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Abstract

Thermal behaviour analysis on buildings is an important goal for all tasks involving energy flow simulation in urban environ-
ments. One of the most widely used simplified thermal models is based on an electrical analogy, where nodes are set to simulate
and solve a circuit network. In this paper we propose a procedural approach for automatically locate the nodes of the circuit,
according to the building structure. We provide a conceptual technique to efficiently visualize thermal variations over time in
buildings. We show that we can simulate and visually represent the variations of the interior temperatures of a building over
a period of time. We believe that the technique could be helpful for rapid analysis for changing building parameters, such as

materials, dimensions or number of floors.

1. Introduction

The concept of Urban Physics has grown in recent years due to the
global increase of the cities. Basically, it provides a way to qualify
and quantify the different energy flows, both natural and artificial,
that happen in a city. The search for efficient simulation tools is
an active research line [Bec12]. In particular, most of the available
tools to simulate and analyse thermal behaviour are conceived for
the building scale [ESR17] or for the urban or district scale [Cit17].
This work focuses on the thermal behaviour of a building, as its ac-
curate analysis can be a useful tool for urban planning, architecture
and other related fields.

Computing a complete thermal simulation at the building scale
requires taking into account both the thermal and the geometric
models of the building. Most of the simplified thermal methods are
based on an electrical analogy. By selecting nodes on a building
model, a circuit network can be represented and solved for tem-
perature assessment. The node settings, however, is generally done
manually. This is not only error-prone, but also very complicated
for a multi-storey building, and almost impossible at the urban
scale. In this work, as a first step to simulate thermal behaviour
at urban scale, we propose a method for procedurally generating
the circuit network for a single building structure.

This paper presents a new technique to simulate the variation
of temperatures in a building over time. Given a geometric model
and the corresponding physical construction parameters (i.e., con-
ductance and heat capacity) our system parses the model and gen-
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erates a set of rules representing the interfaces for heat transfer.
From these rules, the technique procedurally generates an electri-
cal circuit that simulates the conductive heat exchange at each step
of the simulation. In addition to this convective calculation, a ra-
diative calculation is also performed simulating the heat exchange
between the exterior surfaces of the buildings and its surrounding
heat flows, using climatic data. As a result, we obtain a thermal cal-
culation system that allows to analyse the temperature changes over
time. Our main contribution is the automatic generation of the cir-
cuit network, the resolution of the system in short simulation times
and the visualization of the temperature changes in the building.
The potential benefit of our approach is that it could be easily used
for testing optimal node configurations, or analyse building param-
eter changes. Our tests show promising results, where we show as
a conceptual technique that the building model parameters, such
as the number of floors or the materials, can be easily changed to
analyse temperature variations.

2. Related Work

Methods for computing transient heat transfer in buildings can be
classified into two categories: explicit solutions of the heat diffu-
sion equation [Cla01] or model simplification techniques [KRO7].
For the first case, finite difference numerical methods can be used.
The main drawback is that the computational effort is prohibitive
for early stage simulation goal projects. On the other hand, the sim-
plified models offer a good compromise between simplicity, data
requirement and computational effort. The electrical analogy sim-
plification is one of the most used methodologies to represent heat
transfer [KRO7].

The main idea of the electrical analogy is to connect rooms (or
floors) of a building by nodes that represent the wall conductivity

delivered by

-G EUROGRAPHICS
= DIGITAL LIBRARY

www.eg.org diglib.eg.org



https://doi.org/10.2312/ceig.20181164

110 D. Murioz, G. Besuievsky & G. Patow / A procedural approach for thermal visualization on buildings

and capacitance [Nah17]. The walls and roofs may be represented
by many layers and could also be linked to the outside tempera-
ture. By solving the composed circuit network, dynamic temper-
atures over time could be provided. One of the drawbacks of this
approach is that the nodes are mostly set manually [Lev15]. That
is, by defining convenient zones, the nodes are established. Further-
more, as a simplification model, it is difficult to know in advance
how many nodes may be required and where to put them before
testing the system with the corresponding building parameters. To
overcome this difficulty, we propose a rule-based methodology that
automatically generates the circuit system.

