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Abstract

Numerical simulation play an important role in the design, engineering, operation
and management of buildings. It can help reducing energy consumption, improving
indoor air quality and thermal comfort and provide quantitative data supporting
decision making, e.g. choosing the best solution for designing, retrofitting or choosing
the optimal HVAC system. Besides, buildings are composed more and more of
different complex elements and systems which make the simulation of only thermal
physics in buildings not enough to evaluate their whole performance. All the involved
physical phenomena like moisture, airflow and pollutants should be considered and
coupled in order to reproduce the reality with the highest possible level of details.
In this context, this PhD thesis presents the models and the simulations of multi-
physics inside buildings using an in-house developed modular and object oriented
tool called NEST. All the physics of the coupled heat, moisture, airflow and pollutants
transfer that take place inside buildings are considered and solved. In addition,
the software allows the simulation of a building system as a collection of different
numerical elements, like walls, rooms, HVAC systems, outdoor, etc., connected with
each other and able to exchange boundary conditions. In this manner any building
configuration can be set and simulated.
The physical and mathematical formulations of the implemented elements are pre-
sented. Then, in order to assure the credibility of the developed software, the imple-
mented models are validated and verified with different test cases from the literature.
The list of test cases cover all the aspects of heat, moisture, airflow and pollutants
transfer in the whole building and it can be used as a reference list for the validation
of other buildings simulation tools. Special emphasis is placed on the simulation
of buildings performance in real applications. First, the hygrothermal behaviour
in different public buildings with different climates conditions are analysed before
retrofitting them. Several weak points in the thermal and moisture resistance of the
façades layers are identified and thermal and moisture loads before and after the
expected retrofitting solutions are evaluated. Second, a residential building (semi-
detached house) in Netherlands is simulated and the airflow, heat and CO2 transfer
inside it is studied in order to optimize the energy consumption while maintaining
acceptable levels of thermal comfort and indoor air quality.
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1

Introduction

1.1 Current context and motivations

This thesis has been developed within the framework of the collaboration between the
Heat and Mass Transfer Technological Center (CTTC) [1] of the Technical University
of Catalonia (UPC) and Termo Fluids S.L [2]. The CTTC is dedicated to the research
and innovation in the heat and mass transfer and fluid dynamics (CFD). Termo
Fluids S.L. is a spin-off founded by members of the CTTC that own TermoFluids
and NEST software. This company is devoted to the development of new numerical
methods and software tools for High Performance Computing (HPC) applied to
thermal systems and equipments.
The collaborative work of both entities has led to a big experience and a large set
of numerical tools for the resolution of different physical phenomena such as heat
transfer, turbulence, multi-phase flow, HVAC, aerodynamics, etc. Among them, it
can be highlighted: CFD&HT-DNS/LES [3–6] and a set of models for simulating
fluid dynamics and heat transfer [7–9]. In order to go further and analyze the real-
world problems with a high level of details, the need to combine and exploit these
computational tools has raised in order to simulate the problems involving multiple
physical phenomena simultaneously.
In this context, a parallel object-oriented software platform, called NEST, for the sim-
ulation of multiphysics systems has been developed. By means of this new software
platform, different physical phenomena of specific applications can be integrated into
a single simulation tool. The philosophy of NEST consists on representing the differ-
ent phenomena involved in a multiphysic problem into elements (source code object).
These elements interact with each other and with the surroundings in different ways.
Then they can be coupled with each other in order to form a system for a specific
application. In this way the same elements can be reused to form a part of a system
or another, e.g. The element representing a chamber can be used and coupled with
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14 CHAPTER 1.

other elements in order to simulate a system of a building, a compressor or a solar
collector and reusing the same code without re-implementing the model each time.
This concept allows the NEST source code to be abstract, flexible and can be adapted
to any application.
The NEST platform is designed on the basis of the Object Oriented Programming
(OOP) and written using the C++ programming language. This is also a key point in
the feasibility, usability and sustainability of the code developed in this software. The
OOP programming language provides a high level of abstraction and makes the code
more readable and easy to maintain and debug [10].
Developing such a platform is a hard task that requires a lot of programming effort.
The CTTC and the Termo Fluids researchers have been working on the development
of this software during the last decade. Actually, the software platform consists of
thousands of code lines that are distributed in several libraries depending on the
application and managed by different work teams. In the current context, this PhD
thesis presents the development and the application of NEST software for the simula-
tion of multiphysics systems in general and buildings systems in particular.

Towards buildings
Buildings are responsible for more than 40% of global energy use and one third of
global greenhouse gas emissions, both in developed and developing countries where
the HVAC&R (Heating Ventilating and Air-Conditioning & Refrigeration) systems
account for almost half of the energy consumed [11]. As a consequence, many coun-
tries have followed energy reduction strategies and have increased the number of
building standards that apply more restrictions and requirements to achieve low
(or net zero) energy buildings. In EU the requirements include the incorporation of
renewable energy, the use of energy efficient appliances and HVAC systems and the
certification of all the new buildings as nearly zero energy buildings [12]. In order
to fulfill the requirements, computer simulation tools and computational techniques
have been used to simulate and study building performance, energy optimization,
different construction materials and operation behavior. They can help reducing
energy consumption, improving indoor air quality and thermal comfort and provide
quantitative data supporting decision making, e.g. choosing the best solution for
designing or retrofitting or choosing the optimal HVAC system. That makes building
simulation to be involved increasingly in the design, engineering, operation and
management of buildings and becoming an indispensable part of building industry.

The development of building simulation tools is traced back to the 1960’s and 1970’s
focusing on building thermal performance, load calculation and energy analysis
[13], DOE-2 and BLAST are some of the earliest initiatives codes sponsored by U.S
Department of Energy (DOE) and U.S Department of Defense (DOD), respectively
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[14]. It is only till the beginning of the 1990s that the focus was changed from the
energy consumption to many other building performance characteristics like airflow,
ventilation, heating, cooling, etc. [15] and by the end of the 90s, a range of simulation
applications were extended from the research community to the professional practice,
allowing the appearance of different simulation tools for a variety of users [13].
Currently there are several powerful buildings simulation tools with different levels
of complexity and details such as Energy Plus [16], ESP-r [17] and TRNSYS [18]. All
of them are able to solve one or different phenomena of heat, airflow, moisture and
pollutants transfer within buildings nevertheless they do not involve and combine
together all these physics inside one simulation tool [19].
In this context, a library for buildings simulation inside NEST is developed to handle
all the possible physics that take place inside buildings in order to be a complete tool
that cover and couple together all the features of heat, moisture, airflow, CO2, VOC,
solar radiation, thermal radiation, wind effect, stack effect, HVAC, control system,
occupants, etc.

1.2 Objectives

The aim of this thesis is to develop a software in which different elements can be
combined in order to produce a computer program for a complete simulation of
buildings systems.
The elements have to be implemented in a general way so they can be adapted to
any other applications. To do so, the code should be structured in different levels
of abstraction, ranging from high level code which are the elements implemented
in very abstract concepts (e.g. geometric, mathematical or algorithmic entities) to
the low level code which represent the most specific elements (e.g. rooms, walls,
openings..).
Furthermore, the sub-library containing the low level code must be intuitive and
transparent to the users. It should hide all the complexities of the numerical resolution
and coupling details.
Moreover, the software should give the ability to add and test new codes and models
and behave as a virtual laboratory and test environment. For that reason, all the
implemented models must be assessed and validated with benchmark or reference
cases in buildings simulations to ensure always the accuracy and the credibility of the
code,. In that manner, a test suite including a collection of different validation cases is
created and it should be executed by the developer every time after editing or adding
new code in order to detect any functionality problem and ensure the good quality of
the simulated results by the software.
Finally, the potential of the developed simulation tool has to be shown and applied in
real cases. It is aimed to simulate, in a fast and reliable way, the airflow, heat, moisture
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and pollutants transfer in any type of building and lead to several applications
like: predict thermal and moisture transfer in buildings materials in order to avoid
deterioration and increase thermal and moisture resistances. Simulate and analyse the
use of different materials, HVAC systems and control strategies in buildings in order
to help in the decision making of the optimum ones and reduce energy consumption.
Study the pollutants transfer inside buildings in order to maintain a good indoor air
quality while reducing the energy consumption.

1.3 Structure of this thesis

The thesis is structured in four chapters, this introduction and three more chapters as
follows.
In chapter 2, the development approach of NEST for buildings simulations is de-
scribed. Special emphasis is placed on the modelling of buildings physics and their
implementation as elements, which is important to create a good buildings simulation
tool. The second part of the chapter addresses the validation and the verification of
the implemented models with experimental and numerical cases, respectively.
In the remaining two chapters, the potential of the software is illustrated through its
application to simulate real existing buildings.
In chapter 3, the NEST is used to simulate and analyse the hygrothermal behaviour of
different public buildings (two hospitals in Spain, a school in Sweden and a university
in UK) before their retrofitting. The heat, moisture and HVAC simulation of different
representative rooms in the buildings has led to identify different problems and weak
points in the buildings materials which help to adopt the best retrofitting solution for
each building. A parametric study is conducted to place a special emphasis on the
importance of moisture simulation in buildings.
Finally, in chapter 4, the airflow, thermal and pollutants transfer in a real residential
house located in Lemmer (Netherlands) is simulated and analysed. Different per-
formance simulations have been realized in order to optimize the indoor air quality,
energy consumption and control system. An external interactive controller software
(based in Python) has been embedded into NEST program in order to test the impact
of different control routines on the air quality and the energy performance of the
house.
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2

Buildings simulation in

NEST

2.1 Introduction

The core of all buildings simulation tools is composed of building envelope and
indoor space models. The building envelope can be modelled in one, two or three
dimensions and one or different phenomena of heat, air and moisture and volatile
organic compounds (VOC) transfer through it can be solved. DELPHIN [1], WUFI-
Plus [2] and HAM-tools [3] are some of the software focusing in the simulation
of combined heat, air and moisture (HAM) transfer in building envelope, while
VOC-tools [4] is a tool just focused on the simulation of VOC transfer in the envelope.
The indoor space model can include one or different phenomena of airflow, heat,
moisture and pollutants transfer and it can be modelled with a granularity going
from a very fine-grained method using computational fluid dynamics (CFD) to a
fine-grained method using zonal method or to an intermediate-grained method using
multi-zone [5]. First, the CFD method, adopted in software like FLUENT [6] and
COMSOL [7], is applied to provide a detailed visual and quantitative results of the air
movement and distribution inside a space, although it requires high computational
resources and it is not practical for simulating complex building during a long period
of time. Second, the zonal method in building simulation is based on subdividing a
single room into a number of sub-zones in which air parameters are assumed to be
homogeneous. It is reviewed by Megri and Haghighat [8] and integrated in software
such as SimSPARK [9]. Finally, the multi-zone method assumes a uniform air temper-
ature, pressure, humidity and contaminants concentration (VOC and CO2) in a room,
the air movement inside the same room is neglected, which makes it much faster than
CFD and zonal methods and the most used approach for modeling heat and mass

19
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transfer in indoor spaces. It is adopted in software like COMIS [10], CONTAM [11],
AIRNET [12], ASCOS [13] and BREEZE [14].

All the buildings simulation tools need to be validated and verified in order to assure
a certain level of a credibility and simulation quality. The validation of a building
simulation tool is a long and continuous process. There have been many international
efforts to develop test cases for building simulation, such as those developed within
the International Energy Agency Annexes (IEA), within different research and experi-
mental projects or within software development [15]. Most of the references in the
literature are classifying test cases by the phenomena that they are solving. Each set
of test cases is focusing on the validation of a specific phenomena inside the building
(e.g, HAM, energy, VOC, airflow, etc.). Such as for the validation of the combined
HAM transfer in building envelope, different benchmark and experimental test cases
are presented by Hagentoft [16] and by authors like Van Belleghem [17], Maalouf [18]
and Talukdar [19].
For the validation of thermal model in the whole building (both envelope and indoor
space), ASHRAE standard 140-2001 [20] based on BESTEST presented different cases
for the validation of energy in buildings and HVAC equipments, while IEA Annex
41 [21] included test cases for the validation of coupled HAM transfer model in the
whole building.
For the airflow model, the evaluation of COMIS presented in IEA Annex 23 [22]
shows different validation cases for the multi-zone indoor ventilation.
For the pollutant VOC transfer model, authors like Yang [23], Huang [24], Cheng [25]
and Xiong [26] have studied and presented experimental validation cases for different
building materials and different VOC species.
As shown above and explained by Strachan [27], references and studies are focusing
on the validation of specific models inside buildings however there is a lack of ref-
erences presenting validation cases including together all the physical phenomena
inside buildings.

The NEST building simulation tool is developed to perform dynamic simulations of
all the phenomena that take place inside buildings, such as HAM and VOC transfer
in building envelope, multi-zone airflow, heat, moisture and pollutants transfer in
rooms, solar radiation gains through windows and walls, thermal radiation exchange
between walls, wind and stack effects, HVAC systems and their control, and occupants
presence and activities.
In this chapter, all the implemented models for buildings simulation are presented and
then the numerical resolution within NEST is described. The simulation tool is verified
and validated with a test suite of significant and simple to implement reference cases
for building assessment. As mentioned above, there is a lack of references presenting
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the validation cases of all the building physics altogether. Therefore the test cases in
this thesis have been selected from different references in a manner that they cover all
the physical phenomena of airflow, heat, moisture and pollutants transfer in the whole
building. Hence the test list can be used as a reference test suite for the validation of
any other building simulation tools.

2.2 Modelling of a building system

A library for buildings simulation inside NEST has been developed within this thesis,
it contains a set of elements able to solve the models of airflow, heat, moisture and
pollutant transfer in the whole building. The Figure 2.1 shows the two basic models
inside buildings, which are the building envelope and the indoor sapace. They are the
core of buildings simulation software since they allow the resolution of heat, moisture,
airflow and pollutants transfer.

Indoor

Airflow

Moisture

CO

Pollutant

2
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Air

Moisture

Pollutant

transfer

Outdoor

Material

Properties

climate
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Outdoor

Occupants

systems
transfer

Heat
Heat

Figure 2.1: Overall model of a building in NEST software.

The implemented elements provide an abstraction of these basic models, equipments
(e.g., HVAC systems), boundary conditions (e.g., outdoor), events (e.g., occupants
activities). The elements are implemented in a low level code, as described in the first
chapter, in order to be transparent to the users. Table 2.1 shows the implemented
elements in the library, their application inside the building, a description of the
modelled phenomena and the other elements that can be connected with.
Therefore, the whole building in NEST is reduced into a set of elements connected
with each other and able to exchange boundary conditions. In this way, a network of
elements can be arranged in order to create an overall model of the building. This
is illustrated in Figure 2.6, where a room and its conceptual graph using NEST are
shown.
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Figure 2.2: Modelling a room in NEST software.

Table 2.1: Elements implemented inside the building library of NEST.
Element Application Model description Connections

Room Rooms, air cavity into Resolution of airflow and heat, moisture, CO2 Wall, Duct, Opening
composite wall or window and VOC transfer using multi-zone method. Radiator, Occupants

Opening Doors, windows, gaps Evaluation of the mass flow rates through small Room, Outdoor
and orifices or large openings.

Duct Ventilation tubes Evaluation of the mass flow rate inside ducts. Room, Outdoor, Duct
Ventilation box

Ventilation Mechanical ventilation Creation of pressure drop using one or several Duct
box systems fans to extract or inject air in a building.
Wall Walls, composite walls, Resolution of transient one-dimensional heat, air, Room, Outdoor, FSolD

glasses, multi-glasses moisture and VOC transfer. Wall, RadBox
FSolD Transmitted solar Distribution of the transmitted solar radiation Wall

radiation among the room internal surfaces.
RadBox Thermal radiation Evaluation of the thermal radiation transfer Wall

between the room internal surfaces.
Outdoor Weather conditions Provide weather data conditions. Wall, Opening, Duct

Radiator Heating elements Introduction of heat source gain. Room

Boiler Central heating system Supply of heated water flow inside radiators. Radiator, Room

Controller HVAC control Control of the heating set point temperature and Boiler,
the mechanical ventilation speed. Ventilation box

Occupants Occupants behaviour Creation of events and generation of heat, Room
moisture and CO2 gains.
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2.3 Building elements

2.3.1 Wall

The wall element is used to simulate the building envelope, it is the physical separator
between the interior and the exterior of a building. Most building materials are porous,
so the air and moisture transfer through the wall pores can cause significant effects in
thermal performance, indoor air quality and material durability. The wall is modelled
in general way, the heat, air, moisture and VOC transfer models are presented in this
section. Specific types of walls like glass, composite wall and composite glass are
described as well.

