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A decision-support methodology for the energy
design of sustainable buildings in the early
stages
Ernesto Velázquez1, Denis Bruneau2, Zakaria Aketouane1,2* and Jean-Pierre Nadeau1

Abstract: A holistic approach integrating all aspects of building design directly
affected by its energy performance is necessary for supporting decision-making
throughout the design process. In this work, a decision-support methodology for the
energy design of buildings is proposed, considering the three dimensions of the
concept of sustainability, and adapted to the level of information detail available in
the early design stages. The 4 modules composing this methodology are (i) a set of
36 key design variables defining the building design, (ii) a set of 16 indicators
covering environmental, economic and user comfort aspects of building perfor-
mance affected by energy-related design decisions, (iii) a calculation method for the
performance indicators composed of 7 simulation models, and (iv) a knowledge
base of building elements, energy sources and meteorological data. The metho-
dology is primarily aimed to assist architects and engineers who participate in the
design of office buildings in a French context.
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1. Introduction
The building sector is characterized by high energy consumption rates and high emissions of
greenhouse gases. In 2010, the sector accounted for 40% of final energy consumption and 36%
of all carbon dioxide emissions in the European Union (European Commission, 2013). Therefore,
improving the energy performance of buildings represents a cost-effective way of reducing climate
change and improving energy security (Eichhammer et al., 2009).

Current approaches focusing solely on the reduction of energy consumption during the operation
phase of buildings may cause undesirable results. These include a degradation of user comfort
conditions and an increase of both the investment cost and the environmental impact of construc-
tion products. A holistic approach integrating other aspects directly affected by the energy perfor-
mance of buildings is thus necessary for supporting decision-making throughout the design process.

International initiatives such as the European projects OPEN HOUSE (2013) and SuPerBuildings
(Hakkinnen, 2012) as well as the works of the technical committee CEN TC350 (European
Committee for Standardization, 2011, 2010, 2012a, 2012b) converge on integrating the concept
of sustainability into the decision-making process of building design. This is done by considering
criteria covering the three dimensions of sustainable development: environment, economy and
society. This approach is more effective when applied during the early stages of a building project,
when design decisions have a higher impact potential on building performance (Agency,
International Energy, 2003). However, these stages are characterized by a limited availability of
information, which complicates performance assessment.

Various tools and methodologies are proposed in the literature to assist decision-making in the
early stages of the energy design of buildings by considering multiple sustainability-related criteria
simultaneously (D’Amico & Pomponi, 2018; Gan et al., 2018; Meex, Hollberg, Knapen, Hildebrand, &
Verbeeck, 2018b; Moghtadernejad, Chouinard, & Saeed Mirza, 2018). Ochoa and Capeluto (2009)
propose NewFacades, a decision-support tool for the design of facades that evaluates the perfor-
mance of design alternatives based on their energy consumption and daylight glare index. Wang,
Zmeureanu, and Rivard (2005) employ a multi-objective optimization algorithm to find Pareto
solutions combining life-cycle cost and an exergy-based environmental impact indicator.
Similarly, Baek, Park, Suzuki, and Lee (2013) have studied the effects of eco-architectural techni-
ques on life-cycle costs and carbon dioxide emissions. Attia, Gratia, De Herde, and Hensen (2012)
help selecting passive and active strategies using energy consumption or generation in the design
of nearly zero energy buildings in an Egyptian context. Hamdy, Hasan, and Siren (2013) propose
a three-stage optimization model for designing nearly zero-energy buildings using present worth,
space heating demand, summer comfort, difference in life-cycle cost and primary energy con-
sumption indicators. Requirements for the implementation of Life Cycle Assessment in early stage
design of buildings have been proposed by Meex, Hollberg, Knapen, Hildebrand, and Verbeeck
(2018a); their methodology is designed for architects, in order to take into account environmental
impact in these early design stages. Similarly, Gervásio, Santos, Martins, and Simões da Silva (2014)
presented a life-cycle approach in early design stages in which the life-cycle environmental
performance is estimated by a macro component; their approach allows overcoming the lack of
design data in order to guide the designers in achieving a long-term building efficiency.
Furthermore, a design-decision support tool named UrbanSOLve has been proposed and tested
by Nault, Waibel, Carmeliet, and Andersen (2018); it aims to design the neighborhood according to
its energy and daylight performance. In this tool, the performance evaluation is based on
a predictive approach using a metamodeling and an optimization procedure in order to identify
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the design parameters that maximize the benefits and minimize the costs; this tool can also
generate different alternatives of design, leading practitioners to compare them before planning
their own final design decisions.

In general terms, the evaluation tools used in the early design stages are based on simplified
calculation algorithms, which allow for short simulation times and require a limited amount of
input data in order to be compatible with the level of information available at these design stages.
However, these tools consider at most two of the three aspects of the concept of sustainability at
a time, normally complemented with energy consumption criteria.

In this context, we propose a progressive decision-support methodology for the energy design of
buildings which considers the three dimensions of sustainability and which is adapted to the level
of information detail available in the early design stages. Furthermore, we propose a model for
structuring decision-making to be integrated into the decision support methodology in order to
take into account the progression of design decisions throughout the building design process. The
methodology is primarily aimed to assist architects and engineers who participate in the design of
office buildings in a French context.

