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Abstract

Paper-based building components can lead towards more sustainable, energy-efficient, affordable structures. Building
envelope is one of the most common areas for the application of paper in architecture. However, paper-based envelope
requires an outer layer protecting it against water, fire and mechanical damages, which may significantly increase the com-
ponents’ environmental impact, weight and manufacturing costs. The article review fourteen original outer layers design
proposals, suitable for use on indoor, outdoor and roof surfaces. All the designs combine various protective materials and
complementary coating techniques. The environmental impact of proposed designs is assessed via Life Cycle Assessment
analysis based on Ecoinvent 3.8 database. The proposals’ performance is assessed in the areas of water, fire and mechani-
cal damage protection, materials cost and availability. Designs with high-performance scores and low environmental impact
are indicated for both indoor and outdoor applications. As a conclusion from the research, guidelines and suggestions for
further development of paper-based building envelopes are provided.
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1. INTRODUCTION possible expansion to new, unrecognised business
areas [5].
Paper, a material which was invented by humankind in ]

the first century A.D. is one of the most common and
popular materials these days [1]. Next to its primary
function — an information carrier, paper is utilised in
various applications, especially for packaging, but also
furniture and even architectural structures such as
temporary pavilions, emergency shelters, houses and
public buildings [1, 2].

Paper and cardboard are the main packaging mate-
rial in Europe, and they are used twice more often
as subsequent plastic and glass [3]. Moreover, the
recycling ratio of paper and paper board reaches
over 70% in the last 7 years [4]. Paper industry, how-
ever, is constantly looking for new applications and

The key feature of paper, and paper-based products,
such as cardboard is their natural origin. Paper is a
network of cellulose fibres, which are intertwined.
During the production, the hydrogen bonds between
cellulose fibres are created under the pressure, in a
wet environment. The bonds affect the mechanical
properties of the material. For that reason, the best
products in structural applications are those free of
impurities and other components such as hemicellu-
lose and lignin. However, the production of strong
paper (Kraft) is energy — and water intensive and it
requires virgin fibres, preferably as long and slender as
possible.
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As the hydrogen bonds are created in a wet environ-
ment, water and humidity may have the reverse effect
i.e., loosen them, causing in softening of the paper or,
in the ultimate case, turning it back into a pulp. This
feature has both, positive and negative influences on
paper and cardboard properties, especially in architec-
tural applications. On one hand, it allows to recycle of
the material up to 6 times [6], on the other hand, it
causes a risk to structural stability.

Therefore, it is of high importance to adequately
waterproof paper-based products which are utilised
in architectural applications, especially when exposed
to natural conditions. The most popular ways of
damp-proofing are coating with polyurethane paints
and epoxy resins [1], or polyethene coating [6].
Those, however, make paper impossible or very diffi-
cult and hence expensive to recycle.

The other issue is combustibility of paper products.
When utilised in thick elements paper can achieve
non-flammability, but in turn, this significantly affects
its weight and thus, the cost of production, transport
and treatment. Rodents, fungi and microorganisms
can also cause problems.

Paper is, therefore, a promising eco-friendly material
for architectural applications, but must be treated in
an appropriate manner to minimise the impact of
moisture, fire and organisms, while still being recy-
clable.

S.
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2. PAPER-BASED BUILDING
ENVELOPES

Building envelope, understood as enclosure of
indoor building space from the external environ-
ment, in particular a non-loadbearing external wall,
is an essential part of the vast majority of architec-
tural structures [7]. Most lightweight envelopes are
manufactured as sandwich elements, with a thick,
insulative internal layer and thin protective outer
layers on both sides. Envelope is also one of the
most popular applications of paper in architecture
[8]. Products such as corrugated cardboard and
paper honeycomb panels offer an appealing combi-
nation of thermal insulation properties, structural
stability, availability and low environmental burden.
Hoverer, to meet safety and performance require-
ments, a combustible and humidity-sensitive core
must be accompanied by durable outer layers. The
desired protection may be achieved using various
protective techniques or their combinations, includ-
ing lamination with polymer foil (FL), varnish coat-
ing (VC), additional layers of durable non-paper
materials (AM) and paper material modification
during production (MM) [8].

