
2 n i 

0 1 

]
. 

[
1 0 

p C i 
n i 

1 

]
. 

[
1 

R i 
2 n i 

0 1 

]}n i 

(11)

Note that this is valid by taking the limit where the number n i 
f two resistors and one capacitor pairs tend to infinity. In Eq. (11) ,

t is straightforward to show that all the functions entering the

atrix are degree n polynomial functions of p with positive and

eal coefficients, as are the functions entering the matrix in Eq. (9) .

o B ( p ) is a holomorphic function of p in the complex plane and

he roots of D ( p ) have real negative parts. Furthermore, the general

hape of the solution of this type of problems being known, it can

e safely assumed that the temperature response is a sum of ex-

onentially decaying functions [17] . This means that only residues

f D ( p ) will contribute. Each has to be a first order negative pole

ocated at p i and related to the time constant τ i by p i = −1 /τi . 

By using the residue theorem, it is possible to write the follow-

ng equation: 

 

∗(t) = 

∑ 

i> 0 

r i e 
−t/τi + r 0 (12)

here r i is the residue of θ in ( p ) for the pole p i and r 0 the residue

or the pole 0. Each τ i is a time constant of the model which can

e calculated numerically by solving: 

 ( −1 /τi ) = 0 (13)

The associated residue r i can be calculated using: 

 i = lim 

p→−1 /τi 

( p + 1 /τi ) θin ( p ) = 

∮ 



θin ( p ) dp (14)

i 
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Table 2 

Thermophysical properties of the wall components namely the thermal conductiv- 

ity, the specific heat capacity and the density of the plasterboard, the insulant and 

the brick. 

Plasterboard Insulant Brick 

Thickness [mm] 12.5 120 200 

λ [W/(m K)] 0.35 0.035 0.39 

ρ [kg/m 

3 ] 950 30 1150 

c [J/(m 

3 K)] 10 0 0 1500 10 0 0 

Table 3 

Significant time constants and associated weights for the wall component models 

IWI and EWI. Only the time constants greater than 10 min are shown and the ones 

associated to significant weights. 

IWI case EWI case 

i s i τ i / R T τ i s i τ i / R T τ i 

1 65.97% 21 h 36 min 92.57% 10 d 7 h 37 min 

3 30.63% 10 h 18 min 2.60% 3 h 38 min 

5 0.07% 1 h 42 min 0.70% 57 min 

7 0.06% 38 min 0.07% 32 min 

9 0.25% 28 min 0.32% 24 min 

h  

p
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It consists in calculating the contour integral in Eq. (14) where

i is a contour circling p i = −1 /τi in the positive direction where

he only singularity inside the contour is the one of θin located

t p i = −1 /τi . The residue of the pole at p 0 = 0 is straightforward

sing Eq. (9) . Using Eqs. (14) and (10) we calculate the residues

 i during the two consecutive heat loads (it means for the time

eriods t ∈ [ t 0 , t 0 + t h ] and t ∈ [ t 0 + t h , ∞ [ ). The residues are: 

 i = 

⎧ ⎨ 

⎩ 

− B n (−1 /τi ) 
D ′ n (−1 /τi ) 

τi 

[ 
P 0 + (P h − P 0 ) e 

t 0 
τi 

] 
t ∈ [ t 0 , t 0 + t h ] 

− B n (−1 /τi ) 
D ′ n (−1 /τi ) 

τi 

[ 
P 0 + (P h − P 0 ) e 

t 0 
τi − P h e 

t 0 + t h 
τi 

] 
t ∈ [ t 0 + t h , ∞ [ 

(15) 

 0 = 

{∑ n 
i =1 R i P h = R T P h t ∈ [ t 0 , t 0 + t h ] 

0 t ∈ [ t 0 + t h , ∞ [ 
(16) 

here R T = 1 /H tot is the sum of all the resistances in the wall. 

