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Abstract: The cement industry is a major contributor to greenhouse gas emissions on a global scale.
Consequently, there has been an increasing interest, in both academia and business, in low-carbon
concretes in which Ordinary Portland Cement (OPC) is partially or fully replaced with industrial
side streams. However, the realization of the environmental benefits of such materials depends on
how competitive they are in the construction market, where low costs are a major competitive factor.
This is not straightforward, as many types of concretes exist. Raw material prices vary, and costs
can be influenced by governmental regulations via carbon pricing. This study presents a case study
estimating the cost prices of four different geopolymer concretes with different material compositions
and carbon footprints, considering the raw material price variability and the potential impact of
carbon emissions regulation (carbon price). The case study demonstrates how material mix cost
comparisons can be made openly and systematically. The results imply that carbon pricing, at the
rates currently applied, does not significantly change the cost price difference between traditional
and geopolymer concretes. Instead, cost-competitiveness of low carbon concretes depends heavily
on the material mix type and the availability of critical side streams.

Keywords: recycling; concrete; costs; carbon footprint; carbon price

1. Introduction

Concrete production generates approximately 8.6% of all carbon dioxide emissions
worldwide [1], and a considerable amount of this comprises cement production. Each
tonne of Ordinary Portland Cement (OPC) produced requires 60-130 kg of fuel oil or its
equivalent, depending on the cement variety and the process used, and about 110 kWh of
electricity. This accounts for around 40% of the average 0.9 tonnes of CO, emissions per
tonne of cement produced, while the rest are attributed to the calcination process, other
manufacturing processes, and transportation [2].

Due to this environmental concern, many studies have been devoted to the partial or
complete replacement of cement in concretes. Utilizing fly ash and other by-products of
the energy and minerals industry as supplementary cementitious material in cement (or as
a raw material in cement-free binders, referred to as geopolymers in the literature) holds a
considerable potential in lowering the carbon footprint of concrete. It is often mentioned
that geopolymer binders have been shown to potentially reduce carbon dioxide emissions
associated with the manufacturing of cement by up to 80% [3].

However, the actual sustainability benefit of low-carbon materials depends on the
scale to which their manufacture and use can be put into practice. Economic feasibility has
been among the major factors hindering the scale-up of geopolymer concrete in the markets.
Carbon pricing, an increasingly used form of regulation, is a potential means for promoting
low-carbon solutions, and in principle, it could level the cost price difference between
traditional and low-carbon concretes. This induces the following research question: What
is the cost-competitiveness of geopolymer concrete, and how can it be assessed?
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This study approaches this question by presenting a case study estimating the eco-
nomic feasibility of four new recycling-based geopolymer concrete mixes. The approach
includes gathering raw material price information, calculating price ranges for material
mixes, and adding the impact of potential carbon pricing scenarios to the model using life
cycle assessment (LCA) data. The model provided by this study can be used to support
decision-making alongside material development to assess the cost-competitiveness of
low-carbon concrete mixes.

1.1. Recycling-Based Low-Carbon Concretes

The CO; emissions and their mitigation approaches in the cement industry have
been a subject of numerous studies [4,5], and according to the estimates published by
Cembureau [6], the amount of CO; emitted from cement production has dropped from
783 kg /t (1990) to 667 kg/t (2017) and could be reduced to 571 kg/t by 2030 by making use
of various means, such as energy efficiency solutions, low-carbon fuels, clinker substitution,
and carbon capture and storage. This study focuses on clinker or cement substitution with
side streams.

Overall, the carbon footprint-reducing effect of side stream usage is based on the
fact that in LCA studies, it is an extensive practice to assume that waste does not carry
environmental impacts from the previous life cycle phases. This suggests that waste’s life
cycle begins from waste generation, for example, when it is disposed into a bin. This is
defined as the zero-burden approach [7]. Thus, the environmental impacts of the secondary
raw materials, such as industrial side streams or waste, are allocated to the primary
production chains (i.e., to the main products and by-products, not the waste; [8]).