2. Progressive decision support methodology
The aim of the proposed methodology is to provide an overview of the impact of energy-related
decisions on all aspects of the building influenced by energy performance, in order to assist
through the selection and sizing of the related building elements. The methodology is based on
a comparative assessment of design alternatives through the concept of sustainability and based
on a whole life-cycle approach.

Four modules compose the proposed methodology:

(1) A set of 36 key design variables defining the building design, representative of the decisions
taken during the early stages, and a set of 16 indicators covering environmental, economic
and user comfort aspects of building performance affected by energy-related design
decisions.

(2) A calculation method for the performance indicators composed of seven simulation models
and adapted to the level of information detail available in the early design phases.

(3) A progressive logic of the design decisions given as a model of sequential distribution of the
choices to be made at each phase of the project. This logic is based on a basic building
configuration, representing values to be considered by default for the choices that have not
yet been decided in a given phase.

(4) A knowledge base of building elements, energy sources and meteorological data, used to
effortlessly translate design decisions into their corresponding simulation parameters.

An overview of the proposed methodology and its composing modules is shown in Figure 1.

2.1. Key design variables
Based on an analysis of the decision-making process during the early design stages, 36 key design
variables have been identified as having a decisive impact on the energy performance of the
building. These variables cover building geometry, materials and technical systems, and are
presented in Table 1.

A series of hypotheses and simplifications were considered for the definition of the key design
variables. In order to simplify geometrical input requirements, identified as one of the main barriers
towards decision-support tools use during early design stages (Attia et al., 2012), a rectangular
building plan and a typical distribution of interior spaces, both representative of office buildings,
were considered as presented in Figure 2. Table 2 proposes the building spatial dimensions.
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While energy consumption of the building is calculated based on its heating, cooling, mechanical
ventilation and artificial lighting needs, no design variables regarding artificial lighting or system
operation parameters were taken into account at this point, since these are normally defined
during later stages of the design process. Thus, typical values for these variables in the office
building were considered.

2.2. Performance indicators and calculation methods
In order to characterize the impact of energy-related design decisions, a set of 16 indicators was
selected covering the three dimensions of sustainability, based on the performance-based
approach followed by the OPEN HOUSE and SuPerBuildings projects as well as the works of the
CEN TC350. These performance indicators are compatible with the limited level of information
detail available at the early design stages and are calculated using simple calculation algorithms
with a reduced cost in simulation time. Furthermore, their selection is consistent with the current
availability of sources of simulation parameters, including environmental profile databases, con-
sidered as one of the main obstacles for analysis in France (LEBERT et al., 2013).

The selected performance indicators are presented in Table 3 and further information regarding
their selection criteria and calculation are given in the following sections. The perimeter of analysis
of the environmental and economic evaluations includes (i) the building components used both
during the construction phase and the operation phase (due to component replacement), and (ii)
the energy resources consumed by technical systems during the operating phase.

2.2.1. Environmental indicators
The assessment of the environmental performance at a building level based on the individual contribu-
tions of each building component is described in the EN 15,643–2 standard (European Committee for
Standardization, 2011). The environmental contribution of a type of flow associated with the building’s
life cycle I

*

flow is calculated as the product of the amount of functional units of said flow used during the

analysis period Qflow and the respective environmental impacts vector per unit i
*

flow:

I
*

flow�total ¼ Qflow � i
*

flow (1)

Figure 1. Overview of the pro-
posed progressive decision-
support methodology.
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To evaluate the environmental impact throughout the building, the individual contributions of all
material and energy flows considered in the scope of analysis are aggregated. Finally, the values of
the environmental profile of the building are expressed in terms of the floor area and the duration
of the period of life-cycle analysis (set as 50 years in this work), in order to facilitate comparison
between different building design alternatives.

2.2.2. Economic indicators
According to ISO 15,686-5 (International Organization for Standardization, 2008), the contribution
of a type of flow to the overall cost of the building Cflow is simply given as the product of the
number of functional units of the flow used throughout the analysis period Qflow and its associated

cost per unit cflow:

Table 1. Key building design variables in the early design stages

Building aspect Building element Key design variable

Building geometry Building Building length

Building width

Orientation angle

Number of floors

Floor height

Building materials External walls Type of structural material

Thickness of structural material

Type of thermal insulation

Thickness of thermal insulation

Position of thermal insulation

Windows Glazing ratio per facade (N, S, W, E)

Type of glazing

Type of gas filling

Type of frame material

Solar protections Type of solar protection

Color of solar protection

Internal walls Type of structural material

Intermediate floor
slabs

Thickness of concrete slab

Rooftop slab Thickness of concrete slab

Type of thermal insulation

Thickness of thermal insulation

Position of thermal insulation

Lower floor slab Type of thermal insulation

Thickness of thermal insulation

Position of thermal insulation

Technical systems Mechanical
ventilation system

Air flow rate per occupant

Heat recovery efficiency

Air flow rate during non-occupancy

Air flow rate for night ventilation

Heating system Type of heating system

Satisfaction rate of thermal needs

Cooling system Type of cooling system

Satisfaction rate of thermal needs
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Figure 2. Distribution of interior
spaces in the building plan.

