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a b s t r a c t

The management of Municipal Solid Waste (MSW) is a very important issue that must be dealt by the
perspective of the 3 Rs (Reuse, reduce, recycle. MSW incineration bottom ash (BA) accounts for 85e95%
of the total solids that remained after incineration. Finding suitable alternatives for its revalorization is
very attractive, especially in terms of environmental sustainability. Thermal energy storage (TES) is a
complementary technology of renewable energy. The aim of this study is to evaluate the thermophysical
properties of weathered BA (WBA) in order to find suitable alternatives for its valorisation. Several
samples of WBA were collected from a waste-to-energy facility located in Tarragona (Spain). This facility
sieved to different size fractions. Each size fraction was characterized with respect its physicochemical
properties and the energy density (ren) was calculated. The results obtained showed that this residue is a
suitable alternative candidate material for TES as it presents an energy density of 1461.2 kJ m�3 K�1 for
the 1e2 mm fraction. In addition, the low cost of this type of residue (0.6V per t) and its high production
rate per year makes it an attractive and sustainable alternative for TES.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The management of Municipal Solid Waste (MSW) is a very
important issue that must be dealt by the perspective of the 3 Rs
(Reduce, Reuse and Recycle) [1]. In this sense, incineration has
become a valuable alternative as it allows reducing waste mass by
70% and volume by up to 90%, apart from producing energy from
the heat of combustion [2,3]. However, at the end of the process, an
average 30% of the total content remains in the form of two main
residues: bottom ash (BA) and air pollution control (APC) residues.
BA accounts for 85e95% of the total solids and it can be described as
a heterogeneous mixture of grate ash and grate siftings that contain
slag, ferrous and non-ferrous metals, ceramics, glass, other non-
combustibles and residual organic matter [4e6]. It is classified as
a non-hazardous waste by the European Waste Catalogue because
it is typically rich in calcium, aluminum, silicon, and iron [7]. For
this reason, it is commonly reused as secondary building material,
ineering, Universitat de Bar-
.
neche).
mainly as raw material for clinker, cement mortar or frit produc-
tion, as drainage layer in landfills, or as sub-base material in road
construction [1,8e11]. Tatsidjodoung et al. presented several ma-
terials to be used as sensible heat storage materials with potential
to be applied in building applications [12] and they concluded that
water remains the most widely used material in sensible heat
storage systems and the effects of various parameters such as the
shape and size of the packing materials and the void fraction on the
system performance in packed bed systems are nowadays under
investigation. Some examples are: granite, marble, steel slab,
aluminum, copper, etc.

However, prior to reutilization, BA must be subjected to a sta-
bilization process aimed at reducing the potential risk of leaching
toxic elements. Natural weathering is the most cost-effective sta-
bilization treatment method, since it results in the chemical sta-
bility of weathered BA (WBA) [13]. Overall, the composition ofWBA
can be divided into two major groups [14]: (i) refractory waste
products and (ii) melt products. The former group includes syn-
thetic ceramics, rock and mineral fragments, various waste metals
and unmelted glass shards, and the latter covers complex silicate
minerals, isotropic and opaque glasses. Prior to weathering, BA is
commonly subjected to a conditioning and revalorization process
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that is aimed at recovering ferrous and non-ferrous metals. How-
ever, these processes (commonly carried out by means of magnetic
and Eddie current separators) are only effective in recovering the
coarse fractions [15]. Therefore, especially for the fine fractions, the
content of ferrous and non-ferrous metals could be a significant
source of valuable resources.

