
Energy & Buildings 223 (2020) 110170
Contents lists available at ScienceDirect

Energy & Buildings

journal homepage: www.elsevier .com/locate /enb
Methodology for design decision support of cost-optimal zero-energy
lightweight construction
https://doi.org/10.1016/j.enbuild.2020.110170
0378-7788/� 2020 Elsevier B.V. All rights reserved.

⇑ Corresponding author.
E-mail address: shady.attia@uliege.be (S. Attia).
Mohamed Amer a, Mohamed Hamdy b, Thomas Wortmann c, Ahmed Mustafa d, Shady Attia a,⇑
a Sustainable Building Design Lab, Dept. UEE, Faculty of Applied Sciences, Université de Liège, Belgium
bDepartment of Civil and Environmental Engineering, Norwegian University of Science and Technology, Norway
cXi’an Jiaotong Liverpool University, China
dUrban Systems Lab, The New School University, USA

a r t i c l e i n f o a b s t r a c t
Article history:
Received 30 March 2020
Revised 4 May 2020
Accepted 19 May 2020
Available online 22 May 2020

Keywords:
Multi-objective optimization
Building performance
Simulation
Solution space
Urban densification
Roof stacking
The interest to find cost-optimal zero-energy solutions for building, using multi-objective optimization,
has risen dramatically over the last decade. Accordingly, several studies have been carried out, proposing
new methods and tools. None, however, has introduced a simplified approach that is viable by a broader
range of users. This study addresses this lack, offering a methodology that supports the decision making
process on cost-optimal zero energy building, using a novel approach, namely Multi-Objective Parametric
Analysis (MOPA), rather than optimization algorithms. This study adds to the domain of roof stacking
construction by setting the weight of construction as a third objective. The current methodology is
applied to a newly developed theoretical Reference Building (RB) for a Belgian passive roof stacking
house. Different options of the building’s superstructure components (walls, roof, and windows) have
been examined. MOPA follows three consecutive steps: modeling setup, parametric simulation, and ends
up with evaluation and selection. The results show cost-optimal zero-energy and lightweight packages of
design variables for the building envelope.

� 2020 Elsevier B.V. All rights reserved.
1. Introduction

1.1. Background

According to the latest studies by the International Energy
Agency, IEA [1], it was found that the building sector accounts
for 36% of carbon emissions, 40% of the energy demand in the Euro-
pean Union. The need for housing and construction is increasing
due to the exponential increase in the world’s population, which
is estimated to increase by 32% in 2050 [2]. Nevertheless, the
increasing need for housing is evident in major cities due to the
polarization of intellectuals and highly skilled laborers seeking bet-
ter job opportunities and higher salaries [3]. Accordingly, new
urban agendas manifestly address this subject in response to the
need for new housing construction while limiting urban sprawl
on the outskirts of the cities [4]. Roof stacking has been put for-
ward by several researchers and practitioners as a solution to
accommodate the increasing population while conserving the
urban landscape and ecology [5–9]. As shown in Fig. 1, Roof stack-
ing is defined as the added structure over the rooftop of an existing
building to create one or more stories of living spaces [7]. More-
over, several international and European calls have emerged to
apply stricter regulations on the building industry to achieve net
zero-energy buildings (nZEBs) by 2020, and reduce the overall car-
bon emission of the buildings [10–13]. However, cost-optimality of
buildings should be considered when opting for high energy per-
formance buildings. Thus, to achieve cost-optimal and energy effi-
cient buildings, the Energy Performance in Buildings Directive
EBPD-recast in 2010 [14] requests the EU Member States to ensure
achieving cost-efficient optimal level when designing for mini-
mum energy use for buildings. The same request goes for nZEBs,
which should be feasible for implementation. The fact is, achieving
this target is a difficult task, as it requires exploring a huge number
of design solutions resulting from exploring a different number of
design variables. Therefore, and in alignment with EPBD require-
ments, it has been of great interest from the scientific community
and industry to study and promote cost-optimal and energy effi-
cient buildings.
1.2. Previous work

The EPBD recast 2010 came in force ten years ago. A revised
EPBD came into force in 2018 to include smart readiness in build-
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Fig. 1. An example of a roof stacking over an existing rooftop.
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ings [15]. Since then, several studies have investigated both the
economic and environmental aspects of the buildings. For instance,
Hamdy et al. [16] introduced an efficient and time-saving
simulation-based optimization method to find cost-optimal and
nZEB energy performance levels. The method is based on the
exploration of several parameters for building envelops and HVAC
systems throughout three consecutive steps. Mauro et al. [17]
developed a new methodology to provide robust solutions for
cost-optimal energy retrofitting measures for several building cat-
egories. The methodology was based on simulation-based uncer-
tainty analysis, followed by a sensitivity analysis that identifies
optimum retrofitting solutions. Several retrofit packages, which
include energy saving measures, energy efficient HVAC systems,
and renewables, are investigated by means of cost-effectiveness.
Hamdy and Siren [18] have further investigated the topic, where
a new multi-aid optimization scheme has been developed to sup-
port the decision-making on robust cost-optimal decisions on mul-
tiple energy performance levels of buildings. This new scheme
aimed to minimize the computational effort done to explore, pos-
sibly, an enormous number of design and operation design options.
Another method that visually supports the decision-making pro-
cess on the most beneficial economic design solutions has been
developed [19]. This method was established on a novel
optimization-based parametric analysis scheme to investigate a
large number of economic scenarios in a relatively short time.
Moreover, several multi-objective evolutionary algorithms of opti-
mization, which are widely used, have been examined through a
comparative analysis [20].

Further research has been carried out to answer the question of
how to obtain the most cost-efficient design packages that reduce
energy use. Ascione et al. [21] answered this question by develop-
ing a new methodology that utilizes multi-objective optimization
of building’s energy performance while maximizing indoor ther-
mal comfort. The same approach has been used to assess cost-
optimal solutions for energy retrofitting of hospitals [22], where
multi-stage and multi-objective optimization has been used aim-
ing to reduce the computational burden required to achieve robust
retrofit solutions. Furthermore, the multi-objective optimization
method is developed to include costs, incentives, indoor comfort,
energy demands for heating and cooling in the simulation and
optimization process. The developed method aimed to propose a
wide choice of best configuration options to retrofit education
buildings [23]. Ascione et al. [24] have further developed his meth-
ods by employing artificial neural network by coupling EnergyPlus
and MATLAB. By using genetic algorithms, it is possible to mini-
mize energy use and thermal discomfort and define the ‘‘most”
cost-optimal design packages. A similar framework has been pro-
posed to ensure a robust assessment of cost-optimality while com-
bating global warming and provide the highest resilience to the
cited scenarios. Thus, by encouraging building more cost-
effective and highly energy efficient buildings, it is possible to pro-
vide a safe way towards fighting climate change [25].

Other researchers have investigated the same topic, though,
more explicitly by studying specific building components or sys-
tems to find optimum solutions, which illustrates the Pareto trade-
off curve between energy and cost. For instance, Georges et al. [26]
carried out examinations on building systems in single-family
houses to find the optimum combination of heating systems and
building construction. Marszal and Heiselberg [27] aimed to find
optimum results by investigating the effect of three different
energy demand and supply systems on the life cycle cost for net-
zero energy residential houses. Cristina et al. [28] studied the effect
of different climate zones on the multi-objective optimization
results when aiming to reduce the energy requirements for heat-
ing, cooling, and domestic hot water production. While others
attempted to propose a multi-objective optimization design tool
based on automated optimization methods using NSGAII algorithm
[29–31].

Although the scientific community has proposed a numerous of
multi-objective optimization methods, there are a limited number
of studies that consider the implications of roof stacking on the
reduction of carbon emissions and energy use of existing buildings
[6–8,32–36]. Generally, it is argued that by providing more com-
pact cities, it is possible to reduce the energy use on the building
and transportation scale [37–39]. For instance, Marique and Reiter
[40] found that by increasing the neighborhood densities alone
without applying retrofitting measures, it is possible to reduce
up to 30% of the total energy use. Since the characteristics of the
building envelope highly affect the overall energy performance of
residential buildings in all scales, achieving zero-energy buildings
requires using thick walls and insulations, which is accompanied
in most cases with additional weight in construction [41]. This
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represents a conflict in the design objectives when opting for light-
weight construction. Amer et al. [42] have proposed a framework
to achieve cost-optimal zero-energy and lightweight construction,
as a mean of tackling multi-objective design targets. The choice of
lightweight construction has been put forward as an objective
based on a wide survey conducted among building engineers
who have expertise in building on rooftops around Europe. The
results of this survey show that the weight of the construction is
an essential criterion when choosing the optimum combination
of building parameters [32].