Several paper-based building envelopes have been
designed, constructed and tested in the last decades,
featuring various protection techniques (see Table 1).

Table 1.
Characteristics of paper-based envelopes case studies.
Westborough PS | Wikkelhouse 1 PCH 03 (House - pp gy ) FPPH
of Cards)
. Cottrell and Rene Snel, Jerzy Latka, Jerzy Latka, TU Darmstadt
designers Vermeulen Fiction Facto Marcel Bilow, - s oata Jasiolek | BAMP! grou
Architecture Y Julia Schonwilder, € $group
life span (assumed) 20 years 50 years 5 years 5 years minimum 3 years
Protection FL, AM FL, AM FL FL, AM FL, MM
technique
. breather membrane,breather membrane, self-adhesive foil, .. polyethene-coated
materials . . polyethene-coated | aluminium sheet
fibre-cement board wood cladding paper, paperboard
Outdoor paper
surface combustibility non-combust. no data combustible non-combust. semi-combust
water resistance watertight watertight watertight watertight watertight
mechamcz?l damage high high low moderate moderate
resist.
Protection AM AM FL FL FL, MM
technique
. FR cellulose pin- self-adhesive foil, . .. | polyethene-coated
materials board plywood polyethene-coated | self-adhesive foil board
Indoor oar paper paper, paperboar
surface combustibility non-combust. no data combustible combustible Semi-combust
water resistance moderate moderate watertight watertight watertight
mechanlca}l damage moderate high low low moderate
resist.
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The social building of Westborough Primary School,
which was the first permanent paper-based building
in Europe, added layers of fibre-cement boards and
fire-retardant cellulose pinboard in its envelope [1,
9]. Also, the project of Wikkelhouse, a prefabricated
corrugated cardboard holiday house, opted for AM
protection, where plywood and wood cladding was
used [1, 10]. On the other hand, Transportable
Emergency Cardboard Houses No 3 and 4 used
mostly lamination with self-adhesive foil, a quick,
lightweight but prone to damage solution [1, 8]. The
Full Performance Paper House present a different
approach, incorporating various types of speciality
paper into envelope design, including fire retardant,
high density and waterproof, polyethene-coated one
[11]. It should be also noticed, that all the longer life-
span envelopes include an air cavity, forming a venti-
lated facade, that prevent water vapour condensation
inside the material.

Moreover, various theoretical designs of outer layers
have been proposed. Vaccari suggested coating the
envelope with painted recycled drink cartons (an
approach similar to FPPH) [12], while the author of
this article used a polyvinyl chloride-coated textile in
previous projects [8]. A series of walls and partitions
were proposed by Ayan, featuring finishing materials
such as aluminium plate, metal or wood cladding, ply-
wood, gypsum plasterboard or even glass [13]. On the
contrary, another series of envelopes was proposed
by Bach, with thick paperboard cladding in various
sizes and arrangements [14].

Protective techniques for paper-based building elements

Although protection against destructive factors is
crucial for paper-based building elements, it may also
significantly increase its environmental impact,
weight and manufacturing costs. Therefore, the use
of bio-based and recyclable materials is highly rec-
ommended. Two main groups of protective tech-
niques are coatings and impregnation (including
paper modification during production) and non-
paper finishing materials (including foil lamination).

Coatings and impregnation

Due to its porous structure, paper is a material that is
easy to coat with coating materials. During spreading,
the coating penetrates into the pores of the paper
causing its anchorage. Protective coating materials
include polymeric resins such as epoxies,
polyurethanes, polyacrylates, or formaldehyde resins.
They form tight and durable coatings that prevent
moisture from penetrating deep into the paper, thus
weakening its properties. The coatings can also pro-
vide fire protection by blocking access of flames to
the paper, or by decomposing into fire-resistant com-
pounds during combustion. To achieve such effects,
additives called flame retardants are added to resins,
which include such compounds as metal oxides and
hydroxides, boron, silicon, and halogen compounds
[15, 16]. Another effective way to protect paper is to
impregnate it with non-coating materials like waxes
and oils, which can improve the hydrophobicity of
produced paper elements [17]. A range of coating
and impregnates suitable for use on paper-based ele-
ments can be found in Table 2.

