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ABSTRACT - In Chile, coal- and biomass-based energy production produce
significant volumes of fly ash of which a substantial proportion is currently
disposed of in landfills. This constitutes not only a waste management issue,
but a missed opportunity for circularity and resource valorization.

Fly ash-based geopolymers offer a promising pathway for transforming
this underutilized industrial residue into a low-carbon construction
material. However, existing research remains focused mainly on technical
performance, leaving limited understanding of the ecosystem conditions
that shape adoption.

This research examines the ecosystem conditions and interactions that
shape the feasibility of adopting fly ash-based geopolymers as a construction
material in Chile. The study applies Adner’s innovation ecosystem
framework through a qualitative exploratory research design, combining
literature review, document analysis, and semi-structured interviews. The
analysis maps the focal value proposition, relevant actors, activities, flows,
and positions, and identifies the main bottlenecks and gatekeepers within
the ecosystem structure.

Chile presents enabling conditions such as fly ash availability, research
capabilities, circular economy policies, decarbonization goals, and
corporate sustainability agendas. However, adoption is constrained by
precursor variability, alkaline activator cost and carbon intensity, and,
most importantly, strict prescriptive regulation and stringent validation

Antonia Cabezon processes, which constitute the main upstream bottleneck. Downstream,
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coordinated alignment of technological capabilities, regulatory pathways,
industrial actors, market incentives, and public policy, rather than on
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DEFINITIONS

Material Science

Alkali Activator: a highly alkaline chemical solution (commonly sodium hydroxide, NaOH)
used to activate or trigger a hardening reaction in aluminosilicate materials (such as fly ash,
or blast furnace slag) enabling the formation of geopolymers or alkali-activated binders.

Clinker: a solid, nodular material that acts as the primary ingredient in Portland cement.
It is produced by heating limestone and clay in a kiln to around 1,400°C—1,500°C until the
materials fuse together.

Compressive Strength: The capacity of a material to resist loads that tend to reduce its size or
crush it. In cement, concrete, mortar, or stabilized soil it is usually measured as the maximum
compressive stress the material can withstand before failure. It is commonly expressed in
megapascals (MPa) where 1Mpa= 10,2 Kg/cm?. Benchmark reference: common structural
concrete = 30 MPa on day 28; ceramic bricks commonly > 15Mpa.

Geopolymer: Aninorganic cementitious material produced by the reaction of aluminosilicate-
rich precursors, such as fly ash, with an alkaline activator. Geopolymers can form hardened
materials with good mechanical strength and durability and are often studied as lower-
carbon alternatives to Portland cement-based binders.

Life Cycle Asssesment (LCA): a standardized methodology used to quantify and evaluate the
environmental impacts of a product, service, or process across its entire existence, from raw
material extraction to production, use, and end-of-life disposal or recycling.

Precursor: an aluminosilicate material rich in reactive silica (SiO2) and alumina. It serves
as the primary solid powder ingredient that undergoes a chemical reaction to form an
alternative binder system, such as a geopolymer.

Supplementary Cementitious Material (SCM): A material used alongside Portland cement
that contributes to concrete performance through hydraulic or pozzolanic activity. SCMs can
reduce clinker content, improve durability, and lower embodied CO,. Examples include fly
ash, slag, silica fume, calcined clay, and natural pozzolans.

Innovation Ecosystem

Innovation Ecosystem: A theoretical lensin management and innovation studies for analyzing
how innovation depends on the coordination of multiple interdependent actors to create,
deliver, and capture value.

Ecosystem structure (Adner): It refers to “the alignment structure of the multilateral set of
partners that need to interact for a focal value proposition to materialize” (Adner, 2017). The
unit of analysis is not only the focal firm, but the configuration of actors, activities, positions,
and links required to deliver the value proposition.

Bottlenecks: points of structural dependency where the failure or slow development of a
single component, delays or constrains the realization of the entire value proposition.

Gatekeepers: Actors that hold critical positions within the ecosystem structure and on whom
the adoption of the innovation and its delivery to the end user depend.

Sustainable Startup: A startup that introduces or develops sustainable technologies,
products, services, or business models intended to create environmental and/or social value
while pursuing economic viability (Leendertse et al., 2020).

Focal Value Proposition (Adner): A construct introduced by Adner around which the
structure of an innovation ecosystem is aligned. It refers to the potential benefit offered by
the innovation. It encompasses not only the benefits offered to the end user, but also the
roles, contributions, and incentives of ecosystem participants.

Focal firm: The firm from whose perspective the ecosystem is being analyzed or strategically
managed.
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ABBREVIATIONS

ANID: National Research and Development Agency (Chile)
CORFO: Production Development Corporation (Chile)

LCA: Life Cycle Assesment

MINVU: Ministry of Housing and Urban Development (Chile)
MOP: Ministry of Public Works

BFA: Biomass Fly Ash

CFA: Coal Fly Ash

FA: Fly Ash

OPC: Ordinary Portland Cement

SCM: Supplementary Cementitious Material

Al DISCLAIMER

Portions of this thesis were developed with the support of generative artificial intelligence
(Al) tools. Al was used for language assistance, including grammar correction, translation,
and text refinement. It was also used as a support tool for identifying relevant literature and
official documents, as well as for summarizing selected content for inclusion in tables.

The use of Al was limited to supporting the writing, organization, and research assistance
process. All research design, methodological decisions, analysis, interpretation of results,
arguments, and conclusions remain the sole responsibility of the author. All Al-generated
outputs were critically reviewed, edited, verified, and validated by the author to ensure
academic integrity, factual accuracy, originality, and compliance with university guidelines.
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1.

INTRODUCTION

1.1 PROBLEM STATEMENT

The global transition toward decarbonized
energy systems is reshaping electricity
generation, with countries such as Chile
rapidly increasing the share of renewable
sources while phasing out coal-based
power. Despite this shift, the generation
of solid combustion by-products persists.
Both legacy coal-fired plants and ongoing
biomass-based energy production continue
to produce significant volumes of fly ash (FA).
As a result, more than one million tons of fly
ash are still generated annually, positioning
it as a relevant material stream within an
evolving energy and industrial landscape.

A substantial proportion of this FA s
currently disposed of in landfills or ash
ponds (RETC, 2026). This practice represents
a dual challenge. On one hand, it creates an
environmental burden associated with land
use, long-term storage, airborne dust, soil
chemistry alteration, and potential heavy
metal leaching risks, particularly in the case
of coal fly ash (CFA). On the other hand, it
reflects limited integration of a material with
valuable chemical and physical properties
into productive value chains. In this sense,
fly ash is not only a waste management
issue, but a missed opportunity for resource
valorization.

Among the potential valorization pathways
for fly ash, the production of geopolymers
has emerged as a promising option.
Geopolymers are inorganic cementitious
materials whose favorable mechanical and
environmental performance positions them
as a credible alternative to conventional
cement-based materials (Das et al., 2024;
Liang et al.,, 2024; Duxson et al.,, 2006).
However, despite their strong environmental
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potential and the extensive academic
attention geopolymers have received over
recent years, industrial adoption remains
limited. Current applications are largely
confined to experimental settings or niche
products (Das et al.,, 2024; Duxson et al.,,
2006), highlighting a persistent gap between
technological feasibility and actual market
implementation.

This situation reflects a broader structural
challenge: technical feasibility has not
been sufficient to drive the adoption
of geopolymer technologies. Adoption
is shaped within a complex industrial
ecosystem, where actors, value chains,
regulatory framework, and marketincentives
interact to enable or constrain new material
adoption (Figure 1.1). In Chile, research and
practical development remain incipient,
limiting both the understanding of local
performance and integration into existing
industrial and regulatory systems. As a
result, the ecosystem conditions that shape
the feasibility of fly ash-based geopolymers,
and their potential environmental value
as a construction material, remain poorly
understood.

1.2 RELEVANCE

Valorizing fly ash as a precursor for
construction materials offers the potential
to transform underutilized waste stream
into a value-added resource, contributing
to circular economy objectives,
decarbonization, and waste reduction.
In this context, it may enable forms of
industrial symbiosis between the energy and
construction sectors. Gaining an ecosystem-
level understanding of the conditions and
interactions that shape adoption is therefore



important not only for identifying barriers
and enabling factors, but also for informing
sustainable business strategies through
which waste-based materials may be
integrated into existing industrial systems.

From an academic perspective, the adoption
of innovative circular materials remains
insufficiently understood beyond technical
feasibility, particularly due to limited
attention to ecosystem-level dynamics.
This study contributes to the literature on
innovation systems by applying a business
ecosystem framework to examine how
waste-to-value streams can be integrated
into established industrial structures.

1.3 RESEARCH PURPOSE

The purpose of this study is to map
and analyze the industrial ecosystem
surrounding the valorization of fly ash
as geopolymers in Chile. It focuses on
the technical, organizational, and market
conditions, as well as the interactions among
actors, that shape the feasibility of adopting
fly ash-based geopolymers for construction
applications. The study aims to identify key
barriers and enabling mechanisms relevant
to early-stage adoption.

1.4 RESEARCH QUESTIONS

What ecosystem conditions and
interactions shape the feasibility of
adopting fly ash-based geopolymers as a
construction material in Chile?

INTRODUCTION

Subquestions

1. What is the focal value proposition of fly
ash-based geopolymers for the industrial
ecosystem in Chile?

2. Which actors, activities, links and positions
shape the industrial ecosystem surrounding
fly ash valorization in Chile?

3. What ecosystem factors enable or
constrain the integration of fly ash-based
geopolymers into the Chilean construction
sector?

Analytical assumptions

Geopolymers’ adoption potential is assumed
to be shaped less by technical limitations and
more by ecosystem conditions, including
stakeholder  perceptions, institutional
arrangements, market incentives, and value-
chain dynamics. ldentifying these ecosystem
conditions may reveal leverage points
through which sustainable business or
entrepreneurial approaches could support
early-stage adoption and help unlock the
environmental benefits associated with fly
ash valorization.

1.5 SCOPE

This thesis adopts an ecosystem-based
perspective to examine the conditions under
which fly ash-based geopolymers could
be adopted for construction applications
in Chile. The study is exploratory and
gualitative, focusing on the industrial,
organizational, and institutional dimensions
that shape adoption, rather than on material
optimization or market forecasting.

BIG
ENVIRONMENTAL
Thermoelectric VALORIZATION POTENTIAL
power plants FLYASH wsmmsmu=uulp GEOPOLYMERS TECHNICAL \/
PATHWAY LOW CHALLENGES
INDUSTRIAL
WASTE ADOPTION ECOSYSTEM
STREAM CHALLENGES

Figure 1.1 -
Problem statement
conceptual model.
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2. THEORETICAL FRAMEWORK

Figure 2.1—
Schematic illustration
of a thermoelectric
plant combustion
and fly ash collection
process. Source:
Adapted from Liang
et al. (2024, p. 4) and
Kentucky Geological
Survey, University of
Kentucky (Coal for
electricity generation,
n.d., https://www.
uky.edu/KGS/coal/
coal-for-elec.php).

2.1 VALORIZATION PATHWAY:
FLY ASH-BASED
GEOPOLYMERS

Fly ash is a non-hazardous industrial residue
generated as a by-product of energy
production in coal- and biomass-fired
thermoelectric power plants. It consists of
fine particles formed during fuel combustion
that, under emission control regulations,
must be captured to prevent air pollution.
This is achieved through electrostatic
precipitators and bag filters (Figure 2.1). The
captured material, commonly known as fly
ash, can be either disposed of in landfills and
ash ponds (Figure 2.2) or valorized as a raw
material for new applications.

Conventional valorization pathways for
fly ash vary depending on its source. The
primary route for coal fly ash (CFA) is its use
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as a supplementary cementitious material
(SCM), reducing clinker consumption in
the cement industry. While recent studies
explore the suitability of biomass fly ash (BFA)
for similar applications, its main valorization
pathways remain road base stabilization and
agricultural soil amendment (Rajamma et
al., 2009).

However, an alternative valorization
pathway is the synthesis of geopolymer-
based construction materials. Geopolymer
production offers a promising route for
the comprehensive utilization of both CFA
and BFA (Lin et al.,, 2024). Incorporating
FA into construction practices can mitigate
the environmental impacts associated with
conventional waste management while
providing a more sustainable material

source for the construction industry (Liang
et al, 2024).
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Figure 2.2— Ash
landfill, Central Santa
Maria, Coronel.
Source: Control y
Manejo de Cenizas de
Central Santa Maria
[video], Colbun,

2018 (https://youtu.
be/807ZsAgXO1k8?si=L
vN7aHwoWDyOdi3E)

2.1.1 What are geopolymers

Geopolymers are inorganic cementitious
materials produced through the alkali
activation of silicon- and aluminum-rich
precursors, such as fly ash (Figure 2.3).
Due to their high mechanical strength,
chemical resistance, and comparatively low
carbon footprint, geopolymers are broadly
regarded as a sustainable alternative to
conventional cement-based materials. Their
frequent reliance on industrial by-products
further enhances their environmental and
economic appeal (Lin et al., 2024).

Precursors: The most widely utilized by-
products as precursors for geopolymer
synthesis include coal fly ash (CFA) and blast
furnace slag (BFS). However, these materials
originate from energy-intensive, high—CO,-
emission industrial processes, such as coal
combustion and steel manufacturing. As
global decarbonization policies and the
energy transition reduce coal dependency
and promote greener steel production,
the future availability of these traditional
precursors is expected to become
increasingly constrained. Consequently,
increasing research attention has focused
on biomass fly ash (BFA), generated from
the combustion of wood, forestry residues,
agricultural waste, and paper industry by-
products, as an alternative aluminosilicate
sources derived from renewable energy
processes (Liang, 2024).

Properties: The mechanical performance
of geopolymers depends on both precursor
chemistry and formulation parameters,
including alkaline activator ratio, silica
modulus, liquid-to-solid (L/S) ratio, and
curing regime (Hao et al.,, 2025; Zhang et al,,
2019). Conventional precursors, such as CFA
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and BFS possess a favorable aluminosilicate
composition, that enables efficient
alkali activation and the development
of mechanically robust matrices. When
properly designed, geopolymer systems
based on these materials can achieve
compressive strengths exceeding 80 MPa
(Zzhang et al., 2019).

In contrast, BFA heterogeneous composition
may affect reactivity and performance (Liang
et al., 2024). Nevertheless, with appropriate
design, BFA-based geopolymer systems can
reach compressive strengths surpassing 40
MPa (Hao et al, 2025) (Figure 2.4). Although
this variability mat limit predictability, BFA
represents a BFA represents a context-
dependent opportunity to expand the
resource base of geopolymer production,
particularly in regions with established
biomass energy and forestry industries.

Inadditiontotheirhighcompressivestrength,
geopolymers exhibit a good abrasion and
chemical resistance, fire resistance, rapid
setting and hardening, low shrinkage, high
surface definition capable of replicating
mold patterns, and inherent protection of
steel reinforcement (Dusxon et al., 2007).
While not all geopolymers exhibit all of
these properties, different formulations can
be tailored and optiized according to specific
application  requirements.  Conversely,
depending on the available precursors and
activators, materials can be design to suit
the most appropriate application (Duxson
et al, 2006). These characteristics make
geopolymers suitable for a wide rage of

uses, not limited to structural cement
replacement (Duxson et al., 2007).
Environmental benefits: Compared

with ordinary Portland cement (OPC),
geopolymer systems have been associated
with greenhouse gas emission reductions
of approximately 44—-64% (McLellan et al.,
2011; Yalcinkaya etal., 2023). Thisis primarily
due to the absence of a high-temperature
calcination step in geopolymer synthesis
based on industrial by-products. In contrast,
beyond raw material extraction, cement
clinker calcination consumes large amounts
of fossil fuel-derived energy and releases
CO, as a direct reaction product (Duxson
et al, 2007). Additionally, in some cases,
geopolymer production costs may be up to
30% lower than those of OPC (Yalincaya et
al., 2023). However, these benefits are highly
context-dependent and vary according to



Figure 2.3 -
Geopolymer samples
with different BFA
CFA ratios, developed
as part of a group
project for the course
Future Materials, TU
Delft (2025). Source:
Author’s photograph
from the B.Lo.G.
group report.

local
activator costs, production pathways, and
transportation distances (Mclellan et al.,
2011; Yalcinkaya et al., 2023).

raw material availability, chemical

Technical constraint: Despite the significant
environmental and technical advantages
of FA-based geopolymers, these materials
face two primary technical constraints: the
intrinsic heterogeneity of the precursor and
their reliance on costly and CO,-intensive
alkali activators.

The precursor’s heterogeneity represents a
significant technical challenge, particularly
in relation to standardization and large-scale
adoption. The chemical composition of fly
ash varies depending on the source material
and the combustion conditions under
which it is generated (Liang et al., 2024).
Variations in aluminosilicate content, as well
asin calcium, iron, and alkali concentrations,
can significantly affect reactivity and final
material performance. As a result, fly ash
often requires detailed characterization on
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Figure 2.4 — Comparative compressive strength

of BFA-based geopolymers under controlled

mix design and curing conditions. Geopolymer

compositions containing 250% BFA, based on

data from different scientific sources. Source:

Author, based on Hao et al. (2025), Liang et al.
(2024), and Liang (2024).

a case-by-case basis to determine suitable
applications and optimized mixture design.
While  such  characterization  enables
performance optimization, it also increases
formulation complexity and reduces process
reproducibility, thereby constraining
scalability and the development of
standardized geopolymer  production
pathways (Duxson et al., 2006).

As highlighted by Castro et al., reliance
on high dosages of alkali activators
undermines both the cost-effectiveness and
environmental advantages of geopolymers
as construction materials. However, these
limitations are formulation- and application-
dependent (Duxson et al.,, 2006) and are
further influenced by the local development
context (Mclellan et al., 2011; Yalcinkaya
et al.,, 2023). Accordingly, recent studies
advocate the use of alternative precursors
with higher intrinsic alkali content, such
as forest-derived ashes, to reduce or
partially replace external alkali activators
(Alrawashdeh et al., 2026).



Scientific publications on
geopolymers (Scopus 2005-2025)
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Figure 2.5 — Annual number of publications
on geopolymer and alkali-activated materials
indexed in Scopus (2005-2025), illustrating the
rapid expansion of academic research in the
field. Data retrieved from the Scopus database
using the query: “geopolymer OR (alkali AND
activated AND material)”, limited to subject areas
Engineering, Materials Science, Environmental
Science, and Chemical Engineering; accessed on
02-04-2026.

2.1.2 Material adoption:
challenges and barriers

Despite the previously discussed (potential)
environmental and economic benefits,
and the extensive academic attention
geopolymers have received over the last
years (Figure 2.5), adoption of geopolymers
as routine construction materials remains
limited, highlighting a persistent research—
implementation gapthatcannotbe explained
by technical maturity alone. While precursor
heterogeneityrepresentsarelevanttechnical
constraint, it can be addressed through
appropriate  characterization and mix
design strategies (Section 2.1.1). Similarly,
adequate mechanical performance can
be achieved under controlled formulation
and curing conditions (Section 2.1.1).
Furthermore, the viability of these materials
is not restricted to structural applications or
cement replacement; their inherent fire and
chemical resistance, and thermal stability
suggest high potential in niche markets, as
well as for non-structural applications and
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low-cost alternative ceramics (Duxson et al.,
2007). As noted by Duxson et al. (2007), the
critical hurdles for commercialization are not
predominantly technical; rather, they are
regulatory, industrial, and market-driven.

According to Duxson et al. (2007), the key
non-technical barriers include:

i. Regulatory frameworks: Current
construction standards are predominantly
prescriptive and based on ordinary Portland
cement (OPC), limiting the inclusion of
alternative binders that do not conform to
established composition-based criteria.

ii. Industrial conservatism: the construction
sector operates under high financial cost
and long-term liability, reinforcing risk-
averse behavior. Duxson et al. (2007)
noted that historically, this has discouraged
material innovation. However, evolving
regulatory pressures, such as carbon pricing,
together with rising costs of complementary
materials, are increasingly positioning
environmental factors as commercial drivers
for the adoption of newer technologies
(Duxson et al., 2007).

iii. Market ‘consolidated’ competition:
Framing geopolymers as direct substitutes
of OPCin structural applications forces them
to compete with a highly optimized, deeply
standardized, and consolidated material
system. This positioning overlooks more
accessible entry points where performance
requirements, regulatory barriers, and
competitive pressures are less restrictive.

In this context, the widespread adoption of
geopolymers depends not only on technical
optimization but on their alignment
with  existing regulatory frameworks,
industrial practices, and market structures.
Structural applications remain the most
constrained entry point, whereas non-
structural and niche markets may offer
more feasible pathways for early adoption.
At the same time, the growing emphasis
on circular economy strategies and carbon
reduction is reshaping the conditions
under which material innovation occurs,
potentially enabling the gradual integration
of geopolymer technologies into the
construction sector.