Heat, air and moisture transfer in a wall

The wall model solves the coupled HAM transfer through the wall layer. The moisture
is transported inside the porous wall under vapour and liquid phases where the total
moisture flow rate is:

gm = gm,v + gm,l (2.1)

The water vapour is diffused due to partial vapour pressure gradient while the liquid
is sucked due to suction pressure gradient. The water vapour flow consists of a
diffusive part (first term) and a convective part due to the airflow inside the wall
(second term) [28]:

gm,v = −δp
∂pv

∂x
+ gairCcst pv (2.2)

where Ccst is a constant for approximating the water vapour content function of
vapour pressure Ccst = 6.21 · 10−6 [29]. The liquid flow through the wall is propor-
tional to the gradient of suction pressure and it is expressed as [30]:

gm,l = kl
∂ps

∂x
(2.3)

The transient moisture balance through the wall is then written as:

∂w
∂t

= −∂gm

∂x
= − ∂

∂x

(
kl

∂ps

∂x
− δp

∂pv

∂x
+ gairCcst pv

)
(2.4)

This equation can be expressed using different driving forces: moisture content w,
suction pressure ps, vapour partial pressure pv or relative humidity φ. The relative
humidity φ is chosen for this model since it is continuous at the interface between
multi-layered walls [31]. The moisture transport equation through the wall can be
then rewritten as a function of the relative humidity:
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ξ
∂φ

∂t
= Dφ

∂2φ

∂x2 + DT
∂2T
∂x2 − Cφ

∂φ

∂x
− CT

∂T
∂x

(2.5)

where
Dφ = δp psat +

klρl R
Mw

T
φ

; DT = δpφ
∂psat

∂T
+

klρl R
Mw

ln φ (2.6)

Cφ = gairCcst psat; CT = gairφ
∂psat

∂T
(2.7)

The liquid water density ρl is assumed to be 1000 kg/m3. Dφ represents the moisture
diffusion coefficient, DT the moisture diffusion due to the temperature gradient, Cφ

the moisture convection coefficient and CT the moisture convection due the tempera-
ture gradient.
The heat flux through the wall combines conductive and convective parts:

q = qcond + qconv (2.8)

The conductive part is proportional to the gradient of the temperature:

qcond = −λ
∂T
∂x

(2.9)

while the convective part is the sum of latent specific enthalpy flow of the vapour and
the sensitive specific enthalpy flow of the air inside the material:

qconv = −Lvδp
∂pv

∂x
+ gaircp,aT (2.10)

where the mass specific phase transition enthalpy water liquid-vapor Lv is assumed
to be 2.5 · 106 J/kg.
The heat balance through the wall is then given by the relation:

ρ0cp0
∂T
∂t

= − ∂q
∂x

= (λ + LvDT,v)
∂2T
∂x2 + LvDφ,v

∂2φ

∂x2 − CT
∂T
∂x

(2.11)

where
DT,v = δpφ

∂psat

∂T
; Dφ,v = δp psat; CT = gaircp,a (2.12)

By observing equations (2.5) and (2.11) it can be seen that in a porous wall the moisture
transport equation depends on the heat transfer equation and vice versa. So, both
equations are coupled and they need to be solved simultaneously at each node of
the discretized wall, as shown in Figure 2.3, using an iterative process to completely
solve heat, air and moisture transfer in the building envelope with single or multiple
material layers.
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The coefficients λ, cp0, ξ, δp and kl depend on the temperature and moisture distribu-
tion in the material [29]. If only the heat transfer is taken into account, the coefficients
gair, δp and kl are set to zero in order to neglect air and moisture transfer through the
wall and the equation reduces to the transient conduction equation.

Figure 2.3: Wall element.

VOC pollutant transfer in wall

The VOC pollutant transfer in a wall is modelled as the diffusion of the concerned
species which may be emitted by the building material. Concentration gradient is the
driving force for VOC transport in the material with no chemical reaction inside. The
transient VOC diffusion equation is given by:

∂Cvoc

∂t
= Dvoc

∂2Cvoc

∂x2 (2.13)

where Dvoc is the VOC diffusivity and depends on the pore structure, the material,
species properties, temperature and the VOC concentration in the material [23]. The
governing equation is descritized and solved at each node of the wall of Figure 2.3.

Glass

By default the wall material is assumed to be opaque having an absorptivity, a
reflectivity but a nil transmissivity. However, semi-transparent materials, like glasses,
can be also considered by setting these optical properties (absorptivity, reflectivity
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and transmissivity). In this case, the solar energy absorbed is introduced as uniform
heat generated over the volume of the glass layer instead of being absorbed by the
surface. The values of absorptivity, reflectivity and transmissivity are inputs that
depend on glass material properties. With reference to Figure 2.4, the solar radiation
is divided into two components: positive component IP entring the building and
negative component IN leaving the building. The net transmitted solar radiation is
calculated using an iterative process [32] taking into account the room, outdoor solar
radiation and reflectivity at each side.

Figure 2.4: Glass element (a) transparent glass with heat transfer; (b) positive IP and
negative IN components for solar radiation calculation.

Composite wall

NEST enables to arrange several elements and compact them as they were a single
element. These types of elements are called sub-systems. Hence, several walls of
different materials can be packed into a unique composite wall element. This is an
appealing property of NEST, since it enables to deal with different walls layers in a
building as a simple composite wall element.
When a wall is composed of two or more layers, the heat and moisture transfer
through each one is described with the transport equations of the section 2.3.1. In the
interface the contact is assumed to be perfect by neglecting the moisture and thermal
contact resistances between the porous materials. In this way the temperature and the
suction pressure are assumed to be continuous at the surface between two different
materials.
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Composite glass

The same concept of the composite wall is exploited for simulating multilayer glasses
with inner air chambers (e.g. double/triple pane) as shown in the Figure 2.5. Com-
posite glass is a sub-system of N Glasses and N-1 rooms.

Figure 2.5: Multi-glass element.

The thermal radiation between the glass layers is approximated as the heat transfer
between two infinite opaque parallel plates [33]. Heat transfer by natural convection
between the glass layers is calculated as it will be shown in the room model (section
2.3.2) using the energy equation 2.15.

2.3.2 Room

The room element is used to simulate the indoor spaces, it is based on the multi-
zone method where the building is divided into different zones, where each zone
represents a room or a set of rooms. A room (or zone) is modelled using one control
volume (CV), as shown in Figure 2.6, having a node P in the centre that contains
air at uniform conditions of pressure, temperature, humidity, VOC and CO2. The
room can exchange boundary conditions with walls, openings (doors, windows,
orifices, ducts,...) and have internal generation gains of heat, moisture, CO2 and VOC
from different sources like radiators, occupants, appliances, etc. The openings are
responsible for evaluating the airflow rates incoming/leaving the room from/to its
neighbours rooms and they are represented by nodes k at the sides of the room CV.
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Figure 2.6: Room control volume surrounded by walls and openings.

The continuity, energy, humidity, CO2 and VOC pollutant equations over the CV are
written, respectively, in general terms as:

∂mP
∂t

= ∑
k∈in

ṁk − ∑
k∈out

ṁk (2.14)

mPcp,a
∂TP
∂t

= ∑
k∈in

ṁkcp,a(Tk − TP) + ∑
i∈walls

αi Ai(Twall,i − TP) + Qsrc (2.15)

ρV
∂xP
∂t

= ∑
k∈in

ṁk(xk − xP) + ∑
i∈walls

βi Ai(Pv,wall,i − Pv,P) + Msrc (2.16)

∂mPCco2,P

∂t
= ∑

k∈in
ṁk(Cco2,k − Cco2,P) + Cco2,src (2.17)

∂mPCvoc,P

∂t
= ∑

k∈in
ṁk(Cvoc,k − Cvoc,P) + ∑

i∈walls
βvoc,i Ai(Cvoc,wall,i − Cvoc,P) + Cvoc,src

(2.18)
The equations account for the ventilation inside the room, the heat, moisture and
VOC fluxes from the walls and the internal heat, moisture, CO2 and VOC generation
from occupants and appliances sources.
The airflow and the heat transfer are dependent: Airflow has a direct impact on the
heat transfer by convection between rooms and heat transfer has an impact on the
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gradient of air density between rooms which affects the airflow rates due to natural
convection. Moreover the airflow in the building affects directly humidity, CO2 and
VOC transfer, since a high ventilation rate in a room leads to a high transport of
mass and thus it decreases or increases the humidity and CO2 and VOC concentra-
tions. Hence a coupled resolution between heat, air and mass transfer in building is
necessary [34].

2.3.3 FSolD

The FSolD object, which stands for Fictitious Solar radiation Distributor, takes the
net transmitted solar radiation from the glazed windows of a room to set the total
radiation per unit area. The aim of this object is to distribute this heat input between
the floor and the internal walls of the room.

Figure 2.7: Conceptual graph of FSolD element.

2.3.4 RadBox

The RadBox object (radiative box) is used for evaluating the thermal radiation fluxes
between the wall surfaces of a room. Every surface of the room gives its temperature
and its emissivity to the RadBox. Then, the element calculates the view factors in
order to evaluate the thermal radiation corresponding to each surface by means of
the Net Radiation Method [35]. The element is able to calculate the view factors of
non-cubic geometries, considering shadows and the windows in the walls.
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Figure 2.8: Conceptual graph of RadBox element

2.3.5 Opening

The opening is an element that connects two rooms or a room with outdoor where the
air circulates through it from one space to another. It can be either one-way opening
where the air circulates only in one direction or double-way opening where the air
circulates in one or both directions at a time. The two types of openings models are
presented below.

One-way opening

The one-way opening (also called orifice, small opening or unidirectional opening)
model is used to simulate orifices, cracks and gaps through closed windows and
doors. It is considered to be a restriction for the air flow between two rooms since the
cross-section area of the opening is usually smaller than the cross-section area of the
room (Ar) (see Figure 2.9).

Figure 2.9: Airflow through one-directional opening.
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As long as the air speed is sufficiently subsonic in buildings (Mach < 0.3), the incom-
pressible Bernoulli equation for orifices [36] is used for the description of the pressure
drop through the one-way opening as a function of the air velocity. By considering the
relation between mass flow rate and velocity, the mass flow rate expression through
one-way opening function of the pressure difference between two linked rooms i and
j can be written as:

ṁ = Cd As

√
2ρ|pi − pj| (2.19)

The density ρ is taken from the upstream room, Cd is the discharge coefficient that
accounts for the viscosity, turbulence and the opening geometry. Different approxima-
tions and correlations exist in the literature for the discharge coefficient in buildings.
All of them indicate that the coefficient value range goes from 0.25 up to 0.7 [37]. The
default value of Cd coefficient in NEST is fixed to 0.6. The equation 2.19 is used by
default in NEST to model small openings, however the empirical power law equation
can be also used if desired [38]:

ṁ = ρC|pi − pj|n (2.20)

where the flow coefficient C depends on the size of the opening while the flow
exponent n characterises the flow regime and lies between 0.5 (fully turbulent) and
1.0 (fully laminar).

Double-way opening

The double-way opening (also called large opening) can have simultaneous flows
circulation in both directions. This can be due to temperature stratification, density
gradients, effects of ventilation or heating systems and turbulence effects in the rooms.
Due to the high number of parameters involved and the complexity of the physical
phenomena, the following assumptions were made in order to simplify and describe
the phenomena as an application of the continuity equation and Bernoulli’s theorem
on both sides of the large opening [39]: Each room is considered as a semi-infinite vol-
ume, streamlines of the flow in the opening are assumed to be parallel and horizontal
and a steady flow of an incompressible and inviscid fluid is driven only by density
gradients on both sides of the opening.
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Figure 2.10: Airflow through a double-way opening.

The neutral plan hn as seen in Figure 2.10 is defined as the height inside the opening
where the pressure difference between both sides is zero, so it is the level where the
flow change its direction and is calculated as:

hn =
pj − pi

g(ρj − ρi)
(2.21)

where the subscripts i and j refer to the rooms at both sides of the opening.

In the case where the densities of air on either sides of the opening are equal, equation
(2.21) tends to infinity and there is no air circulation driven by density gradient. In
this case the opening is assumed to have the same behaviour as a one-way opening
and it is modelled using equation (2.19) as described in the subsection 2.3.5.

In the case where the densities on either sides of the opening are different, the possible
situations that can occur are:

• If 0 < hn < H the neutral plan is located inside the opening and air flow circulation
is bi-directional, as shown in Figure 2.10. The absolute value of mass flow rates at
the top and the bottom of the opening can be written as [40]:

ṁtop =
2
3

CdW
√

2gρ|∆ρ||H − hn|3 (2.22)

ṁbottom =
2
3

CdW
√

2gρ|∆ρ||hn|3 (2.23)
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• If hn ≤ 0 or hn ≥ H, the neutral plan is located outside the opening, so the airflow
circulation is one-directional. The absolute value of mass flow rate is then evaluated
as [41]:

ṁ =
2
3

CdW
√

2gρ|∆ρ|
∣∣∣|H − hn|

3
2 − |hn|

3
2

∣∣∣ (2.24)

The air density in the mass flow equations (2.22), (2.23) and (2.24) depends on the
direction of the flow. A sign is attributed to the mass flow rates depending on the
sign of ∆ρ to indicate the direction of the flow (positive if entering and negative if
leaving a room).

Connection of the opening with a room

As described in subsection 2.3.2, using the multi-zone method the pressure is assumed
to be uniform in all the room. However, the pressures used to evaluate the mass flow
rates through the openings should take into account the static and the dynamic effects
of the air due to thermal buoyancy and wind action, respectively.
When an opening is linking two rooms, the wind effect is neglected and only the
thermal buoyancy is taken into account. This is illustrated in the example presented
in Figure 2.11, where an opening is located at a height H1−2 for the room 1 and room
2. The ground of the room is assumed to be the reference level of the hydrostatic
pressure. For each room the pressures p1 and p2 at the height of the opening are
different than the pressures at the node of each room, pP1 and pP2, and they depend
on the elevation and the air density.

  pP1 

    Window     Room1     Room2 

  pP2 

HP1 

H1-2 H2-1 

HP2 

    Outdoor 

H1-out 

Wind 

velocity 
 

  pout 

Figure 2.11: Static and dynamic effects through openings in a building (front view).

The pressure at the opening side of the room i linking with the room j, can be
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expressed in general form as:

pi = pPi − ρig(Hi−j − HPi) (2.25)

If the opening is linking a room with the outdoor as shown in Figure 2.11, then the
wind effect should also be taken into account by introducing the dynamic pressure
term. The pressure pout at the outdoor side of the opening is given by:

pout = pext +
1
2

ρextvext
2 (2.26)

where pext and vext are the ambient pressure and wind velocity given by the weather
conditions.

2.3.6 Duct

The duct is an element that can link two rooms, a room with outdoor or it can be used
for the ducts of mechanical ventilation. In NEST the duct element is designed in a
general way, so that it can be applied to simulate pipe lines for any application in
general. It is implemented using two models:
First, the detailed model where the duct is discretised into a number of control
volumes that take into account heat and mass transfer, shear stress and expan-
sion/contraction phenomena. This approach gives us the ability to perform a detailed
simulation of a duct and to have a full simulation of the fluid flow inside it.
Second, the simplified model where the duct is considered as an element that only
applies pressure losses between its two connections. In this way, only the entring and
the leaving flow rate is evaluated.

Detailed duct

The duct in this approach is discretized into a number of control volumes where
continuity, momentum, energy and pollutants equations of the fluid flowing through
it are solved. The continuity, energy and pollutants equations are solved over a
centered mesh where the pressure and temperature values are evaluated in the node
of the main control volume. On the other side, the momentum equation is solved
over a staggered mesh where the velocity values are evaluated at the faces of the
centered control volumes, as shown in Figure 2.12.
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Figure 2.12: Detailed duct discretization.

The continuity, energy and pollutants equations over each control volume of the duct
are the same as described in the room section 2.3.2. By considering the local shear
stress in terms of friction factor, the momentum equation in the axial direction over
the staggered mesh of the duct can be written as:

δmPvP
δt

= ∑ ṁeve −∑ ṁwvw = (pP − pE)S−
f
4
|ṁP|vP

2S
Ap (2.27)

where the subscripts w and e indicate the west and the east faces of the CV in the
flow direction and W end E indicate the west and the east CV nodes, respectively.
The friction factor f is evaluated as a function of the Reynolds number from the
correlation of Churchill [42], S is the section area, and Ap is the surface area of the
duct. The continuity and momentum equations are coupled and solved by means of
SIMPLE solver (Semi Implicit Method for Pressure Linked Equations) [43].

Figure 2.13: Expansion/contraction in a duct.

In this model the sudden expansion/contraction phenomena across the boundary of
the duct when it is linked with a room, fan or with another duct is taken into account,
the momentum equation across the expansion/contraction can be written in terms of
mass flow rate in a general form as [44]:

ṁ =
N∆p + H + lṁo

∆t
M

(2.28)

where N = Ss, H = max(ṁw, 0)vW + max(−ṁe, 0)vE + vs
o mIo+mI Io

2∆t and M is equal
to all transient, convective and shear stress terms for the zone I, II and III shown in
Figure of duct expansion 2.13.
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When the duct is connected to a room, The evaluated mass flow using (2.28) is given
as an input to the room element in order to satisfy the mass conservation in equation
(2.14).

Simplified duct

This approach consists on modelling the duct as an element that applies pressure
losses between its two connections where the total pressure loss is the sum of friction,
fittings and hydrostatic losses. Friction losses represent the resistance to the airflow
due to the viscous shear stresses, the roughness of the internal duct walls and the
geometry form [45]. It is calculated using Darcy-Weisbach equation [45] as:

∆p f ric = fD
L

DH

1
2

ρv2 (2.29)

where the Darcy friction factor fD depends on the characteristics of the duct (hydraulic
diameter and roughness height) and the characteristics of the flow regime (laminar or
turbulent). In NEST it is evaluated using Churchill correlation [42].
In addition to the friction losses, additional minor losses due to entries and exits of
the air, fittings, valves and bends are considered. These losses represent an additional
energy dissipation in the flow and a pressure drop that can be calculated as [40]:

∆p f it = ξ
1
2

ρv2 (2.30)

where the coefficient of pressure loss ξ is given by the manufacturers or by formula-
tions in catalogues [46].
The hydrostatic loss represents the pressure drop when there are differences in eleva-
tion from the inlet end to the outlet end of the duct segment and it is zero in horizontal
ducts.

∆phydro = ρg∆h (2.31)

where ∆h is the vertical elevation or drop.
Finally, the total pressure losses in a duct system is evaluated as the sum of friction,
fittings and hydrostatic losses. Substituting the air velocity in equations (2.29) and
(2.30) by the mass flow rate, the total pressure drop in a duct can be written as:

∆ptot = ∆p f ric + ∆p f it + ∆phydro =

(
fD

L
DH

+ ∑ ξ

)
1
2

ρ

(
ṁ

ρA

)2
+ ρg∆h (2.32)

The mass flow rate through a duct is determined from equation (2.32) as a function
of the pressure difference in both sides of it. When it is connected to a room or a
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ventilation box, this mass flow rate is given as an input to these elements in order to
satisfy the mass conservation inside them in equation (2.14). When it is connected
to an outdoor element the ambient pressure is given as a boundary condition to the
duct.

2.3.7 Ventilation box

A ventilation box is an element that model the mechanical ventilation system, it is
modeled as a room element that contains one or more fans and it can be connected
with several ducts. Different mechanical ventilation systems exist in buildings, the
most used ones and implemented in NEST library are the single flux system (or
exhaust system) where the air is only extracted from the building and the double flux
system where the air is extracted and injected in the same time. In both cases, one
or several fans are used to create a pressure gradient in the ventilation box forcing a
depression or an overpressure to force the air circulation in the house.
A fan is characterized by its performance curve, its efficiency and its pressure drop
coefficient. These parameters are usually provided by the manufacturers. The perfor-
mance curve of a given fan shows the relationship between the air flow rate that can
deliver and the pressure gradient generated for each rate. This curve is modelled in
NEST as a polynomial function of the mass flow rate ∆p = f (ṁ).

