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ABSTRACT

In this Thesis the new tool ALMABEST for the dynamic energy simulation of
the whole building coupled to HVAC systems is presented. This tool, developed
in the Matlab environment, consists of two libraries, ALMABuild and
ALMAHVAC, dedicated to the building and HVAC system modelling
respectively; this Thesis is focusedin particular on ALMABuild.

A large number of software for the analysis of dynamic behaviour of
buildings have been proposed and are now available for the designers. For this
reason, the reader canhave some doubt about the need d a new software for
dynamic energy building simulations.

One of the main goals of this Thesis is to demonstrate that ALMABEST
presents complementary features with respect to the commercial codes available
in the market, which can greatly help the user in the design of new NZEB. In fact,
the main features required for the NZEB design (ability to perform multi -
objective optimizations, detailed comfort assessments and accurate evaluation of
the energy performance of buildings and HVAC systems also in presence of
active occupants) are aspectsthat the codes available on the marketonly partially
are able to manage

In the first part of this Thesis, the description of ALMABuild, which consists
of a Simulink library and a set of Graphical User Interfaces (GUIS), is presented.
In particular, the models implemented in the main ALMABuild blocks are
explained and the procedure for the creation of the building model by using a
series of GUIs is illustrated. It is emphasized how the use of these GUIsallow s to
overcome the drawback of other Simulink -based toolsin terms of introduction of
building data and of implementation of the model in the Simulink desktop. The
benchmark of ALMABuild ha s been performed following the BESTEST
procedure, adopted for the validation of the main whole building softwaravailable
in the market. Results of analytical and empirical tests have confirmed the
validity of the models implemented in ALMABUuild. The same result has ben
confirmed by the comparative tests made by using a series of reference software
under a set of univocally defined cases. The results highlight how the comparison
suggested by the BESTES procedure need tbe continuously updated by varying
the list of the reference software used for comparisonsin order to obtain a more
updated benchmark and be able to take correctly into account the natural
evolution of the building modelling.

In the second part of this work, applications of th e ALMABEST tool are
illustrated with the aim t o highligh t the main features of this tool. In particular,



the detailed evaluation of the spatial distribution of radiative, indoor air and
operative temperature obtained by means of ALMABEST has been used in order
to compare six different emitters (from r adiators to radiant floors) with the aim to
put in evidence how the indoor local comfort conditions are influenced by the
emitters. Furthermore, the impact of the temperature sensor position in a room
on the local indoor comfort conditions and on the dynam ic response of the
emitter s has beenanalysed.

The coupling of the Matlab Optimization Toolbox with ALMABuild is
illustrated by means of a series of single and multi-objective optimizations in
which the total annual energy demand is minimized by modifying a series of
specific building parameters, like thermal insulation thickness and the total clear
area. Results remark the significant improvements of the building energy
performance that can be obtained by using this design approach, with energy
savings up to 65% with respect to a reference building configuration . The limited
number of simulations required by the optimization algorithm to find the
optimal solution, even for a large number of possible configurations underlines
how these optimization algorithms can be nowadays used during the design of a
NZEB with limited computational costs.

Finally, the impact of occupant interactions with the building elements, in
particular windows, on comfort and heating energy consumptions is an alysed.
The effects of the occupant behaviour on the optimal building parameters
configuration able to maximize comfort conditions and minimize the energy
demand are investigated by means of multi-objective optimizations. A robustness
parameter is introduc ed in order to individuate the main configurations which
tend to minimize the role of the occupant on the indoor comfort conditions and
on the energy demand (occupant-free configuration) . Results emphasize how the
presence of occupants and their active belaviour cannot be ignored if an accurate
and realistic evaluation of the building performance have to be obtained.
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CHAPTER

ONE

Context and Objective

Abstract

In this Chapter the main motivations of this work are presented. Firstly, the
concept of dynamic energy simulation is introduced and the main features of tools for
dynamic energy simulations of buildings and HVAC systems required by NZEB
designers are described. Analysing three of the most popular Whole Building Energy
Simulation (WBES) software available in the market, i.e. TRNSYS, ESR and
EnergyPlus, the main features and limitations of these tools are evidenced.

Then, the features of Matlab/Simulink as framework for developing new WBES
tools are discussed with the aim to demonstrate that the Matlab framework can
overcome the limitations of many available WBEStools. In particular, the possibility to
use all the Matlab toolboxes for solving problems concerning different issues (e.g.
OxUPOPAEUDPOOUOW" %# 0 AWwPOWEWUDOT Of wEOOX U
coupling different software packagesas well asthe possibility to adopt a variable time
step discretization for simulations are some of the most attractive features of Matlab
for the development of new WBES tools Therefore, the existing libraries based on
Matlab/Simulin k for building energy performance simulation are examined,
emphasizing the main drawbacks that limited their diffusion up to now .

Finally, the outline of the Thesis, focused on the development of a new Matlab tool
for the dyn amic energy simulation of buildings and HVAC systems, is presented.




Chapter 1 -Context and Objective

1.1 General context

In the last century, the economic growth and the improvement of living
conditions have been accompanied by the explosion of the world energy
demand, mainly characterised by the exploitation of fossil fuels like carbon, oll
and natural gas. However, the exploitation of fossil fuels has two important
drawbacks: the finiteness of the available resources and the negatve impact on
the environment (pollution and climate change).

For these reasons, in the last two decades, a series of International
Agreements, like the Kyoto Protocol [1] and the Paris Agreement [2], have been
concluded with the aim to limit the rise of the glo bal temperature up to 1.5°C -
2°C, reducing the primary energy demand and encouraging the exploitation of
clean and Renewable Energy Sources (RES). In Europe, the so called 2I-20
targets reved the great effort of the European Union (EU) to reduce the negative
environmental effects due to fossil fuel exploitation. In fact, by means of the 20-
20-20 targets, reported in the Directive 2009/29/EC[3], the EU imposed a 20%
reduction of the GreenHouse Gas (GHG) emissions and of the energy
consumptions with respect to the values measured in 1990and a 20%of the RES
share on the final energy consumption, by 2020. More restrictive targets have
been established by EU for the following years, with the aim to move toward a
competitive low carbon economy in 2050 [4]: in this scenario, mid-term targets
have been imposed to be achieved by 2030n the 2030 Climate and Energy Policy
Framework [5]: 40% reduction of GHG emissions, compared to 1990 level, the
increase of the energy efficiency at least of 27% and the RES share up to 27%.

Residential and service sectors can jay an important role for the reduction of
energy consumptions and GHG emissions, since they are responsible of about
34% of the global energy consumption [6]. Focusing on Europe, in 2016 the final
energy consumption of the residential and service sectors has been of 434 MToe,
corresponding to 40% of the total energy consumptions [7]. In Figure 1.1, it is
possible to appreciate that around half of the energy used by the residential
sector is provided by fossil fuels and only 16% comes from RES[7].

From these data, it is clear that important measures have to be taken, in order
to achieve the European targetsin the next years. In fact, in the last ten years, EU
published a series of Directives, for encouraging the adoption of RES systems,
enhancing the building energy efficiency and reducing the use of fossil fuels, for
both new and current buildings. The European Directive 2010/31/EU [8], known
as the Energy Performance of Building Directive (EPBD), contains the definitions
of minimum level of energy performance for building and heating, cooling and
ventilation (HVAC) systems for both new and current buildings, according to the
PEOUU0wWOXxUDPOEQWEXx*xUOEET 28w, OUI OYT UOQwS$/ ! #wl Yh
(MS) the transition toward the Nearly Zero Energy Building (NZEB) for new
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1.2- NZEB design

buildings within 2020. In 2012 EU issued the Energy Efficiency Directive (EED)
[9] that imposes a renovation rate of at least 3% for the building stock of central
governments of MS, since the current renovation rate in Europe is close to only
1% [10], whilst it has been recognized that around 97% of the European building
stock has to be renovate in order to achieve a decarbonised building stock by
2050[11].

Il Total petroleum products
lGas 12% 8%
IRenewable energy
[ solid fuels

[ IElectrical energy
[ IDerived heat

24%

37%
3%

16%

Figure 1.1 Fraction of energy sources in the residential sector in Europe, in 2016 (from [5]).