The potential impacts of climate change on buildings were in-
vestigated by means of transient building energy simulations and
hourly weather data, normally to calculate the demand for heat-
ing and cooling [Fra05]. Weather stations allow access to climatic
data collected over decades, in order to use that reliable source as
input for recreate simulations of the thermal behaviour of build-
ings [RemO8].

The seminal work by Parish and Miiller [PMO1] about urban
modelling, followed by the key work by Wonka et al. [WWSRO03]
and Miiller et al. [MWH?*06] about procedural buildings, produced
a blossom in urban modelling research. All these efforts resulted in
the origin of commercial packages, like Esri’s CityEngine [Esr14],
or Epic’s UDK [Epil2], focused on, or with modules for, procedu-
ral urban design. In this work we also use rule generation to proce-
durally generate electric circuits that simulate heat exchange.

3. Modelling and Simulation

In this section we describe our technique, how the thermal model is
generated and how the simulation over time is performed. We get
as input a 3D building model, already simplified into a basic struc-
ture, plus all material descriptions. The structure is determined by
the building’s own geometry, that is, the dimensions of the walls
that make it up, and their interconnections. The materials are repre-
sented with a database that indicates the number of layers that make
up each wall, as well as the physical parameters of the material
each layer is composed of. From this structure and these materials,
we generate a circuit using an electrical analogy. For the simula-
tion, environmental parameters should be established, such as the
initial temperature of building surfaces, external temperatures and
dynamic climate-based data for a specific location. As a result, we
can calculate the behaviour of the interior and exterior temperatures
of the building and their variation over time.

3.1. Thermal modelling

Our simplified thermal model considers both the conduction that
flows between the surfaces of the building and the radiation be-
tween the exterior surfaces of the building and their surroundings.

To simulate the conductive thermal exchange, a circuit between
the outside temperature and the interior temperature of each floor
can be created. This is done using an electrical analogy [CFX15].
This analogy replaces the thermal calculation by a conventional
electrical circuit that represents the heat flows through the multiple
layers of material that compose the walls. Each layer of material

provides resistors and capacitors, making only a portion of the in-
coming energy reach the interior of the building, thereby altering
its interior temperature.

For a single room in a one-floor building, the resultant circuit
is shown in Figure 1. Each line of the electrical circuit represents
one of the walls that are between the outside temperatures and the
interior temperature of the building. The capacitors and resistors
represent the resistance of the material and the insulation of the
wall. All the figures that show electrical circuits use the electrical
symbol notation of the International Electro-technical Commission
(IEC) [C*00], used in the software to graphically show the rules.
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Figure 1: Circuit generated to represent the heat flow between out-
door and indoor temperature in a single-storey building.

However, when growing the building into several floors, the cir-
cuit rapidly increases in complexity. Figure 2 shows the circuit
for a two-storey building using the electrical analogy simplifica-
tion. Scaling this problem for many floors, the circuit to represent
a building will become too complex to understand and manage.

List of Symbols

This list describes several symbols that are used within circuit fig-
ures of the document

C thermal capacity (J K

he exterior convective heat transfer coefficient (W m? K'l)
h; interior convective heat transfer coefficient (W m?2 K'l)
k thermal resistance (W m’! K'l)

Text external air temperature (K)

Tgr ground temperature (K)

T; wall temperature at material layer i (K)

Tint; internal temperature at floor i (K)

UA glazing transmittance by translucent surfaces (W K'l)
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Figure 2: Circuit generated to represent the heat flow between out-
door and indoor temperature in a two-storey building.
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3.2. Rule creation

The growing complexity of the multi-storey building circuit gener-
ation motivates the use of rules.