1.3. Aim and contribution of this study

As shown in the previous studies, to achieve multi-objective
design solutions, complex methods and tools for analysis and opti-
mization have been introduced, which is far beyond the capacity of
architects, building engineers, and decision-makers to implement
in reality [43]. The methods employed are sophisticated and use
intertwined computational approaches by integrating several plat-
forms, such as MATLAB, EnergyPlus, artificial neural network, and
other optimization algorithms. Using such methods is not practi-
cally feasible, especially for small and mid-size projects [44].
Besides, there is a huge paradox when choosing the right optimiza-
tion algorithm. Even though GA is mostly used in building perfor-
mance optimization [20], it has been proven that it is not the most
efficient algorithm to solve building energy simulation problems,
not to mention the multi-objectivity of the design problem [45].
Unless the optimization process is performed by an expert in the
field of optimization, it is hard to choose or use the right algorithm.

Therefore, this study aims to introduce a simplified methodol-
ogy, which provides a concrete approach to achieve multiple-
objective design targets, which allows assessing the influence of
different building parameters on each of the energy use, global
cost, and later the overall added weight of construction. The
methodology aligns with the common practices in the design pro-
cess, while facilitating the complexity of the decision-making in
early design phases, providing robust and reliable results for the
development of the design. The originality of this research work
lies within the following objectives:

1. Introducing a simplified method, in terms of complexity of the
calculation process and required tools for investigation and
identification of optimum design packages. This process is
based on parametric analysis rather than using optimization
algorithms.

2. Integrating the weight of construction as an objective in the
optimization process, which is therefore concerned with roof
stacking type of buildings?

3. Defining a Reference Building concerning roof stacking type of
construction.

The methodology of this research, attempt to reduce the
required labor-intensive and time-consuming simulations meth-
ods in order to achieve multi-objective design targets for small
and mid-size projects, more specifically for residential buildings
with discrete variables of building components. The methodology
avoids using sophisticated mathematical approaches, such as
uncertainty and sensitivity analysis, not to mention the paradox
of choosing the right optimization algorithms.

The methodology consists of a multi-stage decision-making
framework, based on parametric analysis. Each step provides an
informative milestone in the decision-making process. Further-
more, in order to validate the methodology and realize the third
objective, the developed methodology has been applied to a theo-
retical Reference Building, which has been developed in this
research. The RB is based on passive house standards and the rep-
resentative middle-class housing typology of the existing building
in Brussels, the capital of Belgium and the European Union. The
developed methodology is denoted as ‘‘Multi-Objective Parametric
Analysis” (MOPA). This methodology can be applied to individual
buildings, as well as a building stock that holds the same character-
istics. Thus, the decision-making process could be used on a
broader scale.

This study is composed of eight sections. An introduction to this
research is presented in the first section, where a thorough review
of literature, in the last decade from 2009 till 2019, has been car-
ried out. The study presented the previous efforts in developing
methods for multi-objective optimization for energy and cost in
alignment with EPBD recommendations, shedding light upon the
topic of roof stacking as a requirement that is needed to study
within the same research context. The second section thoroughly
introduces and illustrates the developed methodology. A reference
building has been developed in the third section of this paper, on
which the methodology has been applied. The objectives and
design variables of the case study have been set in the fourth sec-
tion. In the fifth section, the novel approach of this research is pre-
sented, where the steps of the multi-objective parametric analysis
(MOPA) is being applied in the case study. The post-processing
phase is introduced in the sixth section, where optimum design
variables are identified and selected. The seventh section provides
a summary of the main findings and highlights the strengths and
limitations, while draws recommendations for further research.
The eight and last section concludes the outcomes of this research.

2. Methodology

Building geometry and parametric variations have been
designed by Grasshopper graphical algorithm editor, a built-in plu-
gin in Rhinoceros 3D modeling tool, which is widely used by archi-
tectural engineers and is interoperable with BIM tools. Ladybug
and Honeybee plugins, which are integrated into Grasshopper,
have been used as Building Performance Simulation (BPS) tools
and Building Performance Optimization (BPO) tools [46]. Ladybug
and Honeybee plugins work as an interface to OpenStudio and
EnergyPlus, which is used to run annual dynamic energy simula-
tions with high accuracy and reliability for multi-zone and com-
plex buildings [47].

For cost and building’s weight analysis, mathematical calcula-
tions have been designed and employed in the same Grasshopper
‘‘Canvas” or interface, together with energy simulation plugins.
Thus, by using the Grasshopper parametric tool, a multi-objective
parametric analysis is conducted using the same Graphical User
Interface GUI. Finally, Microsoft Excel has been used as a comple-
mentary tool for storing and post-processing results.

The methodology is composed of three main stages, Fig. 2. Each
stage is composed of several steps, as explained in detail in the fol-
lowing sections. Those stages are summarized below:

� Stage One: In practice, this step simply identifies the boundary
conditions of a project. In this research, the base case reference
building is being defined, where multi-objective design targets
and design variables are being set for analysis.

� Stage Two: Parametric analysis is taking place in this stage,
where design variables are being analyzed in a simultaneous
and multistep procedure. Throughout this stage, optimum
design variables are being identified. Cross influencing has been
done in the first stage based on selected solutions from the Par-
eto Front. The relation was inversely proportional. Then, in
stage 2, we cross influencing the optimal results again based
on the new Pareto front.



Fig. 2. Methodology framework for multi-objective design variables selection for cost-optimal zero-energy lightweight construction.
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� Stage Three: Decision-making process on the optimum variables
that achieve multi-objective design targets takes place in this
stage. This process takes carried out by illustrating 3D charts
and parallel coordinated graphs, which play an essential role
to understand better and visualize the results.

It needs to be claimed that the objective functions are mono-
tonic to the variables. There exists at least one active constraint
which bounds the variable in the direction opposite to the objec-
tive. A constraint is considered active if it acts at its lower or upper
bound.
3. Case study

Since EPBD is concerned with the Member States of the Euro-
pean Union (EU) [14,15], Brussels Capital Region in Belgium, as
the capital of Europe, has been chosen for the location of the case
study. However, there is a lack of any benchmark or a reference
that represents the performance of roof stacking buildings in Brus-
sels. Therefore, a Reference Building (RB) has been developed in
this research. Based on the available data, there are three different
models to identify a RB: Real, example, and theoretical [48,49].

Real RB simply represents an existing building for a certain
typology, where the characteristics of the building are identified,
and performance is measured based on monitored data. Example
RB represents an ideal building defined based on the inquiries
and assumptions of experts, whereas theoretical RB is identified
based on statistical data (i.e., the one here adopted in this
research). A theoretical RB has been developed on two bases: the
first base is the Belgian passive house standard, and the second
base is buildings’ configuration of existing typologies, given that
the RB has to be built on the rooftop of an existing building. Thus,
we opt to follow the Belgian passive house standards to develop a
RB. However, we found no roof stacking buildings that comply
with passive house standards. Accordingly, a reference model of
a passive house has been selected. The selection of the passive
house reference model has been based on several criteria, such
as construction material, climatic zone, layout, and available data.

