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a  b  s  t  r  a  c  t

The  objective  of  this  paper  is  to combine  sensitivity  analysis  and  simulation-based  optimisation  in order
to  optimise  the thermal  and energy  performance  of residential  buildings  in  the  Argentine  Littoral  region.
An  actual  house  was  selected  as  case  study.  This  is a typical,  local,  single-family  house  having  some
rooms  conditioned  only  by natural  ventilation,  and  other  rooms  with  natural  ventilation  supplemented
by  mechanical  air-conditioning  (hybrid  ventilation).  Hence,  the  total  degree-hours  at  the naturally  venti-
lated living  room  and  the  total  energy  consumption  by  air-conditioning  at  the  bedrooms  were  chosen  as
objective  functions  to be  minimised.  The  global  objective  function  characterising  the  thermal  and  energy
performance  of  the  house  was  defined  as  the  weighted  sum  of these  objective  functions.  This  objective
function  was  computed  using  the  EnergyPlus  building  performance  simulation  programme.  Then,  we
performed  a sensitivity  analysis  using  the  Morris  screening  method  to rank  the  influence  of  the  design
variables  on  the objective  function.  This  showed  that  the  type  of  external  walls,  the  windows  infiltration
rate  and  the solar  azimuth  were  the  most  influential  design  variables  on  the  given objective  function
for  the  considered  house,  and also  that  the  azimuth  either  had  a highly  nonlinear  effect  on  the  objective

function  or  was  highly  correlated  to the  others  variables,  deserving  in any  case  a  finer  discretisation.

Finally,  we  solved  an  optimisation  problem  using  genetic  algorithms  in  order  to  find  the  optimal  set  of
design  variables  for the  considered  house.  The  results  highlighted  the  efficiency  and  the  effectiveness  of
the  proposed  methodology  to  redesign  a  typical  house  in the  Argentine  Littoral  region,  improving  hugely
its  thermal  and  energy  performance.
. Introduction

Nowadays, buildings are the largest energy consumers in
rgentina [1]: considering the total energy (mainly electricity and
as), 26% is consumed by residential buildings and 8% is consumed
y public and commercial buildings. Furthermore, the supply,
ransport and distribution of electricity in Argentina is facing a criti-
al situation (the current level of operational reserve under extreme
eteorological conditions is less than 5% of the whole available
ower, the availability of the imported gas and diesel is uncertain
n the medium term), leading the central government to declare
he national electricity sector in state of emergency on December

∗ Corresponding author at: Centro de Investigación de Métodos Computacionales
CIMEC), UNL, CONICET, Predio “Dr. Alberto Cassano”, Colectora Ruta Nacional 168
/n, 3000 Santa Fe, Argentina.
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2015 [2]. This urges to reduce the energy consumption in buildings,
mainly in the residential ones.

In this work, we  focus on residential buildings located in the
Argentine Littoral region (from now on referred to as “Littoral”).
This 0.5-million km2 area is located in northeastern Argentina,
southeastern South America, see Fig. 1. Its climate is Cfa accord-
ing to the Köppen-Geiger classification [3]. In a finer classification
[4], Littoral is divided into three bioclimatic zones (those ones sep-
arated by red dashed lines in Fig. 1: very hot in the north (I), hot in
the centre (II), and warm temperate in the south (III). Further, each
zone is divided into two  subzones a and b, those ones separated by a
green dashed line in Fig. 1, regarding the daily temperature range be
greater or lesser than 14 ◦C. Temperatures throughout Littoral are
already not only high to very high during summer, but also they

will be 2–4.5 ◦C higher by 2100 according to the 2014 report of the
Intergovernmental Panel on Climate Change (IPCC) [5]. Although
we have no information to quantify the concomitant increase of
cooling demand in Littoral, we  refer to studies in the USA pointing

dx.doi.org/10.1016/j.enbuild.2016.10.025
http://www.sciencedirect.com/science/journal/03787788
http://www.elsevier.com/locate/enbuild
http://crossmark.crossref.org/dialog/?doi=10.1016/j.enbuild.2016.10.025&domain=pdf
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ig. 1. Map  of the Argentine Littoral Region (in light grey), showing the bioclimatic 

f  reference to color in this figure legend, the reader is referred to the web version 

ut that the electricity demand for residential cooling will increase
y roughly 5–20% per 1 ◦C warming [6]. Combined with the current
tate of emergency in the Argentine electricity sector, these esti-
ates make the improvement of building energy efficiency even
ore urgent in Littoral.
For the architectural design of an energetically efficient building,

he thermal and energy performance of a large series of alternative
esigns of such building must be analysed in seek of a sufficiently
ood or even optimal solution. Building performance simulation
BPS) makes affordable the study of a large number of alterna-
ive designs, allowing the designer to achieve specific objectives
uch as reducing environmental impact and energy consumption
r improving the indoor thermal comfort [7]. The most popular
oftware for BPS, EnergyPlus [8], is used in this work.

Since a time ago, researchers had been making significant efforts
o automate the search of more efficient designs. A pioneer in
his area is Wright [9], who applied the direct search method
o optimise HVAC systems. Since that time, different objectives,
esign variables, and optimisation algorithms have been consid-
red: Fesanghary et al. [10] used a harmony search algorithm to
inimise the life cycle cost and carbon dioxide equivalent emis-

ions of residential buildings; Bichiou and Krarti [11] optimised the
uilding envelope and the HVAC design and operation using three
ifferent methods (genetic algorithm, particle swarm algorithm
nd sequential search), comparing them in terms of robustness
nd effectiveness; Ihm and Krarti [12] applied a sequential search
ethod to optimise the design of residential buildings in Tunisia;
guyen and Reiter [13] used a particle swarm optimisation and
ybrid algorithms to optimise passive designs and strategies for

ow-cost housing. Recent reviews of the optimisation methods
pplied to building energy performance are given by Evins [14],

guyen et al. [15], and Machairas et al. [16]. From these reviews,

t is concluded that genetic algorithms (GA) are the widest used
ethods in building design optimisation, the reasons being that

hey do not “get stuck” in local optima, they have low sensitivity to
 (I, II or III, a or b) and the location of the studied house (Paraná). (For interpretation
 article.)

discontinuities in the objective function, and they are well-suited
for parallel computing. Considering these advantages, we  choose
GA as the current optimisation method.

