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Abstract: Common building products, i.e., thin brick and stone veneer, add the look of brick walls
or the enduring charm of natural stones into buildings and houses without imposing a substantial
increase in structural load. This study investigates the mechanical strength, durability, and economic
feasibility of producing innovative char-based thin bricks and stone veneers. The char-based thin
brick vacuum treated with hydrophobic liquid exhibits water absorption rates within the 4-7% range,
displays durability against 50 freeze-thaw (F-T) cycles, and maintains a saturation coefficient below
0.6. In contrast, commercial thin bricks have water absorption of 9-12%. Treated char-based stone
veneer has water absorption of 5.3% and an average compressive strength of 19.2 MPa, maintains
its structural integrity throughout 50 F-T cycles, and exhibits a negligible linear shrinkage of ap-
proximately 0.01%. In contrast, commercial stone veneers have water absorption of 10-16%. These
engineering properties meet the criteria as per ASTM standards C1088 and C1670 for thin brick and
stone veneer, respectively. A techno-economic study was preliminarily conducted to examine the
potential cost efficiency and cash flow in manufacturing these char-based building products. The
manufacturing cost of USD 25.83 is lower than the average market price of 64.65 USD/sq. m. for thin
bricks. The manufacturing cost of USD 32.65 is lower than the average market price of 129.17 USD/sq.
m. for stone veneers. These comparisons present a compelling economic advantage for their commer-
cialization. This comprehensive study has demonstrated the advantages of sustainable char-based
stone veneers and thin bricks regarding engineering performance and economic benefits.

Keywords: char product; masonry veneer; engineering properties; net present value; internal rate of

return; sensitivity analysis

1. Introduction

Thin bricks and stone veneers are common building products used primarily for deco-
rating the external fagade of a building or structure [1]. These products require less material
for manufacturing and less labor for installation when compared to traditional bricks and
natural stones. These inexpensive products bring the look of brick walls or natural stones
to a building made from wood or other materials [2]. They have a maximum thickness of
44.5 mm for thin bricks [3] and 67 mm for stone veneers [4]. They are lightweight products
and do not impose a substantial increase in dead loads for the buildings. In addition to
aesthetic beauty, these products affect the temperature flow and humidity [5] between the
atmosphere and the inside of the buildings. They act as an additional layer outside the
main wall to provide insulation. This leads to a reduction in energy consumption [6] as the
heat loss rate is slow compared to a building without an external cladding material. Conse-
quently, there will be savings in cost and energy. Countries such as America, Canada, New
Zealand, and England have experienced growing use of these products [6]. Some notable
examples where such products are used include the University of Wyoming in America
and the Electricity Museum in Portugal [6]. The lighter weight of these veneers compared
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to traditional bricks or natural stones leads to a reduction in storage and transportation
expenses as well [7]. Wood sidings are another aesthetic material used for buildings [8],
but properly designed and manufactured masonry veneers are durable to weather for a
longer period [9] compared to wood sidings. Moreover, masonry veneers do not demand
routine maintenance and rehabilitation such as painting of the surfaces, which is a common
maintenance measure for wood sidings [8].

These thin bricks and stone veneers, often collectively referred to as veneers, act as a
protection layer for concrete. In the absence of these, the exposed faces of concrete, due to
their property of retaining moisture in their voids, facilitate the growth of algae and moss in
the presence of damp conditions [10]. These release carbon dioxide during photosynthesis,
and this carbon dioxide, along with humic acid produced because of putrefaction, leads to
concrete corrosion, questioning the durability of the structures [11]. Using veneers with
lower water absorption can be an essential measure to prevent deterioration. However,
some veneers, if they do not have adequate water-resisting capacity, may still require the
cleaning of algae and mosses attached to the surface using soapy water. This problem
can be solved by introducing better technology and employing better raw materials with
desirable outputs [12]. These veneers may also serve as a barrier in protecting the concrete
from direct UV rays, thereby increasing the longevity of the structure [13].

These veneers are commonly concrete-based [14] and clay-based [15]. Concrete-based
veneers are made with cement and natural aggregates [14]. The natural aggregates are
sourced from mines by crushing the large rocks, which requires significant energy consump-
tion (fuels) for operating heavy machinery equipment such as excavators and dumping
trucks [16]. The crushed rocks then undergo grading processes to achieve suitable sizes for
aggregates using vibratory feeders, conveyor belts, and screens [16]. This comprehensive
procedure not only demands a considerable number of human resources, along with heavy
machinery, but also raises concerns about the exploitation of natural resources [17]. Clay-
based veneers are fired in a kiln at a very high temperature of 900 °C [18]. This makes them
better in terms of fire-resisting capability [15]. However, this traditional production mecha-
nism of using furnaces has been a growing issue in terms of environmental deterioration.
Using furnaces at a large scale requires high energy consumption and generates greenhouse
gases (e.g., CO,) and/or hazardous gases (e.g., CO), which could cause environmental
issues (e.g., ozone layer depletion) [19]. Additionally, mining of natural aggregates leads to
the destruction of the habitat of native flora and fauna.

Therefore, there is an urgent need to find alternative raw materials/techniques that
can reduce the consumption of natural aggregates. One such alternative is incorporating
bottom ash and fly ash in the partial or complete replacement of natural aggregates. These
materials are the byproduct of coal processing [20] and are procured at minimum cost, in
contrast to the resource-intensive processes involved in the mining of aggregate sources
and processing of natural aggregates. The literature studies have shown the promising
potential of these materials in building and construction activities. Seav et al. [21] reported
the possibility of incorporating coal-derived materials (i.e., bottom ash as a replacement for
natural fine aggregates) in making concrete. Zhang et al. [22] found the suitability of using
fly ash as a replacement for fine aggregate in making mortar satisfying the mechanical
properties and durability conditions. These studies show the potential to minimize the
exploitation of natural resources. However, the production process of bottom ash and fly
ash involves the burning of coal and release of greenhouse gases into the atmosphere [20],
and hence it may not be considered as a sustainable alternative to natural aggregates.
Additionally, environmental advocates are raising their voices for a ban on the burning of
coal. A recent study has shown a decline in coal mining activities [23] because industries
are transitioning towards the use of renewable energy sources over coal. In response, the
research community has developed an environmentally friendly process to make use of
mined coal i.e., the pyrolysis process, which is a controlled chemical reaction [24]. The
success of this technology is dependent on the wide-scale use of its resulting products,
potentially enhancing the coal utilization efficiency. The resulting products of the pyrol-
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ysis process are pyrolysis oil, syngas, and char [25]. The pyrolysis oil and syngas are of
high value [26] and are relatively expensive compared to char. Char, the left-over solid
residue [27], is chemically stable in nature and if properly utilized offers a low-cost en-
vironmentally friendly alternative to the use of aggregates. Besides using coal-derived
char, some other studies [28] have been carried out to examine a sustainable alternative
(manufactured sand and coconut shell) to the use of natural aggregates. The feasibility
of using such alternatives in making thin brick and stone veneer has received limited
attention. It is worth noting that the present study is limited to determining the feasibility
of incorporating char in making thin bricks and stone veneers.

Previous researchers [29-31] have successfully demonstrated the use of char for sus-
tainable construction operations by replacing aggregates entirely and/or in part. Olayiwola
and Ng [29] raised the possibility of incorporating coal-derived char as a partial replace-
ment of sand in making bricks, along with the use of fly ash as an activator. Yu et al. [31,32]
developed a method to completely replace the sand with coal-derived char in manufactur-
ing bricks and also studied the effect of different curing temperatures on char-based bricks.
Furthermore, other attempts have been presented by Yu et al. [30] to use coal-derived char
for enhancing the engineering performance of conventional cement grout.