The second step is based on previous studies that classified
existing housing typologies in the Brussels Capital Region, where
the most representative housing typology has been selected [50].
Based on the statistical data that has been previously mentioned,
in addition to the previous research on roof stacking, a theoretical
RB has been developed, and boundary conditions have been set.
Building parameters and variables have been precisely identified
according to the available building materials and components in
the Belgian market in order to represent a real project condition.
This section demonstrates a novel approach to develop and charac-
terize a RB for roof stacking buildings.
3.1. Reference building (RB) development

Since this research is concerned with roof stacking in the Euro-
pean context, the Brussels Capital Region was chosen for the loca-
tion of the case study, as the capital of Belgium and the EU.
Moreover, Brussels has the fastest growing population among
other Belgian cities, expecting 190,000 more inhabitants by 2040
[51,52]. Thus, urban densification through roof stacking has been
put forward as a prospect solution [6,8]. However, in Brussels,
there are several building typologies that differ in layouts and com-
position. In order to narrow down the selection, building typolo-
gies have been identified based on the review of the literature.
Firstly, there is a distinct difference between residential buildings
that were built before 1945 and after, which marks the end of
the Second World War and the beginning of a new era of industri-
alization in the field of construction. The majority of the existing
buildings are those that were built before 1945, representing 71%
of the existing residential building in Brussels, which had similar
characteristics in terms of building’s scale, height, and typologies
[50]. Among those buildings, middle-class housing typology repre-
sents the most common typology, which represents 78% of the
total residential buildings that were built before 1945.

The characteristics of the building envelope and system of the
RB in this research has been identified based on a reference build-
ing for a cluster composed of 22 row passive houses in Hannover in
Germany, which was found to be similar to the layout of the refer-
ence passive house that has been selected in this study as shown in
Fig. 2. A typical layout for a ground floor of a middle-class house is
composed of living and dining rooms and stairs that connect to the
upper floor, which is usually composed of bedrooms and
bathrooms.

In fact, it is important to clarify that passive house standards
slightly differ from one country to another. For instance, in German
standards, the indoor air temperature higher than 25 �C should not
exceed 10% of the occupancy hours, whereas in the Belgian stan-
dards, indoor air temperature of 25 �C should not exceed 5% of
the occupancy hours. In this research, the RB has been developed
based on the German reference passive house while complying
with Belgian passive house standards taking into consideration
the differences in the required performance (e.g., overheating
hours). A full document has been published to identify the charac-
teristics and performance of passive house buildings based on
monitored values [53], which has been used to simulate and cali-
brate the model.

The selection of the reference passive house has been based on
five fundamental characteristics. Those fundamentals match the
characteristics of the roof stacking model in Brussels, which are
described as follows:

� Climate zone, where both houses lie in the same climatic zone
according to Koppen climate classification, where Typical
Metrological Year (TMY) weather files have been used in
simulations.

� Function, where both buildings have the same residential
function.

� Layout, as will be explained in detail in the next section, the ref-
erence house has the same dimensions in terms of length,
width, height, in addition to the same layout composition.

� Building materials are cross-laminated timber, which is used as
a lightweight material [32].

� Data availability, where specifications of building materials,
mechanical systems and monitored data for energy use and
indoor temperatures are found in the full report [53], which is
necessary for calibration.

More importantly, there are general requirements for passive
house standards, which include some thresholds for building
performance, and others related to the building physics. The pas-
sive house standard requirements related to building perfor-
mance are the heating demand, which should not exceed
15 kWh/m2/yr., and total energy use, which should not exceed
45 kWh/m2/yr. In addition, achieving thermal comfort that
should be met in all living spaces that should not exceed 5%
of occupancy hours with indoor air temperature more than
25 �C. While the characteristics that are related to building phy-
sics are the thermal performance of the wall section that should
not exceed a U-value of 0.15 W/m2.K, roof section that should
not exceed a U-value of 0.10 W/m2.K, and window with a max-
imum U-value 0.85 W/m2.K. Moreover, the building should be
airtight with no more than 0.6 air changes per hour at 50 Pascal
pressure.



Table 1
Building envelope’s characteristics of the reference passive house.

Building Physics U-Value (W/m2.K)

Wall 0.126
Roof 0.095
Floor 0.125
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3.2. Model characteristics

The RB has been developed and identified under two main sets:
(a) Geometry and Function according to the Belgian housing typol-
ogy, and (b) envelope and system according to the passive house
reference building.
Window (Uw) 0.83
Triple glazing (g-value 0.6) (Ug) 0.75
Aluminum frame (Uf) 0.57
3.2.1. Geometry and function

The geometry is similar to the household presented in Fig. 1 and
has been simplified into three zones building [16], composed of
two bedrooms zones and one zone for stairs and bathroom on
the top floor, as shown in Fig. 3. The building is similar to a row
house with two side walls next to two neighboring buildings, fac-
ing the north–south direction. The added floor follows the same
layout of the floor below with a shorter length of 9 m length and
6 m in width. The first and second zones have areas of 22 m2

and 14 m2, while the last zone has an area of 8 m2, to make the
whole floor with an area of 44 m2. However, the Treated Floor Area
(TFA), on which the passive house standard counts, is calculated for
the two bedrooms that make an area of 36 m2.
3.2.2. Envelope and system
As shown in the previously, building geometry has been devel-

oped based on the existing layout of the housing typology, whilst
the characteristics and composition of the building envelope have
been developed based on the passive house reference building,
with a direct reference with the existing building materials in
the Belgian market. The thermal characteristics of the building
materials, namely the thermal conductivity, specific heat capacity,
and density are defined based on the standard EN ISO 10456 [55].
The cost of the building materials, which is used to define the Life
Cycle Cost (LCC) of the RB, has been determined based on the data-
base of the Belgian construction works for 2017 entitled ‘‘Border-
eau des Prix Unitaires”.

The characteristics of the building envelope are shown in Table 1
as prescribed in the reference passive house [53]. The walls facing
Fig. 3. On the left is the layout of the reference passive house. On the right is t
the north and south directions are made of lightweight timber
frames, and 300 mm mineral wool insulation, with a U-value of
0.126 W/m2.K. The roof section is made as well of lightweight
timer frames but with 400 mm mineral wool insulation to have a
U-value of 0.095 W/m2.K. The north façade that occupies the Bed-
room has a Window to Wall Ratio (WWR) of 20%, while the south
façade, which occupies the living room, has a WWR of 30%. Both
windows are made of low-emissive triple-glazing, with a U-value
of 0.75 W/m2.K, g-value 60%, and a frame U-value of 0.57 W/m2.
K, with an average effective window U-value of 0.83 W/m2.K to
comply with passive house standards. The windows are designed
to prevent thermal bridges. The U-values of the sidewalls and floor
are equal to 0.097 W/m2.K and 0.125 W/m2.K, respectively. How-
ever, the precise composition of both elements has not been taken
into consideration since they are designed in concrete. Instead,
wall and floor sections with equivalent thermal transmittance val-
ues (U-values) have been substituted to maintain an overall light-
weight construction.

According to the passive house reference building, the house is
connected to an integrated district heating transfer station and
decentralized post-heater elements located in each building’s ser-
vices floor, which cannot be applied for the existing buildings in
Brussels. Instead, a Heat Pump has been assigned for the developed
RB, which is responsible for heating and cooling, with a Coefficient
of Performance (COP) of 4. To achieve indoor thermal comfort, set-
point temperatures for heating and cooling have been identified
he typical layout of the middle-class housing typology in Brussels [53,54].
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based on ASHRAE standard 55–2004 for adaptive comfort model
and the recommended indoor temperatures as defined in the refer-
ence passive house, with a 20 �C for heating setpoint and 26 �C for
cooling set point. In this model, indoor air temperatures should not
exceed the 25 �C for 5% of the occupied hours to comply with the
Belgian passive house standards. As for the ventilation, a mechan-
ical system with heat recovery has been added, namely system D.
The efficiency of the heat recovery system is designed at 80%, with
a constant airflow of 30 m3/h for each room. Regarding the con-
sumption of the Domestic Hot Water (DHW), it has not been con-
sidered in the calculations since DHW is provided by the district
heating system and supported by solar heaters in the reference
passive house, which is not applicable in the case study in Brussels.
Thus, given the nature of roof stacking buildings, DHW is assumed
to be previously provided in the existing building. Moreover,
according to previous studies [16], it was found that solar heaters
have lower economic availability compared to the PV system. Solar
heaters were found to increase the investment cost and the
replacement cost since it has a shorter life-space than the PV sys-
tem. Whereas the electricity consumed by house appliances and
lighting has been designed with a constant value of 19.8 kWh/
m2, to match the passive house reference building, which means
that lighting consumption has not been designed based on the
indoor daylighting availability. Table 2 illustrates in detail the
specifications of the mechanical system and the energy used for
heating and auxiliary electricity. The reference passive house has
been designed with the active cooling system (based on the rever-
sible heap pump), given that indoor temperatures, maximum vari-
ation ranges between 22.3 �C and 26.4 �C throughout the whole
year, thanks to the mechanical ventilation system. Thus, the active
cooling system was not used.

