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Abstract. Construction and demolition waste accounts for approximately a third of all waste
generated in the EU. Adopting circularity principles to the construction processes aims to
reduce waste generation. The focus of the study was on circular renovation solutions as
renovation is becoming increasingly important. The renovation wave for Europe sets a target to
double annual energy renovation rates in the next ten years. This study analyses circularity of
the renovation concepts for the pilot renovation cases in seven countries in different climate
zones in Europe. Analyses were carried out within the DRIVE 0 project funded by the European
Union’s Horizon 2020 research and innovation program. Pilot buildings are detached houses
and apartment buildings with different renovation interventions. Design for Disassembly
criteria and embodied energy and embodied CO2 analyses combine design and material use
aspects. Results show that in terms of design for disassembly indicators, prefabricated modular
solutions have much higher circularity potential than the traditional wall insulation systems
due to the low disassembly and reusability potential of external thermal insulation composite
systems (ETICS. The environmental impact of the prefabricated insulation solutions is lower
than and ETICS solutions. Although the difference between prefabricated and ETICS solutions in
terms of environmental impact is smaller than in terms of disassembly and recovery options.
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Practices for circularity in the construction industry
aim at reducing the amount of waste generated at
the end of the life cycle of a building (2). An
essential aspect of increasing the reuse possibilities
of building materials and products is modularity.
Previous research and development projects have
demonstrated prefabricated modules for building
renovation (3). The next step would be to link

1. Introduction

Adopting circularity principles to the renovation
processes helps reduce waste generation in the
construction industry. Construction waste
generated during renovation works is an important
issue because the renovation wave for Europe sets a
target to double annual renovation rates in the next

ten years.

Previous research has shown that the construction
sector is resistant to circularity and the need to
develop disassemblable building products is
necessary (1). The sustainability of deep renovation
solutions is often not assessed during the design
phase. Current deep renovation solutions are mainly
based on operational energy use and do not
consider the carbon footprint aspects.

prefabrication and modularity with circularity.

This study analyses circularity of the modular and
non-modular external wall insulation solutions for
pilot renovation cases in Europe. The pilot
renovation cases were selected as part of an EU-
funded project DRIVE 0 (4), developing circular
deep renovation solutions. The goal for DRIVE 0 is
to provide solutions to speed up the deep and
circular renovation process.
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2. Methods

There is currently no single methodology for
circularity assessment and many different
indicators exist for evaluating the circularity of
construction products and buildings. Some
indicators are based on one characteristic
(durability, the recycled share of materials, etc), and
some indicators include wider impacts (economic,
environmental, etc). In the current study, circularity
assessment includes design for disassembly criteria
and environmental impact. The purpose of the
method selection was to have an approach with few
input data which would be wuseful also for
practitioners.

2.1 Circularity assessment

Methodology for circularity assessment is based on
the design for material recovery principles (5). The
indicator used to assess the degree of circularity of
the renovation solutions is the simplified version of
the DfD criteria proposed by AlbaConcept (6).
Circularity is assessed based on four variables with
relative weights depending on specific components
and joint features.

Circularity assessment criteria:

1. type of connections,

2. accessibility of connections,
3. crossings,

4, form containment.

Tab. 1 - Type of connection.

Dry connection = Dry connection 1.0

Click connection

Velcro connection

Magnetic connection

Connection Ferry connection 0.8
with added Corner connections
elements Screw connection

Bolt and nut connection

Direct integral Pin connections 0.6

connection

Nail connection

Soft chemical Kit connection 0.2

compound

Foam connection

Hard chemical Glue connection 0.1

connection Pitch connection

Weld connection

Cement bond

Chemical anchors

Hard chemical
connection

Tab. 2 - Accessibility of connection.

Freely accessible 1.0

Accessibility with additional actions thatdo 0.8
not cause damage

Accessibility with additional actions with 0.4
reparable damage

Not accessible - irreparable damage to 0.1
objects

Tab. 3 - Crossings.

Modular zoning of objects 1.0
Crossings between one or more objects 0.4
Full integration of objects 0.1

Tab. 4 - Form containment.

Open, no inclusion 1.0
Overlaps on one side 0.8
Closed on one side 0.2
Closed on several sides 0.1

On a product level, material selection is also added
as a criterion to assess the circularity of materials
used for renovation:

1. Repaired: restoring to good working order,
fix, or improving the damaged condition.

2. Reused: using an item for its original
purpose or to fulfill a different function.

3. Recycled: converting waste material into

reusable material by breaking down items
to make new materials.