This study explores the potential use of char for addressing the environmental concerns
raised by excessive use of natural aggregates and conventional manufacturing technology
of using furnaces. Very few studies are available in the research community in regard to the
manufacturing process of artificial masonry veneers. This study provides a simplified and
in-depth manufacturing methodology along with comprehensive evaluation of engineering
properties of the proposed char-based masonry veneers. The study also examines the effect
of commercial adhesives compared to cement paste in increasing the shear bond strength
of masonry veneers. Unlike previous studies, the present study is further extended to
determine the economic feasibility of commercializing these char-based thin bricks and
stone veneers. Three economic parameters—net present value (NPV), breakeven period or
payback period (PB), and internal rate of return (IRR)—as the widely accepted practical
tools, are adopted in this study to assess the economic feasibility and sensitivity analysis
of these products [33]. This research unlocks new possibilities for using coal char in thin
bricks and veneers, offering performance-matching commercial options. The flowchart
summarizing the conducted study is shown in Figure 1.

Materials, Mixture Design, Test Methods Engineering Properties
and Sample Preparation | ==  (ASTMC1088&C1670) =)  (Strength & Durability)

{

Techno-Economic Evaluation
(NPV, IRR, & PB period)

Limitations of the Present Study and Future Works
Conclusion (= | (Selected Sample Data for Comparison and Material =~ <=
Characterization)

Figure 1. Flowchart showing different sections of the manuscript.

2. Materials, Mixture Design, and Sample Preparation
2.1. Materials

The materials used for making masonry veneers included pyrolysis char (PC), ordinary
Portland cement (OPC) types I and II, superplasticizer (SP), and silica fumes (SF). PC is a
coal-derived carbon-rich porous material obtained from coal pyrolysis and is incombustible.
SP and SF were added as an admixture to improve workability, reduce water content,
and increase the strength, and hence improve the durability, of the mix [34]. The SF
used was greyish in color and amorphous micro-ionized grey silicon dioxide pozzolana
procured from Diversified Minerals Inc. In contrast, the SP used was pale yellowish powder
(Melflux 2651 F), which is a dried powder form of poly carboxylic ether and was procured
from BASF construction additives.
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2.2. Mixture Design for Char-Based Thin Brick and Stone Veneer

Thin bricks were designed by adopting the mix design developed by Yu et al. [32] for
char-based building bricks, containing 40% char, 53.5% cement, 1.2% SP, and 5.3% SF at a
water-to-binder ratio of 0.53. Based on this mixture design, investigation procedures were
carried out on thin brick samples with thicknesses of 13 mm and 27 mm, chosen to mirror
application scenarios in residential settings [35]. The char used in producing thin brick
samples has 70% of its particles smaller than 300 um and an average water content of 14%.
ASTM standard C 1088 [3] was referred to when examining the engineering properties of
manufactured char-based thin bricks.

Stone veneers were designed by adopting the mix design developed by Yu et al. [32]
for char-based building bricks, containing 40% char, 53.5% cement, 1.2% SP, and 5.3%
SF. Based on this mix design, investigation procedures were carried out on stone veneer
samples manufactured at two variable water-to-cement (w/c) ratios of 0.53 and 0.70. The
char used for producing stone veneer samples has 80% of its particles smaller than 300 um
and an average water content of 14%. ASTM standard C 1670 [4] was referred to when
examining the engineering properties of manufactured char-based stone veneers.

Besides these standards, some other ASTM standards, as shown in Table 1, were also
referred to when testing the engineering properties of thin bricks and stone veneers. In
particular, the requirement of compressive strength for thin bricks is omitted in the ASTM
standard C1088 due to their focus on aesthetics rather than load-bearing capacity, and
accordingly, no compression test data are reported in this paper. Additionally, ASTM
standard C1088 does not indicate the requirement of shear bond strength and linear drying
shrinkage of thin bricks, and hence no test was carried out.

Table 1. Applicable engineering standards for examining the engineering properties of thin bricks
and stone veneers.

Properties Applicable Standards for Thin Bricks Applicable Standards for Stone Veneer
Compressive strength Not required ASTM C1670, C31 [36], and C39 [37]
Water absorption ASTM C1088 and C67 [38] ASTM C67
Freeze—-thaw ASTM C1088 and C67 ASTM C1670, C31, and C666 [39]
Linear drying shrinkage Not required ASTM C1670 and C157 [40]
Shear bond strength Not required ASTM C1670 and C482 [41]

2.3. Sample Preparation for Thin Brick and Stone Veneer

The step-by-step manufacturing process for stone veneer and thin bricks is depicted
in Figure 2. where essential raw materials for development were weighed first, followed by
dry mixing for approximately three minutes in a laboratory mixer. After performing the
dry mix, a predetermined quantity of water mixed with SP in a designated proportion was
added to the rotating mixture for another three minutes to obtain a homogeneous mixture.

For manufacturing thin bricks, the wet mix was first placed in a rectangular steel
mold up to a desired thickness. The mix was then compacted using a 3.3 kg cylindrical
hammer having a length of 800 mm, with a square base having a 10 mm thickness and a
cross-sectional area of 6800 mm?. The compacted mass was then transferred to a hydraulic
press machine to compress under 7 MPa pressure for one minute. This pressing action
further enhances the particle compaction and densification process, as shown in Figure 2.
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2. Weigh char

5. Weigh water

6. Add cement and char

7. Add silica fume

8. Dry mix for three
minutes

9. Add superplasticizer
with water

10. Stir well to form the
homogeneous mix

11. Wet mix

12. Place the wet
mixture into mold

13. Initial compaction
with tamping rod

14. Apply the pressure
using a hydraulic press

12. Place the wet

mixture into mold

13. Compact with
tamping rod

14. Initial curing

15. Chip off to resemble a
stone -like texture

Figure 2. Detailed procedure for manufacturing thin bricks and stone veneers.

For manufacturing stone veneers, two different methods were introduced to develop
a natural stone-like surface texture. The first method directly filled the mixture into
plastic/rubber molds (Figure 3) with a stone-like texture on the bottom. The mixture was
added in two layers, where each layer was compacted using a hammer like that used for
manufacturing thin bricks to ensure the proper compaction and densification of the mixes

in the molds.
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Figure 3. Commercial rubber mold for producing stone veneer.

The second method required two stages in manufacturing. The first stage involved
the preparation of rectangular or square-shaped blocks by placing the mix on previously
prepared steel molds, as shown in Figure 2, in two equal layers, where each layer was
compacted using the same hammer as used for thin bricks. This compaction ensures the
densification of the mixes in the molds. The second stage commenced after 28 days of
curing in a humidifying chamber, and its details are outlined in a subsequent section.
Following this stage, the mix was left to cure in the mold for one day.

After that, the stone veneer and thin brick were demolded from the respective steel
mold. The demolded thin brick and the stone veneer were placed in the humidifying
chamber for 28 days of curing. The humidity chamber provides the necessary moisture
conditions with the added benefit of allowing control over the relative humidity. In the
second stage of crafting stone veneers using the second method, the fully cured rectangular
blocks underwent a process where a hammer was employed to chip away the surface
(Figure 2) to create a natural stone-like texture.

The hydrophobic liquid (HL) treatment for the thin brick and stone veneer samples
is proposed to make them resistant to water penetration and to increase their durability.
For the treatment procedure, the prepared samples were submerged in hydrophobic liquid
under a vacuum condition for 24 h, as similarly discussed by Yu et al. [32]. The samples
undergoing the treatment process are referred to as treated samples, or otherwise as
untreated samples, within the context of this study.

The manufactured char-based thin bricks (Figure 4a) had a dimension of
L 193 x B 88.9 x T 13 mm. Similarly, the char-based stone veneers manufactured us-
ing the first method (Figure 4b) had a dimension of L 190 x B 100 x T 40 mm, and
stone veneers manufactured using the second method (Figure 4c) had a dimension of
L 152 x B152 x T 40 mm.

(a) (b)

Figure 4. Pictures for char-based (a) thin brick, (b) stone veneer manufactured using the first method,
and (c) stone veneer manufactured using the second method.
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3. Test Methods

The ASTM standards C1088 [3] and C1670 [4] were followed to test the required
engineering properties of char-based thin bricks and stone veneers. The cylindrical samples
of diameter (D) 50 x height (H) 100 mm were prepared as shown in Figure 5a for testing
the compressive strength of stone veneers. The samples for the compressive strength test
were prepared following the ASTM standard C31 [36] and then laboratory testing was
carried out following the ASTM standard C39 [37] using an automatic concrete compression
testing machine as shown in Figure 5b. This compression machine is equipped with a
touchscreen controller and is capable of controlling the rate of loading, break detection,
and data collection. In our experiment, the loading rate of 0.49 kN /s was applied over the
prepared cylindrical samples.