Table 2.
Coatings and impregnates for paperboard
Product and manufacturer . Water Fire UV degr. . Recyclability of
Base material . . . Price
name resistance | resistance resistance coated paper
Monovar PU varnish polyurethane low low high high moderate
Sadolin Yacht Varnish alkyd resin high low high moderate moderate
Jedynka Wax Varnish alkyd resin, pglysacchgrlde low low high low moderate
resin and linseed oil
Bird Bran(.i Con_lplete natural oils, waxes and resins high low moderate low low
Decking Oil
Timberex hard wax oil natural oils and waxes high moderate | moderate high low
Colorit wood wax synthetic and natural waxes moderate low moderate low moderate
Dragon linseed oil varnish linseed oil high low high low low
COO-VAR Siliconized natural oils and silicone oil
. A moderate | moderate = moderate low low
Teak Oil derivatives
Sicol Sodium Water Glass sodium silicate - high - low high
Burnblock natural occurred compounds - high - moderate high
Borates fire retardant sodlgm l.)ora.te-borlc - high - low high
acid 1:1 mixture
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Polymer coatings made from non-renewable sources
are extremely increasing the ecological impact of
paper. By using these protective materials layered
structures are made, and their recyclability is harder.
Year by year materials and techniques with less envi-
ronmental impact is being investigated as protection
of paper elements, which reduces the harm to the
environment. As a substitute for polyolefins protec-
tion biodegradable polymeric materials are being
used to cover the paper surface, for example,
poly(lactic acid), PLA, or polyhydroxyalkanoates [18].

Non-paper finishing materials

The second group of protective techniques are non-
paper finishing materials. There are many different
types of materials such as metal sheets, plywood,
fibre-cement and HPL board, membranes, fibreglass
wallpaper, vinyl veneer, etc. Protective materials may
be combined with various coating, to obtain a finish-
ing layer with desired properties. Products such as
HPL (high-pressure laminate) or fibre-cement board,
thanks to their high damage resistance can be used
on vertical outdoor surfaces. On the contrary, light-
weight materials like fibreglass or polyvinyl chloride
veneer can provide sufficient and low-cost protection
for partition walls. Significant differences can be
observed in the environmental burden caused by
each of the finishing materials. A range of materials
suitable for use as protective layers in paper-based
building envelopes is resented in Table 3.

Aim of the research

Protective outer layer is an indispensable part of
every paper-based building envelop. With an efficient

Table 3.
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design, it can provide water tightness, fire resistance
and mechanical damage resistance, without compro-
mising the envelopes environmental properties.
Despite that, the issue of a protective outer layer had
a minor role in most of the previously conducted
research, which usually opted for conventional solu-
tions such as wood cladding or foil lamination. In
order to facilitate and popularise the use of pro-eco-
logical paper-based building envelopes, the outer
layer design should be studied and evaluated it terms
of ecological impact.

Therefore, the aim of the research is (i) to review a
group of original outer layers designs, suitable for use
on indoor, outdoor and roof surfaces, (ii) to evaluate
their resistance to various destructive factors, (iii) to
assess the environmental impact of proposed designs,
and (iv) to select the most appropriate designs for
various applications. As a conclusion from the
research, guidelines and suggestions for further
development of paper-based building envelopes are
provided.

Materials and methods

The research was conducted on fourteen outer layer
designs with various levels of damage resistance.
Data about the designs served as input for Life Cycle
Assessment analysis, which led to the final evalua-
tion.

Materials and designs under study

A series of outer layers for paper-based cores was
designed, based on a literature review, material char-
acteristics and authors’ experience from previous
research and works with paper architecture.

