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Abstract

Today the building sector consumes than third of global energy consumption. Thus, improving building envelope performance can
optimize building thermal and energy efficiency. This paper introduces an original modelling of thermal dynamic in the building
wall. The model will help us to understand the heat transfer mechanism of multilayer walls to better support building retrofits, in
order to reduce energy consumption. The model is based on the Kron’s method developed with the Tensorial Analysis of Networks
(TAN). The feasibility of the model is studied with a multi-layer pieces of wall. The TAN thermal modelling methodology is
described with different steps of routine algorithm. The Kron’s graph equivalent model is elaborated from the Cauer thermal model
applied to multi-layer structure. Then, the TAN equation traducing analytically the thermal problem is established. As results, the
thermal flux through two- and five-layer of wall was determined. The effectiveness of the building wall TAN model was verified
with numerical parameters from a residential building located in the north of the France, subject to a retrofit problem. The thermal
loss, was estimated for different parameters of materials constituting the piece of wall, is given to perform the building retrofit
strategies.

Keywords: Thermal modelling, Multilayer wall, Kron’s method, Tensorial Analysis of Networks (TAN), Thermal loss,
Retrofitting.

e black box models which use only measured input/output
data and statistical estimation methods (e.g. [6, 28, 30]);

1. Introduction e grey box models, a mix of the first two categories above.

They use input/output data as well as some a priori
knowledge on the system. A popular grey-box model is
based on the equivalent RC networks [28, 43, 46].

To meet the environmental and ecology regulations as eco-
zones, which is also recommended by the European Directive
[15], the future design of buildings in the worldwide capital
and big cities must challenge smart and intelligent aspects
[24, 36], and especially in Europe. Behind this challenge,
building must be designed by minimizing the electrical power
consumption. The main parameters linked to this building per-
formance are related to the thermal heat flow [29, 45]. The
energy lost through the building walls and windows must be
estimated by the architect engineers during the design phase.
Therefore, the thermal performance modeling plays a major
role in improving the prediction and evaluating the energy per-
formance [4, 14, 22,27, 35]. In this framework, the state of the
art on the available literature regroups three categories of ther-
mal model approaches which can be summarized as follows

The grey box model promises the possibility to indicate
a minimum number of geometric and thermal parameters in
function of the building specifications. Then, software 3D
simulators of building structure taking into account the phys-
ical and geometrical parameters were also developed [10].
However, these models and simulators require improvements
in terms of:

e Complexity: the model and design may become out-
standingly complex with the building room and floor
numbers, and constituting material properties [11]. In
some studies, this type of input might be difficult or even

[42]: impossible to recover [41].

e white box models which are based on physical knowl-
edge of the system and thermal balance equations. These
models are generally generated from energy simulation
software like EnergyPlus [1], TRNSYS [5], etc;

e Computation solver: the numerical computation ap-
proach which are generally using 3D space meshing and
needs a huge amount of computation time and power.

To face up this mathematical challenge, reduction methods
of building thermal model were suggested [20, 31]. These
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techniques consist in proposing the simplest mathematical
representation of the thermal structure. Rightly, based on the
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Nomenclature

Acronyms

TTF  thermal transfer function

LTI linear time invariant

TAN  tensorial analysis of networks
PCB printed circuit board

Model parameters

material length, [m]
y material thickness, [m]
z material width, [m]
T, air ambient temperature, [°C]
T;, input temperature, [°C]
Tin input temperature, [°C]
T out output temperature, [°C]
As the thermal conductivity, [W/mK]
Pe the material massive density, lkg/m’]
O¢ the specific heat capacity, [J/K]
R thermal resistance of the branches, [m*K/W]
Cee thermal capacitance of the branches, [W/m?K]
Zee thermal impedance of the branches, [Q]
(&) constant time, [ms]

pr power through the m" branches, [W]
PP thermal power flux contravariable, [W]
Ty branch temperature source, [°C]
o mesh temperature flux covariable, [°C]
I, mesh temperature based on TAN formalism, [°C]
Ar instantaneous heat loss, [°C]
Other Symbols