Single flux system

In a single flux system, the air is extracted from the building by a centralized exhaust
fan. The building is put into depression and then the air is forced to flow from
outside to inside the building by infiltration through the openings as shown in Figure
2.14. This system allows the extraction of pollutant air from the rooms. However
it increases infiltrations, increases pollutant coming from outdoor and increases the
thermal losses as the heated/cooled air in the room is extracted and rejected to outside
without any thermal recovery.



38 CHAPTER 2.

Figure 2.14: Exhaust mechanical ventilation system.

Double flux system

The mechanical ventilation with a double flux system combines the injection and the
extraction of air in the building. It is composed of two independent fans, one for the
injection of clean air and the other for the extraction of indoor poor air, as shown in
Figure 2.15.
This system allows the control of the injected air flow in the building, the air flows
through a thermal recovery unit where it can be pre-heated or pre-cooled before its
injection. A part form the thermal energy of the extracted air is recovered using a heat
exchanger. It allows to filter the injected air from pollutants. This system guarantees a
high quality of ventilated air, reduce infiltrations and increase the energy performance
in the building.
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Figure 2.15: Double flux mechanical ventilation system.

2.3.8 Outdoor

The outdoor element provides a database of weather conditions during the simulation
of the building. It provides ambient conditions of temperature, solar radiation, humid-
ity, pressure, wind speed and CO2 concentration. Wind speed and solar irradiation
on the façades are evaluated depending on the orientation and the slope of each one.
The meteorological data is obtained from Meteonorm software [47] then the data are
interpolated during the simulation every time step.

2.3.9 Occupants

NEST software includes occupants elements to take into account heat, moisture and
CO2 generation due to their presence and activities. The amounts of heat and CO2
generated by the occupants are introduced as a source term in the energy and CO2
balance equations in the room.
During the simulation of a building, the dynamic behaviour of occupants is taken
into account, they can change their activities (sleeping, reading, taking shower..),
move from one room to another, leave the building and create events (open doors or
windows, switch on ventilation systems, cooking, etc.) which can cause variation in
the building performance simulation.
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The dynamic behaviour is achieved by means of schedule databases. The software is
continuously updating these database every time step for detecting any changes or
new events in the building.
The metabolic rate of different occupants activities and the CO2 generation rate per
person are presented in Tables 2.2 and 2.3.

Activity Metabolic rate (W)
Sleeping 83
Seated relaxed 104
Standing, sedentary activity (office,studying) 126
Shaving, washing and dressing 180
Cooking, washing dishes 261
Washing by hand, ironing 306
Gymnastics 574

Table 2.2: Metabolic rate of different occupants activities.

Activity CO2 emission (m3/h)
Sleep 0.013
Resting or low activity work 0.02
Normal activity work 0.08-0.13
Hard activity work 0.33-0.38

Table 2.3: CO2 generation rate per person.

2.3.10 Radiator

The radiator element is used for heating specific zones in the building where the heat
power is obtained from a boiler. The heat generated by a radiator is introduced as
a heat source term in the energy balance of the room element and it is computed
iteratively using the following two equations:.

Q̇ = ṁcp(Twi − Two) (2.33)

Q̇ = ˙Q50

(
∆T
50

)n
(2.34)

where ṁ is the water mass flow rate given by the boiler (it is assumed the same
mass flow rate for all radiators in the house), cp is water heat capacity, Twi is water
temperature at the entrance of the radiator and is given by the boiler, Two water
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temperature at the exit of the radiator, ˙Q50 is the heat emitted by the radiator according
to the standard UNE EN-442 [?] test and is found in radiators catalogs, n is the
characteristic curve coefficient and found in the catalogs too and ∆T is computed as:

∆Tout

∆Tin
=

Two − Tamb
Twi − Tamb

(2.35)

∆Tout

∆Tin
≥ 0.7 then ∆T =

Twi + Two

2
− Tamb (2.36)

∆Tout

∆Tin
< 0.7 then ∆T =

Twi − Two

ln( ∆Tin
∆Tout

)
(2.37)

where Tamb is the ambient temperature, while the inlet temperature is provided by
the boiler, the outlet temperature is an unknown. The system of equations with the
Two and Q̇ as unknowns is solved iteratively.

2.3.11 Boiler

The boiler element connects with the radiators of a building and provides them with
heat power. Based on the temperature of a reference room in the building, the boiler
starts operating when the temperature of that room is below a set-point value. The
same mass flow rate of heated water is given to all the radiators. While it takes some
time to warm up, during this period, the temperature at the entrance of the radiators
grows linearly with the time.

2.3.12 Controller

The controller is responsible for controlling the boiler and the mechanical ventila-
tion set point temperature and fan speed, respectively. During the simulation, the
controller updates these set points values according to a schedule related to the occu-
pants presence. Other external controller software that works based on complex and
advanced routines can be also embedded into NEST software.

2.4 Numerical resolution

The different elements of buildings, described in the previous section, are located
in a sub-library of low level code in order to be transparent and easy to use by any
user. On the other side, the resolution of the overall model of a building (composed
of different elements) is done in a sub-library of high level code. The resolution is
based on a block-Jacobi method where every element is solved in an independent



42 CHAPTER 2.

way according to its own physics, model and scale. Once all the elements have been
iterated, the program synchronize their inputs/outputs and exchange data with their
neighbouring (connected) elements. This process is repeated till the convergence of
all the elements is achieved. Then the program checks for any new events, changes in
the schedules of openings, occupants or control systems before moving to the next
time step. The global resolution algorithm of the software is summarized in Figure
2.16, where φ represents all the solved variables of temperature, pressure, humidity
and concentrations.

Figure 2.16: NEST-Buildings global algorithm.

The modular approach used in NEST provides an efficient and practical way to per-
form buildings simulation, since it allows a high degree of freedom, a rapid set up of
any case and a flexible implementation of new elements and models.

The heat, moisture and pollutants transfer in a whole building are governed by
transient diffusion-convection and balance equations, as seen in the wall, room and
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detailed duct elements, then the resulting system of equations to solve temperature,
humidity and pollutant concentrations is linear and it is solved, in NEST, by means of
linear Jacobi solver [48].
However, the mass flow equations through openings and ducts are expressed function
of the pressure gradient. Then in order to solve the airflow network inside a building,
the pressure variable has to be solved in the rooms, openings and ducts elements. It
is solved by means of SIMPLE [43] or Newton-Raphson [49] methods.
The SIMPLE method takes advantage of the modular approach of NEST and couples
the mass flow rates and the mass conservation equations inside each element of
rooms, openings and detailed ducts. By iterating all of them, the pressure is solved
at each iterated element one by one in order to satisfy the mass conservation. It is
a stable method to solve the airflow and avoid convergence problems, it provides
a high level of details when solving the air flow inside the ducts, as shown in the
detailed approach in section 2.3.6. However it requires a small time step and a high
number of iterations, due to the difficulty in the propagation of information, which
leads to a high computational time, especially when simulating a complex building
with many rooms and ducts.
The disadvantage of the propagation of the information in the modular approach
of NEST platform has been identified when solving airflow network in buildings:
if a large cloud moves in front of the sun, there are some rooms that begin to cool
down and this effect is propagated to the other rooms of the building progressively,
first the neighbor rooms and then, to the others. The NEST modular approach can
capture the physics of this thermal process since each element is connected to their
physical immediate neighbors. Otherwise, if a window is opened, a heavy current of
air appears and there is a door that ends up slamming on the other side of the house.
This is because the air is incompressible and, due to mass conservation, this change
of mass flow is instantaneously transmitted to all house. This means that modular
approach is not ideal to solve the airflow in buildings because the communication
through the rooms, even those not located far from each other should be fast. This
inconvenient does not appear in heat, moisture and pollutant transfer, because in a
building there is more inertia in these phenomena, as in the example of the cloud.
Then, in order to optimize the resolution speed and maintaining the same accuracy,
instead of solving the airflow at each element by relying on the modular approach of
NEST like the SIMPLE method, it is proposed to use a monolithically approach where
all the mass flow and continuity equations of these elements are gathered and solved
in once inside only one element (called airflow element). The Newton-Raphson (NR)
solver is used to solve simultaneously the system of equations of this airflow element.
The mass flow equations through openings and the simplified ducts are non-linear
equations as they are expressed in power function of the pressure. Then applying
the mass balance inside all the rooms of building leads to a non-linear system of
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equations with the pressure as an unknown. The same as described by Feustel [50],
the Newton-Raphson method has shown to be efficient to solve this non-linear system
of pressure equations inside a building and reduces the computational time of the
simulation.
Table 2.4 shows the comparison of the computational time using the two described
methods to simulate the airflow in a house having 12 rooms and a system of 5 ducts
used for an exhaust mechanical ventilation system. The house will be studied later in
chapter 4.

Solver used number of CPUs computational time
of the simulation of one week

SIMPLE for rooms and ducts 16 83 h
SIMPLE for rooms and NR for ducts 4 5.5 h
NR for rooms and ducts 4 20 min

Table 2.4: Computational time for the simulation of one week of a building case.

The computational time is very important in buildings simulation, since long periods
need to be simulated in order to analyse well the building performance. The simulated
periods in buildings can reach one year or more in some cases, then it is essential to
have a fast and reliable simulation tool. The Newton-Raphson solver is adopted by
default in NEST, for the resolution of airflow inside a building simulation. However,
the SIMPLE solver can be used also to simulate specific cases where it is important to
study and analyse in detail the airflow through ducts.

2.5 Verification and validation

All the described elements in the previous section have for objective the resolution of
airflow, heat and mass transfer inside the building envelope and the indoor spaces.
In order to ensure the reliability of these basic models in NEST, the software has been
validated and verified with experimental and analytical cases, respectively, and by
comparison with other simulation tools. The test cases are chosen from the literature
in a manner to be significant, simple, easy to run and cover all the phenomena for the
assessment of building simulation.
The building envelope has been verified and validated with cases considering, first,
only the moisture transfer, then the combined heat and moisture transfer through
one layer and through a composite wall and finally with the combined heat, air and
moisture transfer. The room and its envelope has been validated with cases simulating
independently heat, moisture and VOC pollutants transfer inside it. The airflow in
rooms has been verified and validated with cases testing the wind and stack effects
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for different rooms configuration for both one-way and double-way openings.

2.5.1 Isothermal moisture transfer in a wall

The HAMSTAD benchmark exercise #2 [16] is a one dimensional case with isothermal
moisture transfer in a single layer exposed to air with relative humidity of 65% on
one side and 45% on the other side, while the temperature is held constant at 25oC.
The structure is perfectly airtight having a thickness of 20cm and initial conditions
of 20oC and 95% of relative humidity. The case allows the simulation of the drying
process during time inside the wall.
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Figure 2.17: Moisture content profiles of the wall layer at 100, 300 and 1000 hours in
isothermal moisture transfer case.

Figure 2.17 shows the moisture content profiles of the wall after three different periods
of time during the transient simulation, where the moisture movement is caused
by the lower values of relative humidity at both surfaces. The results show that the
numerical model is able to predict very well the transient moisture transfer in the
wall with a relative difference below 1.2%.

2.5.2 Heat and moisture transfer in a wall

The heat and moisture transfer through a single layer of concrete wall, studied my
Maalouf [18], is simulated. A periodic variation of temperature and relative humid-
ity similar to the summer weather condition are considered at outdoor condition.
The external thermal convection coefficient is 25W/m2K while the indoor tempera-
ture, relative humidity and thermal convection coefficient are set to 24oC, 50% and
5W/m2K, respectively. Wall thickness is fixed to 20cm and initial walls temperature
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and volumetric moisture content are 20oC and 5 · 10−3 m3

m3 , respectively. The concrete
wall is simulated for a period of one year. Results of the moisture content in the
internal and external surfaces and in the middle of the wall during time are shown in
Figure 2.18.
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Figure 2.18: (Left) Moisture content evolution in the external and internal wall sur-
faces. (Right) Moisture content evolution in the middle of the concrete wall.

A good agreement is observed comparing with results obtained in [18]. The moisture
content on the internal and external surfaces reach a periodic state in few days as
shown on the left side of Figure 2.18, however it needs about six months to reach a
steady state at a depth of 10cm inside the concrete material.

2.5.3 Heat, air and moisture transfer in a wall

The benchmark case HAMSTAD #3 [16] deals with heat, air and moisture transfer
through a single layer wall of thickness 20cm. The moisture transfer is driven mainly
by the airflow convection and by the moisture and temperature gradients across the
wall. The simulation time is 100 days: during the first 20 days there is air exfiltration
(air flowing from inside to outside) with a constant pressure difference of 30Pa at
both sides of the layer followed by infiltration (air flowing from outside to inside)
where the pressure difference changes linearly and remains at −30Pa during the next
80 days. The wall surfaces are exposed to air with relative humidity of 70% on the
interior side and 80% on the exterior side, while the temperatures on the interior and
exterior sides are 20oC and 2oC, respectively. Figure 2.19 shows the temperature and
moisture distribution during time in the middle of the wall layer.
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Figure 2.19: (Left) Moisture content evolution in the wall centre. (Right) Temperature
evolution in the wall centre.

NEST results agree very well with the other four numerical solutions referenced
in [16]. The wall exterior surface is water vapor tight but allows the dry air convection
through it, then during the period of exfiltration, the wall receives humid air from
the interior (at 70%) and the moisture content inside it increases up to 96%. During
the period of infiltration the exterior surface doesn’t allow the water vapor transfer
inside it then the wall is dried out.

2.5.4 Heat and moisture transfer in a composite wall

The benchmark case #4 (Hagentoft, 2002) [16] deals with heat, air and moisture trans-
fer in a composite wall having a hygroscopic finish. The wall is subjected to changes
in heat and moisture loads at its surfaces where severe climatic load is imposed.
It represents different phenomena of heat, air and moisture transfer generated by
heating, cooling, alternating drying and wetting due to rain load along with fast
liquid transfer properties of the first layer. These conditions allow a very good case
for checking the heat, air and moisture transfer model. The description of climatic
conditions are presented in [16].
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Figure 2.20: External side (left) and internal side (right) moisture contents evolution.
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Figure 2.21: External side (left) and internal side (right) temperatures evolution.

Figure 2.20 shows the moisture evolution at the interior and exterior surfaces, while
Figure 2.21 shows the temperature evolution at the interior and exterior surfaces. It
can be seen that the external wall layer has a faster moisture transfer and response to
the changing weather conditions, while the internal wall layer reached the moisture
saturation only after 60 hours of simulation, but even though it’s still isolating well
the temperature. All comparative results show a good agreement as compared with
other moisture transfer tools referenced in [16].

2.5.5 Moisture transfer in a room

A simplified building in a rectangular box shape with walls having thickness of
15cm of aerated concrete is tested by Bednar [51] under isothermal conditions and
moisture transfer until cyclic steady state. The room envelope exchanges moisture
with outdoor and an internal moisture generation of 500 g/h between 9:00h and
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17:00h is considered. Two different cases are simulated: case 0A where heat and
moisture transfer through the walls are not considered and case 0B where heat and
moisture transfer through the walls are considered. Initial and boundary temperatures
and relative humidity rates are fixed to 20C and 30%.
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Figure 2.22: Relative humidity in the room, case0A (left) and case0B (right).

Figure 2.22 shows the relative humidity over the day without and with HAM transfer
through the walls. It can be seen that when the wall are considered and linked with
the room, they absorb the water vapour and reduce the relative humidity inside the
room. Good agreement with analytical solution is observed with a maximum average
relative error equal to 1.5% for the case 0B.

2.5.6 BESTEST

The BESTEST qualification cases in free-floating mode for lightweight 600FF and
heavyweight 900FF building structure published by Judkoff and Neymark [52] is
presented. It is a case simulating the transient thermal energy inside a building in
Denver, Clorado U.S, with varying ambient condition. The building has a shape of a
rectangular box with two windows facing south. A fixed internal heat gain and air
change rate are 200W and ACH = 0.5, respectively, during the simulation period. A
detailed description of the geometry and the outdoor conditions are presented in [52].
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Figure 2.23: Temperature evolution on 4th January for case 600FF (left) and case
900FF (right).

Figure 2.23 shows the indoor temperature on 4th January for lightweight and heavy-
weight building structures. It can be seen that the results agree very well with the
other building simulation tools. This test allows a collective verification of the energy
model in elements like walls, room, window glazing allowing solar radiation and
using the outdoor database model.

2.5.7 Pollutant transfer in a room

The implemented model for the pollutant transfer through walls and inside rooms
is validated against the experiment data of Yang [23]. The case consists on a small
chamber having a volume of 50 liters (0.212m x 0.212m x 0.0159m) with a pollutant
emitting material inside. In this case the pollutant is a mixture of VOCs (hexanal,
α-pinene, camphene and limonene) so the Total Volatile Organic Compound TVOC
is computed. Two particle boards PB1 and PB2 are tested one at a time for 96 hours
and 840 hours, respectively. The initial concentration of TVOC in these two particle
boards is 5.28 · 107µg/cm3 and 9.86 · 107µg/cm3, respectively, while the initial TVOC
concentration of the chamber is zero. For both particle boards the diffusion coefficient
for TVOC is 7.65 · 10−11. Air change rate of 1h−1 is maintained during the tests.
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Figure 2.24: Evolution of pollutant concentration in the room using PB1 (left) and
PB2 (right).

The Figure 2.24 shows the evolution of the pollutant concentration in the room during
time with both particle boards. It can be seen that, after the first few hours, the
numerical values show a good agreement with the measured values for both particle
boards under consideration. The initial period corresponds to the high emission
rate due to the high concentration of the TVOC near surface and zero room air
concentration. Beyond the initial period the material dries and the diffusion of
TVOC plays a more significant role. The numerical results show a good agreement
comparing with the measured data where the maximum average of relative error is
equal to 14.2% for the case using PB1.