The initial rule created is the "Wall", as is shown in Figure 3. A
thermal model based on the electric analogy may vary depending
on how many resistors and capacitors are placed and configured
in the circuit. For example, a frequently used model is the 4R3C,
i.e., four resistors and three capacitors located between the outside
temperature and the interior temperature of a building. However,
different configurations are also possible, as it is pointed by Fraisse
et al. [FVLAO2]. In our technique, the type of circuit model is one
of the dynamic rules that allow to change the configuration of the
case studies to be simulated. It is possible to define if the walls
behave like a 4R3C model, a 3R2C model, or any other model that
would be required. Taking all of the above into account, the "Wall"
rule is parametrizable according to the number of resistances and
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capacitors, and also according to the number of material layers and
their physical properties.
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Figure 3: "Wall" design rule.

Another rule designed is the "Room" rule. This rule represents
the four walls of the floor of a building, creating the link between
the outside temperature of the air and the interior temperature of
the floor. See Figure 4. There is also a variable resistance that rep-
resents ventilation and windows.

Tint

Cint

Figure 4: "Room" design rule.

Now, through these two rules, we redesign the two-storey build-
ing model again using both "Room" and "Wall" rules, adding a floor
and a roof to the building and also the intermediate floors between
storeys. See Figure 5. In this type of models, there is an interior
temperature for each floor of the building, while there is only a
unique outside temperature of the air. In addition, the floor of the
building is not connected to the outside temperature of the air, but
to the temperature of the ground.

It is important to mention that, in our model, a room represents
a single floor of a building, as if a floor had no interior walls. In
this way, without independent areas in a same floor, each floor of
a building will have a single interior temperature. This is because
the simulation assumes that there are no internal heating or cooling
systems and, therefore, the temperature variation between walls in
the interior is negligible.

We differentiate three kinds of floor: ground-floor, top-floor or
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Figure 5: A two-storey building modelled using "Room" and "Wall"
rules.

intermediate-floor. The difference is that the ground-floor has its
own ground, while the top-floor has the roof directly in contact with
the exterior. Intermediate-floors will have their ground floors con-
nected to the roof of the immediately inferior floor, and their ceil-
ings connected to the floor that is immediately above it. In this way,
a single plane can be the roof of one floor and floor of a different
floor at the same time.

To automate the generation of circuits, we design the procedural
code described in Algorithm 1. This algorithm generates the cir-
cuits through the rules that have been established with respect to
the building. These rules are determined by 3D model itself after
parsing the structure, such as the size and the shape of each room
type, the number of floors of each building, the number of layers of
material per wall and their physical properties such as its area, its
thickness, its density, its heat capacity, its thermal conductivity, etc.

This algorithm runs through the structure of the building and,
using the design rules, generates the electrical circuit from layer
to layer, from wall to wall, and finally from floor to floor, inter-
connecting each element in a single final circuit. Temperatures and
physical parameters give value to its resistors and capacitors ac-
cording to the physical properties of its layers of material and the
interior, exterior and ground temperatures, all provided as input to
the function. Finally, a heat flow is established for each wall of each
floor, based on the difference of temperatures between the outside
and the inside, as well as the resistors and capacitors of its layers of
material.

As the generation of circuits at the structural level is based solely
on geometry, there are no limitations with respect to its complexity.
The function can generate electrical circuits from buildings with
more complex geometries, since the computational cost of the gen-
eration will always remain linear. The only limitation detected is
the treatment of buildings with different geometries between their
floors. When treating the thermal behaviour of the floor/ceiling be-
tween two floors, the generator does not take into account its total
surface, but the partial surface that is common to the two inter-

Algorithm 1 Procedure to generate the electrical circuit for a build-
ing
function GENERATECIRCUIT(buildingModel, temperatures)
circuit <~ CREATEEMPTYCIRCUIT (Tair, Tint, Tgrnd)
floors <~ GETNUMBEROFFLOORS (buildingModel)
layers <~ GETLAYERSFORWALL (buildingModel)
physics <— GETPHYSICALPARAMS (buildingModel)
Tair + GETAIRTEMPERATURE(temperatures)
Tint +— GETINTTEMPERATURE(temperatures)
Twall < GETWALLTEMPERATURE(temperatures)
Tgrd + GETGRDTEMPERATURE (temperatures)
fori :=1toi =floors do
room <— CREATEROOM (Tair, Tint, Twall)
forj :=1toj =5do
wall <+~ CREATEWALL (Tair, Tint, Twall, Tgrd)
for k :=1tok = layers do
layer <— CREATELAYER (physics)
wall <~ ADDLAYER (layer)
end for
room <— ADDWALL(wall)
end for
circuit <~ CONNECTNEWFLOOR (room)
end for
circuit <— INITIALIZECIRCUIT( )
return circuit
end function

connected floors. Finally, as for the physical parameters, in the hy-
pothetical case that the source building model is incomplete, it is
possible to fill the input missing data manually through some user
intervention.