2.2 INNOVATION ECOSYSTEM
FRAMEWORK

The introduction of new technology,
particularly new ‘sustainable technology’,
into an existing and mature ecosystem—
such as the adoption of geopolymers as a
construction material—cannot be effectively
understood through traditional competitive
market logics alone. Rather than focusing on
firm-level competition, bargaining power,
substitutes, or buyer—supplier relationships
(Porter 1979/2008), this challenge is better
framed as an ecosystem strategy problem,
in which value creation and value capture
depend on the coordinated alignment of
multiple interdependent actors (Moore,
1993; lansity & Levien, 2004; Adner &
Kapoor, 2010; Adner, 2016; ).

The ecosystem approach—originally a
metaphor borrowed from biology—was
introduced into the business literature by
Moore in the mid-1990s (Adner, 2016).
According to the author, a company must be
viewed not as a member of a single industry
but as part of a business ecosystem that
crosses a variety of industries (Moore, 1993,
p.76). Since then, the concept has gained
substantial traction, particularly within
practitioner-oriented literature (Autio &
Thomas, 2014).

Within this context, innovation ecosystems
have emerged as an analytical framework
for understanding how innovation unfolds
beyond the boundaries of individual firms
and markets (lansity & Levien, 2004).

Accordingly, this thesis adopts the innovation
ecosystem as its theoretical framework.
Although much of the foundational literature
on business innovation ecosystems has
focusedon high-technologyindustries—such
as computing and pharmaceuticals—where
firms operate under conditions of continual
innovation, the core analytical logic of the
framework is not sector-specific. Rather, it
is concerned with understanding how the
successful introduction of an innovation
depends on the alignment of multiple
interdependent actors, complementary
assets, and institutional conditions. In this
sense, the framework is particularly relevant
for analyzing innovations introduced into
mature and highly regulated industries,
where  coordination  challenges and
adoption barriers are often more decisive
than technological novelty alone.
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Within this practitioner-oriented stream, the
framework proposed by Ron Adner (2016)
stands out for its explicit focus on actionable
ecosystem analysis. Rather than remaining
purely theoretical, this contribution offers
operational framework intended to guide
innovation strategy and managerial decision-
making. Although Adner’s proposal emerges
from strategy and business literature, it
provides concrete elements that can be
leveraged to map and analyze an innovation
environment in a systematic and applied
manner.

2.2.1 Ecosystem-as-Structure

Adner’s (2016) “Ecosystem-as-structure”
framework understands the ecosystem as a
configuration of interdependent activities,
actors, positions, and links that must be
aligned for an innovation to reach the end
user and for the focal value proposition
—the potential benefits offered by an
innovation— to materialized. Rather than
focusing primarily on firms, industries, or the
relation between them as other ecosystem
frameworks, Adner’s framework centers
on the value proposition and the set of
activities required to realize those benefits.
The alignment of these interdependent
elements constitutes the “structure” of the
ecosystem (Adner, 2017, p. 41-42).

To operationalize this, Adner (2012)
provides a grammar for characterizing the
ecosystem structure and how the value
is (expected to be) created (Adner, 2017,
p.44). He introduces the “Value Blueprint”, a
representation of the ecosystem that maps
the activities that need to be performed,
their position, how they are linked, and
which actor is responsible for what (Figure
2.6). The Value Blueprint functions as
a strategic tool for identifying critical
bottlenecks and understanding execution
risks that lie beyond the direct control of
the focal innovation or firm (Adner, 2012, p.
35). In this sense, it supports both strategy
formulation and initiative management
by revealing the critical activities and
dependencies that may constrain or delay
the realization of the innovation (Adner,
2012, p. 51).



Figure 2.6 — Graphical
interpretation of

the “Ecosystem

as Structure”
framework (Adner,
2016). Author’s own
elaboration.
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From Adner’s proposal, we can extract the
following key elements:

i. Focal Value Proposition: |s the potential
benefit offered by the innovation. Rather
than being understood as a simple market
transaction, the value proposition functions
as a coordination device that specifies not
only the benefits offered to end users but
also the roles, contributions, and incentives
of ecosystem participants.

It serves as the focal point for aligning
activities, actors, flows, and their positions
within  the ecosystem structure. All
ecosystem elements are understood in
relation to the value proposition, in terms
of how they contribute, or may potentially
hinder, its materialization.

The definition of a value proposition is the
first step to start mapping the environment.

N
7

UP STREAM (CO-INNOVATION RISK)

(ADOPTION CHAIN RISK) DOWN STREAM
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ii. Value Blueprint Elements: Collectively,
they characterize the configuration of
activities and actors required for a value
proposition to materialize:

- Activities: actions to be undertaken for the
value proposition to materialize.

- Actors: entities that undertake the activities

- Links (or flows): transfers across actors
(material, information, knowledge, funds,
influence).

- Positions: where in the flow of activities
across the system actors are located
regarding the focal value proposition
(upstream or downstream).

In mature industries and consolidated
ecosystems, these elements are typically
stable; however, the incorporation of an
innovation requires a reconfiguration of roles
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and interdependencies. Understanding this
structural realighment-what elements need
to be (re)aligned- is central to defining an
effective innovation strategy. Based on this,
Adner defines ecosystem strategy as “the
way in which a focal firm approaches the
alignment of partners and secures its role in
a competitive ecosystem” (2016, p.47).

iii. Partners alignment: the ability to bring
partners into positions and roles that the
ecosystem strategy envisions for the value
proposition to materialize. This alignment
faces two types of challenges:

Activity-based challenges:

- Co-innovation risk: these correspond to
the upstream bottlenecks, the challenges
partners face in developing the ability
to undertake new activities (standards,
certifications, production  capabilities,
technical know-how, etc.). Meaning that the
success of an innovation depends on other
components reaching sufficient levels of
maturity and commitment simultaneously
for the innovation to materialize.
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- Adoption chain risk: corresponds to
the downstream partner’s priorities and
incentives for participation; their willingness
to undertake the required activities to
integrate the innovation into existing
practices. These actors are referred to as
downstream gatekeepers in the path to the
end user.

Partner’s expectations challenges:

- Structural expectations: accept their
position within the ecosystem in terms of
upstream or downstream.

- Leader-follower roles: which actor(s) will
take responsibility for leading the system
towards alignment and which will follow the
guidance.

Accordingly, this framework is applied in
this thesis to the prospective introduction of
geopolymers as a sustainable construction
material in the Chilean construction
industry. It provides the structure to analyze
the ecosystem conditions and interactions
that shape their adoption.
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3. METHODOLOGY

3.1 RESEARCH APPROACH

This study adopts a qualitative, exploratory
research design aimed at developing a
systemic understanding of the conditions
shaping the adoption of innovative and
sustainable construction materials in Chile,
using fly ash-based geopolymers as the
focal case. Given the limited empirical
implementation of geopolymers in the
Chilean context, an exploratory approach
is appropriate to investigate a complex and
underdeveloped phenomenon (Cresswell,
2009, p.35). Rather than measuring
outcomes, this qualitative approach aims
to capture the complexity of interactions
between actors, incentive structures, and
systemic constraints that shape feasibility of
innovation adoption.

The research follows an abductive reasoning
approach, which functions as an iterative
dialogue between empirical data and
theoretical frameworks. This approach
enables the integration of a theory with
context-specific evidence, allowing for
both theory-informed analysis and context-
sensitive interpretation.

As an analytical lens, this thesis adopts
the Innovation Ecosystem Framework,
particularly Adner’s Ecosystem-as-
structure framework (Section 2.2). This
perspective is central to the methodology,
as it provides a systemic analytical approach
to understanding innovation as a mult-
element process. It guides the initial inquiry,
structures the analysis, and facilitates
the identification of interdependencies,
bottlenecks and misalignments of the
ecosystem.
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3.2 RESEARCH DESIGN

This research applies the Innovation
Ecosystem Framework as proposed by Ron
Adner, following four sequential analytical
steps, as illustrated in Figure 3.1:

1. Empirical context analysis. The study
first establishes the empirical foundation
by analyzing the generation, management,
regulatory  environment and current
valorization pathways of fly ash in Chile. This
step defines the structural conditions under
which the innovation is embedded.

2. Focal value proposition definition.
The focal value proposition of fly ash-
based geopolymers is defined in terms of
functional, environmental, industrial and
market value. This serves as the organizing
logic for the ecosystem analysis.

3. Ecosystem structure mapping. Based on
the defined value proposition, the ecosystem
is mapped by identifying key actors, required
activities, and interdependencies. These
actors are positioned according to their
role in the materialization of the focal value
proposition.

4.Valueblueprintandecosystemalignment.
The ecosystem is analyzed using Adner’s
“value blueprint” logic, identifying critical
dependencies, bottlenecks (co-innovation
risks), and gatekeepers (adoption chain
risks). This step enables the identification
of ecosystem-level enablers and constraints
affecting the adoption of geopolymers in the
Chilean construction sector.

Together, these steps provide a systemic
analysis of the ecosystem conditions
required for innovation adoption.
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Figure 3.1 — Research
Plan Diagram. @ @ @ @

A. Cabezon

Empirical context Value Proposition

What contextual
conditions shape the
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fly ash in Chile?
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based geopolymers for
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in Chile?
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WHICH THE INNOVATION STATEMENT
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Ecosystem Structure Value Blueprint

What ecosystem factors
enable or constrain
integration of fly ash-
based geopolymers into
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fly ash valorization in
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STRUCTURE POINTS
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ECOSYSTEM CONDITIONS
FOR INNOVATIONA ADOPTION

What ecosystem conditions and interactions shape the feasibility of adopting fly ash—
based geopolymers for construction applications in Chile?

3.3 DATA COLLECTION

The study relies on multiple qualitative
data sources to construct a comprehensive
and context-sensitive understanding of the
ecosystem surrounding fly ash valorization
in Chile. A combination of literature review,
document analysis, and semi-structured
interviews was used to capture both
structural conditions and actor perspectives.

Literature and document analysis: a
targeted literature review and document
analysis were conducted to establish both
empirical context and the conceptual
foundation of the study. Sources included
academic publications on geopolymers and
innovation ecosystem; national policy and
regulatory documents (e.g., environmental
regulation, construction standards, circular
economy strategies); industry corporate
reports and publicly available datasets on
energy production and waste management.

Semi-structured interviews: Interviewees
were selected through purposive and
snowball sampling, targeting actors directly
or indirectly involved in fly ash valorization
pathways, construction materials,
innovation development, or regulatory
ecosystems relevant to the Chilean

MBE Graduation Report- A3

context. Seven semi-structured interviews
were conducted with key stakeholders
across the ecosystem, including research
and innovation institutions, material
development entrepreneurs, industry actors
and public and intermediary organizations
involved in technology development and
policy creation. The interviews aimed to
complement secondary data with expert
insights, validate and refine ecosystem
mapping and identify perceived barriers,
opportunities, and interdependencies. The
semi-structured format allowed for flexibility
in exploring emerging themes while
maintaining consistency across interviews.
See interview protocol in Appendix II.

3.4 DATA ANALYSIS

Interview coding and analytical integration:
The collected data were analyzed through
thematic analysis. Interview transcripts and
notes were reviewed to identify recurring
themes related to material development,
feedstock variability, regulatory barriers,
validation requirements, funding, market
adoption, construction-sector risk, and
sustainability  incentives. The analysis
moved beyond descriptive coding by
interpreting these themes through Adner’s
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ecosystem-as-structure framework. In this
second analytical step, interview findings
were assigned to ecosystem categories,
including actors, activities, links, positions,
co-innovation risks, adoption-chain risks,
bottlenecks, and gatekeepers.

For example, comments concerning
certification costs and approval procedures
were categorized as upstream validation
bottlenecks, while comments concerning
developer reluctance, project risk, and
willingness to pay were categorized as
downstream adoption-chain risks. This
process allowed the interview evidence
to inform the construction of the Value
Blueprint and the identification of critical
ecosystem dependencies shaping the
potential adoption of fly ash-based
geopolymers in Chile.

Data triangulation: To strengthen the
credibility of the findings, the analysis relied
on methodological triangulation across three
sources of evidence: academic literature,
documentary sources, and semi-structured
interviews. Academic literature was used
to identify known technical, regulatory, and
market barriers to geopolymer adoption, as
well as to define the analytical categories
derived from the innovation ecosystem
framework. Documentary sources, including
policy documents, technical standards,
corporate reports, and public datasets, were
used to characterize the Chilean regulatory,
industrial, and material context. Interviews
were used to complement and interpret
these findings by capturing actor-specific
perceptions, practical constraints, and
ecosystem interdependencies that are not
fully visible in documentary sources.

Triangulation was applied by comparing
whethereachrelevant finding was supported
by one or more types of evidence. For
example, regulatory barriers were identified
in the literature on construction-material
adoption, observed in Chilean prescriptive
standards and certification mechanisms,
and further confirmed by interviewees
who described validation as costly, time-
consuming, and uncertain. Findings were
considered more robust when supported
by multiple sources and more interpretative
when based mainly on interviews.

A. Cabezon | MBE Graduation Report- A3

METHODOLOGY

3.5 METHODOLOGICAL
LIMITATIONS

This study presents limitations related to its
research design, data sources, and analytical
focus.

First, the study adopts a qualitative and
exploratory research design, aimed at
developing an in-depth understanding of
a specific ecosystem configuration rather
than producing statistically representative
or generalizable findings. As such, the
results are inherently context-sensitive and
do not seek empirical generalization across
multiple settings. In line with established
qualitative research standards, the validity
of the findings relies on analytical depth and
contextual richness, enabling transferability
rather than statistical generalization. That
is, the extent to which insights may be
applicable to other contexts depends on the
reader’s assessment of similarity between
cases (Gibbs, 2012).

Second, the empirical analysis relies
primarily on secondary data sources
complemented by a limited number of
semi-structured interviews. While efforts
were made to ensure robustness through
triangulation of documentary evidence
and expert perspectives, the relatively
small number of interviews may not fully
capture the diversity of viewpoints across all
relevant ecosystem actors. In addition, some
interpretations remain contingent on the
availability, quality, and potential biases of
existing data sources, which may introduce
partial or uneven representations of the
ecosystem.

The interviews reflect the perspectives of
selected stakeholders and may not capture
all dynamics of the ecosystem. Furthermore,
the results presented constitute an
interpretation by the researcher and
therefore inevitably reflect a degree of
researcher bias. To address these limitations,
the study incorporated triangulation across
actors, official documents, and academic
literature, as well as continuous reflexivity
throughout the research process, in order
to enhance the robustness and credibility
of the findings. The results should therefore
be understood as interpretative rather
than fully objective representations of the
ecosystem.
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4. EMPIRICAL CONTEXT:
THE CHILEAN FLY ASH SYSTEM

A. Cabezon

This chapter provides the empirical context
necessary to understand the conditions
under which fly ash valorization occurs
in Chile. It examines the generation,
management, regulatory framework, and
corporate strategies associated with fly
ash, establishing the contextual foundation
for the ecosystem analysis developed in
Chapter 5.

TABLE 4.1

EMPIRICAL CONTEXT

4.1 FLY ASH PRODUCTION

In Chile, both coal and biomass fly ash
are classified as non-hazardous industrial
residues from thermoelectric power plants.
Their management is regulated under
Decreto Supremo N°13-2011 (DS13-2011),
which requires the monitoring and control
of emissions and pollutants from these
facilities, including the capture of particulate
matter.

Fly ash production in Chile (2024 projection)

Fuel Estimated Ash  Declared Ash Declared
consumption Generation Generation Valorization Valorization

Fuel type (t/year) [A] (t/year) [B] (t/year) [C] (t/year) [D] rate (%)
Coal 3.814.800 457.776,00 674.487 195.000 29%
Biomass 13.421.540 201.323 223.981 134.388 60%

Biomass (solid) 5.706.940 85.604,10 not specified not specified -

Black Liquor 7.714.600 115.719,00 not specified not specified -

TOTAL annual flow 17.236.340 659.099,10 898.468 329.388,00 37%
Historical Stock* - >30.000.000 - -

[A] Consumption Data: Obtained from the "Consumption Matrix" tab of the National Energy Balance (BNE) 2024

(Ministry of Energy of Chile, n.d).

[B] Estimated Ash Generation: maximum theoretical amount of ash produced based purely on combustion
stoichiometry. Calculated by mass balance applying average ash content factors: 12% for coal; 2% for

biomass/pellet; and 1.5% for black liquor solids.

[C] Declared generation: data extracted from de RETC report "2024-Generation of non-hazardous industrial
waste" (Ministry of the Environment of Chile, 2026) under LER codes 10 01 02 (coal fly ash) and 10 01 03 (Biomass

fly ash).

[D] Declared valorization: Estimate based on the sum of valuation operations (R) declared in the RETC-Sinader

system (Ministry of the Environment of Chile, 2026).

*Historical Stock: Estimate based on environmental liabilities accumulated in industrial landfills (Cenizales) during
the last 30 years. Data source: BNE 2010-2024 (Ministry of Energy of Chile, n.d.).
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HISTORICAL COAL AND BIOMASS FLY ASH GENERATION IN CHILE (2010-2024)
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Figure 4.1 — Historical Coal and Biomass Fly Ash Generation in Chile (2010-2024). Coal fly ash
generation declined markedly following the implementation of Chile’s National Decarbonization
Plan, with recent production levels falling below the historical average. In contrast, biomass fly ash
generation increased due to the expansion of biomass-fired power plants associated with the forestry
industry during the 2010s. Source: Author’s elaboration based on the Energy Balance Reports (2010—
2024) published by the Ministry of Energy of Chile (n.d.), and data from RETC-SINADER, “2024 —
Generacion de residuos industriales no peligrosos”, published by the Ministry of Environment of Chile
(2026).

Chile generates substantial volumes of fly
ash from both coal- and biomass-based
electricity production, with approximately
650,000 tons of coal fly ash and 490,000 tons
of biomass fly ash produced annually (Table
4.1). While this represents a significant
material stream with high potential for
industrial valorization, the supply is currently
being reshaped by a structural transition
within the energy sector.

Coal-based generation, historically
the primary source of fly ash, is being
progressively phased out under the National
Decarbonization Plan (Government of Chile,
2019), and recent legislative initiatives
propose advancing the complete retirement
of coal-based generation to 2035 (Ministry
of Energy, 2025). Consequently, despite
the continued operation of remaining
plants at relatively high-capacity factors,
annual production is declining, and coal
fly ash supply is expected to end in the
next ten years (Figure 4.1). In contrast,
biomass-based generation has expanded,
driven by renewable energy policies (Non-
Conventional Renewable Energy Law -
20.257) and its integration with the forestry
industry.
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Furthermore, while coal ash remains
concentrated in a limited number of large-
scale facilities near industrial and port
infrastructure, biomass ash sources are
distributed across multiple smaller plants
embedded within regional industrial
systems in the south-central region (Figure
4.2). These dynamics suggest that fly ash
availability in Chile is abundant but also
heterogeneous and transitioning, with
implications for its consistent sourcing,
processing, and integration into new
material value chains.

4.2 DISPOSAL PRACTICES AND
CURRENT VALORIZATION
PATHWAYS

Fly ash management in Chile remains
dominated by disposal practices, with less
than 40% share currently directed toward
valorization pathways (Figure 4.3). This
distribution reflects a system in which
material reuse remains limited and unevenly
developed across sectors.

Coal fly ash generated by thermoelectric
power plants has been partially integrated
into the cement industry as a supplementary
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cementitious material (SCM), replacing a
fractionofPortlandcementclinkerinconcrete
‘ \ production. This pathway constitutes
S the most mature and institutionally
g J embedded form of valorization, supported
@ o Thermoelectic { by established technical standards such

2'_3”“ N as NCh148 and NCh3520:2020, and
e \ characterized by a relatively high level
" of technological readiness (Table 4.2).

/ However, this regulatory framework was

| 4 only formalized in 2020, over 25 vyears

{ after the implementation of equivalent
standards in Europe (NEN-EN 450, 1994),

' and subsequent to the announcement
of Chile’s National Decarbonization Plan
§ (Government of Chile, 2019). Although these
developments signal a transition toward
a f{ more circular practices in the construction
et ! sector, they also expose a marked temporal
; lag relative to international benchmarks and
‘ | a lack of regulatory coordination (Interview
5). The delayed adoption of standards fails

S to keep pace with industrial innovation and
® | sustainability targets, revealing a structural
‘Santiago misalignment between circular economy
{ O] opportunities, market demand, and

Figure 4.2 —
Geographic
distribution of

coal and biomass
thermoelectric power
plants in Chile. Coal-
based power plants
are located in the
northern and central
regions, associated
with major port
infrastructure, mining
operations, and
large urban demand
centers. Biomass
power plants are
concentrated in the
south-central region,
linked to the forestry
and paper-and-pulp
industry. Source:
Author’s elaboration
based on INE spatial
datasets (ArcGIS
Living Atlas) and the
Installed Capacity
Report 2025 of the
National Energy
Commission (Chile)
(n.d).
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o regulatory recognition.

