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Abstract. The present study explores the feasibility of microencapsulated phase change material (PCM)
admixed high-volume ﬂy ash (HVFA)–bottom ash (BA)–cement mixes for manufacture of masonry bricks. The
cementitious mixes investigated in the present study are cement–HVFA–PCM pastes and cement–HVFA–PCM–
sand (S)/ BA mixes, both with two different types and percentages of PCM. Experimental techniques based on
packing density method are presented for determination of optimal mix proportions from workability and
thermal performance viewpoint. Thermal, mechanical and durability-related properties of these mixes are
analyzed through experimental investigations. The results of the study reveal that the developed mixes possess
compressive strengths as high as 15 MPa, which is high enough for them to be used as masonry blocks. The
PCM mixes are found to yield temperature reductions of 5C over and above the control mixes, which is a
signiﬁcant improvement. PCM admixed HVFA–BA -cement mixes are found to be most congenial of all the
mixes from thermal performance viewpoint due to their low thermal conductivities and high porosities. It is also
found that PCM–HVFA–BA–cement mixes are lesser energy intensive, emit lesser carbon dioxide and are
lighter in weight compared with conventional clay bricks.
Keywords.

High-volume ﬂy ash; PCM; phase change materials; eco-friendly blocks; compressive strength.

1. Introduction
Minimizing the energy load is an integral part of sustainable building design. In conditioned buildings situated in
tropical climatic regions, HVAC (heating, ventilation and
air conditioning) for cooling constitutes a signiﬁcant portion of this energy load [1]. Hence, reducing cooling load
on the HVAC through passive building design techniques is
essential to conserve energy during building’s lifetime.
Thermal comfort is also a requirement for naturally conditioned buildings in tropical climates. Phase change
materials (PCMs) are being increasingly realized as effective inclusions in cementitious mixes for enhancing thermal
comfort. PCMs are materials that can store/release heat
upon phase change at a certain temperature. Typically,
materials undergoing solid–liquid transition at ambient
temperatures are used as PCMs in construction materials. In
order to avoid leakage and interference of melted PCM
with the surrounding cementitious mixture, PCMs are
usually encapsulated and then incorporated into the
cementitious systems. The following techniques are
*For correspondence

commonly used for incorporation of PCMs into cementitious mixes: microencapsulation, shape stabilization,
inclusions in porous aggregates, macro-encapsulation, etc.
[2].
The classical use of PCMs in civil engineering constructions has been for enhancing thermal performance of
normal concrete/mortar for facilitating better thermal
comfort in occupant spaces. However, there is growing
interest in application of PCMs in cementitious mixes for a
wide range of alternative applications and in different types
of concretes (apart from normal concrete). These applications are broadly categorized and summarized with their
merits and demerits in table 1.
From the literature review, it is evident that PCMs are
being increasingly used in different types of concrete. Of
these applications, their inclusion in high-volume ﬂy ash
(HVFA) mixes is further investigated in the present study.
Previous studies [3] on this subject had investigated only
the thermal stability, thermal storage capacity and ﬂexural
strength of HVFA–PCM cementitious mixes, wherein PCM
was incorporated by impregnating lightweight aggregates.
The present study deals with HVFA–BA–PCM cementitious mixes wherein PCM is directly mixed with the

Self-compacting concrete (SCC) ﬂows by means of selfweight without need for external compaction. Few
investigations have been carried out on the feasibility of
micro-encapsulated phase change materials in SCCs.
PCM incorporation causes decrease in thermal conductivity
of the mixes, increase in speciﬁc heat capacity and
decrease in the peak hydration temperatures [12].

It was observed that the PCMs are useful in minimizing the
volume changes and microcracks caused by thermal
stresses in mass concrete.
PCMs also delay the time to crack by a factor more than 4.5
compared with control mixes; this delay is attributed to
the effects of crack-blunting and deﬂection induced by
soft PCM inclusions [11].
The latent heat of a PCM was found to play a more
important role compared with its melting temperature in
mitigating thermal cracks [10].

PCMs were incorporated through impregnation in LWA.
It was demonstrated that PCMs were effective in
maintaining the pavement temperatures above 0C even
when ambient temperatures fell below 0C [9].

Using PCM-impregnated LWA, respectively, decreased the
surface temperatures by 8.5 and 5C under laboratory
and outdoor conditions at hottest moment of the day [6].
This reduction was observed with only 3% PCM by total
weight of asphalt concrete. The reductions can be even
higher with higher percentages of PCM impregnation,
which can be achieved with aggregates of higher
porosity/different methods of incorporation.

On an average, 30% reduction in freeze–thaw cycles
was observed with the use of PCMs [5].
The efﬁcacy of the PCMs in reducing freeze–thaw
deterioration depends on the proximity of PCM’s melting
temperature to the ambient temperatures.

Salient merits

Results in signiﬁcant strength reduction (about 50%
reduction with 3% PCM inclusion by mass of
concrete) and increase in porosity, which are
detrimental to concrete [12].
Self-compactibility problems were found in mixes with
high dosages of PCM, i.e. 20–25% (by weight of
cement), whereas samples with low dosage of PCM,
i.e. 5% (by weight of cement), exhibited segregation;
10% PCM is found to be optimal for self-compacting
concrete [13].

Reductions in compressive strength, elastic modulus and
fracture toughness with increasing PCM dosage are
observed. However, reduction in fracture toughness is
much lesser compared with other two parameters
[11].

Greater percentage of PCM impregnation requires
aggregates to be more porous. However, this results in
excessive strength loss.

The following risks are associated with direct PCM
incorporation into asphalts: asphalt may delay the
phase change process, PCMs in solid state have
adverse effect on the complex modulus of asphalt and
shear strength of asphalt decreases with increased
PCM dosages [8].

Strength reductions up to 40% of the control mixes were
observed [5].

Salient demerits
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Application in self-compacting concrete (SCC):

Mitigating risk of early age cracking:
PCMs were used for mitigation of early age thermal cracking
resulting from excessive heat of hydration [10].

Melting ice/snow on pavement surfaces:
The latent heat released during the liquid–solid phase change
of PCM was used to melt snow/ice on pavement surfaces
during winters.

Stabilization of pavement surfaces:
PCMs were ﬁlled in the pores of light weight aggregates
(LWA) used in asphalt pavements. This modiﬁcation was
done in order to decrease the high temperatures attained by
pavement surfaces during hot summers, which in turn
resulted in melting of asphalt and consequent early wear of
pavements [6, 7].

Reducing freeze–thaw damage:
PCMs were used to reduce the damage due to freeze–thaw
cycles in bridge decks and thus enhance their service life
[4, 5].

Application in cementitious mixes

Table 1. Applications of phase change materials in cementitious systems.
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Application in foam concrete:
Foam concrete is designed for high porosity, lightweight and,
therefore, better thermal insulation. Addition of phase
change materials further enhances its thermal performance
through latent heat storage.
Application in high-volume ﬂy ash (HVFA) cement concrete:
The thermal insulation and mechanical properties of HVFA
ﬁber-reinforced cement composites are assessed by Majdi
and Li [3].

