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ABSTRACT
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solid waste combustion can be directly utilized for power generation. However,
studied of thermal energy storage technology is still placed on the second opinion
on waste to heat energy. The heat can be stored using a simple or mobilized system
which can store thermal energy and can be brought to somewhere it is needed, for
example on domestic heating or drying usage. This article studied and evaluated a
micro thermal energy storage system from household waste combustion into a
warm water that is great for washing clothes, dishes, shower, and other purposes
of household needs. System considered was a simple manner and water is used as
the heat energy storage medium. In this study, the equations for initial parameter

Keywords: calculation were presented theoretically based on thermodynamic principle. This
Thermal energy; sensible heat; thermal paper is hopefully beneficial to the researchers and engineers for preliminary
storage system design and development of a heat storage systems technology.

1. Introduction

Until now, the largest user of electrical energy in the world is the household sector, where 20 to
50% of electrical energy is used for lighting [1], the rest is utilized to power electronic and heating
devices. Although the availability of electrical energy is adequate, however the inaccuracy
utilization resulted in a large loss of electrical energy and usually the losses electrical energy cannot
be returned to the grid. Unlike the energy from the sun and wind power which are not always
available, it depends to the weather, the thermal energy from solid fuel and waste combustion is
abundant, always available, and can be stored and utilized at any time to produce electrical energy
that must be generated and available all the time to meet the consumer's demand. However,
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electrical energy can also be stored and returned to the network by using an appropriate
mechanism but at a high cost.

Sources of thermal energy can be either biomass or household wastes. Household wastes are in
the form of paper, plastic, and rubber waste which can be converted into energy which known as
waste to energy conversion. Directly, thermal energy sources can be from the sun and the
geothermal. However, the main problem related to thermal energy is that the thermal energy must
be utilized directly or even be stored in the heat form. Several technologies have been developed to

ore thermal energy. By using molten salt as the heat transfer medium, a solar tower power
system can be used to store the thermal energy of the sun [2]. Low grade waste heat energy from
geothermal plant can be captured and used for drying. A heat pipe heat exchanger equipment can
successfully heated-up the air up to 70 °C with a specified velocity [3]. Another case that the
thermal energy from wastes combustion is abundant every day. During combustion, the heat
generated must be immediately used for cooking or heating purposes. A study by Mustafa et al., [4]
has tried to convert the heat directly to electricity by using solid material called thermoelectric.
Thermal efficiency about 4% to 5% can be obtained from a liquid-fuel combustion-based stove. This
is a relative low value that indicates that a lot of thermal energy is still lost. Therefore, to increase
the thermal efficiency, the heat must be captured, stored and utilized when is needed.

Thermal energy can be obtained by directly burning wastes in a furnace rather than throwing it
into a garbage can. This is still better where the waste can be a serious problem that has a direct
impact on human life. In Indonesia itself, the waste problems include household wastes becomes a
serious issue because its production reached a thousand of tons per day. Therefore, starting in year
2019, the government has been built 12 Pembangkit Listrik Tenaga Sampah (PLTsa) which capable
to generate 234 MW of electricity. The construction of these plant is inseparable from the issuance
of Presidential Regulation No. 35 year 2018 concerning about acceleration of PLTSa development
program to respond the problems caused by the wastes and is hoped adding the capacity of new
renewable energy plants.

In Indonesia, some researchers have also tried to develop systems that capable to convert
wastes into energy. By using a microwave device, pyrolysis process can be used to produce some
valuable fuels from food waste of household wastes which can be used for power generation,
transportation, and another useful material [5]. Fuels in the form of solid, liquid, and gas can also
be obtained from another waste of tire by using pyrolysis process with rotary kiln reactor type [6].
A valuable oil from plastic drinking water waste could also is gained using a simple thermal device
with distillation process [7].

Until now, waste to energy research focused on industrial scale and very little is applied on
small scale such as domestic scales. Some research is currently on the use of a domestic stove to
produce thermal energy from wastes [8]. Unlike electricity, which can flowing through the grid, the
thermal energy can only be used directly or carried or mobilized [9], meaning a portable system
that can store thermal energy and can be carried to another places that need it, for example for
heating purpose.

The problem caused by the household garbage can be solved by involving the family itself. By
applying waste to energy technology, a family can have a waste processing unit into heat energy,
which can be used for household purposes such as the need of warm water for showering. This
method can reduce electricity consumption for water heating purposes. Energy from wastes
combustion can be stored by using a thermal energy storage sub-system, so it can be used
whenever be needed [10]. Thermal energy can be stored in the form of sensible heat or latent heat
[11,12]. Some of the technologies applicable are using heat recovery device with heat storage
medium such as water, phase change materials, or solid.
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To address the issues mentioned above, the objective of this paper is to develop a sensible heat
thermal storage system (S-TES). Water was employed as the fluid medium due to its appropriate
heat capacity. Besides, it undergoes a small volume change during charging process, low cost and
chemically stable in transportation of mobilized thermal energy system. It has been widely applied
in solar energy storage, energy conservation in buildings, as well as in the waste heat recovery. In
this paper, an S-TES system with water filled into the water tank to accomplish storing/releasing
heat in a few hours was designed for household waste combustion to produce heat for water
heating.