Finding suitable alternatives for their revalorization is very
attractive, especially in terms of environmental sustainability.
Many of the consequences to the environment are regarded to
come from the increased production of waste and emissions and
the increased consumption of raw materials and energy. In this
regard, energy consumption is increasing its ratio every year at a
worldwide level as it was described by the International Platform of
Climate Change (IPCC) [16]. 80% of the total energy consumption in
the OCDE countries is used in the building, industry and transport
sectors [17]. In the framework of this issue, thermal energy storage
(TES) is a technology able to avoid the thermal gap between the
energy supply and its demand by reducing the peak load. There is a
big expectation in deploying this technology in order to reduce the
energy consumption while dealing with promisingly low CO2 and
greenhouse gas emissions in the future. Moreover, TES is a com-
plementary technology that allows overcoming the barriers that
renewable energy technology presents. It can store energy by
following three different methods: using sensible heat (SHTES)
accumulated when a temperature gradient is applied; latent heat
(LHTES) from the change of state of one material from solid-liquid,
liquid-vapour, and solid-solid; and using the thermochemical
(TCTES) heat produced or absorbed during a chemical reaction. TES
systems are applied in several sectors as concentrated solar power
[18], waste heat [19], buildings sector [20], etc.

The main issue that should be considered when applying the
TES technology is the price and therefore the scientific community
is pushing a big effort for developing or providing new materials
that can achieve the lowest-cost per kWh. Within this scenario, by-
products are highlighted as emergent materials to be considered as
TES candidates as reported by Barreneche et al. (2013, 2014) [21,22]
and Ortega et al. [23,24], where slags were studied as TES media.
Moreover, Gutierrez et al. have stated the feasibility of revalorizing
wastes or by-products as TES materials although more studies are
needed to achieve its industrial deployment [25].

Using by-products and residues as TES materials, such as WBA
from the incineration of MSW, not only allows reducing the cost of
the system, but also offers a reutilization alternative for avoiding
their landfill disposal. By-products can be considered good candi-
dates for TES systems when they possess a high Cp for SHTES, high
phase change enthalpy (DH) in the case of LHTES, or high reaction
enthalpy for TCTES. Taking into account the varying composition of
WBA e a conglomerate of glassy, ceramic and metallic materials-, it
might be inferred that this type of residue presents thermal fea-
tures that can be used to store sensible heat. Therefore, the aim of
this study is to evaluate the thermophysical properties of WBA as a
function of its varying composition in order to find suitable alter-
natives for its valorization or reutilization, highlighting its potential
candidature as TES material alternative.

2. Materials and methods

2.1. Materials

The samples of weathered bottom ash (WBA) were collected
from a waste-to-energy facility located in Tarragona (Spain). The
facility managed 140,300 tons of MSW (mainly household waste
stream with some commercial contributors) during 2014, produc-
ing 2467 tons of scrap iron and 31,100 tons of fresh BA (water
quenched). The latter is further processed in a conditioning plant
for the recovery of some valuable materials (ferrous and non-
ferrous metals) and for obtaining a homogenized granular mate-
rial. After stabilization (natural weathering), this homogenized
material is fully reused as secondary building material.

The MSW refuse fraction that is treated in this facility is further
processed in a conditioning plant for the recovery of some valuable
materials (mainly ferrous and non-ferrous metals) in order to
obtain a homogenized granular material that after natural weath-
ering can be reused as secondary building material. It was at the
outlet of the waste-to-energy facility before the conditioning pro-
cess where sampling took place. Three hourly successive samples of
approximately 25 kg was collected and labeled as (S1, S2 and S3).

It is important to highlight that changes in MSW composition
are influence by several factors such as the season, the economic
level of the population, the number of inhabitants and whether it is
an urban or rural area [26]. This fact was studied by Chimenos et al.
[5] and changes in the composition of bottom ash (WBA) are
regarded as low because the major components of this material are
ceramics, mainly glass and building material(up to 80%wt.), which
fluctuations over time are very small for a specific facility. Thus, due
to the slight changes in composition, thermal storage capacity can
be also considered to remain invariant over time.

In addition, TES charging and discharging processes will depend
on the material composition, therefore, further research is required
in order to understand the thermal and thermal cycling stability of
the different fraction size of the WBA as well as their thermal
performance within a TES system.