Application in geopolymer concrete:
PCMs are extensively being used in geopolymer mortar and
concrete in the recent years. Geopolymer concrete is more
eco-friendly compared with normal concrete as it uses ﬂy
ash and blast furnace slag as replacements for ordinary
Portland cement (OPC).

Application in cementitious mixes

Table 1. continued

The density of PCM-incorporated foam concrete
increases with dosage of PCM; however, the resulting
densities are still within the limits speciﬁed for foam
concrete [20].
The specimens containing PCM showed lower ﬂexural
and ﬁrst crack strengths and higher midpoint
deﬂections compared with the control specimens,
which had no PCM.

PCMs are directly impregnated into the lightweight
aggregates. Reductions in inner surface temperature of
extruded panels up to 1.4C were observed with the use
of PCM.

Microcapsules with polar functional groups on the shells
affect the viscosity and thereby reduce the
geopolymer reaction rates [15].
Addition of PCMs increases the initial setting time, and
reduces the ﬁnal setting time, slump and compressive
strength [19].
The compressive strength is reduced, but the reduction
brought about by PCM addition into geopolymer
mortars is signiﬁcantly smaller (about 10% reduction
with 3% PCM inclusion by mass of mortar) compared
with those observed in normal concretes/mortars [17].

Salient demerits

The thermal conductivity of foam concrete further
decreases by about 20% with 30% (by weight) addition
of PCM [20].

PCMs effectively enhance the thermal performance of
geopolymer mixes [14]. It was demonstrated that a power
reduction of nearly 35% could be achieved utilizing a 75
mm concrete wall containing 5.2% (by weight)
microencapsulated PCM [15].
Moreover, small microcapsules having polar functional
groups are found to improve the interface bonds between
microcapsules and the GPC matrix. [16]
It is also observed in the scanning electron micrographs
(SEM) that the PCMs are in good bond with the
geopolymer binder unlike with the conventional binders,
possibly resulting in relatively smaller strength reduction
only [17].
Macro-encapsulation of PCM in lightweight expanded clay
aggregate coated with geopolymer (for leak prooﬁng) is
performed by Hassan et al [18]. Up to 87% impregnation
efﬁciency and leak prooﬁng of the developed capsules up
to 1000C rapid thermal cycling are observed by the
authors.

Salient merits
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cementitious materials and it investigates into the packing
density, workability, setting characteristics and water
absorption in addition to thermal storage capacity. The
method of PCM incorporation used in the present study is
more useful compared with the previous one, as light
weight aggregates may not be available in all regions. Also
the properties investigated in the present study are more
relevant for assessing the feasibility of materials for use in
construction, especially as masonry bricks. Moreover
HVFA–BA mixes are of great interest from environmental
viewpoint because they simultaneously tackle many environmental problems, as elaborated in the paragraph later.
HVFA-based cementitious blends became popular due to
their ability to replace ordinary Portland cements (OPC)
above 50% by weight [21]. Thus they reduce consumption
of OPC, whose production causes signiﬁcant amount of
carbon emission [21, 22]. They were used in mass concreting applications in order to control the expansion due to
high heat of hydration and the subsequent cracking at early
ages; they are used in applications where requirement of
higher strength is of lesser concern [23]. Bottom ash (BA)
was found to be a good substitute of sand in some concrete
mixes. It resembles sand in physical appearance and its
particle sizes vary from those of ﬁne sand to ﬁne gravel
[24]. Thus replacement of ﬁne aggregate with BA in certain
constructions can reduce the demand on natural sand,
whose depletion is a major concern today [25, 26]. More
importantly BA is lighter and porous, resulting in lower
density of hardened mortar or concrete mix [27]. Hence, it
contributes lesser to dead load. In addition to tackling
problems associated with high carbon emissions and
depletion of natural sand, the use of HVFA and BA leads to
effective ash utilization. Disposal of unutilized coal ash is a
major land and environmental concern for thermal power
plants [24]. Thus, mixing HVFA and BA in construction
materials leads to effective utilization of afore-mentioned
wastes. Therefore, PCM admixed HVFA, BA cementitious
mixes have great potential to simultaneously (i) reduce the
carbon footprint through substantial replacement of OPC
with FA, (ii) preserve the natural sand by usage of BA
aggregate, (iii) effectively utilize the coal ash generated

(2021) 46:103

from thermal power plants and (iv) enhance the thermal
performance of the building elements.
HVFA materials are meant for low strength performance.
Addition of BA and PCMs to HVFA mixes would result in
further reduction in strength because BA is highly porous
and PCMs possess very low stiffness. However, owing to
their lower density and better thermal performance, they
may serve as sustainable materials for masonry blocks
when strength is adequate. Commonly, burnt clay bricks
and light weight and normal weight concrete blocks are
used as masonry units. Unit strength of 7.5 MPa and above
is required for load bearing wall construction as per Indian
standard IS1905 [28]. If the novel HVFA–BA–PCM blocks
proposed in the present study fulﬁll this compressive
strength requirement imposed by the standards, then they
can be used in place of clay bricks/concrete blocks. The
objective of this investigation is therefore to ascertain the
potential of PCM-incorporated HVFA–BA–cement mixes
for production of masonry blocks, as a replacement of
energy-intensive burnt clay bricks, concrete blocks, etc.
In this study, two optimally packed HVFA cement blends
with 50% and 60% cement replacement (with ﬂy ash—FA)
were investigated for their standard consistencies, setting
characteristics, uniaxial compressive strengths and thermal
performance. Following these tests on cement pastes, water
absorption test, uniaxial compressive strength test and
thermal performance test were performed on ashcrete mixes
prepared with sand and BA as aggregates. PCM having two
different melting temperatures, at two different dosages,
were used in these tests. After the experimental tests and
results section, a section on energy consumption and carbon
emissions is added to contrast the various attributes of the
masonry blocks prepared from the novel mixes suggested in
present study and the common clay bricks.

2. Experimental methodology
2.1 Raw materials
OPC 43 grade cement as per the Indian standard IS 8112
[29] is used. FA and BA utilized in the work are procured

Table 2. Material properties.
Loss on ignition (%)
Raw materials
Binders

Cement (C)
Fly ash (FA)
Aggregates Bottom ash (BA)
Sand (S)
PCMs
MPCM37D (P)
MPCM43D (Q)
Superplasticizer

Speciﬁc gravity (g/cm3)
3.11
2.01
2.04
2.73
0.90
0.90
1.10

Speciﬁc surface area (Blaine’s value) (m2 /kg)
298.5
249.8
–
–
308.9
410.5
–

100C

1000C

0.2
0.5
0.8
0.4
–
–
–

1.85
2.07
5.51
2.79
–
–
–
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presented in table 2.

Table 3. XRF results.