Finishing materials proposed for use on paper-based building envelopes. ! low price — less then 25€ per m?, moderate — 25-50€, high

- over 50€. Estimated based on market prices in Poland in 2022

Material Thickness Weigl;t Eire Water Mec'hanical UY degr. Price!  Recyclability
[mm] [kg/m~] resistance | resistance | resistance | resistance

aluminium sheet 0.60 1.50 high high low high low high
plywood 18.00 10.80 moderate | moderate high moderate high moderate
fibre-cement board 10.00 13.20 high high high high low moderate

HPL board 5.20 2.68 high high high high high low

EPDM membrane, FR 1.80 2.45 high high high high low high
PVC membrane 1.80 2.50 low high high high low moderate

fibreglass wallpaper 0.50 0.05 high high high high low low
vinyl veneer 0.50 0.75 moderate high high high low moderate
carbonised timber 20.00 11.00 moderate | moderate high high high moderate
magnesium oxide board 8.00 8.00 high high high high high moderate
gypsum board 12.00 8.06 moderate low moderate no data low moderate

bitumen shingle, FR 2.00 10.00 moderate high high high low low
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Proposals cover seven layers for outdoor surfaces,
including three suitable for roofs, and seven for
indoor surfaces, for both dry and humid rooms.

A set of principles was followed in the design process.
Each design should form a non-combustible finishing
layer, to prevent the spread of fire through the sur-
face and slow down fire penetration into the enve-
lope. All the designs suitable for outdoor conditions
should feature ventilated air cavities, to avoid water

vapour condensation inside the structure. Each
design should provide water and humidity protection
— water tightness for roof finishes, high water resis-
tance for outdoor and wet room envelopes and mod-
erate resistance for indoor, and dry room finish. All
the designs have to be resistant to mechanical dam-
age, however, the outdoor layers should provide high
resistance level, while for indoor ones moderate
resistance is sufficient. The proposed designs should

finishing material
ventilation / battens
breather membrane
fire retardant
paper-based core

Figure 1.
Scheme of the outdoor outer layer

Table 4.
Characteristic of outdoor surface outer layers. BM+VC is a breather membrane and ventilation cavity
i Weight i i
No Layer scheme materials application Thickness e ) Flre Water Mef: hanic., U\./ deg. Recyclability
[mm] [kg/m~] resistance resistance resistance resistance
——————— |» HPL board, FR
El . * BM + VC wall 36.5 298 |moderate moderate | high high low
=e—=r== * Burnblock
—————— fibre-cement board
E2 . * BM + VC wall 38.5 13.50 high | moderate | high high moderate
e, ® Burnblock
H * FR wood varnish
* plywood
E3 o « BM4VC wall 455 10.95 |moderate moderate | moderate moderate | moderate
* borates
- ¢ carbonized wood
E4 * BM+VC wall 50.5 4.80 moderate moderate | moderate ~ high moderate
—emn | Burnblock
| coated aluminium
* Burnblock 1l and
ES _ _  «OSB/MDF board o 41.0 7.88 high high high high high
T e BM4VC 00
¢ Burnblock
* EPDM membrane, FR
* OSB/MDF board wall and . . . .
E6 Y «BM+VC roof 42,5 8.83  'moderate,  high high high high
* borates
¢ bitumen shingle, FR
E7 L OSBIMEP bourd walland | 1690 moderate  high high high low
« BM+VC roof : : & & &
* borates
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Table 5.
Characteristic of indoor surface outer layers
. . .. |Thickness Weight| Fire Water  Mechanic.| UV degr. .
No |Layer scheme materials application [mm] | [kg/m?] resistance| resistance | resistance | resistance Recyclability
11 ettt : il};w v:)(())(:jd varnish dry rooms 6.0 6.30 | moderate | moderate | moderate | moderate | moderate
* dispersion wall paint
12 l;QlZ[r?jgnesnum Oxide dry rooms 8.0 8.30 high low moderate high low
* Timberex oil varnish
- __ *PVCveneer
I3 |77 e paperboard wet rooms 6.0 0.89 low moderate low high moderate
* Burnblock
‘‘‘‘‘ eenes, | dispersion wall paint
e | fibreglass wallpaper
14 ¢ teak oil coating dry rooms 6.5 1.00 ' moderate low low high low
* paperboard
* Burnblock
5 == * PVC membrane, FR wet rooms 7.0 3.00 |moderate moderate low high moderate
* paperboard
reoooeooae | @ dispersion wall paint
16 * gypsum board dry rooms 12.0 8.36 high low moderate high low
¢ linseed oil varnish
l=======21 HPL board wet rooms| 6.0 2.98 'moderate  moderate | moderate high low
* Burnblock
be environmentally optimised, thus incorporating LCA analysis

natural, recycled and recyclable materials and allow-
ing for their separation at the end-of-life phase.