Side streams can be used as supplementary cementitious materials (SCMs) with
OPC, or as precursors in other binder types that are used in alkali-activated concretes.
Alkali-activated concretes (AACs) are synthesized by reacting an alkali silicate/alkali
hydroxide solution with an aluminosilicate powder and water [9]. SCMs, such as fly ash
or ground granulated blast furnace slag (GGBS) with a high Si/ Al ratio, can be used as
source materials (aluminosilicate). Allthough in many cases, “alkali-activated material”
may be a more correct term, the term “geopolymer concrete” is used generally in academic
literature and in business for concretes that are produced without grounded clinker (burned
limestone). The same side streams can be utilized in many cement/binder types; therefore,
the suitable side streams can be referred to generally as binder precursors.

Aluminosilicates in geopolymer mixes comprise mainly slags, ashes, and metakaolin.
The majority (65%) of geopolymer mix designs in studies are based on fly ash, followed
by fly ash/slag (12%), metakaolin (10%), and slag (6%) [10]. Alkali activators generally
comprise alkali hydroxides (e.g., NaOH, KOH) and alkali silicates (e.g., NaySiO3, K;5iO3),
individually or in combination.

Aggregates, another basic component of concrete, are traditionally sand and gravel.
Generally, aggregates are not chemically involved in the structure’s formation, but their
packaging affects the resulting structure’s properties. Therefore, it is imperative that the
grain size distribution is correct. In addition to sand and gravel, sand-like and gravel-like
substances may be used, for example, tailings [11], recycled concrete [12], granulated fly
ash [13], and municipal waste incineration bottom slag [14]. Very small grain aggregates are
called fillers, and some have structural strengthening properties. Most frequently, granular
fillers are used for this purpose, such as special mineral sands or fumes and ground ceramic
products [15].

Geopolymer concretes are known to have a longer service life than traditional OPC
concrete, because geopolymer-based materials possess good mechanical strengths [16],
a high resistance against chemical attack [17], and a high temperature resistance [18].
Notably, in the literature, geopolymer concrete is often compared against CEM I-type
OPC concrete [19-22]; however, there are different concrete types that can be considered
traditional, because they follow the cement standard.
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Different cement classes defined in the standard are presented in Table 1. If it is
assumed that 15% of concrete is cement, 5% water, and 80% recycled aggregates (a typical
mix for 20 MPa compressive strength), it is possible to achieve a 94% recycling rate within
the current cement standard.

Table 1. Classification of cement types according to cement standard, adapted from [23].

Cement Type

Description

CEM I Portland cement

Portland cement and up to 5% of minor additional constituents (the original OPC)

CEM II Portland composite cement ~ Portland cement with up to 35% of other SCM, such as ground limestone, fly ash, or GGBS
CEM III blast furnace cement Portland cement with a higher percentage of blast furnace slag, up to 95%

CEM 1V pozzolanic cement
CEM V composite cement

Portland cement with up to 55% of selected pozzolanic constituents
Portland cement blended with GGBS or fly ash and pozzolanic material

Side stream-based binder precursors can be divided into already recognized materials
in cement standard, such as silica fume, coal fly ash, and blast furnace slag. Additionally,
there are other slags and ashes suitable for geopolymer purpose but are unrecognized in
cement standard. Examples are bauxite residual from alumina production—also known
as red mud [24]—and waste from mining and processing copper ore [25]. Furthermore,
some consumer wastes and separate fractions of demolition waste, such as scrap glass [26],
ceramic waste [15], and mineral wool [27], have shown potential for geopolymer purpose.
There are studies that have replaced commercial alkali activators with recycling-based
material [28,29]; however, this has not been implemented on an industrial scale.

