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1. Introduction 

This document presents structure and outcomes of the InnoWEE project (Horizon 2020 R&I 

Programme, Call EeB-04-2016, Grant Agreement no. 723916), and provides an overview of its main 

phases and achievements. 

1.1. Consortium 

InnoWEE is a research and innovation project funded by the European Commission and realised by 

ten partners representing research institutes, small and medium enterprises, industrial companies 

and municipalities from six of the European Union Member States (Fig. 1). 

 

 
Figure 1. InnoWEE consortium partners 

1.2. Project outline 

In the European Union, the total waste approximately amounts to 2.5 billion tonnes (2016, EU-28), 

with the Construction sector contributing to more than one third of the total. Indeed, non-

hazardous waste from construction and demolition (CDW) represents a huge stream (about 335 

million tonnes in 2016) that has a significant potential for recycling, although a relevant part 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 strategic in ǘƘŜ ŦǊŀƳŜ ƻŦ 9¦ ǇƻƭƛŎƛŜǎ ǘƻǿŀǊŘǎ ǘƘŜ ƛƳǇǊƻǾŜƳŜƴǘ ƻŦ 9ǳǊƻǇŜΩǎ ŜƴŜǊƎȅ 

security, competitiveness and sustainability. 

Within this framework, and according to circular economy approaches toward sustainability, the 

InnoWEE project aimed at developing prefabricated architectural panels for improved energy 

efficiency of buildings, made of innovative geopolymer binders embedding high quantities of 

aggregates recycled from CDW (Fig. 3). These panels were designed for low environmental impact, 

low embodied energy, low COі emissions and high thermal 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 to their lower carbon footprint and to 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 50% by weight of recycled inorganic aggregates, which is 

the main constituent of the panels, and a geopolymer wood particleboard embedding either 40% 

or 50% by weight of recycled wood aggregates. Part of the research was devoted at assessing 

feasible methods for processing CDW to obtain suitable recycled aggregates. 

Three types of prefabricated modular panels were developed (Figure 2), two for exterior envelope 

applications: 

o External Thermal Insulation Composite System (ETICS)-like panels; 

o ventilated ŦŀœŀŘŜ Ŏƭadding panels; 

and one for interior heating and cooling systems: 

o radiant heating/cooling ceiling panels (developed also in an additional version, modified for 

vertical wall application, which was tested in laboratory only). 

 
Figure 2. InnoWEE panels with their installation at the pilot house in Padua (Italy): (a) ETICS-like, 

(b) ǾŜƴǘƛƭŀǘŜŘ ŦŀœŀŘŜ ŀƴŘ όŎύ radiant ceiling panels 

A Technology Upscaling Pilot Plant (TUPP) was conceived, designed and installed to allow a 

production of about 400 items, including trials 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 applied to four real demo buildings to assess the installation methods 

and their performances in terms of thermal efficiency and durability. Furthermore, they have been 

validated in four virtual demo buildings through numerical simulations. 
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Figure 3. InnoWEE at a glance  

The InnoWEE projectΩǎ ŀŎǘƛǾƛǘƛŜǎ ŀǊŜ ƛƳǇƭŜƳŜƴǘŜŘ ŎƻƴǎƛŘŜǊƛƴƎ ǎǇŜŎƛŦƛŎ ƻōƧŜŎǘƛǾŜǎ. 
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1.3. InnoWEE stages 

The InnoWEE project was planned according to specific stages as follows: 

1. In the first phase of the project, the identification of eligible inorganic and wood CDW was 
carried out to develop and assess a satisfactory processing of the waste to obtain suitable 
recycled aggregates, thus transforming CDW into Secondary Raw Materials (SRM). This phase 
involved the upgrade of an existing plant for the treatment of CDW destined to road backfilling, 
which was modified to obtain recycled sands with particle size Җ 2 mm. 