1.2 NZEB design

$YI OwbdPi wlOTT Ul wuwbUOZUWEWUOPGUI Owl EUOOODUI E
EPBD 2010 defines NZEB as buildings characterised by a very highenergy
performance, in which the very low energy needs are mainly covered by RES.
These goals cannot be achieved using classical design strategies, based oa
quasi-stationary calculation approach, by means of which energy consumption
assessmeng are obtained considering monthly mean conditions. In fact, NZEB
can be designed only by means of a detailed evaluation of the effect of shadings,
of the different thermal inertia of building elements, of the internal gain profile
and the occupant behaviour (e.g. windows operation, thermostat set-point
control) on the energy needs of a building. In addition, the designers must be
able to characterise properly RES systems, whose performance strongly depends
on variable external conditions (i.e. heat pumps performances depend on the
external air temperature and humidity, photovoltaic systems or thermal solar
collectors by the incident solar radiation and so on). Besides, the adoption of
multi -sources heat generatorsable to use different energy sources introduces the
problem of the automatic selection of the generation system that, in a specific
moment, is able to guarantee the highest performance or the minimum costs or
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Chapter 1 -Context and Objective

the highest exploitation of RES, according to different control strategies. In all
these casesa quasi-stationary calculation approach becomesinadequate for the
prediction of global energy needs of NZEB.

For these reasons,during the last decade more and more designers are
moving from a quasi-stationary approach to a dynamic one for the energy
modellin g of buildings . Actually, dynamic simulations can be used for the
evaluation of passive behaviour of a building, predicting the hourly profile of the
internal temperature in free -running conditions (with no HVAC system in
operation), as an example.

The dedgn phase of a NZEB requires also a detailed comfort assessmentin
fact, energy savings should not lead to a reduction of indoor comfort conditions .
On the contrary, optimal design solutions have to be found in order to save
energy improving , at the sametime, indoor comfort conditions, as it can be done
by eliminating overheating/undercooling periods during the year .

It is clear how NZEB design requires the research of atrade-off between
energy savings, indoor comfort conditions and economical convenience, that
leads the designer to the optimisation of two or more conflicting goals. Multi -
objective optimisation can help the designer to comply with these goals, giving
the important feedbacks about the selection of envelope elements and HVAC
components.

1.3 Dynamic Energy Simulations

The building dynamic energy simulation is an advanced calculation tool
based on specific numerical models by means of which detailed information
about the thermo-energetic behaviour of the whole building -HVAC system can
be obtained. Dynamic simulations are able to give to the designer an accurate
reconstruction of the time v ariation of thermal loads o btained by using adequate
time steps, thanks to the introduction of alarge amount of input data :

1 geometrical information , from orientations and area of each envelope
component for the simpl est model to the coordinates that define each
building component in a three -dimensional cartesian space, required in
detailed models in which the internal radiative heat transfer is evaluated
by means of view factors;

91 thermophysical properties (i.e. thermal conductivity, density, specific heat
capacity, water vapour permeability...) of each layer of massive envelope
element like walls, roofs and floors ;

1 windows properties: optical and radiative glass properties,
thermophysical data for the gas contained in windows cavity and for the
frame;
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{1 thermal zone user profiles: occupancy, internal gains, ventilation profiles,
indoor temperature set-up schedule;

1 performance maps of each HVAC component (look up tables);

1 weather data, like external temperature, vapour pressure, external
humidity ratio, wind v elocity and direction, solar radiation collected with
hourly or sub -hourly frequency.

Contrary to dynamic simulations, models based on a quasi-stationary
approach require less input data: as an example, external conditions are
described by monthly mean values, whilst for envelope elements only the
thermal conductivity is considered among the thermophysical properties. The
typology and the number of input data required by quasi -stationary models are
described in several National Standard, like the UNI TS 11300 in Italy, where
standard profiles for ventilation and internal heat gains can be found.

On the contrary, for the dynamic approach, up to date there is the lack of a
Standard which defines the minimum input data required and where some
standard schedule for the main user profile can be found (in Italy there is only a
draft for a new Standard focused on the base assumptions for building dynamic
energy performance simulations [12]). Moreover, it has to be remarked that all
the input data required by models based on quasi-stationary approach can be got
from technical data sheet, whilst for dynamic models this does not happen. A
common example of this lack of information is represented by the window: for its
description several dynamic models require information about the angular
dependencies of the optical properties, but in common data sheet only aggregate
or mean values are reported, that are enough for quaststationary models. This
lack of standardization of the input data needed by dynamic models leads to two
important drawbacks:

1 Uncertainty of the building description, due to the lack of information;
1 Variability of the input data required by different dynamic models.

In quasi-stationary simulations, internal conditions (i. e. air temperature) in
quasi-stationary simulations are constant input data and from these input data
monthly energy consumption and energy losses through the building are
estimated. On the other hand, in dynamic simulations internal conditions are not
inp ut data, but they are calculated as response to the external and internal (due to
"5 "OQuwxUl Ul OETl woOl wxIl Ooads theustaldaiion bOiktenal |
conditions is possible thanks to the adoption of short time steps and a correct
evaluation of the thermal inertia of the massive building elements in the energy
balance equations. In addition, it has to be remarked that in dynamic simulations
several physical phenomena (i.e. conductive, convective and radiative heat

As for input data, dynamic simulations are characterised by a huge number of
outputs by means of which the dynamic behaviour of the simulated building -
HVAC system is described. The main outputs of a dynamic simulation are:

5
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Air temperature of the thermal zone;

Surface temperature of each envelope component;

Thermal fluxes of each envelope component;

Occupant thermal comfort indexes (i.e. Predicted Mean Vote and
Predicted Percentage of Dissatisfied[13]);

1 Instantaneous values of solar shadings;

1 Thermal power released by the HVAC system to the thermal zone.

Due to important simplifications which characterise quaststationary
simulations, this approach is typically used for the estimation of the energy
consumption of a building considering fixed conditions, with the aim to obtain a
building energy performance certificate. On the contrary, dynamic simulations
are used for voluntary certifications, like LEED (Leadership in Energy and
Environmental Design) certifica te developed by the U.S. Green Building Council,
which considers all the aspect of a building (e.g. economic issues, water
consumption, indoor air quality, energy consumption and GHG emissions) and it
is used for ranking energy and water efficient, healthy, environmentally -friendly
cost saving buildings. Moreover, dynamic simulations are adopted each time it is
required to analyse the behaviour of the building -HVAC system in particular
conditions or for making energetic diagnosis or in the design of high energy
performant buildings or refurbishments.

= =4 =4 A

1.4 Dynamic Energy Simulation Tools

In section 1.2, the three main characteristics of the NZEB design have been
highlighted:

1 Adoption of a dynamic approach instead of the quasi -stationary one for

the analysis of the energy performances;

1 Detailed comfort assessment;

1 Multi -objective optimisation issues (comfort, cost, energy savings).

In order to help the designer to comply with these new goals, a great number
of tools has been developed in the last years. In the Building Energy Simulation
Tools (BEST) directory, previously managed by the Department of Energy of the
United States and now under the control of the International Building Simulation
Association (IBPSA), a list of 181 software tools can be found[14]6 w3 T 1 w! $23z Uw
directory enumerates tools related to the building energy performance
assessment; as reported inAppendix 0w PT T Ul wUT T wUOOOUwWEDBOOI E
directory are listed (except the training and support service tools), these tools
have different capabilities. Not all these tools are able to perform an energy
performance assessment, some of them are related to the weather data analysis
and they are used for making these data available for other software; other tools
are used for collecting data for performing building energy audit, for enabling

6
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parametric and optimisation analysis or for making air flow or detailed

component simulations. Moreover, two kinds of software able to carry out the

evaluation of the energy performance of a building can be found POwUT | w! $2 37
directory: one is based on dynamic simulations of the whole building -HVAC

system (Whole Building Energy SimulatiolWWBES software), the other is based on

energy bills analysis.