Table 2. Spatial dimension values of the building

Spatial composition of the building Valeurs

Building length 14 m

Building width 95 m

Number of floors 4 floors

Floor height 3 m

Table 3. Performance indicators for the energy design of sustainable buildings

Sustainability
dimension

Criteria Performance indicator Units

Environmental Physical resource
use

EPNR Non-renewable primary
energy use

kWh/(m2 year)

FWC Fresh water consumption L/(m2 year)

Environmental
impact

GWP Global warming potential kg CO2-eq./(m
2

year)

AP Acidification potential of
land and water

kg SO2-eq./(m
2

year)

POCP Formation potential of
tropospheric ozone

kg C4H4-eq./(m
2

year)

ODP Depletion potential of
stratospheric ozone layer

kg CFC 11-eq./(m2

year)

Waste generation WH Hazardous solid waste kg/(m2 year)

WNH Non-hazardous solid
waste

kg/(m2 year)

WRA Radioactive solid waste kg/(m2 year)

Economic Economic cost LCC Life cycle cost €/m2

CC Construction cost €/m2

CU Operating cost €/m2

Social Hygrothermal
comfort

nconf Percentage of time of
thermal comfort

%occupation time

Visual comfort DA Daylight autonomy %occupation time

Acoustic comfort DnT,A,tr Weighted standardized
level difference

dB

Indoor air quality nsat Expected percentage
satisfied

%users
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Cflow ¼ Qflow � cflow (2)

This method applies for the calculation of the construction cost, given at the time of the
building’s delivery. In contrast, when calculating operating costs which take place at a later
stage in the building’s lifetime, these expenses must be updated by projecting its future
value to its equivalent value at the reference date. This is done through the discount rate “a”
as shown below:

Cflow�t ¼
Qflow�t � cflow

1þ að Þt (3)

where “t” is the time (in years) between the building’s delivery date and the date of the operating
expense.

2.2.3. Social indicators
2.2.3.1. Hygrothermal comfort model. Although hygrothermal comfort may depend on a large
number of parameters, a thermal model based on an interval of acceptable air temperatures is
prevalent in current practice because of its implementation simplicity. Such a simple model has
been retained in this work in accordance with the chosen building thermal model, which does not
include any equation for humidity transfers.

In this model of thermal comfort, two temperatures are specified: the indoor air temperature and
the operative temperature of the indoor environment. The estimation of the operative temperature of
an indoor space Top usually depends on the conditions of relative humidity and air velocity and on the
activity level and clothing of the occupants. However, in the case of office buildings, this temperature

can be approximated as the average of the temperature of the walls surrounding a space �Twall�in and
the air temperature inside the space Tair�in (American Society of Heating, 2004):

Top ¼ Tair�in þ Twall�in

2
(4)

The percentage of time of thermal comfort at each thermal zone of interest is then calculated as
the ratio between the time of comfort during occupancy and the total number of hours of annual
occupancy. Finally, this hygrothermal comfort indicator is given as the weighted average based on
the surface area of the spaces of interest (offices and meeting rooms).

2.2.3.2. Visual comfort model. In general, a space can be considered autonomous in terms of
daylight when the value of illuminance inside is higher than the level required by the type of
activities. The level of illuminance required for an office space is normally considered equal to 500
lux, as proposed in the EN 15,251 standard (European Committee for Standardization, 2007).

In this work, the average Daylight Factor DF is used to calculate the illuminance level in each of the
spaces of interest. This Daylight Factor, commonly used to evaluate the potential of access to daylight, is
given as the ratio between the indoor illuminance level on a reference plane and the corresponding
outdoor illumination level under an overcast sky (Université catholique de Louvain, 2014). Its calculation
involves the geometry of the space aswell as the optical properties of the internal surfaces enclosing this
indoor space.

Based on this Daylight factor and the required indoor illuminance level of 500 lux,
a corresponding minimum value of the outdoor illuminance is calculated for each space. This
minimum level is then compared at each time step of the simulation to the outdoor illuminance
level for building location, thus determining the number of occupancy hours during which the
space is autonomous in terms of daylight.
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As in the case of the hygrothermal comfort indicator, the daylight autonomy at the building level
is given as the weighted average based on the surface area of offices and meeting rooms.

2.2.3.3. Acoustic comfort model. In this work, the weighted standard level difference of the
building facades is obtained using the calculation method proposed by the French certification
Qualitel (HOUSE 2012). This method incorporates the result of the complex analysis of spectral
profiles defined in the EN 12,354 standard into a single parameter characterizing each façade
component: the reduction index. This value depends on the type, thickness and position of each
wall layer composing the facade.