2. Then, two geopolymer binders were developed, one with inorganic aggregates (High-Density 
Geopolymer ς HDG) and one with wood aggregates (Wood Geopolymer ς WG). The former was 
the main component of all the panels (possible insulation excluded), while the latter, in form of 
a thin layerΣ ǿŀǎ ŀǇǇƭƛŜŘ ǘƻ ǘƘŜ ōŀŎƪǎƛŘŜ ƻŦ ǾŜƴǘƛƭŀǘŜŘ ŦŀœŀŘŜ ŜƭŜƳŜƴǘǎ ŀƴŘ ǿŀǎ ǳǎŜŘ ƛn the 
modified version of wall radiant panels. The optimization of the binders involved the 
adjustment of technological features of fresh materials to comply with requirements of the pilot 
plant, and the extensive testing of mechanical/physical properties of hardened materials to 
deliver panel prototypes with satisfactory quality. 

3. The prototyping phase, partially overlapped with the development of the binders and the pilot 
plant setup, was devoted to identify the main features of the panels in terms of sizes, shape, 
etc., and to preliminarily test their performances, as well as to provide the necessary indications 
for the design of the pilot plant. A preliminary installation test of external panels was carried 
out on an isolated reinforced concrete wall at the CNR facilities. 

4. After obtaining positive results in the laboratory, the pilot production of InnoWEE panels was 
performed in Greece by AMS in a specially modified Technology Upscaling Pilot Plant (TUPP). 
Wood geopolymer panels (WGP) were produced at CNR facilities in Italy. This phase involved 
the assessment of production methods, according to industrial quality management 
approaches. About 400 items were manufactured, including those for installation in demo 
buildings, and those for performance and durability testing. 

5. Panels were installed in 4 real demo site buildings, extensively monitored before and after the 
installation to assess the thermal performance in real conditions. Durability has also been under 
observation. Results from monitoring were used in simulations performed on virtual demo 
building to validate impact and effectiveness of the intervention. 

6. Finally, a Life Cycle Assessment (LCA) was carried out to the evaluate environmental impact of 
all the proposed solutions. Activities were finally completed by a Life Cycle Cost Analysis (LCCA) 
and by the development of an industrial and a business plan to define the market potential. 
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2. Development of new materials and panels 

This section presents the research carried out to: (i) identify and process Construction and 

Demolition Waste (CDW) to obtain recycled aggregates suitable for geopolymer materials, which 

are the main component of InnoWEE panels; (ii) develop the geopolymer binders, suiting the pilot 

plant requirements and able to deliver panels with satisfactory quality; (iii) design and tune features 

of panels and casting/curing methods. 

2.1. Waste processing and use 

Construction and demolition waste (CDW) 
The geopolymer material used to manufacture InnoWEE panels embedded 50% by dry weight of 

inorganic recycled aggregates derived from CDW. CDW typically comprises inert mineral materials 

(concrete, bricks, tiles and ceramics, etc.), while there might be smaller amounts of other 

components (e.g. wood, glass, plasterboard, bituminous mixtures and tar). CDW accounts for 

approximately one third of all the waste generated in the EU (Fig. 4), for about 0.8-1 billion tons per 

year. 

 
Figure 4. 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 case of InnoWEE where we have been dealing with CDW 

and recycling it into building products, at the least the following documents shall be considered: 

¶ legislation related to waste; 

¶ legislation related to new (building) products (section 2.5). 

EU Legislation relevant to waste and transformation of waste into SRM 
A specific list of documents exists, defining current waste treatments and procedures to obtain 

secondary raw materials. 

General legislation on waste 

¶ Waste framework directive 2008/98/EC; 

¶ European List of Waste (COM 2000/532/EC); 

¶ Commission decision 2011/753/EU; 
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¶ Waste Shipment regulation 

101372006/EC; 

¶ Landfill Directive 1999/31/EC; 

¶ Acceptance in Landfills Decision 

2003/33/EC; 

¶ Regulation on organic pollutants No. 

850/2004. 

General legislation on materials 

¶ The Construction Product 

Regulation 305/2001; 

¶ The REACH Regulation 1907/2006; 

¶ CLP Regulation No. 1272/2008. 