B the set of branch space

7 the set of mesh space

& wall layer number

a;, b; i’ real coefficients for TT F-LTI

Cy connectivity matrix

G volume loss coefficient
M; material number i

n, m positive integers

np the number of branches
N, the number of meshes
n, the number of nodes

s Laplace variable

nodal [26], nonlinear constraint optimization [21], aggrega-
tion of states [13] and nonlinear thermal dynamics [23], the
possibility to model multi-zones of building was emphasized.
The reduced model (i.e low-order or simplified model) was
successfully automatized for several cases of building [16].
Despite the modelling progress, further improvement is nec-
essary in terms of time-dependent computational solver. With
the new trends of modern smart and intelligent building de-
signs, mathematical tools with possibility to estimate the elec-
trical power consumption in function of the heat energy lost
through the building wall are needed. In this way, we can pro-
ceed with linear thermal transfer function (7T F) model ex-
pressed as follows:

Z?:] aisi

m . i’
i bis

TTF(s) = 1

with n and m are positive integers and s is the Laplace variable.
a; and b; are real coeflicients for the 77T F-linear time invariant
(LTD) system.

For the fast prediction of the time-dependent dynamics of
the heat flow through the modern building, low order mod-
elling approaches have been deployed [20, 31]. But these
low-order models (i.e reduced models) require further rigor-
ous approaches to take into account the building multilayer

walls [3, 18]. Thus, other techniques are proposed in the lit-
erature, for instance: a matrix method and Fourier transforms
model was improved in [44] with the objective to compare
the effect of each insulation layer at the inside or outside of
the main wall mass. While a finite-difference model based on
numerical integration of the one-dimensional (1-D) heat con-
duction equation was investigated in [2] and [37]. This class
of models was developed in order to determine the optimum
thickness of an insulation layer and the effect of differently
locating on insulation layer within a multi-layered wall. This
model also was developed in [8] and particularly for a mul-
tilayer walls containing phase change materials. The results
of these works are promising, however the analysis is limited
to using one, two, and three layers of insulation. Otherwise,
this problem was mainly improved in [7] by using an electri-
cal analogy to describe one-dimensional heat conduction and
compare several walls. Let notice that in this study only the
layer distribution was varied, in terms of their decrement fac-
tor and time lag. It is also the objective in [19], where a heat
transfer matrix approach is used to derive a basic inequality on
the effect produced by layer order on the decrement factor.

To be able to consider the multiscale parameters as the ma-
terial constituting the multi-wall building (1-D, 2-D and 3-D),
we propose to use an uncommon formalism based on the Ten-



sorial Analysis of Networks (TAN) for building thermal model
in the present paper. This approach offers different possibil-
ities, especially to compute different types of systems built
with its electrical analogies and consider different thermal ex-
citation. Extend the model from one and two-layer wall to
a high number of layer is also possible, without any effort.
So, the feasibility of TAN thermal modelling was investigated
in [38, 39] for the analysis of electronic printed circuit board
(PCB) structure. We would like to exploit the Cauer RC-
ladder model [12, 39] to analyze the thermal dynamic of the
building by means of the TAN formalism. Before the analyt-
ical investigation, we can get an overview on the brief TAN
state of the art. The TAN formalism was initiated by Kron
in 1930s for modelling electrical networks (reader can refer
to [25] for further information). The model was efficiently
explored by Maurice and his teams [32, 33, 34] in 2000s for
modelling electromagnetic compatibility (EMC) of electrical
and electronic complex system. The extension of the TAN for-
malism to perform fast and accurate calculations of multi-port
PCB system was investigated into [9, 40]. With the analogy
between the building structure and electrical circuit pointed
out in [17], the uncommon method of TAN formalism could
be an interesting candidate for the future thermal building de-
sign engineers.