2.5.8 Air flow through one-way opening

The ventialtion inside rooms having different windows modeled using one-way open-
ing approach have been tested and validated by the comparison with the analytical
results of six different tests cases described below [53]:
• Test 1. Monowind: wind action in a room having two orifices located in the same

height.
• Test 2. Monostack: air circulation due to only stack effect inside a room having two

orifices located at different heights.
• Test 3. Monows: combines tests 1 and 2, it shows the effect of stack and wind forces

on air flow inside a room.
• Test 4. Three zones building 1: wind effect in the airflow inside three rooms having

orifices at different heights.
• Test 5. Three zones building 2: thermal stratification effect in the airflow inside the

same three rooms configuration.
• Test 6. Three zones building 3: combines tests 1 and 2 where the combined effects

of wind and temperature combined have been tested.
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Figure 2.25: Test cases configurations to validate airflow through one-way opening.

Figure 2.25 illustrates the sketch of the different simulated cases and the table 2.5
shows the numerical results of the mass flow rate for each test case compared with
the analytical result.

Table 2.5: Comparison between numerical and analytical results of mass flow rates
through one-way opening.

Tests Analytical NEST Relative error in %
1 0.07541 0.07540 0.01
2 0.00455 0.00453 0.40
3 0.06987 0.06988 0.01
4 0.08431 0.08430 0.01
5 0.06655 0.06640 0.22
6 0.11038 0.11030 0.07

A good agreement is obtained with a maximum relative error of 0.4%. It can be
observed from test 3 that the mass flow due to thermal stratification (dotted arrow)
and the mass flow due to wind force (striped arrow) are combined and decrease the
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total mass flow since the two forces are acting against each other. However, in the test
6 the two forces are combined and increase the total mass flow rate in the rooms.

2.5.9 Airflow inside three floors building

A verification case of a building with 3 floors connected with each others and all
of them connected to an enclosed stairwell is presented in COMIS [53]. This test
case allows the testing of the combined wind and stack effects through the one-way
openings in a case more close to the reality. A section of the building is shown in
Figure 2.26.

Figure 2.26: Building configuration for the airflow inside three floors building case.

Each floor (A, B and C) has a volume of 150m3 and the stairwell (D) has a volume
of 135m3. The air circulates in the building through the small openings numbered
from 1 to 10, as shown in Figure 2.26. Atmospheric pressure, outdoor temperature
and wind speed at the roof height are 101325Pa, 10oC and 2m/s, respectively.
The mass flow rates through the different openings are compared with results of other
building simulation tools [53] and shown in the Figure 2.27.
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Figure 2.27: Comparison of mass flow rates obtained with NEST with results of other
simulation tools.

The results obtained using NEST are in range comparing to the results obtained using
other simulation tools. The mass conservation of air is satisfied inside the building as
the sum of the incoming mass flow rates from different openings is equal in opposite
to the sum of the outgoing mass flow rates.

2.5.10 Airflow through double-way opening

The double-way opening model has been validated comparing the results of a sin-
gle side natural ventilation test (a room that has only one large opening) with the
predictions of different simulation tools (COMIS, Passport Air, AIRNET, BREEZE,
ESP and NORMA) [53] where a total of 23 tests are simulated. The first four tests are
from PASSYS test cell experiments where the floor area and the volume of the single
room are 8.6m2 and 28.3m3, respectively. The surface of the single large opening is
2.24m2 and the height 2.2m. The mean climatic data during the experiments is given
in [53]. The rest of the tests are from NOA experiments where the floor area of the
room is 13.6m2, the volume 61.1m3 and the total surface of the window is 2.41m2. The
window is divided into 5 parts where different parts are open for each test case. The
mean climatic data and the open parts of the window for each experiment performed
in NOA building are given in [53]. The predicted results of the mass flow rate in m3/h
through the large opening for each experiment compared with the results obtained
with other simulation software [53] are shown in the Figure 2.28.
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Figure 2.28: Air flow rate through large opening.

The simulation of large opening in NEST-Buildings shows results within the range
of the ones obtained with other simulation tools. Experiments 11, 20, 22 and 23
correspond to a total opened window, using its maximum area, however the air flow
rate is in its maximum only in the experiment 20, this is due to the high gradient of
temperature between interior and exterior sides of the window for this experiment.
The airflow is mainly driven by thermal stratification, the more is the temperature
gradient the more is the mass flow rate through the large opening.

2.6 Conclusions

In the context of developing a modular, parallel and object-oriented tool for the
simulation of multi-physics in general and buildings in particular, a big effort has
been done to model and implement all the possible physical phenomena inside
buildings in order to reproduce the reality with the a high level of details.
A building in NEST is modelled as a collection of elements like walls, rooms, openings,
outdoor, etc. able to combine and solve airflow, heat, moisture and pollutants transfer
through the building envelope and in the indoor space. In the first part of the chapter,
all implemented elements in buildings library have been detailed. Then the resolution
of the overall building system and the solvers used in NEST have been described.
In the second part of the chapter, the developed software has been validated and
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verified with a test suite including a collection of significant, simple and fast to
run cases for the validation of airflow, heat, moisture and pollutants transfer in the
whole building. There is a lack of references including test cases of all the building
simulation phenomena altogether, so the test suite presented in this chapter can be
used as a reference for the validation of new building simulation tools.
Satisfactory results have been found comparing to other numerical simulation tools
during the validation and the verification process. The application of the simulation
tool in real cases will be presented in the next chapters.
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2.7 Nomenclature

A Wall surface area m2

As Opening section area m2

Ad Duct section area m2

cp0 Specific heat capacities of the material J/kg · K
cp,a Specific heat capacity of air J/kg · K
Cco2 CO2 concentration ppm
Cvoc VOC concentration mg/m3

Cd Discharge coefficient −
C Flow coefficient m3/s · Pan

Dvoc VOC diffusivity m2/s
DH Hydraulic diameter m
fD Darcy friction factor −
g Gravity acceleration m/s2

gm Total moisture flow rate kg/m2 · s
gm,l Water liquid flow rate kg/m2 · s
gm,v Water vapor flow rate kg/m2 · s
gair Mass airflow rate through wall structure kg/m2 · s
hn Height of the neutral plan inside double-way opening m
H Height of the opening m
Hi−j Height of the opening relative to the ground of room i connecting room j m
HPi Height of the CV node relative to the ground in room i m
kl Liquid permeability kg/m · s · Pa
L Duct length m
mP Mass of air contained in a room kg
ṁ Air mass flow rate kg/s
n Exponent of flow equation −
pv Vapor partial perssure Pa
ps Suction pressure Pa
psat Saturation pressure Pa
pi Pressure in the room i Pa
pPi Pressure in the control volume node P of the room i Pa
pext Pressure of the ambient air Pa
T Temperature K
vext external wind velocity m/s
W Width of the opening m
w Moisture content kg/m3

x Humidity ratio kg/kg
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Greek symbols
αi Heat transfer coefficient at the wall surface i W/m2 · K
βi Mass transfer coefficient at the wall surface i s/m
βvoc,i VOC transfer coefficient at the wall surface i s/m
δp Water vapor permeability kg/m · s · Pa
λ Thermal conductivity W/(m K)
ξ Pressure loss coefficient −
ρ Density of the air kg/m3

ρi Density of the air in the room i kg/m3

ρ0 Material density kg/m3

φ Relative humidity −

Subscripts
v Water vapor
l Liquid water
P Control volume node
k node at the Control volume side

Constants
R General gas constant 8.314J/mol · K
Mw Molar water mass 0.018kg/mol
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3

Hygrothermal simulation.

Application of NEST to

public buildings

3.1 Introduction

Most building materials are porous and moisture can exist and cause significant
effects in material durability, thermal performance and indoor air quality. For this
reason it is important to take into account the moisture transfer during the design
of new buildings when selecting construction materials and during the retrofitting
of existing buildings in order to fix the damage caused by humidity and maintain a
good thermal and moisture resistance. A satisfactory retrofit solution is the one that
last longer, respond well to the building surrounding and climate and maintain the
indoor comfort and air quality [1].
In this context, NEST software has been used to simulate and analyse the hygrother-
mal behaviour of different public buildings located in different climate conditions
before their retrofitting. The idea is to retrofit these old buildings with efficient strate-
gies using passive design, renewable heating&cooling sources and better insulating
materials for buildings envelope.
In the first stage, NEST software has been used to simulate and analyse the hygrother-
mal behaviour of different representative rooms of the four different public buildings
located in distinct locations in Europe: two hospitals in Spain, a university in UK and
a school in Sweden. The numerical simulations allow to study materials durability,
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energy and indoor air quality performance in these buildings, identify their weak
points and predict the performance by considering the retrofitting solutions.
Most of the simulation tools and studies evaluate the building energy performance
by studing only the thermal behaviour, using constant thermophysical properties
and neglecting the impacts of moisture transfer. However, authors like Janssen et
al. [3], Labat et al. [4] and Woloszyn et al. [5] highlight the importance of simulation of
heat and moisture transfer in buildings and they ability to assess walls durability and
performance. Furthermore, other investigations held by Haverinen et al. [6], Dales et
al. [7] and Langmans et al. [8] point out that a high moisture level is a risk factor for a
building energy performance, mould growth, and loss of the insulation properties
of materials. On the other hand, the assumption of constant physical properties for
buildings materials is not credible [9, 10] since the hygric properties can strongly
influence the hygrothermal behaviour of the buildings envelope and consequently
the energy efficiency inside them.
In this chapter, the representative rooms for the different demo sites are modelled
and simulated using the hygrothermal models developed in chapter 2. They are
first simulated in free-float mode where only natural ventilation are considered and
then in HVAC mode where heating, cooling, humidification and dehumidification
are considered. During the simulation of the first room of Terrassa, a detailed study
is conducted and presented: the impact of the moisture on the heat transfer and in
the hygrothermal behaviour of the room is investigated. The water condensation in
the interior and exterior surfaces is checked and a sensitivity study of the materials
properties has been conducted. In order to evaluate the rooms performance, the
thermal and moisture load required to maintain the rooms at a comfort level using
HVAC before and after the proposed solutions for retrofitting are evaluated and
discussed.
A part of the results of this work has been done within the framework of the EU
project RESSEEPE [2].

3.2 Demo sites modelling

NEST software has been used to simulate two representative rooms per each demo
site. The rooms represent typical rooms from each of the public buildings (two
hospitals, a university and a school). In order to avoid redundancy, only one room
per demo site is presented: One room of one of the hospitals in Spain, one classroom
of the school in Sweden and one classroom of the university in UK.



3.2. DEMO SITES MODELLING 65

3.2.1 Rooms modelling

Each representative room is modelled as a collection of NEST elements described
in section 2.3 of chapter2: The composite walls elements are connected with a room
and outdoor elements. the windows as well are modelled using glass or multi-glass
elements depending on the demo site and solar and thermal radiation are introduced
using FSolD and RadBox elements, respectively. The room doors and windows are
assumed to be closed, however air infiltration through them is taken into account.
The representative rooms are set initially to constant temperature and relative hu-
midity fields of 23oC and 50%, respectively. The numerical simulations use weather
conditions of a typical year at each site obtained using Meteonorm [11] software
through the outdoor element. The solar radiation is projected and evaluated in the
different façades depending on their orientation. A symmetry boundary condition is
used for the roof, floor and interior walls, where a zero heat and moisture fluxes at
the symmetry plan are assumed.

3.2.2 Materials of buildings envelope

The materials used in the demo sites walls have been provided and their properties
have been taken and evaluated from the NEST materials database. The database
includes the hygrothermal properties of different common materials used in buildings
construction, it is developed based on the literature from WUFI [12] and the Interna-
tional Energy Agency, Annex 24 [13]. The materials used to simulate the different
demo sites are concrete, brick, mortar, plaster, wood fibre and glass.
Only the heat transfer is considered through the glass assuming a constant thermal
conductivity of 0.917 W/m · K. The rest of the materials are considered porous
where thermal and hygric properties are defined. The thermal conductivity, water
sorption, vapour and liquid permeability of the materials are not constant and they
are evaluated function of the relative humidity as presented in Figure 3.1. Their
dependency to the temperature variation is neglected. As it can be seen in Figure 3.1
the thermal conductivity increases when the humidity raises, the concrete has the
highest conductivity while the wood fibre has the lowest one.
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Figure 3.1: Material properties. (a) Top left: thermal conductivity. (b) Top right:
moisture sorption. (c) Bottom left: vapour permeability. (d) Bottom right: liquid
permeability.

The moisture content is important and more representative than relative humidity
to analyse the water behaviour inside a material as it provides a direct meaning of
the mass of moisture per unit volume of the dry material [13]. The relation between
the moisture content and the relative humidity is called sorption curve and their
representation for the simulated materials are shown in Figure 3.1 (b). The moisture
content in the different materials vary function of the relative humidity in a non-
linear way between the dry state and the fully saturated state when the pores are
completely filled with water. In the dry state, the moisture is in adsorption and is
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transported mainly in the vapour phase until 80% of relative humidity for mortar and
concrete, 90% for brick and 98% for plaster, as shown in Figure 3.1 (b). After that, the
moisture begins to condensate in the pores leading to saturation state, called capillary
saturation and the moisture is transported more in the liquid phase. It can be seen
that the plaster can reach a very high moisture content in capillary saturation while
the wood fibre is more resistant to moisture and doesn’t reach the saturation in high
relative humidity.
Figures 3.1 (c) and (d) show the water vapour and liquid permeabilities. They give a
measure of the passage of water vapour and water liquid, respectively, through the
material and they represent the mass of water (vapour or liquid) transmitted through
a unit area, in a unit time, induced by a unit pressure gradient.
All the rooms façades have an air cavity in their composite walls that are simulated
using the same concept as for the composite glass in section 2.3.1. It is assumed as a
room where heat transfer by natural convection and thermal radiation take place. The
thermal radiation inside the air cavity is approximated as the heat transfer between
two infinite opaque parallel plates [14, 15]. The heat convection coefficients between
the cavity and the walls layers are assumed to be 1 W/m2K.
It has been assumed a convection coefficient of 8 W/m2K between the windows and
the room, 3 W/m2K for the convection between the interior walls and the room and
20 W/m2K between the façades and the outdoor. The exterior and the interior mass
transfer coefficients are evaluated as a function of the heat transfer coefficients using
Lewis relation [16].

3.2.3 Standards and regulations

As the focus is on simulating and analysing the heat and moisture transfer in the
different demo sites room, it is important to consider and take into a account the
standards used in building as a reference line for the heat and moisture comfort
levels. The indoor comfort is a complex concept that depends on many factors such
us temperature, thermal radiation, relative humidity, season, clothing, activity levels,
etc. [17]. To simplify the problem, the comfort in this study is reduced to the ranges
of indoor temperature and relative humidity fixed by the standards. The standards in
each country of the demo site buildings are described below. Standards were taken in
2013 when this work was performed.

Spanish regulation
The Regulation of Thermal Installations in Buildings (RITE) [18] introduces legal
level constrains for temperatures and relative humidity in non-residential buildings
such as offices. It recommends that the temperature should not drop below 21 oC in
summer or exceed 26 oC in winter and the relative humidity should be between 30%
and 70%.
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In the particular case of an hospital, the Spanish standard UNE 100713:2005 [19] fixes
the comfort ranges of temperature and relative humidity in their rooms, these ranges
are presented in the table 3.4.

Location Tmax Tmin RHmax RHmin
All spaces 26 24 55 45
Operation rooms 26 22 55 45

Table 3.1: The temperature and relative humidity ranges in an hospital according to
the Spanish standard UNE 100713:2005.

Swedish regulation
According to the Building Council Regulation in Sweden [20], buildings shall be
designed so that heat and moisture does not cause discomfort, damage, bad smells or
hygienic problems and microbial growth, which can affect human health. The mini-
mum operative temperature in an occupied zone is estimated at 18 oC in habitable
rooms and workrooms and 20oC in sanitary accommodations, care premises, and in
rooms for pre-school children, while a relative humidity of 75% is fixed as the critical
moisture level.

UK regulation
The regulatory requirements for workplace temperatures, set by the Workplace
(Health, Safety and Welfare) Regulations [21], state that the temperature of indoor
workplaces should be at least 16oC. No specific standards are prescribed by law for
the relative humidity, however the ideal relative humidity considered for comfort is
in the range of 55% to 65%.

3.3 Demo sites simulation

The hygrothermal behaviour in the rooms are simulated, analysed and discussed in
this section. The heat and moisture in the representative rooms of hospital in Terassa,
school in Skelleftea and university in Coventry have been simulated in free-float
mode, where only natural ventilation is considered, for a period of one year under
typical weather conditions and with a time step of 60 seconds. First, the performance
of the rooms envelope is discussed by analysing the temperature and moisture at
each layer. Second, the rooms response to the weather conditions, air infiltrations and
walls buffering has been observed. After that the rooms are simulated by considering
HVAC in the rooms and thermal and moisture loads required to maintain the indoor
comfort level before and after the proposed solutions for retrofitting are evaluated.
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In order to avoid redundancy, only during the first room of Terrassa, a deeper para-
metric investigation is conducted. The room is simulated by considering only heat
transfer and then by considering the coupled heat and moisture transfer, as described
by the models in section 2.3.1. Therefore the impact of moisture transfer on the
thermal performance of the rooms and materials durability is discussed. Next, the
condensation in the interior and the exterior layers of the rooms façades is evaluated
and later a sensitive analysis of the walls hygrothermal parameters is done in order
to analyse the effect of each one on the heat and moisture transfer though the wall
and in the room.

3.3.1 Hospital in Terrassa

The representative room of Terrassa hospital, in Catalonia (Spain), is located in the
8th floor and it has a façade oriented south with a single glass window as shown in
Figures 3.2, 3.3 and 3.4. The room façade is a composite wall made of brick, air cavity
with porexpan, artificial stone and plaster. The artificial stone and the air cavity with
porexpan are assumed to be mortar and empty air cavity, respectively.The interior
walls are also composite walls made of brick material with a plaster finishing layer
in both sides, the floor is made of concrete material with tiles layer in the top while
the roof is a false ceiling made of gypsum plaster. The room’s walls and their layers
are shown in Figure 3.5. The toilet inside the room and its interior walls are not
considered for the simulation.
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Figure 3.2: The hospital demo site in Terrassa, Spain.

Figure 3.3: Terrassa hospital floor plan, Spain.

Figure 3.4: The prototype room plan of Terrassa hospital, Spain.
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Figure 3.5: Room walls in Terrassa hospital demo site. Top Left: façade, top right:
interior wall, bottom left: floor and bottom right: window.

