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1. Introduction

This documentpresents structure and outcomes of the InnoWEE projdétorizon 2020 R&l
Programme, CakeB04-2016, Grant Agreement n@23916) andprovidesan overview of its main
phases ad achievements.

1.1. Gonsortium
INnOWEE is a research amthovation project funded by the European Commissod realised by
ten partners representing research institutes, small and medium enterprises, industrial companies
and municipalities fronsixof the European Union Member Statésig.1).

PARTNERS
@<= COORDINATOR CNR-ISAC, Italy
ITC[] CNR-ITC, Italy
| MATE CNR-ICMATE, Italy

Advanced Management Solutions,
Greece

@0( R.E.D SRL., Italy

tecnalia} Tecnalia Research & Innovation, Spain

% Guidolin Giuseppe — Eco. G. srl, Italy

bV . ) .
i 18 5.C Pietre Edil S.R.L, Romania
TRE EMl

E EDdl

amsolutions

0 1ZNAB Sp. z 0.0. IZNAB Spolka z Ograniczona
e e Odpowiedzialnoscia, Poland

ZAG Slovenian National Building and Civil
Engineering Institute, Slovenia

Buitding Magnetti Building SpA, Italy

Municipality Varis-Voulas-
Vouliagmenis, Greece

Figurel. InnoWEE consortium partners

1.2. Projectoutline

In the European Union, the total waste approximately amounts to 2.5 billion tonnes (20448)EU
with the Construction sector contributing to more than one third of the total. Indeed,-non
hazardous waste from construction and demolition (CDW) represemisga stream (about 335
million tonnes in 2016dhat hasa significant potential for recyclinglthough a relevanpart is still
disposed in landfill or used for low added value destinations, e.g. road and foundation backfilling

In addition,buildings account for about 40% of the total energy consumption in the European Union,
and are deemed strategicinKS FNJ YS 2F 9! LR{f{AOASa (246 NRA
security, competitiveness and sustainability.

Within this framework,and according to circular economy approaches toward sustainability,
InnoOWEE projectaimed at developingorefabricaed architectural paneldor improved energy
efficiency of buildingsmade of innovative geopolymer binders embedding high quantities of
aggregates recycled from CDY¥ig.3). These panels were designed for lewironmental impact,

low embodied energy, low GCmissions and high theral performance.Target installations
include also existing buildings, with a special attention to those belonging to the Cultural Heritage.

Geopolymers are inorganic binders generally considered greener than Portland cement based
materials,owing totheir lower carbon footprint ando the possibility of using various waste or
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secondary raw materials (SRM) as reagents. Within InnoWEE, two geopolymer materials were
developed, i.e. a fluid mortar embedding 56 weightof recycled iorganic aggregatesyhich is

the main constituent of the panels, andgaopolymerwood particleboardembedding either 40%

or 50% by weight of recycled wood aggregates. Part of the research was devoted at assessing
feasiblemethods forprocessing CDW to ohin suitable recyeld aggregates.

Three typef prefabricated modular panels were developg@tdgure2), two for exterior envelope
applicatiors:

o ExternalThermal Insulatiol©omposite System (ETIQIg¢ panels;

o ventilatedT I cel ading @ahels;

and one for interior heating and cooling systems:
o radiant heating/cooling ceiling panels (developed also in an additional version, modified for
vertical wall applicationwhich wagested in laboratory only

- (b)
Figure2. InnoWEE panels with their installation at the pilot house in Padua (ItagT(&dke,
LGSy At (SR raflianoeeilR@panel R 6 00

A Technology Upscalingil&t Plant (TUPP)was conceived, designed and installed to allow a
production of d&out 400items, includingrials to adjust the scaled up production, panels for testing
performance and durability, and elements to be installed in real demo buildings.

The produced panels were pled to four real demo buildings to assess the installatioethods
and their performances in terms of thermal efficiency and durabiktythermore, they have been
validated in four virtual demo buildings through numerical simulations.
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Construction and Demolition Energy consumption of
MOTNATION b
© © Waste (CDW) stream buildings

2 2

Prefabricated panels fo
INNOWEE improved energyefficiency:

STRATEG 1 Exterior envelope

_ _ 1l Interior environment
Innovative geopolymer binders

Exterior envelope Interior environment
INNOWEE : : :
PRODUCT ETICSke panels Radiant heating/codhg panels

+SYyGAftFriSR FFe RS LI ySta

Experimental testing, monitoring and modelling

Figure3. InnoWEE at a glance
The InnoWEBrojectQa | OGABAGASE | NB AYLI SYSY(iSR 02y aiRe

-«"aKs

To develop realistic performant and cesfficient solutions with innovative
products for new and existing buildings.