Constituent

Cement

Silica (SiO2) (%)
Iron (Fe2O3) (%)
Aluminum (Al2O3) (%)
Calcium (CaO) (%)
Magnesium (MgO) (%)
Sulfate (SO3) (%)
Sodium (Na2O) (%)
Potassium (K2O) (%)
Reactive silica (Reactive SiO2)
(%)

22.07
4.69
3.75
63.35
1.08
2.09
0.32
0.71
–

Fly
ash

Bottom
ash

63.32
5.62
27.94
0.93
0.42
0.16
0.12
0.55
30.47

64.69
6.54
25.25
1.07
0.32
0.11
0.11
0.49
21.73

from the National Thermal Power Plant Corporation
(NTPC), Dadri, UP, India. Standard sand as per IS 650 [30],
generally used for cement strength test, is used in the
investigation. This sand is procured from Tamil Nadu
Minerals Limited (TAMIN), Ennore, North Chennai, India.
MasterGlenium SKY 8233, an admixture product from
BASF having speciﬁc gravity of 1.10 and solid content of
40%, was used. Organic-based micro-encapsulated PCMs
MPCM37D and MPCM43D [31], suitable for cooling
purposes under tropical Indian temperatures, are procured
from Microtek Laboratories, Inc.; these PCMs, respectively, have their melting temperatures at 37 and 43C.

2.2 Material characterization
The properties of materials utilized in this work are presented in the following subsections based on laboratory
measurements and data supplied by the manufacturers.
2.2a Speciﬁc gravity, Blaine’s ﬁneness: Speciﬁc gravity
of the raw materials is measured using a pycnometer, the
speciﬁc surface is measured using a Blaine’s air permeability apparatus and loss on ignition (LOI) is measured
using a mufﬂe furnace at 100 and 1000C. Results are

2.2b Chemical composition: The chemical composition of
the raw materials is obtained from X-ray ﬂuorescence
(XRF) analysis. The results are presented in table 3. Low
percentage of lime shows that the grade of FA used is class
F.
2.2c Particle size analysis: A particle size analyzer
(MalvernMastersizer 3000E) was used for determination of
particle size distribution of the ﬁner raw materials. The
instrument uses laser diffraction technique to measure
particle size. The particle size distribution of the ﬁne
materials is shown in ﬁgure 1.
For coarser particles, sieve analysis was performed.
Percentage of BA passing through the 45-lm sieve was
8.7%. Standard sand of grade II (particle size[500 lm and
\1 mm) was used for preparation of ashcrete.
In this study, two HVFA– cement (C) paste blends were
tested, namely CF50 and CF60. The blends CF50 and CF60
had 50% and 60% replacement of cement with FA on mass
basis, i.e. C : FA ¼ 1 : 1 in CF50 and C : FA ¼ 2 : 3 in
CF60. In addition, two different ashcrete systems were
studied using two different ﬁne aggregates, namely standard sand (S) and BA. The entire experimental programme
is summarized in the ﬂow chart shown in ﬁgure 2.
For the binder pastes three experimental factors for
initial setting time, compressive strength, steady state
temperature drop and thermal conductivity are chosen,
namely (i) FA replacement, (ii) melting temperature of
PCM and (iii) percentage of PCM; the corresponding levels
of these factors are (i) 50%, 60%, (ii) 37C (MPCM37D),
43C (MPCM43D) and (iii) [10%, 15%] in case of
MPCM37D and [15%, 20%] in case of MPCM43D,
respectively.
For the ashcretes, the experimental factor (i) is replaced
with the aggregate type. The levels of this factor are sand
and BA. Only one level (50%) is considered for FA
replacement.

Percentage Passing (%)

3. Mix proportioning
100
90
80
70
60
50
40
30
20
10
0
0.10

3.1 Philosophy of mix design

1.00

Fly Ash

10.00
100.00
1000.00 10000.00
Particle size (micron)
Cement

PCM37D

Figure 1. Particle size distribution.

PCM43D

PCM-incorporated cementitious mixes exhibit substantially
lower compressive strengths [12, 32, 33] and lower workabilities [33] compared with control mixes. Such low
strengths render ashcrete mixes unfavorable for structural
use. However, they can be used in masonry blocks for
walls, in cladding, roof tiles, etc. The nominal strength
requirement of these non-structural units is usually lower
than that of structural units. Hence, the mix proportioning
methodology is primarily oriented to achieve the desired
workability for molding fresh ashcrete while simultaneously satisfying the nominal strength requirements of
masonry blocks.
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Packing density (%)

Packing density (%)

Figure 2. Flow chart of experimental program.

68.0
66.0
64.0

62.0
60.0
58.0
0

5 10 15 20 25 30 35
Proportion of PCM in powder (%)

(a) CF50

64.0
63.0
62.0

61.0
60.0
59.0
0

5 10 15 20 25 30 35
Proportion of PCM in total powder
(%)

(b) CF60

Figure 3. Results of packing density test.

In ashcrete, aggregates are the inert materials that form
the skeleton. Paste (cement/binder ? PCM ? water) and air
form the matrix wherein aggregates are dispersed. From the
viewpoint of preparing economical and durable ashcretes, it
is desirable to minimize the paste volume. This also implies
minimization of the void space in the skeletal structure of
aggregates. However, there is limited scope to minimize the

interstitial void space in the aggregate system in the present
study because the aggregates, particularly BA, used in the
study possess a very narrow size range.
The mixture of cement–PCM (to be referred to as powder
hereafter) itself contains voids ﬁlled in by water. It is
desirable to maximize the packing of the powder itself so
that the water required to ﬁll the voids in the powder system

Sådhanå

(2021) 46:103

Page 7 of 19

Figure 4. Front view of experimental setup.

is minimized. Lower water contents are preferred for better
strength and durability properties of the hardened mixes.
Simultaneously, the chosen water content should be high
enough to produce the required workability of mixes for the
ease of molding and avoiding compaction pores.

3.2 Optimal packing of cement and PCM
The proportion of PCM to be used in the mixes needs
careful evaluation because even though high percentages of
PCM in the mixes enhance thermal performance, they
result in lower compressive strength and workability [12].
Hence, a systematic mix proportioning technique is necessary to simultaneously optimize the material cost of
mixes. It is treated as a partially constrained optimization
problem wherein workability and strength constraints are
enforced, leaving the thermal performance as an outcome.
Puntke’s test [34, 35] is a technique that enables one to
determine the water content required for maximum workability, known as saturation point. Beyond saturation point,

103

addition of further water does not improve workability.
This acts as one constraint for the optimization problem.
The constraint on strength is indirectly imposed by performing a compliance check to ensure that the mixes yield
strengths higher than the minimal recommended strengths
stipulated by the codes. The resulting thermal performance
of the mixes is reported as an outcome.
In this test, 20 cm3 of cementitious materials including
PCM are placed in a beaker. De-ionized water is added
gradually with continuous mixing of materials until the
surface smoothens and attains glossy texture, signifying the
saturation point. The water content at saturation point
corresponds to the void volume of the powder mix. Packing
density was calculated from the void volume. This test is
conducted with varying proportions of PCM, and the
packing densities are plotted with the PCM proportions as
shown in ﬁgure 3. It can be inferred from the ﬁgure that a
maximum packing density of 68.03% is obtained at 20%
PCM in the paste for CF50. Similarly, for the CF60 blend, a
maximum packing density of 63.55% was obtained at 15%
PCM in the paste. Therefore, in the ﬁnal specimen preparation, 20% PCM with the CF50 blend and 15% PCM with
the CF60 blend were used in the mixes. Further, two lower
percentages of PCMs in each of these blends, viz. 15% in
CF50 and 10% in CF60, were also used as additional levels.