Some authors used the sensitivity analysis (or “design of exper-
iment” method) as an alternative to mathematical optimisation to
improve the building performance [17–19]. Primarily, sensitivity
analysis gives a ranking of the influence of the design variables
on the objective. In this work, we  decided to use this method not
to improve the building performance but to determine the rele-
vant design variables. Subsequently, we  kept only such variables
for the optimisation problem, making it cheaper to solve. Up to our
knowledge, the only previous work combining sensitivity analysis
and optimisation for building energy performance was performed
by Evins et al. [20]. In their study, the objective was computed on
the base of building regulations, which is a crucial difference with
the current approach where the energy performance of the build-
ing is computed using EnergyPlus (the objective being defined by
such performance). Further, we  used the Morris screening method
[21] for sensitivity analysis, which is considerably cheaper than the
factorial method used by Evins et al. [20] from the computational
point of view.

In summary, this paper presents a methodology for the optimi-
sation of thermal and energy performance of a house, combining:
(1) EnergyPlus to evaluate such performance; (2) sensitivity anal-
ysis to keep as design variables only the relevant ones; and (3)
genetic algorithms as optimisation solver. Finally, we  show that the
application of such methodology for the design of a typical house in
Littoral makes affordable a huge improvement of the thermal and
energy performance of this house.

2. Case study
Let us take as case study a typical residential building in Lit-
toral, particularly at Paraná, a city located in the centre of Littoral,
with latitude 31.78S, longitude 60.48W and altitude 78 m.  We  have
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Fig. 2. Roble2D single-family house.

Table 1
Characteristics of the Roble2D single-family house.

Element Characteristics

Building azimuth 0 (i.e., faç ade facing North)
Type of external walls Hollow brickwork layer with mortar finish
External solar absorptance

of external walls
0.7

Type of windows Simple clear 3 mm-thick glass
Shading fraction in

windows
25%

Infiltration rate in
windows and doors

0.02 kg/(sm)

Window area fraction for
natural ventilation

30%

Type of roof Ceramic tile, air gap and concrete liner

r
[

s
i
c
n
a
a
i
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k
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3

f
g
i

Type of internal walls Hollow brickwork layer with mortar finish
Type of the first floor Concrete with ceramic floor

ecently defined the typical meteorological year (TMY) at Paraná
22], to be used in this work.

In Argentina, the building codes do not define a reference or
tandard house for energy efficiency. So, we  adopted as a typ-
cal house in Littoral one of the house models funded by the
redit programme PROCREAR [23]), supported by the Argentine
ational government. This programme was launched in June 2012
nd aimed to fund 400,000 single-family homes; half of them had
lready been finished by November 2015. The model for this study
s the so-called Roble2D (2D stands for two bedrooms) depicted in
ig. 2. This is a 83 m2 two-story, detached house composed of one
itchen, one living room and one bathroom on the ground floor,
nd two bedrooms, a corridor, and a bathroom on the first floor.

Further characteristics of this house are shown in Table 1.

. Building model
The house was modelled using EnergyPlus version 8.4.0 [8,24],
rom now on referred to as E+. This is an energy simulation pro-
ramme  addressed to model heat transfer and energy consumption
n buildings for heating, cooling, ventilation, lighting and other
Fig. 3. Thermal zones of the building simulation model.

needs. Some of the main capabilities of E+ are: (1) integrated and
simultaneous solution of thermal zone conditions and HVAC sys-
tems; (2) heat balance-based solution of radiant and convective
effects on thermal comfort; (3) interaction between thermal zones
and the environment is accounted for each short time step (even a
fraction of an hour); and (4) heat and mass transfer are coupled to
account for air movement between zones.

For analysis with E+, we  considered each room and the staircase
as individual thermal zones, yielding the eight zones depicted in
Fig. 3. All the zones were modelled as FullExterior E+ objects [25],
which allowed us to take into account the effect of shadows on
their external surfaces. The windows and shadowing devices were
assumed to have parametrically adjustable dimensions to facilitate
the sensitivity and optimisation study later on. In order to simplify
the model, the three windows in the corridor as well as the three
ones on Surface-4 in the living room (see Fig. 4) were replaced with
equivalent windows, one per each case. Each equivalent window
has a fixed height and a variable width.
Since the heat transfer with the ground is a significant load com-
ponent in low-rise buildings [26], we  considered a volume of the
ground around the house, modelled as an E+ GroundDomain:Slab



856 F. Bre et al. / Energy and Buildin

F
t

o
e
g
w
[
t
a

t
a
o
t
h

f
o
H
b

ther, the living room had electric equipment producing 1.5 W/m2
ig. 4. External surfaces of the house. The azimuth angle  ̌ is the angle between the
rue  North and the vector normal to Surface-1, measured in clockwise direction.

bject. The outdoor portion of the ground surface is assumed to be
xposed to the weather, represented by the local daily average of
lobal horizontal radiation, air temperature, relative humidity, and
ind speed computed from the local TMY  file, as proposed by Xing

27]. Heat flows naturally from the house and the ground through
he indoor portion of the ground surface, evolving all along the year
ccording to the weather and the thermal response of the house.

The rooms cooled by natural ventilation (all of them except
he bedrooms) were modelled as AirflowNetwork E+ objects. We
ssumed the windows and doors to be temperature-controlled in
rder to allow airflow when the indoor temperature was  higher
han the outdoor and whenever the outdoor temperature was
igher than 20 ◦C.

