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TIMBER CONSTRUCTION METHODS FOR ROOF STACKING:
CLASSIFICATION AND COMPARATIVE ANALYSIS

Mohamed Amer?, Shady Attia?

ABSTRACT: As a mean of accommodating increasing population in major cities around Europe, new agendas for
urban densification emerge in response of finding sustainable solutions. Several methods for urban densification are
proposed and seen in real life. Roof stacking has been proposed as a way to promote for sustainable urban densification.
This paper presents the results of a conducted investigation on roof stacking assembly and construction methods using
timber construction. A classification for different roof stacking has been proposed, followed by a comparative analysis
between different methods. The comparative analysis identifies the advantages, disadvantages, and best practice of each
method. A parametric simulation and multi-objective optimization have been carried out for two different methods to
identify the optimum timber construction for roof stacking. The results shed the light on the solutions and recommended
timber construction method according to the comparative analysis.
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1 INTRODUCTION

1.1 POPULATION AND URBANISATION

According to the latest studies by the United Nations,
world population is expected to reach 9.425 billion by
the year 2050, with 32 % increase in population
equivalent to more than 2.37 billion [1]. This increase is
followed by several migration movements, polarization
of intellectuals, which contribute to an inevitable
increase in housing demand [2]. Accordingly, urban
growth has been witnessed in several cities that face this
increase. However, studies reported that this growth is
higher in frequency than the growth rates in urban
population [3]. Given that 54 % of the world’s
population live in urban areas, this ratio will to increase
up to 66% in 2050 [4]. Thus, new neighborhoods are
needed to be built which pushes the borders of the cities
creating larger outskirts with lower densities. This
contributes to the loss of farmlands, increasing carbon
emissions and affects negatively the local climate of the
region [5]-[7]. The phenomena of losing farmland is
confirmed by another study that reported that European
cities became less compact with an average expansion of
78% for urbanized area while 33% only for the
population in the last 60 years [8]. As a result, the
consumption of agriculture lands by the act of urban
sprawling is predicted to continue in all parts of Europe.
More than 5% of the current agriculture land will be
converted into sealed surfaces in Scandinavia, UK,
Central Europe and Mediterranean coastal areas.
Whereas the Netherlands, Belgium and France will
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highly suffer from the loss of agricultural lands, while
Germany, Poland and Hungary will face those loses in
scattered patterns of their lands [9]. Several governments
made some attempts to limit urban sprawling by creating
boundary zone between urban and rural areas aiming to
manage an efficient usage for urban areas, such as the
Green Belt Policy in the UK, the Green Heart in the
Netherlands and Innerstadt projects in Germany [10];
however, negative consequences were followed by these
policies by stepping out the boundary zone leading to
undesirable impacts on the countryside [11].

1.2 TOWARDS DENSIFICATION

In the recent years, new research agendas for urban
densification started to emerge in response to the
upcoming needs of Europe to accommodate increasing
population while limiting urban sprawling [12]. Many
researchers have explored the implications of urban
densification stating that higher densities support
efficient infrastructure and reduces carbon emissions
[13]-[17]. Others argue that more compact forms
significantly reduce the energy consumption on the
building and transportation scale [18]-[20]. Marique and
Reiter [21] found that by increasing the density of a
neighborhood alone without applying retrofitting
measures can reduce up to 30% of the total energy
consumption. Nilsson [10] came up with four strategies
as an approach towards sustainable urban-rural futures,
one of them was to contain and densify cities and
suburbs while developing a green compact city. Yet, a
package of polices should be provided to integrate
increasing urban density with higher concentrations of
employments, good transit network, parking areas and
carbon taxing system [22]-[25].