Recovery, disassembling and selection of CDW to yield suisalolenday
raw materials and development of new high performance prefabrice
versatile geopolymeric panels.

To verify the performance of the panels installing them first in a pilot and 1
Ay o NBIFIf RSY2 aAraiSao ¢2 Y2 Rdferent
climate to obtain different scenarios.

Introduction and incisiveness of the n@@nstructionmaterials and solution:
in the marketsfor new and existing buildings therebgeating new busines:
and real estate development opportunities.

2
p 4 E Dewlopment of information guidelines for applications installation &
ﬂ. SN training on the new solutions and dissemination of the results.

gl &
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1.3. InnoWEEstages

The InnoWERroject was planned according to specific stages as follows:

1.

In the first phase of the projecthe identification of eligible inorganic and wood CDW was
carried out to develop and assess a satisfactory prongss the waste to obtain suitable
recycledaggregates, thus transforming CDW into Secondary Raw Materials (SRM). This phase
involved theupgradeof an existing plant for the treatment of CDW destined to road backfilling,
which wasmodifiedto obtain recycled sandsith particle sizet@ mm.

Then, tvo geopolymer binders were developed, one with inorganic aggregates-(¢ghity
Geopolymerg HDG)and one with wood aggregates (Wood Geopolym&/G). The former was

the main component of all the panglsossible insulation excludedyhile the latter, n form of
athinlayez ¢l & I LIJX ASR (2 GKS oF Ol&aARS 2&thedSy (A
modified version of wall radiant paneld'he optimization of thebinders involved the
adjustment of technological features of fresh materials to compti vaquirements of the pilot

plant, and the extensive testing of mechanical/physical propertbésardened materials to

deliver panel prototypes with satisfactory quality.

The prototyping phase, partially overlapped with the development of the binderdtanpilot

plant setup, was devoted to identify the main features of the panels in terms o$,sst&pe,

etc., and to preliminarily test their performances, as well as to provide the necessary indications
for the design of the pilot plantA preliminary installation test of external panels was carried
out on an isolated reinforced concreteall at the CNR facilities.

After obtaining positive resultis the laboratory, the pilot production ofinnoWEEpanels was
performed in Greecdy AMSin a specially modified Technology Upscaling Pilot Plant (TUPP).
Wood geopolymer panels (WGP) were produedédCNRfacilities in Italy.This phase involved
the assessment ofproduction methods, according to industrial quality management
approaches.About 400items were manufactured, including those for installation in demo
buildings, and those for performance and duitél testing.

Panelswere installed in 4 real demo site buildingxtensivelymonitored before and after the
installationto assess théhermal performance in real condition®urabilityhas alsdeenunder
observation.Results from monitoring were useth simulations performedn virtual demo
buildingto validate impact and effectiveness of the intervention

Finally,a Life Cycle Assessment (L@&¥ carried out to the evaluate environmental impact of
all the proposed solution#ctivities werefinally completed by d.ife Cycle Cost Analysis (LCCA)
and by the development of andustrial anda business plan tdefine the market potential
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2. Development of mw materialsandpanek

This section presents the researdarried out to: (ijdentify and processConstruction and
Demolition Waste (CDW) to obtain recycled aggregatetable forgeopolmer materials, which
arethe main component of InnoWEE panels;deyelop the geopolymer binders, suiting the pilot
plant requirements and able to deliver panelgmsatisfactory quality; (iii) design and tune features
of panels and casting/curing methads

2.1. Waste processing and use

Construction and demolition waste (CDW)

The geopolymer material used to manufacture InnoVpaEels embedded 50% by dry weight of
inorgantc recycled aggregates derived fradDW MW typically comprises inert mineral materials
(concrete, bricks, tiles and ceramics, etoghile there might be smaller amounts of other
components (e.g. wood, glasplasterboard, bituminous mixtures and tarDN accounts for
approximatelyone thirdof all the waste generated in the EBig.4), for about 0.81 billion tons pe
year.

Wholesale of Agriculture, forestry
waste and scrap andfishing
1.0 Households 038
8.3

Senvices
(except wholesale of
waste and scrap)
39

Mining and
quarrying
28.2

Construction
34.7

Manufacturing

Waste/
water
9.1

Figured. Construction waste among all waste generated in the EU (Eurostat).