4. Refurbished: restore to original order &
appearance with new materials.
5. Remanufactured: using a combination of

reused, repaired, and new parts.

Tab. 5 - Materials and products.

Locally repaired, reused building 1.0
components and materials

Biobased materials 0.8
Recycled and upcycled building 0.6
components and materials

Refurbished, remanufactured materials 0.4
Non-biobased virgin materials or products 0.1

made from non-biobased pure materials

The circularity index is calculated based on the
average of the five subcategories. To achieve a high
degree of circularity, the average index of the
subcategories must be above 0.80.

Assessing degree of circularity:

1. index < 0.60 Low degree
2. index = 0.60 Medium degree
3. index 2 0.80 High degree
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2.2 Environmental impact assessment

Methodology for environmental evaluations is
based on embodied energy and embodied carbon of
the buildings (7).

Embodied energy and CO: for each component are
assessed by filling the material spreadsheet. For
each material, the quantity and the total amount are
specified. The existing building envelope is excluded
from the analysis, as existing constructions are often
not changed during the renovation.

Tab. 6 - A material spreadsheet.

Mass of materials kg; kg/m?
Embodied Energy of materials MJ; MJ/m?
Embodied CO; of materials kg; kg/m?

The data results in an overview of material mass,
embodied energy, and embodied CO2. The ICE (8)
database for the built environment was used for the
materials embodied energy and embodied CO-.

Tab. 7 - Embodied energy and CO2 of materials.

Material Embodied Embodied
energy, MJ/kg  COq2, kgCO2/kg
Sawn timber 7,4 0,2
Stone wool 16,8 1,12
Glass wool 28 1,35
Cellulose wool 2,12 0
Fibre cement 153 128
panels
Expanded 886 329
Polystyrene
General plaster 1,8 0,13

2.3 Case studies

Seven demonstrators were selected to analyze
different residential buildings in different climate
zones in Europe. All buildings are residential
buildings but have different functionalities:
detached houses, semi-detached house, terraced
house, and apartment buildings.

Table 8 shows the brief description for each case
study building, and Figures 1-7 shows a photo of the
building.

Tab. 8 - Case studies description.

Country Floor area, m? Type
Netherlands 144 terraced house
Estonia 2415 apartment building
Greece 109 detached house
Ireland 80 semi-detached
house
[taly 470 rural manor villa
Slovenia 232 detached house
Spain apartment building

Fig. 2 - Estonian pilot.

Fig. 4 - Irish pilot.

Fig. 5 - Italian pilot.
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2.4 Description of the renovation solutions

Dutch pilot: The assessment of circularity on the
product level consist of wooden prefabricated
elements of WEBO, indicated in Figure 8.

Wooden slats 7_
Vapor open foil

Wood fiber insulation
Vapor barrier

Wooden beam 165x65mm
Steel angle 100x150 mm
Sealing tape

Fig. 8 - Cross-section of facade insulation element.

Estonian pilot: The circularity assessment on
product level has been done for the prefabricated
facade insulation element. The cross-section of the
facade element is shown in Figure 9.

1234 5 67
‘Jﬂ

1 Fibre cement facade board 8 mm
or wood cladding 21 mm
2 Wooden slats 28x85 mm
3 Windsfopper {rockwool board) 13 mm |
4 Horizontal wooden slats (finger joint) 45x45 mm |
4 Rockwool p=28 kg/m’ 45 mm |
5 Timber frame C24 45x145 mm
5 Rockwool p=28 kg/m® 150 mm
6 Vapour barrier
7 Glasswool (buffer layer) 50 mm |

/

Fig. 9 - Cross-section of facade insulation element.

Greek pilot: The circularity assessment on product
level has been done for external thermal insulation
composite system (ETICS) based external wall
insulation solution.

Irish pilot: The product-level circularity assessment
has been done for the prefabricated 2D facade
insulation element. The cross-section of the facade
element is shown in Figure 10.

Cement board

Wooden slats 25 mm

Wood fibre board or PIR

Existing structure
Bio-based insulation

(hemp) or rockwool

Vapour barrier

Buffer insulation

B
Fig. 10 - Cross-section of fagade insulation element -
Design Proposal (Coady Architects).