In each bedroom, whenever natural ventilation was not enough

or ensuring the thermal comfort, the air-conditioner was turned
n and the airflow was blocked. This was prescribed by using the
ybridVentilation Manager E+ object. The air-conditioners in the
edrooms were modelled as packaged terminal heat pumps (PTHP).
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Fig. 6. Schedules of lighting for the l
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They were allowed to work for heating when the room tempera-
ture was less than or equal to 18 ◦C, and for cooling when the room
temperature was  greater than or equal to 26 ◦C, whenever the bed-
rooms were occupied (according to the schedule shown in Fig. 5).
The air-conditioners were assumed to have a coefficient of perfor-
mance (COP) equal to 3.0 and 2.75 for the cooling coil and the heat
pump, respectively, and an efficiency of 0.70 for the fan, values that
are recommended by the Brazilian regulations RTQ-R [28] and are
given by default in E+ [25]. Let us notice that the Brazilian regula-
tion applies to zones that are geographically and bio-climatically
close to Littoral, being our best-possible choice in absence of local
regulations.

3.1. Internal heat loads

The Roble2D house has been designed to be occupied by four
people. We  assumed each bedroom and the living room to be
occupied by two  and four people respectively, according to the
schedules depicted in Fig. 5. These rooms were –by far– the most
occupied ones and, because of this, the only rooms where internal
loads were considered, as recommended by the Brazilian regulation
RTQ-R [28].

As internal heat sources, we  included the residents, the lighting,
and the equipment. Each occupant was assumed to produce 108 W
in the living room and 81 W in the bedrooms, following ASHRAE
[29]. The bedrooms and the living room had surface-mounted flu-
orescent luminaries. We  assumed the lights in the living room and
the bedrooms to be turned on or off according to the correspond-
ing schedules shown in Fig. 6(a) and (b). The lighting power density
was 5 W/m2 in the bedrooms and 6 W/m2 in the living room. Fur-
all over the day. The radiant fraction was  assumed to be 0.72 for
luminaries and 0.50 for the equipment, as suggested by ASHRAE
[29].

(b) Occupancy of bedrooms
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ig. 7. Mean hourly and daily dry-bulb temperature, prevailing mean outdoor air
emperature, and 80% acceptability limits for the city of Paraná.

.2. Measurement of performance for naturally-ventilated and
ir-conditioned rooms

Let the degree of thermal discomfort for a naturally-ventilated
oom be determined by the cooling and heating degree-hours, Dcool
nd Dheat respectively, defined as:

cool =
∑

h

〈Top(h) − Tupper(h)〉, (1)

heat =
∑

h

〈Tlower(h) − Top(h)〉, (2)

here 〈x〉 is the ramp function (〈x〉=0 if x < 0 and 〈x〉 = x if x ≥ 0), Top(h)
s the operative temperature in the room at the hour h (obtained as
n output of E+), Tlower and Tupper are the lower and upper admissi-
le temperature, dependent on local weather conditions; the range
f the preceding sums is a whole year, excluding the hours when
he room is not occupied. As a unique measure of the discomfort of
his room, we used the total degree-hours:

total = Dcool + Dheat. (3)

The admissible temperatures Tlower and Tupper were defined as
he lower and upper 80%-acceptability limits [30]:

lower = 0.31 tpma(out) + 14.3 ◦C, (4)

upper = 0.31 tpma(out) + 21.3◦C, (5)

here tpma(out) is the prevailing mean outdoor temperature,
dopted here as the monthly mean of the local dry-bulb tempera-
ure, as shown in Fig. 7.

In this work, we have focused on the living-room as the
aturally-ventilated room, which was occupied according to the
chedule in Fig. 5. On the other hand, for the bedrooms where
hermal comfort was artificially enforced if necessary, the thermal
erformance was rather measured by means of the total annual
nergy consumption of the air-conditioners:

total = Eheat + Ecool + Efan, (6)
here Eheat and Ecool is the energy consumption due by the heat
ump and the cooling coil for heating and cooling, respectively,
nd Efan is the power consumed by the fans during both heating
nd cooling. All these values are E+ outputs.
gs 133 (2016) 853–866 857

3.3. Definition of the global objective function

To improve the performance of the given building implies to
minimise the function Dtotal (the thermal discomfort degree-hours
in the living room) together with the function Etotal (the energy
consumption of air-conditioners in the bedrooms), which are the
so-called objective functions in the context of the Optimisation
Theory.

Typically, there are two popular approaches for solving a multi-
objective optimisation problem like this [16,31]: the weighted sum
approach and the Pareto-based approach. The first one is the clas-
sical approach, consisting of defining a unique objective as the
weighted sum of the sub-objectives. This single objective can be
minimised using typical optimisation algorithms, but you cannot
infer how the sub-objectives affect each other, as you can do it
using the Pareto-base methods. Cao et al. [32] pointed out that the
weighted-sum methods are not only easier to implement but usu-
ally more effective and efficient than the Pareto-based methods.
Following these authors, the weighted-sum approach was  the pre-
ferred methodology in this work. Then, we  defined a unique, global
objective function as

f (x) = wD
Dtotal(x)

Dtotal(xDmax)
+ wE

Etotal(x)
Etotal(xEmax)

,  (7)

where x is the set of design variables, wD and wE are weighting
factors, xDmax and xEmax are the set of design variables that max-
imise Dtotal and Etotal, respectively; they were determined during
the sensitivity analysis in the following section, and are highlighted
in Table 2. In this case, motivated by the fact that the periods of
occupancy of the living room (involved in Dtotal) and the bedrooms
(involved in Etotal) were similar in extension, we  set wD = wE = 0.5.

4. Sensitivity analysis

The sensitivity analysis serves to determine which of the design
(or input) variables have a considerable influence on the objective
function (or output). Tian et al. [33] reviewed different methods
for sensitivity analysis in building energy modelling. They con-
cluded that the Morris screening method [21] is the best suited for
problems with a large number of input variables due to its low com-
putational cost. Following this recommendation, we  adopted the
Morris method for the sensitivity analysis in this work. Specifically,
we used the model implemented into the package “sensitivity” [34]
of the free software R for statistical computing [35], including a
simplex-based design of experiment [36] as an improvement to
the “one-factor-at-a-time” strategy originally used by Morris [21].