Effect of moisture on the thermal performance

The moisture contained in the porous material affects its physical properties like
the thermal conductivity , the sensible heat in the heat equation (2.11) by means of
the DT,v coefficient and contribute to the latent heat due to water phase changes by
means of the term that contains the Dφ,v coefficient in the same heat equation. So
the dependency of moisture on the heat transfer can be observed through the model
equations and should be taken into account.
In order to study the walls materials and the effect of moisture on the thermal in-
sulation, the room is first simulated by only considering the heat transfer (without
moisture) transfer and then by considering both heat and moisture transfer. All the
interest will be in analysing the façade of the room since the other interior walls have
a symmetric boundary condition and their contribution on the heat and moisture
transfer in the room is not significant. Figures 3.6, 3.7, 3.8 and 3.9 show the tempera-
ture evolution in the room, in the interior and exterior surfaces of the façade and in
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the centre of each interior layer, without and with the moisture model, during one
week in February, May, August and November.
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Figure 3.6: The temperature evolution in Terrassa room and in the layers of the façade
wall during one week in February.
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Figure 3.7: The temperature evolution in Terrassa room and in the layers of the façade
wall during one week in May.
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Figure 3.8: The temperature evolution in Terrassa room and in the layers of the façade
wall during one week in August.
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Figure 3.9: The temperature evolution in Terrassa room and in the layers of the façade
wall during one week in November.

As it can be seen the exterior layer of the façade (TmortarExt) has a very oscillating
temperature which goes from a minimum of 3oC to a maximum of 42 oC. This is an
expected behaviour as it is bearing directly all the variations of ambient temperatures
(Tamb) and solar radiation (Qsol). The oscillation amplitude of temperature decreases
from one layer to another in the façade and it is the lowest in the interior layer
(TplasterInt). The air chamber (Tcavity) has the function of thermal insulation as
it reduces significantly the heat transfer from the exterior layers (TmortarExt and
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TbrickExt) to the interior ones (TbrickInt and TplasterInt), it has shown to be effective
insulating the interior wall layers and reducing the oscillations due to the ambient
conditions. The window glass has the lowest temperature in the façade, even lower
than the ambient temperature, which is mainly due to its thermal radiation exchange
with the sky. The single glass (Tglass) has shown to be the weakest part of the
envelope since it doesn’t provide any thermal insulation.
When the moisture model is taken into account, the temperature evolution in the
room and in the wall layers has been showed in dashed lines in order the see the effect
of moisture on the heat transfer. Variations on the temperature patterns have been
observed, the temperatures in the layers (TbrickExt, Tcavity, TbrickInt and TplasterInt)
and in the room have slightly increased in winter and decreased in summer, while
the oscillation peaks of temperature in the exterior layer (TmortarExt) has slowly
decreased during all the simulation. These variations are explained due to the latent
heat of evaporation/condensation of water inside the walls: During winter season,
as in February and November, the water vapour present in the wall doesn’t have
enough energy to remain in the vapour phase, so it condensates releasing its latent
heat (exothermic process) that contributes to the heating of the wall material and
then the temperature slightly rises. During summer, as in May and August, the water
liquid retained in the wall has enough energy to evaporate and thus it absorbs the
latent heat from the wall to change its phase (endothermic process) which leads to the
cooling of the wall, as a consequence the temperature decreases. This contribution of
moisture in the building performance has been also pointed out by several authors
like Woloszyn [5], Hoseini [22] and Haba [10].

Moisture content

The consideration of moisture in the simulation doesn’t only affect the heat transfer
but it allows also the prediction and the analysis of the moisture contained in the
envelope. In order to analyse and discuss clearly the moisture transfer, the moisture
content parameter is presented for the materials as it provides a direct meaning of
the mass of moisture per unit volume of the dry material. However in the air spaces
like room or air cavity, the relative humidity is presented as it expresses in percentage
the amount of water vapour relative to what the air can hold. As described in section
3.2.2, these two variables are related by the sorption curve depicted in Figure 3.1.
Figures 3.10, 3.11, 3.12 and 3.13 show the moisture content evolution in the centre of
each solid layer of the façade wall and the relative humidity in the air cavity layer
and in the room during February, may, August and November.



3.3. DEMO SITES SIMULATION 75

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31
day of month

10-1

100

101

102

103

M
o
is
tu
re
 c
o
n
te
n
t 
[k
g
/m

3
]

RHamb MmortarExt MbrickExt RHcavity MbrickInt MplasterInt RHroom

10

20

30

40

50

60

70

80

90

100

R
e
la
ti
v
e
 H
u
m
id
it
y
[%

]

Figure 3.10: The relative humidity evolution in Terrassa room and the moisture
contents in the layers of the façade wall during February.
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Figure 3.11: The relative humidity evolution in Terrassa room and the moisture
contents in the layers of the façade wall during May.
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Figure 3.12: The relative humidity evolution in Terrassa room and the moisture
contents in the layers of the façade wall during August.
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Figure 3.13: The relative humidity evolution in Terrassa room and the moisture
contents in the layers of the façade wall during November.

The warm climate in Terrassa makes the air able to hold a high amount of water
vapour even though the ambient relative humidity is not high. This is reflected in the
exterior façade layer (MmortarExt) since it has the highest moisture content and it is
always in capillary saturation state at 200kg/m3. the state of the external layer affects
the other wall layers, as a consequence the relative humidity in the air cavity increases
up to 98%, the brick layer (MbrickInt) reach the capillary saturation at 200kg/m3 and
the interior layer plaster moisture content (MplasterInt) increases to 80kg/m3, several
days during the year which increase the risk of deterioration, provoke an increase in
the indoor relative humidity and thus affects the indoor air quality. The air cavity has
the function of moisture break in the wall to prevent liquid transmission, however it
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was not able, all the year, to protect the interior layers (plaster and brick) from the
high moisture content.

Water condensation

In this section, it has been checked whether water condensation occurs in the interior
and exterior surfaces of the façade. The water vapour condensates into droplets when
the temperature of the façade surfaces are below the dew point. The dew point is
defined as the temperature at which the water vapour condensates to form liquid
water. It is evaluated using Arden Buck equation [23] as:

Tdew =
cγ

b− γ
(3.1)

where

γ = ln
(

φ

100
e(

b−T
d

T
c+T )

)
; b = 18.678; c = 257.14oC; d = 234.5oC (3.2)

where T and φ are the temperature and relative humidify of the air in contact with
the surface. The difference between the temperature of surface and the dew point of
air close to the surface defines the magnitude of moisture condensation.
When the temperature of the interior and exterior surfaces (TplasterInt and Tmor-
tarRxt) of Figures 3.6, 3.7, 3.8 and 3.9 drop below the dew point, the colour of the
corresponding curves will change into light blue and light green, respectively, which
gives an indication about the time and duration of water condensations in the corre-
sponding surfaces. The water condensation has been observed several days in the
exterior layer (TmortarExt), in 20 days in total during all the simulated year. On the
other hand the condensation in the interior surface (TplasterInt) has been observed
only one day in November, as shown in light blue in Figure 3.14 (d).
The dew point of the air near the interior and exterior surfaces under the influence of
different outdoor condition (Two days from February, May, August and November)
are depicted in Figure 3.14.
It has been observed that when the ambient temperature of air near the external sur-
face (mortar) increases from figure (a) to (b), the duration and magnitude of moisture
condensation in the surface (TmortarExt) are reduced. In the same manner, when the
humidity of ambient air near the surfaces increases the duration and magnitude of
moisture condensation are increased as shown from figure (c) to (d).
The water condensation in buildings envelope is an important agent for materials
deterioration and mould formation, as a consequence it affects the thermal and
moisture resistance of the wall which lead to high energy consumption. Furthermore,
the condensation induces high indoor relative humidity that in addition to the mould
growth affects the indoor air quality of the rooms and can cause discomfort and health
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problems [17]. To prevent from this phenomena HVAC system is recommended to
avoid condensation in the interior and hydrophobic materials is recommended to
avoid water absorption by the exterior layer [24].
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Figure 3.14: Condensation in the interior and exterior surfaces of the façade. Top
left (a): February, top right (b): May, bottom left (c): August and bottom right (d):
November.

Sensitivity analysis

In order to understand the importance and the influence of each parameter of the
material properties on the hygrothermal behaviour, a sensitivity analysis is conducted
by varying the hygrothermal parameter of the exterior layer (mortar) and analysing
the effects on the interior layer (plaster) and the room.
Only the properties of the external layer are changed because the retrofitting of the
building façade is expected to be done in the exterior surface.
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Thermal conductivity, λ

The thermal conductivity is an important parameter and indicator of the materials
thermal insulation. The energy used for space heating or cooling can be decreased by
using low thermal conductivity materials [25]. Hence it is an important parameter to
consider when selecting the construction materials. The thermal conductivity of the
exterior layer (mortar), presented in section 3.2.2, has been decreased to 90%, 50% and
increased to 50% by multiplying the property by 0.1, 0.5 and 1.5, respectively. The in-
fluence of the thermal conductivity of the exterior layer (mortar) on the hygrothermal
behaviour of the interior surface (plaster) and of the room is shown in Figures 3.15
and 3.16.
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Figure 3.15: Effect of conductivity on thermal behaviour of Terrassa room.
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Figure 3.16: Effect of conductivity on moisture behaviour of Terrassa room.

As it can bee seen in Figure 3.15, the variation of the thermal conductivity of the
exterior layer has a significant impact on the temperature of the interior layer and
therefore in the room. The variation of ±50% has shown a slight effect on the tem-
perature profiles, nevertheless decreasing the parameter by 90% affects significantly
the temperature evolution in the exterior layer: its amplitude variation and time lag
have decreased. As a consequence, the thermal diffusivity through the wall decreases
leading to an increase in the temperature of the interior layer and in the room. The
moisture content in the interior layer is affected and increases to the capillary satura-
tion state (400kg/m3) as shown in Figure 3.16, which is mainly due to the rise of the
temperature in this layer that affect the moisture diffusivity through the term Dφ in
equation (2.5). Thus the relative humidity in room has slightly increased.
As described by the governing equations in section 2.3.1 of chapter 2, the heat and
moisture are coupled phenomena. The moisture does not only affect the heat transfer
but it is also affected by the variations of the temperature as seen for the interior layer.
The insulation material is usually selected based on its thermal conductivity, however
it is important also to consider the effect that thermal conductivity can have on the
moisture transfer since it can contribute to a higher indoor humidity rates despite its
good thermal insulation.

Moisture sorption, w

The moisture content in a material is related with the relative humidity inside it by
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means of the moisture sorption curve, as explained in section 3.2.2. The sorption
curve presented in section 3.2.2 has been multiplied by 0.5 and 1.5 to see the effect
on the material. The influence on the hygrothermal behaviour of the interior surface
(plaster) and of the room is shown in Figures 3.17 and 3.18.
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Figure 3.17: Effect of the variation of the moisture sorption on the thermal behaviour
of Terrassa room.
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Figure 3.18: Effect of the variation of the moisture sorption on the moisture behaviour
of Terrassa room.
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A ±50% variation in the moisture sorption of the mortar layer has an effect of the
temperature of this layer. For a 1.5xsorption, the moisture content in the mortar
material is higher which leads to a decrease in the layer temperature, as shown in the
Figure 3.17, as a consequence, the temperature has decreased in the interior layer and
in the room.
When the moisture sorption increases, the material can hold more moisture in the
porous for the same relative humidity values, this is can be seen in Figure 3.18 for the
higher sorption value, where the material is in dry state during some periods and it is
not always saturated in moisture. Despite the effect that moisture sorption has on the
moisture transfer of the exterior layer, the moisture in the interior layer is not very
affected and so the room relative humidity.
Similar effects of the moisture sorption in the material’s hygrothermal behaviour have
been observed by Maalouf [26], Rahim [27] and Collet [28] when studying different
materials.

Water vapour permeability, δp

The water vapour permeability parameter has been widely investigated in many
works [10, 29, 30]. The water wapour permeability of the exterior layer (mortar) has
been multiplied by 103 and 10−3 in order to see an effect on the material. The influence
of the parameter on the hygrothermal behaviour of the interior surface (plaster) and
of the room is shown in Figures 3.19 and 3.20.
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Figure 3.19: Effect of the variation of the vapour permeability on the thermal be-
haviour of Terrassa room.
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Figure 3.20: Effect of the variation of the vapour permeability on the moisture be-
haviour of Terrassa room.

The mortar has a low vapour permeability in low relative humidity as described in
the material properties in section 3.2.2, so decreasing the parameter does not show
any effect on the temperature and has only a slight effect on the moisture content of
the exterior layer, as seen in Figures 3.19 and 3.20. Multiplying the parameter by 103

increases the latent heat diffusivity coefficients DT,v and Dφ,v in the energy equation
(2.11) which lead to higher thermal diffusivity in the wall. As a consequence, the
temperature slightly decreases in the exterior layer and increases in the interior one,
as it is receiving more heat flux.
Not only the thermal diffusivity increases but also the moisture diffusivity through
the coefficients Dφ and DT in the moisture equation (2.5) which lead to a high water
vapour transport through the wall, so the exterior layer dries and its moisture content
decrease while the interior wall receive more water vapour that make it reach the sat-
uration state. As a result the relative humidity in the room increases. The parameter
has shown a strong influence in the heat and moisture content of the mortar layer,
but not in the whole composite wall.

Water liquid permeability, kl

The liquid permeability provides information about the magnitude of the sucked
water liquid in the material. The water liquid permeability of the exterior layer
(mortar) has been multiplied by 103 and 10−3 in order to see an effect on the material.
The influence of the parameter on the hygrothermal behaviour of the interior surface
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(plaster) and of the room is shown in Figures 3.21 and 3.21.
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Figure 3.21: Effect of the variation of the liquid permeability on the thermal behaviour
of Terrassa room.
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Figure 3.22: Effect of the variation of the liquid permeability on the moisture be-
haviour of Terrassa room.

The variation of the liquid permeability in the exterior layer affects its temperature.
When this parameter increases the water liquid transport through the material in-
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creases leading to a decrease on its temperatures and therefore in the temperature of
the interior layer and in the room, as seen in Figure 3.21.
The liquid permeability affects the water liquid diffusivity in the material through
the coefficients Dφ and DT in the moisture equation (2.5). When it increases the
moisture content in the mortar is decreased because the liquid has been transported
from the material. Despite the high transport of water liquid in the exterior layer, the
interior layer doesn’t reach the saturation and is maintained at low moisture content,
the water liquid may require more time to reach the interior layer especially in the
presence of the air cavity in the façade layers, that acts like a break for the moisture
liquid transfer.
When the liquid permeability is decreased, the water liquid transport is decreased
and the moisture in the mortar is transported farther in the vapour phase, which
leads to its drying and to a decrease in its moisture content.

Based on the conducted sensitivity analyses, in order to have a better thermal and
moisture resistant material in the exterior layer, not only thermal conductivity should
be considered while selecting the material but also the hygric properties. A lower
moisture sorption decreases the capacity of the material to hold moisture. A higher
vapour permeability leads to higher vapour transport, increases the drying process in
the façade and therefore decreases the risk of deterioration. A lower liquid perme-
ability reduces the liquid transport to the other materials and promote the vapour
transport.

After the analysis of heat, moisture, condensation and sensitivity of the properties
in free floating mode in the demo site room of Terrassa, the façade has shown to be
efficient in providing thermal insulation except for the single glass window which
demonstrate a low thermal performance. Regarding the moisture resistant, it is not
enough, there is a risk of deterioration in the interior layer (plaster) and exterior
(mortar) materials. It is recommended to change the single glass window to a multi-
glass and reform the façade by using a better insulation material.
The proposed solutions for retrofitting were to substitute the existing window with a
double glass and to use a super insulating aerogel mortar with a thermal conductivity
85% lower than the exterior layer mortar. The hygric properties of the aerogel material
are not known. They will be assumed the same as the conventional mortar when
carrying out the simulations in NEST to see the efficiency of these proposed retrofitting
solutions.

HVAC and energy consumption

During the previous free-float simulations, the indoor temperature reaches a min-
imum of 15 oC in winter and a maximum of 33 oC in summer, while the relative
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humidity is at a minimum of 38% and at a maximum of 82 %. The two variables are
most of the time outside the ranges of comfort fixed by the Spanish standard. In order
to compensate the differences, the hospital of Terrassa use a central HVAC system to
heat/cool and dehumidify/humidify the air to the set point temperature and relative
humidity of 23oC and 50%, respectively, before its injection in the building rooms with
a mass flow of 100 m3/h. The room is re-simulated by considering the HVAC in the
both cases, with and without the consideration of moisture and then by considering
the insulation enhancements of double glass window and aerogel mortar. The annual
thermal and moisture loads for the room are evaluated and presented in the following
table.

Heating Cooling Dehumidification Humidification
Load (Heat simulation) 134.4 kW · h 208.4 kW · h - -
Load (HAM simulation) 111.7 kW · h 217.0 kW · h 62.3 mg · h 18.2 mg · h
Load after retrofitting 18.1 kW · h 220.0 kW · h 26.9 mg · h 16.2 mg · h
(HAM simulation)

Table 3.2: Annual thermal and moisture load in Terrassa room

Due to the warm climate in Terrassa more cooling than heating is required during
the year. The total thermal load by considering heat and moisture simulation is
lower than the one evaluated by performing only heat simulation. Neglecting the
moisture dependence to energy leads to an error in estimating the thermal load which
can lead to a bad sizing of HVAC systems. Moreover, the moisture load give an
idea about the amount of additional energy required for the dehumidification or
humidification of the air which should be taken into account when evaluating the
total energy consumption in the building. The accuracy of loads calculations by
means of the coupled heat and moisture in buildings has been also pointed out by
Maalouf [31] and Hoseini [22].
By considering the proposed enhancement for the building envelope insulation, the
predicted energy consumption in the room has been decreased by more than 80% for
heating, however the energy consumption for cooling has been increased due to the
use of double glass window [32] that reduces the radiation and the heat loss from the
room to the exterior. The total annual energy saving in the room is around 27%. The
humidification and dehumidification loads have been reduced as well.
More attention should be given to the moisture in buildings since it has an impact
of the thermal performance, it allows the evaluation of the moisture content and
condensation in the materials and estimate the real thermal and moisture loads in the
room.
The other hospital demo site is located in Sabadell (at 10 km from Terrassa), The
simulation results have shown similar behaviour to ones of Terrassa since both sites
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have similar weather conditions and structure. To avoid repetitions, Sabadell demo
site will not be presented. In the rest of the demo sites (Sweden and UK) only the
simulations of heat and moisture will be presented and discussed.