In contrast, the valorization of biomass fly
ash remains significantly less developed and
more fragmented. Current applications are
limited to specific and localized uses, such as
road base stabilization within private forestry
networks or pilot-scale land application as a
soil amendment in southern Chile (Figure
4.4). Although these uses demonstrate
technical feasibility, they remain low-
value and sector-specific, lacking broader
integration into standardized construction
practices. Ongoing research into the use of
biomass fly ash as a pozzolanic material in
concrete suggests potential for higher-value
applications, but these efforts are still at an
early experimental stage.

More advanced valorization pathways, such
as geopolymers and alkali-activated binders,
are widely recognized in the literature as
high-value applications for fly ash. However,
in the Chilean context, these technologies
remain largely absent from industrial
practice. With the exception of research
linked to copper mine tailings (Morales-
Castro et al., 2025), they are not currently
reflected in national technical standards,
public research programs at scale, or
regulatory frameworks. This absence limits
their visibility and integration within existing
material value chains.
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EMPIRICAL CONTEXT
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Figure 4.3 — Valorization Pathways Sankey diagram. More than 60% of current fly ash production ends up in landfill. Source:
Author’s elaboration based on the Energy Balance Report 2024 published by the Ministry of Energy of Chile (n.d), and data from
RETC-SINADER, “2024: Non-hazardous industrial waste generation”, published by the Ministry of Environment of Chile (2026).

Figure 4.4 — Fly ash
treatment facilities
for agricultural

soil amendment
production at
Arauco’s San José de
Mariquina Cellulose
Plant, Valdivia, Chile.
Source: Author’s
photograph (02-02-
2026).

As illustrated in Figure 4.3, the limited
development and uneven distribution of
valorization pathways result in a system
where disposal remains the dominant
outcome. Existing reuse options are
concentrated in a small number of
applications with established institutional
support, while alternative pathways remain
marginal. This configuration suggests that
the challenge of fly ash valorization in Chile is
notonlyrelated to the availability of technical
solutions, but also to the limited integration
of these solutions into established industrial
and regulatory structures.
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4.3 REGULATORY AND POLICY
LANDSCAPE

To understand the regulatory and policy
landscape shapingthe adoption of innovative
construction materials in Chile, the most
relevant instruments were classified into
five levels (Figure 4.5), reflecting their scope
and function in the system. A detailed list of
these regulations and policies is provided in
Appendix I.

1. Strategic and policy drivers: At
the broadest level, strategic and policy
instruments  establish  the long-term
direction for decarbonization, circularity,
and sustainability. This category includes
international commitments such as the Paris
Agreement, as well as national instruments
such as the Framework Law for Climate
Change, the Long-Term Climate Strategy,
the Nationally Determined Contribution,
the National Energy Policy, the Circular
Economy Roadmap, and the National
Strategy for Sustainable Construction
(Appendix ). These instruments do not
directly regulate construction materials.
However, they create strategic pressure on
carbon-intensive sectors such as cement
and construction, generating a favorable
context for alternative binders, industrial by-
product valorization, and circular material
flows.
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TABLE 4.3

EMPIRICAL CONTEXT

Current and emerging Fly Ash Valorization Pathways in Chile

Valorization

Main actors/

pathway Ash type  developes TRL* Decription Source/ evidence
Coal fly ash is widely used as a Chilean standards
Cement supplementary cementitious material (SCM) [NCh148 and
Coal companies TRLY in concrete, partially replacing Portland NCh3520:2020
Fly Ash (Melon, Biobio, cement clinker and improving durability and [regulate its use in
Polpaico) workability. This represents the most cement and
Cement Additive established valorization route in Chile. concrete.
(SCM)
Concrete Research initiatives are evaluating forestry
) Innovation biomass fly ash as a pozzolanic material,
Biomass Fly o CIH-UC Seed Fund
Center UC (CIH- |TRL 3-4 aiming to replace coal fly ash from )
Ash ) ) (Fondo Semilla).
UC) and U. de thermoelectric plants in concrete
Concepcion production.
Biomass fly ash is incorporated into road Chilean Ministry of
) Forestry ) : )
Road Base Biomass | base layers as a structural filler and soil Public Works,
o industry (CMPA, [TRL 8-9 . .
stabilization Fly Ash stabilizer, mainly in private forestry road Manual de
Arauco)
networks. Carreteras (Vol. 8).
Wood ash is applied to agricultural and
) ) ) Forestry ) P ) 5 L Industrial pilot
Agricultural Soil |Biomass Fly|. forestry soils to neutralize soil acidity and .
Amendment Ash industry (CMPA, |TRL 5-6 supply mineral nutrients, particularly in Initiatives reported
Arauco) opy ) P v by Arauco and CMPC.
southern Chile.
Alkali-activated binders and geopolymers
L seopoly —|No explicit reference
represent a potential high-value valorization | : )
in Chilean technical
Coal & pathway, as fly ash can be used to produce ctandards
Geopolymers Biomass Fly|- TRL 1-3 alternative cementitious materials with ’
) ~ |regulatory
Ash reduced clinker content. However, there is .
documents or public
currently no regulatory framework or
! - o : research funds.
industrial implementation in Chile.

* Technology Readiness Levels (TRL) are assigned based on the European Commission TRL framework (TRL 1-9), where TRL 1-3
corresponds to basic research, TRL 4—6 to laboratory and pilot validation, and TRL 7-9 to demonstration and full commercial deployment.

2. Environmental and waste-management
regulation:  This  category  includes
instruments that regulate environmental
permitting, emissions, waste generation,
disposal, and recovery. Examples include the
Environmental Impact Assessment System
(SEIA), emission standards such as DS13-
2011, the Extended Producer Responsibility
Law (Ley REP 20.920), and specific
regulations related to the use of industrial
residues, such as Decreto 46-MINSAL
(Appendix I). These regulations are relevant
because geopolymers may depend on
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industrial by-products, such as fly ash, as
input materials. In this sense, environmental
regulation has indirectly enabled the
generation of concentrated fly ash streams
by requiring particulate capture technologies
in thermoelectric plants. However, its main
objective remains environmental control
rather than material valorization. Therefore,
while these instruments may generate or
regulate potential feedstock, they do not
necessarily promote its integration into new
construction value chains.
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Figure 4.5 — Chilean regulatory and policy landscape influencing innovation adoption in the construction sector. A detailed
listing of the regulatory bodies and their implications is provided in Appendix |. Source: Author’ own elaboration.

3. R & D and Innovation enablers:
This category includes the institutiona
instruments and organizations that support
technological  development, research,
piloting, validation, and commercialization.
Agencies such as ANID and CORFO, as
well as technology centers and sectoral
innovation initiatives, play a key role in
enabling early-stage research and technical
validation (Interviews 1, 2). This support is
particularly relevant for emerging materials
such as geopolymers, as it contributes to
generating the technical evidence required
for future regulatory acceptance (Interviews
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1, 2, 4). However, the continuity and
scale of this support are often contingent
on shifting political priorities, creating
uncertainty regarding long-term funding
and implementation capacity.

4. Construction regulation and technical
standards: This category includes the
legal and technical framework that
defines which materials, systems, and
performance requirements are recognized
in construction practice. It comprises
building regulations, including the General
Law and General Ordinance of Urban
planning and  construction(LGUC and
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OGUC), alongside technical standards and
material specifications (National Standards-
NCh) (Appendix 1). This framework is
directly relevant to geopolymer adoption
because it determines whether a material
can be specified, tested, and accepted in
conventional construction applications.
However, the Chilean constructionregulatory
framework remains largely prescriptive,
strongly influenced by seismic performance
requirements, and centered on Portland
cement-based systems (NCh. 148, 163, 170;
Interviews 3, 4, 5). Although coal fly ash is
recognized as a supplementary material in
cement standards (NCh 161), alternative
binders such as geopolymers remain outside
the scope of existing standards, limiting their
direct adoption in conventional applications
(Interviews 4, 5).

mechanisms:
provide
compliance,

5. Certification
Certification mechanisms
pathways to demonstrate
validate performance, or communicate
environmental attributes. This category
includes mechanisms such as DITEC
approval for non-traditional construction
systems, Independent Technical Evaluation
(ETI), performance-based certification,
Environmental Product Declarations (DAP/
EPD), and sustainability certification systems
such as CES (Appendix ). These mechanisms
are particularly relevant for geopolymers
because they may offer alternative
routes for materials that are not yet fully
covered by existing prescriptive standards.
Nevertheless, these processes can be time-
consuming, costly, and limited in scope,
especially when dealing with novel materials
that require extensive technical validation
(Interviews 4, 5).

Taken together, these five levels reveal a
regulatory landscape that is directionally
supportive of decarbonization and circularity
yet structurally fragmented in its capacity to
enable adoption of alternative materials.
While higher-level policies create incentives
for change, lower-level instruments offer
limited practical pathways for innovation. A
gap persists between a supportive macro-
level vision and an operationally restrictive
implementation level, thereby constraining
the integration of innovative materials-such
as fly ash-based geopolymers- into the
broader construction sector.
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4.4 CORPORATE
SUSTAINABILITY AGENDAS

Corporate sustainability agendas provide
insight into the incentive structures that
shape technology adoption beyond formal
regulatory requirements. In sectors such
as energy, forestry, and construction,
sustainability has increasingly become
embedded in long-term business strategy,
driven by cost considerations, access to
finance, reputational risk, and evolving
market expectations. However, the extent
to which these strategic commitments
translate into material adoption varies
significantly across sectors and value chains.

In Chile’s energy sector, companies such as
Colbun have incorporated waste valorization
into their sustainability strategies, including
targets of up to 98% ash reuse (Colbun,
2024). These commitments reflect an effort
to reposition fly ash from a disposal liability
to a potential industrial input, primarily
through its integration into existing cement-
based value chains. This illustrates how
sustainability objectives can align with
established industrial practices, particularly
where regulatory frameworks and market
demand already support material reuse.

In the forestry and pulp sector, companies

such  as Arauco and CMPC have
adopted ambitious circular economy
and decarbonization targets, including

commitments to eliminate landfill disposal
of industrial waste and reduce Scope 3
emissions (Arauco, 2024,CMPC, 2024). These
strategies emphasize resource efficiency
and value-chain integration, suggesting a
growing interest in waste valorization as
part of broader competitiveness and climate
objectives. However, current applications
of biomass fly ash remain limited to low-
value or sector-specific uses, indicating that
these strategic commitments have not yet
translated into the development of higher-
value material pathways.

In contrast, the construction sector—
representing the primary downstream
market for construction materials—exhibits
a weaker integration of sustainability into
firm-level decision-making. The industry
is highly fragmented and predominantly
driven by cost considerations (Interview 1,
4, 5), with limited exposure to international
environmental standards. As a result,
sustainability initiatives are often promoted
by industry associations and public
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Figure 4.6 - Construction Sector Activity in Chile
(2016-2026). The figure illustrates the high
sensitivity of the construction sector to periods
of crisis and economic uncertainty. Source:
Author’s elaboration based on data from Chilean
Chamber of Construction (CChC, n.d.).

programs, such as National Chamber of
Construction (CChC) and CORFO, rather
than individual firms (Interview 1, 2). While
these initiatives contribute to awareness
and capability building, they lack binding
force and have limited influence on material
selection practices.

In addition, the construction sector is
highly sensitive to economic cycles, with
activity levels strongly affected by periods
of uncertainty and crisis (Figure 4.6).
This volatility reinforces short-term cost
optimization and risk-averse decision-
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making, limiting firms” willingness to adopt
new or unproven materials (Interview
4, 5). As a result, even when alternative
materials offer environmental or technical
advantages, their adoption is constrained
by the sector’s limited capacity to absorb
innovation  under  uncertain  market
conditions. Additionally, the adoption of new
technologies, processes, and materials faces
a critical logistical bottleneck related to the
incorporation of new equipment, additional
regulatory compliance and oversight
processes, performance analysis testing, and
specialized labor (Interview 5). It is what in
business and economic literature is referred
toasincumbent lock-in, whereby established
technologies, routines, and supply chains
create structural barriers that hinder the
adoption of alternative innovations, even
when these may offer superior long-term
economic or environmental benefits.

This configuration creates a structural
imbalance within the system. Upstream
sectors demonstrate increasing commitment
to circularity and waste valorization, while
downstream demand for alternative
materials remains weak and highly price-
sensitive. Although sustainability agendas
suggest a growing interest in reducing
environmental impacts across value chains,
the persistence of landfill disposal for a
significant share of fly ash indicates that
these commitments have not yet translated
into widespread material adoption. This
suggests that corporate sustainability
strategies, while directionally supportive,
are not sufficient on their own to drive
the integration of new materials such as
geopolymers into the construction sector.

All the elements and conditions identified
in this chapter now serve as inputs for the
ecosystem analysis. Chapter 5 translates
this context into an innovation ecosystem
structure by identifying which actors are
involved, what roles they occupy, where
dependencies emerge, and which conditions
may enable or constrain the adoption of
fly ash-based geopolymers in the Chilean
construction sector.
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5. INNOVATION ECOSYSTEM STRUCTURE
FOR GEOPOLYMERS IN CHILE

In this chapter, Adner’s ‘Ecosystem-as-
structure’” framework is applied to the
prospective case of geopolymer adoption as
an innovative and sustainable construction
material within the Chilean construction
sector.

The framework provides a structured lens
through which to analyze how value is
created, distributed, and realized across
multiple interdependent actors, while
identifying the requirements necessary for
the innovation to materialize successfully.
As a strategic and actionable framework, it
helps detect requirements for success that
extend beyond a single initiative, recognize
ecosystem bottlenecks, adapt development
strategies, and implement risk-mitigation
approaches.

Chapter 5 proceeds in two steps: Section
5.1 defines the focal value proposition of
fly ash-based geopolymers, while Section
5.2 maps the ecosystem structure through
a Value Blueprint. This mapping identifies
the actors, activities, dependencies, and
bottlenecks that shape potential adoption.
The implications of these findings are
subsequently discussed in Chapter 6.
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5.1 THE FOCAL VALUE
PROPOSITION

Following Adner’s ecosystem framework,
the value of an innovation cannot be
defined solely in terms of the technical
improvement it offers. Rather, the focal
value proposition defines the end state that
justifies why multiple participants should
coordinate their activities. It functions as
an alignment mechanism among ecosystem
actors, specifying the roles, contributions
and incentives required for the innovation
to materialize (Adner, 2016; 2012).

From this perspective, the first analytical
step is to identify the potential advantages
of the innovation and understand how
these benefits can be realized within the
ecosystem.

Geopolymers, as a novel construction
material present several advantages that can
be leveraged within the Chilean construction
industryecosystem.Inparticular,geopolymer
production enables the transformation of
an underutilized industrial waste stream (fly
ash) into a low-carbon, low-energy, locally
sourced construction material. This process
can simultaneously reduce landfill disposal,
lower embodied emissions in the built
environment and create a new cross-sector
industrial value within Chile.
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The value proposition of geopolymers can
be structured in four dimensions (Figure
5.1):

1. Functional value: Geopolymers have
the potential to substitute conventional
Portland cement-based materials and
certain ceramic products. Under controlled
formulation and curing condition, they can
exhibit comparable or superior compressive
strength, enhanced chemical resistance,
high temperature resistance, and design
flexibility, particularly through precast
applications (Duxson et al., 2006; Hao et al,,
2025; Zhang et al.,, 2019; Liang et al., 2024).

2. Industrial Value: Geopolymer production
offers a pathway for the valorization of
industrial waste streams such as fly ash. This
creates potential business opportunities
while reducing landfill disposal and
associated management and transportation
costs. It may also support compliance with
environmental regulation and corporate
emission targets (e.g., Scope 1 and Scope
3 of the GHP Protocol), while enabling
access to green finance instruments or fiscal
incentives, such as tax reduction associated
with R&D practices (Law 20.241).
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3. Environmental value: From a
sustainability  perspective,  geopolymer
production decreases landfill disposal
of industrial residues, supports circular
resource flows, and contributes to reducing
emissions in the construction sector by
reducing reliance on clinker-based cement
production. Compared with conventional
OPC production, geopolymers systems
may achieve significant reductions in
process emissions, with studies reporting
approximately 40-80% lower embodied C02,
depending on the formulation and context
(McLellan et al.,, 2011; Yalcinkaya et al,
2023; Duxson et al., 2006).

4. Market Value: Geopolymers may offer a
competitive production cost due to lower
raw material costs (waste-derived inputs),
reduced energy requirements during
fabrication, and shorter transport where
production can be located near ash sources
and end markets. Combined with functional
performance comparable to conventional
materials and potential regulatory incentives
linked to decarbonization targets, these
characteristics may strengthen their market
competitiveness.
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Once the focal value proposition of
geopolymer production is defined, the
next analytical step is to ask “value for
whom?” This perspective enables the
identification of the relevant actors within
the ecosystem, those who have an interest
in, or whose participation is required for, the
materialization of the innovation.

In the Chilean context, realization of

this focal value proposition involves
coordination among energy-sector waste
producers, governmental institutions,

research and development organizations,
and construction-sector actors around
the production and adoption of new
construction material.

Importantly, the geopolymer value
proposition should be understood as a
strategic construct, shaped not only by
material performance but also by the
alignment of broader structural conditions
within the Chilean context. These include
the national regulatory  framework,
decarbonization targets, waste management
challenges, and the construction industry’s
increasing demand for lower-carbon
materials (Figure 5.1), alongside context-
dependent economic cycles, material costs
and supply dynamics. As Adner (2012)
argues, the success of aninnovation depends
not only on what is developed and how, but
also on when it emerges, requiring multiple
system elements to converge for the value
proposition to fully materialize.

This shift does not necessarily involve
new actors, but rather a reconfiguration
of incentives among existing ones. The
convergence of regulatory, economic,
and environmental pressures creates
conditions under which the geopolymer
value proposition becomes increasingly
relevant. However, the existence of these
value dimensions does not ensure their
realization. Their materialization depends
on whether these benefits can be translated
into  acceptable  performance, cost
structures, and implementation conditions
within the construction sector.
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5.2 VALUE BLUEPRINT

Following Adner’s framework, the ecosystem
can be structured by defining which actors
assume specific roles, the activities they
perform, their links and their position
(upstream and downstream) relative
to the focal value proposition, namely,
geopolymer development (Figure 5.2). In
this perspective, structure is defined by the
set of interdependent activities required to
create the focal value, rather than by the
linear configuration of a supply chain or the
features of the product alone.

This representation constitutes a simplified
model of the ecosystem, capturing the
actors and interactions most relevant to
the materialization of the innovation. While
additional elements may exist, the analysis
prioritizes the principal components to
enable a coherent and tractable system-
level understanding.

5.2.1 Upstream and co-
innovation risk

The Upstream section of the ecosystem
structure comprises the elements required
for the development of the innovation
(Figure 5.2). In Adner’s framework, these
elements are associated with upstream
co-innovation risk, meaning that the
success of an innovation depends on other
components reaching sufficient levels of
maturity and commitment simultaneously
(Adner,2012). In other words, the innovation
cannot materialize if any upstream element
is misaligned, unwilling to participate, or
lacks the capability to undertake the new
activities required for its realization. These
elements therefore constitute potential
bottlenecks within the ecosystem.

In the case of geopolymer adoption as
a construction material, these upstream
conditions include material supply (fly ash
producers and alkaline activators suppliers),
knowledge development (R&D institutions),
regulatory validation and financial resources.
However, these elements do not contribute
equally to the feasibility of the innovation,
and their roles must be analytically
differentiated.

Fly ash producers (coal- and biomass-fired
power plants) represent a key upstream
enabling actor, as they supply the primary
raw material required for geopolymer
production. While their level of interest
may influence their willingness to support
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Figure 5.2 — Ecosystem structure for Geopolymers adoption in Chile.
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R&D activities, their participation, however,
is structurally low-risk. The innovation
offers a clear value proposition: valorizing
fly ash allows them to manage an existing
waste stream without requiring significant
operational changes or upfront investment.
As a result, their engagement is relatively
easy to secure and does not constitute a
binding constraint in the ecosystem.

In contrast, within the raw material supply
chain, supply of alkaline activators,
particularly NaOH, constitute a critical
bottleneck. The high cost of NaOH in the
Chilean market, together with its high
embodied carbon —stemming from its
status as a primarily imported commodity—
directly undermines both the economic
and environmental dimensions of the
geopolymer value proposition (Interview
No.4). As highlighted in academic literature,
both environmental benefits and production
costs of these materials are highly context
dependent (Mclellan et al., 2011;
Yalcinkaya et al., 2023; Duxson et al., 2006).
Consequently, the competitiveness and
overall value proposition of geopolymers in
Chile are contingent upon reducing reliance
on carbon-intensive and costly activators
through the development of viable
alternatives (Morales-Castro et al., 2025).