In order to calculate the temperature evolution during the QUB

est, it is necessary to give an initial condition not only of the in-

erior temperature, but on the entire distribution of temperatures

n the envelope. With this aim, a strong assumption, the conse-

uences of which will be examined later, is made: we suppose

hat t 0 → + ∞ . It means that when the heating phase starts, the

uilding is at a steady state with an internal temperature T ∗
0 

≡
lim 

 0 → + ∞ 

T ∗
in 

(t 0 ) = P 0 /R T . With this assumption it is possible to write

he internal temperature evolution during the QUB test: 

 

∗
in 

(t) = 

⎧ ⎪ ⎨ 

⎪ ⎩ 

R T P h + (P 0 − P h ) 
n ∑ 

i =1 

s i τi e 
− t 

τi , 0 ≤ t < t h 

n ∑ 

i =1 

[ 
P h + (P 0 − P h ) e 

− t h 
τi 

] 
s i τi e 

− t−t h 
τi , t ≥ t h 

(17) 

here we note s i = B n (−1 /τi ) /D 

′ 
n (−1 /τi ) and we perform the vari-

ble change t + t 0 → t . Using Eqs. (2) and (17) with temperatures

nd temperature derivatives for phase (1) evaluated at t = t h and

or phase (2) at t = 2 t h , writing Φ(1) = P h and Φ(2) = 0 , and sim-

lifying by introducing α = 1 − T ∗0 /R T P h and βi = e −t h /τi , H QUB can

e written in function of the total heat losses coefficient H tot : 

 QUB = H tot 
1 

1 − α2 

∑ 

i> j 

s i s j βi β j (τi −τ j )(βi −β j ) 

R T 
∑ 

i 

(1 −αβi ) s i βi 

(18) 

This model leads to the conclusion that there are two main

ays to ensure that H QUB = H tot . The first, already reached with

he first model, is to have long test durations. If t h is larger than

he second largest time constant, then all β i except one tend to

, and the second term in the denominator of Eq. (18) becomes

il. The second way is to have α = 0 . Taken directly, this simply

eans that P h = P 0 , thus that the building stays at steady state

uring the heating phase, implying that the temperature slope is

il during this phase, which transforms Eq. (2) into the simpler

 QUB = Φ(1) /T ∗
(1) 

, which is an obvious conclusion in steady-state

onditions. 

Yet the consequences are more interesting that this simple

quation. For instance, even though a steady state with α = 0 is

ot physically achievable, it is possible to approximate it with

→ 0, which should lead to H QUB ≈ H tot whatever is the test du-

ation. On the other hand when α increases, the corrective factor

iffers from 1 and the error between H QUB and H tot increases, with

 difference which is reduced when the test duration increases. 

Of course, the shorter the test duration, the higher the impor-

ance of the initial conditions. Furthermore, low values of α also

orrespond to low amplitude excitations compared to initial con-

itions, which once again reinforce the importance of the initial

onditions, in particular the hypothesis that the test starts from a

teady state. Thus, it is important to understand the influence this
ypothesis has on the QUB tests results, both theoretically and ex-

erimentally. 

.3. Numerical analysis of the quadrupole model 

In order to illustrate the impact of t h and α on the test result,

 numerical application is performed with a semi-infinite multi-

ayered wall, for which inverse Laplace transform is done numer-

cally using Eqs. (9) , (13), (14) and (18) . A three-layered wall is

omposed of a 12.5 mm thick plasterboard, 120 mm of insulation

nd 200 mm of brick. The internal node represents a simple vol-

me of air of about 34 m 

3 with an internal convection coefficient

 int = 10 W/(m 

2 K ). A convective resistance h ext = 25 W/(m 

2 K ) be-

ween the outer concrete surface and the exterior node is also con-

idered. With these parameters, the envelope HLC is about 12 W/K

o R T ∼ 0.0824 K/W. All the thermophysical properties of the solid

aterials are given in Table 2 . 

To describe the temperature response in time, we used Eqs. (9) ,

13) and (14) to compute the time constants longer than 20 min

nd their associated residue. We only keep the ones where the

esidue is significant. The figures are presented in Table 3 for the

revious case (called IWI for internal wall insulation) and another

ase where the insulation and the brick have been switched (called

WI for external wall insulation). 