1.2. The Markets of Low-Carbon Concretes

Currently, geopolymer concrete utilization is limited in construction, and a few rea-
sons have been found for this: (1) current material standards hinder the acceptance of
geopolymers (2) the availability of industrial side streams varies by location, as do the
volumes and qualities of side streams; and (3) the costs of geopolymer production easily
exceed the costs of OPC production [3]. Furthermore, several studies have discussed
additional barriers, such as the development of suitable admixtures, required operator skill
at batch plants, capital intensive setup of processing facilities, lack of long-term durability
data, particularly field performance, and the development of appropriate test methods [30].

Despite these barriers, there are various reported examples of the manufacturing
of geopolymer concrete products around the world. The case studies are often pilots,
but there are also companies currently manufacturing geopolymer concrete materials or
products (Renca, Wagners, Kiran Global Chem, Zeobond, Geopolymer Solutions, GeoMITS,
Alchemy Geopolymer Solutions, and SQAPE Technology).

Geopolymer concrete has been used as a surface material in roads and fields. Examples
can be found in pedestrian routes and cycling paths, e.g., in the Netherlands [31] and
Australia, as well as heavy traffic roads in Russia [32]; fields, such as container fields in
Johannesburg and wind power parks in Loeriesfontein, South Africa; airport runways, e.g.,
during the Persian Gulf War (hybrid OPC/geopolymer concrete) [33] or in Australia [34].
Geopolymer concrete has also been applied in repairing similar structures [35].

Another application area is housebuilding and industrial construction. Multi-story
houses have been built in Russia, Poland, and China, with earliest known examples dating
back to the 70s [32]. In agriculture, geopolymer concrete has been used in silo building; it is
considered a hygienic material [32]. The material has also been applied to parts of buildings,
such as floors in industrial buildings [31], masonry tiles and roof tiles [32], and composite
panels [36]. It can also be applied in mortar or underlayment and in coating material, e.g.,
for corrosion protection and fire protection [37] or waterproof pool coating [38].

Due to its waterproof properties and durability, one area of application is structures
that are closely connected with water, such as piers [39] and boat ramps [40], water con-
struction in general [41], fountain structures, sewage pipes and other sewage structures [32],
and the repair of the such facilities [42].
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Furthermore, geopolymers are used in earth construction, where the strength require-
ments are considerably lower than in building construction [43]. Overall, the geopolymer
concretes compete on the same markets as the traditional concretes. Although there is some
attention to special applications, such as refractory concrete or acid-proof concrete, there are
also similar products in the markets that are manufactured with current cement standards.

1.3. Price-Estimations Concerning Low-Carbon Concretes

When compared with OPC concrete, geopolymer concrete is usually more expensive,
but slightly cheaper in some cases. Habert and Ouellet-Plamondon [44] compared the
economic allocation of one-part geopolymers and discovered that they couldachieve an
80% reduction in costs compared with OPC. Yand et al. [19] concluded that the cost of
their one-part alkali-activated BFS foamed concrete was slightly higher, by 1.0-1.11 times,
than that of OPC concrete. Chan, Thorpe, and Islam [20] estimated the material and
manufacturing costs for over 20 years of fly ash-based geopolymer cement and OPC and
concluded that geopolymers would be 18% more expensive. McLellan et al. [45] estimated
the production costs of four typical Australian geopolymer pastes and concluded that in
one case the manufacturing costs were 7% lower, but in other cases they were up to 39%
higher compared with OPC. Vilamova and Piecha [21] estimated that the material cost of
fly ash-based concrete is twice the cost of OPC concrete. Ostwal and Chitawadagi [22]
estimated the production costs of GGBS and fly ash-based geopolymer concrete blocks to
be higher than those of traditional cement concrete blocks.

Notably, the cost comparisons presented above are not generally comparable be-
cause they have not been standardly performed. There is variation in which costs are
considered in the cost estimations, in the used mix designs, and in the prices of used
ingredients. However, studies have provided many distinct geopolymer concrete mixes,
among which 125 formulations of geopolymer-based materials have been reported in recent
reviews [46—49]. The reported mix designs offer a basis for estimating cost price ranges for
geopolymer concretes.