For example, the production of a residue is 

an inevitable consequence of primary 

operation. Although not the main 

commercial product of the process, residues 

may be of value in a number of other ways and, as shown in Figure 5, are used either immediately 

or, in the longer-term, after recovery. In the former case, residue should be regarded as by-products 

and never as waste; in the latter case, once recovered, residue should cease to be waste and 

becomes products at the place of recovery. 

Performance of construction products, 

including products from recycled materials, is 

covered by CPR - The Construction Product 

Regulation (CPR (EU) No 305/2011). 

Waste materials cease to be waste after 

processing into products, and when they fulfil 

the number of specific criteria. Technical 

requirements for the use of CDW for 

construction purposes are regulated under the 

CPR. 

 

 
Table 1. Classification of the waste used in InnoWEE according to the European List of Waste 

Waste type according to the European List of Waste Waste status Waste code 

Concrete Non-hazardous 17-01-01 

Bricks Non-hazardous 17-01-02 

Mixtures of concrete, bricks, tiles and ceramics Non-hazardous 17-01-07 

Wood - untreated Non-hazardous 17-02-01 

Glass - uncontaminated Non-hazardous 17-02-02 

 

Waste identification, source separation and collection 
9¦ ŀŎƪƴƻǿƭŜŘƎŜǎ ǘƘŀǘ ŀƴ άimproved collection of goods for re-use and recycling requires selective 

demolition and appropriate on-site operations as wellέΦ ¢ƘŜ ²ŀǎǘŜ aŀƴŀƎŜƳŜƴǘ tǊƻǘƻŎƻƭ (2016) is 

Figure 6. Difference on used legislation depending 

on waste or product 

Figure 5. Life cycle of a product 
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ŀƛƳŜŘ ŀǘ ƛƴŎǊŜŀǎƛƴƎ άconfidence in the Construction and Demolition (C&D) waste management 

processέ ŀƴŘ άtrust in the quality of C&D recycled materialsέΦ 

There are four main steps to achieve the goal of a rational management of CDW to obtain valuable 

SRM: 

1. Pre-demolition audits ς All materials to be generated have to 

be identified and their quantities have to be estimated. It has to be 

understood, what has to be separated at source (e.g. hazardous 

waste), what can be used/recycled and how waste will be 

managed. The pre-demolition audit has to be carried out before 

any renovation or demolition project, and for any material to be 

reused or recycled, and for hazardous waste as well, to άidentify 

the C&D waste generated, implement proper deconstruction, and 

to specify dismantling and demolition practicesέΦ 

2. Waste management plan ς The plan must consider how the 

different steps of the demolition will be performed and by whom. 

It should present which materials will be collected selectively at 

source, how they will be transported, but also what will be 

recycled, re-used or finally treated and how each procedure should 

follow. It should also clarify how to address safety and security 

issues and limit environmental impacts. 

3. Selective demolition ς According to the mentioned EU CDW Management Protocol, the 

procedure should be as follows: 

a) hazardous waste separation; 

b) deconstruction (dismantling including separation of side streams and fixation materials); 

c) separation of fixation materials; 

d) structural or mechanical demolition. 

Dismantling should involve a wide range of materials, e.g. glass, window frames, marble elements, 

valuable wood species, sanitary ware, heaters, metallic components, insulation foam, etc. This 

improves both the purification of waste streams and the potential for reuse. The waste streams (e.g. 

concrete, bricks, masonry, tiles, ceramics, etc.) should be kept separated. 

   
Figure 8. Images from building sites with ongoing selective demolitions 

4. Processing and treatment ς As underlined by the tǊƻǘƻŎƻƭΣ άfollowing the waste hierarchy 

offers wide-reaching benefits in terms of resource efficiency, sustainability and cost savingsέΦ 

Preparation for re-use, when possible, is a preferable option because it requires little or no 

processing, thus environmental impacts associated with reprocessing do not arise. On the other 

hand, disposal in landfill should be generally the last solution to choose. Many options exist, in 

accordance with the waste hierarchy: 

a) preparation for re-use; 

Figure 7. Example of building for 
selective demolition 
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b) recycling; 

c) material recovery; 

d) energy recovery; 

e) other recovery; 

f) disposal. 