3.3.2 School in Skelleftea

The representative room of the school in Skelleftea, Sweden, is a classroom that has a
south and east façades, as shown in Figure 3.24 and 3.25, five windows are located
in the south façade, they are composed of triple glass. The façades are composite
walls made of brick, wood fibre and plaster materials while the interior walls are only
made of brick. The ground is made of concrete material (unknown finishing layer)
and the roof a false ceiling of gypsum board. The room’s walls and their layers are
shown in the Figure 3.26.

Figure 3.23: School demo site in Skelleftea, Sweden.
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Figure 3.24: The school floor plan and room location in Skelleftea, Sweden.

Figure 3.25: The representative room plan in Skelleftea school, Sweden.
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Figure 3.26: Room walls in Skelleftea school demo site. Top Left (a): façade, top right
(b): interior wall, bottom left (c): floor and bottom right (d): Window

Room envelope

The temperature evolution in the interior and exterior sides of the south and east
façades and in the centre of each interior layer of them are presented during one
week in February, May, August and November in Figures 3.27, 3.28, 3.29 and 3.30,
respectively, by using the coupled heat and moisture model.
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Figure 3.27: The temperature evolution in Skelleftea room and in the layers of the
façades walls during one week February.
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Figure 3.28: The temperature evolution in Skelleftea room and in the layers of the
façades walls during one week in May.
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Figure 3.29: The temperature evolution in Skelleftea room and in the layers of the
façades walls during one week in August.
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Figure 3.30: The temperature evolution in Skelleftea room and in the layers of the
façades walls during one week in November.

Contrary to Terrassa, the air cavity function for thermal insulation is not enough in
the cold weather of Skelleftea. The temperature in the air cavity (Tcavity) has a similar
profile as the exterior layer (TbrickExt), both of them have a very low temperature
similar to the ambient (Tamb) and reach -25oC during winter as shown in February.
However the wood fibre (Twood) layer has shown to be a very effective in providing
thermal insulation, it has significantly reduced the heat transfer between the exterior
layers (TbrickExt and Tcavity) and the interior layers (TbrickInt and TplasterInt). It
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is a good material for the insulation but not enough considering the extremely cold
weather. It is recommended so to use additional insulation materials to maintain a
warmer temperature in the room.
The five windows in the south façade with triple glass each one have shown a
good thermal insulation, despite the cold weather conditions, the interior glasses
temperature goes from −8oC in February (when the ambient temperature is −23oC)
to 38oC in August (when the ambient temperature is 25oC) . The use of multi glass
window increases the heat gain due to solar radiation in the room and decrease the
heat losses from the room to the outside due to sky radiation, it demonstrates a better
thermal performance comparing to the single glass window in Terrassa.
There is no water condensation in the interior surface of the façades (TplasterInt),
however the outdoor relative humidity is high during the winter and reaches 100% at
very low temperatures as shown in February and November, which help the conden-
sation to occur in the exterior surface of the façades (TbrickExt). This phenomena is
more noticeable in the east façade than the south one due to its lower temperature.
The condensation occurs in 9 months in total during all the simulated year which can
lead to serious problems of deterioration and mould growth.
In addition, the high outdoor relative humidity in winter leads to a high moisture
content in the exterior layer (MbrickExt) that reaches the water saturation state during
February and November as shown in Figures 3.31 and 3.34. During summer, the
outdoor relative humidity decreases, then the exterior layer (MbrickExt) contains
less moisture than in winter season as shown in 3.32 and 3.33. In both seasons, the
air cavity reduces the moisture transfer and the wood fibre board doesn’t reach the
saturation state during all the year, despite that the exterior layer (brick) is saturated
or at high levels of moisture. The interior layers (MbrickInt and MplasterInt) are
maintained at lower moisture contents and therefore a good moisture resistance in
the façade is ensured.
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Figure 3.31: The relative humidity evolution in Skelleftea room and the moisture
contents in the layers of the façade wall during February.
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Figure 3.32: The relative humidity evolution in Skelleftea room and the moisture
contents in the layers of the façade wall during May.
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Figure 3.33: The relative humidity evolution in Skelleftea room and the moisture
contents in the layers of the façade wall during August.
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Figure 3.34: The relative humidity evolution in Skelleftea room and the moisture
contents in the layers of the façade wall during November.

In the cold and dry climate of Skelleftea the room façades have shown to be efficient
in providing moisture resistance but not enough for thermal insulation. Despite that
the existing wood fibre layer and the triple glass windows have demonstrated good
thermal performance, it is recommended to use additional thermal insulation material
to reach a warmer room’s temperature.
The proposed solution to enhance the insulation in the façades was using vacuum in-
sulating panels (VIP) made of pressed silica as an additional layer in the exterior. The
VIP is characterized by its low thermal conductivity (3.5 mW/m · k) and high mois-
ture resistance (low water sorption with a maximum moisture content of 32kg/m3 in
capillary saturation).
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HVAC and energy consumption

The relative humidity in the room in free floating mode has a minimum of 38% and
a maximum of 55% during all the simulation which is in the range of the Swedish
standard. The room temperature has a minimum of 3oC in winter and 30oC in summer
and need to be conditioned to maintain thermal comfort.
In the school of Skelleftea, a central HVAC system is used to heat, humidity and
dehumidify the air at a set point temperature and relative humidity of 20oC and
50%, respectively, before its injection in the building rooms with a mass flow rate of
300 m3/h. The air is cold and dry in Coventry, neither cooling or dehumidification
systems are used. The room is re-simulated by considering the HVAC without and
with the proposed retrofitting solutions of VIP material and the annual energy and
moisture loads are evaluated and presented in the following table.

Heating Cooling Dehumidification Humidification
Load 1579.0 kW · h - - 688.0 mg · h
Load after retrofitting 369.0 kW · h - - 154.2 mg · h

Table 3.3: Annual thermal and moisture load in Skelleftea room

As a consequence of the extremely cold weather conditions and the low thermal
performance of the envelope, an important thermal load is required to maintain the
room at a minimum of 20 oC. The indoor relative humidity was good, at around 40%,
in free-float before using HVAC, however when the HVAC is used, the air containing
low humidity becomes drier and therefore more humidification load is required to
increase the humidity at the comfort level of 50%.
By considering the proposed enhancement for the building envelope insulation, the
predicted energy consumption in the room has been decreased by more than 76%.
Since less heating is used in the room, the air remain less dry and the humidification
load has been reduced also by more than 77 %.The proposed solution of using VIP
as an additional exterior layer seems to be effective as it contributes to a significant
decrease in the thermal and moisture loads.

3.3.3 University in Coventry

The representative class room of Coventry, in England, is located in the first floor, it
has a west façade with two single glass windows, as shown in the room plan 3.37.
The exterior and the interior walls are made of brick while the roof and the floor are
made of concrete material (no finishing materials were specified). The walls of the
room and their layers are shown in Figure 3.38.
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Figure 3.35: The university demo site in Coventry, UK.

Figure 3.36: The university floor plan and room location in Coventry, UK.
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Figure 3.37: The representative room plan of Coventry, UK.

Figure 3.38: The room walls in Coventry university demo site. Top Left (a): façade,
top right (b): interior wall, bottom left (c): floor and bottom right (d): Window.
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Room envelope

The temperature evolution in the interior and the exterior side of the façade and in
the air chamber layer during one week in February, May, August and November are
presented in the Figures 3.39, 3.40, 3.41 and 3.42, using the heat and moisture model.
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Figure 3.39: The temperature evolution in Coventry room and in the layers of the
façades walls during one week in February.
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Figure 3.40: The temperature evolution in Coventry room and in the layers of the
façades walls during one week in May.
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Figure 3.41: The temperature evolution in Coventry room and in the layers of the
façades walls during one week in August.
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Figure 3.42: The temperature evolution in Coventry room and in the layers of the
façades walls during one week in November.

The brick layers (TbrickExt and TbrickInt) and air chamber (Tcavity) are not enough
to insulate the room especially in winter when their temperature are low and goes
below zero sometimes, as shown in February when the ambient air temperature is
-8oC. The single glass windows (Tglass) have the lowest temperature in the façade,
the same as in the case of Terrassa, the single glass demonstrates a low efficiency in
thermal insulation, however the windows allow the transmission of solar radiation
to the room which increase its temperature during the day, as shown in May and
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August, when the room temperature has more oscillating behaviour.
There is no condensation observed in the interior side of the façade (brickInt), however
water condensation occurs frequently in the exterior side almost during all the year
which can lead to the deterioration of the material.
During winter the relative humidity of the ambient is high and the external layer of the
façade (MbrickExt) is at high moisture content and sometimes reaches the saturation
levels during February and November as shown in Figures 3.43 and 3.46. The air
cavity (RHcavity) reduces the moisture transmission and the moisture decreases
significantly at the interior layer (MbrickInt).
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Figure 3.43: The relative humidity evolution in Coventry room and the moisture
contents in the layers of the façade wall during February.
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Figure 3.44: The relative humidity evolution in Coventry room and the moisture
contents in the layers of the façade wall during May.
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Figure 3.45: The relative humidity evolution in Coventry room and the moisture
contents in the layers of the façade wall during August.
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Figure 3.46: The relative humidity evolution in Coventry room and the moisture
contents in the layers of the façade wall during November.

The façade wall ensures a good moisture resistance, however the thermal insulation
is very low and need to be improved. The proposed solutions for retrofitting are the
substitution of the single glass windows by double glass and installing additional
VIP insulation material in the exterior side.

Indoor space and comfort level

The room temperature has a minimum of 0oC and a maximum of 27oC and it is below
the range of UK standard almost during all the simulation time. On the other hand,
the relative humidity is in the range of comfort level, it is between a minimum of
33% and a maximum of 60%. A central HVAC system is used to heat, humidify and
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dehumidify the air to the set point temperature and relative humidity of 23oC and
50%, respectively, before its injection in the building rooms with a mass flow rate of
100 m3/h. The air is cold and dry in Coventry, neither cooling or dehumidification
systems are needed. The room is re-simulated by considering the HVAC without and
with the insulation enhancements of double glass and VIP insulation and the annual
energy and moisture loads are evaluated and presented in the following table.

Heating Cooling Dehumidification Humidification
Load 874.1 kW · h - - 385.6 mg · h
Load after retrofitting 373.3 kW · h - - 333.1 mg · h

Table 3.4: Annual thermal and moisture load in the room

An important thermal load is required to maintain the room at a minimum of 23 oC
since the envelope has a low thermal performance. The same as observed in Skelleftea,
the indoor relative humidity was good in free-float (between 33% and 60%), however
when the HVAC is used to heat the room, the air containing low humidity becomes
very dry and therefore more humidification load is required to increase the humidity
at a comfort level to 50%.
By considering the proposed enhancement for the building envelope insulation
of double glass and VIP material, the predicted energy consumption in the room
is decreased by more than 57% for heating and by 13,6% for humidification. An
important amount of humidification is required for the room which can be explained
due to its small volume contradictory to Skelleftea case.
The proposed solutions for retrofitting have contributed to less thermal and moisture
loads, however the energy saving is lower comparing to the case of Skelleftea.

3.4 Summary and conclusions

3.4.1 Effect of moisture

The importance of moisture simulation in buildings has been highlighted first, during
the demo site simulation of Terrassa. The room has been simulated by first considering
only the heat transfer model and second by considering both heat and moisture
transfer model. It has been shown how the moisture presence in the materials has an
impact on the heat transfer through them, it is mainly due to the effect of moisture on
the thermal conductivity of the wall material and due to the effect of latent heat during
the exothermic process of condensation and endothermic process of evaporation.
The effect on the heat transfer is not only observed in the materials but also in
the indoor space. In the demo site of Terrassa the annual thermal load of heating
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and cooling required to maintain thermal comfort in the room is 342.8 kW.h when
taking into account only heat transfer simulation and 328.7 kW.h when taking into
account both heat and moisture transfer simulation. Therefore performing only
energy simulation in buildings can lead to significant errors in estimating thermal
load and then the bad sizing HVAC systems [22]. Moreover, the moisture simulation
allows the estimation of moisture load required to humidify and dehumidify the air,
which is an additional factor to take into account when evaluating the total energy
consumption in the building. Thus considering moisture simulation in buildings
gives a higher accuracy for estimating the real energy consumption and allows a
better sizing and optimization of HVAC systems.
By considering the heat and moisture simulation in buildings, the moisture content
in the materilas and the relative humidity in the air cavities of the walls and rooms
are solved and analysed, as presented at each demo site simulation. They are very
important variables, first, to monitor the evolution of moisture in the materials and
check whether they reach the capillary saturation state or not in order to prevent
deterioration and avoid high moisture transfer. Second, they give information about
the duration and magnitude of the water condensation that occurs in the façades
surfaces in order to prevent deterioration and mould formation. Finally, the relative
humidity is a good indicator of the indoor air quality and comfort level. In fact, a
high indoor humidity increases the thermal sensations, it makes the temperature
feels higher, as a consequence the human body (of the occupant) makes additional
effort to cool itself down by increasing respiration and sweating which leads to an
uncomfortable state. On the other side, a very low indoor humidity indicates that the
air is dry, which can affect also the respiratory system and the skin. In both cases a
high or low humidity cause a discomfort indoor environment. Then, it is important
to monitor, identify the need and control the humidity levels by humidification or
dehumidification in order to maintain a good comfort level.
Most of the buildings software consider and focus only on the energy and heat transfer
simulation in buildings. However, using NEST software for the simulation of the
representative rooms has proven the importance of the coupled heat and moisture
transfer simulations in buildings.

3.4.2 Heat and moisture transfer in the envelopes

The simulation of heat and moisture transfer in the demo sites rooms using NEST
has allowed to study and identify different problems in the thermal and moisture
insulation in the rooms envelope. It has been observed that in warmer climates like
in Terrassa, the room façades have better thermal insulation than moisture resistance.
The warm air of Terrassa holds more moisture content that has been absorbed by
the façades layers which led to the capillary saturation of its layers, as seen in the
simulations. on the other side, in cold climates like in the case of Skelleftea and
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Coventry, the rooms façades have better moisture resistance than thermal insulation.
The cold air holds less water vapour so the air is drier and less moisture is absorbed
by the façades layers, nevertheless due to the low ambient temperature more water
condensation occurs in the exterior surfaces which can affect the materials durability.
The weak points in the room envelope of each demo site have been predicted and
identified. It is recommended to substitute the single glass windows with multi-glass
and to use better moisture resistance materials in the site of Terrassa and a better
thermal insulation materials in the sites of Skelleftea and Coventry. These recommen-
dations should be considered and the materials should be selected depending on their
thermal and hygric properties, as highlighted in the sensitivity analysis in section
3.3.1, in order to make an efficient retrofitting and prevent from the same problems in
the future.
Different retrofitting solutions were proposed, such as replacing the single glass
by double glass windows and retrofit the external layers of the façades by using
external coat aerogel mortar or reinforcing layer of Vacuum insulation panels (VIP)
. The selected materials, aerogel mortar and vacuum insulation panels (VIP), are
classified as super insulating materials because of their low thermal conductivities.
The expected efficiency of the retrofitting solutions at each demo site, in terms of
energy consumption have been simulated and resumed in the next section.

3.4.3 Heat and moisture transfer in the rooms

In order to reach and maintain comfort levels of temperature and humidity as stated
by the standards and evaluate the thermal and moisture loads of the rooms in their
actual state, the demo sites rooms are re-simulated by taking into account HVAC. A
conditioned air at the set point temperature and humidity is injected into each room
in order to heat or cool and humidify or dehumidify the indoor air.
Figures 3.47 and 3.48 show the thermal and moisture loads required for each demo
site room. It has been observed that in warmer climate (like in Terrassa), the indoor
relative humidity is high due to high moisture transfer through the walls and then
more dehumidification than humidification is required to maintain the humidity
at set point value. However in colder climates (like in Skelleftea or Coventry), in
the natural condition, free-float mode, when no HVAC is used, the indoor relative
humidity is at good level, between 35% and 60%, but the temperature is below the set
point temperature. When the HVAC is used to heat the corresponding rooms, the air
containing low moisture becomes very dry, then more humidification load is required
to increase the humidity level to 50%.
The simulation of demo sites rooms including HVAC is important for monitoring
the energy consumption before and after the buildings retrofitting and to check the
efficiency of the proposed solutions.
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Figure 3.47 shows that retrofitting solutions in the warm climate of Terrassa (double
glass window and aerogel mortar) has led to a total energy saving of 27%. The
proposed enhancements were very efficient in winter since they reduce the heating
up to 80% but not in summer because they contribute to more cooling load. More
retrofitting solutions should be considered in order to reduce the energy consumption
due to cooling. In the cold climates of Skelleftea and Coventry, the retrofitting
solutions of VIP in Skelleftea and double glass and VIP in Coventry, have shown a
significant energy saving in heating up to 76% in Skelleftea and 57% in Coventry.
Figure 3.48 shows how the dehumidification need has been reduced to more than
50% in Terrassa, while the humidification required in the cold sites of Skelleftea and
Coventry has been reduced to 77% and 13.6%, respectively. Which contribute also to
more energy saving and higher air quality.
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Figure 3.47: Thermal loads in the simulated rooms
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During this work, the developed simulation software NEST has successfully em-
ployed for simulating, predicting and analysing the hygrothermal transfer in different
public buildings. The building simulation tool has shown different capabilities and
it can be used in other future work to compare the simulation with experimental
data before and after retrofitting, to extrapolate the simulation and the analysis to the
whole building and to use the software as a decision making tool to choose the best
retrofitting solutions.
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4