To illustrate the thermal building TAN methodology, the
present paper will investigate the modelling of piece multi-
layer wall structure. For the better understanding, the remain-
der of the paper is organized in three main sections. Section 2
will formulate the problem in handling. Section 3 will present
the analytical methodology of the thermal TAN modelling.
The model is focused on a 2-layer and 5-layer structures as an
illustrative example. An algorithm summarizing the approach
will be given in section 4. The Section 5 will be dedicated to
illustrate by a numerical application with a proof-of-concept
structure composed of realistic physical and geometrical mate-
rial parameters the effectiveness of the approach. Lastly, Sec-
tion 6 will end the paper with a conclusion.

2. Problem formulation

The main problem of this study concerns the fast estimation
of temperature in the building in function of the external tem-
perature and the wall parameters. To illustrate in better way
the proposed TAN thermal modelling, we consider the piece
of wall as a parallelepiped slab. The geometry of the multi-
layer 3D structure constituted by stacked materials M,, M,
M. and M, is shown in Fig. 1. Precisely, Fig. 1(a) illustrates
the case with 2-layer wall and Fig. 1(b) for 5-layer case. Each
material is supposed with length x, width z and thickness y;,
with i = {a,b,c,d,e}. The bulk of piece of wall will be de-
fined by the geometrical sizes x V 2(y, + y») A z for instance
for 2-layer wall.

The lateral side of this structure is supposed surrounded
by constant environment temperature 7,. The left side of the
structure is heated by the t-time variant temperature 75,(¢) >
T.. So, the main problem to solve can be formulated by the de-
termination of the time dependent output temperature 7, (7).

11
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Figure 1: 3D configuration of the piece of wall under study. (a) with 2 layers;
(b) with 5 layers.

Similar to the analysis of linear time-invariant (LTI) system,
we propose to compute T,,, analytically with symbolic ap-
proach via the thermal transfer function (77T F):

Tous(s)
Tin(s) '

TTF(s) = 2)
with s is the Laplace variable. To determine this TTF, the
modelling method explored in the present paper will be pro-
ceeded with the TAN formalism by representing this structure
as a Kron’s graph topology.

So, in the next section, we will introduce the analytical in-
vestigation about the proposed thermal modelling. The ther-
mal structure will be represented in 3D configuration and in
its lumped equivalent RC-circuit. Then, the Kron’s equivalent
graph topology will be defined. The thermal problem metric
will be established via branch and mesh space analyses.

3. Analytical description of the TAN formalism based
thermal model

3.1. Description of the classical RC-circuit Cauer model

Before the TAN model exploration, let us describe the clas-
sical RC model of our structure.

3.1.1. Thermal parameters R and C

Let us denote ¢ = {a,b,c,d} and the following material
layer parameters: A the thermal conductivity, p the material
massive density, and § the specific heat capacity. Based on
the thermal circuit theory [4, 17, 22, 35], it is worth to recall



that the £”-layer materials can be characterized by the thermal
resistances and capacitances :

y
Ree = 7 3)

and yxz
C¥ = =0 4)

The associated constant time is equal to:
7(¢) = ReeC* (5)

These parameters which draw the classical equivalent cir-
cuit, as described in the next paragraph.

3.1.2. RC equivalent thermal circuit

As reported in [12, 39], the Cauer classical RC lumped cir-
cuit of the structure proposed in Fig. 1(a) is shown in Fig. 2.
It is composed of respectively by two and five RC-cells in cas-
cade, for 2-layer and 5-layer wall, with input 7}, and output
T,u- The reference node presents the environmental temper-
ature T,. The series branches are with thermal resistance R,
and the parallel branches are connected to the reference via ca-
pacitance C¢. The power corresponding to the thermal fluxes
flowing through the branches of the circuit are denoted by P™
withm ={1,2,...,9,10}.

3.2. TAN modelling based method

The TAN modelling applied to the thermal problem is de-
veloped in this paragraph. The method is essentially based on
the graph topology, the branch and mesh space analyses and
the resolution of the problem metric.