Figure 5. Compressive strength testing of stone veneer samples: (a) cylindrical samples, (b) compres-
sive strength testing machine.

A water absorption test for thin brick and stone veneer was carried out following the
ASTM standard C67 [38]. This test aims to determine the durability of produced samples in
changing weather conditions [42]. The thin brick samples for the water absorption test have
length (L) 95 x breadth (B) 90, with two different thicknesses (T) of 13 mm and 27 mm. The
stone veneer samples prepared for the water absorption test had L 95 x B 90 x T 40 mm.
Firstly, the samples were submerged in water at room temperature for 24 h as shown in
Figure 6a, and subsequently, the samples were placed in boiling water as shown in Figure 6b
for five hours. The ratio of the weight of the sample after five hours of submersion in
boiling water to the initial dry weight of the sample multiplied by 100 gives the total
water absorption.

Figure 6. Water absorption test setup for thin bricks and stone veneers: (a) water absorption in cold
water and (b) in boiling water.

The freeze-thaw test for thin bricks was conducted as per ASTM standard C67 [38].
The samples were first placed in a thawing condition for four hours as shown in Figure 7a
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before transferring them to a freezer in a freezing condition as shown in Figure 7b for
the next 20 h. The freezer used in the experiments had a digital control panel and an air
temperature of —10 °C was maintained inside the freezer. Five alternating cycles of freezing
and thawing were executed in five days within one week, with the samples underwent air
drying during the remaining two days. This procedure persisted for a total duration of
50 days. The presence of any cracks in samples was carefully checked in each cycle based
on visual inspection.

Figure 7. Freeze—thaw test setup for thin bricks: (a) thawing condition and (b) freezing condition.

For stone veneer, ASTM standard C666 [39] was followed for freeze—thaw tests. This
method is an accelerated method for testing the freeze—thaw durability of stone veneer
samples. The test samples had an average dimension of L 400 x B 78 x T 76 mm, as shown
in Figure 8a. The freeze-thaw cycles were carried out in a freeze—thaw cabinet (Figure 8b),
which simulates the cold and warm weather conditions. This freeze-thaw cabinet is fully
automatic and is capable of performing up to eight freeze-thaw cycles in a day. In our
experiment, the cabinet was set to alternate between —17.78 °C (freezing condition) and
4.44 °C (thawing condition) every five hours. During these five hours, an average of three
hours were used for freezing and the remaining two hours were allocated for thawing.
Then the samples were placed inside the cabinet in a rigid aluminum container (Figure 8c),
where each sample was surrounded by 3 mm water. In a day, an average of five test cycles
was carried out.

Figure 8. Freeze—thaw test setup for stone veneer samples: (a) cylindrical samples, (b) automatic
rapid freeze-thaw testing machine, and (c) samples placed inside the freeze—-thaw testing machine.

In addition, linear drying shrinkage of stone veneers was measured following the
ASTM standard C157 [40]. Three samples having dimensions L 285 x B 55 x T 55 mm
were prepared as shown in Figure 9a. The samples were stored in lime-saturated water,
and the differences in length measurements using a length comparator (Figure 9b) were
determined on the 7th day and 35th day from the date of casting. The length comparator
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was used to measure the length change of the specimen. This length comparator is equipped
with a digital gauge and is battery operated to measure the length change. The ratio of
the difference in length measurement to the length measurement taken at 7 days, when
multiplied by 100, gives the shrinkage percentage of that sample.

Figure 9. Linear drying shrinkage test setup for stone veneer samples: (a) samples prepared in the
mold and (b) measurement of shrinkage readings using a comparator.

The shear bond test was performed on stone veneer samples to determine their ability
to adhere against walls of building structures using cement paste and other adhesives as per
ASTM standard C482 [41]. The prepared samples had a dimension of L 90 x B 90 x T 40 mm
and were placed over the mortar block using cement paste having a w/c ratio of 0.36 as a
bonding agent. Each test sample was held in an upright position with the aid of a fixture
made of steel as shown in Figure 10a to prevent the tilting of the test sample during loading.
This aforementioned fixture was fabricated within a laboratory setting as per the design
consideration given in ASTM C482 [41]. An axial load was then applied on the stone veneer
sample from the top, as shown in Figure 10b, to shear off the sample from the block, and
this corresponding maximum shear stress was calculated as the shear bond strength of
that sample.

Figure 10. Shear bond test setup for stone veneer samples: (a) sample attached to mortar block and
held in place with the suitable clamps (b) testing of shear bond strength.

4. Engineering Properties

The produced char-based thin bricks and stone veneers had density of 1463 kg/ m?3 and
889 kg/m?, respectively. The density of thin bricks and stone veneers was lower than that
of commercial thin brick and stone veneers [43], positioning them as a favorable alternative
to the commercial counterparts.



Sustainability 2024, 16, 1854

10 of 26

Compressive strength (MPa)

25

20

15

10

4.1. Compressive Strength

Thin bricks are non-load bearing and are attached to the building walls with the help
of cement paste or some other adhesives. Their primary function is to enhance surface
appearance rather than provide structural support. ASTM standard C1088 [3] also excludes
the requirement for compressive strength.

In contrast, stone veneers may sometimes function as a partial load-bearing member
in addition to providing an aesthetic appearance when used with a suitable support system.
Accordingly, ASTM C1670 [4] specifies the minimum compressive strength of stone veneers
as 15 MPa. The compressive strength of char-based samples at a water-to-cement (w/c)
ratio of 0.7 (Csv, w/c = 0.7) was found to be 19.2 MPa and around 17% higher than
16.35 MPa at w/c = 0.53 (Csv, w/c = 0.53), as shown in Figure 11. The mix designs prepared
at the w/c ratios of 0.53 and 0.70 satisfy the ASTM requirement of 15 MPa, as shown in
Figure 11. This study indicates that within this range of w/c ratio, the stone veneer samples
will comply with the specified compressive strength criterion, allowing manufacturers to
have flexibility in the manufacturing process. The requirement of a higher w/c ratio for
greater compressive strength may be attributed to the porous nature of char [44] as well
as the higher surface area of char particles [45]. The porous nature of char contributes to
high water-holding capability, thereby reducing the amount of free water available for the
mix. Additionally, a high char surface area demands a higher amount of water for optimal
bonding [46]. Proper water content supports effective particle dispersion, ensuring a more
uniform distribution of cement throughout the mix and promoting enhanced bonding
between particles [47]. Additionally, improved workability of the mix facilitates better
placement and compaction, which contribute to increased strength [48]. In addition, the
improvement in strength along with ductility and durability can be achieved with the use of
fibers, as suggested by the study carried out by Zhang et al. [49], and broader applications
can be investigated in the future.

28-day

28-day

"

p

-

.

.

p

.

p

-

p

2
AL,
T 1 1

Char based, w/c Char based, w/c Canyonstone Quality stone ASTM C1670

=0.53 =0.70

Types of stone veneers
Figure 11. Comparison of compressive strength for different stone veneers.