Using the values in Table 3 and Eq. (18) , we can calculate the

rror on a QUB test at a given heating duration as a function of

. Fig. 8 represents the error of a QUB test( H QUB /H tot ) for these

uilding envelopes as a function of α for three different durations:

 h = 1 h, 6 h and 12 h. 

These are extreme cases because in reality there is always a

ix between lower and higher inertia systems. As the heat trans-

er happens in the different parts of the envelope in parallel most

f the building will behave differently. Fig. 8 shows that the HLC

easured is overestimated and confirms that increasing the heat-

ng duration will reduce the error during a QUB test. It also shows

hat the error increases with the inertia of the system. 

These results are valid for an initial steady state before the QUB

est. The same experiment can be done numerically without the

trong hypothesis that the initial condition of the QUB test is a

teady-state. In order to assess the effect of a non steady state be-

ore the measurement, we modify the power pattern defined in

ig. 7 by adding a zero power phase between the steady regime

nd the QUB test for a duration t c . This corresponds to a QUB test

fter a few hours of free cooling. Using the same approach we can
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Fig. 8. H QUB /H tot = f (α) for IWI wall (a) and EWI wall (b), calculated using a numerical resolution of the quadrupole model. The blue lines are the results for 6 h of heating 

and cooling, the green ones for 12 h and the red for 1 h. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this 

article.) 

Fig. 9. H QUB /H tot = f (α) for a heating and cooling durations of 4 h in the EWI case, 

calculated using a numerical resolution of the quadrupole model. The blue line is 

the result starting from a static initial state, the green for 2 h of cooling before 

the QUB and the red corresponds to 8 h of cooling. (For interpretation of the ref- 

erences to color in this figure legend, the reader is referred to the web version of 

this article.) 
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calculate the time evolution of the inside temperature which de-

pends on the same time constants and residues shown in Table 3 .

Then we can calculate the results of a QUB test as a function of α
and for different cooling durations before the QUB test. We show

this evolution in Fig. 9 for a QUB test of 4 h of heating and cooling,

for the EWI case and for different duration of t c . We impose the

initial building temperature (before the QUB test) to be 20 °C and

temperature variations of at least 1 °C during heating and cooling

phases. 

This more realistic model confirms that H QUB presents a strong

dependence on α, which is related to the fact that for the shorter

measurements, several time constants play a role on the temper-

ature evolution. By preventing large values of α, it is possible to

have a correct measurement of the HLC even with a short test du-

ration. It must be noted that the free cooling period before the be-

ginning of the test also creates a underestimation of H QUB for low
alues of α, although it is much less important than its overesti-

ation at high values of α. These phenomena show that α values

round 0.5 should be favorable. In the next section, we investigate

xperimentally these effects. 

. Experimental validation of the quadrupole model 

For all QUB tests presented here, the same protocol has been

pplied. The temperature difference between the inside and the

utside is always positive and the building is heated during the

rst phase then cooled down with no controlled power (but pos-

ibly residual power, like the measurement equipment consump-

ion). The heating is performed using the small heating power

ources shown in Section 2.2 . Temperatures are recorded with

t100 sensors or aluminum-covered K-type thermocouples. Fur-

hermore, as it has already been explained in Section 2.2 , heating

nd cooling phases last for the same duration such as t (1) = t (2) =
 h . Several experiments have been presented in a proceeding [10] .

he three described here are the ones for which the comparison

f H QUB with H ref has been possible. The first is a small bungalow,

he second is the Energy House at the University of Salford and

he third is one of the Twin Houses at the Fraunhofer Institute of

uilding Physics. 

.1. Small scale building in real climate 

The first test building is a bungalow located in Saint-Gobain

echerche at Aubervilliers, near Paris, France. The bungalow has a

oor area of about 13.5 m 

2 , a volume of about 34 m 

3 and a total

eat loss area of about 68 m 

2 . The inertia is low as there is little

urniture and the thermal mass mainly comes from plasterboard

nd glazings. Two kinds of experiments are performed to assess

he HLC of this building. 