3.2.1. Kron’s graph topology

Fig. 3 represents the Kron’s equivalent graph of the thermal
circuit presented in Fig. 2. The common reference node is still
identified with fixed temperature 7,. We can identify in this
graph, the thermal circuit source T;, and symbolic impedance
in function of the Laplace variable s. The analysis of this
graph enables to define the number of branches #;, the number
of nodes n, and the number of meshes n,,. For examples:

o for 2-layer wall, we have n, = 4, n,, = 2, and n,,, = 2.
e for 5-layer wall, n, = 10, n,, = 5, and n,,, = 5.
The parallel impedance are equal to:

1
L = @ > (6)

while the impedance of the last branch for two-layer wall is
denoted:
Zf=Rp+Z @)

and for five-layer one is:
Zfs=R.+Z, (3

The TAN in branch and mesh spaces with the descriptions
of thermal flux variables will be described in details in the next
paragraphs.

3.2.2. TAN equation in the branch space

Based on the TAN formalism [9, 32, 33, 34, 40, 47], the
temperature effort and flux, with g8 = 1,2,...,n;, along the
branches are 1-rank tensor. The covariable of the Kron’s graph
described in Fig. 3 which is represented by the branch temper-
ature source can be written as:

Ty=|Ti © 0 0|, ©)

and the thermal power flux contravariable can be defined by:

P=[p P P PO’ (10)

where M7 represents the transpose of the matrix M. The asso-
ciated thermal branch impedance is a two-rank twice covari-
able which can be expressed as:

R,

z, 0

Ry
Zys = Zp (an

0 .

Zf |

3.2.3. Branch and mesh space connectivity

The main idea behind the connectivity is to solve the prob-
lem with a smaller number of variables. For example, instead
working in the branch space with S-variable PP, we can work
in the mesh space with y-variable Q" where u = 1,2,...,ny.
The link between the branch and mesh spaces can be ex-
pressed analytically with the algebraic relation between the
branch temperature flux covariable P? and the mesh temper-
ature flux covariable Q“. The connectivity matrix Cz isa2-
rank mixed tensor. It constitutes the bridged between this two
1-rank tensorial object via the Einstein notation:

PP =Cho (12)

The corresponding matrix relation can be elaborated from the
Kron’s graph of Fig. 3 and can be summarized by the follow-
ing equation, respectively for 2-layer and 5-layer wall:

1 0
W
[Cﬁ]zz 1 -1 (13)
0 1
and
1 0 0 0]
1 -1 0 0
0 1 0 0
o
[Cﬁ]5 =0 1 -1 0 (14)
0 0 1 0
0 0 1 -1
o o 0 1]
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Figure 2: Classical equivalent RC-circuit of the bulk structure: (a) introduced in Fig. 1a; (b) in Fig. 1b
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Figure 3: Kron’s equivalent graph topology of the structure introduced in: (a) Fig. 1a; (b) Fig. 1b.



3.2.4. TAN equation in the mesh space
In the mesh space, the mesh temperature effort defined in
(7) and (8) is transformed as:

Al (15)

where [T'B]T represents the transpose of [Tﬂ]. Similarly, the
mesh thermal impedance is defined by:

Zyn = ChZg5Ch. (16)

Based on the tensor algebra, the indices y and n are varied
from 1 to ny. Knowing these two parameters, the tensorial
equation of our problem can be formulated by the Einstein
notation of the generalized Fouriers law (analog to the Ohms
law for the electrical circuit):

T, = Z 0" (17)

This last equation can formulate also the problem metric of
the introduced thermal structure in the mesh space. Based on
this tensorial formalism, [Z,m] can be assumed as the metric of
our thermal network problem. The solution of the problem is
given by:

q" =Y"T, (18)

with the 2-rank twice contravariable admittance is given by:
T -1
[y =za] - (19)

3.3. Analytical explicited expressions of the piece of wall ther-
mal structure

For sake of a better understanding, we present in this section
only the case with 2-layer Wall to concertize the analytical
investigation.