3.3 Water content
Water makes the binder (B) (cement (C) and ﬂy ash (FA))–
PCM paste plastic. By progressive addition of water (W),
air-ﬁlled voids are occupied by water. Basic water content
is achieved when all open-air voids are isolated by water to
air bubbles and the corresponding consistency is called the
standard/normal consistency. At this consistency, the paste
is adequately workable. The water content at standard
consistency for all the mixes is determined as per ASTM

Table 4. Water content in the mixes.

Mix ID
CF50
CF60
CF50P20
CF50Q20
CF50P15
CF50Q15
CF60P15
CF60Q15
CF60P10
CF60Q10

Powder proportions
C:FA
C:FA
C:FA:P
C:FA:Q
C:FA:P
C:FA:Q
C:FA:P
C:FA:Q
C:FA:P
C:FA:Q

=
=
=
=
=
=
=
=
=
=

50:50
40:60
0.42:0.42:0.17
0.42:0.42:0.17
0.43:0.43:0.13
0.43:0.43:0.13
0.35:0.52:0.13
0.35:0.52:0.13
0.36:0.55:0.09
0.36:0.55:0.09

Standard consistency*
(%)
29
30
39
39
38
38
37
37
35
35

Modiﬁed standard consistency (%)
29*
30*
30
30
30
30
27
27
27
27

MPCM37D; Q – MPCM43D;
*(% by weight of binder; mixes without superplasticizer); (% by weight of binder; mixes with superplasticizer).

Superplasticizer dosage
(%)
0
0
1.00
1.00
0.80
0.80
1.00
1.00
0.80
0.80
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C187-11e1 [36] on all the binder mixes, and the results are
reported in table 4. Also, the mixes shall hereafter be
referred to with the abbreviations given in the table.
It is evident from the results that the water required for
standard consistency of PCM admixed HVFA mixes is
relatively higher than that of the control mixes. This is
attributed to the increase in surface area due to addition of
ﬁner PCMs, which results in greater water demand for
coating of binder particles. Moreover, the polymeric shell
surrounding the PCM renders them hydrophobic and repels
water molecules away. The resulting water contents lead to
relatively high water to binder ratios (W/B), which in turn
have negative effect on the strength of hardened mixes.
Therefore, the W/B were brought down close to those of the
control mixes by addition of superplasticizer. The modiﬁed
standard consistencies after superplasticizer addition and
the corresponding superplasticizer dosages for each of the
mixes are presented in table 4.

3.4 Paste content
The paste content is determined from the volume fraction
of interstitial voids in the closely packed aggregate system.
The bulk densities of BA and sand as per C29/C29M-16
[37] were determined to be 847 and 1730 kg/m3, respectively. The void volume fraction of the aggregate system is
determined from the speciﬁc gravity using the following
relationship [37]:
e¼1

cb
G

ð1Þ

where e is volume of interstitial voids per unit volume of
densely packed aggregates, cb is bulk density of the
aggregate and G is speciﬁc gravity of the aggregate. The
calculations of void volume fraction in paste are summarized in table 5.
Theoretically volume of paste equivalent to the void
volume fraction ‘e’ should disperse and simultaneously
hold the aggregates, enabling good workability. Yet, in
practice it is found that 15–20% more paste by bulk volume
of ashcrete [38] is required to overcome the particle interference due to loosening and wall effects [39, 40]. Thus the
two paste fractions, viz. 0.5 and 0.7, were chosen in sand
and BA ashcretes. Uniform W/B of 0.35 was used for all the

Table 5. Speciﬁc gravities.

Aggregate
Sand (S)
Bottom
ash (BA)

Bulk
density
cb (kg/
m3)
1730
847

Speciﬁc
gravity G
(kg/m3)
2730
2040

Speciﬁc
packing
density
(cb =G)

Void volume
fraction
(1  cb =G)

0.634
0.415

0.366
0.585
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ashcrete mixes instead of W/B corresponding to standard
consistency. This was done to eliminate the effect of W/
B on the differences in compressive strengths of various
mixes.

3.5 Mix proportion tables
The mix proportions of cement mixes are presented in
table 6. A sample calculation of mix proportions for the mix
CF50P15 is shown here.


1
C
FA W
P
A
þ
þ þ
þ
¼1
ð2Þ
1000 3:11 2:01 1 0:9 1:1
FA
P
W
A
¼ 1;
¼ 0:15;
¼ 0:30;
C
ðC þ FAÞ
ðC þ FAÞ
ðC þ FAÞ
¼ 0:008
ð3Þ
) FA ¼ C,P ¼ 0:30C; W ¼ 0:60C; A ¼ 0:016C
ð4Þ


1
C
C
0:60C 0:30C 0:016C
)1¼
þ
þ
þ
þ
1000 3:11 2:01
1
0:9
1:1
ð5Þ

) C ¼ 1000=

1
1
0:60 0:30 0:016
þ
þ
þ
þ
3:11 2:01
1
0:9
1:1



¼ 565:95

ð6Þ

FA ¼ 565:95; P ¼ 169:79; W ¼ 339:57; A ¼ 9:055

ð7Þ

The sum of volume fractions of the individual constituents of the paste is equated to the known paste volume
of sand and BA mixes. Thus, the mix proportions are
determined following a similar calculation procedure
described previously for cement pastes.

Table 6. Proportions of cement mixes (all quantities in kg/m3 of
paste mix).
Mix ID
CF50
CF60
CF50P20
CF50Q20
CF60P15
CF60Q15
CF50P15
CF50Q15
CF60P10
CF60Q10

C

FA

W

A

P

Unit wt.

704.7
550.1
531.4
531.4
458.3
458.3
566.0
566.0
490.5
490.5

704.7
825.2
531.4
531.4
687.4
687.4
566.0
566.0
735.7
735.7

422.8
412.6
318.9
318.9
309.3
309.3
339.6
339.6
331.1
331.1

0.0
0.0
10.6
10.6
11.5
11.5
9.1
9.1
9.8
9.8

0.0
0.0
212.6
212.6
171.8
171.8
169.8
169.8
122.6
122.6

1832.2
1787.9
1604.9
1604.9
1638.3
1638.3
1650.3
1650.3
1689.7
1689.7

The abbreviations used for ashcrete mixes are presented in table 7 and the
mix proportions given in table 8. C:FA = 1:1 in all the ashcrete mixes.
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Figure 5. Initial setting time of cement paste blends.
Figure 6. Densities and water absorption (mass basis) of the
ashcrete mixes.