Airflow, heat and pollutant

simulation. Application of

NEST with dwelling

control systems

4.1 Introduction

Since building thermal systems are major consumers of energy as far as their con-
struction, operation and maintenance are concerned, energy simulations of buildings
are critical for optimizing the energy demands. They can give vital information of
the peak loads during the heating and cooling seasons, room temperatures and air
velocity distributions for maintaining an adequate indoor environment, and overall
energy demands during a year. This information can be used, for example, at the
design of the HVAC to reduce energy costs.
Buildings can be considered as thermal systems interacting with the surroundings
through heat transfer and fluid flow processes. The prediction of the thermal be-
haviour of buildings is challenging due to the large and complex geometry involved,
transient boundary conditions, natural convection airflows, stack and wind effects,
infiltration of ambient air and mechanical ventilation, and the mixture of free and
forced convection flows which are often turbulent. A numerical approach to handle
the heat transfer and fluid flow in such systems not only helps in saving the full scale
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experiment time and cost, but also helps in optimizing the governing parameters for
the efficient functioning of the entire system, including HVAC.
The air quality inside buildings is one aspect that is increasingly receiving more
attention and is a key aspect in HVAC design of a building. Three main sources are
responsible for indoor air pollution in buildings: presence and activities of occupants,
construction materials and furniture and the external environment [1–3].
The indoor air quality (IAQ) discipline includes many aspects and it is difficult to
define because there are many pollutants that can affect air quality [4–6]. The most
important are the volatile organic components (VOCs), microorganisms, CO and NO.
Given the difficulty and the cost of measuring these components (chromatographs
should be used to make accurate analyses) and especially due to the low concen-
trations of such substances in buildings, CO2 is used as an indirect indicator of air
quality [7]. The amount of CO2 present in the buildings is not dangerous, but since
CO2 is emitted by humans when they breathe, it gives an idea of how clean is the
air in a building and the degree of ventilation. To maintain pollutants at acceptable
levels, the American Society of Heating, Refrigerating and Air-Conditioning Engi-
neers (ASHRAE) has established minimum quantities of fresh outdoor air that is to
be supplied to buildings in order to dilute and flush out the pollutants. Therefore,
it is common practice to measure CO2 levels to determine if these recommended
quantities of fresh air are being provided to the space being measured.
Different studies [8, 9] have shown that some energy efficient buildings reduce their
energy consumption by means of reducing the operation of HVAC systems and they
focus on minimizing energy use and cost, however they usually have a low indoor
comfort and a poor IAQ. Therefore in order to find the compromise between energy
consumption and IAQ it is important to find an appropriate control strategy. An
efficient control strategy should attempt to keep the HVAC systems operating at
the low possible levels while maintain the IAQ. The development and testing of the
appropriate control strategy requires the use of buildings simulation tool to provide a
dynamic simulation of a virtual building environment where to test the functionalities
and efficiency of the controller.
In this context, the building simulation program NEST is employed in the reproduc-
tion and simulation of a real semi-detached residential dwelling located in Lemmer
(Netherlands). The tool is aimed to simulate, in a fast and reliable way, the airflow,
heat and pollutant (CO2) transfer in the house in order to optimize energy consump-
tion and indoor environment quality.
The potential of the code is illustrated through the simulation of three different modes
of operation. First, the free-float mode where the house is simulated without heating
and ventilation system, the need of the heating system will be highlighted and the
minimum mechanical ventilation required to maintain the minimum ventilation is
determined. Second, the ideal mode where the heating is operating all the time to
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maintain comfort level, the energy consumption is evaluated and optimized function
of the ventilation regimes and function of different scenarios of the interior doors
status (open/closed). Finally, the real conditioned mode where the occupants, their
activities and a controlled heating and ventilation systems are considered and simu-
lated. The energy and IAQ performance are evaluated and by using the controlled
heating and ventilation systems, a compromise between energy consumption and
IAQ will be sought. Later, the semi-detached dwelling simulation program in NEST
will be used as a test bench for an external control system. The controller software
is embedded into NEST and its functionalities and routines will be tested on the
simulated house.
A part of the results of this work has been done within the framework of the research
project DCCS [10].

4.2 House description and modelling

The studied building is a real intermittently-occupied 3 bedroom semi-detached
house located in Lemmer (Netherlands). The house has a floor area of 126 m2 and
consists of two floors and 12 rooms. The house has three façades: The main one is
oriented south-west (azimuth +20o) and the rest oriented norh-east and east-south.
There are not big shading on these façades. The west-north external wall of the house
is adjoined to a neightbouring house of the same type. The architectural plans of the
house are shown in Figure 4.1.
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Figure 4.1: architectural plans. From top to bottom and left to right: ground, first and
attic front views and building lateral view. The drawing scale is 1:42.
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Figure 4.2: At the left side is shown a front view of the house (S-SW). Ground floor:
livingroom window (room3), first floor: bedroom window (room9) and bath room
small roof window (room10). At the right side is shown a back view of the house
(N-NE). Ground floor: garage and scullery (brick wall), livingroom sliding doors, first
floor: bedrooms (room7 and room8), attic: roof window (room12).

Table 4.1 describes the functions of the rooms depicted in the architectural plans
(Figure 4.1) and the characteristics of its windows, radiators and ventilation.

SW and NE façades of the house are made of wood with no brick at the inside (SW
wall and a small part of north wall of room 3, a small part of east wall of room 6,
north wall room 8 and a small part north wall room 7). The remain façades of the
house are made of brick (NE wall of room 1 and room 2 and ES façades). All floors
are made of concrete and the finishing layers are wood and tails on the ground floor,
tails on the first floor and carpet on the attic. The materials of some other parts
of the house are unknown and have been assumed: inner walls and the roof have
been assumed as brick walls, garage and the scullery floors are assumed as concrete,
finishing wall material have not been considered in the simulation only the paints
in terms of thermal radiation. The thermophysical properties of the materials used
to simulate the house are presented in Table 4.2. Since the focus is in simulating
heat, airflow and CO2 in the house, the hygric properties of the materials are not
considered in this work.
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Table 4.1: Description of the rooms of the house and the characteristics of its windows,
radiators and ventilation.

Room Function Window description Radiator description VentilationType Width
x
Height

Type Width
x
Height

1 Garage - - - Openings
around
garage door

2 Scullery - - ES façade - 1 plate ra-
diator

0.30 x
2.00

3 Living room
with open
kitchen

NW façade - double
pane sliding doors

2.40 x
2.40

SW façade window -
3 plate radiator

2.75 x
0.40

Openings
above slid-
ing doors

ES façade - double
pane window

0.75 x
1.05

WN façade 2 plate
radiator (close to
sliding doors)

1.25 x
0.60

Central
exhaust

SW façade - double
pane window

2.60 x
1.85

4 Hallway
with stairs

- - - -

5 Hallway
with front
door

- - Central
exhaust

6 Hallway
with front
door

SW façade - single
pane window

0.82 x
2.03

ES façade - 2 plate ra-
diator

0.75 x
0.40

7 Bedroom /
office

NE façade - single
pane window

1.90 x
1.04

NE façade - 1 plate
radiator

0.95 x
0.70

8 Master bed-
room

NE façade - single
pane window

2.80 x
1.24

NE façade - 1 plate
radiator

1.12 x
0.70

9 Bedroom /
office

SW façade - single
pane window

1.31 x
1.04

SW façade - 2 plate
radiator

0.95 x
0.70

10 Bathroom SW façade - double
pane window

0.37 x
0.45

WN façade - Towel
dryer

0.70 x
1.55

Central
exhaust

11 Hallway
with stairs

- - - -

12 Attic NE façade - double
pane window

0.98 x
1.01

- -
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Table 4.2: Thermal and optical properties of the different building materials used in
the house [11] [12].
Material λ[W/mK] ρ[kg/m3] cp[J/kgK] εthermal αsolar τsolar
White plastic paint - - - 0.90 - -
Carpet - - - 0.90 - -
Air brick 0.450 1786 840 - - -
Concrete 1.105 2106 880 - - -
Glass 0.917 2700 800 0.96 0.08 0.86

4.2.1 House modeling

The semi-detached house is modelled using the collection of NEST elements described
in chapter 2. The house windows and exterior doors are simulated using the one-way
opening model as seen in section 2.3.5. When they are closed the cross section of
the opening is reduced to the area of an air gap in order to consider infiltrations.
The interior doors, when they are open, are simulated using double-way opening
model described in section 2.3.5 and when they are closed the infiltration is taken
into account in the same manner as for the one-way opening model. The discharge
coefficient Cd is fixed to 0.6.
The exhaust system element presented in section 2.3.7 is used to simulate the mechan-
ical ventilation system of the house. An exhaust fan having three velocities is used
to suck air from the kitchen in (room 3) and from the toilet (room 5) and bathroom
(room 10). The performance curves for the three velocities of the fan are taken from a
manufacturer Zehnder [13] as representative fan of a dutch house and is presented in
Figure 4.3.
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Figure 4.3: Zehnder exhaust fan performance curve for the velocities 1, 2 and 3.

A central heating system composed of boiler and radiators elements is used in the
house simulation. The boiler is connected with the temperature in room 3. The
radiators locations are presented in Table 4.1.

4.2.2 Initial and boundary conditions

The house is set initially to a constant temperature field. However, in order to ensure
that the obtained results are no longer depending on the setted initial values, the
simulation starts 3 weeks before the wished period. Typical weather is taken from
Eelde which is the closest location provided by Meteonorm.

4.2.3 Standards and requirements

Standards and regulations are considered in order to fix the reference lines of tem-
perature, CO2 concentrations and ventilation required to maintain a good indoor
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environment quality in the house, they allow also a better evaluation and analysis of
the simulation results.
ASHRAE standards are used for this work. They describe the required necessary
ranges to provide minimal acceptable indoor air quality and comfort level for typical
situations inside buildings. They define temperature, pollutants concentrations,
infiltrations, mechanical ventilation and air distribution rates.
The ASHRAE standard 55-2013 [14] presents different detailed and specific ways to
determine the required indoor thermal comfort in buildings. To simplify the problem
the standard ranges the ideal indoor temperature approximately between 19oC and
28oC.
Based on ASHRAE standard 62.2-2010 [15], a residential building like the simulated
house with a volume of 318 m3, a floor area of 126m2, 4 master rooms and using a
continues exhaust ventilation, should have a minimum ventilation rate of 100 m3/h
and a maximum of 954 m3/h. The standard specifies also the airflow distribution
in the house when using continuous exhaust ventilation system: it is 50 m3/h for
the kitchen (room 3), 33 m3/h for the bathroom (room 10) and 17 m3/h for the toilet
(room 5).
ASHRAE standard 62.1-2016 [16] recommends an indoor CO2 levels not exceeding
700 ppm above outdoor levels. In Lemmer, Netherlands the outdoor CO2 is at around
500 ppm, then the indoor air quality in the simulated house is considered poor when
the CO2 concentration exceed 1200 ppm.

4.3 Operation modes

The objective of the numerical simulation of the house is to study the thermal and
ventilation performance in order to optimise and find a compromise between indoor
air quality and energy consumption. To this end, the whole house has been simulated
in three different modes of operation.
• Mode 1: free-floating mode, the house is simulated with no occupants nor heating

system. All doors and windows are assumed to be closed and air infiltration
through them is considered. First, the house is simulated only under the variation
of outdoor conditions and the natural ventilation inside it has been discussed. Then,
in order to achieve the minimum ventilation required by the standards explained
in section 4.2.3, the convenient mechanical ventilation speed is determined.

• Mode 2: ideal mode, the house is simulated without occupants and the heating
system is used to keep a minimum temperature in the main rooms. The ideal mode
is tested under different scenarios of interior doors status (open/closed) and under
4 different regimes of ventilation: first considering only the natural ventilation, then
3 situations using the mechanical ventilation with a fan fixed velocity going from 1
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to 3. The energy consumption to achieve the ideal comfort level for each case has
been evaluated.

• Mode 3: real conditioned mode, the house is simulated under real conditions,
the occupants presence and activities have been introduced into the simulation,
a controlled heating system depending on the occupants schedule is used and
both fixed and controlled mechanical ventilation are tested. The IEQ and energy
consumption have been evaluated and discussed.

For all the modes, two periods of two months in winter (January and February) and
two months in summer (June and July) have been simulated using a time step of 60
seconds. For the seek of clarity in the analysis only one week in February and in July
are shown in the figures.

4.3.1 Free floating mode

The house is simulated in free floating mode and the incoming and the outgoing
airflow rates from/to the outdoor through the different openings are shown in Figures
4.4 and 4.5 for both February and July. The figures legends represent the room num-
bers of the openings and their orientations north, south or when they are connected
with duct of the ventilation system. The total incoming air (positive airflow rates)
through the different openings are equal in absolute value to the total outdoing air
(negative airflow rates) since mass conservation of air in the house is satisfied.
The ventilation inside the house is natural due to wind and stack effects. All doors
are assumed to be closed and the air circulates through the openings by infiltration. It
can bee seen in Figures 4.4 and 4.5 how the total incoming airflow rate is following a
pattern similar to the wind velocity that hits the north façade. The entering ventilation
rate through the north opening of the room 3 (r3S) is the highest which is due to the
existing of a high infiltration area in the sliding door in the north side of room 3. The
days when the wind velocity is low as in July, the total incoming airflow rate is below
the minimum required by the standard for the house ventilation (section 4.2.3) as
presented by dashed red line in Figures 4.4 and 4.5. Thus, the use of a mechanical
ventilation system is required to maintain the minimum ventilation rate.
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Figure 4.4: Airflow rates in the house in free floating mode during one week in
February.
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Figure 4.5: Airflow rates in the house in free floating mode during one week in July.



122 CHAPTER 4.

Figures 4.6 and 4.7 show the airflow rates in the house using the exhaust fan with
speed 1. Using fan speed 1 the total ventilation rate fits well the minimum required
by the standard described in section 4.2.3. The exhaust fan creates a depression in
the house so the air is forced to flow from the outdoor through infiltrations. The
exhaust fan is connected to the room 3, room 5 and room 10. As shown in Figures 4.6
and 4.7 the exhausted airflow rate using mechanical ventilation with fan speed 1 is
always above 57m3/h in the kitchen, above 32m3/h in the toilet and above 40m3/h in
the bathroom. Therefore, the distribution of airflow rates using fan speed 1 in these
rooms are higher than the minimum rates fixed by the standard in section 4.2.3.
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Figure 4.6: Airflow rates in the house with forced ventilation using fan speed 1 during
one week in February.
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Figure 4.7: Airflow rates in the house with forced ventilation using fan speed 1 during
one week in July.

Since the family house has been simulated without heating system, the temperature
variations are mainly due to the weather conditions. In that manner, the heating need
of the house is highlighted. Moreover, the thermal response of every room to the
ambient changes can be identified too. Figures 4.8 and 4.9 present the temperature
evolution in the house room in free floating mode during one week in February and
July. The room 3 is warmer than the rest of the rooms. This is due to the fact that this
room is located downstairs so that it has two more floors on it that provide insulation.
The southern rooms (room 9 and room 10) are often warmer than the northern ones
(room 7 and room 8). In contrast to room 3 , southern rooms are only warmer than
others on sunny days, which emphasizes the benefit of glass windows into these
rooms.
The temperatures in all rooms follow the trend of the ambient temperature. However,
the oscillations are attenuated due to the inertia of the building. The simulation shows
that the rooms with big windows are more sensible to solar radiation. For instance, in
the living-room (room 3 ), which has a big window in the front side and a glassed
sliding door in the back side, it can be observed several temperature peaks that match
with the irradiation peaks on sunny days. The same is observed for room 9 and room
10, which are both south oriented. Instead, the northern rooms (room 7 and room 8)
and the attic (room 12) show smother temperature tendency. On the other side, the
hallway stairs (room 11) is the room that shows the lower solar irradiation influence
since it has no windows and it has few contact with the ambient.
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Figure 4.8: Temperature evolution in different rooms of the house in free floating
mode during one week in February.
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Figure 4.9: Temperature evolution in different rooms of the house in free floating
mode during one week in July.

4.3.2 Ideal mode

The numerical simulation, in this mode, is performed without occupancy and by
considering the influence of a heating system with radiators that supply heat to the
house. The heating system is used to keep a minimum set point temperature of
20oC in all rooms where the radiators are installed during all the time of simulation.
For that reason, it is an ideal case where the minimum thermal comfort is always
maintained.
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The house has been simulated in ideal mode under 4 different regimes of ventilation:
first considering only the natural ventilation, then using the mechanical ventilation
with a fan velocity going from 1 to 3. Three different scenarios have been also
simulated for the interior doors status. First, scenario 1, where all the doors are closed,
second, scenario 2, where all interior doors are open and third, scenario 3, where all
doors are closed except the (door 3-4) that connects the ground with the first floor.
In order to compare the energy consumption of the different simulated cases the
energy consumption performance indicator (ECPI) has been defined as the sum of
the heat output from all radiators of the house during the simulation period. ECPI is
in kW · h.
Regardless the status of the doors (open or closed) and the season, the higher is the
exhaust fan speed, the higher are the infiltrations and the incoming airflow rates
from the outside but also the higher is the energy consumption. Table 4.4 presents
the EPCI in the house for the different ventilation regimes and scenarios. It can
be seen how the EPCI increases by more than 50kW · h in winter and more than 7
kW · h in summer every time the fan speed is increased. On the one hand, this is a
disadvantage of using an exhaust system for ventilation, as it exhausts the heated air
from the house and sucks fresh air that can be colder than indoor conditions which
leads to a loss of energy and so more heating requirement. On the other hand, as
shown in the free-floating mode, the mechanical ventilation system is necessary to
maintain a minimum ventilation rate in the house, therefore it is recommended to use
the exhaust mechanical ventilation system with fan speed 1 in order to achieve the
minimum ventilation rate with the lowest possible energy consumption.
The consideration of indoor air circulation between interior rooms is interesting
in order to optimize the energy consumption. From the three different simulated
scenarios and for fan speed 1, as shown in the Table 4.4, the scenario 1 with all doors
closed corresponds to the lowest energy consumption in February, while the scenario
3, where all the doors closed except the door3-4, corresponds to the lowest energy
consumption in July. In fact the sucked air from the outdoor by the exhaust fan is
colder in winter than in summer. Therefore closing all the doors in winter reduces
air circulation, increases the thermal insulation and reduces heating consumption,
while opening the door3-4 in summer allows the sucked warmer air to circulate more
between the ground and the first floor which leads also to less heating consumption.
Therefore, in addition of using the fan speed 1 to maintain the minimum ventilation,
it is recommended to follow the scenario 1 for doors status in winter season and
scenario 3 in summer season.
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Table 4.3: Total ECPI of the house during February for the ideal mode simulation.
Scenario Natural ventilation MV: fan speed 1 MV: fan speed 2 MV: fan speed 3
Scenario 1 683.6 719.4 779.2 843.9
Scenario 2 694.6 721.2 787.6 848.3
Scenario 3 688.5 721.0 787.2 842.6

Table 4.4: Total ECPI of the house during July for the ideal mode simulation
Scenario Natural ventilation MV: fan speed 1 MV: fan speed 2 MV: fan speed 3
Scenario 1 27.8 39.7 47.9 57.5
Scenario 2 28.5 39.2 46.3 58.4
Scenario 3 29.4 38.5 45.6 55.1

Figure 4.11 shows the heat generated by the radiators using fan speed 1 and scenario 1
for doors in February and scenario 3 for doors in July. It can be seen that in winter all
radiators are working continuously unlike in summer season when they are operating
only during some periods of time. It can be seen that the living-room (room 3) requires
a great amount of heat especially in winter to maintain a comfortable temperature
comparing to the other rooms, which is mainly due to its big volume.
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Figure 4.10: Heat generated by the radiators in different rooms of the house during
February.
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Figure 4.11: Heat generated by the radiators in different rooms of the house during
July.