So, by applying the previous tensorial relations to our topo-
logical graph illustrated in Fig. 3-(top), we have the mesh
temperature calculated from (14) is equal to:

I, = [T,- 0 0 0] . (20)
So, the mesh impedance derived from (15) is expressed as:
R, + A L
Z=| 6 G (2D
" @  Rerostos

By means of mesh equation (18), we obtain the following
mesh thermal flux [Q*] which is constituted by following two
components:

[Ql(S)} _ Ti(s)
Q% ()|~ Dy(s)

with the denominator function is:

(22)

C,+Cp+RyC,Cps
CbS

Do(s) = R,R,C,Cys® + [Ry(Cy + Cp) + R,Cpls + 1 (23)

Thus, the TTF of the structure introduced in Fig. 1(a) related
to materials M, and M,, are respectively:

Rbbebs +1

TTF,(s) = ———
(S) (252+§1S+1

(24)

1

TTFy(s) = ————— 25
b(S) §2S2+§1S+1 ( )
where
L= (RuCURyC™) 26)
0= 2R,,(C + cpp) + Ry, CP?)

3.4. Frequency responses

Let us consider f as the frequency variable. By denoting
the complex notation angular frequency variable:

s=jw=2nf 27

similar to all classical transfer function, the 77T F introduced
in (24) and (25) can be written in complex form:

TTF(jw) = [TTF(jw)| = &/“TTF0" = TTF(w)e/#™  (28)

The TTF magnitude is given respectively for 2-layer wall and
5-layer one by the following expressions (from (24) and (25)):

TTF(w) = |TTF(jw)| = ! (29)

J( = 6wy + w2

Similarly, the frequency dependent phase response is ex-
pressed as, for each case:

¢(w) = arctan [l_w—ng] (30)

3.5. Dissipated heat loss estimation

By definition, the instantaneous heat loss is given by:
Ar(0) = GV [Tou(t) — Tin(D)] (€29}

where G is the heat losses coefficient. It can take four values
according to the characteristics of each layer composing the
multilayer wall. As example, for a house that is very well
insulated G = 1. With little or no insulation, G = 2 or G = 3,
and for a well insulation G = 1.5. For the parameter V, it
determines the room’s volume in [mS]

4. Methodology of the thermal problem TAN modelling

The methodology of the developed thermal TAN modelling
can be summarized by the following eight steps as described
by the following algorithm:

Algorithm 1: Thermal TAN modelling
Begin
Step 1
Definition of the geometrical and physical parameters
constituting the thermal structure to be investigated.




Figure 4: Housing in hand to renovate

Step 2

Description of the classical equivalent thermal circuit which
can be based on the Cauer RC-model as most of thermal

|_ building problem are related to low-order system approach.
Step 3

Drawing the Kron’s graph topology equivalent to the

| thermal circuit described in Step 2.

Step 4
Equating the Kron’s graph proposed in Step 3 in the
branch space by expressing:
1. The 1-rank tensor covariable
representing branch temperature Ty
2. The 1-rank tensor contravariable
representing branch thermal flux Pg
3. The 2-rank tensor double covariable
representing the branch impedance Zgs

Step 5
Definition of the connectivity expressed in equation
(12) which allows to transform the branch space
variables into mesh space ones. This quick step is a key
point for the TAN formalism because it enables to
reduce the number of variable », into n,,, knowing that
| nn < npin any thermal lumped network.
Step 6
Establishing the mesh space variables:
1. The 1-rank tensor covariable
representing mesh temperature T,
2. The 1-rank tensor contravariable
representing branch thermal flux Q*
3. The 2-rank tensor double covariable
representing the mesh impedance Z,,,

Step 7
Solving the problem with the preliminary solution
| represented by O,.
Step 8
Determination of the temperature of each element
constituting the wall to be investigated and also
| calculation of further parameters as the losses.

5. Results and discussion

5.1. Description of the piece-of-wall proof-of-concept

To concretize the previous analytical investigation, the
present section introduces the validation results with a study
case example. We apply the methodology to accompany the
retrofitting of an old residential housing located in the north of
the France (Fig. 4). The house is located precisely in Rinxent,
it was built from 1848 and its surface is 60m?. Today, the walls
are composed of two layers of which one by stones of thick-
ness of 50cm and the other by a coating of S5cm. The owners
would like to isolate their residence by hemp-lime plaster for
the walls. But they would like to know the efficiency of this
insulation compared with another matter one before starting
work.