2.2. Methodology

2.2.1. Characterization of the WBA samples
Each sample (S1, S2 and S3) was homogenized by quartered and

sieved in different sized prior to take representative sub-samples of
about 5 kg for the materialographic classification for each size. The
particle size distribution of each sub-sample was determined
following the same procedure carried out by Ref. [5]. This consisted
in sieving each sub-sample by mechanical shaking with stainless
steel mesh screens with openings of standard 0.063, 1, 2, 4, 8 and
16mm in EN 933-2 sieves. It should be highlighted that the thermal
stability of these samples, due to their previous high-temperature
thermal treatment, must be ensured but further work is required
in this field; moreover, thermal cycling stability should be assessed.
If this material is thermally stable over 200-300 �C, it can be applied
for industrial applications such as waste heat recovery, solar cool-
ing, etc.

After sieving, each fraction was carefully washed successively
with cool tap water through the sieve in order to separate fines
adhered to coarse particles. The samples with sizes below 4 mm
where further washed with hydrochloric acid (50% v/v) and then
dried at 105 �C for 24 h. The samples with a particle size above
4 mm were classified visually while the 4-2 mm fraction was
classified by the aid of a magnifying glass. The classification took
into account five types of materials [5,6]: ceramics (both natural
and synthetic), non-ferromagnetics (non-ferrous metals), ferro-
magnetics (ferrous metals), glass (both primary and secondary
glass), and unburned carbonaceous matter (CM). The collection of
ferromagnetics was performed prior the visual classification by
spreading the sample and placing a magnet over it at a distance of
10 cm height.

Because of the impracticability of visually classifying the fine
fractions (0e0.063, 0.063e1, and 1e2mm), all samples under study
were milled by means of a ball milling under 200 rpm during 5 min
to achieve the sample samples size (0e1 mm) and allowed their
physicochemical and thermal characterization. Each sample
(including the grinded coarse fractions that were reduced to a
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0e1 mm fraction) was chemically characterized using X-ray Fluo-
rescence (XRF) and X-ray Diffraction (XRD). For the former, a Philips
PW2400 X-ray sequential spectrophotometer was used to elucidate
major and minor elements while for the latter a BraggeBrentano
Siemens D-500 powder diffractometer with CuKa radiation was
used for determining the crystalline phases. The bulk density was
measured with helium pycnometer while the specific density
measurements were performed by means of the Archimedes'
principle. Both density measurements (bulk density and specific
density) were used to calculate the energy density.
2.2.2. Thermophysical characterization
Differential scanning calorimetry (DSC) is one of the main

techniques used to evaluate the thermophysical performance of the
materials by measuring the sensible heat, latent heat, Cp, phase
change temperatures, etc. DSC is able to measure the energy
involved in the existing energy processes appeared under a tem-
perature ramp or an isothermal procedure. The DSC measurements
were performed from 100 �C to 500 �C under a heating rate of
10 �C$min�1. Around 25 mg of the selected sample were placed
inside a 100 mL aluminum crucible under 50mL$/min�1 N2 flow and
the measurements were calibrated with 25 mg sapphire. The in-
strument used was DSC822e fromMettler Toledo. The DSC analyses
performed were used to characterize the Cp at several tempera-
tures (100 �C, 150 �C, 200 �C, 250 �C, 300 �C, 350 �C, 400 �C, 450 �C,
and 500 �C). The measurements were used for calculating the
material energy density (ren) following Eq. (1), where r is the
specific/bulk density of the material and Cp is its specific heat.