As specified in the Qualitel certification, three types of acoustic transmissions are to be considered
in the calculation of the weighted standard level difference: direct, indirect and equipment transmis-
sions. Indirect transmissions are negligible when the isolation required is less than 35 dB, which is
usually the case. Furthermore, acoustic transmissions through equipment such as air intakes are not
considered in this work because they are not yet defined in the early stages of the design project.
Thus, only direct acoustic transmissions are considered here: the definition of weighted standard level
difference of a composite façade DnT;A;tr is then given in terms of the volume of the space Vspace as
well as the surface area Sj and reduction index RA;tr�j of windows and opaque walls:

DnT;A;tr ¼ 10 � log 0:32 � Vspace

∑winþwall
j¼1 Sj � 10� RA;tr�j

10

� �� �
0
BB@

1
CCA (5)

In the case of windows, the reduction index RA;tr�win is usually given by the manufacturer based on
the type ad number of glazing elements. The reduction index of an opaque wall RA;tr�wall is
calculated as the sum of the value related to the structural wall RA;tr�str and its correction due
the thermal insulation RA;tr�therm, both values given in the Qualitel certification for a wide range of
materials, as shown below:

RA;tr�wall ¼ RA;tr�str þ �RA;tr�therm (6)

2.2.3.4. Indoor air quality model. The calculation method of the expected percentage of user
satisfaction with the quality of indoor air is given as a generalization of the comfort levels
proposed in EN 15,251 (European Committee for Standardization, 2007). In this standard, 4
categories of comfort related to indoor air quality are proposed as a function of the air change
rate per occupant. Each category is associated to a given percentage of user dissatisfaction with
the air quality. The indicator selected in this work represents the complementary amount of this
percentage; it thus represents, for each selected air change rate, the ratio of occupants which are
considered to be satisfied with the indoor air quality.

In order to generalize the assignment of a percentage of user satisfaction for any given value of
the ventilation rate per occupant _q, an equation defining the relationship between these two
quantities has been obtained through a regression analysis. The expected percentage satisfied nsat

is thus estimated as follows:

nsat ¼ 100� 224:9 � _q�0:75 (7)

2.3. Progressive decision-making model
Decision-making through the building design process follows a natural progression from general
decisions, such as building geometry and facade glazing ratio, to more specific decisions, such as
glazing type and thermal insulation thickness. In order to aid the decision-making throughout the
early design stages, in this work, we propose a progressive decision-making model as a support
guide to structure decision-making in the energy design of buildings. This progressive model is to
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be integrated into the performance assessment methodology described in the previous sections,
aimed at the energy design of sustainable buildings.

The design process of a building varies from a country or region to another. In France, the
progression of a construction project is dictated by the legal framework on public works performed
by private providers (JORF, 1994). Among the various project phases identified in this framework, it
is essential in the first three where critical decisions vis-à-vis energy building design are taken.
These design stages (“Esquisse”, “Avant-Projet Sommaire” and “Avant-Projet Détaillé”) are trans-
lated in this work as Schematic Design, Outline Design and Detailed Design, as shown in Figure 3.

During the schematic design phase, an initial but complete proposal for the design of the building is
defined in broad terms. All aspects of the building are considered, at least in very general terms, to
define the overall outline of the energy strategy. In order to introduce a linear logic in the design
process, the schematic design phase is divided into four sequential sub-stages, as shown in Figure 3.
These steps are mostly related to or have an impact on one of the following building aspects: spatial
composition, thermal envelope, thermal mass and technical equipment. At each of these sub-stages,
design decisions are primarily related to or have an impact on the aspect in question.

After an initial definition of the building design has been declared, the following two stages are aimed
at increasing theprecisionof variable declaration. In theoutline designphase, the initial proposal defined
in the previous phase is complemented by increasing the level of accuracy of design decisions, especially
in termsof buildingenvelope compositionand the choiceof technical systems. Thedetaileddesignphase
is characterized by a higher level of accuracy in the declaration of all design variables from the two
previous stages; in this third phase, thedesignermakes specific decisions for thedimensioningof building
elements, mainly concerning the composition of the building envelope and the choice of materials.

Table 4 shows the design decisions to be made at each of the design stages as proposed in the
progressive decision-making model. Two levels of precision are identified in the decision-making
model proposed here:

● On a general level, typologies of either numerical values or types of building components are
proposed, given as typical design choices representing a family of components or
a representative interval of values.

● On a more precise level, specific numerical values or types of building components are to be
declared.

In order to evaluate the performance indicators at the earlier phases, where only general decisions
are fixed, a set of default values describing a default initial building configuration will be used to fill in
the blanks (specific values which have not been fixed). This set of default values has to represent the
most common values for a given building type in the corresponding implementation context. These
default values are to be identified from surveys of high-performance buildings as to serve as proven
starting points for good energy building design (see sections 3.2 and 4.2).