For that end, three scenarios are studied in this paper. For

each of them, we consider distinct insulation material M;
with i = {1,2,3} combined with other layers as illustrated
in Table 1. Then, time-domain results will be discussed by
considering an arbitrary variation of temperature which prop-
agates through the wall; in other words during this study we
consider a free-heating (and also cooling) device case. There-
after, to verify the effectiveness of the TAN modelling, fre-
quency analyses will be examined by comparing the computed
TTF from TAN formalism and simulation.
As previously said, to realize the thermal modelling, we have
the associated physical and geometrical parameters indicated
in Table 1. Based on these parameters, the lumped thermal
circuit resistances and capacitances are given in Table 2.

5.2. Walls performance analysis by thermal excitation

The dynamic responses of building system are usually an-
alyzed in the time-domain [4, 14, 22, 35]. The TAN model
enables to compute also the transient responses of any ther-
mal structure. In the present study, we illustrate the feasibility
of this time domain analysis with two application cases based
on unit step and arbitrary time dependent input temperature
responses.

So, this study is necessary because it allows the understand-
ing of the time response of each insulation material. In other
words, we can observe the influence of the input temperature
at the output temperature and the speed at which this exchange



Table 1: Parameters of the considered materials: Rinxent housing

. Thermal Thermal Thermal
) Thickness . . . .
Test Layer Materials ] resistance conductivity capacity
Y R|m*K/W| A[W/mK] C|w/mK]|
My Stones 0.50 0.14 3.5 7.14
Lime and
@ Mp sands 0.06 0.55 0.110 1.82
Mc Hemp-lime 0.15 0.75 0.2 1.33
Marfolding
Mp ; 0.05 0.06 0.83 16.66
coating
My Finishing 0.05 0.45 0.110 2.22
plaster
My Stones 0.50 0.14 3.5 7.14
Lime and
(b) Mg sands 0.06 0.55 0.110 1.82
Cellulose
Mes wadding 0.20 5.26 0.038 0.19
M, | Marfolding 0.05 0.06 0.83 16.66
coating
M Finishing 0.05 0.45 0.110 2.22
plaster
My Stones 0.50 0.14 3.5 7.14
Lime and
© Mg sands 0.06 0.55 0.110 1.82
M, | Pxpanded 0.16 5 0.032 0.24
polystyrene
M, | Madolding 0.05 0.06 0.83 16.66
coating
My Finishing 0.05 0.45 0.110 2.22
plaster




Table 2: Parameters of the considered materials: Rinxent housing

| Test | Layer | Lumpedelement | Value [ms] |
My Ty 99.96
Mp T 100.1
(a) Mcy Tl 98.75
Mp T4 100
Mg Te 99.9
MA Ta 9996
Mp Tp 100.1
(b) Me> Te 105.2
Mp Ty 100
Mg Te 99.9
My T, 99.96
Mp Tp 100.1
(C) Mc3 T3 120
MD Td 100
Mg Te 99.9
o of
T o0t 1
gg 10f 1
o @ ]
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Figure 5: Unit step response with amplitude T},,qx = 30°C from the 5-layer
wall TAN model

takes place. Fig. 5 (red dashed line) shows us for instance for
the 2-layer walls that barely after 10s the input and output
temperatures are identical. That means the current building
with 2-layer walls has no thermal comfort neither in summer
nor in winter seasons.Whereas for the structure with 5-layer
wall, the exchange is done only after about 12mn which de-
fines the thermal inertia of the building (Fig. 5: blue dashed
line). In other terms, for a free-heating system configuration,
and by observing an arbitrary input temperature (Fig. 6-left),
the thermal transfer is delayed by this time thermal inertia, and
also determine prior the temperature comfort in the housing.
Moreover, reader can see that the experiment is done during

only 20mn, time required to the output temperature to meet
the final value of the input one. Thus, we can also say that
this method can be used for the fast prediction of the time-
dependent dynamics of the heat flow through the building.