R&D institutions play a central enabling
role, as the development of technical
knowledge —formulation, testing, and
validation— is required for both production
and regulatory approval. In this sense, R&D
constitutes a co-innovation requirement:
the focal innovation cannot materialize
without sufficient technical validation.

The participation of R&D actors is closely
linked to the availability of funding, which
constitutes a critical constraint across
different stages of innovation process
(Interview No. 1, 4, 6, 7).

In Chile, institutions that provide the
foundational support required to initiate
early-stage projects are typically associated
with universities or research centers.
Without this initial institutional backing,
access to subsequent public funding is often
limited (Interviews No. 1 and 2).

As highlighted by multiple actors within
the ecosystem, the resource requirements
for scaling an innovation differ significantly
from those of early-stage development.
According to the literature, this challenge is
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particularly critical for physical technologies,
such as new construction materials, which
require substantial upfront investment
in testing, validation, and production
(Leendertse et al., 2020). One interviewee
identified upfront investment and scalability
as major barriers to the development and
adoption of new materials (Interview No.
7). The certification and validation of new
materials demand considerable financial
resources and long development timelines
before commercialization becomes
feasible. In addition, material development
faces significant technical barriers when
transitioning from laboratory-scale validation
to industrial implementation (Interviews No.
4,5, and 6), placing previous investments at
substantial risk.

On the other hand, even when projects
successfullycompletetheinitialdevelopment
stages and establish functional industrial
pilots, they still face significant challenges in
securing the funding required for operation
and scaling. Operating a production facility
requires substantial capital, while the
competitiveness of the product largely
depends on achieving economies of scale
that reduce production costs (Interviews No.
4,5, and 6).

Beyond funding constraints, R&D, although
necessary, is not sufficient and does not
constitute the binding constraint in the
ecosystem. Even with validated knowledge,
adoption ultimately depends on regulatory
approval and downstream acceptance.

Regulation and validation processes
represent a key adoption bottleneck, as
market entry depends on formal approval
and compliance with established standards.
In the case of new construction materials,
this process is restrictive, time-consuming
and costly, delaying the commercialization
of new materials (Interviews No. 2, 4, 5 and
7; MINVU, 2016).

As noted by Duxson et al. (2007),
construction standards are predominantly
prescriptive and oriented toward cement-
based systems, a pattern that is also evident
in Chile. The regulatory framework, defined
by the General Ordinance on Urban Planning
and Construction (OGUC) and associated
technical standards (NCh), relies on highly
prescriptive norms that specify material
compositions, dimensions, and construction
methods. These standards primarily cover
traditional materials and systems, such
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as steel, timber, masonry, and concrete
(e.g., NCh148-cement types and dosage;
NCh0791 ceramic bricks), leaving limited
scope for the integration of alternative
materials. For structural applications,
construction materials that do not conform
to established design standards must be
evaluated under the framework for Non-
Traditional Construction Systems (SCNT)
(Figure 5.3), which is based on performance
comparison  rather than predefined
specifications (Ministry of Housing and
Urban Development, 2016). Although this
pathway provides a performance-based
process that enables the use of innovative
materials, such as geopolymers, these
materials can currently only be used in
buildings of up to two stories. In addition,
the validation process is time- and resource-
intensive, and certifications are only valid for
five years (MINVU, 2016, March 2), thereby
constituting a persistent bottleneck for their
adoption.

Following Duxson et al. (2007), regulatory
constraints for construction materials are
not uniform across applications. In Chile,
structural requirements are particularly strict
due to the country’s high seismic activity.
Nevertheless, certain applications involve
less complex certification procedures (Table
5.1). Although all construction materials
still require basic safety and performance
validation—representing significant time
and cost barriers to market entry—Iless
regulated, non-structural applications such
as pavements, urban furniture, or surface
finishes may offer viable entry points. These
applications allow for staged validation
processes and gradual risk reduction before
expansion into more demanding structural
uses.

Additionally, as noted by two interviewees,
the regulatory framework for construction
materials is highly fragmented. Depending
on the intended application, different
laws, regulations, technical standards, and
supervisory bodies may apply. As a result,
developers must comply with multiple and
sometimes overlapping requirements, while
obtaining approvals from various regulatory
authorities (Interview No.5 and 7). This
fragmentation further complicates the
process of developing and commercializing
a marketable product.

Overall, the upstream configuration reveals
an asymmetric risk structure. While primary

A. Cabezon | MBE Graduation Report- A3

INNOVATION ECOSYSTEM STRUCTURE

material supply (fly ash) represents a low-
risk enabling condition, and R&D function
as a necessary enabler, the main constraints
are concentrated in funding, critical input
materials (alkaline activators), and regulatory
validation processes

Access to funding constitutes a key
dependency. Material innovation requires
significant upfront investment and long
development timelines, which represents
a high-risk proposition for investors.
Nevertheless, these elements can be
understood as execution risks that can be
managed internally or through conventional
managerial and business strategies.

By contrast, the availability of suitable
alkaline activators represents a material
bottleneck that directly affects both the
cost competitiveness and environmental
performance  of  geopolymers.  And
regulatory validation processes constitute
a requirement for success that lies beyond
the developer’s control (Adner, 2012, p.
35). These two elements lack the level of
maturity required for the geopolymers to
materialize,representing a co-innovation risk
and the key upstream bottlenecks (Figure
5.4).

5.2.2 Downstream and adoption
chain risk

Downstream are positioned the elements
required for the innovation to effectively
reach the market. In Adner’s framework,
downstream elements are associated with
adoption chain risks, that is, the risk that
intermediaries in the path to the end user
lack sufficient incentives to support the
innovation, even when final demand exists.
These intermediaries act as gatekeepers,
enabling or preventing the product from
reaching end users, and thereby shaping
the success of the business model. For
sustainable startups, they also determine
whether the initiative generates real impact
or not.

In the case of geopolymer adoption as a
construction material, key downstream
gatekeepers include specifiers (e.g,
structural engineers and architects),
suppliers , contractors, and above all, the
project developers. However, their roles
and influence within the ecosystem are not
equivalent.
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Figure 5.3 — Validation process for new materials. When a material is not covered by established standards, it must be
evaluated under the framework for Non-Traditional Construction Systems and approved by the Technical Division of the Ministry
of Housing and Urban Development before it can be used in construction projects. The required testing for approval depends
on the specific application of the material (Table 5.1). The duration of this process may vary between 6 and 12 months. Once
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and traceability requirements. This approval is valid for five years and allows the applicant to pursue the final standardization
of the product through the National Institute for Standardization (INN), a process that may take up to four additional years.
Source: Author based on Division of Technical Studies and Housing Promotion [DITEC] (n.d.). Procedure for the authorization of
Non-Conventional Construction Systems.
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TABLE. 6.1
Test Requirements for Material Validation According to Application

TEST TYPE OF SAMPLE REQUIRED COST
— 1. Mechanical Resistance [Standardized test specimen] S
Cylinders, cubes or prisms of the material for hydraulic press
— 2. Cyclic Loading (Earthquake) [Scale 1:1 (Actual wall or frame)] $$S8SS
Requires constructing walls with fixings on reaction beams
STRUCTURAL — 3. Ductility and Deformation [Test specimens or Scale 1:1] SS
MATERIALS . . .
— Fatigue measurement under continuous stress in beams
(OR PART OF A 4. Structural Fire Resist RF) [Scale 1:1 (Mini 3x3 meters) S$SSS
STRUCTURAL . Structural Fire Resistance (RF) cale 1: inimum 3x3 meters
SYSTEM) (wall hydraulically loaded inside a giant furnace at >1000°C)
— 5. Connection Test [Scale 1:1 (Actual joints/connections)] S
(Critical joints between parts: bolts, adhesives, welds)

'— 6. Structural Durability [Reduced Scale Specimens] SSS
Slow Creep Test that takes months under sustained load

— 1. Thermal Transmittance [1:1 Scale] SSS
(U-value) Requires a panel mounted in a "Protected Hot Box" test kit
I— 2. Fire Reaction on Facades [1:1 Scale (Vertical Floor Model)] S$SSS
Exterior fire simulation to see if the cladding propagates fire
NON-STRUCTURAL I— 3. Accelerated Aging (UV) [Small Specimens/Plates] SSSS
BUILDING . .
ENVELOPE — high cost in the lab due to weeks of UV chamber use.
MATERIALS — 4. Watertightness [Scale 1:1 (Window or wall section)] S
Projection pressurized wind and water
I— 5. Wind Permeability [Scale 1:1 (wall panel)] SSS
Pressure chamber that simulate gusts
'— 6. Freeze-Thaw Cycles [Medium-sized test specimens or pieces]- Samples are SS
frozen and thawed in climate-controlled chambers
— 1.Reaction to Fire [Reduced Scale (Plates ~1m or less)] S
Flame spread and smoke index
— 2. Smoke Density and Toxicity [Small Specimens (Grams)] - Measurement of smoke opacity SS
and release of lethal gases during combustion.
NON-STRUCTURAL | 3. Acoustic Insulation [Scale 1:1 (Actual partition wall)] - Verify a minimum reduction S
INTERIOR — of 45 dB, if it separates dwelling units.
MATERIALS — 4. Moisture Absorption [Standardized Test Specimens]- Water vapor resistance, critical S
for boards or panels in bathrooms and kitchens.
— 5. Fungal Resistance [Test Tubes (Plate Samples)] -Biological test certifying that the SSS
material does not promote mold or fungal growth.

L—  6.VOC Emission [Small Test Tubes] -Environmental chamber test to ensure it SSS
does not emit toxic chemicals into indoor air.

Note: The required tests will depend on the intended application of the material. Not all tests listed herein are required for every application, and
additional tests may be necessary in specific cases. The purpose of the regulation is to ensure basic conditions of habitability and structural safety in
construction.

REFERENCES: 1. Legislation and State Regulations (Chile) : Ministry of Housing and Urbanism [MINVU]. (1992). Supreme Decree No. 47: Establishes the
new text of the General Ordinance of Urbanism and Constructions [OGUC]. Official Gazette of the Republic of Chile. (With consolidated amendments up to
2026; Arts. 1.1.2, 4.1.6, 4.1.10, 4.3.3-4.3.6, 5.1.6) / Ministry of Housing and Urbanism [MINVU]. (n.d.). Official Registry of Construction Quality Control
Laboratories. Division of Technical Studies and Housing Promotion (DITEC). 2. Institutional Manuals and Technical Guides : Division of Technical Studies
and Housing Promotion [DITEC]. (2016). Application Manual for Thermal Regulations: General Ordinance of Urbanism and Constructions. Ministry of
Housing and Urbanism. / Division of Technical Studies and Housing Promotion [DITEC]. (n.d.). Procedure for the authorization of Non-Conventional
Construction Systems. Ministry of Housing and Urbanism. 3. Technical Standards (National Standards Institute [INN]) : INN (1997). NCh935/1.0f1997:
Fire prevention in buildings - Fire resistance test - Part 1: General construction elements. / INN (2003). NCh801.0f2003: Construction elements - Panels -
Compression test. / INN. (2008). NCh851.0f2008: Thermal insulation - Determination of steady-state thermal transmission properties - Calibrated and
guarded hot box method. / INN (2011). NCh2785.0f2011: Acoustics - Measurement of sound insulation in buildings and of building elements. / INN (n.d.).
Guide to the National Standardization Process: From draft proposal to official Chilean Standard announcement.
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Project developers, whether corporations,
public institutions, or private individuals,
represent the primary gatekeepers of
adoption. They are the ones who make the
decisions. Their willingness to incorporate
new materials into their projects constitutes
a critical risk factor in the adoption chain,
acting either as a key enabler or a major
barrier to adoption.

Construction projects generally involve large
capitalinvestments, makingrisk minimization
a central concern. As noted by Interview No.
7, the adoption of a new material, introduces
additional uncertainty, because construction
systems are highly interdependent. A
modification in one material may affect the
performance, compatibility, or reliability of
other components within the project. As
result, the perceived risk extends beyond
the material itself and can compromise the
project as a whole.

Market price represents an additional
barrier. Emerging products, particularly
sustainable construction materials, often
have higher costs than conventional
alternatives due to limited production
scale (scalability barrier), supply chain
inefficiencies, the implementation of
new manufacturing processes, and the
substantial investments required for testing
and validation (Malik et al, 2026; Sodangi,
2024). In large-scale construction projects,
even small differences in unit costs can
translate into significant financial impacts.
Competing against established industries,
which already benefit from economies of
scale and optimized production processes,
therefore becomes particularly challenging
(Interviews No. 4 and 5).

Under these conditions, the adoption of
sustainable materials such as geopolymers
depends heavily on the values and priorities
of the developer, especially large corporate
and institutional actors in charge of big
projects capable of generating sufficient
market demand. Their willingness to accept
higher costs and greater uncertainty in
exchange for more sustainable projects
becomesacritical factor for market adoption.
As suggested by interviews in different
positions of the ecosystem, regulation
and public policy play an important role
in promoting sustainable decision-making
(Interview No. 2, 3, 5 and 7). However,
interviewee No.7 also emphasized that this
is ultimately a cultural issue, requiring the
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development of a stronger sustainability-
oriented industrial culture in which decision
makers recognize sustainability not only as
a cost or risk, but also as a necessary long-
term investment (Malik et al, 2026).

Specifiers, understood here as architects,
engineers, and project designers, play a clear
role in the adoption of new construction
materials. They influence material selection,
and their approval is a necessary condition
for the inclusion of new materials in
construction projects. Since they bear
professional liability and operate within a
prescriptive regulatory framework, their
engagement is primarily driven by regulatory
compliance and technical validation. This
reflects a strong interdependence between
upstream  regulatory and  validation
requirements and downstream adoption
dynamics

However, specifiers do not represent a
major adoption chain risk beyond technical
approval and regulatory requirements.
Their engagement can be secured through
an effective, internally managed marketing
strategy and by offering a competitive
product in terms of price and quality, beyond
its sustainability attributes (Interview 2, 4, 5).
The product must meet both the technical
requirements of the construction project
and the expectations of their clients. They
may act as promoters of a new material by
recommending it to the client, but the final
decision ultimately rests with the client,
namely the developer.

Construction materials suppliers act as an
economic filter within the ecosystem, as
their participation depends on the existence
of sufficient market value, particularly in
terms of margins and sales potential. If
the expected value surplus is insufficient,
they are unlikely to incorporate the
product into their portfolio. Additionally, if
the distribution of geopolymers requires
dedicated infrastructure—such as
specialized storage, handling conditions,
or logistics—this increases operational risk
and may further reduce their willingness
to participate. However, these factors, as
with specifiers, do not constitute ecosystem
risks that cannot be managed or bypassed
internally.

Contractors represent the last interface in
the adoption chain, as they are responsible
for the on-site implementation of the
material. Their primary concern relates
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to logistics and operational risk, including
safety requirements, handling complexity,
construction variability and supply reliability.
These factors may reduce their willingness
to adopt unfamiliar materials (Interview N.5)
which directly relates to the novelty of the
innovation (Leendertse et al., 2020): the
more innovative or different the technology
is from conventional alternatives, the
more changes may be required for its
implementation. As Adner points out,
“as long as your innovation fits with their
routine, these partners remain invisible {(...)
but when your innovation depends on these
partners to change their routines, they
become critical” (2012, p. 33).

An actor included in this ecosystem, yet
without a clearly defined role, is the cement
industry (dashed line in Figure 5.4). Their
position is inherently ambiguous, as they
may act either as competitors to geopolymer
solutions or as potential investors and
adopters. At the same time, cement
companies are system-critical actors whose
stability underpins the construction sector
as a whole, given that concrete accounts for
47% of the total constructed surface area
in Chile (CIM UC, 2023). This makes their
strategic positioning particularly relevant for
the evolution of the ecosystem.

Cement companies are facing increasing
pressure to reduce carbon emissions and
transition toward lower-impact production
processes, as reflected in corporate
strategies and sectoral decarbonization
roadmaps (ICH, 2022). At the same time,
rising energy costs —accounting for 30—
40% of variable production costs (CAF,
2018)—pose a significant constraint. In
Chile, higher fuel and electricity costs have
resulted in elevated clinker production
costs, driving a growing reliance on imports,
which account for approximately 30% of
national consumption (World Integrated
Trade Solution, 2024; Humphreys, 2025).
This is compounded by the depletion of
higher-quality pozzolanic deposits, which
historically represented up to 30-50% of
cement composition relative to clinker.
Currently available pozzolans tend to be less
reactive (Interview No. 5), with implications
for material performance, processing
efficiency, and cost. In response, the
industry has begun incorporating alternative
supplementary cementitious materials, such
as fly ash and blast furnace slag, as reflected
in corporate annual reports (Melén, 2025;
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Polpaico, 2025). However, the availability
of coal fly ash itself is also constrained
and is expected to decline in the coming
years as a consequence of the national
decarbonization plan (Figure 4.1). Under
this scenario, the cement industry is likely to
face a significant shortage of supplementary
cementitious materials (Interview No. 5).

All these constraints faced by the cement
industry not only promote R&D in new
technologies related to this material but also
create opportunities for the introduction
of competitive new products into the
market. From this perspective, geopolymers
represent a plausible pathway aligned with
their long-term objectives. This dynamic
can be interpreted through the lens of
corporate venturing, where established
firms engage with emerging technologies
—through investment, partnerships, or
internal development— to align innovation
with strategic goals (De Clercq et al., 2006).
However, investment by Chilean cement
companies in R&D initiatives has declined
significantly in recent years due to the
economic constraints construction sector is
facing (Interview No.4).

On the other hand, as consolidated
corporations, cement companies face
greater risks when adopting new sustainable
technologies. Studies on large firms suggest
that improvements in climate performance
often come at the expense of business
performance, partly because established
corporations rely heavily on existing routines
and traditional organizational structures
(Leendertse et al.,, 2020). In innovation
literature, this reliance is recognized as a
classical symptom of incumbent inertia
wherewhereby firms become constrained
by established routines and investments
that favor existing technologies over
disruptive alternatives (Leonard-Barton,
1992). In the case of cement companies, the
incorporation of a new material or process
may significantly disrupt existing operational
models and production logistics (Interview
No. 5).

Additionally, cement companies hold an
established market position, extensive
research and validation capabilities, and
a dominant role within the construction
industry (Duxson et al, 2007). While
these assets have historically underpinned
their competitive advantage, they can
also act as core rigidities that hamper
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Figure 5.4 — Value Blueprint Structural Bottlenecks and execution risks.
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TABLE. 5.1

innovation (Leonard-Barton, 1992). From
this perspective, their extensive asset
base and deeply embedded industry
networks create incentives to maintain
and reinforce the current technological
regime. Rather than acting as facilitators of
green transitions, these actors may instead
function as powerful gatekeepers against
the introduction of alternative materials.

In many ways, cement companies reflect the
current condition of the ecosystem itself:
a conservative structure reinforced by the
regulatory framework, significant economic
constraints, and increasing demands for
more sustainable solutions, although these
demands have not yet translated into clear
economic incentives for transition.

Overall, downstream adoption depends on
the alignment of distinct but interdependent
incentives: specifiers require validated
functional performance and regulatory
compliance while the proposed product
must be economically convenient to their
clients; suppliers depend on sufficient
economic returns and logistical feasibility;
and contractors seek low operational risk
and execution reliability. Most of these
challenges faced in the downstream part
of the ecosystem can be characterized as
execution risks. In line with Adner (2012,
p.33), these risks fall outside the structural
analysis of the ecosystem, as they can be
managed through conventional managerial
and commercial strategies (e.g. product
design, prefabrication, or distribution
models) or are sensitive to business model
(e.g. only material provision, finished
constructive elements, B2B or B2C, etc.).

INNOVATION ECOSYSTEM STRUCTURE

In contrast, the adoption stance of project
developers, whose willingness to accept
higher levels of uncertainty and risk often
lies beyond the direct influence of the
innovation initiative, position them as
the main gatekeepers. In this context, the
regulatory framework plays a fundamental
role in aligning the ecosystem and promoting
the adoption of alternative sustainable
construction materials.

5.3 RECAPITULATION

The ecosystem analysis shows that
geopolymer adoption in Chile is constrained
by both upstream and downstream
dependencies.  Upstream, the main
bottlenecks are the regulatory-validation
process and the availability of viable
alkaline activators. Downstream, the main
gatekeepers are project developers, whose
decisions determine whether the innovation
is ultimately adopted and reaches the final
user. Their willingness to accept technical
uncertainty, higher initial costs, and
implementation risks is central to market
formation.

The analysis reveals significant dependencies
between  upstream  regulatory and
validation processes and downstream
adoption dynamics within the construction
sector.These interdependencies shape the
conditions under which the innovation can
be integrated into established construction
practices and ultimately adopted at scale.
The following chapter discusses the strategic
implications of these ecosystem dynamics
and examines the structural conditions
required for broader adoption.