4. Experimental methods
The initial setting time of the paste blends was determined
to understand the effect of PCM admixing on the hydration
characteristics of HVFA mixes. The initial setting time was
determined according to a speciﬁed penetration of Vicat’s
needle as per IS 4031 (Part-4) [41]. This test was performed
on powder (binder ? PCM) pastes.
Water absorption test was performed to determine the
water absorption of ashcrete mixes in accordance with IS
3495 Part-2 [42]. This test is also known as the 24-hour
cold water saturation test. Volumetric water absorption is a
measure of water permeable porosity, which is an important
property inﬂuencing the invasion of water and heat into the
porous media.
Uniaxial compressive strength of the HVFA–cement–
PCM paste and ashcrete specimens was determined in order
to check the compliance of the mixes with the nominal
strength requirements stipulated for masonry blocks. The
specimens used for the test are (i) neat cement– FA–PCM
paste cubes having edge length of 5 cm and (ii) cement–
FA–PCM–sand/BA cubes of edge length 5 cm. A loading
rate of 14.4 MPa/min was used in accordance with the
Indian standard IS 3495 Part-1 [42].
The thermal performance of various cement and ashcrete
blends was evaluated by experimentally investigating the
heat transfer in slabs prepared from cement and ashcrete
mixes having 20% PCM. An experimental setup was
speciﬁcally designed in order to simulate heat transfer in a
vertical wall maintained at constant temperature on one
face and subjected to convection by ambient air on the
other face. The slab is thermally insulated on the other faces
and is placed at the opening of the oven as shown in ﬁgure 4. The face exposed to heat from the oven is referred to
as the interior face and the face exposed to the ambient
environment is referred to as the exterior face.
K-type thermocouples (having accuracy of 0:1% at
0.7C) in conjunction with a data logger were used for
measurement of the temperatures on the interior face (Ti ).
On the other hand, an infrared thermometer gun was used

for sensing the temperature on the exterior face (To ).
Average of readings at four different locations was taken
for the internal temperature.
The dimension of slabs used for thermal performance
testing is 0:3 m  0:3 m  0:035 m. The cast slabs were
cured for 7 days in water and dried in air for 1 day before
testing. The interior temperature of the slab was maintained
constant at 45  2  C for a period of 7–8 hours until steady
temperatures were attained on the exterior face.
The aggregates and cement are ﬁrst loaded into the pan
mixer and they are mixed until there is uniform distribution
of the dry materials and the mass is uniform in color. This
mixing process was carried out for more than 1 min.
Thereafter, PCM was added and the mixing was continued
until a uniform dry mixture was seen in the pan. Thereafter,
water was added and the mixing was continued until a
uniformly consistent paste was seen in the mixer. The time
duration of the last two steps was not ﬁxed and was limited
to the appearance of a uniform mixture in the pan. This was
done to minimize the abrasive action of the blades and
other raw materials on the shells of PCMs. Overall, the total
time of mixing was more than 2 min as per the recommendations of the code IS 456 [43]. The wet paste was cast
into molds and the hardened specimens were demolded
after 48 hours of casting. The specimens were cured in a
temperature-controlled room at 28  2  C and relative
humidity of 68–70%. Spray curing method was used in
order to simulate the usual practices adopted in construction sites. The results of these experimental investigations
are summarized in the following section.

5. Results and discussion
5.1 Initial setting time
The initial setting times determined for various paste blends
are presented in ﬁgure 5.
The setting time of CF60 is higher than that of CF50.
This is because of the presence of greater proportion of FA,
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Figure 7. Densities and water absorption (mass basis) of the ashcrete mixes.

which impedes the formation of rigid compact solid from
binding of cement hydration product. At this stage of
binding, FA remains inert because the afore-mentioned
chemical reactions occur prior to the initiation of pozzolanic reaction of FA with portlandite.
The proportion of cement controls the initial setting time
rather than the type of PCM. Thus the setting times are
equal for mixes CF50P20 and CF50Q20 (and likewise
others), which differ only by the PCM type. The ﬁnal setting times are not evaluated because the scope of the present study is limited to manufactured masonry blocks,
wherein demolding time of formwork is not an important
concern.

All the PCM admixed cement mixes exhibited greater
initial setting times compared with the control mixes. With
the addition of PCM, the proportion of cement is further
reduced and the formation of rigid compact solid through
binding of cement hydration product is further impeded.
There should have been a slight difference in the setting
times of the mixes where different percentages of the same
PCM were used (for example, CF50P20 and CF50P15).
However, these differences could not be visibly observed
because of the minor differences in the cement content of
these mixes and the discrete nature of the test (i.e., readings
are not taken continuously, but they are taken at short
intervals of time as per IS 4031(Part-4) [41]).
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5.2 Water absorption test

dry bulk densities of all the ashcrete mixes are plotted in
ﬁgure 6.
Variation in water absorption results does not show a
systematic change with the type of PCM used. This is
expected because of the hydrophobic nature of the polymeric shell of the PCM, which does not absorb any water.
Since the core parafﬁn is encapsulated, by the shell, differences in its composition are not going to affect the water
absorption.
It is observed from the results that the water absorption
values of PCM admixed ashcrete and sand mixes (CFBP20,
CFBQ20, …, CFSQ10) are lesser than those of the control
mixes (CFB and CFS) in most cases. This is possibly
because of the ﬁner sized PCMs enhancing the particle size
gradation, leading to a decrease in the porosity. Within the
PCM admixed ashcretes, the change in water absorption
with increase in PCM percentage was not systematic.
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Water acts as the via transport medium for the entry of
deleterious particles into the hardened cementitious mixes;
they cause several durability-related problems, namely
sulfate attack or chloride attack (in case of reinforced
ashcrete/masonry). Higher water absorption indicates
higher permeable porosity, which in turn indicates poor
durability performance and may induce leaching of soluble
products (resulting in efﬂorescence). Permeable porosity
also governs the thermal performance of the building
envelope material. The air in the pores acts as a barrier to
heat transfer due to its low thermal conductivity, which is
about 100 times smaller in magnitude compared with
thermal conductivities of pore-free solid building materials
[44]. Hence, greater porosity offers better thermal insulation. The water absorption (mass basis) as well as wet and
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Figure 8. Thermal performance test results. Ta1, Ta2, Ta3 and Ta4, respectively, represent the temperature attained by slab surface
exposed to hot air of oven in ﬁgure 8(a), (b), (c) and (d).
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It is also evident from ﬁgure 6 that the water absorption
values of BA mixes are nearly 3 times greater than that of
the sand mixes. BA’s particle size grading is narrower
compared with that of standard sand. Therefore, paste
content is higher in BA mixes and it is expected that they
will have more pores of the capillary kind. Thus, volumetric water absorption of BA mixes is slightly greater than
that of sand mixes. Mass basis absorption is signiﬁcantly
greater as density of BA mixes is lower than that of sand
mixes. BA is porous by itself [27], but these pores are
isolated and hence will not contribute to water absorption.
In addition, it is observed that the dry bulk densities of
BA mixes (CFB, CFBP20, CFBQ20, CFBP15, CFBQ15)
are nearly 35% lesser than that of the sand mixes (CFS,
CFSP15, CFSQ15, CFSP10, CFSQ10). Therefore, BA
mixes can be used for preparation of lighter weight bricks.
It can result in signiﬁcant dead load reduction, especially in
high rise buildings.