There are several urban densifications have been
witnessed, such as building in the backyards [21], or by
closing gaps and vacant lots between buildings. An
example can be given for the initiative made by the city
of Cologne in Germany that is called
“Bauliickenprogramm” or “Building gaps program”. As
a results, there have been more than 20,000 new
apartments realized by filling the gaps between existing
buildings [26], [27]. Another aggressive method is
realized by demolishing existing buildings and
reconstructing new buildings with higher densities and
more dwellings. While the last method, which is
concerned in this research, is by adding additional stories
on the rooftops of the existing buildings which can be
described as roof stacking [28], [29].

1.3 ATTEMPTS FOR CLASSIFICATION

Roof stacking as an approach towards increasing urban
density has many advantages. Roof stacking approach
has the benefit of conserving the vacant areas, promoting
for a balance between urban densification and the
preservation of green areas as recommended by several
researches [10]. Moreover, in terms of energy efficiency,
it was found that applying roof stacking is more efficient
that roof renovation when it comes to the reduction of
the total energy consumption. According to Tichelmann
and Grol, it was found that roof stacking can reduce the
total energy consumption by 17% compared to flat roof
renovation, and 6% compared to saddle roof renovation
[30].

There have been attempts to classify roof stacking. One
research attempted to classify roof stacking based on the
shape of the roof stacking modules [31]. The cases were
classified into five types; roof shaped (usually saddle
shaped roof), Cubic form aligning the roof surface, set
back extension, free form or cantilevered, combined
extension with the main building volume, and lastly
juxtaposed extension to the main building. Another
attempt was made to classify roof stacking based on their
constructive characteristics, the number of added stories
and the percentage of their roof space occupation [30].
Four main categories were identified; one added saddle
shaped roof, one added flat roof floor, two added floors,
and lastly three and more added floors. In this article, the
classification counted on the case studies that were
investigated by previous literature. In addition, more
cases gathered from different resources were further
studied, such as the investigation made by (ROBUST), a
European research project aimed to study building
technology and building physics issues associated with
the renovation, roof stacking and improvement of
existing buildings using steel-based technologies [32],
while other cases were specifically designed by well-
known architectural offices, by which a systematic
approach and concept were developed throughout the
whole process [33], [34].

This paper aims to promote for a systematic approach for
roof stacking using lightweight construction as a mean of
sustainable urban densification and development. In
addition, given the potential of timber in achieving high
levels of carbon neutrality and sustainable city, there are
wide range of wall configurations that could be

deployed. However, choosing the right building
configuration under conflicting objectives, such as
achieving energy efficient building and reducing the
total weight of construction, has always been a struggle
for architects and designers in the early design phases.
The research questions of this paper are; what are the
applied construction methods of roof stacking? And
what are the optimum design configurations that could
be achieved using timber construction? Accordingly,
there are two main objectives; first, is to classify the
construction methods and building materials that are
currently used for roof stacking. Second, is to aid the
decision making on the selection process of building
envelope to achieve energy efficient, lightweight roof
stacking modules.

2 METHODOLOGY

This paper is a part of an ongoing research that aims to
increase the urban density by validating design
prototypes for different zero energy, lightweight
construction systems and composite components. This
article focuses particularly on reviewing roof stacking
projects around Europe that adopted timber construction,
aiming to provide a guideline to aid the decision support
on the optimum configurations of building envelope for
roof stacking construction. Thus, a methodology has
been designed to identify optimum measures for energy
efficient lightweight roof stacking modules. The
methodology in this article consists of two main parts.

In the first part of this research, a systematic
classification and analyses have been conducted to
illustrate different construction methods. Over 60 case
studies around Europe have been gathered and reviewed
throughout different literatures based on predefined
criteria as following. The first selection criterion is
according to the geographical context. Since this
research targets in its first phase the European
construction sector, the cases were gathered from 13
European countries. The second criterion is according to
functional and scale context. However many cases that
were found were occupied by different functions, in this
research only cases with a residential function have been
reviewed. The third and last criterion is according to the
available information on each case. Many of the cases
that have been spotted had no sufficient information to
build an analysis on, therefore many spotted cases were
excluded from the reviewing process. Afterwards, a
comparative analysis has been carried out between
different methods of roof stacking in terms of benefits,
drawbacks, and best practices.