Each outdoor outer layer design uses a general
scheme of fire retardant, breather membrane, wood-
en battens with a ventilated air cavity in between and
finishing layer composed of various non-paper
boards (see Fig. 1). Materials used for roof-appropri-
ate designs are aluminium plate, EPDM (ethylene
propylene diene monomer) membrane and bitumen
shingle on wood-based sheathing. For external wall —
fibre-cement boards, HPL (high-pressure laminate)
boards, coated plywood and carbonised wood were
chosen. The characteristic of each design can be
found in Table 4.

On the contrary, part of designs for indoor spaces is
based on paperboard (that provides stiffness and cer-
tain fire protection [6]) with various types of lami-
nates and coatings. The paperboard is coated with
polyvinyl chloride veneer or membrane and painted
fibreglass wallpaper. For more durable designs —
HPL, plywood, gypsum and magnesium oxide boards
were used. The characteristic of each design can be
found in Table 5.

134 ARCHITECTURE

CIVIL ENGINEERING

Life Cycle Assessment is currently the most recog-
nised and widely used method to evaluate the impact
on the natural environment generated by products or
services [19]. LCA methodology allows assessment
over the entire life cycle, from the extraction of raw
materials, through manufacturing and use, to end-of-
life disposal or recovery. Hoverer, it may also be used
to assess the impact in the cradle-to-gate scenario,
which is often beneficial for decision-making during
manufacturing. The principle of the LCA methodol-
ogy is collecting data regarding the exchanges
between the natural environment and Technosphere
(called elementary flows) i.e. raw materials extracted
and substances emitted to water, air or ground. This
information is the input data for environmental bur-
den calculations [20].

LCA analysis is regulated by standards ISO 14040
and ISO 14044, which divide the process into four
stages: goals and scope definition, life cycle inventory
analysis, and life cycle impact assessment and inter-
pretation [21, 22].

Goals and scope

The aim of the analysis is to assess the environmental
impact of a series of protective outer layers that may
be used on paper-based building envelopes, providing

ENVIRONMENT 1/2025
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protection against humidity, water, fire and mechan-
ical damage. Layers for indoor and outdoor applica-
tions are evaluated separately. The functional unit
for all of the analysed case studies is 1m?2 of the pro-
tective layer. The study will indicate designs with the
lowest environmental burden, that may be recom-
mended for further development and real-life appli-
cations in architecture.

The scope of the analysis was defined in accordance
with EN 15804 standard, which regulates LCA for
building products. The document distinguishes four
main stages of the analysis, which are: the products
stage (A1-A3), construction process stage (A4-AS),
use stage (B1-B7) and end-of-life stage (C1-C4) [23].
Considering limited data availability and accuracy,
the discussed analysis was conducted in the ‘cradle-
to-gate with options’ approach, covering stages Al-
A3 and C2-C4. Furthermore, it should be noted, that
additional connecting elements, that may be neces-
sary for the assembly of the designed layer are
excluded from the study, as the assembly techniques

may vary depending on the envelope core or building
design.

Life Cycle Inventory

The life cycle inventory for each of the outer layers
was prepared based on provided designs and techni-
cal data from material manufacturers, using the
Ecoinvent 3.8 database in the OpenLCA software.
Ecoinvent is an extensive database, focused on the
European context, providing data regarding industri-
al processes, including wood and paper industry [24,
25]. The material inventory for analysed designs is
presented in Tables 6 and 7.

The following assumptions have been made in the
area of recycling and waste treatment:

* paperboard used made from 100% recycled fibre
and 90% of the material in recycled at the End of
Life phase;