3.3. Radiative heat

Our thermal model takes into account the radiation of short waves
(SW) and long waves (LW) that the exterior surfaces of the building
receive at each step time of the simulation.

The Stefan-Boltzmann’s law allows to calculate the radiative ex-
change of heat between two black bodies [CG14]. A black body
is an idealized physical body that absorbs all incident electromag-
netic radiation, regardless of frequency or angle of incidence. Con-
sidering the walls of buildings as grey bodies with emissivity €
(0 <& < 1), the heat transfer between a surface i and it surrounding
can be expressed as:

0 =Aeo(T —T;%) (1)

This calculation must be done in both directions, calculating the
heat flow emitted and absorbed by each body, obtaining a total heat
flow. The resulting heat flow causes a change in the exterior temper-
ature of the walls of the building, thus affecting also the convective
calculation of the heat flow between the outside and the inside.

(© 2018 The Author(s)
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3.4. Dynamic Simulation

We provide a method for simulating temperatures over time. The
simulation process is described with the procedure shown in Algo-
rithm 2. The method takes as input the geometry for the building
model, the desired simulation time and the time step.

Algorithm 2 Procedure to simulate the heat exchange on a building
procedure SIMULATE(buildingModel, simTime, timeStep)
local variables
circuit, circuit of the building
t, current simulation time
end local variables
SETPARAMETERS( )
circuit <~ GENERATECIRCUIT(buildingModel, temperatures)
t<0
while t < simTime do
RADIATIVEPASS(buildingModel)
CONDUCTIVEPASS(circuit)
UPDATETEMPERATURES(circuit, buildingModel)
UPDATE VISUALIZATION(buildingModel)
t < t+ timeStep
end while
end procedure

First, the algorithm initializes the parameters. This includes en-
vironmental, material and simulation parameters. Three data struc-
tures are also used as input parameters, the first one containing
the exterior air temperatures, and the other two containing the pre-
computed short wave and long wave flows received by each sur-
face of the building throughout the simulation time. SW flows are
obtained directly from the exterior temperatures using the Perez
model [PSM93], while LW flows are obtained using the Angstrém
model [A15]. After that, the algorithm generates the electrical cir-
cuit corresponding to the building of the case study, according to
the geometry of the model introduced as input.

For the simulation, for each time step, the algorithm performs a
radiative pass. For this calculation, the two heat flux files precom-
puted representing the SW and LW fluxes, are used. It is important
to note that the orientation of the walls of a building will influence
the SW and LW flows that they will receive, according to the cli-
matic data, pre-calculated from air temperatures and geometry.

After the radiative pass, the simulation performs a conductive
pass that calculates the heat exchange between the exterior tem-
perature and the interior temperature of the building [CG14]. For
this calculation, the procedurally generated circuits for the building
are solved at each time step of the simulation, updating the heat
flows between the outside temperature and the interior temperature
of each floor. To do this, the total resistance of the wall is calculated
using the equation 2, where e is the thickness of the wall, A, is
its area and k is its thermal resistance. After that, heat flows are in-
troduced by equation 3, where 77 is the interior temperature of the
floor, 75 is the exterior temperature and R,,,;; is the total resistance
of the wall.

e

— 2
kA wall

Ryair =
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Finally, the temperatures in the surfaces and interiors of the
building are updated according to the solution of the circuit, rep-
resenting the conductive heat exchange, but also according to the
heat absorbed and emitted by the exterior surfaces of the build-
ing following Equation 1. In our simulations, the building model
is colourized to visually represent the interior temperatures of the
building. To calculate the temperature variation resulting from the
incidence of heat flow into the interior of the floors of a building,
Equation 4 is used, where T,,,; is the interior wall temperature, e is
its thickness, A,y is its area, A is its thermal conductivity, 4 is its
convection heat transfer coefficient and x is the distance between
the centre of the room and the wall.