1.4. Carbon Pricing

To reduce and mitigate carbon emissions, some national and international authorities
have adopted carbon emissions regulation practices to encourage polluters to reduce the
volume of greenhouse gases they emit into the atmosphere. The method usually takes the
form of either a carbon tax or a requirement to purchase permits to emit, generally known
as carbon emissions trading or “cap and trade.”

A carbon tax is a tax levied on the carbon content of fuels. The term carbon tax is
also used to refer to a carbon dioxide equivalent tax. The principle of cap and trade is
as follows: in the European Union Emissions Trading Scheme (EU ETS), the European
Commission determines the maximum amount of emissions allowed for each trading
period corresponding to the total pot of allowances. This total amount is distributed to the
various member states, whose national emissions trading authorities allocate a country-
specific quota to industrial and energy production plants. The total amount is smaller
than the current European Union (EU) emissions. Thus, not all companies involved in
emissions trading can continue producing emissions as before. It is therefore profitable for
some companies to reduce their emissions, and thus sell the released allowances to others
in need.

The EU ETS is the largest multi-national greenhouse gas emissions trading scheme
in the world. Phase I began operation in January 2005, with all 15 EU member states
participating. The program caps the amount of carbon dioxide that can be emitted from
large installations with a net heat supply in excess of 20 MW, such as power plants and
carbon intensive factories. Currently, there are around 600 plants in Finland covered by
carbon emissions trading. By 2019, over 40 countries, including Finland, had implemented
carbon taxes. In Finland, CO, tax is included in fuel tax.
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1.5. Prices of Carbon Allowances and Carbon Taxes

Carbon’s prices have varied over time and place. Figure 1 presents some examples of
carbon’s prices and provides a preliminary perspective of the potential price range for the
carbon emissions. Currently (28 September 2020), the Swedish carbon tax represents the
highest carbon price worldwide. Notably, prices are not necessarily comparable between
carbon pricing initiatives due to differences in the number of sectors covered and allocation
methods applied, specific exemptions, and different compensation methods.

o

20 40 60 80 100 120 140 160

Finland carbon tax

Sweden carbon tax

Norway carbon tax

Denmark carbon tax

EU ETS

Figure 1. Examples of carbon prices [US$/tCO,e], data from [50] (ETS: Emissions Trading System).

Despite the current policies and prices, it is also common practice—in American
corporations—to calculate an “internal price on carbon.” This internal price is calculated
to assess the risk value of future projects when making economic investment decisions if
the assets have a long lifespan and can be affected by energy policies in the future. The
prices range from USD 6-7 per tonne of carbon dioxide at Microsoft to USD 60 per tonne at
Exxon Mobil [51].

In the literature, carbon emission regulation has inspired many modeling studies that
concern, for example, supply chain design and management [52-58]. The potential impact
of carbon emissions regulation should also be noted in different contexts, including the
construction context, but this has not yet received similar attention in the literature.

2. Results

This section presents the results of the material price search, cost-price estimates for
concrete mixes, and analysis of the impact of carbon pricing on the cost-price differences
between different material mixes. In addition, the generalizability of the cost estimation
approach is discussed.

2.1. Estimates of Material Purchase Prices

On the Alibaba.com website, different suppliers report the price range of their prod-
ucts. The suppliers came from 36 countries, the majority from China (Figure 2). The price
range may depend on both the purchase volume and the quality of the product. Figure 3
presents a summary of the price search. The number of options, N, mainly indicates the
number of suppliers, but in some cases, the supplier sells the same material in different
qualities, so it increases the number of options. The lower boundary of the price range was
calculated as the average of the lower boundaries informed by the suppliers, and the upper
boundary was calculated in an analogous manner.
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Figure 2. Concrete material supplier distribution by country in Alibaba.com, April 2019.
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Figure 3. Average price ranges for the prices of different concrete raw materials in Alibaba.com in April 2019 [USD/t] n:

number of options.