Among all these tools, the most interesting for NZEB design are the WBES a
OPUUOI wi UEEUDPOO WOl wEOOWUIT | witeée@olsereisedd U U T E w
for the prediction of the temporal evolution, under unsteady boundary
conditions, of several physical parameters, enabling energy dynamic simulations.
In this way, detailed information about the dynamic behaviour of the building
coupled with its HVAC system are available and the evaluation of the impact of
energy savings measures can be accurately analysed.The main differences
among the WBESare related to:

1 The list of the physical phenomena accounted for (i.e. shading effects,
natural or mixed ventilation, air moisture transport/buffer, illuminance
and so on);

1 The kind of the adopted modelling (i.e. modelling based on lumped
parameters, finite volume or transfer functions);

1 The solver scheme (i.e. minimum time-step allowed, 2- or 3-dimensions
geometry models and so on);

71 Ability to model complex control systems;

1 Possibility to evaluate occupant comfort and behaviour.

Generally, WBES tools do not allow a detailed prediction of comfort
conditions, since the complete control of the local indoor conditions of a thermal
zone needs a detailed reconstruction of the spatial distribution of humidity ratio,
radiant temperature and air velocity among other parameters. To obtain this
goal, a complete Computational Fluid Dynamics (CFD) simulation is generally
needed, with an increase of the computational cost of the whole simulation which
is obtained by coupling CFD and WBESEa w DOUUOE Us®®O WwaH U udD »
concept. This concept describes simulations in which two or more software
platforms are combined together with the aim to obtain detailed information
about the observed system. For these reasons, another importantfeature required
to WBEStools for being used for NZEB design is the ability to share information
during the run -time simulation process with other software: in this way, not only
detailed comfort assessment can be made (i.e. by couplingWWBES tool with CFD),
but also different WBES tools able to analyse only single physical phenomena
could be coupled together and used for NZEB design.

Co-simulation is used also for solving multi -objective optimization problems,
very frequent in the design of NZEB: in fact, WBES tool in some cases is not
directly able to use optimisation algorithms. In these cases, multi-objective
optimisation is obtained by using a specific external software (like

v
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modeFRONTIER [15]) in order to drive the WBES tool through the optimization.
By means of the optimisation algorithm implemented in a dedicated software,
input data of dynamic simulations performed with WBES tool can be iteratively
modified, until optimal solutions are found.

1.5 Time step discretization

The dynamic approach consists in the description of several physical
phenomena by means of transient balance equations. The accuracy of the solution
of these equations depends on the time step discretization adopted, that is related
to the time constant of the analysed system.

As represented in Figure 1.2 a building is composed by a series of elements,
like walls or roofs (indicated as 1 and 2), windows (3) and HVAC components (4
and 5), which are described by different transient equations.

__—

Figure 1.2. Example of elements composing a building-HVAC system, characterised by different
time constants.

Generally, in a dynamic model, a transient equation related to i-th component
of a building or HVAC system hasthe following generalized expression:

d

-—

L= BT € 1)

o

In this equation, T. represents the dependent variable of interest, whilst Bi and
C, are coefficient not depending from T,. As an example, equation (1.1) can
describe the air thermal balance in a thermal zone; in this case T is the air
temperature of the zone, B is the global heat transfer coefficient over the air
thermal capacity and C, representsthe thermal fluxes not depending on the air

temperature, like internal gains or solar radiation, scaled on the air thermal
capacity.
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The general solution of equation (1.1) can be expressed as the linear
combination of the solution associated to the homogeneous equation and a
steady-state particular solution of (1.1) as:

T=Ae"® -% (1.2

where A is a constant that can be determined by means of an initial condition on
T . From this equation, the time constant of the system, ¢, can be derived as1/B,

The time constant indicates the characteristic time interval during which the
system is able to react to a variation of its thermal conditions. Following the
previous example, for the thermal balance of the air of a thermal zone the time
constant is given by the ratio between the air capacity and the total heat loss
coefficient. A similar equation is obtained for the dynamic analysis of massive
envelope elements; again, the time constant of the element is given by the ratio
between its thermal capacity and its thermal transmittance.

However , referring to the two examples described, even if the time constants
have the same definition, as the thermal capacity of the massive element is at
least three or four order of magnitude higher than that of the air, whilst heat loss
coefficients are of the same order of magnitude, time constants asume very
different values. In fact, the time constant related to the heat transfer that affects
the air in the thermal zone is on the order of minutes, whilst heat transfer across
massive elements has characteristic time interval of the order of hours. Therefore,
a dynamic model of a building is composed by a set of very different time
constants (one for each element of the analysed systen). indoor air temperature
has a time constant of minutes, the massive elements of hours, and HVAC
elements, like thermo static valves, are described by time constants of seconds.

As the time constant is a measure of the characteristic time interval of the
considered physical phenomenon, accurate dynamic simulations, which are able
to take into account all the dynamic phenomena involved in a building , must be
obtained by considering a time step discretization lower than the smallest time
constant of the whole system.

Due to the important discrepancy among the time con stants involved in the
building -HVAC system description, building models based on the dynamic
approach can be solved in different ways, depending on the features of the
numerical solver adopted. In detail, numerical solvers are characterised by the
typology of time step (constant or variable) that are able to manage and by the
ability to solve in a single environment several equations adopting different time
steps for each equation.
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Numerical solvers that adopt the same, constant time step discretization for
the solution of the ordinary differential equations are the simplest. In this case,
accurate solutions are obtained if the constant time step is less or of the order of
magnitude of the lower time constant (which describe s the fastest phenomenon).
Nevertheless, usually the time step allowed by the solvers have a lower limit,
which can depend on the models used for the building description. Moreover, it
has to be remarked that, the lowest is the time step, the higher is the simulation
time. For this reason, constant time steps are usually hourly or sub-hourly,
making models based on this kind of solver not suitable for the simulation of
building coupled with controlled HVAC system.

More complex solvers allow the use of variable time step. In this case, the
solver refines the solution reducing the time step discretization if necessary, i.e.
when faster phenomena became dominant on the other slower phenomena. As
an example, when the HVAC system is off, the solver can adopt a time constant
of few minutes, in order to evaluate correctly the internal air temperature
variations, but when the HVAC system is on and the thermostatic valves open,
the solver must be able to refine the solution adopting a time constant of seconds,
in order to describe accurately the transient of the fastest phenomenon generated
by the valve operation. In this way, accurate simulation of the whole building -
HVAC system can be obtained with reasonable simulation time and by assuring
accurate results.

Finally, some numerical solvers are able to solve different equations with
different time step in the same numerical environment. Usually, this typology of
solvers adopts two different time step discretization and equations are divided in
two categories as a function of their time constant: equations related to slow
transients are solved with the higher time step, whilst the remaining equations
(concerning the HVAC system) with the lower one. By means of this kind of
solver, between two consecutive time steps for the slow transients, fast transients
are evaluated several times. In this way, the simulation time is lower than if a
single time step is considered, but the solution may be less accurate, due to the
fact that the coupling between building and HVAC system is simplified, asthe
equations related to the building and the HVAC systems are solved with
different time steps.

1.6 Description of the main WBES tools

After having listed the main characteristics required to a WBES tool for the
NZEB design and having described different numerical solvers adopted for the
solution of set of transients, three specific WBEStools, very diffuse in the thermal
engineering community, are described (ESP-r, EnergyPlus, TRNSYS) in order to
highlight their peculiarities and their suitability for NZEB design.
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1.6.1 ESP-r

ESPr is an open-source software, created in 1974 by the University of
Strathclyde, for the building energy performance modelling. ESP -r is a whole
building simulation software that enables the analysis of the interactions between
envelope, extemal conditions, air flows, HVAC, control systems and comfort
conditions of a building [16]. In ESRr, each physical domain is analysed sub-
dividing it in several sub -volumes, each of them described by mass, momentum
and energy conservation equations. The domain sub-division is controlled by the
user, defining different detail levels. In this way, in the early design phase, a
thermal zone could be analysed as a single volume, in which air is perfectly
mixed, whilst in more advanced design ph ases more subvolumes could be
considered for the same zone enabling the evaluation of air stratification in the
zone. Increasing considerably the number of sub-volumes used for the
description of a thermal zone, CFD analysis is possible, adopting also models for
the descriptions of air turbulent flows (e.g. k -Omodel).

Finite difference method is adopted also for the HVAC system modelling.
Again, HVAC components can be modelled by means of a single volum e or with
a higher number of volumes. Models of the main HVAC systems (solar [17], air
conditioning [18]- [19] or cogeneration plants [20]- [21]) can be found in the ESPRr
Database.

In ESPr, the equations set describing all the physical phenomena considered
However, the different domains of a building are characterised by different time
constants (i.e. envelope elements with higher thermal inertia and higher time
constant compared to HVAC components). For reducing the simulation time, in
ESPRr the modular solver uses different, but constant, time steps for solving
building and HVAC system models. In this way, as an example, the energy
balance equations of a thermal zone can be solved adopting an hourly time step,
and with in this time step, the state of the sub-systems characterized by time
constants lower than 1 hour (i.e. HVAC systems) are evaluated a different
number of times depending on the value of their time constant.