When working with waste materials and their recycling into new products, different legislative
documents needs to be considered. In the casmobWEE where we have been dealing with CDW
and recycling it into building products, at the least the followdloguments shall be considered:

1 legislationrelated to waste

1 legislationrelated to new (building) productséction2.5).

EU Legislation relevant to waste and transformation of waste into SRM
A specific list of doumentsexists,defining current waste tratments and procedures to obtain
secondaryraw materials.

General legislation on waste
1 Waste framework directive 2008/98/EC
9 European List of Waste (COM 2000/532/EC)
1 Commission decision 2011/753/EU
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1 Waste Shipmen regulation PRODUCTION
fm—

1 Landfill Direave 1999/31/EC

. ] . . Primary operation Resulting from the
1 Acceptance in Landfills Decisic primary operation
2003/33/EC ‘ :
1 Regulation on organic pollutants Nc m
850/2004. ' ‘
Directly usable Not directly usable

General legislation on materials

. BY-PRODUCT ' WSTE
1 The Construction Produc! (utilisation as a PRODUCT (covered by the Waste
. covered by products Framework and other
Regl'"atlon 305/200;1 regulations and REACH) Directives)

1 The REACH Regulation 190X08&
1 CLP Regulation Nd272/2008.

Recovery

END-OF WASTE

For example, the production of a residue (utilisation as a PRODUCTS,
. . . covered by product
an inevitable consequence of primar regulations and REACH)

operation. Although not the main Figures. Life cycle of a pruct

commercial product of the process, residues

may be of value in a nuiper of other ways and, as shownkhigure5, are used either immediately
or, inthe longerterm, after recovery.Inthe former case residueshouldbe regardedasby-products
and never as waste; in the latter case, once recoveredesidue shouldceaseto be waste and
becomes productsat the placeof recovery.

Performance of construction  products
including products from recycled materials,
covered byCPR- The Construction Produci
Regulation (CPR (EU) No 305/2011).

Waste materials cease to be waste aft
procesing into products, and whethey fulfil

WASTE ‘ PRODUCT

Use of material for Use of material for
the number of specific criteria.Technical [EEREEIEELEEEEES construction purposes
: is regulated by EU and -
requirements for the use of CDW fo [Essssi e
; national waste national legislation on
construction purposes are regulated under th JEEEETS products and REACH
CPR.

Figure6. Difference on used legislatiorpending
on waste or produc

Tablel. Classification of the waste used in InnoOWEE ad&ogrid the European List of Waste

Nonhazardous 170101
Nonhazardous 170102
Nonhazardous 170107
Nonhazardous 170201
Nonhazardous 170202

Waste identification, source separation and collection
9! | O1y2¢ft S Riprévad calléction of opds for-tese and recycling requires selective
demolition andapproprate onsite operationsasweéll® ¢ KS 2 adS al @HUGSYSy i
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FAYSR | G donfid@hB Indhk Lahstrdction and Demolition (C&D) waste management
process | tyu& in éhe quality of C&D recycled material®

There are foumain seps to &hieve the goal of a rational management of CDW to obtain valuable
SRM:

1. Predemolition audits¢ All materials to be generated have t
be identified and their quantities have to be estimated. It has to
understood, what has to be separated at soufeeg. hazardous
waste), what can be used/recycled and how waste will
managed.The predemolition audit has to be carried out before
any renovation or demolition project, and for any material to |
reused or recycled, and for hazardous waste as weltidentify
the C&D waste generated, implement proper deconstruction, |
to specify dismantling andetnolition practices ®

2. Waste management plarg The plan must consider how thg
different steps of the demolition will be performed and by who
It should pesent which materials will be collected selectively ;
source, how they will be transported, butsal what will be EEE , >
recycled, reused or finally treated and how each procedure shot Flgure7 E>amp|e of buuldmgor
follow. It should also clarify how to address safety and secu _  selective demolition
issuesand limit environmental impacts.

3. Selective demolition¢ According to the mentioned ECDW Management Protocolthe
procedure should be as follows:
a) hazardous waste separation;
b) deconstruction (dismantling including separation of sitteams and fixationrmaterials);
c) separation of fixation materials;
d) structural or mechanical demolition.