5.3 Compressive strength
The results of the test are presented in ﬁgure 7(a)–(d).
The following observations were made with respect to
strength of cement and ashcrete mixes. The strength of all
the cement paste blends and ashcrete mixes increased with
age. This is primarily due to ongoing hydration of cement
up to 28 days, followed by the pozzolanic reaction of FA
with portlandite beyond 28 days [45, 46].
The difference in compressive strength due to a difference in the type of PCM is very small and not systematic.
This is expected because the change in properties of the
internal parafﬁn core is less likely to affect the bonding
between the PCM shell and other raw materials.
PCM admixed mixes exhibited lower compressive
strengths compared with their corresponding control mixes
at all ages. In vast majority of the cases, a reduction in
compressive strength was observed with increasing PCM
percentage. This is because PCMs act as soft inclusions and
reduce the elastic modulus of the entire composite. This
reduction in elastic modulus leads to compressive strength
reduction of the mixes [47–49]. For instance, the parafﬁnbased PCM core and the polymeric shell of the microencapsulated PCM possess elastic modulus on the order of 50
and 600 MPa, respectively [49]. These values are signiﬁcantly lower compared with the surrounding HVFA ashcrete matrix, which possesses elastic modulus on the order
of 10 GPa [23, 50]. Thus, PCMs act as soft inclusions. This
is also the reason for strength reduction with increasing
PCM content.
In cases of ashcretes, the strengths of mixes prepared
with sand aggregate are observed to be greater than those
prepared with BA aggregate in most cases. This is because
of the greater strength of sand compared with BA.
In spite of reduced strength, these PCM mixes can very
well be used in the manufacture of PCM–HVFA–cement
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masonry blocks. The strength exhibited by these mixes is
adequately higher than the acceptable minimum strength
requirement for grade C blocks, i.e. 5 MPa as per the
speciﬁcations of IS 2185 (Part-1) [51].

5.4 Thermal performance tests
The measured temperature proﬁles on the interior and
exterior surfaces of the slabs are shown in ﬁgure 8(a)–
(d) for various paste and ashcrete mixes. For the ashcrete
mixes, only the slabs containing higher percentage of PCM
are investigated for thermal performance.
From the results, it is evident that the mixes admixed
with PCM exhibit lower steady state temperatures compared with the control mixes. The steady state temperatures
of all the mixes are tabulated in table 9.
Comparison of the steady state temperature reductions of
the base mixes, CF50 (45.58 - 41.32 = 4.26C) and CF60
(45.67 - 41.13 = 4.54C) shows that higher FA replacement results in higher temperature reductions. This is
because of the lower thermal conductivity of FA compared
with cement [52]. A similar comparison of FA replacement
level on the mixes blended with PCM is not viable in this
case because of the differences in PCM percentage in the
CF50 and CF60 blends.
In all the paste and ashcrete mixes, it is observed that the
steady state temperature reductions brought about using
MPCM37D is greater than those using MPCM43D. This is
because of the lower melting temperature of MPCM37D
compared with MPCM43D. For a given temperature
maintained on the face exposed to hot air of the oven, there
will be more regions within the slab with temperatures
exceeding 37C (melting temperature of MPCM37D) than
those exceeding 43C (melting temperature of MPCM43D).
Thus, the utilization of the latent heat of fusion of all the
embedded PCM is more effective in MPCM37D than in
MPCM43D. Therefore, a greater amount of heat energy is
stored in the slab when MPCM37D is used. The residual
heat transferred to the other end for causing a rise in temperature is lesser, and therefore it results in lower steady
state temperatures. However, it must be noted that although
PCMs with lower melting temperatures result in greater
heat capture during the melting phase, their efﬁciency will
be lesser during the solidiﬁcation phase. Therefore, the
fusion temperatures of PCM are to be chosen based on the
diurnal temperature range of any given location.
In most of the cases, the use of higher percentage of
PCM resulted in a greater steady state temperature reduction. This is because of greater latent heat storage with
greater quantity of PCM.
Comparison of the steady state temperature reductions of
the base mixes CFB (45.03 - 40.51 = 4.52C) and CFS
(45.60 - 41.72 = 3.88C) shows that the BA mix exhibits
a greater temperature reduction compared with the sand
mix. This is because of the porous nature of BA and its
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Table 7. Ashcrete mix abbreviations.

Mix ID

A
(% by wt. of binder)

Constituent proportions (by weight)
C : FA : BA ¼ 0:30 : 0:30 : 40
C : FA : S ¼ 0:16 : 0:16 : 0:67
C : FA : BA : P ¼ 0:24 : 0:24 : 0:42 : 0:10
C : FA : BA : Q ¼ 0:24 : 0:24 : 0:42 : 0:10
C : FA : BA : P ¼ 0:25 : 0:25 : 0:42 : 0:08
C : FA : BA : Q ¼ 0:25 : 0:25 : 0:42 : 0:08
C : FA : S : P ¼ 0:13 : 0:13 : 0:69 : 0:05
C : FA : S : Q ¼ 0:13 : 0:13 : 0:69 : 0:05
C : FA : S : P ¼ 0:14 : 0:14 : 0:69 : 0:04
C : FA : S : Q ¼ 0:14 : 0:14 : 0:69 : 0:04

CFB
CFS
CFBP20
CFBQ20
CFBP15
CFBQ15
CFSP15
CFSQ15
CFSP10
CFSQ10

0
0
1.0
1.0
1.0
1.0
0.8
0.8
0.8
0.8

W=B is 0.35 for all the ashcrete mixes.

Table 8. Mix proportions of ashcrete mixes (all quantities in kg/m3 of ashcrete mix).
Mix
CFB
CFS
CFBP20
CFBQ20
CFSP15
CFSQ15
CFBP15
CFBQ15
CFSP10
CFSQ10

C

FA

BA

460.8
329.2
353.2
353.2
252.8
252.8
374.2
374.2
267.8
267.8

460.8
329.2
353.2
353.2
252.8
252.8
374.2
374.2
267.8
267.8

S

612
–
612
612
–
–
612
612
–
–

–
1365
–
–
1365
1365
–
–
1365
1365

W

P

A

Unit weight

322.6
230.4
247.3
247.3
176.9
176.9
262.0
262.0
187.5
187.5

0.0
0.0
141.3
141.3
101.1
101.1
112.3
112.3
80.3
80.3

0.0
0.0
7.1
7.1
4.0
4.0
7.5
7.5
4.3
4.3

1856.2
2253.7
1714.1
1714.1
2152.6
2152.6
1742.1
1742.1
2172.7
2172.7

Table 9. Thermal performance calculations.

Set
(a)

(c)

Mix
CF50
CF50P20
CF50P15
CF50Q20
CF50Q15
CFB
CFBP20
CFBQ20

Ti (C)

To
(C)

45.58
45.53
45.60
44.19
45.55
45.03
45.28
45.05

41.32
34.11
35.02
35.21
35.17
40.51
35.97
36.13

To;ref  To;x

Set
(b)

7.21
6.30
6.11
6.15
(d)
4.54
4.38

Mix
CF60
CF60P15
CF60P10
CF60Q15
CF60Q10
CFS
CFSP15
CFSQ15

Ti (C)

To
(C)

45.67
44.48
45.35
45.48
45.52
45.60
45.27
45.19

41.13
34.51
35.51
35.31
35.91
41.72
37.19
37.34

To;ref  To;x
6.62
5.62
5.82
5.22
4.53
4.38

To;ref is the steady state temperature attained by the exterior surface of the reference/control specimen.
To;x is the steady state temperature attained by the exterior surface of the specimens admixed with PCM.

lower thermal conductivity compared with sand. This is
further conﬁrmed by the lower thermal conductivity of the
CFB mix compared with CFS as per table 10.