¢ the remaining waste is disposed of in accordance

Table 6.
Material inventory of the analysed outdoor outer layers, presented in kg per average m2 of the envelope
E1l E2 E3 E4 ES E6 E7
timber 2.160 2.160 2.160 13.160 2.160 2.160 2.160
plywood - - 10.800 - - - -
fire retardant (borates) 0.150 0.150 0.150 0.150 0.300 0.150 0.150
acrylic varnish - - 0.150 - - - -
br(eg(t)?ye;r;“;yr]‘:;r:)"e 0.150 0.150 0.150 0.150 0.150 0.150 0.150
HPL 2.680 - - - - - -
fibre-cement board - 13.200 - - - - -
OSB board - - - - 7.800 7.800 7.800
EPDM - - - - - 2.450 -
aluminium - - - - 1.500 - -
bitumen - - - - - - 10.000
Table 7.
Material inventory of the analysed indoor outer layers, presented in kg per average m? of the envelope
11 12 13 14 15 16 17
plywood 3.600 - - - - - -
fire retardant (borates) - - 0.150 0.150 - - 0.150
acrylic varnish 0.150 - - - - - -
dispersion paint - 0.150 - 0.150 - 0.150 -
HPL - - - - - - 2.680
Fibreglass - - - 0.050 - - -
Gypsum plasterboard - - - - - 8.060 -
MgO board - 8.000 - - - - -
PVC - - 0.240 - 2.500 - -
paperboard - - 0.500 0.500 0.500 - -
oil varnish - 0.150 - 0.150 - 0.150 -
1/2025 ARCHITECTURE CIVIL ENGINEERING ENVIRONMENT 135
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with standard waste management methods in
Poland.

Life cycle impact assessment

To increase the accuracy of the results, two different
impact assessment methods were implemented:
CLM 2001 and ReCiPe. The CLM 2001, which fol-
lows the EN 15804 standard, is a midpoint method of
evaluation, i.e. it focuses on quantifiable, direct
impact, linkable to specific emissions. The impact
was assessed in seven categories: global warming,
ozone layer depletion, photochemical oxidation,
acidification, eutrophication, fossil fuel abiotic deple-
tion, and elements abiotic depletion. On the contrary,
ReCiPe is one of the endpoint methods, also called
damage-oriented ones, that translates midpoint
impact into endpoint results, e.g. damage to the
ecosystem or human health. The ReCiPe results are
also presented as a single indicator, allowing direct
comparisons between evaluated scenarios [26-28].

3. RESULTS AND DISCUSSION

Results of the Life Cycle Assessment analysis were
combined with the performance scores of each outer
layer proposal. The obtained data allowed for indica-

S.
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tion of the most beneficial design variants from each
layer group.

3.1. Life cycle assessment

The conducted Life Cycle Assessment analysis
revealed significant differences in the scenarios' envi-
ronmental burden. As was to be expected, there is a
visible positive correlation between the layer weight
and its impact on the natural environment. In the
case of roof-appropriate layers, the most favourable
result was obtained in variant ES5, using aluminium
sheet. On the contrary, the impact of layer E7, with
bitumen shingle doubled the results of all the
analysed scenarios. Considering all the outer layers,
the lowest impact can be linked to carbonised wood
and HPL variants (E4 and E1). In ReCiPe analysis,
for most of the cases, the largest share of total impact
is located in the area of human health, and human
toxicity in particular. However, the category of agri-
cultural land occupation (ecosystem quality area)
also plays an important role, mostly due to timber
consumption (see Fig. 2). As presented by CLM
analysis (see Fig. 3), the energy consumption from
fossil fuels varies between 31 MJ for E4 to 474 MJ for
E7 variant, and the carbon dioxide emission from 2.8
kg (E4) to 38.4 kg (E7).

Exterior envelope layers LCA results, ReCiPe method

€1 1 |1

c2 | | 1 1
€3 I 1 1
€4 il

€s 1 I 1

E6 | | |

€7 N |

0.00E+00 2.00E+00

4.00E+00

6.00E+00 8.00E+00

endpoint categories results [points]

ecosystem quality - agricultural land occupation
® ecosystem quality - marine ecotoxicity

human health - climate change, human health
® human health - particulate matter formation

m resources - metal depletion

Figure 2.

ecosystem quality - climate change, ecosystems

® ecosystem quality - natural land transformation

human health - human toxicity

resources - fossil depletion

Result of ReCiPe method endpoint LCA analysis for exterior layers E1-E7
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Figure 3.
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Interior envelope layers LCA results, ReCiPe method
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Result of ReCiPe method endpoint LCA analysis for interior layers I1-17