The first one is a quasi-static measurement based on the co-

eating methodology proposed by Leeds Metropolitan University

1] . The result of this test is used as a reference. The principle

s to maintain the inside air of an unoccupied building at a con-

tant temperature during at least two weeks and to analyze daily

verages of energy consumption as a function of external weather

onditions. Using a simple model that takes into account total heat

osses and solar heat gains we identify the building parameters by
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Fig. 10. H QUB = f (α) in SGR bungalows. The red, magenta, blue and green dots are 

obtained respectively for durations of 30 min, 1 h, 2 h and 4 h. The solid black 

lines delimiting the grey zone corresponds to ± 20% of the reference value. (For 

interpretation of the references to color in this figure legend, the reader is referred 

to the web version of this article.) 
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Fig. 11. H QUB = f (α) in the Energy House at the University of Salford. The red and 

blue dots are obtained respectively for durations of 1 h and 4 h. The solid black 

lines delimiting the grey zone corresponds to ± 20% of the reference value. (For 

interpretation of the references to color in this figure legend, the reader is referred 

to the web version of this article.) 

Fig. 12. View of the test house. 
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erforming the following linear regression: 

in + g S φrad = H ref T ∗ (19) 

here Φin is the heat load in the building, g S the solar factor in

 

2 and φrad the solar heat gain, measured in W/m 

2 . All overlined

ymbols are averaged over 24 h. The reference HLC calculated with

his methodology is H ref = 33 ± 2 W/K . 

The second experiment is a large number of QUB tests which

ave been performed during the first semester of 2013. Four dif-

erent heating durations have been studied (30 min, 1 h, 2 h and

 h) with different heating powers and initial temperature differ-

nces. This allows verifying the correlation of H QUB with α. Results

re shown in Fig. 10 . 

Fig. 10 confirms the qualitative results obtained from the

uadrupole model. It is first possible to observe a strong depen-

ency of H QUB on α, with a low underestimation at low values of

and a high overestimation at high values of α. In both cases, the

eating duration increase reduces the error, although it is much

learer for the overestimations (in part because low values of α are

arder to reach than high values). On the other hand, for α ≈ 0.4–

.7, a good agreement between H QUB and H ref is obtained for all

eating durations. 

.2. Real scale building in controlled climate 

Additional tests have been done at the Energy House at the Uni-

ersity of Salford, already presented in Section 2.3 . The additional

hort tests have been done later than the longer ones, and the con-

guration of the house had slightly changed in between (modifica-

ions of the window frames and doors), thus the value of H ref had

o be measured again. The result is H ref = 229 . 2 ± 2 . 4 W/K. 

Short QUB tests were performed with two different heating du-

ations, 1 h and 4 h. As in Section 4.1 , various settings for the heat-

ng power and the initial temperature difference were used in or-

er to have a variation of α. We show in Fig. 11 the HLC measured

sing the QUB test as a function of α for the Energy House, com-

ared to the reference H ref . 

Fig. 11 confirms the previous qualitative conclusions, especially

hose obtained in the small building in real climate. First, the HLC

easured increases with α. Second the error reduces when the

eating duration increases. Most of the tests performed at α val-

es between 0.4 and 0.7 are in good agreement with the reference

easurement for both values of the heating duration. Finally, for

ow α values, H QUB is lower than H ref , which also confirms conclu-

ions reached by numerical calculations. 

It is important to note that if α has to be chosen between 0.4

nd 0.7 during an experimental test, it means that the internal load

ust be between 1 . 7 T ∗
0 
/R T and 3 . 3 T ∗

0 
/R T , which leaves a rather
ide range of acceptable values. This explains why, even though

xperimental values of α should be controlled, it is often possible

o have good results even if α has not been checked, as it was the

ase in Section 2.3 . 