2.4. Basic knowledge database
A basic knowledge database containing the simulation parameters describing the key design
variables (see Table 1) has been compiled. It consists of three types of information:

Figure 3. Building design stages
in the proposed decision-
making model.
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Table 4. Design decisions composing the progressive decision-making model

Design stage Building element Design decision

Schematic design: Spatial
composition

Building Building length

Building width

Orientation angle

Floor height

Schematic design: Thermal
envelope

Envelope walls Type of structural material

Typology of concrete wall thickness (if
applicable)

Typology of thermal insulation level

Windows Typology of glazing ratio per facade

Solar protections Presence of solar protections

Rooftop slab Typology of thermal insulation level

Lower floor slab Typology of thermal insulation level

Schematic design: Thermal
mass

Envelope walls Position of thermal insulation

Windows Typology of number of glass panes

Internal walls Type of structural material

Rooftop slab Position of thermal insulation

Lower floor slab Position of thermal insulation

Schematic design: Technical
equipment

Mechanical ventilation
system

Presence of a heat recovery system

Implementation of night ventilation in summer

Heating system Typology of heating system

Outline design Envelope walls Type of thermal insulation

Windows Glazing ratio per facade

Typology of glazing

Type of frame material

Solar protections Type of solar protection

Rooftop slab Type of thermal insulation

Lower floor slab Type of thermal insulation

Mechanical ventilation
system

Typology of air change rate per occupant

Heat recovery efficiency

Heating system Type of heating system

Cooling system Type of cooling system

Detailed design Envelope walls Thickness of concrete wall (if applicable)

Thickness of thermal insulation

Windows Type of glazing

Type of gas filling

Solar protections Color of solar protection

Internal walls Thickness of concrete wall (if applicable)

Intermediate floor slab Thickness of concrete slab

Rooftop slab Thickness of concrete slab

Thickness of thermal insulation

Lower floor slab Thickness of thermal insulation

Mechanical ventilation
system

Air change rate per occupant

Air change rate during non occupancy

Air change rate for night ventilation (if
applicable)

Heating system Satisfaction rate of heating needs

Cooling system Satisfaction rate of cooling needs
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● Environmental, economic and technical data describing the building components and
materials.

● Environmental and economic data describing the energy sources used by the technical
systems.

● Meteorological data, including solar irradiation, wind speed and illumination levels of various
geographical locations.

3. Building thermal modelling

3.1. Definition of the basic thermal model
The selected thermal model is based on a multizone building nodal network model, as proposed in
the works of Roux (1984) and Caccavelli, Roux, and Brau (1987). In this model, the main building
elements, including walls, windows, floor slabs and inside air mass, are modeled as a network of
resistances and capacities, as shown in Figure 4.

Based on this principle, building elements are represented as follows:

● the elements composing the envelope of the thermal zones, including roof, bottom floor, walls
and intermediate floors between thermal zones, are modeled using a thermal resistance Rwall

as well as 2 thermal capacitances Cwall�in and Cwall�out on each side of the element, as shown
in Figure 4,

● partitions within the same thermal zone are modeled by a thermal capacitance,

● glazing elements, whose thermal inertia is considered negligible compared to that of opaque
walls, are represented by a thermal resistance.

Additionally, each thermal zone is considered at a homogeneous air temperature value.

Figure 5 presents the whole thermal-electrical representation of the elements composing the
building, as well as all the thermal exchanges considered in the building thermal model.

For each of these nodes, different heat exchange phenomena are considered in the thermal
balance:

● convection and radiation between the air inside the thermal zone and the inner surface of the
walls,

● convection, radiation and conduction between the air inside the thermal zone and the outdoor
air, through the windows,

● convection due to air flow between the thermal zones and the outdoor air,

● absorption of solar radiation by the air inside the thermal zone and by the inner and outer
surfaces of the walls,

Figure 4. Principle of the ther-
mal-electrical analogy for
a wall toward a nodal network
model.
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● absorption of heat flow from internal loads (occupancy, office equipment and lighting) by the
air inside the thermal zone and the inner surfaces of the walls,

● convection between the air inside the thermal zone and the heating and cooling technical
systems,

● conduction between the inner and outer surfaces of the envelope walls (excluding thermal
bridges),

● conduction between the air inside the thermal zones and the air outside through the thermal
bridges of the envelope,

● convection and radiation between the outer surface of the envelope walls of thermal zones
and the outdoor air,

● conduction between the outer surface of the envelope walls of the thermal zones and the
ground.

3.2. Definition of a basic default initial configuration
The choice of the default values that characterize the initial default configuration were identified
through a study of the BBC Observatory database (Collectif Effinergie, 2014) and are shown in
Table 5. This database compiles energy-efficient project statistics, with High Environmental Quality
(HQE) and Low Consumption Building (BBC) certifications as well as other exemplary buildings in
France. All of the office building projects, documented in this database in February 2013 (a total of
63 projects), were considered for the identification of the possibilities of choice in this work.

4. Implementation methodology of a complementary system: illustration through the
example of a double skin facade
It could be desirable from an architect or engineer point of view, to add a complementary thermal and/
or architectural system to the basic building thermal model succinctly described in the last section. In
order to illustrate the corresponding implementationmethodology, we consider a novel energy system,
namely a double skin facade. This energy system can be defined as a traditional façade doubled by the
exterior by a second, essentially glazed façade (see Figure 6). The appeal of the implementation of such
building element is double: (i) during winter, solar heat energy is captured by the cavity between the
traditional and the glazed facades, which allows for the creation of a buffer space; this buffer space
thus insulates the building from the low temperatures of the exterior environment, (ii) during summer,
the heated air inside the cavity leads to a natural air circulation cycle caused by a chimney effect,
bringing fresh air to the building façade or interior, through passive means.