The price search focused on materials that were used in geopolymer concrete mixes
in the case project, or in typical geopolymer concrete mixes presented in the literature. It
should to be noted that all possible geopolymer concrete raw materials are not sold on
open markets; therefore, the price information is not available.

For example, in the case of this project, the utilization of various local ashes and slags
as aggregate was considered. Due to disposal fees, these side streams have a negative price
in principle, but the required processing (e.g., drying and sieving) significantly increases
their cost price. A large part of the processing costs consists of fixed costs; therefore, it is
difficult to estimate the potential unit price for the processed material. Instead, a reference
price was used, which was the price of the nearest commercial equivalent. This must be
understood as a lowest possible price (range) for the material considered.

Notably, for Portland cement, the price range is relatively narrow despite the high
number of suppliers; however, in the case of some ingredients of geopolymer concrete,
especially for alkali activators (potassium/sodium hydroxide/silicate), the price range
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is wide. This is partly explained because these are sold in different forms (solid /liquid),
grades, and in different purities. This makes it more difficult to estimate the actual possible
prices of geopolymer concretes, whereas for traditional concrete, it is easier to estimate a
reference price.

For gravel and sand, Alibaba.com does not seem to offer prices that are competitive
with those offered by local suppliers in Finland. During the case project, such reference
prices such as 5-10 €/m? for sand and gravel were discussed. However, the search results
implied that in some other geographical areas, high-quality sand and gravel may have a
higher selling price.

In this price search, it seemed that typical aluminosilicates—coal fly ash and blast-
furnace slag—showed lower selling prices than Portland cement. All the suppliers of coal
fly ash were from India, except one from Pakistan, and almost all suppliers of blast furnace
slag were from China. It is difficult to ascertain only based on these data whether the
quality of the ash and slag sold is suitable for binder manufacturing, but if so, their use
as SCMs can lower the cost price of concrete. However, the relationship between demand
and supply affects the selling price of the material. For example, in Finland, the prices
of these materials are considerably higher; 110 EUR/t (134 USD/t) for blast furnace slag
and 70 EUR/t (85 USD/t) for coal fly ash. In Finland, there is only one blast furnace, and
coal fly ash has recently vanished from open markets due to poor availability. The open
availability of critical side streams by location can be considerably estimated in studies
that compare production and utilization volumes. For example, a considerable volume of
unutilized crude steel slag has been noticed in China [59], and the same applies to coal
fly ash [60]. Naturally, the utilization rates, which imply the prices, are not stable. Silica
fume, a by-product of producing silicon metal or ferrosilicon alloys, is an example of a
material that has turned from waste to a high-value product. Although once cheap, it is
now an expensive high-performance cement supplement primarily used in bridges and
other exposed structures that require high weathering performance [2].

In most concrete applications, the concrete material needs to be reinforced. In the
reinforced geopolymer mixes presented in the literature [61-69], the amount of fiber is
19-156 kg/m? for steel fiber and 0.3-33 kg/m? for other fibers (glass fiber, polypropylene
fiber, and polyvinyl alcohol fiber). The amount of reinforcement needed is assumed to
depend heavily on the application of concrete. In the case project, the amount of fiber
mixed was 34 kg/m3 when the concrete was used for noise-barrier elements. Example
prices for reinforcement materials are presented in Table 2. Although the prices USD/t are
high, they do not have a significant effect on the cost price of the material if the quantity is
as small as in the case.

Table 2. Price ranges for concrete reinforcement materials from Alibaba.com (USD/t).

Concrete Reinforcement Material Price
Steel Fiber 698-1300 USD/t
Polypropylene fiber 1699-2699 USD/t
Glass fiber 540-1500 USD/t
Polyvinyl alcohol fiber 1999-2999 USD/t
Basalt fiber 2200-2800 USD/t

2.2. Cost Price Estimates for Example Mixes

Table 3 shows five mix compositions, and Table 4 shows their compressive strengths.
Mix 0 represents a typical OPC concrete mix that can be used in construction. Other
mixes are geopolymer concrete mixes. Mix 1 is a castable mix, and 2, 3, and 4 are 3D-
printable mixes, all developed in the case project. For confidentiality, the mix designs are
not revealed in more detail, but similar type (3D printable) geopolymer concrete mixes
have been presented in the literature [70-72].
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Table 3. Proportions of the different material mixes.