The compressive strengths of commercial stone veneers, specifically those manufac-
tured using Quality Stone Veneer (QS) [50] and Canyon Stone (CS) [51], are 12.4 MPa and
20 MPa, respectively. Notably, the compressive strength of char-based stone veneers at
the 28 days surpasses the compressive strength QS of 12.4 MPa by 54.8%, and closely
approaches that of CS of 20 MPa with only a 5% difference, highlighting the favorable
performance of char-based stone veneers in terms of compressive strength. This indicates
the suitability of the char-based stone veneers for their intended applications.
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4.2. Water Absorption

The water absorption for untreated thin brick samples of various thicknesses and mix
designs ranges from 20% to 27%. Conversely, for treated samples, the water absorption
falls between 4% to 7%, as shown in Figure 12. The saturation coefficient for untreated
half-thin brick samples spans from 0.60 to 0.85, whereas, for treated half-thin brick samples,
the saturation coefficient lies between 0.30 and 0.60. The low water absorption and low
saturation coefficient for treated half-thin brick samples indicate their superiority in terms
of weather deterioration compared to untreated ones. The study was further extended
to find the quantity of hydrophobic liquid required by each sample and to explain the
behavior of hydrophobic liquid in making thin bricks water-resistant. For this, the weight
of half-thin brick samples before and after hydrophobic liquid treatment was recorded. The
results show that samples with a total surface area of 0.0255 m? require 50 g of hydrophobic
liquid. Furthermore, the cross-section of the treated samples exhibits a notable resistance to
water penetration. The study confirms that the hydrophobic liquid treatment enhances the
water resistance of treated thin bricks.

ki

Untreated Untreated Treated Treated Belcrest 760 Brick My ASTM Cé67
char based charbased charbased charbased Wall
27mm) (13mm) (13mm) (27 mm)

Types of thin bricks

Figure 12. Comparison of water absorption for different types of thin bricks.

Compared to the two commercial thin bricks, the water absorption of treated char-
based thin bricks is lower. Specifically, the thin brick manufactured by Belden the brick
company, particularly the type Belcrest 760 [52] and Brick My Wall [15], have water absorp-
tion values of 9.50% and 11.90%, respectively. These findings highlight the suitability of
treated char-based thin bricks compared to their counterparts in resisting deterioration due
to weather.

For stone veneers, five half-block samples treated with hydrophobic liquid show
an average water absorption of 5.13% with a saturation coefficient of 0.52. The water
absorption values of commercial stone veneers, specifically QS [50] and CS [51], are 15.1%
and 11.4%, respectively. The noticeably low water absorption values of char-based stone
veneers compared to commercial ones, as shown in Figure 13, imply the better durability of
stone veneer samples to seasonal variations throughout the year. This comparison indicates
the potential benefits of char-based stone veneer for its intended application.



Sustainability 2024, 16, 1854

12 of 26

Water absorption (%)
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10

T T T

Char based, w/c=0.7 Canyon stone Quality stone ASTM C67

Types of stone veneers

Figure 13. Comparison of water absorption for different types of stone veneers.

This resistance to water absorption also deters the growth of algae and molds on their
surface. Algae and molds release enzymes and corrosive metabolites like acids. These acids
react with concrete-binding materials and ultimately lead to the formation of low-strength
materials [10]. The low-strength materials during the rainy season get washed away,
leading to the weakening of the material. Additionally, thin bricks and stone veneers with
low water absorption mean that they have the capacity to reduce moisture absorption and
retention. In addition, this characteristic directly reduces the product’s ability to conduct
heat [53]. The present study lacks information regarding the treatment conditions of thin
bricks and stone veneers. Alternatively, it is important to understand that commercial thin
bricks and stone veneers can also be treated, potentially affecting their performance. This
study focuses only on examining the viability of char-based thin bricks and stone veneers
only. Comparisons are provided to complement the present study.

4.3. Freeze-Thaw Resistance

Both treated and untreated half-thin brick samples with a thickness of 13 mm suc-
cessfully sustained the 50 freeze-thaw cycles, whereas for half-thin brick samples that
were 27 mm thick, only treated ones passed the 50 freeze-thaw cycles. The untreated
27 mm thick samples sustained only 30 cycles. According to the layered distribution of
pressure theory, the pressure on the top is highest and decreases as it descends beneath
the surface [54]. This phenomenon results in more uniform and efficient pressing under
a pressure of 7 MPa during the manufacturing process for thin bricks having a thickness
of 13 mm in comparison to those having a thickness of 27 mm. This pressing reduces the
void spaces within the compacted mixture, ultimately yielding a denser structure. Thin
bricks that are denser have fewer interconnected pore spaces, leading to a decrease in the
accumulation of pore water. The reduction in the accumulation of pore water assists in
preventing damage caused by expansion in freezing conditions [55].

To revalidate these findings, freeze-thaw tests were carried out on untreated half-thin
brick samples with varying thicknesses, including 55 mm, 27 mm, 22 mm, 19 mm, and
13 mm. The results indicated that 27 mm and 54 mm are more susceptible to failure than
13 mm, 19 mm, and 22 mm samples, further emphasizing the significance of density of
thin bricks in influencing the durability performance. The study recommends greater
pressing pressure during manufacturing of 27 mm thin bricks to increase their freeze—thaw
resistance and suggests further study to evaluate these findings.

For stone veneers, the freeze-thaw test was carried out on treated samples. The
reason behind this is that stone veneer samples have a thickness greater than 27 mm, and
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these are produced from a wet mixture. These treated stone veneer samples successfully
sustained the 50 freeze—thaw cycles. The commercial thin bricks manufactured by Belden,
the brick company, particularly Belcrest 760 [52] and Brick My Wall [15], and stone veneers
manufactured by QS [50] and CS [51], also exhibited the durability of manufactured samples
up to 50 freeze—thaw cycles. This study indicates the comparable quality of the char-based
products in terms of freeze—thaw durability.

Based on the water absorption and freeze-thaw test results, the treated samples of thin
bricks and stone veneers have satisfactory engineering properties compared to relevant
ASTM standards and commercial ones. Since ASTM C1088 [3] exempts the requirement
of a water absorption assessment for thin bricks, provided five samples pass the freeze—
thaw test, and by the findings obtained from the freeze—thaw test, untreated samples with
thicknesses ranging from 13 mm to 22 mm were also deemed suitable for their application
in specified environmental conditions.

4.4. Linear Drying Shrinkage

The test results for treated stone veneer samples show an average linear change of
0.01%. The average linear shrinkage for char-based stone veneers is within the permissible
range of 0.1%, as specified in ASTM standard C157 [40]. This result means that the pro-
duced product will show negligible variation in dimensions due to seasonal variations,
maintaining the products integrity over time. The fact that the product has very low linear
shrinkage indicates its potential application in intended places and that it is unlikely to
experience deterioration. The study lacks recorded data for commercial stone veneers,
precluding any comparative analysis.

4.5. Shear Bond

The shear bond test was performed on treated stone veneer samples. The 7-day shear
bond strength of the treated sample was 0.75 MPa, which is above the ASTM requirement
of 0.35 MPa, suggesting the reliability of these products for their intended applications.
This shear bond strength exhibited by char-based stone veneers is higher than the shear
bond strengths of QS (0.34 MPa [50]) and CS (0.4 MPa [51]). Rizaee et al. [43] performed
a shear bond strength test on stone veneers, specifically Eldorado Brick (EB) and Dutch
Quality (DQ), and found the average shear bond strengths were 0.15 MPa and 0.23 MPa,
respectively. These recorded values are lower than those observed in treated char-based
stone veneers, as shown in Figure 14.

0.8

0.6 -

04 -

0.2 -

Char based, Canyon Quality Dutch Eldorado ASTM (C482

1 — I 1 1 - 1
w/c=0.7 stone stone quality brick

Types of stone veneers

Figure 14. Comparison of shear bond test for different types of stone veneers using conventional
cement mortar/paste.
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To further improve the shear bond strength of treated stone veneer samples, commer-
cial bonding materials, specifically Latpoxy stone adhesive and Baucer polymer cement,
were employed. The shear bond strength of treated char-based samples using Latpoxy
stone adhesive (CbL) is 2.82 MPa, and using Baucer polymer cement (CbB), the shear bond
strength is 2.73 MPa. Rizaee et al. [43] also used the polymer-based adhesive to improve
the shear bond strength of EB and DQ. The recorded shear bond strengths for EB (EBP) and
DQ (DQP) are 2.22 MPa and 2.11 MPa, respectively. These shear bond strength values are
still lower than those shown by char-based stone veneers when polymer as an adhesive
was used in place of cement paste, as shown in Figure 15.

Char based Char based Eldorado brick Dutch quality =~ ASTM C482

(CbL), w/c =0.7 (CbB), w/c=0.7 (EBP) (DQP)

Types of stone veneers

Figure 15. Comparison of shear bond strength of various types of stone veneers using
polymer-based adhesives.