The density values used to calculate the ren were obtained by
means of the helium picnometer. The highest the ren, the highest
the TES capacity of the material although the thermal gradient
applied must be also taken into consideration.

ren ¼ Cp$r (1)
3. Results and discussion

3.1. Materialographic characterization

Fig. 1 shows the average classification results of the three WBA
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Fig. 1. Materialographic classification of WBA as a func
samples obtained by visual methods. As it can be seen, the results
were very similar among replicates (low standard deviation), which
allows considering a good reproducibility and representation of the
classification method. The high percentage of ceramic components
in the coarse fraction (>16 mm), which was comprised between 60
and 70% of the total content and gradually decreased along the size
fraction until 4 mm, was quite noticeable. The main components of
this material are mainly attributed to fragments of cement, con-
crete, pottery, brickbat, porcelain, and gypsum. The values are
significantly higher than those previously reported by Chimenos
et al., revealing the great role that ceramics play in the currentWBA
composition [5]. The content of ferrous metals ranged from 20 to
30 wt % for all size fractions except for the 16-8 mm, which was
below 10 wt %. The nature of coarse ferrous metals was different to
that of smaller fractions. The coarse fraction (>16 mm) was mainly
formed by pieces of steel and iron oxidized in the combustion
furnace while small size fractions (4-2 mm) were mainly formed by
magnetized sand. The content of non-ferromagnetic metals was
substantially lower, with increasing percentages as size fraction
decreased, ranging from 5 to 20 wt %. Included in this category was
aluminium, whose content accounted to be the most relevant (60%
on average), while other metals such as copper, brass, and gold
were observed in lower amounts [23]. The quantity of unburned
carbonaceousmatter (C.M.) ranged from 1 to 3.5 wt%, and consisted
basically in plastic trash bags, synthetic fibres, wood fragments and
to a lesser extent carbonaceous semi-burned granulates [5]. In or-
der to assess the glass content, all the unchanged glass bottles
particles and coloured packaging glass (termed as primary glass)
were considered along with the glass phases formed during com-
bustion (termed as secondary glass). Thus, glass was the major
component in medium-sized fractions (16-4 mm), decreasing as
size fraction decreased. This behaviour is attributed to recycling
programs, as entire glass bottles (beer, wine and other food, and
beverages packaging) are easily recycled, depleting the content of
glass in the coarse fractions of MSW refuse and hence on WBA.
Moreover, packaging glass is a rigid brittle material that undergoes
fracture easily during waste transportation and incineration, easing
the breaking into smaller pieces.

3.2. Chemical characterization

The average composition of the three samples of WBA as a
8-4 4-2
tion (mm)

Ferrous metals
Glass
Ceramics
Unburned O.M.
Non ferrous metals

tion of the coarse and intermediate size fractions.
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function of the size fraction, as determined by XRF, is given in
Table 1 for each determined element as the most stable corre-
sponding oxide. The coarsest fraction (above 16 mm) was not
considered for the XRF and XRD analysis because grinding such
large particles was considered to be not representative. Moreover,
the visual classification method was especially more accurate to
this fraction. As it can be seen, silica was the major compound in all
size fractions, being increased as the size fraction increased. Thus,
according to visual classification (see Fig. 1), not all the SiO2 content
in the >16 mm fraction comes from amorphous glass (packaging
glass) but also from ceramic sources. Nevertheless, almost the total
content of silica in the intermediate fractions (4-8 and 2e4 mm)
can be attributed to amorphous glass. The same conclusion can be
drawn for CaO (which decreased as size increased) and the content
of ceramics, although the contribution of other compounds such as
MgO and Al2O3 should be also taken into consideration for this kind
of materials. The content of ferrous metals fromvisual classification
was slightly higher than that of Fe2O3, considering this compound
as the most stable oxide for iron. This can be attributed to the fact
that during grinding of the samples prior XRF analysis, several
pieces of metallic iron remained larger enough for requiring
extraction. The content of Al2O3 was in close agreement with the
tendency of non-ferrous metals content from visual classification
and with that reported elsewhere, with minor contribution from
CuO [6,15,27]. The results obtained from XRD analysis (not shown),
allowed identifying quartz and calcite as the major crystalline
phases in all size fractions, in accordance to the results drawn from
the XRF analysis. Different kinds of non-stoichiometric phases of
iron were also identified, as well as complex calcium compounds,
especially in the coarse fractions above 1mm.Many of these phases
have their origin in the combustion chamber during incineration
and also during the weathering process.
3.3. Thermophysical characterization