Summary of ecosystem elements from the Value Blueprint analysis

ECOSYSTEM ELEMENT

OBSERVATION

INTERPRETATION

Fly ash supply
Activators

R&D
Funding
Regulation
Specifiers
Contractors

Suppliers/distributors
Developers
Policy incentives

Available but heterogeneous and transitioning
Costly and CO,-intensive

Necessary for formulation and validation

Required across research, validation, and scale-up
Prescriptive, demanding, costly, and time-consuming
Require validated performance and compliance

Require operational reliability and low implementation risk

Need market volume and commercial margins

Decide whether to adopt and bear project risk

Up stream: circular economy and sustainability policies, R&D
funding.

Down stream: Lack of incentives for adoption
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Enabling condition
Technical-economic constraint affecting value proposition

Enabler, but insufficient for adoption
Execution risk

Main upstream bottleneck
Secondary adoption-chain actor
Execution risk

Execution risk
Decisive downstream gatekeepers

Contextual Enabler

Adoption-chain constraint
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6. DISCUSSION

6.1 PRACTICAL IMPLICATIONS:
ECOSYSTEM RISKS AND
OPPORTUNITIES

Upstream Bottlenecks and
Downstream Gatekeepers: strategic
entry point

The ecosystem analysis surrounding the
adoption of geopolymers as a construction
material identifies regulatory validation as
the principal upstream structural bottleneck,
while risk-aversion project developers
emerge as the primary downstream
gatekeepers of adoption (Figure 5.4).

These findings are consistent with those
presented by Duxson et al. (2007) regarding
the main non-technical barriers to the
adoption of geopolymers in the construction
industry, namely the prescriptive regulatory
standards and  construction industry
conservatism (Section 2.1.3). Following the
logic proposed by Adner (2012, 2016), these
ecosystem constraints must therefore be
resolved or strategically restructured for the
innovation to materialize and generate the
expected value.

Recognizing ecosystem bottlenecks and risks
directly shapes how an innovation strategy
is developed and managed. From an
ecosystem perspective, the challenge is not
simply to develop the best possible product
but rather to develop a viable product
capable of overcoming the ecosystem weak
points that threaten its implementation.

One possible strategy for reducing both
regulatory constraints and perceived risk is
to initially target smaller-scale or lower-risk
applications. As Adner suggests, sometimes
is necessary to reevaluate the original vision
in order to deliver, at least initially, a more
modest value proposition with greater
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chances of success (Adner, 2017, pp. 49—
51). Following Duxson et al. (2007) logic,
rather than pursuing highly demanding
structural applications from the outset,
geopolymers could first be implemented in
applications associated with lower technical
and regulatory complexity.

Advantaged position in the ecosystem

Within the Value Blueprint, the forestry
industryemergesasaparticularlyadvantaged
actor. Its structural position enables it
to simultaneously supply relevant raw
materials, reduce logistical and production
costs, and support alignment with national
environmental strategies, while complying
with waste management requirements and
corporate objectives. Within the ecosystem,
forestry companies appear to be among
the actors that would benefit most from
geopolymer development. From Adner’s
perspective, the forestry industry is not only
a supply chain actor but could also become
an ecosystem leader or key partner in the
successful development and adoption of the
innovation.

Moreover, following Adner’s logic, forestry
companies’ position could be classified as
“ecosystem carryover,” where firms leverage
their existing advantages to expand their
footprint beyond their core business (2012,
pp. 205-207). In this case, although the
development of alternative construction
materials lies outside their core activities,
forestry companies possess significant
expertise linked to the construction
sector through timber production and
engineered wood products. Their existing
industrial networks and experience within
the construction industry, as well as
their advantageous position within the
geopolymer ecosystem, may therefore play
a strategic role in facilitating adoption.
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6.2 POLICY IMPLICATIONS:
STRUCTURAL UPSTREAM-
DOWNSTREAM MISALIGNMENT

Imbalanced risk distribution

The Value Blueprint analysis further reveals
animbalance in the ecosystem’s distribution
of risks and benefits associated with
geopolymer adoption in Chile. Upstream
actors capture relatively clear benefits
while assuming comparatively limited
risk. By contrast, the value proposition for
downstream adopters remains weak. Market
value is conditional to upstream variables
(such as activators cost, R&D, production
scalability, and validation processes) while
the adoption of a new material constitutes
high risk investment. As a result, within the
current ecosystem, geopolymer innovation
therefore might fail to generate sufficient
economic incentives for large-scale market
adoption.

The split between  upstream and
downstream  analysis  represents a
meaningful contribution to theory. From a
materials science perspective, studies on
geopolymers (and materials more broadly)
tendtofocus predominantly onthe upstream
side—namely development, performance,
feasibility, and sustainability—while largely
overlooking adoption dynamics, which are
primarily shaped by downstream actors
within the ecosystem.

This finding also reflects what Leendertse et
al. (2020) conceptualize as the “sustainable
start-up paradox,” where an innovation’s
potential for high climate performance is
decoupled from, and often complicated by,
the requirements for commercial business
performance. While upstream actors can
successfully develop and validate the
technical material, downstream market
value remains highly conditional on
scalability and risk mitigation. As a result,
commercial adoption stalls because the
ecosystem fails to bridge the gap between
upstream environmental utility and the
stringent cost predictability demanded
by downstream actors operating within a
traditional socio-technical regime.

This structural imbalance stalls commercial
adoption and threatens the success of the
innovation, pointing directly to the critical,
correcting role authorities must play within
the ecosystem.
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Policy asymmetry

The analysis reveals a concentration of
authorities’ efforts on the upstream segment
of the ecosystem, while weak incentives
and limited regulatory pressure for the
adoption of sustainable innovation persist
downstream (Figure 6.1). This asymmetry
weakens adoption incentives despite
favorable sustainability narratives.

This upstream concentration of policy
support reflects a broader institutional
logic commonly observed in sustainability
transitions literature, in which governments
prioritize technological innovation over
market restructuring and demand-side
transformation. As Alkemade et al. (2011)
argue, thereis often amisalignment between
“innovation policy” and “transition policy.”
While transitions require radical changes in
both production and consumption patterns,
governments frequently frame sustainability
challenges primarily as technological or
R&D problems rather than systemic market
transformations. Research further suggests
that sustainability policies tend to remain
“competence-enhancing”  for  existing
industrial regimes, focusing on technologies
aligned with current industry capabilities
instead of promoting disruptive social or
market shifts (Alkemade et al., 2021).

Following the framework proposed by
Hekkert et al. (2007), the Chilean state
primarily fulfills a “guidance of the search”
function by linking research funding to
policy objectives and thereby shaping
research and development priorities. In
addition, authorities contribute to “resource
mobilization” through regulations requiring
waste management and valorization, such
as the REP Law 20.920, standards governing
residues from industrial generation (DS
N°13/2011), and circular economy initiatives
supporting the use of industrial waste as
construction materials (DS N°46/2026; NCh
3520:2022).

However, the ecosystem performs weakly in
terms of “market formation,” which Hekkert
et al. (2007) identify as a critical function
for enabling the diffusion of emerging
technologies. While policies exist that aim to
foster the creation of markets for sustainable
materials, these remain incipient and lack
robust mechanisms to establish protected
markets. Consequently, the financial
and operational risks associated with
market adoption remain largely borne by

36



A. Cabezon

downstream actors, causing the innovation
to stall despite its technical readiness.

Regulatory barriers:

Regulation emerges as a key bottleneck
within the Chilean geopolymer ecosystem.
Existing standards are largely prescriptive,
leaving little room for materials not explicitly
covered by current regulatory frameworks.
In addition, validation procedures are
highly demanding, lengthy, and costly,
creating substantial entry barriers for
non-conventional materials. While
stringent requirements are justified by
safety considerations in the construction
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sector, current approval processes appear
insufficiently  adapted to  emerging
technologies. In the Chilean context, while
performance-based validation of new
materials is technically an option, its high
cost and long duration act as a significant
disincentive to innovation.

This finding reflects the tension between
prescriptive  regulatory  regimes and
the flexibility required for technological
innovation.  According to  Coglianese
(2017), performance-based  standards
promote innovation and enable the entry
of different technical solutions capable of
achieving the same functional requirement.
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Figure 6.1—Regulatory Landscape for Geopolymer Adoption: Mapping of Instruments by Ecosystem
Position and Governance Level. Instruments (Appendix 1) are mapped according to their primary
position of action orinfluence within the ecosystem (up-stream fostering development vs. downstream
promoting adoption), their governance level (Macro-level strategic framework vs. implementation-
level operational instruments), and their supportive or restrictive role for geopolymers development
in Chile. The distribution reveals a structural asymmetry: supportive instruments are concentrated at
the macro level across both upstream and downstream domains, while restrictive instruments cluster
at the upstream implementation level. The downstream implementation quadrant remains largely
empty, reflecting the absence of binding demand-pull mechanisms targeting adoption. This pattern
illustrates how macro-level climate ambition has not yet been translated into implementation-level
instruments capable of activating downstream adoption.
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However, performance-based regulation
also entails important limitations. It often
increases measurement and monitoring
complexity, which can raise administrative
costs and prolong approval processes.
Moreover, if performance thresholds are
implicitly shaped by existing technologies,
they may reduce flexibility by reproducing
existing systems as implicit standards.
Finally, innovative materials carry long-term
performance uncertainties, and regulators
may only identify failures after significant
damage has occurred (Coglianese, 2017).

This tension between safety and regulatory
flexibility is particularly relevant in a highly
seismic country such as Chile, where
ensuring structural reliability remains a
critical concern. Consequently, the transition
toward performance-based standards alone
is insufficient to overcome the entry barriers
faced by innovative construction materials.
In this context, accelerating validation
procedures and extending certification
validity periods for low-carbon materials
could strengthen innovation incentives and
facilitate market entry without compromising
safety requirements. Otherwise, existing
regulatory dynamics may continue to favor
path-dependent conventional materials
and limit the diffusion of more sustainable
alternatives
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6.3 THEORETICAL IMPLICATIONS:
SUSTAINABLE MATERIALS
AND INNOVATION ECOSYSTEM

Material assessment beyond technical
performance

This research contributes to the literature
on sustainable construction materials by
reframing geopolymer adoption as an
ecosystem coordination problem rather
than solely a materials engineering
challenge. Existing geopolymer research
has primarily focused on optimizing
mechanical performance, durability, and
carbon reduction potential under laboratory
conditions. In contrast, the ecosystem
perspective highlights the importance
of contextual viability and deployment
feasibility. In this view, material performance
cannot be assessed in isolation from the
conditions required for its large-scale
implementation. Regardless of its theoretical
environmental potential, a material that fails
to reach market adoption cannot generate
real-world impact. Consequently, the central
theoretical implication is that material
innovation should be evaluated not only
in terms of technical superiority, but also
in terms of its capacity to achieve viable
and scalable deployment within specific
ecosystem conditions.

The study suggests that frameworks for
evaluating sustainable materials should
incorporate  adoption  capacity and
ecosystem viability as analytical criteria
alongside environmental and technical
performance. This expands prevailing
approaches to sustainability assessment
by integrating the feasibility of real-world
implementation into the definition of
sustainable innovation itself.

Sustainability is ecosystem dependent

The study also confirms prior arguments in
literature that geopolymer’s sustainability
is highly context-dependent (Mclellan et
al.,, 2011; Yalcinkaya et al.,, 2023; Duxson
et al., 2006). However, the findings extend
this argument beyond the availability of raw
materials and supply chains. The Chilean case
illustrates that the sustainability potential of
geopolymers is conditioned by the broader
ecosystem in which they are developed and
adopted, including regulatory structures,
market dynamics, infrastructure, and
geographic constraints.
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Innovation Ecosystem application in a
mature and low-tech sector:

Most Innovation Ecosystem (IE) literature
focuses on high-tech industries such as
pharmaceuticals and digital
emphasizing the conditions required for
technological innovation and ecosystem
completion (e.g., lansiti & Levien; Moore;
Hekkert et al.). This study contributes to the
literature by applying the IE framework to a
mature, highly regulated, and comparatively
“low-tech” sector: construction. The case
innovation dynamics
in mature and safety-critical
differ substantially from those in high-
tech contexts due to strong regulatory
dependence, high upfront investment, risk
aversion, slow certification processes, and
fragmented incentives.

demonstrates that

This study extends the framework by
presenting that, in mature sectors such as
construction, the regulatory framework
itself can operate as the central structural

TABLE. 6.1

DISCUSSION

bottleneck. By identifying prescriptive
standards and stringent validation processes
as a “co-innovation risk” rather than a
mere external risk, this study implies that
institutional alignment must be theorized as
a core activity within the “Value Blueprint”
for innovations targeting established
regimes.

“Bottom-up” perspective for “top-
down” governance:

While Adner’s framework is typically used
for firm-level strategic management, this
study demonstrates its utility in informing
macro-level policy. By mapping how micro-
level initiatives fail to materialize due to
misaligned macro-level incentives (e.g.,
the gap between circularity targets and
prescriptive building codes), the research
implies that ecosystem alignment in mature
industries requires a synchronized “top-
down” demand-pull strategy to complement
“bottom-up” technology development.

Summary of findings and implications

FINDING RELATION TO LITERATURE

RELEVANCE

1. PRACTICAL IMPLICATIONS: ECOSYSTEM RISKS AND OPPORTUNITIES

Upstream Bottleneck and downstream Aligns with Duxson et al. (2007), who identified Defines where innovation strategy should

gatekeepers: strategic entry point prescriptive standards and industry conservatism focus first, not material optimisation, but
Regulatory Validation is the main as key non-technical barriers. navigating or redesigning certification
upstream structural bottleneck. Risk- Follows Adner's (2017) advice to pursue a "more  pathways.

averse project developers act as the modest value proposition" when the full vision Reveals that even technically validated
primary downstream gatekeepers. faces ecosystem weak points. Supported by materials stall if downstream actors perceive
Non-structural, precast, and niche Duxson et al. (2007) on alternative geopolymer unacceptable risk.

applications offer lower-risk entry applications. Provides an actionable commercialisation

routes than direct substitution of
structural concrete.

pathway that reduces regulatory and liability
barriers while building market credibility
incrementally.

Advantage position Interpreted through Adner's (2012) "ecosystem Identifies a natural ecosystem leader and
The forestry industry holds a carryover" concept, where firms leverage existing potential strategic partner whose
structurally privileged position advantages to expand beyond their core business. participation could accelerate adoption and

simultaneously supplying raw materials,
cutting logistics costs, and aligning with
national sustainability targets.
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reduce upstream costs.
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FINDING

RELATION TO LITERATURE

DISCUSSION

RELEVANCE

2. POLICY IMPLICATIONS: STRUCTURAL UPSTREAM-DOWNSTREAM MISALIGNMENTS

Imbalanced risk distribution

Upstream actors capture clear benefits

while downstream adopters bear the
bulk of financial and project risk,
weakening market incentives overall.

Policy Asymmetry

Public support is concentrated
upstream (R&D, validation);
downstream market-creation
mechanisms remain weak and

fragmented.

Regulatory Barriers

Prescriptive standards leave no room
for non-conventional materials;
performance-based validation exists
but is prohibitively costly and slow.

Reflects the "sustainable start-up paradox"
(Leendertse et al., 2020): high climate
performance potential decoupled from
commercial viability within an incumbent socio-
technical regime.

The upstream/downstream split also responds to
a gap identified in geopolymer literature, where
adoption dynamics remain understudied relative
to material performance.

Consistent with Alkemade et al. (2011, 2021):
governments often frame sustainability as an R&D
problem rather than a systemic market
transformation. Hekkert et al. (2007) identify
'market formation' as a critical function for
enabling the diffusion of emerging technologies.

Coglianese (2017) shows performance-based
regulation enables innovation but adds
monitoring costs, and may implicitly reproduce
existing technologies. Particularly acute in Chile
given seismic risk requirements.

Introducing an explicit
upstream/downstream distinction into the
ecosystem analysis constitutes a
methodological contribution to both
innovation ecosystem and sustainable
construction materials literature —
providing a structured lens to study where
value is created versus where adoption is
decided.

Signals a structural gap: technology-push
policies alone are insufficient. Demand-pull
instruments targeting downstream actors
are needed to trigger market uptake.
Market formation remains underdeveloped
in Chile's current policy approach.

Accelerating validation procedures and
extending certification validity for low-
carbon materials could reduce entry barriers
without compromising safety: a concrete
policy lever.

3. THEORETICAL IMPLICATIONS: SUSTAINABLE MATERIALS AND INNOVATION ECOSYSTEM

Material assesment beyond technical

performance

Geopolymer adoption is an ecosystem
coordination problem, not a materials

engineering

deployment feasibility matters as much

problem — contextual

as technical performance.

Sustainability is ecosystem dependent -

The environmental potential of
geopolymers is conditioned by

regulatory structures, market dynamics,

and geographic factors, not just raw
material availability.

IE in low-tech mature sector
Applying Innovation Ecsystem

framework to the construction sector

reveals that

innovation dynamics in

Extends materials science literature (McLellan et
al., 2011; Duxson et al., 2007) by shifting the unit
of analysis from the laboratory to the ecosystem.

Confirms and extends context-dependence
arguments in McLellan et al. (2011), Yalcinkaya et
al. (2023), and Duxson et al. (2006).

Most IE literature (lansiti & Levien; Moore;
Hekkert et al.) focuses on high-tech. This study
extends Adner's framework to a mature, safety-
critical, low-tech sector.

Argues that sustainability assessments of
materials must incorporate adoption
capacity alongside environmental metrics —
a methodological shift with broad
implications.

Broadens the definition of "sustainable
innovation" to include ecosystem viability —
a material's green credentials are
meaningless if it cannot reach deployment
at scale.

Demonstrates the framework's broader
applicability and highlights that institutional
constraints must be theorised as core
bottlenecks, not merely external risks.

mature, safety-critical industries differ
substantially from high-tech contexts.
Regulatory framework can operate as
the central structural bottleneck and
constitute a "co-innovation risk" rather
than a mere external risk.

Extends Adner's (2012, 2016) concept of co-
innovation risk beyond technological partners to
include institutional actors and regulatory regimes

"Bottom-up'

' perspective for "top

down"governance
The ecosystem framework (originally

firm-level) is useful at the macro/policy
initiative failures reveal
where macro incentives are misaligned.

level: micro-
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Novel application of Adner's firm-level tool to
inform governance, bridging the gap between
innovation strategy and transition policy
literature.

Suggests that ecosystem alignment in
mature industries requires a synchronised
demand-pull strategy at the governance
level, not just bottom-up technology
development.
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6.4 LIMITATIONS AND
RECOMMENDATIONS

Empirical Scope — The present study
is bounded to the Chilean context and
reflects a snapshot in time. The structure
and dynamics of the ecosystem analyzed
are shaped by specific institutional,
regulatory, and market conditions that
may differ significantly from those in other
geographical settings. Moreover, ecosystem
configurations are inherently dynamic:
actor roles, strategies, and interactions
may evolve as policies, technologies, and
market conditions change. The ecosystem
configurations, interdependencies and
bottlenecks mapped out in this thesis are
shaped by national realities, such as Chile’s
unique seismic risk profile, which justifies
highly prescriptive construction codes,
and the specific footprint of its domestic
industrial waste generation. Consequently,
the findings should be interpreted as
temporally situated and context-dependent,
which further limits their transferability
beyond comparable environments.

To enhance the generalizability of these
findings, future research should conduct
cross-national comparative analyses.
Investigating how alternative ecosystems
are structured in other international
jurisdictions, particularly comparing how
different countries validate and approve
non-conventional  materials in  high-
seismicity regions, could reveal transferable
regulatory strategies and clarify which
ecosystem bottlenecks are globally systemic
versus locally contingent.

Regulatory Scope — Although this study
reviewed a broad range of regulations,
programs, and policy documents, given
the scope and limitations of a master’s
thesis, the objective was never to provide
an exhaustive assessment of the Chilean
regulatory framework. However, the
findings highlight regulation as a critical
factor shaping the structure of the studied
ecosystem, innovation development and
market adoption. Further research should
therefore examine more systematically
the role of regulations both upstream and
downstream. This might include conducting
empirical audits to track approval rates,
administrative costs, processing duration,
and funding barriers associated with
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regulatory ~ compliance. Furthermore,
future research could propose targeted
funding structures or streamlined validation
mechanisms to support circular innovations

Material Science and Techno-Economic
Feasibility — The study focuses on early-
stage innovation conditions, as large-scale
industrial implementation of geopolymer
materials in Chile remains limited. As a result,
the analysis is based on potential adoption
dynamics and ecosystem readiness rather
than empirically observed market behavior.
This constrains the ability to validate
ecosystem functioning in practice.

Consistent with the above, the research
adopts a strategic and ecosystem-level
perspective, prioritizing institutional,
organizational, and relational dimensions of
innovation. Accordingly, it does not include
detailed  techno-economic modelling,
laboratory engineering validation, or life-
cycle assessment (LCA) of the material.
While this focus is consistent with the
objectives of the study, it limits the ability
to comprehensively assess the material
feasibility, environmental performance, and
economic competitiveness of geopolymer
solutions.