A large discrepancy in results was observed in the
interior layer analysis — from 0.42 (I3 variant) to 2.52
(I7) in the ReCiPe single indicator results. The high-
est burden was associated with designs containing the
largest amounts of petroleum-derived polymers,
which are I5 with PVC membrane and 17 with HPL
board. On the other hand, the most lightweight vari-
ants I3 (PVC veneer) and 14 (fibreglass) can be
linked with the lowest impact. As with exterior layers,
the most significant impact category in the endpoint
analysis was human health — human toxicity (see Fig.
4). In the categories of midpoint analysis, a bigger
variety was observed (see Fig. 5). The energy from
fossil fuels consumption varies from 21 MJ (I2 and
13) to 182 MJ (17), and the carbon dioxide emission —

from 2.0 kg (I3) to 10.9 kg (12).
Outer layers evaluation

Based on materials characteristics the design perfor-
mance was assessed, with the highest score among
roof layers for ES, among external walls — for E2,
among interior dry room - 16 and wet room — I3 and
17 (see Table 8). Secondly, the performance score was
juxtaposed with single-indicator LCA results. The
designs with high-performance scores and low envi-
ronmental impact (indicated by the yellowish quarter
in the plots in Fig. 6) can be recommended as the
most optimal solutions.

Considering outdoor-appropriate layers, designs ES
(aluminium sheet) and E2 (fibre-cement board) can

Table 8.
Outer layers performance assessment
Layer No. El E2 E3 E4 ES E6 E7 I1 12 13 14 15 16 17
application EW | EW | EW | EW | ER ER ER ID 1D w 1D W 1D w
Fire resistance 1 2 1 1 2 1 1 1 2 0 1 1 2 1
Water resistance 1 1 1 1 2 2 2 1 0 1 0 1 0 1
Mechanic. resistance 2 2 1 1 2 2 2 1 1 0 0 0 1 1
Price and availability 0 0 1 0 1 1 1 1 0 2 2 0 2 0
Performance score 4 5 4 3 7 6 6 4 3 3 3 2 5 3

EW - exterior wall, ER - exterior roof, ID - indoor.
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Outer layers evaluation metric

be recommended. The E6 design also performed
highly, however, the use of EDM membrane, which
must be welded at high temperatures, raises
questions about the safety and risk of spontaneous
combustion of paper-based core that is meant to be
protected. The choice of layers E1 (HPL) and E3
(plywood) may also be considered. In the case of
indoor-only layers, design 16 (gypsum board) proved
to be the most favourable. Nevertheless, variants 11
(plywood), I3 (PVC veneer) and 14 (fibreglass)
should not be neglected.

The general performance and environmental burden
are a good starting point for the selection of the outer
layer for paper-based cores. However, for each appli-
cation individual characteristics should be taken into
account and factors such as type of paper-based core,
type of building, life-span, assembly method, user
requirements and local law regulations need to be
considered. Some of the designs offer other benefits
that have not been discussed in the presented analy-
sis. For example, plywood or fibre-cement board may
be used for aesthetic reasons, to showcase the beauty
of the natural material, while painted variants (e.g.
fibreglass) offer wunlimited colour pallets.
Furthermore, the use of heavy indoor layers, such as
plywood, gypsum or MgO board, may noticeably
increase the acoustic properties of lightweight parti-
tion walls, while lightweight proposals (e.g. fibreglass
of PCV veneer) should be considered when low
weight is a key factor, for example in temporary struc-
tures.
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4. CONCLUSIONS

The conducted research analysed the performance,
characteristics and environmental impact of fourteen
design proposals of protective outer layers for paper-
based envelopes. All the designs combine various
materials and complementary coating techniques, in
order to improve their performance. Depending on
the materials, various mechanical, fire and water
resistance were achieved, allowing for application to
indoor and outdoor envelope surfaces. Apart from
performance, the environmental impact should be a
key factor in protective material selection, in order to
maintain the ecological properties of paper-based
envelopes. The presented LCA analysis forms the
baseline for design selection, however, it should be
noted, that each architectural scenario will require
further analysis in these fields. Factors such as build-
ing type and lifespan, climatic conditions, materials
availability and recycling possibilities should be con-
sidered. Moreover, further research regarding full
envelopes (i.e. insulative core with both outer layers)
should be conducted, to obtain more in depth knowl-
edge regarding paper-based building envelopes.
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