Qcond (e +x 1 )

AT =T, -
wall + Awall

+ 4
ot “

These calculations and temperature updates will continue to be
performed at each time step during the simulation time.

4. Implementation

This section describes the implementation details and presents
our test results. To implement our technique, the SideFX
Houdini [Sid17] platform has been chosen as the procedural envi-
ronment. For the electrical circuit, a Python language library called
ahkab [Ven17] has been used to create and solve the circuits using
the Netlist syntax.

Two tests cases has been designed to evaluate the performance
of our technique and are presented in the following subsections.
All the experiments were performed on a computer with an Intel
Core i7-4790 CPU running at 3.60GHz, 16GB of DDRAM3 mem-
ory and a GPU NVidia GeForce GTX 770M. The operating system
used was Windows 10 Pro 64bits.

4.1. Case Study 1

For this test we used a 3D model consisting in a four-storey build-
ing, as shown in Figure 6. The ground floor is 4m high, while the
rest of floors are 3m. For the length and the width, all the floors
and ceilings are 25x10m. Table 1 shows the environmental parame-
ters. The simulation time used was 7 natural days and the time step
was of one hour. For the outside temperature, a meteorological data
file containing the air temperature for every hour of a year in Paris,
France, was used.

Air Air heat Air
density | capacity | infiltration
(kg/m*) | (J/kgK) | (volh)

1.413 1,005 0.25

Table 1: Environmental parameters for the simulation of the case
study.
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Figure 6: The actual geometry for our first case study, a four-storey
building. Its size is 25x10x13m and its floors are 3 meters high, with
the exception of the lowest floor, which is 4 meters high.

For this case study, the selected period was the first week after
the autumn equinox, from September 22nd to the 29th. All building
surfaces and the interior temperature of each floor were initialized
to the starting air temperature and the ground temperature was ini-
tialized to the mean air temperature of the entire simulation period
plus 2°C.

The walls were generated following the model 4R3C, see Fig-
ure 7, and the resistances and capacities of the circuits are shown in
Table 2, representing the properties of the three material layers that
compose the walls.

Text he ki/2 k1/2 k2/2 k2/2 k3/2 k3/2 hi Tint
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Figure 7: A wall using the 4R3C model, presenting a three-layered
isolation.

Thermal Thermal | Density | Thickness
conductivity | capacity
W/mK) | (J/kgK) | (kg/m?) (m)
Concrete 1.75 920 2,200 0.2
Polyester 0.04 1,380 30 0.2
Plaster 0.35 800 1000 0.1

Table 2: Material parameters for the simulation of the case study.

The window glazing transmission factor for the glass was set to
75% and, for the radiative pass the surfaces were adjusted with an
absorbency of 50% and an emissivity of 90%.

At each time step, the internal temperature of each floor is up-
dated. Figure 8 shows that evolution by colouring the surfaces that
conform the model of the building according to a temperature chro-
matic scale. In this way, it is possible to perceive the changes during
the simulation. It can be appreciated how the top floor often differs
from the temperature of the rest of the storeys. This is due to its
exposure to the sky and its distance from the ground temperature.

The evolution of the interior temperature of each floor of the
building during the 7 days of simulation can also be visualized.
Plotting the evolution of the outside temperature of the air, it is
possible to appreciate its effect on the interior temperatures of the
building. See Figure 9. The first thing to notice, is that the interior
temperature of the ground floor increases more quickly than the
rest. This is due to the contact of its floor with the ground, which
has an approximate temperature of 17°C. The simulation of the
Case Study 1 took a total of 54.26 seconds.