While this research argues that technical
performance alone does not determine
market adoption, it remains a necessary
condition for establishing the baseline
viability of a business model. Future research
should therefore assess the technical
and economic feasibility of geopolymer
development within the Chilean context.
This includes evaluating material availability,
raw material supply logistics, and long-term
production and transport costs through
interdisciplinary approaches. In parallel,
laboratory-scale and quantitative studies
should examine the physical, chemical,
and mechanical performance of locally
sourced formulations. These findings should
then be integrated with rigorous Life Cycle
Assessments (LCAs) and Techno-Economic
Analyses (TEAs) to determine their
environmental and commercial viability.

Despite these limitations, the study offers
a theory-informed and context-sensitive
analysis of an emerging innovation
ecosystem, providing relevant insights into
the factors influencing the adoption of
sustainable construction materials in Chile.
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7. CONCLUSION

This research examined the ecosystem
conditions and interactions that shape
the feasibility of adopting fly ash-based
geopolymers as a construction material in
Chile. The study applied Adner’s innovation
ecosystem  framework, dividing the
structure into upstream and downstream
sections to analyze the actors, activities,
flows, and positions involved in the potential
materialization of this innovation. From this
perspective, fly ash-based geopolymers
are understood not only as a technically
promising material, butasavalue proposition
whose feasibility depends on the alignment
of material supply, technical validation,
regulation, funding, market incentives, and
downstream adoption.

The study identifies a clear focal value
proposition: fly ash-based geopolymers
can create functional, environmental,
industrial, and market value by valorizing
fly ash, reducing landfill disposal, lowering
embodied carbon, and generating new
cross-sector opportunities between the

energy, forestry, waste-management,
and construction sectors. However, this
value proposition remains conditional.

It materialization depends on whether
these benefits can be translated into
acceptable performance, cost structures,
and implementation conditions within the
construction sector.

Upstream, Chile presents favorable enabling
conditions, including abundant fly ash
streams, existing research capabilities,
circular economy policies, decarbonization
pressures, and corporate sustainability
agendas. At the same time, several
bottlenecks constrain development. Fly
ash heterogeneity increases the need
for characterization and formulation
control, while the high cost and carbon
intensity of alkaline activators weakens
both the economic and environmental
competitiveness of geopolymer production.
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Funding also remains a key challenge,
especially during the transition from
laboratory validation to pilot production and
commercial scaling. Most importantly, the
regulatory and certification environment
constitutes a major bottleneck: Chile’s
construction framework remains largely
prescriptive and oriented toward
conventional materials. Although validation
pathways for alternative materials are
available, they remain restrictive, costly, and
time-consuming. This reflects a regulatory
framework designed to minimize risk rather
than foster innovation, creating significant
barriers to entry for novel alternatives.

Downstream, the feasibility of adoption
is shaped by different levels of risk and
incentives for the actors.  Developers
emerge as the decisive gatekeepers,
as they bare the risk of adoption and
ultimately decide whether new materials
are incorporated into projects. Their
decisions are strongly influenced by
cost, liability, construction timelines, and
confidence in  material performance.
Specifiers, suppliers, and contractors also
play a role, but their participation depends
largely on whether the material has been
technically validated, competitively priced,
and integrated into familiar procurement
and construction routines. In this sense,
the adoption of geopolymers is constrained
by the construction sector’s low tolerance
for uncertainty and its dependence on
established materials, standards, and supply
chains.

Overall, the feasibility of fly ash-
based geopolymer adoption in Chile
is shaped by the interaction between
supportive macro-level conditions
and restrictive implementation-level
structures. At the strategic level, Chile’s
decarbonization agenda, circular economy
goals, waste valorization needs, and
corporate  sustainability  commitments
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create a favorable context for alternative
construction materials. At the operational
level, however, prescriptive standards,
regulatory fragmentation, validation costs,
input-material constraints, conservative
procurement practices, and the lack of
concrete market incentives limit the extent
to which this potential can become routine
market adoption

The broader significance of this research
lies in its application of an ecosystem
framework to the adoption of innovative
construction materials. By analyzing fly ash-
based geopolymers beyond their technical
performance, the study shows that material
innovation must be understood through
the market, regulatory, institutional, and

DISCUSSION

value-chain conditions that shape adoption.
It therefore argues that a market-oriented
perspective should guide innovation analysis
from the outset, helping identify not only
whether a material can be developed, but
whether the ecosystem required for its
adoption can realistically be aligned.

Overall,  this  thesis deepens the
understanding that the transition toward
sustainable construction materials cannot
be understood exclusively through the
optimization of material properties. The
ecosystem perspective therefore provides
a valuable framework for analyzing the
conditions that enable or constrain the
adoption  of innovative  construction
materials.

SQ1:

is the focal

SQ2: Which actors, activities,

SQ3: What ecosystem factors enable or

value proposition of fly
ash-based geopolymers for
the industrial ecosystem in
Chile?

The focal value proposition
is the transformation of fly
ash from an underutilized
industrial residue into a
low-carbon, locally sourced
construction material. Its
value combines functional
performance, industrial
waste valorization, landfill
reduction, lower embodied

emissions, and potential
market competitiveness,
provided these benefits
can be translated into

acceptable costs and
validated applications.

.

links and positions shape the
industrial ecosystem surrounding
fly ash valorization in Chile?

The ecosystem is structured
around upstream actors—fly ash
producers, activator suppliers,
R&D institutions, funders,
and  regulatory  bodies—and
downstream actors, including
specifiers, suppliers, contractors,
developers, and end users.
Material flows, knowledge
development, certification,
financing, and market adoption
link these actors. Regulation and
validation processes constitute
the main upstream bottleneck,
while developers occupy the
decisive downstream gatekeeping
position.

Main RQ: What ecosystem conditions and interactions shape the feasibility of adopting fly ash-based geopolymers
as a construction material in Chile?

The feasibility of adopting fly ash-based geopolymers in Chile is shaped by the alignment between upstream
development conditions and downstream adoption dynamics. Upstream, the ecosystem offers enabling conditions
such as fly ash availability, research capabilities, circular economy policies, decarbonization goals, and corporate
sustainability agendas. However, feasibility is constrained by fly ash heterogeneity, the high cost and carbon intensity
of alkaline activators, limited funding continuity, and, most importantly, prescriptive regulation and stringent validation
processes, which constitute the main upstream bottleneck. Downstream, adoption depends on the willingness of
developers, specifiers, suppliers, and contractors to incorporate a novel material into construction projects. In particular,
developers act as key gatekeepers, as they bear the economic and project risks associated with material adoption.
Therefore, feasibility depends not only on the material’s technical potential, but on the coordinated alignment of
regulation, validation, industrial capabilities, market incentives, and demand within a risk-averse construction sector.

~

constrain the integration of fly ash-based
geopolymers into the Chilean construction
sector?

Enablers include abundant fly ash streams,
circular economy policies, decarbonization
pressures, R&D capabilities, and corporate
sustainability agendas. Constraints include
heterogeneous feedstock, costly and CO,-
intensive alkaline activators, limited funding
continuity, and a prescriptive, strict, demanding,
and  time-consuming  regulatory-validation
framework. This creates a major entry barrier
by adding economic pressure to the already
high upfront investment required for material
development. Downstream, adoption is further
limited because construction projects involve
high capital exposure, long timelines, and low
profit margins; a material failure can impose
disproportionate costs and erase expected
returns.

J
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REFLECTION

Connection to my studio or discipline

The topic of this graduation project emerged
from a combination of the elective courses
of the MBE program. Although innovation
in materials, and particularly the case of
geopolymers, may seem closer to material
science, the impact of materials on the
built environment is not only relevant, but
enormous and complex. It is a topic that
must be approached from a multidisciplinary
perspective, integrating both material
science, design, and managementin order to
support adoption and make their potential
impact possible.

This research was born from the course
Entrepreneurship in the Built Environment.
The course led me to explore subjects |
knew little or nothing about and that were
not directly related to my professional
background. What started as an idea to
explore business opportunities related
to forestry industry byproducts gradually
immersed me in the world of sustainable
materials and their impact on construction.
Later, through the course Future Materials, |
was able to deepen my understanding of the
technical aspects, while also realizing the
immense and complex world | was entering.
Together, these two courses helped me lose
the fear of exploring my interests without
necessarily being an expert. One does not
need to be an expert in order to innovate.
Expertise can be developed through
research, collaboration, and interdisciplinary
teamwork.

Through this thesis, | realized that applying
frameworks of innovation and strategy
to construction materials opens multiple
perspectives that must be considered and
integrated for innovation to materialize.
| may not be an engineer or a material
chemist, but as an architect specialized in
management in the built environment, |
found that my perspective can complement
and contribute meaningfully to the
development of sustainable materials.
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Approach, ambition and research scope

Regarding the research itself, looking back, |
believe it was too ambitious. When | started
this thesis, | never imagined the topic |
was proposing would be so broad; on the
contrary, | tried to make it as focused as
possible. The research ended up being highly
exploratory, which made it difficult to apply
a clearly defined methodology, especially
because | was not entirely sure what | was
looking for at the beginning.

| came into the thesis with substantial prior
research on the material (geopolymers)
itself. While this gave me a strong foundation,
it also worked against me at times, pulling
me away from topics more directly related
to my management track. It was difficult
to frame the research from a management
perspective and avoid falling into material
sciences. It was also challenging to leave
behind my background as an architect and
practitioner, where the focus is often on
achieving or project proposal or realizable
outcome rather than exploring questions
without a clear resolution, which is precisely
where the most interesting aspects of
research often emerge.

At the same time, the entrepreneurial
perspective proposed by the graduation lab
aligned more naturally with this practical
mindset, leading me at times to make
rushed decisions or anticipate results before
evaluating all the variables and perspectives.
This forced me to repeatedly rethink the
research question to avoid proposing the
answer | believed to be the “solution.”

Anchoring in the theoretical framework

What ultimately gave me discipline was
the application of an existing theoretical
framework. It forced me to step outside of
my own assumptions and look for answers
through the analysis of the results. Returning
to the framework became a guide whenever
the path forward was unclear.
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Another aspect | have reflected on
extensively is my understanding, or
misunderstanding, of the different concepts
| engaged with throughout the graduation
process, and how that understanding
evolved over time. Coming from neither an
economics nor a business background, | am
aware that | may have confused concepts or
combined theories that do not traditionally
belong together. | often wonder what the
authors of the papers | relied on would think
about the way | applied their frameworks.
They would probably not fully agree with my
interpretations, but | hope they might still
find something novel or interesting in the
approach.

| genuinely believe there is value in the
innocence of not knowing everything
beforehand, because it allows for the bold
intellectual leaps that can move knowledge
forward. One must be willing to make
mistakes. The result may not be perfect, but
the process was an enormously valuable
learning experience for me.

Relevance and societal value... about the
“conservatism” of construction industry

From a societal perspective, material
innovation is absolutely relevant. The
construction industry is responsible for
nearly 40% of global CO, emissions, while
the cement industry alone accounts for
approximately 8%. However, this research
showed me how challenging innovation in
this field truly is, and especially how difficult
it is to achieve adoption at a scale capable of
generating real impact.

At the beginning of the thesis, | had a
much more optimistic view and believed
that the lack of innovation in Chile was
mainly driven by limited economic interest.
Over time, | realized the issue is far more
complex. The construction industry does
not resist innovation simply because it
is “conservative,” as is often said. On
the contrary, | believe there are genuine
efforts to innovate. The challenge is that
construction is an enormous and highly
complex system on which people’s safety and
the functioning of infrastructure depend.
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Any innovation must therefore prove that
it does not compromise safety, reliability,
or habitabilityThis research led me to
understand that innovation in construction
materials requires coordinated work among
all stakeholders to create pathways that
allow flexibility and progress without putting
these fundamental conditions at risk.

Asreflected in the latest Global Status Report
for Buildings and Construction 2024-2025,
emissions from the construction sector
stopped growing for the first time since
2020. Decarbonizing the built environment
remains a slow process, but these first signs
of progress are encouraging. It is a major
challenge, but if we want meaningful and
lasting impact, this is the direction we must
continue pursuing.

Personal takeaway

Looking back, | believe | lacked greater
methodological rigor to address such a
complex topic, although this complexity
only became fully visible to me as the
research progressed. At the beginning, |
underestimated how many dimensions,
actors, and uncertainties were involved in
the innovation and adoption of construction
materials. In many ways, understanding the
complexity of the problem became part of
the research process itself.

However, the research ultimately gave me
valuable insight into my personal interests
and the different ways of approaching them.
More importantly, it allowed me to connect
with people who are directly involved in the
development and adoption of innovation
within the construction industry. Discussing
these challenges from the perspective of
my own country while observing them from
the Netherlands, where the context is very
different, gave me a broader understanding
of both the barriers and opportunities
surrounding sustainable materials.

| believe this thesis expanded my academic
and professional perspectives, while also
allowing me to explore real possibilities
for continuing the development of my
geopolymer project in the future.

Antonia Cabezon
June 2026
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APPENDIX 1 -

TABLE - REGULATORY LANDSCAPE FOR GEOPOLYMERS ADOPTCION IN THE CHILEAN CONSTRUCTION SECTOR

Instrument

Nature of the
instrument

Content

Relevance for geopolymers
adoption

Mandatory /
voluntary / guide

Reference

1. STRATEGIC AND POLICY DRIVERS

Paris Agreement (2015),
promulgated in Chile by DS climate agreement

N°30/2017 — MINREL

Chile’s Nationally

Determined Contribution

(NDC), updated 2025

Framework Law on Climate

Change —Law N°21.455
(2022)

Long-Term Climate Strategy

(ECLP 2050)

Circular Economy Roadmap

Chile 2040

National Energy Policy 2050

National Decarbonization

Plan (2019)

National Strategy for

Sustainable Construction

(ENCS)

A. Cabezon |

International

International
climate
commitment /
national climate
policy

National climate
law

National climate
strategy

National circular
economy strategy

National energy
strategy

Energy transition
policy

National sectoral
strategy

MBE Graduation Report- A3

Commits Parties to successive
Nationally Determined
Contributions (NDCs), mitigation
ambition and long-term
decarbonization pathways.

Defines Chile’s updated mitigation,
adaptation and implementation
commitments under the Paris
Agreement, including economy-
wide emissions targets and
sectoral measures.

Provides the legal framework for
climate governance, carbon
neutrality, sectoral mitigation and
adaptation plans, and climate
management instruments.

Establishes goals, measures and
governance mechanisms to reach
carbon neutrality and climate
resilience by 2050.

Promotes industrial symbiosis,
waste valorization, reduction of
landfill disposal and circular
business models.

Long-term roadmap for energy
decarbonization, renewable
energy, energy efficiency and
distributed resources.

Sets the pathway for voluntary
retirement or reconversion of coal-
fired power plants and
acceleration of a cleaner electricity
matrix.

Initially sets full withdrawal by
2040, updated on 2025:

withdrawal bv 2035.
Promotes sustainable

construction, life-cycle
approaches, reduction of
emissions and environmental
impacts, and the use of tools such
as Environmental Product
Declarations (DAP/EPD).

Anchors Chile’s decarbonization
direction; supports policy pressure
for low-carbon construction
materials and cement substitution.

Strengthens demand for low-
carbon materials in infrastructure
and construction; provides policy
justification for replacing high-
emission binders and valorizing
industrial residues.

Creates legal pressure for sectoral
decarbonization, including
construction materials; supports
low-carbon technologies and life-
cycle emission reductions.

Supports industrial by-product
valorization, circular economy and
low-carbon material strategies;
provides long-term policy
alignment for geopolymers.

Directly supports valorization of
industrial by-products, including
ash and mining residues, as inputs
for construction materials.

Promotes biomass and renewable
energy pathways that may increase
or stabilize alternative ash streams,
while reducing emissions
associated with material
production.

Short term: fly ash from coal plants
remains available as a by-product.
Long term: coal ash availability will
decline, requiring alternative
aluminosilicate sources such as
biomass ash, mining residues or
calcined clays.

Creates a policy narrative that
favors low-carbon and circular
construction materials. It does not
approve geopolymers directly, but
supports demand for products with
documented environmental
performance.

International treaty;

https://unfccc.int/pro

binding for the State cess-and-

after ratification.

National climate
commitment;
binding as public
policy framework
for the State.

Mandatory national
law.

Strategic policy
instrument / guide
for public action.

Strategic / voluntary
guide.

Strategic policy
instrument / guide.

Policy plan/
voluntary
agreements with
regulatory
implications.

Strategic / voluntary
guide.

meetings/the-paris-
agreement

BCN DS N°30/2017:
https://www.bcn.cl/le
ychile/
https://unfccc.int/site
s/default/files/2025-
09/NDC-2025-
220925%201.pdf;

BCN Ley N°21.455:
https://www.bcn.cl/le
ychile/navegar?idNor
ma=1177286

MMA / UNFCCC ECLP
2050:
https://unfccc.int/site
s/default/files/resour
ce/CHL_LTS_2021_EN
_0.pdf
https://economiacirc
ular.mma.gob.cl/wp-
content/uploads/202
2/01/HOJA-DE-RUTA-
PARA-UN-CHILE-
CIRCULAR-AL-2040-
EN.pdf

https://energia.gob.cl
/sites/default/files/en
ergia_2050_politica_
energetica_de_chile.

pdf

https://energia.gob.cl
/sites/default/files/pl

an_de_descarbonizac
jon_vf.pdf

https://mma.gob.cl/w
p-
content/uploads/201
4/10/2_Estrategia-
Construccion-
Sustentable.pdf
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Construye2025

GHG Protocol — Scope 3
Corporate Value Chain
Standard

Public—private
sectoral initiative

International
corporate carbon
accounting
framework

Strategic program for productivity,
innovation, industrialization and
sustainability in the construction
sector.

Defines methodologies for
measuring indirect emissions
across value chains, including
purchased goods and services,
capital goods and downstream
impacts.

Can support demonstration,
market articulation and ecosystem
coordination for geopolymer
products; relevant as a platform for
pilots and technical diffusion.

Encourages construction firms,
developers and material suppliers
to reduce embodied carbon in
materials; geopolymers may be
positioned as a Scope 3 reduction
strategy.

Voluntary
public—private
initiative.

Voluntary standard,
often used for
corporate reporting.
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Construye2025:
https://construye202
5.cl

https://ghgprotocol.o
rg/corporate-value-
chain-scope-3-
standard

2. ENVIRONMENTAL AND WASTE-MANAGEMENT REGULATIONS

Law 19.300 — Environmental Environmental

Framework Law (Ley de

Bases Generales del Medio

Ambiente)

DS N°13/2011 — Emission

Standard for
Thermoelectric Power
Plants

Law N°20.920/2023 -
Extended Producer
Responsibility (REP)

Decreto N°46/2026 —
Copper slag use in
construction

framework law

Environmental
emission
regulation

Waste-
management
framework law

Circular-economy
enabling regulation

Establishes Chile’s environmental
governance system, environmental
instruments, liability principles and
the basis for environmental impact
assessment.

Regulates atmospheric emissions
from thermoelectric power plants,
including coal-fired plants.

Introduces waste valorization as a
core principle, creates Extended
Producer Responsibility (REP) for
priority products, and establishes
instruments to prevent waste
generation and promote reuse,
recycling and other forms of
recovery.

Allows copper slag to be
authorized as artificial aggregate in
construction under defined
sanitary and traceability
requirements.

Provides the institutional basis for
environmental regulation affecting
industrial residues, production
facilities and construction projects
using alternative materials.

Indirectly affects the coal-fired
power sector that generates fly
ash; stricter regulation and coal
retirement influence the future
availability and management of fly
ash streams.

Although construction materials
are not a REP priority product
category, the law legitimizes waste-
to-value approaches and supports
the regulatory logic for converting
industrial by-products into inputs.

Demonstrates a regulatory model
for valorizing high-volume industrial
residues in construction; relevant
analogy for geopolymers made
with mining residues or other by-
products.

Mandatory national
law.

Mandatory
regulation.

Mandatory national
law for covered
products; broader
circular-economy
framework.

Mandatory
regulation for
specific authorized
use; enabling
precedent.

BCN Ley N°19.300:
https://www.bcn.cl/le
ychile/navegar?idNor
ma=30667

BCN DS N°13/2011:
https://www.bcn.cl/le
ychile/navegar?idNor
ma=1026808

BCN Ley N°20.920:
https://www.bcn.cl/le
ychile/navegar?idNor
ma=1090894 ; MMA
Ley REP:
https://economiacirc
ular.mma.gob.cl/ley-
rep/

https://www.bcn.cl/le
ychile/navegar?idNor
ma=1221362

3. R&D AND INNOVATION ENABLERS

Law N°20.241 — R&D Tax
Incentive Law (Ley 1+D)

Natinal Strategy for
Science, Technology,

Knoweledge and Innovation

(cTcn)

ANID — National Research
and Development Agency
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Tax incentive law

National

innovation strategy

Public research
funding agency

MBE Graduation Report- A3

Provides tax benefits for private
investment in certified research
and development projects.