In the second part, methods that employed timber
construction have been selected for deep investigation.
The reason behind the selection of timber construction
for investigation is due to the fact that it aligns with the
Euro vision in providing expand cost-effective housing
opportunities and provide leadership to accelerate the
transformation towards a low carbon community. Thus,
there is a need to provide guidance for best practice
solutions for timber construction to achieve optimum
building performance. A parametric analysis has been
conducted for different wall sections using timber based



materials, for structure and insulation, generating more
than 3,000 design wall configurations. Parametric
simulation has been followed by a multi-objective
optimization for two design objectives; energy
consumption and weight of construction, in order to
choose optimum design configuration.

3 ROOF STACKING CLASSIFICATION
& COMPARATIVE ANALYSIS

Over 60 roof stacking cases around Europe have been
listed, documented and further analysed as shown in
Figure 1. Those cases were gathered from different
resources with different classification approaches and
descriptions. In this research, the classification in this
research is based on the building materials used as main
structure, and assembly method. According to the
review, four different common building materials are
sued for roof stacking; steel, timber, lightweight
concrete, and composite materials (steel and timber).
While there are three main methods for assembly; offsite
construction by manufacturing 3D units, onsite
assembling of 2D elements such as walls and roofs, and
onsite assembling of 1D elements such as beams and
columns.
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Figure 1: Case Studies around Europe classified and analysed

3.1 BUILDING MATERIALS

Existing buildings with roof stacking cases were
characterized by two different structural systems.
Buildings that return back to the nineteenth century and
early twentieth century had load bearing constructional
system counting on the exterior massive walls, while
buildings from late twentieth century had skeleton
structure out of reinforced concrete or steel structure
[31]. Building materials that have been involved in the
process of roof stacking for a structural purpose have
been documented throughout the 60 different analyzed
cases. Even though multiple materials have been listed, it
was possible to classify them under 4 main types;
reinforced concrete, steel, timber, and composite (a
mixture of steel and timber), while the structure of the
existing buildings were found in 3 main building
materials; Masonry, reinforced concrete and steel as
shown in Figure 4.
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Figure 2: Classification of existing buildings’ materials
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Figure 3: Classification and usage frequency of building
materials used for roof stacking

As shown in Figure 5, it was found that more than 50%
of the building materials used on buildings with massive
structures was made out of lightweight steel, which has a
tendency to reflect a modern style contrary to the
original style of the existing building. Using timber
comes in the second place, while the usage of reinforced
concrete comes at the last place. On the other side,
timber had more than 50% of usage for RC buildings,
while light weight steel structures comes in the second
stage with around 30% and RC only 14%. Existing
buildings with steel skeleton always accommodated
extensions made of steel structures or a mixture of steel
and timber, however no RC was found to be used over
steel structure. The choice of building materials has a
direct influence on the total weight per square meter on
the original building. Thus, a wise choice of the
materials’ mixture is important to meet the required
aesthetic, structural and energy performance.

3.2 ASSEMBLY METHODS

Installation method highly depends on urban context and
site condition, available tools and technology, and
occupants’ adaptability. Two main categories are found
under the installation methods, the first is off-site
assembly, which produces ready 3D units, while the
second is onsite assembly of 1D and 2D elements.
However, both methods share the same dependency on
prefabrication technology, since it is nearly impossible to
carry out a full construction on the rooftop.