2. State of the Art of the Proposed Technology
2.1 Sensible Heat Thermal Energy

Energy can be stored in the form of hot or cold. It depends on the nature of the fluid medium
used. Cold energy storage systems, which are usually intended to increase the efficiency of
electrical utilization. This system works by exploiting the latent heat properties of materials known
as PCM. A lot of researcher studied PCM based on theoretical, analytical, and experimental as
reviewed by Che Sidik et al., [13]. Sometimes the fluid medium is mixed with other materials to
increase the heat capacity. Kee et al., [14] succeed in increasing the heat capacity of the water by
mixing it with Ethylene Glycol (EG) as the fluid medium of a large capacity cooling system. The
increase in the heat capacity of the fluid medium is even more enhanced when it is mixed with
nanoparticles which have high heat capacity as investigated by Kean et al., [15]. However, for hot
energy storage, sensible heat properties of the fluid medium are suitable. Using water as the fluid
medium is attractive compare to PCM due to its simple treatment and easy to use.

Source of heat energy that classified as waste is abundant. In addition to exhaust gas from
industrial and automotive engines, it can also be obtained from combustion cqlsolid fuels. Usually,
waste caused problems if it is not managed properly, however it can produce thermal energy if it is
burned properly. The thermal energy can be directly used or stored. There are three types of heat
energy, namely thermochemical, sensible, and latent heat [16]. A device that generally used for
storing high temperature water is a water flask that can maintain water temperatures as long as
possible. Depend on the desired period, researchers studied in storing thermal energy within the
range of days or weeks period.

For storing sensible heat energy, a small capacity can be used in private homes for the purposes
of warm water in the bathroom. The thermal energy contained in the water can then be recovered
at any time. Sensible thermal energy storage systems are very suitable for use in homestay because
the operation is not too difficult, and the price is quite low. Besides, it can utilize household waste
as fuel. It has implications for saving electric previously used for water heater in the bathroom.
Thermal energy storage system works in a cycle, namely charging, storage, and the period of use or
discharging.

2.2 Simple Thermal Energy Storage Technology for Residential Application

The main requirements of thermal storage system design are high energy density of the storage
material or storage capacity, good heat transfer between the heat to be stored and the medium,
mechanical and chemical stability of the medium, compatibility between the medium and the
stored tank, complete reversibility of a number of cycles, low thermal losses during the storage
period, and easy control. Moreover, the most important design criteria are the operation strategy,
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the maximum load needed, the nominal temperature and enthalpy drop, and the integration into
thehole application system.

As an advanced energy technology, S-TES has attracted increasing interest for thermal
applications such as space heating, hot water, cooling, and air-conditioning. S-TES systems have the
potential for increasing the effective use of thermal energy equipment and for facilitating large-
scale fuel switching. Of most significance, S-TES is useful for addressing the mismatch between t
supply and demand of domestic energy. The basic principle of the S-TES is supplied heat into a
storage system for removal and use later. The suggested method of domestic version is to circulate
water from and to heat recovery into hot water tank during charging to store sensible heat and
utilize later known as discharging [17].

Simple design diagram of the system proposed as shown in Error! Reference source not found..
The heat recovery device received high temperature of combustion gas together with the cold
water. As the process undergestransfer of heat, the water temperature increases gradually and is
collected in the water tank. Independent technical criteria for storage systems are difficult to
establish, since they are usually case specific and are closely related to and generally affected by
the economics of the resultant systems. Nevertheless, certain technical criteria are desirable,
although appropriate trade-offs must be made with such other criteria as storage capacity, lifetime,
size, cost, resources use, efficiency, commercial viability, safety, installation, and environmental
standards.

Flue gas

—————

Warm water

| __.tp shower
———
Particle | Discharging
Household i _lnop
waste trash Cold vl

e <=

Ash
Fig. 1. The considered outdoor water heater system diagram based on
sensible thermal energy storage: Incinerator (1), Cyclone (2), Heat
recovery (3), Hot storage water tank (4), Water circulating pump (5), Flue
gas cleaner (6)

2.3 Wastes Combustion-Based Stove

aste is defined as a left-over, a redundant product or material of no or marginal value for the
owner and which the owner wants to discard, and the wastes data used in this study taken from
the literature by Christensen [18]. A mixture of trash, rubbish, refuse and garbage are the primary
of the waste fuel around the world [19]. Direct combustion using fixed-bed or fluid-bed incinerators
are categorized as conventional combustion types. For small capacity incinerators often called as

118




1
Journal of Advanced Research in Fluid Mechanics and Thermal Sciences Fapartit -
Volume 80, [ssue 2 (2021) 115-126

stoves. The use of fixed-bed furnace is much easier compared to fluid-bed causes it much preferred
in small and large scale combustion technology [20]. The proposed stove in this study is a domestic
type with forced draft standard furnace and is placed outside of the house to reduce the negative
impact on the occupants of the house. Besides having high performance, it is also low effect on the
environmental air that can interfere with the user's health. Thus, combustion must be perfect
according to the theoretical combustion rules by regulating combustion air requirements. For this
reason, two areas of combustion are made, namely primary and secondary areas. Drying, pyrolysis,
gasification, and charcoal combustion processes occur in the primary area, while in the secondary
area, the flame able gasses product of gasification is burnt.