3.3. Simulation and calibration

As shown in the previous section, the parameters of the RB have
been set based on two different sets of information: (a) Geometry
and function, (b) Envelope and system. Several adjustments have
been made from each set to match the specific characteristics of
a roof stacking building.

The RB has been simulated and calibrated based on the moni-
tored values of the passive house reference building. The calibra-
tion has been made based on the monthly monitored values of
the heating energy demand and average indoor temperature as
shown in Fig. 4.Indoor air temperature, and relative humidity were
monitored simultaneously in one bedroom and the living room.
The temperature and humidity were monitored using a HOBO
U12-012 data logger. This was a four-channel data logger with
12-bit resolution. The monitoring was done between 2016 and
2019.

In order to calibrate the RB simulation model, the settings of the
defined model characteristics have been set as constants, while
variations on the occupancy schedules and the U-value of the
neighboring side walls have been applied, as shown in Table 3.
Table 2
Mechanical system’s characteristics of the reference passive house.

Mechanical System Value

Heating demand 14.9 kWh/m2.a
House appliances and lighting 19.8 kWh/(m2a)
Auxiliary electricity (heat recovery) 2.2 kWh/(m2a)
Auxiliary electricity (heating fan) 1.4 kWh/(m2a)
Heat recovery effectiveness 80%
air volume flow 120 m3/h
Ventilation airflow (Living room) 30 m3/h
Ventilation airflow (Bedroom) 30 m3/h
Air tightness 0.29 h�1.
The variation of the occupancy schedule has been set within a mar-
gin of ± 4 h. While, U-value of the neighboring sidewalls are set to
vary between 0.2 and 0.8 W/m2K, with a 0.05 W/m2K uniform step.
A total of 1024 options could be achieved when cross-referencing
the operational, occupancy schedule parameters, and neighboring
sidewalls. Thus, Genetic Algorithms (GA) have been used to run
an automated calibration, which brings optimized fitness values
after 270 simulations run only. The tools that have been used for
calibration are the same used in the parametric simulation and
data analysis. More information and details are explained in the
next sections.

Two indices have been used to verify the good-to-fit of the
building energy and thermal model [56–58]. The first index is
the Mean Bias Error (MBE), as shown in the first equation, and
the Coefficient of Variation of the Root Mean Square Error (CV
(RMSE)) as shown in the second equation.

MBE ¼
XNp

i¼1
mi � sið Þ=

XNp

i¼1
mi½%� ð1Þ

CVðRMSEÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXNp

i¼1
mi � sið Þ2=Np½%�

r
ð2Þ

where the mi: (i = 1, 2, 3 . . ., Np) represents the monitored data
points, while si: (i = 1, 2, . . ., Np) represents the simulated data
points. MBE represents a non-dimensional measure of the bias error
between the simulated and measured data in a specific time resolu-
tion. RMSD represents the standard deviation of the differences
between the simulated and measured data, which aggregates the
magnitudes of the errors for various times into a single measure.
Both indices are expressed in percentages. Based on the guidelines
of ASHRAE 14-2002 and 2014, the maximum threshold for MBE is
5% for monthly calibrated data points and 10% for hourly calibrated
data points. CV (RMSE) requires a maximum limit of 15% for
monthly calibrated data points and 30% for hourly calibrated data
points. Fig. 4 represent the calibration results of the monthly heat-
ing demand, where the values of MBE and CV (RMSE) are equal to
2.1% and 7.3%, respectively. While the values of the monthly aver-
age indoor temperature are equal to 1.3% and 4.7%, respectively.
The increase in the monitored value in July is mainly due to the
heatwave of the year 2019. The calibration values for both the heat-
ing demand and indoor temperatures ensure the reliability of the
simulation model to be used in further analysis.

4. Model setup

In the course of achieving multi-objective optimal solution
space, the process is divided into several steps or groups. Each
group represents a milestone in the decision-making process. In
this study, a parametric analysis is run over three groups: wall,
roof, and windows. Afterward, the renewable energy group is
added in order to achieve zero-energy solution space. Out of the
parametric analysis of each group, multi-objective optimum
results are selected through the Pareto front, where optimum
design variables are identified accordingly. Afterward, those opti-
mum variables are selected for secondary parametric analysis to
obtain optimum measures for the whole building. By using such
a method, we tend to avoid the complexity of choosing and using
optimization algorithms while getting multi-objective optimum
results.

4.1. Design objectives

The aim of the proposed methodology is to find the minimum
value of three objective functions: Min f1 xð Þ; f2 xð Þ; f3 xð Þf g

Where f1 represents the energy use, f2 represents the differ-
ence in life-cycle cost between the RB and any design option, and



Fig. 4. a, Calibration values for heating energy demand in kWh/month; 4b Calibration values for indoor air temperature in Celsius.

Table 3
Reference Building (RB) Wall and roof section composition.

Wall Cost/m2 Weight/m2 Area

Larch (Cladding) 25.00 14.4 74.55
Gypsum (Plaster Board) 45.00 11.5
OSB (Particle Board) 30.00 6.2
MW 30 cm (Insulation) 65.00 12.8
OSB 30.00 6.2
Gypsum 45.00 11.5
Timber Frame (38/230 mm) 55.00 20
SUM 295.00 82.6

Roof Cost/m2 Weight/m2 Area

Vegetation (10 cm) 56.00 64.5 44
Sealing (Bitumen) 75.00 20
OSB (Particle Board) 30.00 6.2
MW 40 cm (Insulation) 86.00 16
OSB 30.00 6.2
Gypsum 45.00 11.5
Timber Frame (38/230 mm) 55.00 20
SUM (Real) 377.00 144.4
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f3 represents the weight of the added construction. The x variable
represents the combination of the design variables.
4.1.1. Energy use
The first objective is described in Eq. (3)

Eledelivered ¼ Qc þ Qh þ Ehv þ Ela � EPV ð3Þ

where Qc represents cooling loads, Qh represents heating loads, Ehv

represents auxiliary electricity of heating and cooling fans, Ela rep-
resents auxiliary electricity of appliances and artificial lighting.
The total energy use is substituted from the electricity generation
by the PV represented by theEPV. Each of the heating and cooling
loads takes into account the Coefficient of Performance (COP), and
the primary energy conversion, which is the preferred metric
according to the EPBD directive. According to Eq. (3), electricity
has been identified as the primary source of energy. Other sources
of energy for heating, such as gas, are not counted since the heat
pump is designed to be the primary source of heating and cooling.
Even though gas boilers may be used in the existing building as the
primary source of heating, it has not to be counted in this equation.
The energy use is meant to be calculated for the extension only, and
not for the whole building.
4.1.2. Life Cycle Costing (LCC)
The second objective represents the difference of Life Cycle Cost-

ing (dLCC) of the building between the design option LCCi and Life
Cycle Costing of the Reference Building LCCRB as shown in Eq. (4).
Life Cycle Costing is represented by Eq. (5), where IC represents
the investment cost of the building materials, RC represents the
replacement cost of the replicable items such as the windows and
PV panels, MC represents the maintenance cost, OC represents the
operational cost in Belgium by means of energy use, and finally,
the C represents a constant value of the construction and design
cost. The symboli denotes the indexes for each design solution, while
j denotes the index for each design parameter.

dLCC ¼ LCCi � LCCRB ð4Þ

LCC ¼
Xi

j¼1
ICj þ

Xi

j¼1
RCj þMCþ OCþ C ð5Þ

The method in which the LCC has been based on the European
Standards EN 15459 and ISO 15688-5 for the international stan-
dards for property life-cycle costing [59,60]. The calculations have
been made over a 30 years life span as recommended by the EPBD.
Thus, each of the interest and discount factor with escalation rates,
along 30 years, has been based according to the Belgian standards,
which is equal to 0.078 and 15.43, respectively. Those values are
considered in the replacementRC, and operational costsOC [16],
represented by the following Eqs. (6) and (7).

ae ¼ 1� ð1þ reÞ�n
=re ð6Þ

re ¼ r � e=1þ e ð7Þ
where ae is the discount factor taking in consideration, e is the esca-
lation rate of the energy price and life space n, and re represents the
real interest rater, which includes the effect of the escalation rate of
energy prices.