Defines strategic priorities for
scientific research, sustainability,
technology development and
innovation capabilities.

Funds scientific research through
programs such as FONDECYT,
FONDEF, Basal Centers and applied
R&D instruments.

May support industrial research,
pilot validation and scale-up of
alternative cementitious materials
such as geopolymers.

Establishes policy support for
advanced materials, circular
economy research and applied
innovation in construction.

Can finance material science
research, construction innovation,
laboratory testing and technology
transfer for geopolymer systems.

Voluntary incentive;
legally regulated.

Strategic / voluntary
guide.

Funding
mechanism;
competitive and
voluntary.

https://www.chileatie
nde.gob.cl/fichas/820-
incentivo-tributario-a-
la-investigacion-y-
desarrollo

Ministerio de Ciencia
CTCl:

https://www.mincien
cia.gob.cl/areas/ctci/

ANID:
https://www.anid.cl
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CORFO — Production

Development Corporation

CTEC — Technological
Center for Innovation in
Construction

CIMAC — Technological
Center for Innovation in
Construction Materials
(ANID + USACH)

University-associated

construction and materials

innovation centers

Public innovation
and economic
development
agency

Applied innovation
center

Applied research
and technology
center

Research and
innovation
infrastructure

Promotes applied innovation,
technology development,
entrepreneurship and productive
transformation through grants,
programs and strategic initiatives.

Promotes technological
innovation, industrialization,
sustainability and testing
capabilities in the construction
sector.

Develops innovation, testing and
technology transfer capabilities for
construction materials.

University laboratories and centers
conduct testing, applied research
and technology transfer in
concrete, materials, sustainability
and construction innovation.

Key mechanism for scaling
geopolymer technologies from
laboratory research to pilots,
industrial partnerships and market
deployment.

Potential platform for prototyping,
testing and demonstrating
geopolymer-based construction
products in Chile.

Relevant institutional actor for
validation and applied research on
alternative binders, recycled inputs
and geopolymer products.

Provide scientific credibility, testing
capacity and partnerships needed
to validate geopolymer materials
before market adoption.

Funding / support
mechanism;
competitive and
voluntary.

Voluntary

innovation platform.

Voluntary R&D /

technology-transfer

platform.

Voluntary R&D /

testing ecosystem.
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CORFO:
https://www.corfo.cl

CTEC:
https://ctecinnovacio
n.cl

https://arquitectura.u
sach.cl/cimac-el-
nuevo-centro-
tecnologico-para-la-
innovacion-en-
materiales-para-la-
construccion/

https://www.ing.uc.cl
/centro-de-
innovacion-del-
hormigon
https://www.dictuc.cl

4. CONSTRUCTION REGULATION AND TECHNICAL STANDARDS

LGUC — General Law of

Urbanism and Construction

OGUC - General Ordinance

of Urbanism and
Construction

Sustainable Building
Standards for Housing

Construction
framework law

Construction
regulation

Guide / voluntary
sustainability
standard

NCh148 / NCh163 — Cement Technical

and aggregates standards

NCh170 — Concrete
standard

A. Cabezon |

standards

Technical standard
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Establishes the legal basis for
urbanism, building regulation,
permits and responsibilities in
Chile.

Defines technical and
administrative requirements for
building works, including
references to technical standards
and material/system requirements.

Promotes regional materials,
reduced transport impacts,
responsible material selection,
waste reduction and materials with
lower environmental impacts.

NCh148 defines cement
requirements; NCh163 defines
aggregate requirements for
mortars and concretes

Specifies requirements for
concrete production, performance,
control and acceptance.

Determines the regulatory
authority for construction materials
and building systems; innovative
materials must fit within this legal
framework.

Materials must comply with
applicable standards or obtain
approval through special
procedures; lack of explicit
geopolymer standards can slow
adoption.

Creates soft demand for
geopolymer products in non-
structural applications such as
panels, blocks, tiles or
prefabricated elements when
environmental benefits can be
documented.

Current cement definitions are
anchored in conventional
cementitious systems and do not
explicitly recognize geopolymer
binders; this creates a
standardization gap for structural
use.

Geopolymer concrete may require
adaptation or performance-based
equivalence because the standard
is designed around conventional
cement concrete practice.

Mandatory national

law.

Mandatory
regulation.

Voluntary guide /
sustainability
reference.

Technical standards;

mandatory when
referenced by
regulation or
contract.

Technical standard;

mandatory when
referenced by
regulation or
contract.

BCN LGUC:
https://www.bcn.cl/le
ychile/navegar?idNor
ma=13560

BCN OGUC:
https://www.bcn.cl/le
ychile/navegar?idNor
ma=8201

https://csustentable.
minvu.gob.cl/wp-
content/uploads/201
8/09/ESTANDARES-
DE-CONSTRUCCION-
SUSTENTABLE-PARA-
VIVIENDAS-DE-CHILE-
TOMO-IV-
MATERIALES-Y-
RESIDUOS. pdf

INN catalogue:
https://www.inn.cl

INN catalogue:
https://www.inn.cl
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NCh3520:2020 — Fly ash for Technical standard

concrete

NCh161:2021 — Cement:

pozzolans, basic slag and fly

Technical standard

Specifies chemical and physical
requirements and quality-control
procedures for fly ash used in
concrete.

Establishes specifications for
pozzolans, basic slag and fly ash

Enables circular use of coal fly ash
as a supplementary cementitious
material in concrete. For
geopolymers, it supports raw-
material quality characterization
but does not certify geopolymer
binders as cement replacements.

Allows fly ash and other additions
to be recognized within cement

Technical standard;
mandatory if
referenced by
regulation or
contract.

Technical standard;
mandatory if

APENDIX 1

https://www.inn.cl/n
ch35202020

INN NCh161:2021:
https://www.inn.cl/n

ash for use in cements used in cement. production, but within the cement referenced by ch1612021
standard logic. It supports residue  regulation or
valorization while leaving alkali- contract.
activated/geopolymer binders
outside explicit standard
definitions.
5. CERTIFICATION MECHANISMS
MINVU / DITEC approval of Technical approval MINVU, through DITEC, manages  Provides a possible regulatory entry Mandatory for MINVU DITEC:

non-traditional construction / certification

systems and official lists

ETI - Evaluacién Técnica
Independiente
(Independent TechnicaL
Evaluation)

Sustainable Building
Certification (CES)

procedure

Independent
technical
assessment
instrument

Voluntary building
certification
system

procedures for approving or listing
non-traditional construction
systems and solutions, including
thermal, acoustic, fire-
performance and industrialized
housing systems.

Independent technical evaluation
used to assess the suitability,
performance and compliance of
innovative construction systems or
products.

National certification system
administered by Instituto de la
Construccion for environmental
quality and energy efficiency in
public-use buildings.

route for geopolymer-based
products when they are part of a
non-traditional construction
system; however, the process can
be time- and resource-intensive.

Can support performance
validation of geopolymer products,
especially when no prescriptive
Chilean standard exists. It may
reduce uncertainty for public
agencies, designers and end users.

Can reward projects that reduce
environmental impacts and use
materials with documented
sustainability attributes. It can
create market demand for low-
carbon geopolymer products,
especially in public buildings.

systems that require
MINVU approval or
official listing.

Voluntary or
required depending
on approval
pathway / project
requirements.

Voluntary
certification; may be
required by clients
or public
procurement
criteria.

https://www.minvu.g
ob.cl/ditec/ ; MINVU
Res. Ex. N°2244 and
related official-list
procedures:
https://www.minvu.g
ob.cl/ditec/

Instituto de la
Construccion / ETI
information:
https://www.iconstru
ccion.cl

CES:
https://www.certifica
cionsustentable.cl/ ;
CES Manual:
https://www.certifica
cionsustentable.cl/wp
content/uploads/202
0/03/27310_Manuall

_EvaluacioncCalificacio

n_v1.1 2014.05.28.p
df

Note: This table is not intended to be exhaustive. It provides a reference overview of the main regulatory instruments relevant to the potential
adoption of geopolymers as construction materials in the Chilean context.
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APPENDIX 2 -

SEMI-STRUCTURED INTERVIEW PROTOCOL

Purpose of the Interviews

The interviews aim to explore the ecosystem conditions, actor interactions, and strategic dynamics that influence
the feasibility of adopting biomass fly ash—based geopolymers (BFA-GPs) for non-structural construction applications
in Chile. The interviews will provide qualitative insights into value creation, ecosystem structure, actor roles, and
systemic barriers or enabling conditions, supporting the overall research question.

A qualitative research approach will be employed, using semi-structured interviews. This approach enables the
identification of ecosystem patterns, interdependencies, and strategic positions while allowing interviewees to
elaborate based on their institutional or industrial perspectives.

Participants and Sampling Strategy

Interviewees were selected through purposive and snowball sampling, targeting actors directly or indirectly involved
in fly ash valorization pathways, construction materials, innovation development, or regulatory ecosystems relevant

to the Chilean context.
Seven interviews were conducted.

- Interview 01 — Director of the
Technological and Innovation
Center for Construction

- Interview 02 — Director Center
for Innovation in Technology and
Design of Materials for the Built
Environment

- Interview 03 — Architect and
material researcher

- Interview 04 — General Manager
at  Sustainable  Construction
Materials Start Up

- Interview 05 — Director of the
Concrete Innovation Center

- Interview 06 — Strategy and
Planning Manager at Forestry
Industry Research and Innovation
Laboratory

- Interview 07 - Innovation
Manager at Construction
and Real Estate Developer

company outside the Chilean
ecosystem, included to provide
complementary insights beyond
the Chilean innovation ecosystem

A. Cabezon | MBE Graduation Report- A3
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APPENDIX 2

Ethical Considerations

Participation is voluntary and based on informed consent.

Interviews will be audio recorded only with permission.

Data will be anonymized and securely stored.

The study will comply with TU Delft ethical standards and GDPR regulations.

Data will be used exclusively for academic purposes.

For more details on this topic, see Data Management Plan (Appendix 4) and Informed Consent Forms (Appendix 5).

Interview Guide

Each interview is expected to last 45-60 minutes.

1. Professional Background (5—-10 min)

Could you briefly describe your professional background and current role?
How is your work connected to innovation or sustainability in the construction sector?

How long have you been active in this field?

2. Evolution of Sustainable Innovation (10-15 min)

What major changes have you observed in sustainable innovation in Chile’s construction sector over the past
years?

What factors have driven these changes?

Has innovation adoption accelerated, slowed, or remained stable? Why?

3. Institutional and Regulatory Context (10-15 min)

How do laws, regulations, and public policies influence innovation in the sector?
Do you see regulation mainly as a barrier, an incentive, or both?
Which specific regulations or policy goals have been most important in promoting innovation?

Are there regulatory gaps or inconsistencies that hinder development or adoption?

4. Barriers and Challenges (1015 min)

What are the main challenges for developing sustainable innovations in Chile?
What are the main barriers to adoption?
Are these primarily economic, cultural, technical, or regulatory?

How important is coordination among actors (suppliers, contractors, regulators, clients)?

5. Knowledge and Perceptions of Geopolymers (10-15 min)

()]

>

What do you know about geopolymers?
Have you encountered them in practice or research?
What advantages or disadvantages do you perceive compared to traditional materials?

What would need to happen for geopolymers to scale in Chile?

. Closing Reflection

Is there anything important that we have not discussed?

Can you give me references to institutions or people that you think could help me better understand this topic?

. Cabezén | MBE Graduation Report- A3 55



APPENDIX 3

ETHIC REVIEW CHECKLIST

Delft University of Technology
HUMAN RESEARCH ETHICS

CHECKLIST FOR HUMAN RESEARCH
(Version January 2022)

IMPORTANT NOTES ON PREPARING THIS CHECKLIST
1.

An HREC application should be submitted for every research study that involves human
participants (as Research Subjects) carried out by TU Delft researchers

Your HREC application should be submitted and approved before potential participants are
approached to take part in your study

All submissions from Master’s Students for their research thesis need approval from the
relevant Responsible Researcher

The Responsible Researcher must indicate their approval of the completeness and quality
of the submission by signing and dating this form OR by providing approval to the corre-
sponding researcher via email (included as a PDF with the full HREC submission)

There are various aspects of human research compliance which fall outside of the remit of
the HREC, but which must be in place to obtain HREC approval. These often require input
from internal or external experts such as Faculty Data Stewards, Faculty HSE advisors, the
TU Delft Privacy Team or external Medical research partners.

You can find detailed guidance on completing your HREC application here

Please note that incomplete submissions (whether in terms of documentation or the infor-
mation provided therein) will be returned for completion prior to any assessment

If you have any feedback on any aspect of the HREC approval tools and/or process you can
leave your comments here

I. Applicant Information

PROJECT TITLE: Turning Ash into Opportunity:

Ecosystem conditions for Geopolymer adoption
in Chile’s Construction Sector

Over what period of time will this specific part of the
research take place

Research period: 21-01-2026 to 30-06-2026

(Bachelor’s, Master’s, DreamTeam, PhD, PostDoc, Senior
Researcher, Organisational etc.)

Faculty: Faculty of Architecture and the Built
Environment

Department: Management in the Built Environment

Type of the research project: Masters thesis

A. Cabezon | MBE Graduation Report- A3
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https://www.tudelft.nl/en/library/research-data-management/r/support/data-stewardship/contact
https://intranet.tudelft.nl/en/-/hse-advisor?p_l_back_url=%2Fen%2Fsearch%3Fq%3Dhse
mailto:privacy-tud@tudelft.nl
https://www.ccmo.nl/onderzoekers/wet-en-regelgeving-voor-medisch-wetenschappelijk-onderzoek/wetten/wet-medisch-wetenschappelijk-onderzoek-met-mensen-wmo
https://www.tudelft.nl/en/about-tu-delft/strategy/integrity-policy/human-research-ethics
https://tudelft.fra1.qualtrics.com/jfe/form/SV_5o4nkUXpGdonKOq

APPENDIX 3

Funder of research: -

(EU, NWO, TUD, other — in which case please elaborate)

Name of Corresponding Researcher: Antonia Cabezén

(If different from the Responsible Researcher)

E-mail Corresponding Researcher: acabezonotero@tudelft.nl

(If different from the Responsible Researcher)

Position of Corresponding Researcher: Masters student

(Masters, DreamTeam, PhD, PostDoc, Assistant/
Associate/ Full Professor)

Name of Responsible Researcher: Hans Wamelink

Note: all student work must have a named Responsible
Researcher to approve, sign and submit this application

E-mail of Responsible Researcher: j-w.f.wamelink@tudelft.nl

Please ensure that an institutional email address (no
Gmail, Yahoo, etc.) is used for all project documentation/
communications including Informed Consent materials

Position of Responsible Researcher : Professor, Chair Construction Management and
Entrepreneurship- Management in the Built

(PhD, PostDoc, Associate/ Assistant/ Full Professor) Environment

II. Research Overview

NOTE: You can find more guidance on completing this checklist here

a) Please summarise your research very briefly (100-200 words)

What are you looking into, who is involved, how many participants there will be, how they will be recruited
and what are they expected to do?

Add your text here — (please avoid jargon and abbrevations)

The purpose of the study is to understand the ecosystem surrounding the adoption of a new
sustainable material in the construction sector in Chile.

For this purpose, semi-structured interviews will be conducted with key actors within the mapped
network. Participants will be selected through purposive sampling based on their influence or
centrality in the ecosystem, as well as feasibility of contact and availability. This approach will be
complemented by a snowball strategy to identify and reach additional relevant actors who may
not be visible in the initial mapping but play a significant role in the system.

b) If your application is an additional project related to an existing approved HREC submission, please pro-
vide a brief explanation including the existing relevant HREC submission number/s.

Add your text here — (please avoid jargon and abbrevations)

c) If your application is a simple extension of, or amendment to, an existing approved HREC submission,
you can simply submit an HREC Amendment Form as a submission through LabServant.

A. Cabezon | MBE Graduation Report- A3
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APPENDIX 3

III. Risk Assessment and Mitigation Plan

NOTE: You can find more guidance on completing this checklist here

Please complete the following table in full for all points to which your answer is “yes”. Bear in mind that the
vast majority of projects involving human participants as Research Subjects also involve the collection of Per-
sonally Identifiable Information (PIl) and/or Personally Identifiable Research Data (PIRD) which may pose
potential risks to participants as detailed in Section G: Data Processing and Privacy below.

To ensure alighment between your risk assessment, data management and what you agree with your Re-
search Subjects you can use the last two columns in the table below to refer to specific points in your Data
Management Plan (DMP) and Informed Consent Form (ICF) — but this is not compulsory.

It’s worth noting that you’re much more likely to need to resubmit your application if you neglect to identify
potential risks, than if you identify a potential risk and demonstrate how you will mitigate it. If necessary, the
HREC will always work with you and colleagues in the Privacy Team and Data Management Services to see
how, if at all possible, your research can be conducted.
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https://www.tudelft.nl/en/privacy-security/privacy/understanding-privacy
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https://filelist.tudelft.nl/TUDelft/Over_TU_Delft/Strategie/Integriteitsbeleid/DeviceReport%20HREC%20v18-06-2020.docx
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APPENDIX 3

H: More on Informed Consent and Data Management

NOTE: You can find guidance and templates for preparing your Informed Consent materials) here

Your research involves human participants as Research Subjects if you are recruiting them or actively involving
or influencing, manipulating or directing them in any way in your research activities. This means you must seek
informed consent and agree/ implement appropriate safeguards regardless of whether you are collecting any
PIRD.

Where you are also collecting PIRD, and using Informed Consent as the legal basis for your research, you need to
also make sure that your IC materials are clear on any related risks and the mitigating measures you will take —
including through responsible data management.

Got a comment on this checklist or the HREC process? You can leave your comments here

IV. Signature/s

Please note that by signing this checklist list as the sole, or Responsible, researcher you are
providing approval of the completeness and quality of the submission, as well as confirming
alignment between GDPR, Data Management and Informed Consent requirements.

prechre &

Name of Corresponding Researcher (if different from the Responsible
Researcher) (print)

Antonia Cabezdn

Signature of Corresponding Researcher:

Date: 07-01-2026

Name of Responsible Researcher (print)

Hans Wamelink

Signature (or upload consent by mail) Responsible Researcher:

Date: 09-01-2026
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APPENDIX 3

V. Completing your HREC application

Please use the following list to check that you have provided all relevant documentation

Required:
o Always: This completed HREC checklist
o Always: A data management plan (reviewed, where necessary, by a data-steward)

o Usually: A complete Informed Consent form (including Participant Information) and/or Opening State-
ment (for online consent)

Please also attach any of the following, if relevant to your research:

Document or approval Contact/s

Full Research Ethics Application After the assessment of your initial application HREC will let you know
if and when you need to submit additional information

Signed, valid Device Report Your Faculty HSE advisor

Ethics approval from an external Medical TU Delft Policy Advisor, Medical (Devices) Research
Committee

Ethics approval from an external Research Please append, if possible, with your submission

Ethics Committee

Approved Data Transfer or Data Processing Your Faculty Data Steward and/or TU Delft Privacy Team

Agreement

Approved Graduation Agreement Your Master’s thesis supervisor

Data Processing Impact Assessment (DPIA) TU Delft Privacy Team

Other specific requirement Please reference/explain in your checklist and append with your
submission
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APPENDIX 4

DATA MANAGEMENT PLAN

Plan Overview

A Data Management Plan created using DMPonline

Title: ABE MSc Graduation Project - From ash to opportunity - Interviews and Survey data (thesis in
repository only)

Creator:Antonia Cabezon
Affiliation: Delft University of Technology
Template: TU Delft Data Management Plan template (2025)

Project abstract:
The purpose of this study is to map and analyze the industrial ecosystem surrounding the valorization
of biomass fly ash in Chile in order to identify the technical, organizational, and market conditions, as
well as the interactions among stakeholders that shape the feasibility of adopting biomass fly ash-
based geopolymers for non-structural construction applications.
Semi-structured interviews will be conducted with key actors within the mapped network. The
interviews will provide qualitative insights into value creation, ecosystem structure, actor roles, and
systemic barriers or enabling conditions, supporting the overall research question.
Participants will be selected through purposive sampling based on their influence or centrality in the
ecosystem, as well as feasibility of contact and availability. This approach will be complemented by a
showball strategy to identify and reach additional relevant actors who may not be visible in the initial
mapping but play a significant role in the system.
Interviews will be audio-recorded and transcribed using Microsoft Teams, and the data will be coded
and analyzed in Atlas.ti, all under a TU Delft account.