CDW processing to obtain InnoWEE SRM 
When selected CDW are transported to the processing plant, a visual check is performed first, to 

remove unwanted residues (plastic, wood parts, etc.). The remaining waste materials are blended 

together, coarser parts are crushed and stored around the raised embankment (Fig. 9). Then, 

materials are fed into the screen. A first magnetic separator is located in correspondence of the 

screen to collect possible metal scraps. The coarser fraction feeds the jaw crusher and, after the size 

reduction, a second magnetic separation is carried out. The processed material is stored, awaiting 

for required verifications and, then, marketed. 

  
Figure 9. The first step of the CDW processing ς crushing and magnetic separation 

From the process of crushing and screening three size fractions are obtained: larger than 60 mm, 

smaller than 30 mm and between 30ς60 mm. The 30ς60 mm fraction was selected for the 

production of InnoWEE SRM owing to its generally low content of soil, organic substances, etc. This 

fraction is fed into a second hammer mill that operates the required volume reduction (Fig. 10). 

Further refinements by an additional screen were necessary to meet the desired dimensional range 

όҖ 2 mm). 

 
Figure 10. Aggregates smaller than 2 mm received from CDW processing 

To comply with the environmental prescriptions provided by the permit released by the Italian local 

Authorities to allow the upgrade of the plant, the following improvements were carried out (Fig. 11): 

¶ sound-absorbent barrier, close to the processing area; 

¶ new pavement and water treatment system to ensure the compliance with the local Water 

Protection Plan; 

¶ additional dust reduction system. 
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Figure 11. CDW processing plant 

End of Waste criteria 
To comply with the EoW criteria specifically set by Italian Local Authorities, the obtained secondary 

raw materials are analysed in lab to verify that they meet the prescribed physical and chemical 

requirements. Tests are performed according to the specific procedures described in standards, as 

shown in Table 2. 

Table 2. Procedures used to analyse different properties of the aggregates 

CDW ANALYSIS PROCEDURE 

Aggregate 
(concrete, 
brick, glass) 

Morphology, aggregate type and shape Microscopy 

Elemental analysis XRF 

Mineral phase identification XRD 

Specific surface Area 

Dissolution in alkaline media 
(geopolymer reactivity) 

Si, Al concentration in alkaline solution by 
ICP MS 

Quantification of carbonate EN 12620, EN 196-2 

Sieve analysis (fineness) Sieves (optional laser granulometry for 
fine fraction) 

Water absorption EN 12620, EN 1097-6 

Density and loose bulk density EN 1097-3 

Compressive strength EN 1097-11 

Heavy metals Leaching test 

Chlorides EN 1744-1, EN 1744-5 

Sulphates EN 1744-1 

Different organic compounds (TOC, PCB, 
PAH) 

 

 

2.2. Development of InnoWEE geopolymers 

Geopolymers are inorganic polymers obtained from the reaction of an aluminosilicate powder with 

an aqueous alkaline solution (Fig. 12). They belong to the broader class of chemically activated 

ceramics, extensively studied by Davidovits and other researcher. 
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Figure 12. Chemical structure of the geopolymers 

Their carbon footprint is generally considered remarkably lower than that of the 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 materials, has been investigated 

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

using numerous types of different industrial wastes and by-products, and seem to offer a promising 

alternative recycling option for CDW as well. In addition, they present a generally excellent 

behaviour against high temperatures. 

Ingredients of the InnoWEE geopolymer binder 
The geopolymer material used to manufacture InnoWEE panels embedded either 50% by dry weight 

of inorganic recycled aggregates derived from Construction and Demolition Waste (CDW), or 40-to-

50% of organic wood waste aggregates. The High-Density Geopolymer binder (HDG) developed in 

the framework of InnoWEE, which is the main constituent of panels, is based on typical reagents, 

i.e. metakaolin, ground granulated furnace slag, fly ash, potassium or sodium silicate, and, finally, 

inorganic aggregates derived from CDW. These ingredients, mixed together (e.g. with a planetary or 

a concrete mixer) in the right proportions, will produce a material 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 (Fig. 13). 