Multi -objective optimisation problems can be solved using ESRr, but only
coupling it to another software that contains optimisation algorithms, as
demonstrated by Padovan and Manzan [23], who coupled the modeFRONTIER
optimisation tool with ESP -r for the optimisation of a PCM enhanced storage
tank in a solar domestic hot water system.

1.6.2 EnergyPlus

EnergyPlus is a modular, open-source software for the building energy
performance modelling, created in 2001 and based on the more detailed sub
routines of two other WBES tools: DOE-2 and BLAST, developed by the US
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Department of Energy (DoE) and by the US Department of Defence (DoD) [24].
The main feature of EnergyPlus is the absence ofuser-friendly Graphical User
Interface (GUI): input data have to be inserted by means of an ASCII text.
Actually, several GUI software, like DesignBuilder and OpenStudio, have been
developed for the data insertion and for the output analy sis by independent
software developers.

EnergyPlus is built around three main modules: the Surface Heat Balance
Manager (SHBM), the Air Heat Balance Manager (AHBM) and the Building
Systems Simulation Manager (BSSM).

The SHBM adopts the Conduction Transfer Function (CTF) method for the
determination of conductive heat transfer through each envelope element and,
consequently, for the evaluation of its surface temperature. In CTF method the
internal surface temperature and the internal heat flux are evaluated as a function
of response factors, external heat flux and external surface temperature. It has to
be remarked that response factors are constant coefficients evaluated once and
depending on the time step selected by the user. Moreover, a limitation of the
CTF method is that only surface temperature (indoor and outdoor) and heat flux
are known, that means that no information can be obtained on the internal
temperature distribution, which is fundamental for the prediction of interstitial
condensation within the envelope elements. For these reasons, in addition to the
CTF method, which is the default method used by SHBM, other algorithms based
on finite difference methods are implemented in EnergyPlus.

The Air Heat Balance Manager is used for the prediction of the internal air
temperature, that is evaluated solving the internal heat balance considering
simultaneously both the convective and the radiative heat transfer mechanisms,
assuming uniform air temperature (perfectly mixed air).

Finally, the Building Sy stems Simulation Manager is used for the simulation
of the main HVAC components. The modelling of HVYAC components is less
detailed with respect to the building envelope description and most of the
components are described by means of inputoutput correlati ons.

The main upgrade of EnergyPlus compared to DOE-2 and BLAST s
represented by the Integrated Solution Manager (ISM) that enables the
simultaneous solving of the three main modules (SHBM, AHBM and BSSM). In
this way, there is a feedback between the calalation made by the HVAC
modules and the loads calculation, that leads to a more accurate air temperature
evaluation. Calculations are performed iteratively: firstly, thermal loads are
evaluated assuming the internal air temperature as a constant equal to the set
point value, then the heat power released by HVAC components to the thermal
zone is calculated, finally the internal air temperature is obtained by means of the
balance between loads and HVAC delivered power.

Since envelope elements and HVAC comporents are characterised by
different time constants, EnergyPlus performs load calculations (depending on
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the interactions between building envelope and the external environment)

considering hourly or sub -hourly (e.g. 15 minutes) time steps, whilst the HVAC

system state is evaluated considering a different, variable time step, that cannot
be defined by the user.

Co-simulations can be easily performed in EnergyPlus by means of the
functional mock -up unit for co -simulation interface [25], enabling detailed
comfort evaluations and indoor air quality assessment, as demonstrated by Dols
et al.[26], who combined CONTAM with EnergyPlus for the evaluation of indoor
contaminant distribution in a multi -zone buildi ng.

EnergyPlus does not provide any tools for managing of multi -objective
optimisation problems. However, these problems can be solved coupling
EnergyPlus with dedicated software, like GenOpt able to be coupled to any
external program that writes input and output files in txt format. An example can
be found in [27], where GenOpt has been coupled with EnergyPlus for evaluating
the optimal PCM -drywall thickness that minimizes the annual energy
consumption of a building in different climate.

1.6.3 TRNSYS

The TRaNsient SYstem Simulation (TRNSYS) program is a commercial
component-based software created in 1975, by the joint work of several research
institutions, like the Solar Energy Laboratory (SEL) of the University of
Wisconsin-Madison, the Thermal Energy Systems Specialist (TESS an
engineering consulting company) and the French Centre Scientifique et
Techinque du Béatiment (CSTB).

In TRNSYS, adynamic model is built around by the adequate link between
EDIi i 130 >Quliieh are subroutines describing a specific component. Several
TRNSYS libraries are available, the Standard one containsTypesfor the modelling
of the main HVAC systems, electrical devices, hydrogen systems, solar energy
systems and buildings. In particular, the building model is represented by a
single Type (Type 56). Generally, the user has to set up the parameters of each
Typeinvolved in the model and to create the connections among the Types in
order to build a system. Since the building description can be very complex and
the number of data required is very high, for Type 56 a dedicate tool named
TRNBuild has been developed for driving the user in the data insertion and in
the linking with the weather data Types

The prediction of internal air temperature and thermal loads of each thermal
zone is performed within Type 56, assuming a single air node for each thermal
zone; in other word s, the internal air is assumed to be perfectly mixed and no
local information about the air temperature distribution in the zone is available.
The temporal evolution of the surface temperature of an envelope component
and the conductive heat transfer are predicted by means of constant coefficients
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evaluated by means of the Mitalas transfer function method [28]. The number of
these coefficients depends by a user parameter: the time base. The default value
of the time base is one hour, whilst for heavy envelope component higher values
are suggested. It has to be remarked that the timebase is used only Pr the
evaluation of these parameters and it can differ from the fixed simulation time -
step, set by the user. However, the time step cannot be greater thanthe time-base
value [29].

Co-simulation is a very important method used for overcoming TRNSYS
limitations. As an example, in TRNSYS the adoption of a Transfer Function
Method for the modelling of the conduction within building element s does not
allow the prediction of the temperature distribution and of the hygroth ermal
behaviour of these components. Ferroukhi et al.[30] solved this problem coupling
COMSOL to TRNSYS, by means of Matlab; in this way the authors were able to
predict the hygrothermal behaviour of the building and to evaluat e mould health
risk. Moreover, since a thermal zone is described only adopting a single air node,
indoor air quality assessment (i.e. air temperature and contaminant distribution)
becomes possible only by coupling TRNSYS with CFD software: as an example,
Fan et al.[31] coupled ANSYS/FLUENT with TRNSYS for the evaluation of the
indoor air quality and of thermal performance of a building in which a recovery
ventilation system is used. Finally, co-simulation is used also for solvin g multi -
objective optimisation problems; TRNSYS input and output files are compatible
with GenOpt tool [32], but other platf orms can be successfully used like Matlab
[33] or the MOBO tool [34].

1.6.4 Limitations and comparison of the main WBES

In the previous sections, the main characteristics of three popular WBEStools
have been described, focusing on ther capacity to meet the key features of NZEB
design (dynamic approach, detailed comfort assessment, multi-objective
optimisation problems). Since a common aspect of allWBES tool is to adopt a
dynamic approach (even if with a different detail level) for the energy calculation
of a building -HVAC system, Table 1-1 highlights the different ability of the three
popular WBES toolsto perform detailed comfort assessment and to solve multi -
objective optimisation problems in stand -alone configuration. In addition, the
typology of time step discretization (F means fixed, V variable) adop ted during
the simulation is reported.

Table 1-1. Main features of ESRr, EnergyPlus and TRNSYS.

WBES Detailed comfort assessment  Optimisation problems Time step
ESPr | n X 2-F
EnergyPlus \ X X 2-F-V
TRNSYS | X X 1-F
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As reported in Table 1-1, detailed comfort assessments are possible only using
ESRr, among the considered WBES tools This is due to the fact that ESP-r is the
only software able to sub-divide a thermal zone in several sub-volumes; in this
way, the air temperature distribution and, consequently, the spatial dis tribution
of comfort conditions can be predicted. On the contrary, in TRNSYS and
EnergyPlus thermal zones are described by means of a single air node, so that a
single mean air temperature can be evaluated and temperature distribution in a
thermal zone can be obtained only by means of casimulation with CFD software.