4.3.3 Real conditioned mode

In order to reproduce the house under more real conditions and find a compromise
between energy performance, thermal comfort and indoor air quality, the house is
simulated under real conditions. To do so, the typical activities and presence of two
adult occupants (a couple) in each room have been scheduled and introduced into the
simulation. The weekly typical schedule of the occupants is presented in Figure 4.12.

not present

asleep

active

shower

 0  20  40  60  80  100  120  140  160

o1@r8
o2@r8

o1@r10
o2@r10

o1@r3
o2@r3
o3@r3
o4@r3

Figure 4.12: weekly occupancy schedule.
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During the week, the occupants wake up at 07:00. Each one spend 15 minutes in
the bedroom (room 8) while the other is in the bathroom (room 3) having a shower.
They move later to the livingroom-kitchen (room 3) to have the breakfast before
leaving the house at 08:00. At 19:00 they come back to the house and stay active in
the livingroom-kitchen (room 3) before finally they go to sleep at 23:00. During the
weekend, unlike the remain days the occupants spend more time in the house. In
Saturday at 20:00, two more people enter into the house and stay until 23:00 as shown
in yellow in Figure 4.12.
A controlled heating system according to the occupants schedule is considered. The
used control is no interactive and is based only a schedule. Since the occupants are
located in room 3, 4 and 10, only the radiators of theses rooms are open. The boiler
system that supplies heat to the house radiators is controlled by the room 3. As
recommended in the previous sections, the mechanical ventilation with exhaust fan is
maintained continuously at speed 1 and the doors are assumed to be all closed during
February (scenario 1) and all closed except the door3-4 in July (scenario 3).

Figures 4.13 and 4.14 show the temperature evolution in the house rooms during one
week in February and July. In contrast to the previous mode, the use of controlled
heating system allows the boiler to operate at a set point temperature of 21oC when
the occupants are in the house and active and to operate at a lower set point temper-
ature of 16oC when the occupants are sleeping or outside the house. The set point
temperature is shown in grey colour in Figures 4.13 and 4.14. By applying this control,
the energy consumption has been reduced significantly from 719.4 kW · h to 480.4
kW · h in February and from 38.5 kW · h to 5.6 kW · h in July, as shown in Table 4.5.

Table 4.5: Energy consumption performance indicator in ideal mode and by using
controlled heating.

Indicator Ideal mode Real mode:
controlled heating

ECPI: February 719.4 480.4
ECPI: July 38.5 5.6
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Figure 4.13: Temperatures evolution in the rooms by using a controlled heating
system during February.
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Figure 4.14: Temperatures evolution in the rooms by using a controlled heating
system during July.

In order to study and analyse the indoor air quality, the CO2 concentrations and
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transfer in the house have been simulated. The air quality performance indicator
(AQPI) defined as the duration that a room when occupied (one or more people
present) has a CO2 level above the threshold of 1200ppm (which is given as air quality
limit according to ASHRAE standard 4.2.3) has been evaluated. AQPI is in ppm ·min,
thus it gives an indication of the duration and magnitude that the threshold CO2 level
has been exceeded.
Figures 4.15 and 4.16 show the CO2 concentration in different rooms of the house by
using a controlled heating system and a fixed mechanical ventilation during one week
in February and July. The occupants activities are reflected in the CO2 profiles, as
shown in the Figures: During night the CO2 concentration increases above 1200ppm
in the bedroom (room 8) and reaches a maximum of 2700ppm in July. The highest
picks of concentration in room 8 correspond to the days with the lowest ventilation
rates at the house which is mainly due to the low outdoor wind velocity. The air
quality in this room would be regarded as poor.
On Saturday, when there are two guests in the living room (room 3), CO2 concentra-
tion in the living room increases noticeably. On Sunday, the occupants spend almost
all day in the house, except for a couple of hours at lunchtime, CO2 profile shows
two peaks according to these occupancy periods. When occupants leave a room, an
exponential decay of CO2 is observed.
The total air quality performance indicator for the simulated house in this case is
1.3105 ppm ·min in February and 4.1105 ppm ·min in July, as shown in Table 4.6. The
air is poorer during summer than winter season as the CO2 and AQPI levels are
higher, This is mainly explained by the lower wind velocity and ventilation rates
during the hot season.

Table 4.6: Air quality performance indicators by using controlled heating system.
Indicator Real mode:

controlled heating
AQPI: February 1.3 105

AQPI: July 4.1 105
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Figure 4.15: CO2 concentration in different rooms of the house by using a controlled
heating during February.

0 1 2 3 4 5 6 7
Time[days]

0

500

1000

1500

2000

2500

3000

C
O
2
 C
o
n
ce

n
tr
a
ti
o
n
 [
p
p
m
]

r3 r8 r10 r11 fan spt

1.0

1.5

2.0

2.5

3.0

fa
n
 s
p
e
e
d

Figure 4.16: CO2 concentration in different rooms of the house by using a controlled
heating during July.

To improve the air quality in the house, a controlled ventilation system is recom-
mended in order to increase the ventilation rate while maintaining low energy con-
sumption. Non interactive control system in NEST is used, the exhaust fan speed is
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scheduled and set to speed 2 during one hour in the morning at 07:00 and two hours
in the evening at 19:00. Figures 4.17 and 4.18 show the CO2 concentration in different
rooms by using both controlled heating and ventilation during one week in February
and July.
The fan speed is shown in the grey line colour of Figures 4.17 and 4.18. It can be
seen in the same figure that the CO2 levels are lower using the controlled ventilation
except for the bedroom (room 8) since during night period (for noise reasons) fan
speed has been set to the minimum (speed 1).
Table 4.7 summarizes the energy and the air quality performance indicators without
any control (ideal mode), with only heating control and with both heating and
ventilation control. The occupants and CO2 transfer are not considered in the ideal
mode, hence the AQPIs are not available for this mode. The air quality has been
improved when comparing to the case without controlled ventilation, the air quality
performance indicator AQPI becomes 1.1105 ppm ·min in February and 3.7105 ppm ·
min in July. However the energy consumption performance indicator has increased to
495.5 kW · h in February and 5.8 kW · h in January. The energy consumption is a little
bit higher than the case without controlled ventilation as more ventilation is used.

Table 4.7: Energy and air quality indicators for the different modes and using the
optimal conditions of mechanical ventilation speed and interior doors status.

Indicator Ideal mode Real mode: Real mode:
controlled heating controlled heating and ventilation

ECPI: February 719.4 480.4 495.5
ECPI: July 38.5 5.6 5.8
AQPI: February - 1.3 105 1.1 105

AQPI: July - 4.1 105 3.7 105
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Figure 4.17: CO2 concentration in different rooms of the house by using both con-
trolled heating and ventilation systems during February.
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Figure 4.18: CO2 concentration in different rooms of the house by using both con-
trolled heating and ventilation systems during July.

It has been shown how a compromise between air quality and thermal load has been
sought and found in order to reduce the energy consumption in the house while
maintaining acceptable levels of thermal comfort and air quality. The NEST software
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has provided the necessary tools to simulate the house in real conditions, to predict
the best scenario of doors status (open/closed) and to use and control HVAC systems.

4.4 Test environment for controller

In this section, the simulated house model in NEST is coupled with an external ad-
vanced control system software developed by Netherlands organisation for applied
scientific research (TNO) [17]. Coupling the building simulation tool with an inter-
active controller system is aimed to optimize the heating and ventilation systems
based on smart routines and algorithms and reduce the energy consumption while
maintaining a good indoor environment quality.
In this manner, the NEST platform has been used as a test bench (a virtual envi-
ronment) to test the performance, response and the effect of the external interactive
controller software on the energy consumption and air quality of the simulated house.
To do so, an interface has been created to integrate the controller software into NEST
software. Through this interface, the building environmental parameters in certain
areas of the house, that would be sensed by the controller hardware sensors, such
as CO2 and temperature, are delivered as input variables to the controller software
which determines the appropriate control outputs based on its routines and algo-
rithms. The controller outputs are fed back again into the house, simulated by NEST,
where the HVAC systems updates their operation mode based on the received data.
In this manner the dynamic performance simulation of the house while using the
interactive controller can be predicted.

Figure 4.19 depicts the variables exchanged between the NEST dwelling model and
the controller. The model sends to the controller:

1 Timestamp: the time passed in minutes from the beginning of the simulation.
At the beginning of the simulation the model sends to the controller the date
and time of the simulation.

2 Livingroom CO2: CO2 concentration in the livingroom.
3 Ventilation CO2: CO2 concentration in the exhaust duct of the ventilation box,

between the extract fan box and the outdoor.
4 Livingroom T: temperature in the living room.
5 Outdoor T: ambient temperature (at the outdoor).
6 Ventilation speed set point: actual fan speed (0 (off), 1, 2, 3 (highest)).

The controller receive these inputs and re-evaluates its outputs variables every minute
for the heating system and every 5 minutes for the ventilation system. Simultaneously
the controller sends to the model:
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1 Boiler water T set point: boiler water set point temperature, acts as the on/off
mechanism for the heating system. When the boiler is off, the boiler water set
point is set to 10oC. The model assumes a warming up period of 15 minutes
from the off value (10oC) to the given boiler water temperature set point value.

2 Ventilation speed set point: fan speed (0 (off), 1, 2, 3 (highest)) given to the
ventilation box element.

3 Livingroom T set point: set point temperature at the livingroom. It is just used
for information and post processing purposes.

4 Occupancy living room: occupancy status in the livingroom evaluated by the
controller based on CO2 concentrations. It is just used for post processing
purposes.

5 Occupancy whole house: occupancy status in the whole house evaluated by
the controller based on CO2 concentrations. It is just used for post processing
purposes.

Figure 4.19: Interaction between the dwelling model in NEST and the external con-
troller software.

The external controller is written in Python whereas the NEST platform is written in
the C++ programming language. Hence, both applications are not directly compatible.
However, NEST is provided with an extendible C++ wrapper for embedding Python
code. In order to enable both codes to exchange information, a new element wrapper
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has been created to perform the necessary actions for communicating both applica-
tions (send dwelling parameters, execute the controller and receive new controller
orders).
The controller software carries out many functions and routines to optimize the
control of the HVAC systems based on the weather conditions, time, occupants
presence and activities, etc. These functions and algorithms are a black box for NEST
software and all the focus in this work has been put in linking the two applications,
exchanging data during house simulation and post process the results.
The house has been simulated in NEST in the same conditions of the real conditioned
mode in section 4.3.3 except for the control system where the external interactive
controller is linked now to the simulated house. The heat, airflow and CO2 transfer
are simulated in all the house and the controller algorithm response and functionality
have been checked, such as the occupancy detection based on the CO2, demand
controlled ventilation, etc. The impact of the control system on the energy and the air
quality has been checked and evaluated.
The simulation results are post processed by NEST software. Figures 4.20 and 4.21
illustrate some of the control routine effects on the CO2 concentrations and tempera-
tures in the house.

Figure 4.20: The effect of the controller algorithm on the CO2 concentration in the
house.
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Figure 4.21: The effect of the controller algorithm on the temperature in the house.

4.5 Conclusions

Throughout this chapter it has been shown how the NEST software platform is
successfully employed for producing a real building simulation of a residential semi-
detached dwelling located in Lemmer (Netherlands).
The house has been simulated over one year under real weather conditions for
different modes of operation. First, it was simulated in free-float mode where the
importance of heating system to maintain thermal comfort has been highlighted.
the natural ventilation has been evaluated and it was not satisfying the minimum
ventilation recommended by standards for this type of building. It was checked
that a minimum mechanical ventilation with fan speed 1 is sufficient to maintain the
minimum ventilation rate required for the house for IAQ. Second, the ideal mode
was simulated where the heating system is operating all the time to maintain thermal
comfort in all the rooms. The energy performance has been evaluated for different
ventilation regimes and for different scenarios of interior door status (open/closed).
In order to reduce the energy consumption in the house, the optimum regime of
ventilation and door scenarios for interior air circulation has been determined. The
scenario of fan speed 1 and all doors are closed leads to the lowest energy consumption
in winter, while the scenario of fan speed 1 and the door3-4 between the ground and
the first floor is open leads to the lowest energy consumption in summer. Third, the
real conditioned mode was simulated, the heating and the ventilation systems were
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controlled, occupants presence and CO2 transfer are simulated. Using NEST basic and
non interactive control system, the energy consumption has been reduced significantly,
the indoor air quality based on CO2 concentrations has been evaluated and optimized
too using a controlled ventilation system, which led to find a compromise between
low energy consumption and high indoor air quality.
The same simulated house has been used to test an external interactive controller
software. The controller is developed in Python and embedded with NEST software
(C++ software). An interface of communication between the controller and the
building simulation software has been developed and described.
The NEST building simulation tool has been used as a test bench for checking func-
tionalities, identifying problems and optimizing the controller algorithm for better
energy consumption, indoor air quality and advanced control.
The NEST buildings simulation tool has shown different capabilities to reproduce
and simulate the reality, to analyse and predict the behaviour of buildings perfor-
mance, optimize and find the best operation mode, to adapt to diverse situations and
scenarios inside buildings and to link and interact with other codes and software.
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5

General Conclusions

5.1 Concluding remarks

This PhD thesis has been focused on the development of a modular object-oriented
software called NEST for the numerical simulation of buildings systems involving
several physical phenomena simultaneously. The software is aimed to solve in a
dynamic, fast and reliable way, all the possible multi-physics in buildings, in order to
contribute in achieving low energy consumption, high indoor environment quality
and high performance in the field of buildings simulation.
The NEST platform is developed on the basis of object oriented programming, in this
manner, it provides a library of basic elements for users to assemble a building and
simulates the multi-physics of heat, moisture, airflow and pollutants transfer inside
it. The implemented elements (or objects) represent an abstraction of the models
of rooms, walls, composite walls, multi-glass, openings, HVAC systems, control
systems, outdoor, solar and thermal radiations and occupants. They are implemented
in general way so they can be reused by the CTTC researchers and adapted to any
other applications like solar systems, compressors, etc.
Furthermore, the software is in continuous improvement to update and add new
elements and models, it is aimed to be a complete tool since no building simulation
software including altogether the models of heat, moisture, airflow and pollutants
in the whole building parts has been found. The reliability and accuracy of the
implemented, previous mentioned models, have been checked by the validation and
verification with a list of significant test cases from the literature. There is a lack
of references in the literature including altogether different validation cases for the
whole buildings simulation. So, the list of test cases (test suite) used to validate NEST,
cover all the aforementioned models in buildings and it can be used as a reference for
the validation of other simulation tools.
Finally, the potential of the developed code has been illustrated in real application
cases. It has been used as to analyse the hygrothermal behaviour in several public
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buildings located in different countries in Europe (Spain, Sweden and UK) before
their retrofitting. The hygrothermal behaviour in different representative rooms in
these buildings has been predicted and analysed. Different weak points in the rooms
envelope have been identified and discussed. Then the annual thermal and moisture
loads before and after the proposed solutions for retrofitting are calculated in order to
evaluate the efficiency of these solutions. The moisture impact on material durability
and indoor environment quality has been highlighted since it is usually neglected
and not very considered in buildings simulation.
The platform has been used also to simulate and analyse heat, airflow and pollutant
transfer in a residential house in Netherlands. The numerical tool has been used
to simulate different operation modes of the house in order to find a compromise
between energy consumption and indoor environment quality. The software has
been used as a test environment to evaluate the performance of an external control
algorithm inside the virtual residential house simulated by NEST.
The NEST buildings simulation tool has shown different capabilities to reproduce and
simulate buildings performance, and to predict heat, moisture, airflow and pollutants
transfer in order to optimize the operation mode, increase materials durability and
decrease energy consumption while maintaining a good indoor environment quality.

5.2 Future work

The objectives that were initially fixed at the beginning of this thesis have been suc-
cessfully fulfilled. However, in order to improve the software and develop a very
complete and advance building simulation tool, it will be interesting to take into
account the following aspects:

• Improving the moisture transfer model by predicting the mould growth in the
materials and by introducing rain from weather data base as boundary condition
for the wall element.

• Accounting for the simulation of heat, moisture and pollutants transfer of furni-
tures inside buildings.

• Introducing two and three dimensional simulation for wall element.

• Evaluating more the thermal comfort in buildings based on detailed models.

• Incorporating new models for visual comfort, lighting and solar shading since
they form part of the indoor environment quality in buildings.
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• Extending the use of sub-system concepts to the whole building, e.g., reduce an
entire floor into a sub-system element in a system of a building tower having
several floors.

• Extending the buildings simulation to district level.

Regarding the core the software (high level code), it will be worthwhile to investigate
these issues:

• Implementing and testing the zonal and CFD methods for the simulation of
indoor space.

• Investigating the use of distinct and dynamic time step for each element. As
different multi-physics are simulated in the same time, using the same fixed time
step for all the system is practical but not necessary efficient.

• Optimizing and giving more attention in the parallel approach in NEST, since
using to many parallel processors can lead to important data communication
bottle-necks.

In summary, there is much work and investigation to be done in NEST. Some of the
work is focused on the development of the platform itself. Other work relies on the
improvement and extension of the buildings physics modelling. The NEST software
is designed to grow and simulate all the multi-physics inside buildings, so that even
the physical phenomena that is not planned today can be integrated tomorrow.
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