 

Metakaolin. Pozzolanic material derived from the calcination of 

YŀƻƭƛƴƛǘŜ όƛΦŜΦ /Ƙƛƴŀ ŎƭŀȅύΣ ŀ ǎƻŦǘ Ŏƭŀȅ ƳƛƴŜǊŀƭ ό!ƭі{ƛіhљόhIύјύΣ ǳǎŜŘ 

mainly as additive for concrete. The mineral is heated at 600-уллϲ/Σ 

then ground. 

 

Furnace slag. Ground granulated blast-furnace slags are a glassy by-

product obtained during the production of metals from the ore and 

ŎƻƪŜΣ ƎŜƴŜǊŀƭƭȅ ǊƛŎƘ ƛƴ /ŀhΣ {ƛhі ŀƴŘ !ƭіhїΦ They are rapidly quenched 

ōŜƭƻǿ уллϲ/ ǘƻ ƛƳǇǊƻǾŜ ǘƘŜƛǊ ǊŜŀŎǘƛǾƛǘȅ ŀƴŘ ƘȅŘǊŀǳƭƛŎƛǘȅΣ ǘƻ ōŜ ǳǎŜŘ ŀǎ 

additive in concretes. 

 

Fly-ash. Coal combustion product captured in coal-fired power plants, 

used as a pozzolan additive or partial replacement of Portland cement 

in concretes. It is mainly composed by spherical particles between 

0.5 ŀƴŘ олл ˃ƳΣ ǿƛǘƘ ǾŀǊƛƻǳǎ ŎƻƳǇƻƴŜƴǘǎ ό{ƛhіΣ !ƭіhїΣ CŜіhїΧύΦ /ƭŀǎǎ C 

fly-ash has less than 7% of CaO. 
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Alkali silicate solutions. They are usually produced from quartz sand, 

alkali carbonates ƭƛƪŜ ǎƻŘŀ ŀǎƘ όbŀі/hїύ ƻǊ ǇƻǘŀǎƘ όYі/hїύΣ ŀƭƪŀƭƛ 

hydroxides (e.g. NaOH, KOH), water and fuels. They have many 

applications, from Constructions (e.g. in coatings for concrete and 

masonry) to several industrial uses. 

 

Recycled aggregates (SRM). Inorganic waste coming from selective 

demolition of ordinary buildings, processed to obtain suitable recycled 

aggregates. 

 

 
Figure 13. Ingredients of inorganic HDG mixtures 

Aggregates have been considered as almost inert materials, i.e. assumed not to take part in the 

geopolymer reaction. The inorganic waste includes concrete, mortar and fired clay bricks, tiles and 

other non-hazardous remains obtained from selective demolitions 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 specimens. The optimization of the binder was a complex 

task that involved, at the same time, the achievement of: 

¶ technological properties of the fresh paste suitable for the available pilot plant (in terms of 

viscosity, setting time, etc.); 

¶ mechanical performance of the hardened material (measured via compression, splitting 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, like shape distortions, cracking, etc. 

The task was carried out in a heuristic manner, combining extensive experimental testing on 

material samples (Fig. 14) and real scale panel prototypes. 
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Figure 14. Test properties: mechanical strength 

In order to find the most promising formulations and, subsequently, to tune them to obtain the 

most suitable recipe, many parameters were explored. This means that numerous variations were 

applied to the formulations. Compressive strength was 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 porosity; viscosity and setting time, 

(the latter in advanced phases). 

 
Figure 15. Examples of explored parameters for the HDG 

As an example (Fig. 15), we can mention some of the explored parameters: type of waste materials, 

their quantity and their blends; curing temperatures, type and quantity of alkali activator; 

metakaolin/slag ratio; quantity of fly ash; particle size distributions of the recycled aggregates. 

 








































































































