5. Techno-Economic Evaluation

Techno-economic analysis is a systematic approach used to evaluate the profitability
and practicality of the implementation of any project. It considers capital expenditure, cash
outflows, and cash inflows. Cash outflows can be quantified in terms of fixed cost and
variable cost. In contrast, cash inflows usually are the revenue a company makes after
selling their product. The most general approach used for measuring economic viability
includes net present value (NPV), break-even period, and internal rate of return (IRR) [56].

NPV calculates all the future cash flows as the present value and subtracts capital
expenditure from this value, as given by Equation (1). If NPV is greater than or equal to
zero, then the project is considered feasible; else it is considered not feasible [56], as per
Equation (1).

Y_Cash flow of each year
(141"

where C, represents the capital expenditure or initial investment, i represents the discount

rate, and n represents the time period over which the project is aimed to continue.

The breakeven period [56] is the total number of years required for the cumula-
tive expenditure of the company to equal cumulative revenues, and any revenue gener-
ated beyond that point is the profit earned by a company. To find the breakeven period,
the cumulative cash flows are plotted on the y-axis and time in years is plotted on the
x-axis. The point where the resulting line diagram intersects the x-axis is determined as the
breakeven period for that project.

IRR [56] means the expected rate of return that a company can expect after investing
in a particular project. It is calculated by making NPV equal to zero and back calculating
the i given by Equation (1). The back calculated value i is the required IRR (r).

NPV =

Co )
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The economic analysis was carried out considering a project life of 15 years. The period
of 15 years was used considering the significant investment in land and infrastructure and
the service life of the specialized equipment [57].

Additionally, a series of sensitivity studies was conducted to determine the economic
incentives of this project concerning the total capital expenditure, product price, cement
cost, hydraulic lime (HL) cost, production rate, and fixed cost. Sensitivity studies were
carried out on sensitive parameters of the project. Sensitive parameters were identified
based on detailed cash flow analysis, and then analysis was performed by fluctuating the
range of sensitive variables [58] such as capital expenditure, product price, production rate,
OPC price, HL price, and fixed costs. This process allowed us to better account for the
uncertainties associated with the project.

5.1. Techno-Economic (TE) Analysis of Thin Brick

The US market size of thin brick is assumed to be 50% of the market size of bricks i.e.,
USD 184 million [59], and the scenario in this study is expected to capture approximately
2.5% of the market size i.e., a revenue of USD 5.76 million. Techno-economic analysis of thin
brick is conducted based on the preliminary manufacturing process. For a unit producing
4,800,000 pieces of thin bricks (L 193 x B 89 x T 13 mm) per year, which is equivalent
to 1556.7 metric tons (1716 US tons) of thin bricks from PC, OPC type-1, SF, SP, and HL,
the total capital expenditure is estimated at USD 7,330,316. This total capital expenditure
encompasses the direct cost and indirect cost. Table 2 summarizes the production cost
estimates for 1716 tons of thin brick annually. The direct cost of USD 4,536,279.16 is
calculated based on the equipment and components required for the manufacturing along
with the purchase of land and construction of a factory. The estimated cost of acquiring
5 acres (20,234 sq. m.) of land in Gillette, Wyoming, is USD 130,000 [60]. The construction
expenses are computed at a rate of 8.94 USD/sq. m. (96.23 USD/sq. ft.) [61], amounting to
USD 2,886,990 for a project covering 2787 sq. m. (30,000 sq. ft.). An additional 25% of total
capital expenditure is allocated for contractor fees, and 7% of total capital expenditure is
earmarked for architectural fees, resulting in a total expenditure of USD 3,861,349.34. The
indirect cost of USD 490,436.84 is estimated for the first plant, with many uncertainties in
manufacturing the thin brick (estimated at 90% of the equipment and component purchase
cost). The indirect cost includes engineering services, equipment rentals, procurement,
freight, taxes, and contingencies. It should be noted that the indirect cost can be reduced
when the project maturity increases.

Table 2. Summary of cost estimates for producing 1556.7 metric tons (1716 US tons) of thin bricks per year.

Item Description Amount
A Total capital expenditure (i.e., total Cap Ex) USD 7,330,716.00
Direct expenditure of total Cap Ex USD 4,536,279.16
Indirect expenditure of total Cap Ex USD 490,436.84
Working capital at 20% of total revenue (only in year 0) USD 1,152,000.00
Startup cost at 20% of total revenue (only in year 1) USD 1,152,000.00
B Raw materials (char, cement, silica fume, and SP) 389,096.53 USD/year
Utility (water and electricity) 15,379.47 USD/year
Subtotal 404,476.00 USD/year
D Labor (total 1920 h per year) + Administrative cost 1,120,788.48 USD/year
Maintenance (4% of Cap Ex) 293,228.64 USD/year
Lab support cost (5% of Labor) 56,039.42 USD/year
Plant overhead (10% of labor, maintenance, and lab) 147,005.65 USD/ year
Taxes and insurance (1% of Cap Ex) 73,307.16 USD/year
Subtotal 1,690,369.36 USD/year
E Total manufacturing cost (fixed cost + variable cost) 2,094,845.36 USD/year
F Total manufacturing cost (fixed cost + variable cost) 0.44 USD/pc
G Product price 1.20 USD/pc
H Total revenue 5,760,000.00 USD/year
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For an average product price of 1.20 USD/pc or 64.65 USD/sq. m. (6.0 USD/sq. ft.)
of char-based thin bricks, which is comparable to the average prices of equivalent com-
mercially available thin bricks, as shown in Table 3, the total revenue is estimated at
5,760,000 USD/year. Taking 20% of the total revenue, the working capital and startup
capital are estimated each at USD 1,152,000.

Table 3. Price per square foot of commercial thin bricks.

Manufacturing Company Price per sq. m. Price per sq. ft.
Daltile USD 71.04 USD 6.60 [62]
Brick my wall USD 45.10 USD 4.19 [15]
Menards versatile royal thin bricks USD 77.82 USD 7.23 [63]
Average price USD 64.65 USD 6.0

Our research outcomes indicate that 1741 metric tons (1919.20 US tons) of raw materials
(including water) are required to yield 1556.7 metric tons (1716 US tons) of thin bricks. For
the thin brick consisting of 1PC:1.340PC:0.13SF:0.03SP:0.04HL, 525.26 metric tons (579 US
tons) of PC, 702.16 metric tons (774 US tons) of OPC, 70.76 metric tons (78 US tons) of SF,
15.78 metric tons (17.40 US tons) of SP, and 393.54 metric tons (433.80 US tons) of HL are
required per year. The total price of procuring these materials is as shown in Table 4.

Table 4. Table showing calculation of total price of raw materials [64-68] used in the production of
thin bricks.