The results of Cp obtained from the DSC analysis are shown in
Table 2 along with the bulk density values and the calculated en-
ergy density ren. The ren calculations took into account the bulk
density since the materials under study were measured with the
same size (0e1 mm, see section 2.2.1) and the same air inside the
sample. It can be assumed that energy density increases with
temperature. The 1e2 mm and 4e8 mm size fractions presented
the highest Cp (the maximum value of 0.51 kJ kg�1 K�1 for
1e2 mm at 500 �C) while the finest fraction (0e0.063 mm) showed
the lowest values at 500 �C (0.01 kJ kg�1 K�1). The bulk density
Table 1
Average composition of WBA determined by XRF as a function of size fraction.

Oxides Size fraction (mm)

0e0.063 0.063e1 1e2 2e4 4e8 8e16

SiO2 27.56 27.87 34.35 49.33 47.78 55.36
CaO 27.23 27.55 21.16 15.82 17.04 13.25
Fe2O3 12.48 10.64 16.66 10.45 11.01 8.45
Al2O3 9.64 10.52 10.03 9.47 7.86 5.06
P2O5 3.13 3.07 2.58 1.36 1.83 0.412
MgO 3.12 3.16 3.42 2.28 2.97 1.87
SO3 2.31 2.69 1.13 0.203 0.361 0.138
Na2O 1.95 2.30 3.66 8.28 7.37 8.83
K2O 1.26 1.53 1.50 1.14 1.21 1.18
TiO2 0.91 0.868 0.796 0.534 0.390 0.170
ZnO 0.463 0.521 0.333 0.133 0.134 e

PbO 0.109 e 0.124 0.108 e e

Cl 0.461 0.643 0.192 e e e

CuO 0.164 0.217 0.240 e 0.126 0.239
MnO 0.134 0.112 0.117 e e e
values obtained by Helium pycnometer were very similar among
size fractions, ranging from 2579 to 2962 kg m�3. Notice that the
density used to calculate the energy density was the bulk density
since the DSC measurements was performed using the previously
milled samples. Accordingly, the highest energy density was
observed for the 1e2 mm fraction (1461.2 kJ m�3 K�1), which can
be attributed to its highest metal content and other iron phases (see
Table 2). The 4e8 mm fraction presented a similar energy density
(1186.3 kJ m�3 K�1), although its higher SiO2 content and lower
presence of iron and aluminum could have decreased its thermal
performance. Therefore, energy density was significantly related to
the content of metals and to a lesser extent to the amount of SiO2.
This is in accordance with the energy density observed for the
8e16 mm fraction, whose SiO2 content was the highest observed
with an average metallic content. Thus, the deficiency in metals
was compensated with higher silica content: the coarse fraction
(8e16 mm) presented the highest silica content (55.4 wt %) that
compensated the lowest metal content. On the other hand, it is
important to emphasize that the finest fraction (0e0.063 mm)
presented the lowest energy density at medium SiO2, Fe2O3 and
Al2O3 contents. Hence, the lowest silica content was not compen-
sated by the moderate metallic content. Fig. 2 illustrates this effect
where Cp vs. density [24] (Fig. 2a e bulk density; Fig. 2b e specific
density) of the samples under study and the main components of
the sample as SiO2, Fe2O3, Al2O3, etc. are overlapped. Therefore, all
samples under study have a moderate Cp in comparison with the
individual main components although the density values are
within the average. It's important to highlight that the density
values are slightly different between bulk and specific density re-
sults (Fig. 2a and b respectively) due to the initial material size and
the material porosity. However, the order of magnitude is similar.