In this research study, it is important to mention that the fol-
lowing conditions have been considered when calculating the dif-
ference in Life Cycle Costing (dLCC):

� To build on the rooftop of an existing building, their real costs
include the demolition of an existing roof, infrastructure (verti-
cal water piper and electricity), superstructure (walls, roof and
windows), heating and sanitary system installation, and finally
interior finishing and carpentry. However, in this study, the cost
of the superstructure (walls, roof, and windows) has only been
calculated in the LCC calculations.
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� The LCC of the superstructure (Walls, Roof, and Windows) rep-
resents more than 40% of the Global LCC of the whole building
according to construction values in Brussels, which remains of
great significance and interest compared to the Global Cost of
the whole building.

� Each of the maintenance and constant costs (including labor
cost) are excluded since those factors are given the same value
in the RB and each design option. On the contrary, each of the
initial, replacement, and operational costs are calculated and
makes a difference in the final value of the dLCC.

4.1.3. Weight of construction
The last objective is represented by Eq. (8), which calculates the

weight of the added construction. From a structural point of view,
there are several factors that affect the structural performance of a
particular building, such as the dead load, live load, snow, wind,
and seismic loads. According to the variable load, the structure of
the added floor is designed. However, in this research, we are only
concerned with the dead load of the added storey, since each of the
live loads, wind, snow and seismic loads would be given the same
values. Thus, the lighter the building is, the safer it is to be built on
the rooftop of an existing building, taking in consideration the lim-
ited capacity of the existing foundation and soil to hold more
weight [6]. The dead load is calculated by adding the weight of
each component of the roof stacking module.

DL ¼
Xi

j¼1
Wj þ Rj þ Fj þ Gj þ PVj ð8Þ

where Wj represents the weight of the wall, Rj is the weight of the
roof, Fj is the weight of the floor, Gj is the weight of the windows,
and finallyPVj is the weight of the added PV modules.

Remarkability, the same rule of calculating the LCC goes for cal-
culating construction weight. In this research, the weight refers to
the superstructure only rather than the total weight of the added
building. However, the reason behind not calculating the difference
in the added weight (similar to the difference in LCC), is due to the
lack of precise estimates of the real weight of existing construction
in this research. Therefore, and first, it was not possible to generate
a difference in construction weight. Second, the weight of the con-
struction is calculated in Kg/m2 rather than N/m2. The weight of
the added superstructure is calculated separately by adding the
weight of the construction components without further unit con-
versions, which is also simpler to understand for the different
stakeholders in the decision-making process.

4.2. Variables selection and grouping

In this research, there are three main categories of variables as
follows: envelope, system, and renewable energy. Given the speci-
fic characterization of roof stacking buildings, being placed on the
rooftops of existing buildings does not give a great chance to vary
between different active systems. Thus, there are very limited
parameters that could be changed in the system, i.e. heating, cool-
ing, and mechanical ventilation, from the design perspective. This
change can take place by either connecting the added construction
with the existing system or by providing an additional and sepa-
rate system. Existing houses in Belgium (those dates back to WWII)
do not have high energy efficient systems unless it has been reno-
vated. Given the scope of this research, there is no aim to propose
neither a renovation system for the building nor the system. Thus,
a detached heat pump and mechanical ventilation with heat recov-
ery have been identified. The specification of both the heat pump
and ventilation system is set as a boundary condition to the refer-
ence building in the simulation model.

Building’s envelope of the new construction is prone to a wide
variety of building materials, including walls, roof, windows, and
their specifications. The same goes for adding renewable energy
sources when it comes to the number of photovoltaic (PV) panels,
area, tilt angle, and orientation. It is important to highlight that the
application of the developed methodology is not limited to the
selected variations. Instead, it is possible to include all categories
in the simulation whenever it is application and concerned with
the decision-making process.

Design Variables of the building envelope are concerned with
three main sections of the superstructure of the building: wall sec-
tion, roof section, and windows. Table 4 shows the wall and roof
section configurations and specifications. In this research, only
the insulation for each section is considered as the main variable,
in terms of type and thickness. The other layers are kept the same
so as not to change their minimum thermal performance and to
comply with passive house standards.

As shown in Table 3, four different types of insulations are
examined: EPS, Cellulose, Mineral Wool (MW), and Wood Fiber
(WF). The choice of insulation materials returns back to the com-
mon practices in the Belgian construction market. The thermal
specifications of insulation materials, in terms of thermal conduc-
tivity, heat capacity, and density, have been identified based on the
standard EN ISO 10456 [55]. The weight of the added construction
is calculated based on the density of the building materials com-
posing the envelope section. The average prices of the building
materials have been identified based on the database of the Belgian
construction works for 2017 entitled ‘‘Bordereau des Prix Uni-
taires.” The minimum thicknesses of the insulation materials for
both the wall and roof sections have been identified to comply
with the passive house standard, which requires a minimum U-
value of 0.15 W/m2K for the wall section and 0.10 W/m2K for the
roof section. Therefore, a minimum thickness of 240 mm has been
assigned for both the wall and roof insulations. For both the wall
and roof section, a uniform step of 4 cm has been given as the para-
metric variation with a maximum of 5 steps for the wall section
and 7 steps for the roof section.

Windows parameters vary under two categories: glazing type
and ratio. In the first category, two different glazing types have
been examined; the first is triple glazing with argon filling with a
thickness of 36 mm and U-value of 0.75 W/m2K, while the second
is also triple glazing with argon filling but with a thickness of
44 mm and U-value of 0.6 W/m2K. In the latter category, WWR
changes from 20% as the minimum ratio that secures adequate
daylighting for the indoor spaces, up to 90%. Both variations are
applied to the northern and southern facades for both rooms.

In this research, the minimum requirements of each of the fire
resistance class REI and the weighted sound reduction index Rw
[dB], have been taken into consideration and calculated based on
EN 13501–2 [61], and EN ISO 140–1 and EN ISO 717–1 [62,63]
respectively. According to the Belgian standards, the required fire
resistance of building materials is relative to the height of the
building, which is classified into a low, medium, and high rise. In
this research, it is assumed that the added floor would rise or
remain the existing building under the medium height building,
which ranges between 10 and 25 m in height.

5. Multi-Objective parametric analysis (MOPA)

The proposed Multi-Objective Parametric Analysis (MOPA) for
the assessment of the cost-optimal, zero-energy, and lightweight
construction has been applied to the developed roof stacking RB,
in which optimal design solutions that follow the Belgian passive
house standards are identified. MOPA has been carried out on three
stages. The first stage conducts a parametric analysis of the super-
structure’s building components separately (walls, roof, and win-
dows). For running a parametric simulation on one group (e.g.,
wall), the other groups (e.g., roof and windows) are set on their



Table 4
Case study superstructure’s design variations.

GROUP 1

Wall Insulation
(Max. 0.15 W/m2K)

Range of thickness
(uniform step 0.04 m)

U-values
(W/m2.K)

Weight
(kg/m3)*

Investment cost
(Euros/m3)**

Number of
Variables

EPS 0.24–0.40
(A total of 5 steps)

0.15–0.085 30 300.00 20
Cellulose 0.15–0.092 45 92.00
Mineral Wool 0.15–0.082 20 216.00
Wood Fiber 0.15–0.097 35 318.00

GROUP 2

Wall Insulation
(Max. 0.10 W/m2K)

Range of thickness
(uniform step 0.04 m)

U-values
(W/m2.K)

Weight
(kg/m3)*

Investment cost
(Euros/m3)**

Number of
Variables

EPS 0.24–0.48
(A total of 7 steps)

0.10–0.077 30 300.00 12
Cellulose 0.10–0.084 45 92.00
Mineral Wool 0.10–0.075 20 216.00
Wood Fiber 0.10–0.088 35 318.00

GROUP 3

Window Type
(Max. 0.75 W/m2K & g-value 50%)

Range of WWR
(uniform step 10%)

U-values
(W/m2.K)

Weight
(kg/m2)*

Investment cost
(Euros/m2)**

Number of
Variables

Triple glazing
(36 mm) with Ar. filling

20%–90%
(A total of 8 steps)

0.75 30 140.00 128

Triple glazing
(44 mm) with Ar. filling

0.60 160.00

Fig. 5. MOPA on design variables of the wall section.
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default parameters (i.e., passive house setting). The second stage
conducts a parametric analysis of the optimum design variables
resulted from the first stage. The third and last stage conducts a
parametric analysis on renewable energy resources in combination
with the optimum design variables of the whole building’s envel-
ope resulting from the second stage.