For the studied house, we pre-defined k = 21 input variables, and
each one was allowed to assume four levels as shown in Table 2.
For instance, the first design variable is the thermal transmit-
tance of the external walls, which can assume four discrete values
(0.75, 1.75, 2.75, and 3.75 W m−2 K−1), while the 21st design vari-
able defines the window type, which can be one of the four types
described in Table 3.

Morris [21] suggests the use of k + 1 points in the input variables
space in different r trajectories. For this work, we adopted r = 20, so
that 20 trajectories or repetitions of the elementary effects were
calculated for each input variable. Then, there was  r(k + 1) = 440
samples.

The Morris method gives two sensitivity indices for each input
variable [37]: the mean of the elementary effects, namely �*, to
measure the effect of this input on the output; and the standard

deviation of the elementary effects, namely �, to assess the strength
of the interaction of this input with the other inputs as well as
the nonlinearity of the effect of this input on the output. Here, we
computed �* and � considering either each sub-objective (total
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Table 2
Design variables for thermal performance. The set of design variables xDmax making Dtotal maximum are underlined, while the set of design variables xEmax making Etotal

maximum are in bold.

# Design variable ID Unit Level 1 Level 2 Level 3 Level 4

1 Thermal transmittance of the external walls UExtWall W/m2 K 0.75 1.75 2.75 3.75
2 Thermal transmittance of the internal walls UIntWall W/m2 K 0.75 1.75 2.75 3.75
3  Thermal transmittance of the first floor UFirstFloor W/m2 K 0.8 1.9 3.0 4.1
4  Thermal transmittance of the roof URoof W/m2 K 0.8 1.9 3.0 4.1
5  Thermal capacity of the external walls CExtWall kJ/m2 K 20 120 220 320
6  Thermal capacity of the internal walls CIntWall kJ/m2 K 20 120 220 320
7  Thermal capacity the first floor CFirstFloor kJ/m2 K 20 95 170 245
8  Thermal capacity the roof CRoof kJ/m2 K 20 95 170 245
9  Solar absorptance of the external walls ˛ExtWall dimensionless 0.2 0.4 0.6 0.8
10  Solar absorptance of the roof ˛Roof dimensionless 0.2 0.4 0.6 0.8
11  Internal solar absorptance of the floors ˛Floors dimensionless 0.2 0.4 0.6 0.8
12  Thermal conductivity of the floor insulation KInsFloor W/(mK) 0.04 0.52 1.01 1.50
13  Thickness of concrete slab of the floors TSlabFloor m 0.05 0.10 0.15 0.20
14  Internal emissivity of the roof εIntRoof dimensionless 0.05 0.35 0.65 0.95
15  Windows area fraction AFWindows dimensionless 1 2 3 4
16 Window area fraction for natural ventilation AFVentilation dimensionless 0.3 0.5 0.7 0.9
17  Doors air infiltration rate IRDoors kg/(sm) 10−5 6.67 × 10−3 1.33 × 10−2 2.00 × 10−2

18 Windows air infiltration rate IRWindows kg/(sm) 10−5 6.67 × 10−3 1.33 × 10−2 2.00 × 10−2

19 Azimuth of the building ˇ ◦

20  Windows shading ShWindows m 

21  Windows type WinType - 

Table 3
Window types.

Type Outside layer Layer 2 Layer 3

Win-1 Clear 2.5 mm – –
Win-2 Clear 6.0 mm – –

d
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Win-3 Clear 2.5 mm Air 10 mm Clear 2.5 mm
Win-4 Clear 6.0 mm Air 30 mm Clear 6.0 mm

egree-hours Dtotal or total energy consumption Etotal) or the global
bjective f as output.

.1. Results from sensitivity analysis

The results of sensitivity analysis in the two bedrooms and the
iving room, distinguishing cooling and heating, are shown in Fig. 8.
onsidering energy consumption for cooling and heating, similar
atterns were obtained in both bedrooms: Azimuth, solar absorp-
ance and thermal capacity of the external walls, window area
raction for natural ventilation, and thermal capacity of the roof
ere the most important design variables for cooling (Fig. 8(a) and

c) for bedrooms 1 and 2, respectively), while windows infiltra-
ion rate, azimuth, and thermal transmittance of external walls and
oof were the most important ones for heating energy consumption
Fig. 8(b) and (d) for bedrooms 1 and 2, respectively).

Regarding cooling degree-hours in the living room, Fig. 8(e)
hows that the solar absorptance of external walls was  by far
he most important design variable; then thermal transmittance
nd the thermal capacity of externals walls, the windows area
raction for natural ventilation, and the azimuth were the other

ost relevant variables. In the case of heating degree-hours in the
iving-room, the most relevant design variable was again the solar
bsorptance of external walls, and the next four most relevant vari-
bles were the same as for cooling (but in a different order), as
hown in Fig. 8(f).

Considering cooling and heating together, the influence of the
esign variables on the total energy consumption at both bedrooms
nd on the total degree-hours at the living room are shown in
ig. 9(a) and (b), respectively. It can be seen that the windows infil-

ration rate was by far the most influential variable on total energy
onsumption in bedrooms, while the thermal transmittance of the
xternal walls was the most relevant one on the total degree-hours
t the living room.
0 90 180 270
0.3 0.6 0.9 1.2
1 2 3 4

Fig. 10 shows the sensitivity of the global objective function to
the design variables. All the design variables are ranked considering
their effect on the global performance of the house, as measured
by the parameter �*. We  found that some inputs (including the
transmittance of the external wall, the infiltration rate in windows,
and the orientation of the building) had a considerable impact
on the global performance of the house, compared to the effect
of the other inputs that could be neglected. A priori, we decided
not to keep as design variables all the inputs with �∗ < 0.1�∗

max
(with �∗

max = 0.3216 corresponding to the thermal transmittance
of external walls), remaining in such a way  13 inputs as design
variables for the continuation of this work (from the thermal trans-
mittance of external walls to the window area fraction for natural
ventilation on the list given in Fig. 10). Later, we  decided to keep
also the 14th input (windows shading) as design variable since it
was expected to be more relevant for the study of a more sophis-
ticated problem (the Case B in Section 5.1 below) where all the
surfaces were allowed to be walls of a different kind.