3.2.1 Offsite assembly

As shown in Figure 4, building elements are assembled
offsite to form complete or partial 3D modules. Those
modules are transferred to the site, lifted and installed on
the rooftop of the existing building. Assembling
prefabricated units takes the least time onsite, up to three
days [33], for installation and assembly, which is
considered as an advantage especially for the cases with
high traffic or less working spaces. Those units can be in
the form of containers, partial or full residential units.
They are totally manufactured in the factory, including
structural system, walls, floor and ceiling. As a
prerequisite, onsite preparations such as clearing the roof
and mounting joints should take place before the
installation of the units. This method counts on the
modularity of the design and modest requirements by
prospect inhabitants. However, finishing process
including interior and exterior plastering, electricity
outlets and sanitation always takes place onsite. Such a
method of manufacturing and installation requires a full
coordination and integration between the designer and
the manufacturer, in addition to the option of having
such manufacturing company that provides such a
service. Precise measurements for the roof and onsite
conditions are prerequisites for a successful assembling
procedure and to minimize expected errors for
transportation and lifting the elements onto the rooftop.

Figure 4: Offsite 3D modules manufacturing, Barcelona, Spain
© La Casa Por El Tejado

3.2.2 Onsite assembly

When a project entails higher complexity in the design,
onsite assembly resembles a better option. However, less
restriction in terms of for occupying the building and its
surroundings for longer durations are required.
Assembling prefabricated elements suits architectural
designs with less modularity and bigger sizes. It is also
easier in terms of transportation and lifting. However,
this method requires further consideration for the joins
design and the assembly techniques between the
different architectural elements [32]. Prefabrication can
be processed into two forms; the first is prefabricating
construction 2D elements as shown in Figure 5, such as
walls, ceilings, and floors, or prefabricating 1D
elements, as shown in Figure 6, such as beams, columns
or whole frames. While, the benefits of the onsite total
construction and assembling prefabricated elements are
achieved, it still consumes more time than other
methods. Some cases were recorded, by which it did not
require a total evacuation for the building form its
inhabitants [32].

The first method of assembling 2D elements on the
rooftop consumed more time relatively when compared
to installing 3D modules. It counts on precisely
fabricated walls and slabs in the factory with numbering,
which are transported and lifted by smaller cranes and
assembled on the rooftop directly. 2D elements may
include doors and windows and may not, however they
are usually having only the ready cuts while the other
elements come at a later stage. The most important thing
that has to be taken in consideration in this method is the
design of the joints between the different elements. They
have to be included and fabricated in the 2D elements
before arrival onsite.

In contrary, prefabricated 1D elements are represented in
beams, columns, frames, etc. Onsite construction

consumes time compared to other methods. Such
conditions should secure enough time, acceptance from
the neighbours and having the space to assemble and
connect the elements together onsite. Sometimes the
existing roof has to function during the construction
process, which can represent a huge challenge.

Figure 5: Plywood wall elements assembly, Kierling, Austria
© Architekturbiiro Reinberg

Figure 6: Sleep well in the sky Project, Brussels, Belgium
© Atelier d’Architecture Galand



Table 1: Comparison between different installation techniques

Off-Site Assembly

On-Site Assembly
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a produce accustomed modular units options based on the modularity

o Less onsite modifications flexibility

of prefabricated elements

4 MULTI-OBJECTIVE OPTIMIZATION

According to the developed classification, it has been
observed that on-site assembly methods are widely used
compared to the off-site assembly. This wide usage is
due to the less expertise needed for design,
manufacturing, and assembling. In addition, multiple
design variety and configurations could be easily
achieved. In this research, a comparative analysis is
conducted between two wall sections for two different
assembly methods. The first wall section is composed of
Cross Laminated Timber (CLT), as the main bearing
system, which represents the 2D assembly method.
While the second wall section is composed of Timber
Framing as the main bearing system, which represents
the 1D assembly method.

4.1 DESIGN VARIABLES

The aim of this step is to examine different wall
configurations and compositions in order to achieve
energy efficient lightweight roof stacking modules.
Several options are given for every assembly method.
However, the variables in both methods follow the same
approach. As shown in Figures 7 & 8, there is the main
structure which is composed of either CLT or Timber
Frame, and then there is the variable option of adding
external insulation with a range between 50 and 300mm.
The same variable option is given with the internal
insulation, which ranges between 50 and 100mm. The
last variables option is given with the external cladding,
which is accompanied by constant air gap of 30mm.