Co-simulation is also the only way to solve multi -objective optimisation
problems for the three WBES considered here. The need of cesimulation for
meeting the key features of the NZEB design represents a critical drawback of
these tools the need of several software can lead to an ircrease of the investment
costs for the software license; moreover, expertise in all the coupled software is
required, limiting the number of users able to perform these kinds of analysis.
Finally, compatibility issues of different software and limitations due to the high
computing time and difficulties on the handling of data exchange at different
time steps cannot be neglected.

From Table 1-1 it can be noted that ESRr and EnergyPlus adopt two different
time step discretization: the bigger time step, defined by the user, refers to the
time discretization for the evaluation of thermal zone loads and temperature s,
whilst the lower time -step, that cannot be defined by the user, is related to the
time discretization for the prediction of the HVAC system behaviour. The time
step defined by the user is fixed and generally it ranges from few minutes to one
hour; on the contrary, the second time step is fixed for ESPr and variable in
EnergyPlus. The use of two different simulation time steps for the evaluation of
the dynamics of envelope and of HVAC systems represents a trade-off between
accuracy and simulation time: in this way, the HVAC system s state is evaluated
several times keeping constant the envelope state. On the other hand, TRNSYS
adopts only a fixed time step for both envelope and HVAC systems analysis.
Keeping in mind the observations about fixed and variable time steps described
in section 1.5 it can be assessed that EnergyPlus allows the most accurate
evaluation of the building (envelope and HVAC systems) behaviour, followed by
ESRr, whilst TRNSYS seems the most inaccurate. However, as remarked by
Wetter [35], in traditional dynamic simulation software , like TRNSYS or
EnergyPlus, the building and HVAC model is based on numerical solution
algorithms that use discrete time representation of the building envelope
dynamics that does not allow time step of the order of seconds, which is the
typical time domain of the control system dynamics. That means that, in all the
cases, the temporal evolution of the HVAC systems is not accurately simulated
by these tools.

Finally, another important issue is the possibility to upgrade the WBEStool by
adding new features by means of new components. Even if open-sourced codes
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(i.e. ESRr) and TRNSYS allow the creation of a new model, only user with high
numerical skills can successfully attempt this effort, due to the specific program
language adopted by each tool. The possibility to upgrade a tool in a simple way
is another important feature required to a WBES tool in order to improve the
diffusion of these tools among the designers.

In conclusion, the analysis of the most popular WBES tools puts in evidence
the presence of three critical issues that can limit the diffusion of this approach
among the NZEB designers: (i) the need of cesimulations involving different
numerical tools for a complete analysis of a building -HVAC system, (ii) the
different level of accuracy of the modelling of controlled systems linked to the
limitations on the adoptable numerical time steps and (iii) the low level of
customization of these tools.

1.7 Matlab/Simulink building performances simulation libraries

During t he last ten years a series of tools for dynamic simulations on energy
building performances based on customized libraries developed for Simulink, a
computational platform for multi domain simulation of dynamic systems
integrated in Matlab, has been proposed. The choice of Matlab/Simulink as a
framework for the development of libraries for building performance simulations
is motivated by the main features of this computational environment .

First of all, Simulink contains a set of state-of-the-art Ordinary Di fferential
Equations (ODE) solvers that allows the modelling of dynamic continuous,
discrete and hybrid systems in which the time -dependent governing equations
can be solved in time by using both fixed or variable time steps. Moreover,
default libraries composed by blocks for the modelling of the most common
controllers are already present in Simulink. New libraries consisting of
customised blocks can be easily implemented in Simulink, since Simulink adopts
a graphical programming language, making the model development intuitive
even for users without a specific expertise in complex language programming
(i.,e. C or Fortran). In addition, as Simulink is integrated in Matlab, all Matlab
toolboxes can be used in Simulink, enhancing Simulink modelling capabilitie s.
Furthermore, Matlab is equipped with many tools that can be used for solving
optimisation problems: Optimisation Toolbox and Global Optimisation Toolbox
can be used for solving multi-objective optimisation adopting different
algorithms (like Genetic Alg orithm, Particle Swarm Algorithm or Linear Search
Algorithm). Besides, the advanced features of Matlab for post processing can
help the designers to have a better understanding of the simulation results .

Finally, the problem due to the long simulation tim e required for a single
annual simulation for complex models, that can make optimisation problems
unaffordable [36], can be overcame in Matlab reducing the complex model to a
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simplified one (meta-model) by means of several toolboxes, like the System
Identification Toolbox, the Neural Network Toolbox, the Design and Analysis of
Computer Experiment (DACE) Toolbox or the Statistics and Machine Learning

Toolbox, as demonstrated by Prada et al.[37].

From this brief description of Matlab capabilities, it becomes evident how all
the main problems evidenced by the most popular WBES tools (co-simulation,
optimization and customization) can be solved by using Matlab/Simulink as
framework for the development of a specific blockset devoted to the analysis of
energy building performances. In fact, the need of co-simulation for having more
detailed information about air temperature distribution in a thermal zone can be
solved in Matlab by considering the possibility to model all kind s of equations
within this computational platform; furthermore, optimisation problems can be
managed by using dedicated Matlab toolboxes which can easily recall Simulink.
In addition, the native capability of Simulink to use variable time steps, even in
the order of seconds, and the presence of blocks devoted to the modelling of the
most diffuse control systems makes it a suitable platform for the analysis of the
PEUPOE®OT» w UauUl OOw i DOEOOGaOw UT1T w 2HpOUODLOC
language facilitates the creation of new customized blocks even to users without
specific skills in computational languages.

For these reasonsMatlab has been individuated as a promising environment
for developing a comprehensive tool for dynamic simulations of complete
2EUDOE®DOT>2 w U atylday thuthors (Morini and Piva [38]- [39] and
Ahmad et al [40]).

In the past, several building perform ance Simulink libraries, like SIMBAD,
CARNOT, IBPT and HAMBASE have been proposed, but, up to now, a series of
issues have limited their diffusion. In the following paragraphs, a summary of
the main features of these software (and their main drawbacks) is presented.

1.7.1 IBPT

The cooperation of the Building Physics research groupsof Chalmers
University of Technology in Gothenburg (Sweden) and the Department of Civil
Engineering of the Technical University of Denmark in Copenhagen led to the
development, in 2002, of the International Building Physics Toolbox (IBPT). The
IBPT toolbox is an open source and free of charge Matlab toolbox that contains a
Simulink library. Since the focus of IBPT is the Heat, Air and Moisture (HAM)
transfer analysis in buildings, the IBPT Simulink library is composed by detailed
dynamic models of the envelope elements, but heating/cooling systems are
roughly modelled, neglecting the heat generation and the hydraulic loop
presence. However, as an open souce toolbox, new and customized blocks can
be easily developed, adopting the data exchange formats (seven different data
arrays) defined in the main documentation of the toolbox [41].
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Nik et al.[42], used IBPT for the evaluation of hygrothermal performance and
mould growth risk in ventilated attics considering possible climate change in
Sweden; IBPT has been used alsoby Kalagasidis [43] for the evaluation of
thermal perfor mance of phase change materials in buildings and by Muresan et
al. [44] for the study of the impact on energy consumption of a radiant floor
heating and a panel radiator.

The main drawbacks of IBPT are related to the manual data block insertion
and the building model development, that is achieved by the manual link of IBPT
library blocks. These two features make the data insertion and the model
development the most problematic step of the design phase. Moreover, the
adoption of a fixed time -step required by the finite control volume method used
for the evaluation of one-dimensional HAM transfer among the walls [45] limits
the possibility to analyse accurately the control system behaviour in affordable
simulation time. Finally, the thermal zone models implemented in IBPT do not
allow the evaluation of indoor air temperature spatial distribution, that can be
determined only by means of specific co-simulations involving CFD.

1.7.2 CARNOT

The Conventional And Re newable eNergy Optimization Toolbox (CARNOT)
blockset is a Simulink library developed by the Solar Institute Juelich and
commercially available since 1999 [46]. The development of CARNOT was
initiated by financial support of Viessmann GmbH, one of the most popular
German manufacturer and market leader of house heating equipment. However,
the success of thisnumerical tool has been scarce as proved by the actual limited
diffusion of this library (limited to German countries).

By means of the CARNOT blockset detailed HVAC system modelling is
possible: the modelling of the hydronic loops is obtained thanks to pre -set
dynamic models of pipes, valves, pumps and flow mixers/diverters, as well as
boilers, solar collectors, chillers and heat pumps models, emitters and storage
available in CARNOT. In order to simulate accurately heating/cooling systems,
CARNOT allows the use of variable time step, that can decrease to subsecond
range enabling the study of highly dynamic systems, as controllers.