In order to speed up the simulation process, the time step set-
ting has been reduced from 2, as the default value, to 1. In princi-
ple, the simulation runs on an hourly basis. However, each hour is
divided into smaller steps to result in the average performance
(e.g., temperature or energy use) of a single hour. Reducing the
simulated steps in one hour gives relatively less precise results.
However, this research focuses on comparing different results with
each other rather than giving a precise value of the building’s per-
formance. Thus, once optimal results are identified, it is recom-
mended to rerun simulations with higher precision settings. The
RB has been modeled and simulated using EnergyPlus via Ladybug
and Honeybee plugins in Grasshopper. The values of annual energy
use as a result of heating, cooling, and auxiliary electricity
demands are assessed for direct electricity usage. Each simulation
run takes between 8 and 10 s by using the ‘‘conduction transfer
function” algorithm with one time-step per hour.
5.1. First step: Parametric analysis for individual groups

For each of the wall and roof sections, insulation type and thick-
nesses have been set as parametric variables for simulation. There
are a total of 20 simulation runs for the wall section, and 28 simu-
lation runs for the roof section, as shown in Figs. 5 and 6, respec-
tively. A bi-objective parametric analysis has been carried out to
examine the influence of insulation on energy use and the dLCC.
The effect of the parametric variations has not been studied on
the third design objective due to its negligible effect on the overall
weight of construction.

The parametric analysis has been carried out on the basis of
cross-referencing all design variables together, giving all possible
options of design variables combinations. The outcomes are plot-
ted on a 2D graph, where Pareto Front is identified mathematically
in red color. Out of 20 options of the wall section design variables
we get seven optimum results. Out 28 options of the roof section
design variable, we get eight optimum results.
For windows, there are four different variables, namely: orien-
tation, window ratio, glazing, and shading set points. The devel-
oped RB has two orientations: North and South. Each orientation
has 8 different window ratios to be examined, which ranges
between 20% and 90%. Two different glazing types have been
tested, and four different settings for shading setpoints have been
identified based on global radiation. Therefore, as a result, there are
518 various design attributions that have been parametrically
simulated.

Cross influencing has been done in the first stage based on
selected solutions from the Pareto Front. The relation was inversely
proportional. Then, in step 2, we cross influencing the optimal
results again based on the new Pareto front. The use of Pareto Front
solutions resulted in an effective cross influencing in stages 1 and
2. Moreover, the cross influencing depends on both the selected
objectives and selected variables. e.g., some variables are inversely
proportion wall and roof. e.g., some variables are directly propor-
tional to the windows variable.



Fig. 6. MOPA on design variables of the roof section.
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As illustrated in Fig. 7, the results have a significant variation in
performance. The Pareto front seems non-conventional because
the relation between energy consumption and LCC with windows
parameters directly proportional. Thus, this variation is linear,
which does not illustrate conflicting result that tends to give a dis-
tinct set of results as experienced with the opaque package. Com-
pared to the windows configurations of the reference passive
house, the more window ratio, the less performance is in terms
of energy use, and LCC. Therefore, optimum results out of the
518 design option are three only according to the Pareto Front.
5.2. Second step: Parametric analysis on optimum variables

In the second stage, optimum design variables resulted from
each group separately (wall, roof, and window) are analyzed
Fig. 7. MOPA on the design
together in one group. In this stage, there are a total of 168 simu-
lations run as a result of cross-referencing the optimum variables
of individual groups together. As in Fig. 8, the Pareto Front has a
number of 23 optimum results. Therefore, it is possible to define
a specific direction or pattern. First, it is found that glazing with
higher performance does not improve the overall performance of
the building. The type of glazing that has been set in the reference
house is found to be more efficient. Second, the optimum insula-
tion type is found to be the same for the wall and roof section.
However, insulation thicknesses do not frequently match between
walls and roof. Third, it has been found that minimum window
ratios (20%), with no shading devices, are the most efficient in
terms of energy and cost for both orientations: the north and the
south.

At this stage, several design variables are excluded, which sig-
nificantly reduce the number of simulation runs needed in the next
and last step of the MOPA. For instance, high window ratios, exter-
nal shading, and glazing types are not included in the next simula-
tion phases, in addition to two types of insulation out of four that
are excluded in the next phase.
5.3. Third step: Renewable energy integration

The final stage aims to integrate onsite renewable energy
resource to cover the energy use by the new construction as shown
in Fig. 9. Combining renewable energy counts as an additional
package, in which zero-energy target should be met. Similar to
the previous step in finding optimal variables for the building
envelope, the specifications of the PV is based on their availability
in the Belgian market. Accordingly, one type of PV has been
selected to be examined in this research work made of polycrys-
talline silicon modules, with a robust aluminum frame to with-
stand wind and snow loads up to 5400 Pa. One PV panel has the
dimensions of roughly 1.5 m length � 1 m width, which makes it
of 1.5 m2 area with an efficiency of 16.69%, and cost 900 Euros
per panel.

In terms of design variations of PV panel, each of the orienta-
tion, tilt angle, and the number of panels are counted, not to men-
variables of windows.



Fig. 8. MOPA on the optimum design variables of the combined groups.

Fig. 9. The MOPA variables including the PV panels variables.
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tion PV specifications, which has been identified as constant in this
study. Yet, not all PV design variations have been taken into consid-
eration in this research. Given the layout configuration of the case
study, it is easy to determine the most efficient orientation and tilt
angle based on the weather file of Brussels city. Thus, PV panels have
been set up towards the south direction with 40� degrees tilt angle.
Accordingly, only the number of PV panels has been up as a design
variable when integrating renewable energy resources.
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By changing the maximum number of PV panels, the total area
ranges between 1.5 (equivalent to one PV panel) and 22.5 m2

(equivalent to 15 PV panels) for the RB in this study. However,
the more panels, the more cost and weight added to the building.
Therefore, the last stage aims to conduct MOPA on all design objec-
tives, which means that cost-optimal zero-energy results are tar-
geted while seeking the least amount of PV panels on the rooftop
to reduce the overall weight of construction on the rooftop.

Total energy use has been calculated after considering the
amount of energy produced by the PV panels. Therefore, the value
of the final energy use varies between positive (+) and negative (�).
Positive values indicate that the building does not meet zero
energy targets. While negative values represent zero-energy or
positive energy buildings, which produces more energy than con-
sumed. In terms of LCC calculations, first, PV panels initial cost is
added to the overall initial cost of the building’s envelope. Second,
in case of producing more energy than consumed, the exceeded
energy is assumed to be sold back to the grid with the same price
of buying electricity. Thus, the sold energy prices are subject to
inflation and discount rates calculations on the span of 30 years,
which contributes to the overall LCC of the design option.
6. Evaluation and selection

6.1. Cost-optimal zero-energy lightweight construction selection

In this step, the results are illustrated in a 3D graph represent-
ing the three axes objectives: X-axis for energy use [kWh/m2/yr.],
Y-axis for dLCC [Euros/m2], and Z-axis for weight of construction
[Kg/m2]. Moreover, the results are divided into four quadrants, as
previously explained in the methodology section. However, in this
case, study, the four quadrants are illustrated based on the thresh-
olds of the main design objectives: Energy use and dLCC. The
thresholds are marked at the ‘‘Zero Points,” where negative values
represent either a cost-efficient or zero-energy building, or both. As
shown in Fig. 10, the first quadrant refers to the solution space that
lays in the cost-optimal zero-energy design solutions. The three
rest quadrants may represent optimal solutions but for single
design objectives.

In terms of the overall weight of construction, we found that all
design options were heavier than the RB. This is because the higher
building’s performance, the more materials are added to the build-
ings, such as insulation boards, and the more PV panels are
required, which contributes to the overall weight of construction.
However, in the 3D graph, we aim to identify cost-optimal zero-
energy design options with the least construction weight, which
leads to the next step of selecting optimum design variables.
6.2. Optimum variables selection

All design variables represented in the 3D graph are plotted in a
parallel, coordinated graph, as shown in Figs. 11 and 12. The col-
umns on the left side represent the range of design variables, while
the right columns represent the objectives.