Ttem Unit Price per metric ton Required Quantity in Metric ton (US Total Price
(US ton) ton)
Pyrolysis char USD 44.092 (USD 40) 525.26 (579) USD 23,160
Ordinary Portland cement USD 132.304 (USD 120) 702.16 (774) USD 92,880
Silica fume USD 1554.355 (USD 140) 70.76 (78) USD 10,920
Superplasticizer USD 992.282(USD 900) 15.78 (17.4) USD 15,660
Hydrophobic liquid USD 626.44 (USD 568.18) 393.54 (433.8) USD 246,476.53
The unit water cost is determined at 122 USD/thousand liters (Tliters)
(4.63 USD/thousand gallons (Tgallons)) in addition to a fixed monthly cost of USD 127.04 [69].
The total water required in one year (11 working months) to produce 1716 tons of thin
brick is calculated as 55.6 Tliters (14.70 Tgallons), including an additional 50% for some
other applications, and the total annual water cost is estimated at USD 1465.50. Electricity
is needed to power the ball mills, conveyor system, pan mixer, brick-making machine,
automatic pallet jack, water pump, and dust collection equipment. The unit electricity cost
is determined at 0.09311 USD/kWh in addition to a fixed monthly cost of USD 40.73 [69].
The total electricity per year consumption to produce 1556.7 metric tons (1716 US tons) of
thin brick (11 working months) is determined as 143,184 kWh, and the total electricity cost
is estimated at 13,913.97 USD/year. Adding all variable costs yields a total variable cost of
404,476 USD/year (Table 5).
Table 5. Rate of employees as per the US Bureau of Labor Statistics for Wyoming [70].
Description of Work No. Rate Amount Remarks
Construction managers 1 USD 45.31 USD 45.31 Rate per hour
First-line supervisors V\cr)(f) IE(ré)rcsluctlon and operating 1 USD 42.97 USD 42.97 Rate per hour
mixing and blending machine setters, operators, 5 USD 22.16 USD 110.80 Rat h
and tenders ’ ’ ate per hour
Helpers-production workers 5 USD 20.18 USD 100.90 Rate per hour
Sales workers 1 USD 14.64 USD 14.64 Rate per hour
Accountants and auditors 1 USD 35.58 USD 35.58 Rate per hour
Drivers 1 USD 14.64 USD 14.64 Rate per hour
Subtotal USD 364.84 Rate per hour
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Eight hours of labor shifts are suggested to produce thin bricks, and the production
is continued for five days a week. Hence, the total number of working hours per year
(11 working months) for 8 h/day shifts is 1920. For one construction manager, one supervi-
sor, five machine operators, five helpers, one sales worker, one accountant, and one driver
per shift at a variable wage rate, as shown in Table 5 [70], the combined hourly pay is USD
364.84. Hence, the yearly pay considering 1920 working hours in a year is USD 700,492.80.
If 60% of the wage is considered for overtime, benefits, and supervision, the total labor
wage and other benefits is USD 1,120,788.48, as presented in Table 2.

The annual maintenance cost of USD 293,228.64 is determined as 4% of capital ex-
penditure. The yearly cost of laboratory support is estimated at 5% of total labor cost or
USD 56,039.42. The plant overhead cost is the total cost involved in operating all thin brick
production facilities, and the annual plant overhead cost of USD 147,005.65 is estimated to
be 10% of the total labor cost, maintenance cost, and laboratory cost. Taxes and insurance
costs of USD 73,307.16 are estimated at 1% of the total capital expenditure. Adding all fixed
costs yields a total annual fixed cost of USD 1,690,369.36 (Table 2). Combining the total
fixed cost and variable cost, the total manufacturing cost is 2,094,845 USD/year. This is
equivalent to 1202.65 USD/ton, which breakdowns as 0.44 USD/pc or 25.83 USD/sq. m.
(2.40 USD/sq. ft.).

The analysis shows that the percent breakdown of the annual manufacturing cost of
USD 2,094,845 consists of a total fixed cost of USD 1,690,369.36 (80.7%) and a total variable
cost of USD 404,476 (19.3%). The variable cost consists of PC cost (1.11%), OPC cost (4.43%),
SF cost (0.52%), SP cost (0.75), HL cost (11.77%), water (negligible), and electricity (0.01%).
The combined OPC and HL cost, exceeding 15% of the total manufacturing cost, plays a
significant role in the TE analysis, determining the feasibility of this project. Likewise, the
analysis shows that the combined OPC and HL cost is 66% of the total variable cost, further
signifying the importance of the combined OPC and HL cost in this project.

A cash flow analysis was conducted using the capital expenditure and cost estimates
summarized in Table 2. Before manufacturing thin brick in year 1, the total capital expendi-
ture of USD 7,330,716 is considered in the following distributions: 25% in Year —2, 50% in
Year —1, and 25% in Year 0. The working capital of USD 1,152,000 is spent in Year 0 and will
be returned at the end of the project in Year 15, with the expectation that the project will
become profitable over the 15-year period, allowing for the return of the working capital at
the project’s completion. Hence, Figure 16 shows the negative cash flow values from Years
—2 to 0 and a relatively higher positive cash flow in Year 15. The modified accelerated cost
recovery system (MACRS) is utilized to allow the recovery of the capital expenditure as
an asset with the following percent distributions over six years: 20%, 32%, 19.2%, 11.52%,
11.52%, and 5.76% for Years 1 to 6, respectively. The depreciation amount for each of these
six years is calculated based on the respective percent distribution concerning the total
capital expenditure. Considering a new corporate tax of 21%, the depreciation credit is
calculated by multiplying 21% by the depreciation amount.
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Figure 16. The cash flow analysis results for thin bricks considering a 0% return.
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The annual revenue is estimated at USD 5,760,000 (see Table 2). However, it is assumed
that the new plant will only reach 50% and 75% of its total capacity in Years 1 and 2, respec-
tively, and the annual revenues are reduced to USD 2,880,000 and USD 4,320,000, respectively.
The start-up cost of USD 1,152,000 is considered an expense in Year 1. The total manufacturing
cost of USD 2,094,845 is included in Years 3 to 15, while only 50% and 75% of the manufactur-
ing cost are accounted for in Years 1 and 2. Next, the annual margin, defined as the difference
between total revenue and total expenses, is calculated for each year.

The tax liability per year is calculated by multiplying the annual margin by the 21%
corporate tax. For a 0% return rate, the yearly cash flow is calculated by summing each year’s
total capital expenditure, working capital, depreciation credit, margin, and tax liability. The
cash flow is accumulated from Years —2 to 15 and plotted along with the annual cash flows
in Figure 16. The cumulative cash flow begins at a negative value of —USD 1,830,000 in Year
—2 and reaches the maximum negative value of —USD 8,480,000 in Year 0, before breakeven
in Year 4. Similarly, to calculate discounted cash flows, a discount rate of 7% is chosen, which
is higher than the prevailing discount rate of 5.5% [71], as a precautionary measure to account
for potential uncertainties. For the percent return or discount rate of 7%, the annual cash flow
is reduced to the present value, as shown in Figure 17. Likewise, the yearly present value is
accumulated, and the cumulative current value is plotted in Figure 17. The cumulative present
value begins at —USD 2,100,000 in Year —2, reaches the maximum negative value of —USD
9,000,000 in Year 0, and breakeven is in Year 5.
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Figure 17. The cash flow analysis results for thin bricks considering a 7% return.

5.2. Sensitivity Analysis for Thin Brick

Table 6 shows the eleven cases and the base case described in previous paragraphs.
The sensitivities are evaluated in terms of net present values (i.e., cumulative present value)
in Year 15 for 0% and 7% return rates (NPV0 and NPV7, respectively).

Table 6. Sensitivity studies for thin bricks on the net present value and the internal rate of return
across varied capital expenditure, production rate, product price, and raw material costs.

Capital Ex- Product Ordinary Portland Hydrophobic

Case pendicture I:rl\(;;isu/c}t‘;ﬁlrt)e Price Cement Cost Liquid Cost (II:I/II;Z& (1:41;}/;7) I(EZI){
(MMS$ *) ) (USD/pc) (USD/ton) (USD/ton)

Base 7.33 2500 1.20 120.00 568.18 33.27 15.21 22.15
1 5.50 2500 1.20 120.00 568.18 34.71 16.85 26.51
2 9.16 2500 1.20 120.00 568.18 31.82 13.56 18.96
3 7.33 2500 0.60 120.00 568.18 3.52 —1.47 4.39
4 7.33 2500 0.72 120.00 568.18 9.47 1.86 9.79
5 7.33 2500 1.80 120.00 568.18 63.01 31.89 30.36
6 7.33 2500 1.20 144.00 568.18 33.06 15.08 22.05
7 7.33 2500 1.20 144.00 681.82 325 14.76 21.79
8 7.33 1250 1.20 120.00 568.18 3.52 —1.47 4.39
9 7.33 2125 1.20 120.00 568.18 24.34 10.2 18.51
10 7.33 2500 1.20 120.00 568.18 38.27 18.25 24.68
11 7.33 2500 1.20 120.00 568.18 28.26 12.17 19.50