ID: 193631
Start date: 10-11-2025
End date: 30-06-2026

Last modified: 13-02-2026

Created using DMPonline. Last modified 13 February 2026 10of8
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APPENDIX 4

ABE MSc Graduation Project - From ash to opportunity - Interviews
and Survey data (thesis in repository only)

0. Administrative questions

1. Provide the name of the data management support staff consulted during the preparation of this plan and the date
of consultation. Please also mention if you consulted any other support staff.

The DMP has been shared with my thesis supervisor Hans Wamelink via DMPonline,
and reviewed by him on January 7, 2026.
Janine Strandberg, Data Steward - Faculty of Architecture and the Built Environment reviewed this DMP and feedbakc was received

on Janury 12, 2026

2. Is TU Delft the lead institution for this project?

e Yes, the only institution involved

I. Data/code description and collection or re-use

3. Provide a general description of the types of data/code you will be working with, including any re-used data/code.

How will data/code
be

Who will have

stakeholders, new
potential
interviewees contact
information and
company's internal
information.

(only audio) and
transcribed in the
same platform.
Recordings are deleted
after anonymized
transcription.

operation, institutional logics,
adoption of new innovative materials,
waste stream managements,
regulatory and market situation).

i ?
Type of data/code File collected/generated'. Purpose of processing Storage location |access to the
format(s)|For re-used data/code:
data/code?

what are the sources

and terms of use?

Contact information

for participants taking

part in interviews, Master's student
Personally . .

o received Antonia
Identifiable . .

- . df from professional and - . . Cabezén
Information (PIl): -p . For administrative purposes:

. , social network. PP . +
participants' name, |.xlsx obtaining informed consent TU Delft OneDrive . )

) ) Informed consent - } - Supervisors:
email, mobile .doc and communicating with participants. .
number, company forms are Hans Wamelink

L L signed digitally and & Karel Van
name, job position :
contain den Berghe
participants' name +
email.
Audio-recordings of Interviews are
interviews with conducted online via
personal opinions Teams Meeting Capturing the opinions and expert
and expert through TU Delft knowledge of relevant stakeholders
knowledge, outlook account and  |about work-related matter, their area
automatcally recorded i i i .
references to other .mp3 y of expertise or work field (industry TU Delft OneDrive |Same as above

A. Cabezon |

Created using DMPonline. Last modified 13 February 2026
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Anonymous

Interviews are
automatically recorded
(only audio) and
transcribed in Teams
Meeting.

The interviews
ranscripts are manually

Privacy and data preserving on the
research topic from experts or

Environment.

transcriptions .docx . s TU Delft OneDrive |Same as above
: . anonymized and saved [relevant actors within the research
of interviews )
as .docx document. field.
Participants are asked
to review the
transcriptions of their
interview before the
transcript is finalised.
Anonymised data on
opinion on waste Data obtained from
stream treatment/ ) . . .
valorization coding lan_onymlsed Privacy and ('iata preserving on the
pathways/market and|.csv transcnptlons research topic fro_m _experts or TU Delft OneDrive |Same as above
regulatory using Atlas Tl software |relevant actors within the research
- ) with a TU Delft field.
environment/material

. account.
adoption
+ occupation

Online survey in
Qualtrics:
An anonymous survey
link will be used, and IP
address tracking will be
disabled. The survey
Anonymous survey will be distributed via
data on perceptions a mailing list managed
of new materials by the Master's Capturing the perceptions on new .

) . ) . Qualtrics server
adoption for Student. materials adoption from practitioners (temporary storage)
construction projects [.csv Instructions for TU within the construction field in Chile P M 9 Same as above
+ occ‘upat.|on Delft research will be [(architects, designers, contractores, TU Delft OneDrive
/working field + age adhered to the survey. |developers).

+ working An informed consent
experience (years) form will be presented
at the beginning of the
survey, and
participants will be able
to withdraw at any
stage without
consequence.
Consulted companies
may share private data
and documentation
related to the research
topic.
All confidential
information will be
! handled and stored
Inc_iustrlal and market securely with restricted|Collecting data that is not accessible
private data and d d via public databases
documentation access, and use P
exclusively for
academic research
purposes. Data will be
anonymized and
reported only in
aggregated or non-
identifiable form where
required.
Long-term documentation.
Serves as record of the E;/;I]uation and ex?mfinattri]onlvals rt)ar't TU Delft OneDrive |Publicly
Thesis Report .pdf process as well as of the requirements tor the Master's 1 | o renository |2Vailable under
documentation degree in Management in the Built p y copyright

A. Cabezon |

Created using DMPonline. Last modified 13 February 2026
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APPENDIX 4

Il. Storage and backup during the research process
4. How much data/code storage will you require during the project lifetime?

e <250GB

5. Where will the data/code be stored and backed-up during the project lifetime? (Select all that apply.)

e Another storage system - please explain below, including provided security measures
e TU Delft OneDrive

OneDrive: Primary research data storage. Only TU Delft team members (Master's student and supervisors) have access. Survey
and interview data will be stored in separate folders, and within the interview folder, there are separate folders for audio-recordings
and anonymous transcriptions. Informed consent forms and contact information are encrypted separately from research data

to minimise risk of re-identification.

Qualtrics server: Server of online survey platform. Temporary storage for anonymous survey responses. Data will be deleted from
Quialtrics once it has been safely moved to the OneDrive.

TU Delft Repository: after graduation the Thesis report will be stored in the TU Delft repository.

IlIl. Data/code documentation
6. What documentation will accompany data/code? (Select all that apply.)

e Data - Methodology of data collection

The dataset will not be shared in a data repository, but the methodology of data collection will be
explained in the MSc thesis, which is made publicly available in the TU Delft Repository.

IV. Legal and ethical requirements, code of conducts

7. Does your research involve human subjects or third-party datasets collected from human participants?

If you are working with a human subject(s), you will need to obtain the HREC approval for your research project.

e Yes - please provide details in the additional information box below

I intend to apply for ethical approval from the Human Research Ethics Committee, but have not yet
done so.

8. Will you work with personal data? (This is information about an identified or identifiable natural person, either for
research or project administration purposes.)

e Yes

The research data collected in the project will be anonymised, but processing of personal data is
required for conducting the research project.
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9. Will you work with any other types of confidential or classified data or code as listed below? (Select all that apply
and provide additional details below.)

If you are not sure which option to select, ask your Faculty Data Steward for advice.

e Yes, confidential data received from commercial, or other external partners

Consulted companies may share private data and documentation related to the research topic, such as industrial processes,
quantities of ash generated and landfill occupancy, volumes of biomass incinerated, CO2 emissions, and current uses and disposal
practices. In addition, market-related information may be provided, including quantities of products sold, zoning information,
product types, and consumer analysis. All confidential information will be handled and stored securely with restricted access, and
used exclusively for academic research purposes. Data will be anonymized and reported only in aggregated or non-identifiable form
where required.

Participants will be asked to review the transcripts before finalisation.

10. How will ownership of the data and intellectual property rights to the data be managed?

For projects involving commercially-sensitive research or research involving third parties, seek advice of your
Faculty Contract Manager when answering this question.

The student conducts the research independently, and is the owner of the interview and survey data. The anonymised interview and
survey data underlying the graduation report will be included in the body and appendix of the MSc thesis which will be uploaded
with public access to the TU Delft repository.

11. Which personal data or data from human participants do you work with? (Select all that apply.)

e Audio recordings

o Date of birth and/or age

e Telephone number, email addresses and/or other addresses as contact details for administrative purposes

e Proof of consent (such as signed consent materials which contain name and signature)

e Free text fields (for instance, in questionnaires) in which participants could unintentionally share personal data
e Job title and/or employer

e Names and/or geolocation information as part of research data

o Names as contact details for administrative purposes

Personally Identifiable Information (PIl): interviewee name, company name, email address, and mobile phone number are
processed for administrative reasons (to obtain informed consent and communicate with participants).

Personally Identifiable Research Data (PIRD): Personal research data processed for interview

participants and via the online Qualtrics survey includes:

audio-recordings (interview only)

professional opinion on innovative material adoption within the forestry and construction industry of Chile (interview only)
Work position: e.g. CEO, lab director, chief waste management (interview only)

occupation: e.g. architect, designer, contractor (interview + survey)

age group: e.g., 25-30; 31-34; 35-40; 41-45 (survey only)

working experience: how long have you been wrking in the current field (suervey only).

The online survey data are collected anonymously via Qualtrics (using anonymous links and without collecting IP-addresses). Only
multiple-choice or yes/no questions are used in the survey, to avoid

unintentionally processing additional personal data.

Participant data for interviewees is anonymised when recordings are transcribed.

12. Please list the categories of data subjects and their geographical location.

Interview participants are experts or relevant actors on the forestry and construction industry in Chile.

Survey participants are practitioners within the construction field in Chile (architects, designers, contractores, developers). There is
no overlap between the interview participants and the survey participants.

13. Will you be receiving personal data from or transferring personal data to third parties (groups of individuals or
organisations)?
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e Yes - please provide details about the data and third party(ies) below

Based on the interviews conducted, it is expected that contact information for additional relevant actors within the ecosystem
under study will be obtained through a snowball sampling approach.

All personal information obtained through the interviews will be handled in the same manner as other private source information, as
described in Q3. Personal data will be stored in a separate folder and used solely for administrative and contact purposes.
Information obtained from these additional sources will be transcribed and anonymized prior to analysis.

14. Which countries will you be receiving personal data from or transferring personal data to? (Select all that apply.)

e Other - please indicate which in the box below
e Netherlands

Chile.

15. What advice did the Privacy team give regarding data transfer? Record below their advice, the data transfer
mechanism used, and any agreed security measures.

The data steward indicated that consulting the Privacy Team was not necessary.

16. What are the legal grounds for personal data processing?

e Informed consent

The HREC informed consent guide and templates will be used to create the Participant Information
Sheet (template 1) and the Explicit Informed Consent Form (template 2) for the interviews.

For the anonymous online surveys, an Opening Statement (template 1 in the HREC guide) will be used in place of the explicit
Informed Consent form

17. Please describe the informed consent procedure you will follow below.

Interviews: The researcher will inform the potential participants about the goals and procedures of the research project. The
researcher will also inform them about the personal data that are being processed and for what purpose. A digital copy of the
information will be emailed to participants before the interview, and all participants will be asked for their consent for taking part in
the study and for data processing by signing a digital informed consent form before the start of the interview.

Survey: For the anonymous surveys, an Opening Statement will be used at the start of the survey to inform participants about the
goals and procedures of the research project, as well as the type of information that is requested in the survey. Participants'
agreement with the terms and conditions of the research are signified by clicking through to the survey.

18. Where will you store the physical/digital signed consent forms or other types of proof of consent (such as
recording of verbal consent)?

Digital informed consent forms and contact information are stored in the TU Delft OneDrive and
encrypted separately from research data to minimise risk of re-identification.
No hard copy consent forms will be collected during this research.

19. Does the processing of the personal data result in a high risk to the data subjects? (Select all that apply.)

If the processing of the personal data results in a high risk to the data subjects, it is required to perform a Data
Protection Impact Assessment (DPIA). In order to determine if there is a high risk for the data subjects, please check
if any of the options below that are applicable to the processing of the personal data in your research project.

If any category applies, please provide additional information in the box below. Likewise, if you collect other type of
potentially sensitive data, or if you have any additional comments, include these in the box below.

If one or more options listed below apply, your project might need a DPIA. Please get in touch with the Privacy team
(privacy-tud@tudelft.nl) to get advice as to whether DPIA is necessary.
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e None of the above apply

Interviews will only be audio-recorded, no video or photographic material will be gathered.

23. What will happen with the personal data used in the research after the end of the research project?
e Anonymised or aggregated data will be shared with others

Anonymised or aggregated data will be shared with others.

The anonymised research data consists of anonymised interview transcripts, anonymised coded datasets, anonymous survey data.
These data will be used in the body of the thesis and included the appendix, but will not be shared in a data repository.

24. For how long will personal research data (including pseudonymised data) be stored?
e Personal data will be deleted at the end of the research project

Audio-recordings of interviews are destroyed after completion of anonymised interview transcriptions.
All other personal research data will be destroyed at the latest 1 month after the end of the project.

25. How will your study participants be asked for their consent for data sharing?
e In the informed consent form: participants are informed that their personal data will be anonymised and that the anonymised

dataset is shared publicly

All participants will be asked for their consent for data to be shared anonymously in the body of the MSc thesis, which is made
publicly accessible in the TU Delft Repository. Participants who do not consent to their data being included publicly in the thesis will
not be included in the research project

V. Data sharing and long term preservation

27. Apart from personal data mentioned in question 23, will any other data be publicly shared?

Please provide a list of data/code you are going to share under ‘Additional Information’.

e | do not work with any data other than personal data

29. How will you share research data/code, including those mentioned in question 23?
Select all that apply and provide additional details below.
e | am a Bachelor's/Master’s student at TU Delft and | will share the data/code in the body and/or appendices of my thesis/report
in the TU Delft Repository

Anonymised data collected during the project will be included in the body and appendix of the MSc thesis, made available in the TU
Delft Repository.
The dataset is not shared in a data repository.

30. How much of your data/code will be shared in a research data repository?

e Not applicable - No data/code will be shared in a repository
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31. When will the data/code be shared?

e As soon as corresponding results (papers, theses, reports) are published

Anonymised data collected during the project will be included in the body and appendix of the MSc thesis, made available in the TU
Delft Repository. The dataset is not shared in a data repository.

32. Under what licence(s) will the data/code be released?
e Other - please explain below

The thesis is made publicly available in the TU Delft Repository under copyright. The data are not
shared in a data repository with a data licence.

V1. Data management responsibilities and resources

33. If you leave TU Delft (or are unavailable), who is going to be responsible for the data/code resulting from this
project?

My thesis supervisor Prof. Hans Wamelink, Chair Construction Management and Entrepreneurship- Management in the Built
Environment: J.W.F.Wamelink@tudelft.nl

34. What resources (for example financial and time) will be dedicated to data management and ensuring that data
will be FAIR (Findable, Accessible, Interoperable, Re-usable)?

Research data are only shared within the MSc thesis: no additional resources are required.

35. Which faculty do you belong to?

e Faculty of Architecture and the Built Environment (ABE)
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INFORMED CONSENT FORMS

1. Opening statement and explicit consent points (interviews)

PARTICIPANT INFORMATION

You are being invited to participate in a research study titled “Turning Ash into Opportunity: Ecosystem conditions
for Geopolymer adoption in Chile’s Construction Sector”. This study is being done by Antonia Cabezdn from the
TU Delft.

The purpose of this research study is to map and analyze the industrial ecosystem surrounding the valorization of
biomass fly ash in Chile. The data will be used for academic research purposes, including the completion of a
Master’s thesis, potential academic publications, conference presentations, and teaching or educational
materials. The final outputs of the thesis will be published in the TU Delft repository.

We will be asking you about your understanding of the current practices, challenges, opportunities, and actor
roles related to the generation, management, and valorization of biomass fly ash within the Chilean industrial and
construction ecosystem. We will also ask you to give your personal opinion regarding the feasibility, barriers, and
enabling conditions for adopting biomass fly ash—based materials, including their potential technical, economic,
regulatory, and environmental implications. Some background information about yourself regarding your
relationship with the research topic will be collected.

The interview will be audio-recorded and automatically transcribed via Outlook Teams using a TU Delft account.
The researcher will be taking notes during the meetings. As with any interview, the risk of a breach is always
possible. To the best of our ability your answers in this study will remain confidential. We will minimize any risks
by assuring all the collected data will be anonymized and the records will be deleted after transcription. The
answers are completely anonymous, meaning it will not be possible to identify any response with a specific
participant. Non personal identifying information is requested. Certain personal data is collected; however, this
information will be kept anonymous and stored securely in the TU Delft's protected Project Storage.

The interview is expected to last approximately 45 minutes.

The participation on this study is completely voluntary, and you can withdraw at any time. You are free to omit
any questions. All data collected through these sessions will remain completely anonymous and will be used solely
for academic purposes.

If you have any further questions or comments, you can contact me.
Antonia Cabezén

acabezonotero@tudelft.nl
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EXPLICIT CONSENT

PLEASE TICK THE APPROPRIATE BOXES e e

A: GENERAL AGREEMENT — RESEARCH GOALS, PARTICPANT TASKS AND VOLUNTARY
PARTICIPATION

1. | have read and understood the study information dated [DD/MM/YYYY], or it has been read O u
to me. | have been able to ask questions about the study and my questions have been answered
to my satisfaction.

2. | consent voluntarily to be a participant in this study and understand that | can refuse to O O
answer questions and | can withdraw from the study at any time, without having to give a

reason.

3. I understand that taking part in the study involves: O

- Giving personal opinions on the topics related with this research.

- Theinterview will be audio recorded and transcribed in Outlook Teams. The recording will be
deleted after transcription.

- Participant data is manually anonymised in the transcriptions.

- Aresearcher will be taking notes during the interview. Any collected data will be anonymous.

- The data collected through these interview will be use for academic purposes, including a
Masters thesis, teaching and academic publications.

4. | understand that the study will end when the Masters thesis is submitted for final evaluation. O

B: POTENTIAL RISKS OF PARTICIPATING (INCLUDING DATA PROTECTION)

5. l understand that taking part in the study also involves collecting specific personally O O
identifiable information (PIl), such as my name, phone number and email address, and
associated personally identifiable research data (PIRD), such as my position within a particular
company and my personal opinions, with the potential risk of my identity being revealed.

6. | understand that the following steps will be taken to minimise the threat of a data breach, O O
and protect my identity in the event of such a breach: anonymization of transcripts,
anonymization of handwritten notes and secure data storage.

7. lunderstand that personal information collected about me that can identify me, such as my O O
name, occupation or job position, will not be shared beyond the study team.

8. l understand that the (identifiable) personal data | provide will be destroyed after the O O
anonymization of the transcriptions.

C: RESEARCH PUBLICATION, DISSEMINATION AND APPLICATION

9. l understand that after the research study the de-identified information | provide will be used O O
for academic purposes, including a Masters thesis, teaching and academic publications.
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PLEASE TICK THE APPROPRIATE BOXES = T
10. | agree that my responses, views or other input can be quoted anonymously in research O O
outputs

11. | agree that my real name can be used for quotes in research outputs O O
12. In the event that | voluntarily provide additional information or materials beyond those O O

collected during the interview—such as databases, internal reports, academic works, or contact
information—I explicitly consent to the researcher using these materials for the purposes of this
study, in accordance handled with TU Delft copyright policies and research ethics guidelines,
including informed consent, secure data storage, restricted access, anonymization where
appropriate, and reporting of results only in aggregated or non-identifiable form.

D: (LONGTERM) DATA STORAGE, ACCESS AND REUSE

13. I give permission for the de-identified opinions and information that | provide to be archived O O
in TU Delft repository so it can be used for future research and learning. .

14. | understand that access to this repository is public. O O
Signatures
Name of participant Signature Date

|, as researcher, have accurately read out the information sheet to the potential participant
and, to the best of my ability, ensured that the participant understands to what they are
freely consenting.

Antonia Cabezdn

Researcher name Signature Date

For further information you can contact:
Antonia Cabezoén

acabezonotero@tudelft.nl

A. Cabezén | MBE Graduation Report- A3 77




APPENDIX 5

2. Opening Statement (surveys)

You are being invited to participate in a research study titled “Turning Ash into Opportunity: Ecosystem conditions
for Geopolymer adoption in Chile’s Construction Sector”. This study is being done by Antonia Cabezén from the
TU Delft.

The purpose of this research study is to map and analyze the industrial ecosystem surrounding the valorization of
biomass fly ash in Chile. The data will be used for academic research purposes, including the completion of a
Master’s thesis, potential academic publications, conference presentations, and teaching or educational
materials. The final outputs of the thesis will be published in the TU Delft repository.

We will be asking you about your understanding of the current practices, challenges, opportunities, and actor
roles related to the generation, management, and valorization of biomass fly ash within the Chilean industrial and
construction ecosystem. Some background information about yourself regarding your professional background,
experience and age range will be collected.

This survey will take you approximately 5 minutes to complete.

This survey is of free and voluntary access to all the contacted participants. All data collected through this survey
will remain completely anonymous and will be used solely for academic purposes.

As with any online activity the risk of a breach is always possible. To the best of our ability your answers in this
study will remain confidential. We will minimize any risks by assuring the answers are completely anonymous,
meaning it will not be possible to identify any response with a specific participant. Non personal identifying
information is requested, and your IP address will not be saved. Certain personal data is collected; however, this
information will be kept anonymous and stored securely in the TU Delft's protected Project Storage.

Your participation in this study is entirely voluntary and you can withdraw at any time. You are free to omit any
guestions. Once the survey is submitted, you will not able to withdraw your answers.

By clicking through this Opening Statement you agree to participate in this research and all the content above
mentioned.

If you have any further questions or comments, you can contact me.
Antonia Cabezén

acabezonotero@tudelft.nl
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