Figure 5. Nodal thermal model
of a building zone and thermal
exchanges with external
resources.
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4.1. Modeling of the Double skin facade
In accordance with the principle of electrical-thermal analogy, in this double skin model, the space
created between the building envelope and the glass facade is characterized by an air temperature
representative node located inside the cavity (Tair-cav). The temperature characterizing this node is
estimated from a simplified formulation of the thermal balance, considering the heat exchange
with thermal zones contiguous to the cavity and the outside. The exchange phenomena consid-
ered in the modeling of the double skin glass facade are (see Figure 7):

● conduction, convection and radiation between the air inside the cavity and the outside air,
through the glazing which constitutes the facade of the double skin (hcav-out);

Table 5. Design decision values describing the default initial building configuration

Building element Design decision Default initial building
configuration

Envelope walls Type of structural material Reinforced concrete

Thickness of structural material 20 cm

Type of thermal insulation Glass wool

Thickness of thermal insulation 16 cm

Position of thermal insulation External insulation

Windows Glazing ratio of north facade 40%

Glazing ratio of south facade 40%

Glazing ratio of east facade 20%

Glazing ratio of west facade 20%

Type of glazing Low-E double glazing (4 + 16 + 4)

Type of gas filling Argon

Type of frame material Aluminum

Solar protections Type of solar protection External venetian blinds

Color of solar protection Light

Internal walls Type of structural material Concrete block

Intermediate floor slabs Thickness of concrete slab 20 cm

Rooftop slab Thickness of concrete slab 20 cm

Type of thermal insulation Expanded polystyrene

Thickness of thermal insulation 22.5 cm

Position of thermal insulation External insulation

Lower floor slab Type of thermal insulation Expanded polystyrene

Thickness of thermal insulation 5 cm

Position of thermal insulation Internal insulation

Mechanical ventilation system Air change rate per occupant 18 m3 h−1 occupant−1

Heat recovery efficiency 60%

Air change rate during non-
occupancy

10% of base air change rate

Air change rate for night
ventilation

No night ventilation

Heating system Type of heating system Air/air heat pump

Satisfaction rate of thermal needs 100%

Cooling system Type of cooling system Air/air heat pump

Satisfaction rate of thermal needs 100%
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● conduction, convection and radiation between the air inside the cavity and the air inside the
building, through the glazing composing the thermal envelope in contact with this cavity (hwin);

● convection and radiation between the air inside the cavity and the outer surface of the opaque
walls composing the envelope (hcav-wall);

● convection due to the air change outside the cavity, by wind action and by thermal draw
(hcav-vent);

● exchange between the air inside the cavity and the air inside the thermal zones in contact
with it through the thermal bridges of the building envelope (hbridges);

● absorption of heat flux due to solar radiation by the air inside the cavity (nrec Swall Gglaz φsun).

The regulatory method for the modeling of sun-tempered buffer spaces has been considered in
coherence with the principles of the present work in order to model the Double skin façade (see black
added lines and nodes in Figure 7), because this method allows a good balance between simplifica-
tion of calculation and representativeness of the phenomena involved. In order to take into account
in a more complete way the impact of the decisions associated with the design of the glazed facade
in its thermal behavior, an adaptation to this modeling (Th-BCE 2012 rules, (Centre Scientifique et
Technique du Bâtiment, 2006)) is proposed in this work with regard to the efficiency of recovery of
solar contributions in the cavity . This efficiency is defined as the portion of the solar heat flux
remaining in the buffer space relative to the incoming solar heat flux to the cavity. It is usually
considered to be constant and equal to 0.8 in the Th-BCE 2012 (nrec ¼ 0.8); in this work, the value of

Figure 6. Basic components of
a double skin facade.

Figure 7. Nodal modeling using
an electrical-thermal analogy
for a thermal zone in contact
with the air cavity of a double
skin facade.

Note that the model consid-
ered in this work does not
include the possibility of using
the preheated air in the cavity
of the double skin facade to
supply the ventilation system,
either directly or through
a heat exchanger double-flux
type.
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this output, namely nrec coefficient (see Figure 7), is estimated from the geometric and thermal
characteristics of the solar protections and the building envelope, so as to model the influence of
these elements in the thermal dynamics of the facade double skin glazed:

nrec ¼ 1� τwin � Gwin � Gsp � 1� τwinð Þ � αwall�out (8)

4.2. Addition to the basic default initial configuration
For the design of a double skin facade, the decision values describing the default configuration
were obtained from the analysis of a study of 55 projects in office buildings in 10 different
countries (Poirazis, 2004). These values are shown in Table 6.

4.3. Addition to the knowledge database
As shown in Figure 6, the basic components of a double skin facade are the glazing and the façade
structure. Since the glazing types used in double skin facades are practically the sameas the ones used
in windows, the only component which is not documented in the knowledge database of the base
decision-support tool is the façade structure. The environmental, economic and technical character-
istics of a metallic structure for such purposes have been added to the knowledge database.