* MM$-millions in US dollars.
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Reducing the total capital expenditure by 25% in Case 1 results in a positive NPVO,
positive NPV7, and positive IRR of 26.51%. Likewise, increasing the total capital expen-
diture by 25% in Case 2 still results in positive NPVO0, positive NPV7, and IRR of 18.96%.
If the product price is reduced by 50% to 0.60 USD/pc in Case 3, the project will not be
feasible with a negative net present value at the return rate of 7%. However, if the product
price is reduced by only 40% to 0.72 USD/pc in Case 4, the project will yield a positive
NPVO, positive NPV7, and positive IRR of 9.79%. Additionally, if the product price can be
increased by 50% to 1.80 USD/pc in Case 5, the project will yield significantly high positive
NPV0 and NPV15, and a relatively high IRR of 30.36%. The analysis shows the insensitivity
of the OPC and HL costs in the economic analysis. If the OPC cost is increased by 20%, as
in Case 6, the project’s profitability can still be realized by the positive NPV0 and NPV7,
and IRR of 22.05%. Furthermore, even with a combination of a 20% increment in OPC and
a 20% increment in HL cost in Case 7, the project analysis shows the viability of the success
with an IRR of 21.79%. However, reducing the production rate by 50% in Case 8 will result
in negative NPV15 and IRR of only 4.39%. Case 9 shows that the production rate can be
reduced only by about 15% to 2125 pc/hour, yielding an IRR of 18.51%. The project is more
profitable if fixed cost can be reduced by 25%, as in Case 10, which will yield positive NPV0
and NPV7, and IRR of 24.68. Nevertheless, if there are any unprecedented events, such as a
shortage in the workforce, the labor rates will go up, leading to an increase in fixed cost by
25%, and the project will still generate positive NPV0 and NPV7, and an IRR of 19.50%.

In summary, the project’s robustness is evident when dealing with cost and operational
variations, highlighting its adaptability to changing circumstances. However, it underscores
the importance of maintaining reasonable product prices and production rates to ensure
economic feasibility, as substantial deviations in these areas pose significant challenges to
project profitability and overall success.

5.3. Techno-Economic (TE) Analysis of Stone Veneer

The size of the U.S. stone market was 630 million as of 2021 [72], and the sce-
nario in this study is expected to capture approximately 2.3% of the total market size
i.e., revenue of USD 14.4 million. For a unit producing 4,800,000 pieces of stone veneer
(L 193 x B89 x T 40 mm) per year, which is equivalent to 3832 metric tons (4224 US tons)
of stone veneer from PC, OPC type I, SF, SP, and HL, the total capital expenditure is esti-
mated at USD 10,786,716. The total capital expenditure encompasses the direct cost and
indirect cost. Table 7 summarizes the annual production cost estimates for 3832 metric tons
(4224 US tons) of stone veneer. The direct cost of USD 4,536,279.16 is estimated based on
the equipment and components required for the manufacturing, along with the purchase
of land and the construction of a factory. Direct costs, covering equipment, land acquisition,
and construction, align closely with the thin brick project with an identical total expenditure
of USD 3,861,349.34. The indirect cost of USD 490,436.84 is estimated for the first plant, with
many uncertainties in manufacturing the stone veneer (estimated at 90% of the equipment
and component purchase cost). The indirect cost includes engineering services, equipment
rentals, procurement, freight, taxes, and contingencies. It should be noted that the indirect
cost can be reduced when the project maturity increases.

For a product price of 3.0 USD/pc or 129.17 USD/sq. m. (12 USD/sq. ft.) for char-
based stone veneer, which is comparable to the price of equivalent commercial stone veneer,
as shown in Table 8, the total revenue is estimated at USD 14,400,000/ year. Taking 20%
of the total revenue, the working capital and startup capital are estimated each at USD
2,880,000. The comparatively high market cost of stone veneer compared to thin bricks
is associated with their cost of production. Thin bricks of desired texture and thickness
can be produced efficiently using a compression machine alone. On the other hand, the
manufacturing of stone veneers requires manual chipping of materials from their sides
in addition to the initial casting of rectangular blocks. This labor-intensive process incurs
additional costs, making the market price higher. However, the cost of stone veneer
manufacturing is lower than the cost of processing natural stone. Natural stone extraction
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involves quarrying from the mines and then precision cutting, contributing to higher labor
costs, whereas the stone veneer production process is more streamlined, and uses molds to
make stone veneers of desired size, thereby eliminating the need of quarrying and cutting.
It is important to note that the comparison in labor cost is also affected by the geographic
locations and tools available for operations.

Table 7. Summary of cost estimates for producing 3832 metric tons (4224 US tons) of stone veneers

per year.
Item Description Amount
A Total capital expenditure (i.e., total Cap Ex) USD 10,786,716.00
Direct expenditure of total Cap Ex USD 4,536,279.16
Indirect expenditure of total Cap Ex USD 490,436.84
Working capital at 20% of total revenue (only in year 0) USD 2,880,000.00
Startup cost at 20% of total revenue (only in year 1) USD 2,880,000.00
B Raw materials (char, cement, silica fume, and SP) 775,648.95 USD/year
Utility (water and electricity) 15,591.65 USD/year
Subtotal 791,240.60 USD/year
C Labor (total 1920 h per year) + Administrative cost 1,120,788.48 USD/year
Maintenance (4% of Cap Ex) 431,468.64 USD/year
Lab support cost (5% of Labor) 56,039.42 USD/year
Plant overhead (10% of labor, maintenance, and lab) 160,829.65 USD/year
Taxes and insurance (1% of Cap Ex) 107,867.16 USD/year
Subtotal 1,876,993.36 USD/year
D Total manufacturing cost (fixed cost + variable cost) 2,668,233.96 USD/year
E Total manufacturing cost (fixed cost + variable cost) 0.56 USD/pc
F Product price 3.00 USD/pc
G Total revenue 14,400,000.00 USD/year

Table 8. Price per square foot of commercial stone veneers.

Manufacturing Company Price per sq. m. Price per sq. ft.
Satori 4.41-sq ft Seaside Coast USD 85.36 USD 7.93 [73]
Clip Stone USD 158.12 USD 14.69 [74]
Evolve Stone USD 150.26 USD 13.96 [75]
Average price USD 129.17 USD 12.19 =~ USD 12.0

Our research outcomes indicate that 5202.14 tons of total raw materials (including
water) are required to yield 4224 tons of stone veneers. For the stone veneer consisting of
1PC:1.340PC:0.13SF:0.035P:0.04HL, 1781.54 tons of PC, 2381.54 tons of OPC, 240 tons of SF,
53.54 tons of SP, and 592.80 tons of HL are required per year. Hence, based on the same
unit prices of these materials as those used for thin bricks, the yearly cost of purchasing
a PC is USD 71,261.54, the yearly cost of purchasing OPC is USD 285,784.62, the yearly
cost of purchasing SF is USD 33,600, the yearly cost of purchasing SP is USD 48,184.62,
and the yearly cost of purchasing HL is USD 336,818.18. The unit water cost is determined
at 1.22 USD/Tliters (4.63 USD/Tgallons) and a fixed monthly cost of USD 127.04 [69].
The total water required in one year (11 working months) to produce 3832 metric tons
(4224 US tons) of stone veneers is calculated as 229 Tliters (60.53 Tgallons), including an
additional 50% for some other applications, and the total annual water cost is estimated at
USD 1677.67. The total electricity consumption to produce 3832 metric tons (4224 US tons)
of stone veneer (11 working months) is determined as 143,184 kWh, and the total electricity
cost is estimated at 13,913.97 USD/year based on the same rate of electricity as that used
for thin bricks. Adding all variable costs yields a total variable cost of 791,240.60 USD/ year
(Table 7). The fixed cost is determined using a methodology like the one applied in thin
bricks, amounting to USD 1,876,993.36, as shown in Table 7. Combining the total fixed and
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variable costs, the total manufacturing cost is 2,668,233.96 USD/year. This is equivalent to
631.68 USD/ton, which breaks down as 0.56 USD/pc or 32.65 USD/sq. m. (3.03 USD/sq. ft.).