Constituent Mix 0 Mix 1 Mix 2 Mix 3 Mix 4
Cement 27%
Calcium aluminate cement 4%
Activator 10% 15% 19% 0.3%
Waste precursor (CFA and GBES) 25% 4% 37%
Metakaolin 9% 13%
Fine aggregates 9% 13% 19% 13% 17%
Coarse aggregates 52% 45% 48% 43% 30%
Water 12% 6% 4% 6% 16%
Polypropylene fiber 0.14% 0.14% 0.14% 0.14% 0.14%

Table 4. Properties of the different material mixes.

Material Property Mix 0 Mix 1 Mix 2 Mix 3 Mix 4

Compressive strength

(28 days) [MPa] 50 25 37 30 14

Based on mix designs and material prices, it is possible to present price estimates for
the mixes. However, there are some notable uncertainties. For materials that are rarely
used in concrete mixes, the price information is not generally available. For example, in
this case, recycled aggregates were used in all the mixes, but those aggregates do not
have a market price, because they were produced only on laboratory scale. For simplicity,
prices of all aggregates were assumed to be similar to sand and gravel. Additionally, the
prices in Alibaba.com do not represent material prices in all locations. Therefore, the basic
calculations can be used only for preliminary analysis.

Figure 4 presents a visualization of the price ranges of different concrete mixes. The
lower boundary for the price range of a mix is simply calculated as the weighted average
of the lower boundaries of material prices presented in the previous section. The upper
boundary was calculated in an analogous manner.

The cost price range of Mix 4 is analogous to the cost price range of Mix 0 (OPC
concrete). For Mix 1 and Mix 0, the ranges partly overlap. This means that under certain
conditions, it is possible that the cost price of Mix 1 is closely similar to that of OPC concrete.
For Mixes 2 and 3, the price ranges were clearly different when compared with Mix 0.
Therefore, to compete in the markets, these mixes should offer clearly more value to the
customers than the Mix 0.

0 50 100 150 200 250 300
Mix O
Mix 1
Mix 2
Mix 3

Mix 4

Figure 4. Cost price ranges for different material mixes [USD/t] (wet tonne).

This is a simplified preliminary cost price comparison, but it can be used in determin-
ing mixes that are by default clearly more expensive than the basic OPC mix. For example,
the use of a potassium-based alkali activator, high activator proportion, and silica fume or
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silica sand anticipate a high-cost price for the mix. In the literature, numerous described
mixes are designed for laboratory purposes and are not cost-optimized.

The comparison can be refined to account for the location where the mix is to be
prepared. Potential freight can be added to the price estimates, and suppliers can be
removed and added according to the possible delivery area. Activators’ price ranges can
also be narrowed by specifying the required activator characteristics in more detail. In the
case project, for example, a higher price and/or freight would have to be applied to coal fly
ash, which would clearly increase the price of Mix 4.

If no price information is available for the raw materials, the applicability of this
procedure is limited. Notably, only material costs are considered here, while the actual
cost price is also affected by manufacturing costs (mixing). The production of geopolymer
concrete is somewhat more demanding than OPC concrete because dry materials (including
aggregates) have to be dry-mixed, whereas in the production of OPC concrete, the moisture
content of the aggregates can vary.