The CARNOT blockset has been mainly used for the evaluation of the HVAC
systems energy performances: solar air collector have been consideredby
Delahaye et al.[47]; Ochs et al.[48] analysed heat pumps coupled to ground heat
exchangers, whilst facade integrated micro-heat pump in combination with
mechanical ventilation with heat recovery are studied by Dermentzis et al.[49].

In addition to the set of blocks representative of the most important HVAC
devices, in CARNOT only simplified blocks for the building modelling are
available up to now. This represents an important drawback of CARNOT, since a
correct evaluation of the integrated building -HVAC system can be achieved only
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by means of a detailed building and HVAC system modelling. Moreover, the

absence of a detailed building model that enables the evaluation of the spatial
distribution of the indoor air temperature leads to th e need of casimulation in
which CFD models are involved. Last but not least, another critical aspect of this
Simulink blockset is related to the model creation which requires a heavy input

phase obtained by connecting manually the different blocks and by using input
data lists contained in specific Matlab scripts.

1.7.3 HAMBASE

The development of the Heat Air and Moisture model for Building And
Systems Evaluation (HAMBASE) starts in 1987 with the publication of ELAN
[50], a model for the calculation of the indoor air temperature and of the heating
and cooling energy needs in multi-zone buildings. Later, de Wit developed a
separate model for the simulation of the indoor air humidity, called AHUM  [51].
Only in 1992 these two models were combined in the WAVO model [52] and
implemented in the Matlab environment; several upgrades follow, according to
the evolution of Matlab capabilities, and in 2004 the WAVO model is definitively
renamed HAMBASE [53]. There are three versions of HAMBASE: the HAMBASE
continuous model, the HAMBASE_R model used for research purpose, in which
finite differences discretization is adopted , and HAMBASE_S in which Simulink
is used ascomputational environment.

The peculiarity of HAMBASE_S is that the implementation in the Simulink
environment enables the detailed evaluation of HVAC installations and of the
control systems. In order to reduce the simulation time, the evaluation of heat
fluxes through the envelope are performed considering a constant time step,
generally of one hour, whilst the HVAC system behaviour is estimated according
to a variable time step. In this way, highly dynamic systems are accurately
simulated, slightly red ucing the envelope behaviour accuracy, in limited
simulation times.

HAMBASE has been mainly used in problems focused on the control systems
behaviour: as an example, Schellen and Van Schijndel [54] determined the
optimal set-point control for an all -air heating system in a church with the aim to
minimize the moisture negative effects on a monumental wooden organ . More
recently, by means of HAMBASE several control methods have been analysed
with the aim to reduce the energy consumption for heating and cooling in NZEB
increasing the energy selfconsumption [55].

As for the previous toolbox based on Simulink, the main drawba ck is
represented by the creation of the building modelling, since the input data for the
building description are inserted by means of a series of specific m-files, and
blocks have to be manually linked each to other. Moreover, air and moisture
spatial distribution within a thermal zone can be in principle obtained only
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coupling HAMBASE with CFD models, as done by Schellenand Van Schijndel
[54], where HAMBASE has been coupled with COMSOL.

1.7.4 SIMBAD

The SIMulator of Building And Devices (SIMBAD) toolbox is a commercial
Simulink library mainly addressed to the simulation and the test of HVAC
control systems, developed by the Centre Scientifique et Technique du Batiment
of Marne la Vallée (France) since 199756]. The toolbox has a modular structure
and the library is composed by models for the simulation of the main HVAC
devices, from the heat generation subsystem (boilers, solar collectors, heat
x UOx U0 AwUOwWUT 1 wUUOUET | OWEPUUUPEUUDPOOwWmDEIT 6 w:
In addition to the se models, the toolbox is composed by different thermal zone
models, characterised by a different detail level in the description of building
heat transfer phenomena. In particular, a thermal zone can be modelled
considering a single air node or sub-dividi ng the zone into several volumes,
enabling the analysis of air temperature stratification [57].

One of the main peculiarities of the SIMBAD toolbox concerns the creation of
the building model and the data input phase. Until 2005 , it was possible to model
multi -zone buildings only by manually coupling several mono -zone blocks. Since
this procedure has been recognized as an important source of mistakes, El
Khoury et al [58] developed, in Visual Basic environment, SIMbad Building
Description Interface (SIMBDI), a graphical user interface that allows the user to
draw the building and to enter all input data interactively. By means of SIMBDI,
the user is driven during the introduction of the input parameter s; the program
automatically usesthe input data in vectors and matrixes needed by the SIMBAD
multi -zone building model for the solution of the set of the governing equations .
In this way, the complete model of a building -HVAC system can be easily
obtained even by users with limited knowledge of Simulink.

Nevertheless, the weak point of the SIMBAD toolbox is still represented by
the building modelling. In fact, even adopting the most detailed building model
available, some important simplifications are pre sent: as an example, in the
window model, the window solar transmittance and absorbitivity are assumed to
be constant, whilst they depend on the angle of incidence of the solar radiation
[58]. For this reason, Riederer et al. [59] proposed a procedure for coupling
TRNSYS with SIMBAD, by importing TRNSYS building model in Simulink, and
then adopting SIMBAD HVAC models. However, since both TRNSYS and
SIMBAD are commercial software, this solution is economically very expensive.

Thanks to its ability to model and simulate new control systems, SIMBAD has
been recently used for the development and the evaluation of the performance of
different control strategies like the supervisory control strategy based on
feedforward neural networks proposed by Ahmed et al [60], or the Global Model
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Based Anticipative Building Energy Management System (GMBA -BEMS), whose
goal is the minimisation of the daily energy cost without affecting ther mal
comfort conditions [61].

1.8 Constraints of Matlab/Simulink libraries

In the previous section, four Matlab toolboxes for the building energy
performance simulation, developed in the Simulink environment, have been
described. As indicated by Table 1-2, all these tools, except IBPT, adopt ODE
solvers that enable the use of variable time steps. The diffeent time step
discretization adopted by IBPT reflects the specific focus of IBPT compared to the
other toolboxes. In fact, IBPT contains detailed building models, but simulates
HVAC system roughly, considering only the emission sub -systems; on the
contrary CARNOT, HAMBASE_S and SIMBAD are more focused on the HVAC
systems and on their control systems, considering only simplified building
models.

Table 1-2. Main features of Simulink toolboxes for building performance simulation .

Use of variable Building data L
Toolbox . . . Limitations
time step insertion
IBPT \ No Manual Rough HVAC system models
CARNOT \ Yes Script Simplified building model
HAMBASE_S Yes Script Adoption of .ho.urly fixed t|.me step for
building evaluation
SIMBAD \ Yes GUI Simplified building model

The main constraint that limits the diffusion of these Simulink libraries is
represented by the creation of the building model in Simulink and the input data
insertion. As can be seen in Table 1-2, the building data insertion is done
manually in IBPT, whilst in CARNOT and HAMBASE_S data are written in a
script. However, the more complex is the building, the greater is the possibility to
make mistakes during the compilation of the input m-files Only in SIMBAD a
graphical interface has been developed for helping the user to describe the
building. Nevertheless, for all these libraries, blocks have to be connected each
other manually, making the generation of the complete model very time
consuming and requiring to the user a good expertise in Simulink.

1.9 Thesis outline

This Thesis deals with the description of a new open Matlab toolbox,
developed in the Simulink environment, called ALMA Building Energy
Simulation T oolbox (ALMABEST). ALMABEST has been developed with the aim
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to remove the main constraint that limit the diffusion of Simulink libraries in the
building performance simulation field : the building modelling.

In Chapter2 ALMABUuUIld , which is the tool of ALM ABEST dedicated to the
building modelling and represents the focus of this dissertation, is presented. In
Chapter?2 it is evidenced that, contrary to the other tools based on Simulink,
ALMABUIld is composed by a Simulink library and by a set of Graphical User
Interfaces (GUIs). lllustrating the steps for the creation of the building model
driven by GUIs, the benefits due to the use of GUIs, in terms of easiness of the
data insertion and the automatic implementation of the building model in the
Simulink desktop, are emphasized Moreover, the main blocks of the
ALMABUIld library are described , given details on their mathematical models
and remarking the connections to the other ALMABuild blocks, listing the input
and output bus signals required.