The analysis shows that the percent breakdown of the annual manufacturing cost
of USD 2,668,233.96 consists of a total fixed cost of USD 1,876,993.36 (63.3%) and a total
variable cost of USD 791,240.60 (36.7%). The variable cost consists of PC cost (2.67%),
OPC cost (10.71%), SF cost (1.26%), SP cost (1.81), HL cost (12.62%), water (negligible),
and electricity (0.01%). These combined OPC and HL costs, exceeding 20% of the total
manufacturing cost, play a significant role in the TE analysis, determining the feasibility of
this project. Likewise, the analysis shows that the combined OPC and HL cost is 79% of the
total variable cost, further signifying the importance of the combined OPC and HL cost in
this project.

The cash flow analysis is conducted similarly to how it is carried out for thin bricks.
The cumulative cash flow begins at a negative value of —USD 2,700,000 in Year —2 and
reaches the maximum negative value of —USD 13,670,000 in Year 0, before reaching
breakeven in Year 2.5, as shown in Figure 18. Similar to thin bricks, the discount rate
of 7%, which is higher than the current discount rate of 5.5% [71], is used considering the
potential fluctuation in market conditions. With the percent return or discount rate of 7%,
the annual cash flow is reduced to the present value, as shown in Figure 19. Likewise,
the present yearly value is accumulated, and the cumulative current value is plotted in
Figure 19. The cumulative present value begins at —USD 3,090,000 in Year —2, reaches the
maximum negative value of —USD 14,430,000 in Year 0, and breakeven in Year 3.
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Figure 18. The cash flow analysis results for stone veneer production considering a 0% return.
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Figure 19. The cash flow analysis results for stone veneers considering a 7% return.
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5.4. Sensitivity Analysis for Stone Veneer

Table 9 shows the ten cases and the base case described in previous paragraphs. The
sensitivities are evaluated in terms of net present values (i.e., cumulative present value) in
Year 15 for 0% and 7% return rates (NPV0 and NPV?7), respectively.

Table 9. Sensitivity studies for stone veneers on the net present value and the internal rate of return
across varied capital expenditure, production rate, product price, and raw material costs.

Capital

Product Product Ordinary Portland Hydrophobic

Case Expenditure Rate Price Cement Cost Liquid Cost (1:41;}[,; (II:I/II;X;) I(EZI){
(MMS$ *) (Nos./hour) (USD/pc) (USD/ton) (USD/ton)

Base 10.76 2500 3.00 120.00 1136.36 118.14 62.68 38.16
1 8.07 2500 3.00 120.00 1136.36 120.27 65.09 4428
2 13.45 2500 3.00 120.00 1136.36 116.01 60.26 33.71
3 10.76 2500 1.50 120.00 1136.36 43.78 20.97 25.11
4 10.76 2500 4.50 120.00 1136.36 192.5 104.38 44.03
5 10.76 2500 3.00 144.00 1136.36 117.5 62.3 38.02
6 10.76 2500 3.00 144.00 1363.64 116.74 61.85 37.86
7 10.76 2500 3.00 144.00 2727.27 114.35 60.43 37.34
8 10.76 1250 3.00 120.00 1136.36 43.78 20.97 25.11
9 10.76 2500 3.00 144.00 1136.36 123.7 66.05 39.53
10 10.76 2500 3.00 144.00 1363.64 112.58 59.3 36.76

* MM$-millions in US dollars.

Reducing the total capital expenditure by 25% in Case 1 results in a positive NPVO0,
positive NPV7, and positive IRR of 44.28%; similarly, increasing the total capital expenditure
by 25% in Case 2 still results in positive NPVO, positive NPV7, and IRR 33.71%. If the
product price is reduced by 50% to 1.50 USD/pc in Case 3, the project will still be feasible
with a positive net present value at the return rate of 25.11%. Additionally, if the product
price can be increased by 50% to 4.5 USD/pc in Case 4, the project will yield positive NPV0
and NPV7, and a relatively high IRR of 44.03%. The analysis shows the insensitivity of
the OPC and HL costs in the economic analysis. If the OPC cost is increased by 20%, as in
Case 5, the project’s profitability can still be realized by the positive NPV0 and NPV7, and
IRR of 38.02%. Likewise, even with a combination of a 20% increment in OPC and a 20%
increment in HL cost in Case 6, the project analysis shows the viability of the success with
an IRR of 37.86%. Furthermore, even if the cost of HL is increased by two times, as in Case
7, then the profitability of the project can be realized with an IRR of 25.11%. Furthermore,
reducing the production rate by 50% in Case 8 will still result in a positive NPV7 and IRR
of 25.11. The project stands to be more profitable if fixed cost can be reduced by 25% as
in Case 9, which will yield positive NPV0 and NPV7, and IRR of 39.53%. Nevertheless, if
there are any unprecedented events, such as a shortage in the workforce, the labor rates
will go up, leading to an increase in fixed cost of 25%, and the project will still generate a
positive NPV0 and NPV7, and an IRR of 36.76%. In summary, the project’s robustness is
evident when dealing with cost and operational variations, highlighting its adaptability to
changing circumstances.

6. Limitations of the Present Study and Future Works

We acknowledge the limitations in conducting the comparison study with the limited
selective set of commercial products. In addition, the economic study is carried out based
on the assumption that the factory is running at full capacity, which may not be practical,
and we recommend further study to relate to actual site conditions. The costs for disposal
of waste products during the operation of the factory are also not considered in this study.
This study only aimed to show the possibility of commercialization of char-based thin
bricks and stone veneers in manufacturing. Future market studies considering competitors’
manufacturing cost and other required factors are suggested to provide detailed compari-
son. Additionally, study of the micro-/meso-structures of these materials using Computed
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Tomography [76], and material characterization using Scanning Electron Microscope and
other advanced tools [77], are suggested for future study.

7. Conclusions

The study supports the potential use of char and illustrates its beneficial impact on the
engineering properties and economic feasibility. The study finds char-based thin brick and
stone veneers to be lightweight, durable, and economical construction products. Compared
to commercial products, char-based thin bricks and stone veneers have comparable or better
engineering performances in terms of compressive strength, water absorption, freeze-thaw
durability, shear bond, and linear shrinkage properties, and these are listed below:

(1) The treated char-based thin bricks and stone veneers showed comparatively low
water absorption in the range of 4% to 6%, which is in fair comparison to many
commercial products.

(2) The treated char-based thin bricks and stone veneers sustained 50 freeze-thaw cycles
in accordance with the ASTM standards C67 [38] and C666 [39], respectively.

(3) As per ASTM C1088, untreated thin brick samples with thicknesses ranging from
13 mm to 22 mm also confirmed their suitability for their application based on their
promising freeze-thaw performance.

(4) Stone veneer samples are found to have a low shrinkage ratio of 0.01%, much lower
than the ASTM C1670 [4] requirement of 0.1%, further enhancing the durability of
this product when used for its intended applications.

(5) When tested for shear bond strength, stone veneer samples have a shear bond strength
0f 0.75MPa, 2.73 MPa, and 2.82 MPa depending upon the type of adhesive used, which
is well above the ASTM C1670 [4] requirement of 0.35 MPa. Moreover, compared to
commercial ones, they have better shear bond strength.

(6) The techno-economic analysis conducted for thin bricks shows the viability of project
implementation with a net positive NPV0 and NPV7, along with an IRR of 22.15%.
These economic indicators justify the adaptability of the project implementation even
with the changing market conditions, as validated by a sensitivity study.

(7) However, the project’s success for thin brick is contingent on the product price and
production rate. The analysis shows that the product price of USD 0.60 will lead the
project to some loss, giving a return of only 4.39%. In addition, when the production
rate is reduced by half, the return rate is reduced to 4.39%.

(8) For stone veneers, all the economic parameters are positive, and IRR is 38.16%, which
justifies their ability to sustain the fluctuating market conditions.

(9) The sensitivity analysis performed for stone veneer also showed positive NPV0 and
NPV7, and IRR of 25.11% even when the product prices are reduced to half, or the
production rate is reduced to half.

This study demonstrates that char-based thin brick and stone veneer are viable alter-
natives to conventional building materials due to their favorable engineering properties
and promising economic viability.

8. Patents

The content presented in this manuscript is part of the provisional patent application
No. 63/439,527.
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