2.3. The Impact of Carbon Pricing on Cost Prices

Although it is often mentioned in the literature that geopolymers have the potential to
offer 80% less carbon footprint than OPC concrete, the actual reduction depends on the mix
and, in some cases, the carbon footprint of geopolymer concretes can even be higher than
OPC concrete [73]. The carbon footprint reduction potentials of the case project mixes are
presented in Table 5 based on the LCA performed in this project. The reduction potential is
calculated for the mixes, both based on the LCA done in the project (Case 1) and expecting
that CO, emissions of OPC concrete production will decrease by 25% (Case 2). Mix 4
had the highest reduction potential, and Mix 1 also held some potential even when the
CO; emissions of OPC production decreased. The LCA was conducted assuming local
material sourcing. If, for example, fly ash is transported between continents, emissions
from transportation should also be taken into account in the calculation.

Table 5. Comparison of carbon footprints of different concrete mixes.

Measure Mix 0 Mix 1 Mix 2 Mix 3 Mix 4
Carbon footprint [kg CO,/ m?] 247 119 220 342 5
Carbon footprint [kg CO, /t] * 107.20 51.61 95.64 148.79 2.08
reduction potential compared with OPC ! 52% 11% —39% 98%
reduction potential compared with OPC 2 20% —11% —48% 55%

* Assuming 2,3 t/ m3 density; I current situation; 2 expecting 25% reduction in the CO; emissions of OPC
concrete production.

Figure 5 shows how carbon pricing affects the material cost prices. This calculation
assumes that carbon pricing is applied to the total CO;, emissions of the material production.
In this case, carbon pricing affects the cost differences of the mixes but does not change the
order of the mixes. Mix 4 has a lower cost price than OPC concrete; (however, in the case of
Finland, where coal fly ash is more expensive, this would not be the case). Taxation can
impact the cost competitivity only when the mixes have a small cost price difference and a
large difference in carbon footprint.

This illustration demonstrates that mixes can be categorized according to whether
their price difference can be offset by taxation, and it provides a rough estimate of how
large cost price differences can be compensated by taxation. However, this is a simplified
calculation that does not represent a real starting point in detail. Examples of carbon prices
were added to the figure only to present the magnitude of current carbon prices.

In principle, carbon emissions regulation can also have impacts, for example, on
transportation costs. However, cement production or binders are the major causes of CO,
emissions during the whole life cycle of concrete constructs; thus, the estimates of the
impacts of carbon emissions regulation on the other parts of the life cycle are framed out
from the scope of this study.
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Figure 5. Cost prices of different materials with hypothetical carbon taxes [EUR/t].

3. Discussion

The cost-competitiveness of new materials is an imperative factor that determines
the potential for their extensive use. So-called geopolymer concretes have been studied
considerably in recent years, whereas their material costs have been limitedly studied. This
study investigated how the cost-competitiveness of different materials can be assessed and
what can be said about the cost-competitiveness of geopolymer concretes at a general level.

This study’s approach was to conduct a preliminary cost estimate using only the “quick
and dirty” approach to raw material prices alone, which could be refined, for example,
by increasing transport and processing costs and refining raw material specifications.
However, there are significant cost differences between some mix designs, and some mixes
can be exorbitant in practice for commercial exploitation unless a clear in-service cost
benefit can be presented compared to competing products.

For some geopolymer mixes, the material prices in the preliminary analysis seem to
correspond to the price of traditional concrete. This requires inexpensive raw material
choices, the local availability of binder precursors, and a low alkali activator proportion.
This can be generalized to other recycled low-carbon concretes.

Carbon taxation cannot be expected to have a significant effect on the price differential
between geopolymer concrete and conventional concrete at a general level. This is because
in some geopolymer concrete mixes, the carbon footprint is similar to that of traditional
concrete; the carbon footprint of OPC concrete can be expected to decrease, and for some
geopolymer concrete mixes, the price difference to OPC concrete is exorbitant by default.
However, taxation may change the competitive situation in rare cases, where the cost price
difference of two mixes is small, but the carbon footprints differ significantly.