Chapter 3deals with the validation of ALMABuild obtained following the
BESTEST procedure This procedure used for the benchmark of the main WBES
tools available in the market, consistsof three steps: (i) analytical validation; (ii)
empirical tests and (iii) interm odel comparison. Results of thesethree benchmark
steps are reported and discussed in particular , performing the third step, which
consists in the comparison of the numerical predictions of the testing to the
results obtained by a set of reference softwae for univocally -defined cases, the
BESTEST procedure has been critically analysed,emphasizing the need to
periodically update the set of reference software for obtaining an accurate state-of
the-art validation procedure. Therefore, in Chapte 3 are described the
benchmarks of ALMABuUIild carried out by running it against EnergyPlus and the
new hourly model proposed by the EN ISO 52016 [62].

The description of detailed models, implemented in ALMABuild in addition
to the simple model, for solving the thermal balance of a zone, enabling the
evaluation of the spatial distribution of the radiative, air and operative
temperature within a zone is reported in Chapter 4. Furthermore, the application
of these detailed models is exlored by means of two case study. The first case
study deals with the determination of the effects of six different heat emitters
(from radiant floor to all -air systems) to the indoor local comfort conditions
during all the heating season, considering two different envelope insulation
levels. On the other hand, in the second case study,the impact of the indoor
temperature sensor position on both indoor local comfort conditions and emitter
dynamics is evaluated for two different radiator sizes and three different control
strategies by means of numerical simulation s for the heating season

In Chapter5 the use of ALMABEST coupled to the Matlab Optimisation
Toolbox is explored by means of five casestudies. In particular, four single -
objective optimizations are performed to find the optimal building configuration
(modifying different parameters) that determines the lowest total annual energy
consumptions. By adopting the Brute forcemethod, the solution found by the

22



1.9- Thesis outline

optimization algorithm is verif ied. In addition, before running the optimization
algorithm, few numerical simulations are performed with the aim to evaluate the
dependency of the output parameter to the input one. Finally, a multi -objective
optimization is carried out with the aim to op timize two contrasting goals:
minimization of the energy demand and maximization of indoor comfort
conditions. By means of this casestudy it is demonstrated how the analysis of the
dependencies of the objective functions to the input parameters can lead to a
reduction of the design parameter space speeding up the optimization
calculations.

The occupant interactions with the building and their implications on the
energy consumptions and indoor comfort conditions are the focus of Chapter®6.
More in detail, in Chapter6 windows operations (openings and closings) due to
the occupant are considered. Analysing the sensitivity of both heating energy
consumptions and indoor comfort conditions t o different building parameters
(like the window typology, shadings, insulation thickness ) it is evidenced that a
lower sensitivity of the objective functions to the design parameters is obtained if
the occupant behaviour is taken into account. Moreover, multi -objective
optimizations are performed both considering and neglecting the occupant
behaviour, highlighting the influence of the occupant behaviour on the Pareto
frontiers. Furthermore, a robustness index, that evaluates the sensitivity of
objective functions to the occupant behaviour, is proposed and adopted for the
definition of building configurations occupant -free (i.e. building configurations
whose energy and comfort performance are not affected by the occupant
behaviour).

Finally, general conclusions on this work are presented in addition to future
developments of the ALMABUIld library.
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CHAPTER

TWO

ALMABUIld description

Abstract

ALMA Building Energy Simulation Toolbox (ALMABEST) is the Matlab toolbox
developed in this PhD Thesis operating in the Simulink environment for the simulation
of the behaviour of coupled building -HVAC systems under dynamic thermal
conditions. ALMABEST is composed by two libraries: ALMABuild and ALMAHVAC,
that are used for the modelling of buildings and of the main components of HVAC
systems, respectively. Both ALMABUuild and ALMAHVAC are composed by a series of
Simulink blocksetsand by a set of Graphical User Interfaces (GUIs).

This Chapteris focused on the description of ALMABUIld; by the illustration of the
procedure for the creation of a building model by means of ALMABUuIld, the
ALMABUuUIld rationale and the main advantages linked to the use of Graphical User
Interface (GUI) are emphasized. The description of the main blocks of the ALMABuild
library is presented. The main feature of ALMABUIl d consists in the development of a
series of m-files that, thanks to a series of GUIs, automatically implements the buildi ng
model in the Simulink desktop . These m-files enable to recall automatically blocks from
both Simulink and ALMABUIld libraries . The blocks are properly link ed each other by
the m-filesand specific parameters are set in an automatic way. In this way, the creation
of the whole building modelling driven by these GUIs becomesfast and safe, with a
reduced probability to make mistakes for non-expert users.
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2.1 Simulink environment and ALMABEST library

Simulink is a graphical programming environment, developed in Matlab, for
the modelling of multi -domain dynamic systems. The main characteristic of
Simulink is the creation of dynamic models by means of an intuitive
programming language based on a series of blocks which are coupled each to
other thanks to graphical links. Simulink is based on a library of blocks ets, shown
in Figure 2.1. Each blocksetis focused on a specific aspect and it § composedby a
series of elementary blocks: as an example, in theSourcesblockset input blocks
useful for the creation of constant or time-dependent signals and blocks which
recall variables defined in the Matlab workspace can be found. In the Math
Operationsblockset all the blocks that enable the main mathematical operations,
(i.e. sum, subtraction, product and division ) among signals are collected.
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Figure 2.1. Simulink library.

Simulink is mainly used for its ability to easily solve systems of time-
dependent ordinary differential equations. As an example, equations expressed

as:

LIS S 2.1)
dt

where A and B are coefficients that can depend by several parameters,can be
easily managed in Simulink by using a series of elementary blocks,as shown in
Figure 2.2.
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T
Product
+ s

Add Integrator Goto

Figure 2.2. Example of a simple model implemented in Simulink.

For sake of clearnessthe dependent variable (signal T) is the output of the
Integratorblock. T is connected to the Productblock by recalling it s value from the
output of the Integratorblock by means of aGotoblock linked to a Fromblock. In
this way, the direct link between the Integratorand Productblocks is avoided and
no graphical links are present in the Simulink desktop . Moreover, in Figure 2.2 it
can be noted that two kinds of blocks can be found in the model: white blocks are
the elementary blocks available in the Simulink library, whilst green blocks are
customized subsystems, which the user can build by means of elementary blocks.
Customized subsystems can be created as well as customized libraries; in this
way a Simulink model can be developed linking blocks originated from different
libraries. In Simulink, a complete building model can be easily obtained by
means of blocks linked to differe nt building elements. This is the main idea of
ALMABEST, where customized subsystems are used for the modelling of
buildings and HVAC systems .

In Figure 2.3 the hierarchical structure of ALMABEST can be appreciated.
ALMABEST is composed by two libraries : ALMABuild, used for the building
modelling, and ALMAHVAC, adopted for the simulations of HVAC
components. Each library consists of specific blocksetdevoted to specific aspects
(i.e. weather data collection, thermal balance of the envelope elements and so on)
which are composed by a series of subsystem. Finally, each subsystem containa
set of elementary blocks that are related to specific aspects of the building
modelling.
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Figure 2.3. ALMABEST hierarchical levels.
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2.2- Development of the building model

2.2 Development of the building model

Starting from the blocks contained in the ALMABEST library (an overview of
the ALMABEST library is given in Appendix Q, the model of a building coupled
with its HVAC system can be implemented in Simulink by selecting from the
library a series of specific elementary blocks, properly linking each to other and
by setting for each block the required parameters. In this way, the user can easily
implement in the Simulink desktop a complex building model without to be
called to develop new subsystems. This job can be done even by users with
limited expertise about numerical solvers.

+ 1 Utp Umplement in Simulink the dynamic mod el of the building
represented in Figure 2.4. This building is composed by two floors; in the first
floor two thermal zones (i.e. bathroom and kitchen) can be found, whilst the
second floor consists of a single thermal zone,i.e. bedroom.

HHT T

bedroom second floor

“““““

“““““

l kltchen

F T ! first floor
roo

Figure 2.4. Plant of a two-stage building.

In Figure 2.5 the model of the two-stages building implemented in the
Simulink desktop by means of the ALMABEST library is represented. In Figure
251t is evident that the structure of the building model , shown in the Simulink
desktop, is built around four different kind s of subsystems:

1 The Climatic Datasubsystem (in green in Figure 2.5);

1 The ThermalZonesubsystems(in yellow in Figure 2.5);
1 The Intersectionsubsystem (in red in Figure 2.5);

1 The HVAC subsystem (in white in Figure 2.5).

In the Climatic Datasubsystem the weather data, like external air temperature,
wind velocity and incident solar radiation, are evaluated and aggregated in
defined bus signals.
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Figure 2.5. Simulink model of the two -stage building developed by means of ALMABEST.