Thus, on an average, the HVFA–PCM–cement-based
paste and ashcrete slabs, respectively, exhibited 6 and
4.5C reduction in the steady state temperatures.
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Table 10. Measured thermal conductivities of cement and ash crete specimens.

Mix ID
CF50
CF50P20
CFB
CFBP20
CFS
CFSP15

PCM 37D
–
20%
–
20%
–
15%

Thermal conductivity (W/m/K)

Thermal resistivity
(Km/W)

1.12
0.8
1.03
0.87
2.84
0.95

0.89
1.25
0.97
1.15
0.35
1.05

Thermal conductivity of some of the cement and ashcrete
mixes is measured by the transient plane heat source
method. The results are presented in table 10.
It can be observed from the measured thermal conductivities that addition of PCM results in thermal conductivity
reduction with respect to control mixes. Moreover, the
thermal conductivities of BA mixes are lower than those of
sand mixes.
Resistivity can be considered as a measure of insulation
quality. Inclusion of BA and PCM in HVFA paste is cost
effective and exhibits about 29% improvement in insulation
vis-à-vis HVFA paste. Thus, the CFBP combination would
have a signiﬁcant implication in operational energy consumption in life cycle energy use and cost. Besides,
replacing natural sand with BA, which is otherwise a waste,
provides additional beneﬁt in terms of environmental sustainability. Hence, the proposed brick/block making material has immense potential towards use in sustainable
design.

6. Comparison with conventional clay bricks
The merits of the mixes proposed in the present study are
demonstrated earlier, primarily from a thermal performance
viewpoint. In this section the feasibility of the mixes is
assessed from the viewpoint of environmental impact, by
comparing the energy consumption and carbon emissions to
those of the common burnt clay bricks. Clay bricks are
chosen for comparison because they are widely used in
Indian constructions, whereas CFBP20 mixes are chosen
because they are the most eco-friendly ones based on the
previously carried out performance evaluation.
The life cycle of a building includes the production of
building materials, construction, operation, maintenance,
demolition and waste management [53]. Of these phases,
the energy incurred in the production of building materials
(known as embodied energy) and the operation of building
(known as operational energy) constitutes major portions of
the life cycle energy. It was found from a review of a
number of case studies on buildings that the embodied
energy constitutes 10–20% and the operational energy
constitutes 80–90% of the life cycle energy [53]. Therefore,
comparing the energy consumption and emissions of the

Increase in
resistivity with respect to CF50 (%)
0
40
9
29
–60
18

two types of bricks during these two phases would be a
good indicator of their implication on the life cycle energy
consumption and emissions.

6.1 Embodied energy
The embodied energies and the corresponding carbon
emissions are widely reported for building materials in the
existing literature. These values are used for comparing the
embodied energy and emissions of the two types of bricks.
Typical size of non-modular Indian clay brick is 230 mm
(length)  110 mm (breadth)  70 mm (height) as per IS
1077 [54]. The volume of this brick is 0.001771 m3 and
multiplying it with its density 1820 kg/m3 as per IS 3792
[55] gives a weight of 3.22 kg. A similar sized CFBP20
brick is chosen for comparison. The weights of raw materials in CFBP20 brick are given in column 2 of table 11,
which are obtained by multiplying the mix proportions in
table 8 by the volume of brick.
The embodied energy and carbon emission values are
given in table 11. Rajaratnam et al [56] reported values of
energy in brick production and mean carbon dioxide
emissions from various types of brick kilns in India.
Majority of Indian brick kilns are of the Bull’s trench kiln
type [56] and the embodied energy and carbon emissions
corresponding to these kilns are taken from this study. For
the CFBP20 brick, energy consumption and CO2 emissions
are incurred from the production of cement, PCM and the
admixture. The contributions from FA and BA are not
accounted for in these calculations as they are by-products
of thermal power plant industry and their usage is only
beneﬁcial for the environment because of the prevailing ash
disposal problems [24]. For the speciﬁc PCMs used in the
present study, the embodied energy and emission data were
not available from the supplier. Therefore, an estimate of
the embodied energy of a similar microencapsulated PCM
is taken from the work of Aranda-Uśon et al [57]. This
embodied energy includes the energy incurred in the
manufacture of polymeric shell, parafﬁn core and the process of microencapsulation. Carbon emission data was not
reported in the paper; therefore it was approximated using
the energy to carbon conversion factor of 0.93 kg of CO2/
kWh of electrical energy [58], which translates to 0.26 kg
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Table 11. Embodied energy and carbon emissions of the bricks.
Material

Mass of the material (kg per brick)

Cement
PCM
Admixture
Fly ash
Bottom ash
Water
CFBP20 brick

0.626
0.250
0.013
0.438
1.084
0.250
2.661

Burnt clay brick

3.220

Embodied energy (MJ/kg)

Carbon emissions (kg of CO2/kg)

4.02 [60]
1.80 [57]
11.47 [59]
1.17
(3.12)*
1.25
(4.03) *

0.80 [60]
0.43
0.60 [59]
0.24
(0.63)*
0.18
(0.58)*

*The values in the parenthesis ( ) are calculations reported per brick.

of CO2/MJ of electrical energy. For the admixture, the
embodied energy and carbon emissions corresponding to a
poly-carboxylic ether (PCE)-based superplasticizer was
taken from the work of Yu et al [59].
The embodied energy of CFBP20 block is lesser than
that of the burnt clay brick. However, the corresponding
carbon emissions are greater.

6.2 Operational energy implication
The energy consumption during operational phase of a
building is mainly because of HVAC and lighting. Of them,
HVAC contributes a signiﬁcant portion of the energy load
and is the component that is strongly inﬂuenced by the
properties of the building materials used. Unlike embodied
energy, determination of the operational energy for the
brick alone is not possible because it is a property of an
occupant space/a building. Therefore, the properties of the
brick that affect the operational energy of the building are
compared.
Thermal diffusivity (a) is the parameter that governs
the transient heat transfer through a building envelope,
which in turn governs the cooling load on HVAC; a is
calculated by taking the ratio of thermal conductivity
(k) to volumetric heat capacity (qcp ). The volumetric
heat capacity is the product of density (q) and speciﬁc
heat capacity (cp ). For the conventional burnt clay
bricks in India, the values of these constants are taken
from IS 3792 [55]. For the CFBP20 blocks, the thermal
conductivity and dry density are, respectively, measured
by the transient plane heat source method and the water
absorption test. The speciﬁc heat capacity of the
CFBP20 blocks is calculated using the law of mixtures
[52], which is more elaborately explained in the next
paragraph.
The phases present in the hardened CFBP20 blocks are
the hydration products (both from cement hydration and the
pozzolanic reaction), BA and PCM. The following
assumptions are made in calculating the effective speciﬁc
heat capacity.