Dismantlhg should involve a wide range of materials, e.g. glass, window frames, marble elements,
valuable wood species, sanitary ware, heaters, metallic components, imsultam, etc. This
improves both the purification of waste streams and the potential fase The waste streams (e.g.
concrete, bricks, masonry, tiles, ceramics, etc. ) should be kept separated

Figures8. fmages from buildingites with ongoing selective demolitions

4. Processing and treatment As underlined by the N2 ( 2fdl@ving thedwaste hierarchy
offers widereaching benefits in terms of resource efficiency, sustainability and cost savings
Preparation for reuse, when possible, is a preferable option because it requires little or no
processing, thus enanmental impacts associated with reprocessing do not arise. On the other
hand, disposal in landfill should be generally the last solution to chddsay options eist, in
accordance with the waste hierarchy:

a) preparation for reuse;
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b) recycling;

c) material recovery;,
d) energy recovery;
e) other recovery;

f) disposal.

CDWprocessing to obtaimnoWEERM

WhenselectedCDW are transported to the processing plaatvisual check igerformed first, to
remove unwanted residues (plastic, wood parts, ef€he renaining wastanaterialsare blended
together, coarserparts are crushed and stored around the raised embankn(&ig.9). Then,
materials are fed into thescreen.A first magnéc separator is located in correspondence of the
screen to collect possible metal scraps. Tharseifraction feeds the jaw crusher and, after the size
reduction, a second magnetic separation is carried dte processed material $ored, awaiting
for required verifications and, then, marketed.

Figure9. The first step of the CDW processmgushlng and magnetlc separatlon

From the process of crushing and screernimge sizefractions are obtained:arger than 60mm,
smaller than 30nm and between 30c60 mm. The 3@60mm fraction was selectedfor the
production of InnoWEE SRding toits generally low content of soil, organic substances, etc. This
fraction is fed into a secahhammermill that operates the required volume reductio(Fig.10).
Further refinements by an additional screen were necessary to meet the desired dimensional range

0 Hmm).

FigurelO. Aggregats smaller than 2 mm received from QD¥¢essing

To comply with the environmental prescriptions provided by the peraligased byhe Italianlocal
Authorities to allow the upgrade of the plarthe followingimprovements were carried out (Fityl):
1 soundabsorbentbarrier, close to the processing area;

1 new pavementandwater treatment systemto ensure the compliance it the local Water
Protection Plan;

1 additionaldust reduction system
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METAL 560 P W e T3 A

SCRiAPS ( NEW PROCESS :
{ '
1

§ EXPERIMENTAL § 1

O
Icnusum H;:::R'ﬁt;i o/70 H SCREEN —-i 30/60 : caususn]—%—{ SCREEN H SRM ]E

igurell. CDW processing plant

End of Wastecriteria

Tocomply with the EoW criteria specifically set by Italiandl@uthoritiesthe obtained secondary

raw materials are analysed in lab werify thatthey meetthe prescribedphysical and chemical

requirements Tests are performed according to the specprocedure described in standards, as
shownin Table2.

Table2. Procedures used to analyse different properties of the aggregates

ANALYSIS PROCEDURE

Aggregate Morphology, ggregate type andhape Microscopy
(concrete, Elemental analysis XRF
W EGIEES N Mineral phase identification XRD
Specific surface Area
Dissolution in alkaline med Si, Al concentration in alkaline solution
(geopolymer reactivity) ICP MS
Quantification of carbonate EN 12620, EN96-2
Sieve analysis (fineness) Sieves (optional laser granulometry !
fine fraction)
Water absorption EN 12620, EN 109/
Density and loose bulk density EN 10973
Compressive strength EN 109711
Heavy metals Leaching test
Chlordes EN17441, EN 17446
Sulphates EN 17441
Different organic compounds (TOC, P
PAH)

2.2. Development of InnoWEEeppolymers

Geopolymers are inorganic polymers obtained from the reaction of an aluminosilicate powder with
an aqueous alkaline solutiofiFig.12). They belong to the broader class of chemically activated
ceramics, extensively studied by Davidovits and other researcher
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R =ions (K+' Na+, ) Rn['Aloz (Sloz)z ]n WH20
n = degree of policondensation _ég;c‘ R e
IR A IR, L8,
w = bound water _L‘_}g-s-;'? s:—?ﬁf[/‘ ?i{ - _gg
¥, AT~ q—"'“ 57 o
z =1,2,3..related to the network (< 3 e n‘_q u\’m wrl A
\Jor 30 netword ATEEASS J

Figurel2. Chemical structure of the geopolymers

Their carbon footpnt is generally considered remarkably lower than thattef Portland cement.