Another interesting conclusion from Figs. 8–10 is how nonlin-
ear the effect of an individual variable is on the sub-objectives or
the global objective or how strongly this variable is correlated to
the other ones, which is measured by the standard deviation �
[38]. So, in this case, it can be seen from Fig. 10 that azimuth and
solar absorptance of external walls were those variables with either
the most nonlinear effect on the global objective or the strongest
mutual interaction with the other variables, making their effect on
the objective the most difficult to predict.

5. Thermal and energy performance optimisation

Improving the performance of the given house implies solving
the following mixed integer nonlinear programming (MINLP):

min
x ∈ X

f (x), (8)

where f, given by Eq. (7), is a global measure of the performance of
the house, and x is the vector of design variables from the feasible

design space X. In order to refer the improvement to the original
configuration of the house (described in Section 2), let us replace
both xDmax and xEmax in Eq. (7) by the set of design variables for the
base case (from now on, the Case 0), say x0, defined in Table 1.
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Fig. 8. Mean (�*) and standard deviation (�) of elementary effects for the sub-objectives.

Table 4
Discretization of continuous design variables.

Design variable Simulation variable Min. value Max. value Step size Number of cases

Building azimuth [◦] x1 0 315 45 8
Window shading size [%] x2 25 100 25 4
External solar absorptance of the external walls [dimensionless] x3 0.3 0.9 0.2 4
Windows infiltration rate [kg/(sm)] x4 10−5 2 × 10−2 6.67 × 10−3 4
Doors infiltration rate [kg/(sm)] x5 10−5 2 × 10−2 6.67 × 10−3 4
Window area fraction for natural ventilation [%] x 10 50 10 5

5

d
p

6

Window width [level]a x7

a Windows width becomes a categorical variable after discretization.

.1. Specification of the design variables
As an important result of the previous sensitivity analysis, the
esign vector x does not contain 21 components as originally pro-
osed (see Table 2), but 14, which are those showing the most
1 4 1 4

relevant effect on f. Among them, the variables x1, x2, . . .,  x7 listed

in Table 4 (building azimuth, windows shading size, etc.) are con-
tinuous within a certain interval. Further, we decided to group the
remainder variables into the categorical variables x8, x9, . . .,  x12. For
instance, the design variables associated with the external walls
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Fig. 9. Mean (�*) and standard deviation (�) of elementary effects for the total energy consumption and total degree-hours.
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Fig. 10. Mean (�*) and standard deviation (�) of ele

transmittance and capacity) were grouped in (and replaced by) a
nique categorical variable x8 = Ewall defining the type of external
all. The combination of the different properties of the external
alls yielded seven cases (Ewall-1 to Ewall-7 shown in Table 5).

he same procedure was applied to the roof, the windows, the
nternal walls, and the floor of the first floor, giving rise to the cat-
gorical variables x9, . . .,  x12, each one replacing the respectively
ssociated group of original variables. All the resulting categori-
al variables, together with their respective number of predefined
ases, are listed in Table 5. The material properties associated with
hese categorical variables are those defined by the Argentine stan-

ard IRAM 11603 for thermal conditioning of buildings [4], shown

n Table 6.
While the categorical variables are intrinsically discrete, we

ecided to discretise the continuous variables, that is, only certain
ry effects for the weighted-sum objective function.

discrete values of them were allowed, mainly to account for con-
straints of the house building process. For instance, the azimuth
ˇ, continuous in the interval [0◦, 360◦], was allowed to take only
eight discrete values (from 0◦ to 315◦ every 45◦). In order to use the
airflow network model in E+ [25], we  had to define the “azimuth
angle of long axis of building”, which is the smaller of the angles
between North and the long axis of the building. In this case, it coin-
cides either with  ̌ when  ̌ ≤ 180◦ of with  ̌ − 180◦ when  ̌ > 180◦. A
change in this angle modifies the pressure coefficients on the build-
ing faç ades, which is automatically accounted for by E+ using the
surface average calculation method [39] for rectangular buildings

(like the studied one). Also, other variables had to be adapted to be
taken as inputs by E+: for instance, the window shading size was
given in percentage of the height of the corresponding window,
and the external solar absorptance was  introduced by defining a
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Table  5
Categorical design variables.

Design variable Simulation variable Description ID Number of cases

Wood with air gap Ewall-1
Hollow brickwork layer with mortar finish Ewall-2
Double hollow brickwork layers with insulation and mortar finish Ewall-3

External walls x8 Wood with insulation and plaster finish Ewall-4 7
Concrete block with cement-plaster finish Ewall-5
Double concrete block with insulation and cement-plaster finish Ewall-6
Concrete Ewall-7

Concrete with plaster ceiling Roof-1
Concrete and hollow ceramic block with plaster ceiling Roof-2
Ceramic tile, air gap and wood liner Roof-3

Roof  type x9 Ceramic tile, air gap and concrete liner Roof-4 6
Ceramic tile, air gap, insulation and concrete liner Roof-5
Ceramic tile, air gap, insulation and wood liner Roof-6

Single clear 3 mm thick glass Win-1
Window type x10 Single clear 6 mm thick glass Win-2 4

Double clear 3 mm thick glass with air gap Win-3
Double clear 3 mm thick glass with air gap Win-4

Wood with air gap Iwall-1
Hollow brickwork layer with mortar finish Iwall-2

Internal walls x11 Wood with insulation and plaster finish Iwall-3 5
Concrete block with cement-plaster finish Iwall-4
Concrete Iwall-5

Concrete with ceramic floor Floor-1
Floor  type of the first floor x12 Concrete with wood floor Floor-2 3

Insulation, concrete and ceramic floor Floor-3

Table 6
Thermal transmittance U, thermal capacity Ct , and thermal delay � for the different levels of external walls, roof, internal walls, and floor type of the fist floor.