(i) It is assumed that all the cement, FA and water
added are completely consumed in the hydration
and pozzolanic reactions. This is a reasonable
assumption because the duration of complete hydration of binders is much smaller than the operational
life.
(ii) The cp of BA is assumed to be the same as that of
FA due to unavailability of data. This is a reasonable assumption because both have the same
material (coal) as origin and they are subjected to
the same processes in the thermal power plant
industry.
(iii) Since cp of commercial organic PCMs do not differ
signiﬁcantly between the solid and liquid phases
[61], a separate distinction has not been made
between cp of PCM in solid and liquid phases.
Moreover, during phase transition, PCMs store latent
heat in addition to sensible heat and hence their speciﬁc
heat capacities are usually increased by an excess factor as
per Eq. (8) [61] to capture the effect of latent heat storage:
cp


PCM;eff

¼ cp


PCM

þ

hf
DTpc

ð8Þ


where cp eff is the effective heat capacity of the PCM, hf is
the heat of fusion (195 kJ/kg from manufacturer [31]) and
DTpc is the phase change temperature window (it is usually
small for organic PCMs and is taken as 3C as per Thiele
et al [61], who used the PCMs similar to the ones used in
the present study).
The mass fractions and speciﬁc heat capacities of individual constituents of the hardened CFBP20 blocks are
given in table 12. The polymeric shell of PCM forms 10%
mass of each PCM capsule and the parafﬁn core constitutes
about 90% of the mass of the capsule as per the product
data sheet [31].
For the purpose of calculation, 20% of the total PCM in
the block is assumed to have undergone phase change at
any given time and the rest 80% of the PCM is assumed to
remain in solid state. Thus, taking mass weighted average
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Table 12. Speciﬁc heat capacity calculation of CFBP20 blocks.
Mass of each constituent
in a CFBP20 brick
(kg)

Component of the CFBP20 block
Hydrated product (equivalent to combined mass of cement, water and ﬂy ash)
Bottom ash
PCM shell (melamine–formaldehyde resin, [31])
PCM core (parafﬁn) [after phase change]
PCM core (parafﬁn) [before phase change]

1.322
1.084
0.025
0.0225
0.2295

*This is the effective value after adding the correction for latent heat storage as per Eq. (8). In this calculation, cp
DT is 3C.



Speciﬁc heat
capacity cp
(kJ/kg/K)
0.84 [55]
0.73 [55]
1.670 [61]
66.9*
1.90 [61]

PCM

is 1.90 kJ/kg/K, hf is 195 kJ/kg and

Speciﬁc heat capacity
cp (kJ/kg/K)

Thermal diffusivity
a (107 m2/s)

Table 13. Thermal diffusivity calculations.

Brick type
Burnt clay
brick
CFBP20
blocks

Density, q
(kg/m3)

Thermal conductivity
k (W/m/K)

1820 [55]

0.81 [55]

0.88 [55]

5.1

1280 (measured)

0.87 (measured)

1.99 (calculated)

3.4

of these speciﬁc heat capacities gives an effective value of
1.99 kJ/kg/K for the entire brick.
The thermal diffusivities of both types of bricks are
shown in table 13.
The thermal diffusivity of the proposed CFBP20 block so
calculated is signiﬁcantly lower than that of the conventional
clay bricks. Thus, the blocks proposed in the present study are
more insulating compared with conventional clay bricks.
This will result in signiﬁcant amount of savings in electricity
used for HVAC, during the operational phase of the building.
The savings in electricity will in turn reduce the carbon
emissions because most of the electricity generated today is
from the coal-based thermal power plants and they emit 0.93
kg of CO2 per kWh of electricity [58].
Thus, both the embodied energy and the operational
energy of the proposed CFBP20 brick are lesser than those of
the burnt clay bricks. The proposed brick has higher carbon
emissions during the production phase; however, it is
expected to be recovered through electricity savings during
the operational phase. Since the operational energy is about 8
times the embodied energy [53], the positive beneﬁts during
the operational phase are expected to outweigh the higher
carbon emissions during the production phase.

7. Research signiﬁcance and scope for future
studies
The study presents an innovative combination of HVFA,
cement, BA, sand, PCM and water for production of ecofriendly masonry blocks. This mixture simultaneously tackles many environmental problems by reducing carbon

footprint through signiﬁcant replacement of OPC with FA,
preservation of depleting natural sand deposits through
replacement of sand with BA, effective utilization of coal ash
(FA and BA) generated as a by-product from thermal power
plants and minimizing the energy load of occupant spaces for
thermal comfort. It was demonstrated that the mixes possess
sufﬁcient moldability and compressive strength to be cast
into masonry units/panels of various shapes and sizes. These
results will be of immense use for commercial production of
these eco-friendly blocks. The suggested combination of
materials is environment friendly and is expected to be a
valuable addition to material selection in the ﬁeld of green
building technologies. However these blocks shall be costlier
compared with the conventional ones, primarily because of
high cost of microencapsulated PCMs. The suggested combination of materials yields direct cost beneﬁts through
reduced electricity consumption for thermal comfort. Indirect beneﬁts in the form of better ratings for green buildings
may also be achieved.
Further investigations may be carried out towards
enhancement of compressive strength of these mixes so that
their beneﬁts can be realized in structural concreting
applications as well.

8. Conclusions
Novel HVFA–PCM–BA–cement ashcrete mixes for ecofriendly masonry blocks are investigated in the present study.
The following conclusions are drawn from the obtained results.
1. The mixes are found to be strong enough to be used in
masonry blocks. They can be manufactured with
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2.

3.

4.

5.

(2021) 46:103

compressive strengths as high as 15 MPa, which is good
enough for load bearing solid blocks.
BA admixed PCM mixes are found to be most congenial
of all mixes from thermal performance viewpoint. They
possess relatively low thermal conductivities. Moreover,
BA admixed HVFA mixes are light in weight and are
useful in reducing dead load of constructions.
Additional steady state temperature reductions up to 6C
were witnessed in slabs prepared from PCM-incorporated
mixes over the control mixes. These reductions were
observed with 35 mm thick slabs and the performance is
expected to scale up with the use of bricks, which are usually
wider.
PCM admixed cement– FA pastes exhibited 50% higher
initial setting times compared with reference pastes that
did not contain any PCM. Therefore, HVFA–PCM–BA–
cement and HVFA–PCM–S–cement ashcrete mixes
exhibit adequate moldability and can be easily produced
as blocks or panels of various sizes and shapes.
Moreover, they also possess lower water absorption
values compared with the control mixes.
The embodied energy of the blocks prepared from the
suggested mixes is only about 60% of the conventional
clay bricks, which signiﬁcantly reduces the energy
consumption in brick manufacture. Their carbon emissions are also marginally lower.

Acknowledgments
The authors thank Shriram Institute for Industrial Research
for carrying out the thermal conductivity measurements.
List of symbols
B
Binder (cement ? ﬂy ash)
BA
Bottom ash
C
Cement
FA
Fly ash
HVFA High-volume ﬂy ash
LWA
Light weight aggregate
P
MPCM37D (microencapsulated PCM product
having 37C melting temperature)
Q
MPCM43D (microencapsulated PCM product
having 43C melting temperature)
PCM
Phase change material
S
Sand
SCC
Self-compacting concrete
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