5. Qualification of the decision-support tool
Decision-making for the design of energy-efficient buildings requires a global vision, which inte-
grates, in parallel, the functions of the system (physical comfort of the occupants) and the
constraints (environmental costs and impacts). The currently available methodologies and tools
that consider these three aspects of building performance are not suitable for design in the early
stages of a construction project. It is nevertheless in these first stages of reflection that the most
decisive decisions in terms of energy performance are taken. For this reason, the novelty of the
proposed method is to support decision-making in a building energy design process by integrating
both: the logic of knowledge progression, the social, economic and environmental dimensions of
sustainable development. In order to show the interest of the application of the proposed decision-
support tool in the design of an office building, a design scenario composed of 3 progressive
decisions allocated along the early design stages is further presented. The positioning of these
design decisions in the progressive decision-making model is shown in Figure 8.

In the following three sub-sections, the results, in terms of performance indicator values, are
given as the variation in percentage of each performance indicator (see Table 3) for a given
building configuration (X1) compared to the considered default configuration (X0).

Table 6. Design decision values describing the default initial configuration of the Double skin
facade

Building element Design decision Default value
Glazing of the double skin facade Type of glazing Single glazing (6 mm)

Cavity between facades Air cavity thickness 0.6 m

Cavity openings Percentage of facade openings 15%

Solar protections Position of solar protections Inside the air cavity

Figure 8. Positioning of the
design scenario for the Double
skin facade according to the
proposed progressive decision-
making model.
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ΔX1 ¼ X1 � X0ð Þ
X0

� 100 (9)

5.1. First decision: building orientation
In the schematic design phase, one of the first decisions is to choose the building orientation, relative
to the South (for the northern hemisphere) or to the North (for the southern hemisphere). This simple
design choice plays a decisive role in the energy performance of the building, particularly in the
distribution of incident solar contributions on the building façades (Liébard & De Herde, 2005).

Figure 9 shows the variation of performance indicators of the initial default building by varying
its orientation from the South: 0° (South orientation), 30°, 60° and 90° (East orientation). Results of
the variations of performance indicators versus building orientation towards the West (–30°, –60°,–
90°) are not presented because they are similar to results versus building orientation towards the
East (30°, 60°, 90°), for reasons of symmetry.

One can note that the energy performances of the building, and thus the operating cost of this
building, are significantly impacted for orientation variation values (from South) less or equal than
30°. These variations did not affect the cost of the construction and thus of the investments.

In the same way, beyond this zone, a significant increase in the majority of environmental can
be observed:

● non-renewable primary energy use

● •freshwater consumption

● non-hazardous solid waste

● radioactive solid waste

● depletion potential of stratospheric ozone layer

Other indicators are also affected by the variation of this design variable, but to a lesser degree:

● hazardous solid waste

● Global warming potential

Figure 9. Variation of perfor-
mance indicators for all build-
ing orientations from a south
orientation.

Velázquez et al., Cogent Engineering (2019), 6: 1684173
https://doi.org/10.1080/23311916.2019.1684173

Page 16 of 22



● Acidification potential of land and water

● Formation potential of tropospheric ozone

● •Life-cycle cost

Two indicators present a minimum degree of sensitivity with respect to the variation of the
azimuth: the construction cost and the percentage of time of thermal comfort (this last perfor-
mance indicator being slightly enhanced). Finally, one can point out that the rest of the user
comfort indicators (visual, acoustic and air quality) are not affected by the building orientation.

5.2. Second decision: implementation of the DSF
Figure 10 illustrates the variation of performance indicators with the implementation of a double skin
facade configuration compared to the default-building configuration. As shown in this figure, the
presence of the double-glazed facade has two different effects on the energy performance of the
building. As expected, it reduces the building’s heating needs by approximately 20% compared to the
basic building configuration; this involves a decrease in the environmental indicators associated with
the consumption of electrical energy. At this stage, an analysis in terms of time of ROI (Return On
Investment) should be done to support the environmental decision-making. Nevertheless, the large-
scale use of glazing and the supporting metal structure that constitute this double skin facade, both
components that are associated with high environmental impacts and high costs, have very negative
effects on the building’s performance; the most negatively affected indicators are of course the
environmental indicator “hazardous solid waste” because of the use of glassing and metal structure,
and the three economic indicators, due to the increase in construction materials needs for building.

5.3. Third decision: type of double skin façade glazing
The third design decision concerns the type of glazing composing the double skin facade. Two
types of glazing are proposed in the knowledge database for “Thermal mass” stage of the
schematic design phase (see Figure 3):

– single glazing unit with 6 mm thick clear glass (default building configuration),
– double glazing which consists of two sheets of glass 4 mm thick, separated by a space filled

with 16 mm of air.