Moreover, Fig. 3 shows the energy density vs. the price of the
materials under study and materials used as sensible heat TES
materials in order to compare the amount of heat that each ma-
terial is able to store in such a volume and a comparison between
the prices of the materials commonly used to store energy as
sensible heat. Taking into account the classification performed in
previous studies [21,22], the energy density of MSWI bottom ash
studied in this research is in the same range of other by-products
(Fig. 3) although at a lower cost (0.6V/tn according to the data
provided by the VECSA company). The price of WBA is even lower
than WDF, which is the powder material produced during the
steelmaking process in electric arc furnace [22].

4. Conclusions

The revalorization of waste or by-products as TES materials al-
lows reducing the cost of the system while offering a reutilization
alternative for avoiding their landfill disposal. This is in accordance
with the European directives of recycling and sustainability since it
would contribute to energy savings while reusing residues. The
literature has already reported a few studies on this aspect and an
intense research is needed in order to attain its industrial deploy-
ment. In this study, different size fractions of weathered bottom ash
(WBA) from the incineration of municipal solid waste (MSW) res-
idues were characterized with respect its physicochemical and
thermal properties. The results obtained showed that this residue is
a suitable alternative candidate material for TES as the highest
energy density was 1461.2 kJ m�3 K�1 for the 1e2 mm fraction.
According to the physicochemical characterization carried out for
each size fraction, this is attributed to its high metal content. In this
sense, energy density (ren) was significantly related to the content
of metals and to a lesser extent to the amount of SiO2 presented in
WBA. The results of Cp vs. bulk and specific density for each size
fraction were compared to those from Al2O3, SiO2, CaCO3, and CaO.



Table 2
Thermophysical characterization: density, Cp, Energy density.

Bulk density e r (Kg$m�3) Temperature �C 0e0.063 mm 0.063e1 mm 1-2 mm 2-4 mm 4-8 mm 8-16 mm

2733 2962 2865 2805 2579 2586

Specific heat e Cp (kJ kg�1$K�1) 100 �C 0.08 0.08 0.15 0.10 0.20 0.26
150 �C 0.10 0.18 0.31 0.20 0.37 0.31
200 �C 0.10 0.15 0.31 0.19 0.37 0.30
250 �C 0.08 0.14 0.32 0.17 0.20 0.34
300 �C 0.04 0.14 0.35 0.16 0.37 0.24
350 �C 0.02 0.17 0.38 0.16 0.39 0.25
400 �C 0.01 0.20 0.42 0.17 0.41 0.26
450 �C 0.01 0.23 0.47 0.17 0.43 0.27
500 �C 0.01 0.24 0.51 0.17 0.46 0.29

Energy density e ren (kJ m�3 K�1) 100 �C 218.6 237.0 429.8 280.5 515.8 672.4
150 �C 273.3 533.2 888.2 561.0 954.2 801.7
200 �C 273.3 444.3 888.2 533.0 954.2 775.8
250 �C 218.6 414.7 916.8 476.9 515.8 879.2
300 �C 109.3 414.7 1002.8 448.8 954.2 620.6
350 �C 54.7 503.5 1088.7 448.8 1005.8 646.5
400 �C 27.3 592.4 1203.3 476.9 1057.4 672.4
450 �C 27.3 681.3 1346.6 476.9 1109.0 698.2
500 �C 27.3 710.9 1461.2 476.9 1186.3 749.9

a) b)
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Fig. 2. a Specific heat vs. bulk density of the samples under study in comparison with SiO2, Fe2O3, Al2O3, CaCO3, CaO; b) Specific heat vs. specific density of the samples under study
in comparison with SiO2, Fe2O3, Al2O3, CaCO3, CaO [24].

Fig. 3. Energy density vs. Cost of by product materials used for TES e adapted from
Ref. [22].
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These are the main compounds in WBA. Thus, all size fractions
presented a moderate Cp in comparison with the individual main
components although the density values were within the average.
The lower cost of this type of residue (0.6V/tn according to the data
provided by the VECSA company) and its high production rate per
year makes WBA attractive for its reutilization.
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