Design parameter ID U [W/m2 K] Ct [kJ/m2 K] � [h]

External walls

Ewall-1 1.99 64.32 2.75
Ewall-2 2.09 136.06 3.38
Ewall-3 0.93 189.34 7.38
Ewall-4 0.88 59.21 3.65
Ewall-5 2.78 124.95 3.06
Ewall-6 0.87 233.30 9.71
Ewall-7 4.32 240.00 2.40

Roof  type

Roof-1 3.68 195.36 2.15
Roof-2 2.59 90.79 1.53
Roof-3 2.03 38.91 1.31
Roof-4 2.06 216.84 4.78
Roof-5 0.83 217.85 9.08
Roof-6 0.83 39.92 2.55

Internal walls

Iwall-1 1.99 64.32 2.75
Iwall-2 2.09 136.06 3.38
Iwall-3 0.88 59.21 3.65
Iwall-4 2.78 124.95 3.06
Iwall-5 4.32 240.00 2.40

Floor-1 4.71 256.56 2.68

z
s

i
e
d
i
S
x
d

o
a

Floor  type of the first floor Floor-2 

Floor-3 

ero-mass material with negligible thermal resistance in the out-
ide layer of the external walls.

The window width was allowed to take four levels of increas-
ng magnitude (level 1 for the narrowest, level 4 for the widest) at
ach windowed faç ade: 0.70 m,  1.35 m,  2.00 m,  2.70 m for the win-
ows in Surface-1, 0.70 m,  1.60 m,  2.50 m,  3.40 m for the windows

n Surface-3, and 0.70 m,  1.40 m,  2.15 m,  2.90 m for the windows in
urface-4. In such a way, the originally continuous design variable
7 denoting the window width became a categorical variable after

iscretisation.

Note that the azimuth  ̌ was more finely discretised than the
ther variables. This was a consequence of the previous sensitivity
nalysis, where we found  ̌ to be the variable with highest �.
2.59 213.44 4.36
0.61 258.59 12.94

At this point, there were 12 discrete design variables, those listed
in Tables 4 and 5. Let us call Case A the optimisation problem (8)
for these design variables.

Alternatively, in seek of further improvement of the thermal
performance, we defined a new optimisation problem, say Case B,
having the same objective but more design variables in order to
allow each external surface to have its own  type of wall, exter-
nal solar absorptance, window width and window shading size.
For instance, the unique variable Ewall defining the type of all the

external walls in Case A was replaced by four variables Ewall-Surf1
to Ewall-Surf4 (Surfi denoting the corresponding surface i in Fig. 4)
defining the type of wall of each outer surface. Further, each new
variable Ewall-Surfi  in Case B was  allowed to have the same number



8 Buildin

o
i

5

v
1
s
a

r
f
H
(
t
o
t
m
e
a
i
a
t
t
b
w
[
t
s
r
c
m
d
e
v

v
p
f
w
e
c
p

c
o
p
c

5

t

T
S

62 F. Bre et al. / Energy and 

f cases as Ewall in Case A. Finally, there were 22 design variables
n Case B.

.2. Selection of optimisation algorithm

Considering the number of possible cases for each one of the
ariables, there are about 108 different designs for Case A, and up to
016 for Case B. Given the huge number of alternatives, it is impos-
ible to simulate all of them in seek of an optimal solution, turning
bsolutely necessary to use efficient optimisation algorithms.

Several works comparing the performance of different algo-
ithms for building design optimisation problems (BOPs) can be
ound in the literature. Wetter and Wright [40] compared the
ooke-Jeeves (JS) pattern search method and genetic algorithms

GA) to minimise the building energy consumption. In the light of
he test they ran, they concluded that JS convergence was  deteri-
rated by discontinuities in the objective function and was  prone
o get stuck on local minima, while GA usually arrived at a better

inimum. In a later review, Wetter and Wright [41] added sev-
ral algorithms to the comparison study: the coordinate search
lgorithm, various versions of particle swarm optimisation (PSO)
ncluding a hybrid JS-PSO algorithm, the Nelder-Mead simplex
lgorithm, and the discrete Armijo gradient algorithm. Based on
he results of two numerical experiments on three different cities,
hey found that the hybrid JS-PSO algorithm usually achieved the
est minimum, but was computationally more expensive than GA,
hose results were close to the best minimum. Bichiou and Krarti

11] compared GA, PSO and sequential search (SS) in terms of effec-
iveness and computational cost to optimise the envelope and to
elect the HVAC system for residential buildings. Showing a similar
obustness to arrive at the optimal solution, GA and PSO required
onsiderably less computational time than SS, being GA the fastest
ethod. For the optimisation of the building envelope for resi-

ential buildings, Tuhus-Dubrow and Krarti [42] found GA more
fficient than PSO and SS when there were more than ten design
ariables (as in the current case).

Further, Nguyen et al. [15] showed that integer or discrete design
ariables could produce disorders and discontinuities in the out-
uts of building performance simulation. This is particularly true
or E+, since it uses empirically determined properties (e.g., the
ind pressure coefficients) and numerical solution of nonlinear

quations. As pointed out by Wetter and Wright [40,41], such dis-
ontinuities prevent the use of some optimisation algorithms, like
attern search methods as gradient-based methods.

Therefore, in the light of the above mentioned advantages (effi-
iency in presence of a large number of design variables, treatment
f discontinuities in presence of integer design variables, low com-
utational cost, among others), we decided to use GA to solve the
urrent single-objective optimisation problem.
.3. Implementation of genetic algorithms

GA is a family of search algorithms based on the evolution of
he species by natural selection [43]. The current implementation

able 7
ettings of genetic algorithms for the cases analysed.