Figure 10. Variation of perfor-
mance indicators with the
implementation of the double
skin facade configuration (red
line) compared to the default
building configuration without
double skin facade (blue line).
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Results presented in Figure11 concern the comparative impact of this default single glazing and
of the double glazing for the double skin façade. It points out that some of the environmental
indicators are better for a facade with a single glazing, while others are better results for a facade
with double glazing. To understand these indicator behaviors, two different effects have to be
considered: indeed, a double glazing allows the reduction of the thermal needs, because of the
increase of the thermal performance of the envelope; nevertheless, the implementation of such
a type of glazing induces larger environmental impacts and larger investments. Thus, the choice of
double glazing leads to reduce the indicators that are more sensitive to the energy consumption of
thermal systems, while the choice of single glazing limits those that are more sensitive to the use
of building materials.

6. Conclusion
In this work, a progressive decision-support methodology for the energy design of buildings during
the early stages has been developed. This methodology provides a quantitative assessment of the
impact of technological-related and material-related decisions on the overall building perfor-
mance, characterized by a set of indicators covering the three dimensions of sustainability and
considering the whole building life cycle. The three dimensions concern environmental criteria,
comfort criteria and three economic costs and are evaluated by the way of dedicated performance
indicators. The selected performance indicators and their calculation algorithms are compatible
with the limited level of building detailed information available during the early design stages.
Their calculations are based on standard technical databases and on improved energy perfor-
mance models. Through the case studies presented here, the use of the evaluation tool helped to
guide decision-making by offering a global vision of the energy performance of the building. This
global vision makes it possible to fully consider the effects of design decisions taking place in
different stages of the building’s life cycle. An energy strategy may be attractive because it has
positive effects on the building’s performance during operation; however, the implementation can
bring negative effects that can mitigate these gains, or even cancel them completely.
Consideration of the effects of design decisions on the entire building life cycle and on the set of
performance criteria is thus necessary to respond to these types of situations. The proposed
progressive decision-making model will lead in the future to a complete decision-support tool for
the energy design of buildings throughout the early design stages, considering the three dimen-
sions of sustainability (Velázquez, 2015).

Figure 11. Variation of perfor-
mance indicators between
a double skin facade using sin-
gle glazing as default config-
uration (blue line) and another
using double glazing (red line).
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Nomenclature

a Discount rate (-)

AP Acidification potential
of land and water (kg
SO2-eq./(m

2 year))

Cc Construction cost
(€/m2)

Cu Operating cost (€/m2)

DA Daylight autonomy
(% occupation time)

DnT;A;tr Weighted standar-
dized level difference
(dB)

EPNR Non-renewable pri-
mary energy use
(kWh/(m2 year))

f Factor (-)

FWC Fresh water con-
sumption (L/(m2

year))

GWP Global warming
potential (kg CO2-eq
/(m2 year))

h Heat exchange coef-
ficient (W m−2 K−1)

i
* Environmental

impacts vector per
functional unit of
building flow (-/unit)

I
* Environmental

impacts vector of
building flow (-)

LCC Life cycle cost (€/m2)

nconf Percentage of time of
thermal comfort (%

occupation time)

nsat Expected percentage
satisfied (% user)

ODP Depletion potential of
stratospheric ozone
layer (kg CFC 11-eq.
/(m2 year))

P Power contribution
(W)

POCP Formation potential
of tropospheric ozone
(kg C4H4-eq./(m

2

year))

_q

Air change rate per
occupant (m3/
occupant)

Q Amount of functional
units of building flow
(units)

R Thermal resistance
(K W−1)

RA;tr Reduction index (dB)

S Surface area (m2)

t Time (years)

T Temperature (K)

U Heat transfer coeffi-
cient (W m−2 K−1)

V Volume (m3)

WH Hazardous solid
waste (kg/(m2.year))

WNH Non-hazardous solid
waste (kg/(m2.year))

WRA Radioactive solid
waste (kg/(m2.year))

Greek symbols

α Solar attenuation
coefficient (-)

φ Heat flux density
(W m−2)

Subscripts

air Air

bridges Thermal bridges of
the thermal zone
envelope

cav Air cavity of the
Double skin facade

flow Building flow (building
component, energy
resource)

glaz Glazing of the Double
skin facade

ground Ground below the
building

in Inner side of the
thermal zone envel-
ope or inside the
thermal zone

loads Thermal loads of the
thermal zone

op Operative
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other Other thermal zones
of the building

out Outer side of the
envelope or outside
the thermal zone

rec Recuperation of heat
gains in the air cavity
of the double skin
facade

rep Repartition of heat
gains between the
indoor air and the
walls

ret Retention of heat
gains in the thermal
zone

space Thermal zone

str Structural material of
walls

sun Solar heat gain

syst Technical systems
(heating, cooling)

therm Thermal insulation

vent Ventilation

wall Walls of the thermal
zone envelope

win Windows of the ther-
mal envelope

HIGHLIGHTS
● A progressive decision-support methodol-
ogy for the energy design of buildings.

● Assessing building performance consider-
ing the three dimensions of sustainability.

● 16 performance indicators covering envir-
onmental impacts, cost and user comfort.

● 36 key design variables used to describe
the building in the early design stages.

● Performance assessment compatible with
information detail in early stages.
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