5.3. Walls passivity analysis by thermal frequency response

For the wider insight about the TTF behavior, frequency
responses of each case were analysed were in the frequency
range from 0Hz to 1Hz. Comparisons between the frequency
responses from TAN computed with Matlab and commercial
tool simulations were performed. The obtained result from
the TTF magnitude expressed in (29) is displayed in Fig. 7.
Furthermore, the Matlab TAN computations with the phase
response expressed in (30) give the results presented in Fig.
8. As expected, the 5-layer wall behaves as a classical passive
system. The system presents a typical high-order passive filter
behavior.

Therefore, these results show us that depending the insula-
tion material that will be chosen to renovate the building (case
(a-b-c)), the output temperature can’t change before ¢ = 10s.
In other terms if the input temperature observed a quick vari-
ation before this time horizon, it can’t influence the thermal
behavior of the building. This is confirmed by Fig. 8 where
the phase response increased when the input temperature ob-
served a quick variation.

The choice of type of insulation plays an important role then
in the building renovation strategy. In fact, by combining re-
sults in Fig. 6 and 8 slot [0 — 5mn], it can be seen that the
outside temperature only changes after 2mn. Also for the slot
[10—15mn], we can observe the performance of the insulation
material by comparing the input-output temperature behavior
during this period. The internal temperature of the housing is
globally stable, expect for the case (a).

5.4. Estimation of the wall energy losses

Based on the previous results with the arbitrary waveform
input temperature, the dissipated heat loss from the wall were
calculated and realized according to the parameter value re-
ported into Table 3.

Fig. 6-right side displays the instantaneous heat loss dy-
namic for the each configuration and Table 4 below summa-
rizes the average heat loss results obtained. So, the choice
of insulation can be sen as a compromise between its perfor-
mance and its price. For this experiment, we can suggest the
insulation used in the case (b) to renovate the housing under
the investigation.

6. Conclusions and further work

An innovative method of building wall thermal modelling
is developed in this paper. The thermal dynamic model is
based on the Kron’s method. This unfamiliar computation ap-
proach is originally implemented with the Tensorial Analysis
of Networks (TAN) formalism. The feasibility of the model
is studied with challenging application examples of a two and
five-layer piece of wall. For each example case, an analytical
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Figure 6: (left) Transient responses with arbitrary input temperature and (right) Instantaneous heat lost from the 5-layer wall TAN model

Table 3: Thermal dissipation loss parameters.

Total thermal Thermal loss
Layer number | Volume [m°] | Total thickness [m] conductivity . Remark

coefficient G

[W/mK]
2 210 0.56 3.61 3

5 210 0.81 4.75 1.5 Case (a)
5 210 0.86 4.59 1 Case (b)
5 210 0.82 4.58 1.5 Case (¢)

Table 4: Average thermal dissipated losses per case proof-of-concept structures are from a residential build-

5-layer ing located in the north of the France, subject to a retrofit
Case (a) | Case (b) | Case (c) Z-layer problem.
Heat-losses [KWh] 16.53 11.13 10.29 27.23

Moreover, the TAN modelling presents a significant advantage
as:
methodology of the thermal TAN modelling is described with ) . . .
the following original aspects: e a fast computation time in both time- and frequency-
domain,
o the effectiveness of the TAN model for solving the build-
ing wall computation problems, e a good accuracy to predict the walls performance accord-

ing to an arbitrary thermal excitation,
e in difference to classical thermal modelling methods, re-

alistic cases of 3-D problem are considered under phys- e a possibility of geometrical location of the heat flow
ical and geometrical material parameters. The treated through the building is given,
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o the possibility to estimate the thermal loss for different
parameters of the material constituting the piece of wall,

¢ and finally the model allows to provide some recommen-
dations to perform the building retrofit strategies.

In the future, the application of the TAN model for solving
thermal loss problems of residential building composed by
several rooms and even several floors, by considering the ge-
ometrical sizes, will be the logical continuation of this work.
Moreover, this model can be exploited with its major compet-
itive advantage. For instance for future researches on Multi-
physics engineering problems, for computing simultaneously
both thermal and electrical circuit problems in the smart build-
ing, and modelling of higher level of engineering systems in-
cluding automation subsystem for controlling electrical cir-
cuits.
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