Table 5 gives all design options while highlighting the cost-
optimal design variables and their equivalent design objective
results for each of the energy, cost, and weight of construction,
which are marked in gray. All the selected cases are optimal result
regarding energy use and LCC. So we ranked the results in the opti-
mal solution space according to weight to allow designers to
choose from a broader range of choices.

Throughout the parallel, coordinated graph, it is possible to
select optimal design variables based on the following settings:
� To select the cost-optimal zero-energy design options, all design
objectives should have negative values, which start from 0 to
�30 kWh/m2/yr. for energy use and from 0 to �200 Euros for
the dLCC, as shown in Fig. 10.

� Out of the selected design options, there is a variety of construc-
tion weights, which represents the solution space of cost-
optimal zero-energy and lightweight construction.

� From the design variables columns, it is possible to identify new
boundaries. For instance, it is possible to choose one type of
insulation, a certain thickness, or the number of PV panels,
which lie within the optimal solution space.

7. Discussion

7.1. Summary and main findings

This research work introduces a new methodology that aims to
achieve cost-optimal zero-energy lightweight construction. This
research contributes to the field of multi-objective optimization.
However, the developed methodology in this research utilizes no
optimization algorithms. Instead, a novel method has been devel-
oped, denoted as MOPA, ‘‘Multi-Objective Parametric Analysis.”
As comprehended from the denotation, the methodology heavily
relies on parametric analysis, using simulation, to find optimum
results for multiple design objectives. This novel methodology sig-
nificantly reduces the time and effort required to achieve multi-
objective optimal results compared to optimization algorithms.
We were able to surpass the complexity of using and understand-
ing optimization algorithms, not to mention the paradox of choos-
ing the right algorithm for the right design objective [45,64].

Even though roof stacking buildings have been witnessed
widely in Brussels and Europe, we found no reference building
developed for such type of construction. Thus, in this research,
we have developed, first of its type, new theoretical Reference
Building (RB) for roof stacking housing module. The RB has been
developed based on two references. The first is a reference house,
where building configurations and performance have been identi-
fied for the envelope and system. Second, the layout and geometry
for the RB have been referred to as a common housing typology in
Brussels. Applying Belgian passive house standards on the RB
returns back to the regulation in Brussels Capital Region, which
states that as of 2015, all new construction should comply with
passive house standards?

The economic feasibility objective has been studied by means of
LCC on a 30 years’ time-span, where the design objective referred
to the difference in the LCC between the RB and the design option,
denoted as dLCC. However, it is important to highlight that this
research is not meant to calculate the Global Cost (GC) of the whole
building. Instead, the LCC calculations are subjected to specified
building elements, namely superstructure (Walls, Roof, and Win-
dows). The initial cost of the superstructure’s element represents
42% of the Global Cost of the roof stacking building, which includes
demolition, infrastructure (vertical water piper and electricity) and
superstructure elements, heating, and sanitary system, interior fin-
ishing and carpentry. Moreover, when calculating dLCC, each of the
maintenance and labor costs has been excluded, since they have
the same value for each of the RB and a given design option.

The same method of calculating the LCC goes for the calculation
of construction weight. The weight of superstructure elements has
been calculated instead of the weight of the whole roof stacking.
However, we have not performed a difference in construction
weight between the RB and a design option for a couple of reasons.
First, we had no precise numbers for the actual not theoretical con-
struction weight of the RB. Second, total variable loads (including
live, wind, snow, and seismic loads) would have to be considered
if the whole weight of the construction is calculated. Instead, when



Fig. 10. Plotting results on a 3D graph. Solution space is divided into four quadrants, where cost-optimal zero-energy lightweight constructions are located in the inner
quadrant as marked on the Figure.

Fig. 11. Parallel coordinated graph for all design options.

Fig. 12. Parallel coordinated graph for selected design options.
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Table 5
Cost-optimal zero-energy design options.
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counting for specific building components, it would be simple
enough to count the weight of each building component, which
partially represents the dead load of the new construction.

When applying MOPA on the roof, stacking RB, we found the
following:

� Using cellulose for insulation in the wall and roof sections was
found to provide the most efficient results in terms of financial
viability. The second recommended insulation material would
go for Mineral Wool with a minimum of 40 cm thickness of
insulation for each of the wall and roof sections. Mineral Wool
is recommended for higher energy efficiency measures, though
associated with higher cost.

� The relation between WWR and each of energy and financial
efficiency is directly proportional, which is illustrated by the
linear relationship between energy use and dLCC. In terms of
energy use, it was found that the bigger the area of the window,
the more heat losses is accompanied. Also, the cost of one
square meter of the wall section of a RB is € 295, which is equiv-
alent to 45% of the rough cost of one square meter of the win-
dow, which is € 650.

� In the contrary, the relationship between WWR and construc-
tion weight is inversely proportional. The more window ratio
is the less construction weight. This is due to the weight differ-
ence between one square meter of glazing that is equal to 30 Kg,
which is equivalent to 36% of the rough weight of one square
meter of a wall section, for example, that is equal to 82.6 Kg.

� Although minimal window ratios are recommended for cost-
optimal and energy-efficient measures, it is important to ensure
that windows provide the minimum requirement for daylight-
ing to the indoor spaces.

7.2. Internal validation

Through this research, it was possible to make an internal com-
parative analysis between the objective results from the paramet-
ric simulation of a combination of two groups separately and
combined (e.g., walls and roof). In the parametric simulation pro-
cess, the number of cross-referenced design parameters of the
mixed groups is equal to 560 simulation runs, which represents
all possible design options for the opaque surface of the building
envelope. Whereas the number of cross-referenced design param-
eters of the two separated groups is equal to 48 simulation runs in
the first step, and 56 simulation runs, for optimum design vari-
ables, in the second step. In this method, a total of 104 simulation
runs is required to obtain optimum results for the opaque surface
of the building envelope.

The results of both methods are presented in Fig. 13 in parallel
with each other. The results show that when subjecting Pareto
Front of both approaches, they give the same Pareto curve concern-



Fig. 13. Internal validation through a comparative analysis between cross-referencing optimum design variable and cross-referencing of all design variables of the building’s
envelope opaque surface.
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ing the same optimum design variables. Thus, it is possible to
reduce 82% of simulation time and efforts by applying a cascading
parametric simulation.

7.3. Strengths and limitations of this research

The methodology developed in this research provides a new
approach to achieve multi-objective design targets without
employing optimization algorithms. We avoid the complexity
and paradox of choosing the right algorithm, which is hard to
determine for many building engineers. Accordingly, this method-
ology facilitates and provides an informed decision-making pro-
cess to achieve multi-objective design targets. Moreover, the
tools used in this methodology are increasingly used by architec-
tural and engineering offices. Therefore, methodology application
could be widely used, and not limited to skilful researchers. How-
ever, minimum expertise in using parametric simulation tools,
such as Grasshopper and Honeybee tools, is required to be able
to apply this methodology.

Given the powerful tools used in this research, it is possible to
apply this methodology on bi-objective, as well as tri-objective
design targets. For instance, if the given existing building has
enough capacity to hold new stories without giving a great concern
on the added weight, and then it is possible to exclude the con-
struction weight objective from the very beginning. Moreover,
design objectives are not limited to cost, energy, or construction
weight. Design objectives could be expanded to include thermal
comfort, daylighting, or Life Cycle Analysis (LCA) depends on the
purpose of the study. The developed methodology has proven to
reduce the time and effort needed to optimize multi-objective
design targets by 60%. According to the case studied in this
research, a total of 689 simulation runs were required, compared
to the optimization algorithm, which requires at least 1800 simu-
lation runs for nine design variables.