4.2. Case Study 2

To illustrate another example, the 7-autumn-days simulation has
been repeated with the same environmental conditions and the same
weather data, but changing some procedural rules, thus generating
a different case study. The number of floors of the building has been
reduced from 4 to 2. Also the wall model has been changed from
4R3C to 2R1C, see Figure 10, and only one insulating layer of plas-
ter has been left instead of the three original layers. The result can
be seen in Figure 11. These results can be compared to Figure 9
to notice how the trends are the same but the temperatures differ.
These differences can be better appreciated in Figure 12. Check-
ing those results with the ones in Figure 8, allows to compare the
thermal evolution of both case studies at each time step of the sim-
ulation. The simulation of the Case Study 2 took a total of 10.54
seconds.

It can be seen how both cases follow a similar trend of tempera-
tures, except that the two-storey building is cooler even at the last
steps of the simulation, because there is less isolation on the walls
and the first floor does not have an upper floor that makes it con-
serve its temperature more, despite receiving the heat of the habit-
ually warmest ground floor. In the four-storey building, the ground
floor also warms up its superior floors and propagates the effect,
but the temperature diminishes as it ascends through the floors of
the building.

This example shows a kind of the comparative studies that can be
carried out with our technique in order to support decision making
regarding the properties that a building should have if it is planned
to be built in an environment with a concrete climate, and a certain
thermal behaviour is expected. However, we remark that these are
preliminary results that are not yet validated with real case studies.

5. Conclusions and Future Work

We have presented a technique to simulate the conductive exchange
of heat between the different floors of a building, and between the
building and the exterior, by automatically generating and solving
the electrical circuits that emulate the conductive heat exchange
between the interior temperatures of a building and the outdoor
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Figure 8: Interior temperatures of the four-storey building, with 4R3C walls, at different instants of the simulation period. The complete

evolution of the temperatures can be seen in Figure 9
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Figure 9: Evolution of the interior temperature of each floor of the four-storey building during a week of autumn, also showing the outside
temperature. Red stripes indicate the instants that have been visually represented in Figure 8.
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Figure 10: A wall using the 2R1C model, presenting a single-
layered isolation.

air temperature. Our technique also presents a radiative calculation
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that allows to simulate the thermal evolution of the building sur-
faces using the pre-calculated short- and long-wave flows that they
receive over a period of time.

We provide a way to simulate different case studies by simply
changing procedural and simulation parameters. This allows to ex-
periment a variety of situations and to study the changes in thermal
behaviour of the model, according to the altered parameters.

Our future work is to extend the usefulness of this technique by
improving the radiative component of the thermal calculation, re-
placing the theoretical pre-calculus of short- and long-wave flows
by the simulation of the heat exchange between the exterior sur-
faces of several buildings in an urban environment, as well as be-
tween these surfaces and the sun. That would increase the scope



116 D. Muiioz, G. Besuievsky & G. Patow / A procedural approach for thermal visualization on buildings

(°C) Temperature Evolution (22th - 29th September)

25.00

23.00

21.00

19.00

17.00

15.00

13.00

11.00

9.00

7.00

1 25 49 73

s Ground Floor

97 121 145

(hours)

First Floor e Qutside

Figure 11: Evolution of the interior temperature of each floor of the two-storey building during a week of autumn, also showing the outside
temperature. Red stripes indicate the instants that have been visually represented in Figure 12.
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Figure 12: Interior temperatures of the two-storey building, with 2R1C walls, at different instants of the simulation period. The complete

evolution of the temperatures can be seen in Figure 11.

of this technique from the building scale to the urban scale. Also,
the calculations should be validated by comparing the results with
real measurements taken in urban environments, and also with de-
tailed simulated results of such environments modelled in 3D (e.g.,
with Finite Elements). This last improvement would provide more
robustness and potential to our technique, making it capable of per-
forming more complex thermal simulations from a 3D model of an
urban environment and a set of parameters and climatic data that
determine the conditions to be experienced. We expect that this
will make it possible to simulate and visually represent the ther-
mal behaviour of a 3D urban environment, thus allowing the study
of more complex physical problems such as heating or cooling de-
mands within certain buildings in an urban setting.
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