Case A Case B

Population size 30 100
Number of generations 100 100
Elite individuals 1 1
Selection Tournament
Crossover method Laplace crossover
Crossover probability 95% 95%
Mutation method Power mutation
Mutation probability 5% 5%
gs 133 (2016) 853–866

of GA takes as platform the Distributed Evolutionary Algorithms in
Python (DEAP) [44]. To improve the performance of the GA  solver in
presence of integer design variables, we  modified the DEAP Python
code to introduce the Laplace crossover and the power mutation
techniques, as recommended by Deep et al. [45].

Briefly, the steps for the current GA optimisation process are
summarised in the following pseudo-code:

population = random(popsize)

Fitness(population)

Update elite list

From 1 to #generations do

offspring = Selection(population)

offspring = Crossover(offspring)

offspring = Mutation(offspring)

Fitness(offspring)

Update elite list

population = offspring

End

This is basically the structure of DEAP. During each fitness step,
the objective f(x) is calculated for each individual x in the popula-
tion. To this end, we wrote a Python routine that takes each x from
the GA solver as input arguments, converts the entries of x in E+

inputs, writes the corresponding E+ input file (.idf), calls E+ to run
this file, reads the E+ output file (.csv) to determine the operative
temperature in the living room and the energy consumed by the
air-conditioners in the bedrooms, and finally computes f(x).

The GA settings (population size, selection, crossover and muta-
tion methods, the probability of mutation and crossover, etc.)
depend on the characteristics of the optimisation problem [46].
Normally, the population size ranges from 5 to 100%, probability of
crossover ranges from 70 to 100%, and the probability of mutation
ranges from 0.1% to 5% for building design optimisation [40,41].
In our case, the best results were found for the GA configuration
shown in Table 7.

5.4. Results from optimisation analysis

Fig. 11 gives a general insight into the convergence of GA for
the current problems. For Case A, Fig. 11 (a) shows the evolution
of the global objective function f for the best individual and the
mean of f for all the individuals of the population from generation
to generation. It can be seen that f was drastically reduced (i.e., the
performance was considerably improved) after a few generations
(after 6 generations, f decreased from 1 to 0.112). After that, the
convergence was slower until attaining the best value fbest,A = 0.102
at the 100th generation. A similar conclusion arose by observing the
difference between the best and the mean f, which was very small
after a few generations.

Fig. 11 (b) shows the evolution of the best and the mean f for Case
B. The convergence for Case B was worse than for Case A, since sen-
sible falls of f were observed even at the 73th generation. Actually,
the best f for Case B was  not smaller than the best f for the sim-
pler Case A before the 74th generation. The best f for case B was
fbest,B = 0.088 at the 100th generation.

Fig. 11(c) and (d) show the evolution of the degree-hours in
the living room for Cases A and B, respectively. For both cases,
the decrease of the total degree-hours usually accompanied the
decrease of the global f, except for the last generations, where
the total-degree hours for heating sensibly increased and became
larger than the degree-hours for cooling.

Fig. 11(e) and (f) show the evolution of the energy consumption
in the bedrooms for Cases A and B, respectively. Note that cool-
ing was  always the dominant source of energy consumption in the

bedrooms.

Table 8 shows the optimal configurations for both cases. For
some design variables the optimal solutions for Case A were very
different from those for Case B: Surface-1 was optimally oriented
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hen it faced West for Case A, and North for Case B. The optimal
indows width for Case A was a compromise solution (level 2 of

); for Case B, the optimal windows width was the maximal one
level 4) in the North-facing surface, the minimal one (level 1) in the
outh-facing surface, and an intermediate one (level 2) in the East-
acing surface. All the optimal windows were completely shaded
or Case A; only the windows facing West were completely shaded
hile the others were minimally shaded for Case B. The optimal
indows area fraction for natural ventilation coincided with the

rescribed lower bound (10% of the windows area) for Case A, while

t reached the prescribed upper bound (50% of the windows area)
or Case B. Also for the doors infiltration rate, the optimal value
oincided either with the lower or the upper prescribed bound for
ptimisation objectives.

Cases A and B, respectively. For the external thermal absorptance, a
compromise solution (0.5) was  adopted as optimal for Case A, while
the optimal was  found to be 0.9 (upper bound) for the North-facing
surface, 0.5 for the South-facing surface, and 0.3 (lower bound) for
the East- and West-facing surfaces.

Regarding the optimal choice of external walls type, Ewall-6 was
found to be the optimal for Case A, and for the surfaces facing South,
East and West in Case B; the optimal North-facing surface for Case
B was  found to be Ewall-3. Let us note that Ewall-3 and Ewall-6

are physically similar, both having low thermal transmittance, high
thermal capacity and high delay, as seen in Table 6.

Besides the similar choice of external walls, both cases were
coincident at their corresponding optimal configuration in the
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Table 8
Results of the optimal configurations for the design variables.

Design variable Surface Case A Case B

Building azimuth [degree] – 270 0

Window shading size
[%]

Surface-1 100 25
Surface-2 –
Surface-3 25
Surface-4 100

External solar
absorptance of the
external walls
[dimensionless]

Surface-1 0.5 0.9
Surface-2 0.5
Surface-3 0.3
Surface-4 0.3

Window width [level]

Surface-1 2 4
Surface-2 –
Surface-3 1
Surface-4 2

Windows infiltration rate [kg/(sm)] – 10−5 10−5

Doors infiltration rate [kg/(sm)] – 10−5 2 × 10−2

Window area fraction for natural ventilation [%] – 10 50

External walls

Surface-1 Ewall-6 Ewall-3
Surface-2 Ewall-6
Surface-3 Ewall-6
Surface-4 Ewall-6

Roof  type – Roof-5 Roof-5
Window type – Win-4 Win-4
Internal walls – Iwall-5 Iwall-5
Floor  type of the first floor – Floor-3 Floor-3

Table 9
Thermal and energy performance for Cases 0 (base), A and B (optimal).