External
insulation CLT

Internal
External

y insulation +
cladding OSB board
Figure 7: CLT wall configuration

External Timber Frame
insulation + Insulation
Internal
External insulation +
cladding

OSB board

Figure 8: Timber Frame wall configuration



In the case of Timber Framing, an additional variable is
given, which is the thickness of the sandwich insulation,
which ranges between 50 and 300mm. This additional
variable gives a superior strength to Timber Frame
assembly method by increasing the U-value of the wall
section. Table 2 shows the complete list of variable and
their ranges.

Table 2: Wall variables

Variable Material On/Off Range
(mm)

Internal CLT/Timber Always On 94

wood panel  Frame

Sandwich v qoq pipre YVt HMPEr 55 50

insulation Frame

External — \vood Fibre  AlwaysOn 50 - 300

insulation

External Wood Larch On & Off 24

Cladding

Internal Wood Fibre On & Off  50-100

Insulation

Internal 0SB Wlth |r_1t. 15

board insulation

4.2 SIMULATION AND OPTIMIZATION

4.2.1 Location & case study

In order to identify the energy consumption and weight
of the given wall section, a case study has been selected
for modelling and simulation. The boundary conditions
of the case study have been identified based on the
existing floor plans. In this research, the case study lies
in the city of Brussels, the capital of Belgium. Given that
roof stacking takes place on existing buildings, the
middle-class pre-ware housing prototype has been
selected to identify the floor plan.

The floor plan has a width of 6 meters and length of 12
meters. The height of the floor plan reaches 3 meters.
Internal zones has been simplified to include 3 zones
consists of 2 bedrooms and 1 service zone. The floor
plan is oriented towards north south, with two row
houses on the east and west facades, which consequently
does not have any windows. Window ratios on the north
and south are given a constant value of 20%. The
characteristics of the glazing are kept constant, with a
double glazing and air gap. The roof has been designed
as flat roof, and given the same characteristics of the
wall variations. Standard occupancy schedules for
residential buildings are set according to ASHRAE.

4.2.2 Simulation & optimization method and tools

In this study, the simulation and optimization process
has been carried out using Energy Plus, the energy
simulation engine, using grasshopper as the interface.
Grasshopper is a parametric visual programming
language interface that works on Rhinoceros 3D
software. The link between Grasshopper and Energy
Plus is done with Honeybee and Ladybug plugins, where
the geometry, simulation parameters, schedules, building
materials, and results visualization are carried out.

The list of variable, as shown in Table 2, has been set in
Grasshopper, and then a parametric simulation has been
carried out. The parametric simulation has been run for
365 combinations of variables for the case of CLT wall
section, and has been run for 2790 combination of
variables for the case of Timber Frame wall section,
giving a total of 3155 combination of variables. All the
results has been extracted and plotted on Excel file,
giving the results of energy consumption and total
weight of construction. There is a lack of applying multi-
objective optimization on Grasshopper; it is only
possible to apply single-objective optimization using
genetic  algorithms.  Thus, the  multi-objective
optimization has been carried out using Matlab, using
Pareto optimization method to extract Pareto frontier.

4.2.3 Optimization results

In order to extract Pareto frontier, energy consumption
and weight of construction values have been remapped,
S0 as to give a range of values from 0 to 1. The value of
0 represents the minimum value in each of the energy
consumption and weight of construction, while the value
of 1 represents the highest. For the CLT wall
composition, the minimum value of energy consumption
was found to be equal to 16 kWh/m2a, while the
maximum value was found to be equal to 80 kWh/mZ2.a.
Whereas the minimum value of the weight of
construction was found to be equal to 175 Kg/m?, while
the maximum value was found to be equal to 298 Kg/m?2.
The results of Timber Frame wall section were slightly
different. For the Timber Frame wall composition, the
minimum value of energy consumption was found to be
equal to 14 kwh/m?.a, while the maximum value was
found to be equal to 63 kWh/mZa. Whereas the
minimum value of the weight of construction was found
to be equal to 109 Kg/m?, while the maximum value was
found to be equal to 239 Kg/m?2.