The use of Construction and Demolition Waste (CDW) in Alkali Activated Materials (AAM) and

Geopolymer binders, as either inert aggregates or partially reactive materialsebasrvestigated

in the last years with encouraging results. AAM/geopolymers showed a remarkable flexibility in

using numerous types of different industrial wastes anepbyducts, and seem to offer a promising
alternative recycling option for CDW as wadl. addition, they present a generally excellent
behaviour against high temperatures.

Ingredients of the INnnoWEE geopolymer binder

The geopolymer material used to manufat InnoWEE panels embedded either 50% by dry weight

of inorganic recycled aggregatderived from Construction and Demolition Waste (CDW), eto40
50% of organic wood waste aggregatébeHighDensity Geopolymebinder (HDG)developed in
the framework d InnoWEEwhich is the main constituent of panels,based on typical reagents,
i.e. metakaolin, ground granulated furnace slag, fly ggitassium or edium silicate, and, finally,
inorganicaggregates derived frol@DW These ingredients, mixed togeth@.g. with a planetary or
a concrete mixer) in the right proportions, will producenaaterial that can set at ambient

temperature and, once hardened, will be similar to a common mortar or concrete, according to the

size of the aggregate (Fitf).

Metakaolin. Pozzolanic material derived from the calcinatiaf
YI2FEAYAGS O6ADPSD [/ KAYlI ©OmbdRIDE]
mainly as additive foconcrete. The mineral is heated at 690n n
then ground.

Furnace slagGround granulated bladurnace slags are a glassy-|
product obtained during theroduction of metals from the ore an
021S> 3IASYSNIffe NAD& are vapidl duénéhed
0St26 ynnc/ (2 AYLNRGS GKSANI |
additive in concretes.

Fly-ash.Coal combustion product captured in cdamed power plants,
used as a pozzolan additive or partial replacement of Portland cel
in conaetes. It is mainly composed by spherical particles betw
05 YR onn >Y3I gA0K @I NAR2dza 0O2Y
fly-ash has less than 7% ©&0.
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Alkali silicate solutionsThey are usually produced from quartz sa
alkali carbonatest A1 S &2RI |&AK &6bli/ hi
hydroxides (e.g. NaOH, KOH), water and fudlsey have man
applications, from Constructions (e.g. in cogsnfor concrete anc
masonry) to several industrial uses.

Recycled aggregates (SRMiporganic vaste coming from selectiv
demolition of ordinary buildings, processed to obtain suitable recy
aggregates.

ground blast furnace slag

potassium

inorganic wastes
' silicate

Figurel3. Ingredents of inorgani¢iDGmixtures

Aggregates have been considered as almost inert materialsagseimednot to take part in the
geopolymer reactionThe inorganic waste includes concrete, mortar and fired clay bricks, tiles and
other nonthazardous remainshtained from selective dewlitions of ordinary buildings.

Optimization of the binder

The features of the most promising trial formulations were tested in panel prototypes to point out
possible issues not apparent from material specim@ing optimization 6the binder was a complex
taskthat involved, at the same time, the achievement of:

T

T

T

technological properties of the fresh paste suitable for the available pilot plant (in terms of
viscosity, setting time, etc.);

mechanical performance of the hardened maat (measured via compressiaplitting and
bending strength) adequate for the quality of the panels;

physical properties (e.g. drying shrinkage), combined with the mechanical performance,
suitable to prevent most defects of the panels, l#tepedistortions, cracking, etc.

The task was carried out in a heuristic manner, combining extensive experimental testing on
material samplegFig.14) and real scale panel prototypes.
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InnoWEE
Fiow AT 0 s RO P

Figurel4. Test properties: mghanical strength

In order to find the most promising formulations and, subsequently, to tune them to obtain the
most suitable recipe, many parameters were explorédis means that numerous variations were
applied to tie formulations. Compressive strengtias one of the main indicators that provided the
basis for decision, but several other properties were systematically measured as well, e.g. indirect
tensile strength; drying shrinkage; material density and open ptyrpsiscosity and setting time,

(the latter in advanced phases).

Figurel5. Examples of explored parametdos the HDG

As an example (Fi§5), we can mention some of the explored parameters: type of waste materials,
their quantity andtheir blends; curing temperatures, type and quantity of alkali activator;
metakaolin/slag rao; quantity of fly ash; particle size distributions of the recycled aggregates.
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