In the Thermal Zonesubsystem the thermal balance of a zone is solved and the
indoor temperature and the heat fluxes which are present in the thermal zone are
calculated. On the contrary, the Intersectionssubsystem allows to model the heat
transfer across the envelope elementswhich separate different thermal zone s (i.e.
partition walls between bathroom and kitchen and the ceiling that divides the
first floor from the secondone). Finally, the HVAC subsystem contains the model
of the HVAC sy stem. Observing Figure 2.5, two kind s of wires can be noted. The
solid black wires are used for a direct connection between two subsystems This
is the case of theHVAC subsystem, whose output ports are linked to the input
ports of the Thermal Zonesubsystems determining the coupling between the
building and the HVAC system. On the contrary, the dashed wires in Figure 2.5
(not represented in the Simulink desktop ) evidence the connections performed by
using the Gotoand From blocks. As emphasized by Figure 2.5, Goto and From
blocks are usedto share the weather data defined in the Climatic Datasubsystem
to the Thermal Zonesubsystems as well as for coupling the Thermal Zone
subsystemswith the blocks contained in the Intersectionssubsystem. In this case
double arrow wires are represented in Figure 2.5 in order to stress that the
envelope elements contained in the Intersectionblock are part of the thermal
zones (bidirectional exchange of signals among the blocks).

In the building model created with ALMABEST, Gotoand From blocks are
widely used, in order to eliminate from the Simulink desktop a series of wire
connections among the blocks useless for the comprehension of the model In this
way, the clearness of the modelis preserved.
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2.3 Bus signals used in ALMABuild

In the Simulink building model rep resented in Figure 2.5 the signals
exchanged between blocks by direct link (solid wires in Figure 2.5) or by means
of the From and Goto blocks (dotted lines) are generally composed by many
parameters. Due to the huge number of scalar values that are required by the
ALMABEST blocks, the signals exchanged among the blocks are grouped in a
series f EUUUOODP & T Eluthi€why ladlear layout of the building model
can be obtained in the Simulink desktop. In Table 2-1, the main bus signals used
in ALMABUuIld are listed together with the general information that they provide
The reader can find in Appendix Ba complete description of all the different buses
used for the block connections in ALMABEST.

Table 2-1. ALMABUuIild bus signals.

Name of the bus signal Collected information
Weather Data Bus Ambient conditions
Sun bus Sun conditions
Solar Radiation Bus Components of incident solar radiation

Air and mean radiant temperature
of the thermal zone
Temperature of internal and external
surface of envelope element

Power bus Heat fluxes
Thermal flux and airflow due to
Ventilation

Temperature zone bus

Superficial temperature bus

Ventilation bus

As it can be seen by Table 2-1, each bus collects information related to a
xEUUPEUOEUwx| aUPEEQWEUx]T EQwpb6]l  wOUUEOOUWE
EOOx OOl OUwmpbdl dwli OY1 OOx1 wi Ol O Gnite®dbwd) T 1 UOE (
signals are used not only in ALMABUuIld, but also in other Simulink based tools
described in Chapter 1like SIMBAD, HAMBASE and CARNOT. In order to
obtain the possibility to link other Simulink libraries with ALMABuild,
conversion blocks able to translate customized bus of Simulink tools to
ALMABUuUIld buses and vice versa are provided in the ALMABuild library. In
particular, due to a collaboration with the research teamUnit for Energy Efficient
Building of the University of Innsbruck (Austria), the ALMABuild library
contains blocks that converts the CARNOT S-vectorto the Power busand the
Ventilation bus of ALMABuild . In this way, it becomes possible to couple
ALMABUIld blocks with the CARNOT ones. However, it should be remarked
that conversions block can be easily developed also for coupling ALMABUIld
with other Simulink -based tools, by removing all the constraints to the diffusion
of this new tool .
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2.4 Building model in ALMABuild

The ALMABUIld library, which is represented in  Figure 2.6, is composed by
three main blocksets: Climatic Data, Building Componentand Tools

The WeatherData blockset consists of blocks thatare useful for the calculation
of weather-related physical entities, like the incident solar radiation , or for the
upload of external weather data (i.e. Test Refeence Year of a specified site)in the
Simulink project.

The Building Componenblockset is composed by elementary dynamic models
of building envelope elements (walls, roofs, win E O b U.0 X

Finally, blocks for the evaluation of comfort conditions in a thermal zone and
other blocks used for the building modelling are collected in the Toolsblockset. A
description of all the elementary blocks which are present in the ALMABuild
library is reported in Appendix C.

Weather Data Building Components Tools

Figure 2.6. ALMABUIld library main level.

The model of a building, even if simple, is always obtained by using a large
number of blocks. In Figure 2.7 the blocks involved for the description of a
thermal zone (i.e. Bedroom) are shown. For the description of a thermal zone, a
series of blocks linked to the single envelope elements (walls, roOf 6 AWE Ul wUUI Eu
together with a block able to make the balance of the heat fluxes present in the
zone. In ALMABUIld, s ince blocks concerning different typologies of envelope
elements require different data (i.e. wall stratigraphy or optical and gap gas
properties for windows ) and each envelope element of the building differs to the
other in terms of exposition (i.e. internal, external or to ground), slope (i.e.
vertical, inclined or horizontal) and area , a large amount of parameters must be
set for each elementary block composing the building model. As it is shown in
Figure 2.7, in the Simulink desktop a complete model is characterised by a large
number of blocks and wire s by means of which the data are exchanged among
the blocks. Therefore, the possibility to make mistakes during the manual
implementation of blocks and wires becomes very high. In addition, the building
model construction becomes time consuming in case of a complex building
geometry.

These kinds of problems are common to the tools for dynamic energy
simulations based on Simulink environment. In fact, as dscussal in Chapter 1
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when analysing the constraints of WBES tools based on Simulink, the data
insertion in these tools is usually obtained manually or by means of m-files
except in SIMBAD where a series of GUIs is adopted for the introduction of the
input data. In ALMABuild, like in the last versions of SIMBAD, the introduction
of the building input data is obtained by means of Graphical User Interfaces
(GUIs), developed in M atlab. However, the main advantage of ALMABUuild with
respect to SIMBAD is that the creation of the Smulink model is completely
automatized. In addition, in ALMABuild a series of specific interfaces have been
developed to allow to the user to modify the input data, adding or erasing
elements or thermal zones

Qdot|

Q_HVAC
Qvent|

Bedroom

Figure 2.7. Example of models that compose aThermalzoneblock.

Starting from the main interface of ALMABuIld, represented in Figure 2.8, the
user is driven towards the construction of the building energy model by a series
of specific interfaces, each one linked to a specific aspect of the building
modelling.
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ALMABUild: NEW PROJECT

Project Name :

Wheater Data Add Structure Add Floor
Add Window Shutter and Curtains Orientation

Shadings Thermal Zone Thermal Zone Properties

SAVE ALL DATA |

| CREATE THEMODEL
Figure 2.8. ALMABuild main in terface.

Now, following the procedure driven by the GUIs, the implementation of the
building model in Simulink is described together with the rationale of the main
ALMABUild blocks.

2.5 Weather data

The first step for the creation of the building modelling d riven by the
ALMABUIld GUIs consists in the definition of the weather data. By means of the
Weather DataGUI, the user can import the weather data from the METEONORM
database[63] or, only for Italy, from the CTI database[64] selecting the location
of the building. In addition, the user can define the solar albedo of the location. In
this way, all the weather information are imported from weather database and
collected in a Matlab structure, labelled Ambient Data

Information collected in the Ambient Dataare managed by the elementary
blocks composing the ALMABuild Weather_Datablockset. As it is shown in
Figure 2.9, the Weather_Datélocksetis composed by two kinds of blocks: reader
(Weather Data Readeand Solar Radiation Readeand calculator (Solar dataand
Solar Radiation Calculatdr

Figure 2.9. Exploded of the WeatherData block of the ALMABUild library.

Calculator blocks are used for the evaluation of the annual profile of the
instantaneous incident solar radiation for each orientation (defined in the
Orientation GUI) of the envelope elements. This calculation is performed once,
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