In Figures 9 & 10, the results of the parametric
simulation and multi-objective  optimization are
illustrated. Since the combination of variables designs
were set alike, the resulted curves have the same
characteristics. The lowest curve on the Y-axis shows
the results of the wall section with minimum
composition of materials, which is external insulation
only. Yet, it gives a wide range of energy saving
measures, with a range of 93% (from 0.07 to 1.0 in the
remapped values). Higher energy savings could be
achieved by adding additional layer of insulation in the
interior, while optimism savings could be achieved only
by adding extra cladding with air gap. Adding external
cladding to the exterior insulation does not seem to give
an added value. In contrary, it adds more weight without
having the benefit of saving energy compared to adding
more insulation.

In figure 10, the plotted curves are doubled. This
doubling is the result of the added weight by the
sandwich insulation, which is negligible compared to the
newly added insulation (with their additional OSB
boards) on the exterior and interiors of the walls. Thus,
the results do not differ that much compared to the
results of the CLT wall sections.
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5 CONCLUSION

This article presents two important comparisons in roof
stacking in general and timber construction in particular.
A classification and comparative analysis has been
carried out to document and list the existing roof
stacking methods and used building materials. We have
found that there are three different methods. The first
method takes place through off-site manufacturing,
producing 3D modules ready to be lifted and installed on
the rooftop. The second method takes place through on-
site assembling. In this method, 2D prefabricated
elements, such as walls and roofs, or 1D prefabricated
element, such as beams and columns, are assembled
together on rooftops. In the first method of producing 3D
modules, higher precision, technicality, and available
supplier is a prerequisite, which tends to make it
uncommon in roof stacking. Such method is only
necessary in projects with tight timeframe, or busy
traffic. Whereas assembling 2D and 1D prefabricated
elements are used widely. Moreover, timber construction
could only be used with onsite assembly. Accordingly,
parametric simulation and comparative analysis have
been conducted between two different methods with two
different wall compositions. A wall composition of CLT
material has been selected to represent the 2D
assembling method, while a wall composition of Timber
Frame material has been selected to represent the 1D
assembling method. Two objectives have been identified
for the comparative analysis. The first objective is the
energy consumption, while the second objective is the
total weight of construction, due to its importance when
building on the rooftops.

As a result, Timber Frame has shown a superior strength
compared to CLT in terms of energy savings and weight.
Minimum energy consumption could be achieved using
Timber Frame, which is equal to 14 kWh/m2.a with a
total weight of construction equal to 239 Kg/m2. On the
other hand, the minimum energy consumption that could
be achieved with CLT is equal to 16 kWh/m2.a, but with
a total of weight of construction equal to 298 Kg/m?. The
difference in energy consumption is minor, which is
equal to 14% difference. However, the difference in the
total weight of construction reaches 24%, which is
almost 1/4 of the weight achieved by Timber Frame.

The reason behind this superiority lies in the
characteristics of Timber Framing that allows the
addition of insulation layer in the middle of the structural
frame. In contrary, the characteristics of CLT allow only
insulation to be added internally of externally, given the
higher density of the CLT wall section, which exceeds
its counterpart in Timber Framing. However, when the
weight of construction does not represent a top priority,
CLT shows higher advantages. The advantage of CLT
lies in its air tightness levels, which is higher than that of
Timber Frame, and affects the overall thermal and
energetic performance of the building. Moreover, it lies
under the advantages of 2D assembly methods, which
gives higher speed and precision in construction.

The choice of assembly method and wall composition is
defined by the priority levels of each project separately.
Accordingly, this paper aims to support the decision
making process and represents a guidance for architects
and practitioners to use the proper timber construction
method in roof stacking projects.
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