This study provides an overview of the cost-competitiveness of recycling-based low-
carbon concretes, and the approach presented can have practical value in mix design.
However, this study has some limitations. First of all, this study does not cover all costs,
but focuses specifically on the effects of mix designing. On the other hand, this delineation
is relevant in practice, because mix design is a determinant to the cost-competitiveness
of geopolymer concretes. Secondly, with the approach described, it is not possible to
accurately estimate the cost prices of material mixes for which the raw materials are not
generally available for purchase. However, in these cases, the market prices of industrially
produced side streams can be used as reference values for approximating what price a side
stream (requiring similar processing, etc.) could be expected to have when commercially
produced. Based on the target price of the material mix, target values can be set for the
recycling-based raw materials that are not yet commercially produced.
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4. Materials and Methods

The strategic methodological choice in this study was design science, where the aim is
to develop tentative solutions to actual problems [74]. In practice, this induces case studies
that can be used to answer questions about “why” or “how” [75] (p. 14).

This study was conducted as part of an EU-funded research project titled “Urban
Infra Revolution,” in which new geopolymer concrete mixes for urban construction were
developed and piloted. Furthermore, it aimed to elucidate the market potential of these new
materials. In practice, the question of market potential is crystallized into two questions:
What are the benefits of using the material?; and how much does it cost? Generally, it is
relevant to have a clear transparent process in making cost price estimates, especially when
material development is an ongoing process that involves several parties. Therefore, this
study has demonstrated a preliminary cost estimation process with illustrative examples
provided by the project.

Data Collection and Analysis

In this study, the focus was on experimenting with an easy and repeatable method for
material mix cost price determination. Therefore, the price search focused on Aliababa.com,
the largest business to business marketplace in the world. Electronical commerce can be
expected to become more widespread and centralized, and therefore the applicability of
the approach can be expected to improve in the future. Market price information from
other sources than this type service is laborious to collect, the information becomes rapidly
obsolete, and its local utilization is limited in any case.

If the production of (geopolymer) concrete is considered in a particular location, the
freights of raw materials must of course be considered in the cost estimate. However, one
strategy in the geopolymer business is to import technology to geographical areas where
the availability of critical side streams is good [76], so in that sense it is not a problem; even
if for some materials, the price information is concentrated in certain areas (in this case,
China and India). It is useful to get quickly a rough cost estimate, which can be refined,
e.g., according to specific geographical areas.

Price information was sought for raw materials that commonly appear in concrete
mixes presented in the literature. These data were collected from Alibaba.com, an electronic
business shopping site. This service does not support downloading data directly from the
system; therefore, a web scraping method was used. Web scraping, also called “parsing”
or “web harvesting,” means extracting data from websites. It is a form of copying selected
visible data from a website, typically into a central local database or spreadsheet, for later
retrieval or analysis. In this study, web scraping was conducted using Web Scraper, an
extension of Google Chrome. A search was conducted using the material name as a search
word. Data rows extracted included the product name, product information, including
product description and price range, supplier country, and supplier name. Data were saved
in comma-separated values format (csv-format) for analysis in a spreadsheet application. In
this phase, the data were also filtered manually to screen out products other than searched
material—for example, material processing equipment. Although this price search method
has its limitations (e.g., most of the suppliers are from China), it offers easy access to
extensive business to business price data. This price search was complemented with price
inquiries for coal fly ash and blast furnace slag suppliers in Finland by email and phone.

Carbon dioxide emission estimates for concrete materials were collected from the
scientific literature and calculated using GaBi, a database for LCA calculation. The LCA
calculation was extensively described by Abdulkareem et al. [77]. Other necessary infor-
mation for the calculations was collected from the literature, e.g., the current carbon prices
from public sources and the material mixes from a company report.

The data were used for presenting illustrative examples of material mix cost prices.
The analysis aimed to answer the questions concerning material costs that were raised by
different parties during the project, such as what is the cost price of new concrete mixes
compared to competing concrete mixes? How much would the carbon tax have to be to
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even out the price difference between OPC concrete and geopolymer concrete? How does
the location of production affect the cost-competitiveness of different concretes? All of these
are relevant questions when considering the commercialization of geopolymer technology.
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