Also, we conducted a comparative analysis between the newly
developed MOPA, and optimization algorithms that are commonly
used in building performance simulations. Four different optimiza-
tion algorithms have been used in the study: HypE, SPEA2,
RBFMOpt and NSGA-II. Each of HypE and SPEA2 are conducted
using Octopus plugin, while RBFMOpt and NSGA-II multi-
objective optimization algorithms are conducted using Opossum
plugin (Optimization Solver with Surrogate Models) in Grasshop-
per. This comparative analysis aims to assess the performance of
different optimization algorithms to solve a tri-objective design
problem and to identify the qualities between using optimization
algorithms and parametric analysis.

Fig. 14 shows the results of the comparative analysis, where X-
axis represents the number of simulation runs concerning Y-axis,
which represents the median Hypervolume, based on five runs
for the optimization algorithm. The algorithms are tested through



Fig. 14. comparison of the Hypervolume of MOPA against the four optimization algorithms.

M. Amer et al. / Energy & Buildings 223 (2020) 110170 17
five runs, which is different from the MOPA. Optimization algo-
rithms are non-deterministic, whereas MOPA is deterministic. This
means that MOPA gives the same results every time. The Hypervol-
ume is normalized between 0, being the worst performance, and 1
being the best performance.

The result of this graph shows that optimization algorithms
provide better results after 1100 runs, the moment it reaches a
stable value. However, when a closer look is given to the results,
it shows that optimal solutions are not necessary zero-energy or
cost-optimal, which is contrary to the results of MOPA. The reason
is optimization algorithms provide the same weighing factor for all
objectives, whereas MOPA depends on prioritizing objectives. In
this research study, the priority has been given to the cost-
optimal zero-energy results, in favour of the overall weight of con-
struction, which has been deterministically achieved as a result.

Lastly, this study developed the first of its kind, a theoretical
passive RB for roof stacking in Brussels. By introducing this RB,
we align with EBPD recast comparative framework methodology.
Moreover, it is possible to provide general recommendations for
cost-optimal zero-energy and lightweight construction for roof
stacking buildings in Brussels. However, there are several limita-
tions in this study that return to the boundary conditions of the
case study. The LCC of the Global Cost (GC) has not been calculated
in this research; instead, the LCC of the superstructure building
elements (walls, roof, and windows) are only considered in the
LCC calculations. We found that other variations that contribute
to the GC, such as demolitions, infrastructure, and interior finish-
ing, do not contribute to the optimization process in the developed
methodology.

Other limitations have been applied in the simulation setups. To
speed up the simulation process, we have reduced the hourly step
from 6 to 2 in the simulation settings. Hourly steps identify the
number of simulation runs in one single hour, which contributes
to the precision of the simulation results. However, when conduct-
ing a comparative analysis (i.e., similar to MOPA), precision in the
simulation results are not highly considered. Thus, when finalizing
the simulation process seeking the identification of optimum
energy-saving measures, it is urged to follow the recommended
hourly steps. Finally, Design variations in the HVAC system have
not to be studied in this research. The exclusion of the HVAC sys-
tem in the design variables returns back to the boundary condi-
tions of the project. However, it is recommended to include the
HVAC system when considering the whole building of the analysis
process.
7.4. Future work and possible applications

This research develops a universal methodology, which could
be applied to several contexts and projects. Here we provide some
recommendation for future applications on this methodology:

� Include other design objectives, such as LCA, thermal, or visual
comfort. Moreover, for non-roof stacking buildings, when con-
struction weight does not have an importance to the design
objective, it is possible to target carbon emissions as a design
target to comply with the Euro targets of achieving zero-
carbon buildings.

� The methodology could be applied to other projects or real case
studies instead of RB. Moreover, a comparative analysis could
be conducted between several projects in several climate condi-
tions (e.g., the Mediterranean or oceanic climates). More recom-
mendations could be provided to other roof stacking projects
based on the context and weather conditions.

� Given the limitation of studying only the performance of the
added construction, it is recommended to examine the perfor-
mance of the whole building, including the existing building,
with eyes towards achieving zero energy. Moreover, examining
the contribution of several HVAC systems to the reduction of
energy use and LCC. The inclusion of the HVAC system could
be studied with a complete framework for renovating the exist-
ing building.
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� Future work will conduct a comparative analysis between para-
metric analysis and optimization algorithms. Comparative anal-
ysis should give precise estimations on the needed time run
simulations and achieve multi-objective optimized design
variables.

� Finally, a usability test is recommended to be carried out with
building engineers and decision-makers. The purpose of the
usability test is to examine the ease of use, and the possibility
to examine real case problems. The usability test should aim
to improve the methodology in later stages.

8. Conclusion

In the EU and the international community, it has been of great
interest to achieve zero-energy and carbon–neutral buildings.
Under the shed of this interest, there have been several investiga-
tions and research in the field of optimization to achieve cost-
optimal zero-energy buildings. Accordingly, this research aims to
add a novel contribution by developing a methodology that facili-
tates the decision-making process for cost-optimal and zero energy
buildings. This methodology has been applied specifically on a
newly developed RB for roof stacking buildings, where lightweight
construction has been set as a third design objective.

The developed methodology is composed of the three main
stages: modeling setup, parametric simulation, and finally, evalua-
tion and selection. Each stage is composed of several minor steps.
When applying the methodology on a case study, we reached the
following conclusions:

Energy and financial performance do not necessarily contradict
each other. For instance, when running parametric simulations for
building’s superstructure elements (walls, roof, and windows), the
energy and financial performance of windows variables differed
from the other building elements. The relationship between win-
dow ratio and design objectives (Energy use and dLCC) was directly
proportional. The more area was given to the window, the more
cost and energy it consumes.

It is more efficient to apply minimumwindow ratios taking into
consideration achieving adequate daylighting for indoor spaces.
Moreover, for small window ratios, there is no need to have exter-
nal shadings. However, in case of having bigger window ratios, it is
recommended to install exterior shading elements (e.g., blinds) to
reduce the heat gains during the summer, and passive cooling from
the sky during the night in winter.

The financial efficiency of the added PV panels is highly associ-
ated with several factors, which have to be identified by the
boundary and local conditions. Thus, several considerations have
to be taken when adding PV panels during the calculations, such
as local regulations in terms of the local tariffs, more precisely
the selling price of surplus energy, and, therefore, the calculations
method during simulations. Moreover, the maximum roof capacity
to hold PV panels in accordance with other installations (HVAC
system, or solar heaters), in addition to their dimensions and
arrangements on the rooftop.

It is possible to achieve a plus-energy building with high eco-
nomic viability. Surplus energy production could be used either
for the rest of the building, with an aim towards achieving zero-
energy targets, for the whole building, or to sell it to the grid. How-
ever, it is important to mention that either option would require,
first of the all, to alter the calculation method, and therefore the
outcome of the results of multi-objectivity of the parametric sim-
ulation process.

Early in the calibration process of the RB, it is essential to con-
sider what so-called the ‘‘Heat Theft” in the context of having
neighboring buildings, which happens as the result of either gain-
ing or losing heat through the neighboring walls. Therefore, it has
been set up as a calibration parameter.
In the process of MOPA, it is expected to have results that do not
satisfy design objectives in the early simulation phases. The selec-
tion of the optimum results is expected to be achieved in the later
stages of the parametric analysis. Moreover, choosing optimal
design variables and solutions are closely tight with the available
building materials and system in the market. In the case of bring-
ing building components from abroad, it is essential to include the
associated transportation costs, which will consequently affect
each of the initial, or replacement costs, or both.

Finally, compared to previous research, parametric simulation
is carried out in this methodology instead of optimization. Running
parametric analysis yields to better decision-making, since it does
not only analyze the relationship between the variable input
results output, it is possible to illustrate Pareto Fronts and carry
out trade-offs between design variables combinations in relation
with multiple design objectives. Thus, parametric analysis was
found to reduce the number of analysis steps in the decision-
making process while providing robust results for multi-objective
design targets. Moreover, avoiding using sophisticated tools or
methods, such as optimization algorithms, scripting software
(e.g., MATLAB), or EnergyPlus simulation engine interface) encour-
ages a wide range of users to use and apply such methods, and
therefore takes a step forward in achieving cost-optimal zero-
energy buildings.

When introducing this methodology, it is important not to
undermine or underestimate the importance of optimization algo-
rithms in building energy simulations. We instead aim to present a
simplified method, which uses not optimization algorithms, to find
optimal design solutions for multi-objective design targets, explic-
itly for small and mid-size projects with discreet design variables.
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