Italian pilot: The assessment of circularity on
product level has been done both for the 2D
plug&play prefab panels, composed of two layers of
high and low-density rock wool (to be applied to the
North and West oriented facades), and for the
traditional ETICS system in rock wool (to be used to
the South and East oriented fagades). The final
solution that will be implemented may differ from
the one presented in the paper, depending on the
company’s technical requirements during the
construction. The cross-section of the facade
element is shown in Figure 11.

Y y
f I 1
1 AENBITY i \ | PLUGA BLAY BRACKET
INSULATIAN | I | FACADE SYSTEM T0 WALL
| | ' ISP P8s

I = TIRFENING P AL
ALU|HONE]fCOM

7

PREFAB PANEL LOAD
BEARING ALU FRAME

Fig. 11 - Cross-section of facade insulation element -
Design Proposal (ALIVA).

Slovenian pilot: The circularity assessment on
product level has been done for external thermal
insulation composite system (ETICS) based external
wall insulation solution.

Spanish pilot: The product-level circularity
assessment has been done for the prefabricated
green wall facade elements with building-integrated
PV panels. The cross-section of the facade element is
shown in Figure 12.
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Fig. 12 - Cross-section of facade elements - Design
Proposal (Pich Aguilera Arquitectos S.L.).

3. Results and discussion

3.1 Circularity

An example of the Design for Disassembly
calculation for Estonian pilot renovation is shown in
Table 9. On a product level, a medium degree of
circularity has been achieved. Type and accessibility
of connections, crossings, and form containment
showed a high degree of circularity (>0.8) and
material use showed a low degree of circularity
(<0.6).

Tab. 9 - Circularity of renovation solutions.

The structure of the insulation element is a timber
frame made from finger-jointed structural timber.
The circularity of the timber frame is high as timber
is biobased material and the use of finger joints
reduces production waste. Frame connections are
made with screws which allow relatively easy
disassembly. Insulation, wind barrier, and facade
cladding materials are not biobased or reused.
Fagade insulation element with cellulose insulation
would achieve a higher score but cellulose
insulation cannot be used because of fire safety
regulations. Estonian pilot building is a TP1 class
building that requires at least fire resistance class
A2 for insulation material. Cellulose wool has fire
resistance class B1.

Results of the Design for Disassembly calculations
for all pilot cases are summarized in Table 10.
Category averages for external wall insulation
solutions are shown for the type of connections,
accessibility of connections, crossings, form
containment, and materials. Calculations were
performed for all layers, and averages of the whole
prefabricated insulation elements are presented.

Prefabricated modular solutions have higher
circularity potential than the traditional wall
insulation systems system due to the low
demountability and reusability potential of ETICS.

Although it may be debated whether the circularity
benefits of biobased materials are adequately
weighted as the material indicators are only 1/5th
of the score, and the circularity assessment is
mainly based on DfD, bio-based materials show
better material circularity potential.

The indicators are also not weighed or proportioned
with the material amount (volume or mass), and
small elements (vapour barrier) can have a
disproportional impact on the results.

Element Type of Accessibility of Crossings Form containment  Materials
Connection connection
1  Connection to Corner 0.8 No 0.8 Modular 1.0 Overlapson 0.8 -
existing wall and screw damage zoning one side
2 Buffer Screwand 0.8 No 0.8 Modular 1.0 Open, no 1.0 Recycled 0.6
insulation (glass  line damage zoning inclusions material
wool)
3 Timber framing  Screw 0.8 No 0.8 Modular 1.0 Open, no 1.0 Biobased 0.8
damage zoning inclusions material
4 Insulation (stone  Dry 1.0 No 0.8 Modular 1.0 Open, no 1.0  Mainly virgin 0.1
wool) damage zoning inclusions material
5  Wind barrier Screw 08 No 0.8 Modular 1.0 Open, no 1.0  Mainly virgin 0.1
(stone wool) damage zoning inclusions material
6 Wooden lath Screw 0.8 No 0.8 Open, no 1.0 Biobased 0.8
damage inclusions material
7  Facadecladding Screwand 0.8  Freely 1.0 Modular 1.0 Open, no 1.0  Mainly virgin 0.1
(fibre cement) seal accessible zoning inclusions material
Category average 0.83 0.83 1.0 0.83 0.42
Circularity indicator 0.78 Medium degree of circularity
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Tab. 10 - Circularity of renovation solutions.