.3. Real scale building in real climate 

In spring 2014, in-situ tests were performed at one of the

win houses of the Fraunhofer Institute for Building Physics IBP

t Holzkirchen near Munich. The house is a solid brickwork con-

truction provided with an External Thermal Insulation Composite

ystem (ETICS) of 8 cm (west/east facade) and 12 cm (south/north

acade). It includes a basement, a ground floor and an attic space.

he pitched roof is sloped by 30 ° and insulated with 16 cm of min-

ral wool. A view and section of the test house can be seen in

igs. 12 and 13 . 

In order to obtain a reference HLC (all roller blinds closed),

wo methods were applied: A co-heating (baseline) measurement

nd an assessment according to the German standard for the en-

rgy certificate of buildings under public law DIN V 18599-2 [18] .

he result of the measurement is H ref = 120 . 6 W / K . The calcula-

ion according to DIN V 18599, assuming a mean infiltration rate of

 inf = 0 . 06 h 

−1 (according to DIN EN 13829 [19] , based on blower-

oor tests, n 50 = 0 . 9 h 

−1 
) and additional heat losses through ther-

al bridges of U WB = 0 . 05 W / ( m 

2 . K ) , leads to H ref = 119 . 4 W/K. In

he following, the measured value of 120.6 W/K is used as H ref . 

During the QUB tests, the basement is heated to a constant

emperature of 20 °C in order to have an approximately adiabatic

ystem boundary at this point, as the considered zone (ground

oor and attic space) is also heated to 20 °C before carrying out

he QUB-test. The heating mats are activated every evening 15 min
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Fig. 13. Section and ground floor plan of the test house. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 14. Measured heat loss coefficients in dependence of the α-value. 
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after sunset and remain active until midnight. This means that the

duration of the QUB test is slightly modified in each experiment.

Accordingly, the passive cooling phase lasts from midnight until

sunrise. In order to mix the air in the zone considered, the ex-

isting circulation ventilation system (supply duct in the attic east;

extract duct in the bathroom) was activated. The boundary condi-

tions for the QUB tests result from experiences gathered during the

experimental optimization of the QUB method [10] . The aim was

to realise tests with α-values between 0.4 and 0.7 and to check

the reliability and repeatability of the QUB test. In the tests per-

formed, the nominal heating power was 4.4 kW. The effective heat-

ing power was measured each time. Fig. 14 shows the measured

HLC for the QUB tests that were carried out in dependence of the

α-parameter. 

The average result is 115 ± 10 W/K which is very close to the

reference value, and the maximum discrepancy compared to this

reference HLC amounts to 16%. The QUB results have therefore an

acceptable dispersion and with such a limited number of measure-

ment points it is difficult to conclude whether there is a trend in

this case or not. Thus, it can be concluded that by performing QUB

tests with α-values between 0.4 and 0.7, results are reliable and re-

peatable. The relevant discrepancy at some measurements may be

caused by the following aspects and needs further research stud-

ies: 
• non-homogeneous temperature in the concerned zone due to

convectional effects and stratification (up to 2 K between

ground floor and attic space) 

• unavoidable temperature gradient between the zone concerned

and the basement during the heating and cooling phases leads

to unwanted heat transfer 

• wind pressure conditions vary from a test to another and air-

tightness of the building in the reference measurement case

and the QUB test might have small differences, so infiltration

heat losses might be different. Unfortunately wind pressure

conditions have not been recorded but as the building airtight-

ness is high this effect should be moderate 

• anticipation of the optimal α-value in practice is difficult. 

When transferring these findings into a measuring method for

he practical application of the QUB test in buildings as a method

or checking the energy quality of the building envelope, the is-

ues of air tightness and air change due to infiltration must be

aken into account. It has been shown here that if the airtightness

s good (as can be quickly proven by an air pressurization test), the

easured value of HLC should be stable and close to the reference

alue that could be measured in a co-heating test. For a poor air-

ighness case, a blower door measurement should not be enough

nd an appropriate technique (such as tracer-gas method) should

e used to quantify the air change rate and its impact on the heat

oss coefficient estimated. 