Objective and sub-objectives Thermal and energy performance Relative improvements

Units Case 0 Case A Case B Case A/Case 0 Case B/Case 0 Case B/Case A

Global objective – 1.000 0.102 0.088 0.102 0.088 0.863
Total  degree-hour ◦Ch 3690.190 317.748 220.169 0.086 0.060 0.693
Heating degree-hour ◦Ch 1454.410 178.704 149.897 0.123 0.103 0.839
Cooling degree-hour ◦Ch 2235.780 139.044 70.274 0.062 0.031 0.505
Total  energy consumption kWh/m2/year 56.720 6.684 6.612 0.118 0.117 0.989

2
 

 

 

c
l
e
T
t
o
t
g
e
c

S
a
w
(
a
a
c
m

t
(
r

0
s

Heating energy consumption kWh/m /year 44.390 1.708
Cooling energy consumption kWh/m2/year 11.570 4.883
Fans  energy consumption kWh/m2/year 0.750 0.092

hoice of windows infiltration rate (10−5 kg/(sm), that was  the
ower bound), the types of roof (Roof-5, the one with the low-
st transmittance and the highest thermal capacity and delay in
able 6), internal walls (Iwall-5, that with the highest thermal
ransmittance and capacity and the lowest delay in Table 6), floor
f the first floor (Floor-3, having the lowest transmittance and
he highest thermal capacity and delay in Table 6) and windows
lassing (Win-4, the one having the lowest transmittance). Gen-
ral recommendations for building this type of house in Littoral
an be derived from these common results for Cases A and B.

The results for Case B were clearly sensitive to the local weather:
olar gains were favoured through the North-facing faç ade (large
nd little shaded windows and high external thermal absorptance)
hile they were controlled through East- and West-facing faç ades

not very large and well shaded windows and low external solar
bsorptance). Given the large number of inter-related design vari-
bles and their usually nonlinear effect on the objective, such
onclusions could only be envisaged after the solution of an opti-
isation problem.
Optimisation results are summarised in Table 9, highlighting

he improvements obtained with respect to the original design

Case 0). The total degree-hours in the naturally ventilated living
oom decreased from Dtotal(x0) = 3690◦Ch for Case 0 to Dtotal(x

opt
A ) =

.086Dtotal(x0) and Dtotal(x
opt
B ) = 0.060Dtotal(x0) for the optimal

olutions xopt
A and xopt

B of Cases A and B, respectively. Further, the
1.806 0.038 0.041 1.057
4.714 0.422 0.407 0.965
0.091 0.123 0.121 0.989

solution of Case B was  considerably better than the solution of
Case A in terms of Dtotal: Dtotal(x

opt
B ) = 0.693Dtotal(x

opt
A ). It is partic-

ularly remarkable the solution of Case B considering the reduction
of the degree-hours for cooling: Dcool(x

opt
B ) = 0.505Dcool(x

opt
A ) =

0.031Dcool(x0).
The energy consumption for air-conditioning in the bedrooms

was reduced from Etotal(x0) = 56.72 kWh/m2/ year to Etotal(x
opt
A ) =

0.118Etotal(x0) and Etotal(x
opt
B ) = 0.117Etotal(x0). Here, the solution

of the more sophisticated Case B did not produce a sensible
improvement of Etotal compared to the solution of the simpler Case
A.

The global objective decreased from f(x0) = 1 to f (xopt
A ) = 0.102

and f (xopt
B ) = 0.088. Note that this decrease in the global weighted-

sum function f was  accompanied by decreases of the same order in
both sub-objectives Dtotal and Etotal. This indicates, first, that both
sub-objectives are not contradictory, and, second, that the weights
assigned to the sub-objectives were correct, validating our choice of
the weighted-sum approach. A final argument for the effectiveness
of this simple approach for the current application is the impressive
reduction in Dtotal and Etotal for the optimal designs compared to the
original Case 0, which is a real, typical house as it is built today in

Littoral: Dtotal and Etotal are reduced up to 91% and 88%, respectively.

Regarding the computational cost, the solution of Cases A and B
took respectively 3000 and 10000 fitness evaluations (=population
size×number of generations), which is negligible compared to the
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ize of the whole search space (108 for Case A and 1016 for Case B).
hen, the weighted-sum approach proved to be not only effective
ut computationally efficient for the current application.

. Conclusions

In this work, we optimised the thermal and energy perfor-
ance of a typical single-family house in the Argentine Littoral

egion using simulation-based optimisation. The performance of
he house was characterised by a unique, global objective func-
ion defined as the weighted-sum of two sub-objectives: the total
egree-hours in the living room and the energy consumption for
ir-conditioning in the bedrooms. A set of design variables was
efined, and the sensitivity of the global objective and the sub-
bjectives to these design variables was analysed using the Morris
creening method. By this way, we detected the more relevant
esign variables and only them were involved in the optimisation
roblem.

As result of the optimisation, we achieved impressive reduc-
ions not only in the global objective but also in the sub-objectives:
p to 91% fewer total degree-hours in the living room and up to
8% less energy consumption in the bedrooms (up to 91% and 88%,
espectively) compared to the original design (that of a typical
ingle-family house in Littoral as it is being currently built). This
alidated the use of the simple weighted-sum approach for solving
he current multi-objective optimisation problem.

Further, results served to dictate some general recommenda-
ions for the design of such typical houses in Littoral, including:
xternal walls and roofs should have low thermal transmittance
nd high thermal capacity and high thermal delay, while the inter-
al ones should have high thermal transmittance and capacitance
nd low delay; and the windows should have low transmittance.

As future work, other building typologies and sub-objectives
ill be considered. These sub-objectives should account for the

ife-cycle cost, the environmental impacts, and architectural and
echnological constraints. We  expect that, for such a diverse simul-
aneous objectives, the use of more sophisticated multi-objective
lgorithms (the Pareto-based ones) will be mandatory, becoming a
ext research interest.
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