Type of Accessibility  Crossings  Form Materials Circularity Degree of

Connection of connection containment index circularity
'()Z“I:C;‘refab) 0.68 0.87 0.83 0.80 high
](zzsi)ogiilflab) 0.83 0.83 1.00 0.83 0.42 0.78 medium
(GETefé‘S) 0.50 0.10 1.00 0.10 0.10 0.36 low
I(I;[S)hprefab) 0.84 0.64 1.00 0.83 0.44 0.75 medium
'(;a];i;‘r‘efab) 0.71 0.88 1.00 0.70 0.54 0.77 medium
:E”‘Thl‘g;) 0.27 0.40 0.10 0.10 0.43 0.26 low
?llz?r‘;?sl;an 0.27 0.40 0.83 0.10 0.10 0.34 low
?%'};ch de) 0.82 0.85 1.00 0.82 0.49 0.79 medium

Many building materials would have excellent
circularity properties; however, they could not be
used for practical reasons. Main obstacles with the

Spanish (PV facade) [ 310

Slovenian (ETICS) [l 30

use of recycled or biobased materials: Italian (ETICS) | 79
. Italian (2D prefab) [N 84
. Absence of necessary certificates (recycled
materials) Irish (2D prefab) [l 38
. Fire safety regulations (a common issue for Greek (ETICS) I_— 71
most of biobased materials) ,
X . Estonian (2D prefab) [l 25
o Hygrothermal properties (risk for mold
growth] 0 50 100 150 200 250 300 350
2
. Higher maintenance need (repainting of keC0,/facade m
the wooden cladding) Fig. 14 - Embodied CO2 of m? of fagade area
. “Factory friendliness” (factories favor rigid
wind barrier because of prefabrication The high embodied energy and embodied CO:
effectiveness and to guarantee the content of the Spanish pilot renovation is mainly
angularity of the element) caused by the steel frames needed to install the PV
panels.
3.2 Embodied energy and embodied carbon Based on embodied energy and embodied CO:, the
environmental impact of the prefabricated
The Embodied energy and embodied CO: insulation solutions and ETICS solutions are in the
calculations are shown in Figures 13 and 14. same range. This is due to differences in the mass of

the materials. For example, embodied energy and
embodied CO: per kg of expanded polystyrene is
much higher than materials used in prefabricated
Slovenian (ETICS) I 0,14 solutions but because the expanded polystyrene is
Italian (ETICS) N 0,23 light, the embodied energy and embodied CO: per
square meter of fagade can be in the same range as a
prefabricated solution with more environmentally
Irish (2D prefab) [N 0,16 friendly materials. Prefabricated insulation panel
Greek (ETICS) NN 0,26 with timber frame, 200 mm of insulation, and fibre
cement board for cladding weigh ~50 kg/m?, ETICS

solution with expanded polystyrene weighs ~20
0 02 04 06 08 1 12 14 kg/m2.
MWh/facade m?

Spanish (PV facade) I 1,25

Italian (2D prefab) [N 0,23

Estonian (2D prefab) [l 0,13

Fig. 13 - Embodied energy of m2 of facade area 4. Conclusions

The research goal was to analyze the circularity of
the renovation solutions used for pilot renovations.
The indicators used to assess the degree of
circularity of the renovation concept are Design for
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Disassembly  (DfD)  criteria and  building
environmental (with embodied energy and
embodied CO: as indicators).

The main advantage of modular prefabricated
elements is the greater potential for disassembly
and reusability. ETICS can only be recycled and
cannot be reused without remanufacturing process.
Embodied energy and embodied CO: of the
prefabricated insulation solutions are lower than
and ETICS solutions. Prefabricated solutions also
allow a wider choice of materials (bio-based
insulation materials and cladding) to achieve a low
environmental impact. Although the difference
between prefabricated and ETICS solutions in terms
of environmental impact is smaller than in terms of
disassembly and recovery options.

Some building materials have excellent properties
in terms of circularity; however, for practical
reasons, they could not be used. The main concerns
with using recycled or biobased materials were the
absence of necessary certificates, fire safety,
hygrothermal properties, and higher maintenance
need. The final selection of the design solution is a
balance between the circular, practical, and financial
sides.

Assessment of the circularity of renovation concepts
through design aspects (design for disassembly)
and material use is a suitable approach. However,
the assessment method for design aspects does not
consider the proportion of scores relevant to
material mass. Materials with low total mass can
disproportionately affect the results (for example,
air and vapor barrier). At the same time, the
additional weighting factor would make the
calculation more complex. It's the point of
discussion on whether the design for disassembly
methodology would benefit from scoring
disassembly and material re-use potential based on
the mass of the material.
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