. Discussion 

It has been shown in the first section that using an RC model

an explain why QUB tests can give good results in only two

ights, provided some experimental conditions are respected, in

articular homogeneous conductive heating and identical heating

nd cooling durations. In the second section, a model developed

sing the quadrupole method has been used to show that it is pos-

ible to measure the HLC of a building in one night only, with test

urations being, in extreme cases, as short as one hour. In order

o achieve such results, experimental requirements are more strict

han those required for whole night tests. In particular, it has been

hown that the thermal load must be included in a range that de-

ends on the value of the internal and external temperatures. This

ondition is expressed through the use of an adimensional param-

ter called α, which should be included between approximately 0.4
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nd 0.7 (although these values depend on the experimental condi-

ions before the test starts: free cooling or temperature regulation,

or instance). 

This method has been validated in different ways: by theoret-

cal considerations, by numerical applications, and also by exper-

mental validations in buildings where a good estimation of the

eat loss estimation could be found with a second method. The

uildings are a bungalow for which extensive co-heating measure-

ents have been done, the Energy House at the University of Sal-

ord, which is a Victorian house located in a climatic chamber and

an therefore be put in steady-state conditions, and one of the

win Houses at the Fraunhofer Institute of Building Physics. All

hese validation cases lead to the same conclusions: low values

f α can lead to slight under-evaluations of H ref , high values can

ead to high overestimations of H ref , and the error, which depends

n the building structure, can be reduced by increasing the mea-

urement duration. Finally it has been shown that even in a real

uilding with a high inertia and a good insulation, and submitted

o real climate conditions, if the described experimental conditions

re fulfilled, the QUB test can provide a good measurement of the

LC of a building in one night. 

Even if this can be considered a very worthy objective, the de-

eloped model and associated experimental setup have other ad-

antages, in particular for building scientists. Current HLC mea-

urements take two to three weeks. In that time, it is possible to

un as many as 20 QUB tests, and hence study the influence of ex-

erior conditions, like the weather, on the results. For instance, it

ould be possible to study the impact of wind velocity on the re-

istance, which is a way of estimating the thermal impact of infil-

rations. It is also possible to use them, not for studying the build-

ng envelope resistance, but the second parameter of the simplified

odel—its heat capacity—and in particular the influence of time,

s has been presented in [10] . It can therefore be used to com-

lete the understanding scientists have of the buildings behavior

n many different conditions. 

. Conclusion 

This paper proposes a new and efficient way of measuring the

otal heat losses of a building envelope. The main problem of ex-

sting methods is their duration, which makes them unsuited for

se at a large scale. The QUB method aims at solving this issue

y using dynamic measurements done only at night, in preferably

mpty buildings. Furthermore, only two power steps are used, usu-

lly a constant heating followed by free cooling, which simplifies

he temperature responses. These experimental conditions make it

ossible to use a simple model to identify the envelope resistance

n a short time. The two problems that arise, and that this article

ries to solve, are the justification of the thermal model and the

alidation of the experimental results. 

Although we believe that our findings are collectively quite con-

lusive, we also know that there is much to be done to improve

ur understanding of the QUB method. In particular, it is impor-

ant to study its uncertainty, how large it is and how it varies with

arameters such as test duration or wall configuration. This would

alidate this methodology, and so prescribe when the method is

uitable and in which cases it could be inaccurate. Besides, it can

lso be argued that while useful, the information given by a QUB

est is insufficient to do a complete energy diagnosis of a building,

nd should ideally be completed by values of thermal losses for in-

ltrations, thermal bridges, or specific elements (such as windows,
eiling, etc.). If different methods could be developed to measure

hese losses without increasing a QUB test duration, a complete

nd accurate diagnosis of a building would be possible, even if a

ore complex equipment would probably be needed. Thus it is

ecessary to study how the QUB method can be improved or com-

leted with other methods to become a more complete assessment

f a building’s energy performance. 
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