For this purpose, the stove is equipped with a primary and secondary air supply port to ensure
complete combustion. A small blower is used to force the air required for combustion. A
combustible gas product that has not yet been burned in the combustion zone will have a chance to
burn with a secondary air supply. This has been confirmed by some researchers where combustion
efficiency increased by using a secondary air supply [21,22]. As an addition, the detailed references
regarding the use of stove of waste to energy have not been found in the articles. Therefore, before
developing of the stove, a thermodynamic analysis is performed based on the starting point data
needed, including the energy content of the waste fuel and its calorific value. The size of the stove
greatly influences the complete combustion process as investigated by Aashih et af., [23]. It is
planned that the stove grate can be pulled in and out (removable) to facilitate reloading/refilling
waste fuel and cleaning by the user. The size of the stove will be determined based on thermal
energy requirements for heating and studied according to energy analysis and exergy incinerator
analysis [24,25]. The heat energy generated from the waste fuel combustion in the domestic stove
can be calculated by using the following equation

Qst = My LHVyMs (1)
LHV,,s = 348 C% + 939 H% + 105 S% + 63 N% — 108 0% + 245 H,0% (2)

where Qs is the nominal heat load of the stove or the total input heat rate to the water in the heat
recovery, m,,¢ and LHV,,; are the mass flow rate and the low heating value of waste fuel
respectively, and 1, is the thermal efficiency of the stove [26]. The LHV,,; value is calculated from
information on the material fractions in the waste, basic information of moisture, ash and
combustible solids in each fraction and data on the ash and water free heating value of each
fraction. The LHV,,¢ value required to control the air combustion in the stove. A Force draft stove
type can reach efficiency up to 49% with biomass as fuel [27b All Exergy analysis is used for
analyzing energy systems to improve their thermal performance. Furthermore, the chemical exergy
of waste fuel is important due to a highly irreversible chemical reaction, which is strongly
associated with chemical elements from the equilibrium of a reference environment [28]. The input
chemical exergy of waste fuel can be calculated as

Ecx = BLHwa {3]

here B is the chemical-exergy coefficient, Hag, Nag, Oag and Caq are the main component of waste
fuel compositions based on dry basis and can be calculated as
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H 0 o N
1.044+0.016x=32_0.3493 xi“x(uo.osz 1xi“)+0.0493 x—ad
B — Cad Cad Cad Cad {4]
- Oad
1-0.4124%-2d
Cad
2.4 Water as the Working Fluid
In this stugly, the water is used as the heat transfer fluid and the storage medium. Triger or

driving force of heat transfer is Pe temperature difference between the fluid. The higher the
temperature difference, the more heat is transferred. The energy needed to raise the temperature
of a material from its normal temperature to its boiling temperature is called sensible heat. So, if
this temperature can be maintained for a certain period, then the material still stores heat that can
be reused when needed. Materials needed to store sensible heat must have a high density and
specific heat capacity at low volumes. Water is a very suitable for storing sensible heat because it
has a large storage capacity per weight or each volume compared to other potential materials [29].
Besides that, the water has a short charging period compared to other materials, such as phase
change material [30]. However, the charging period can be increased again by making some
modifications to the heat exchanger used. One disadvantage of using water is having to use a large
storage tank. This is not a problem because with large capacity potential to store a lot of thermal
energy and stored in relatively long time. Users do not have to do charging every day. If the
availability of waste fuel is enough, the charging process can be carried out. This system has a
double benefit to the users; they can manage their own wastes and gain a significant energy, which
can be used for family needs.

2.5 Heat Recovery Device

The amount of thermal energy which can be absorbed by the water is greatly influenced by the
availability of heat energy from the combustion of waste fuel 'athe stove, the type and the size of
the heat exchanger used, and the water flow rate entering the heat exchanger. Heat exchangers are
commonly used in practice, and an engineer often finds himself in a position to select a heat
exchanger that will achieve a specified temperature change in a fluid stream of known mass flow
rate, or to predict the outlet temperatures of the hot and cold fluid streams in a specified heat
exchanger. As the hot gas entering the heat exchanger, temperature of the water gradually
increases. In this design, the heat exchanger is planned based on indirect contact counter-flow heat
exchanger types. The basic diagram flow of the heat exchanger proposed as shown in Figure 2.

T in Tg‘oul

Tw,out Tw,in
Fig. 2. Schematic of the considered
heat recovery device

The capacity of heat exchanger is first analyzed using the principle of energy and energy analysis
then continue to selection of the appropriate heat exchanger needed. In this design, the water
temperature entering heat exchanger is assumed at 27 9C and exit at 85 °C with a flow rate of 0.20
kg/h. Whereas high temperature combustion gas enter the heat exchanger is predicted at around
250 °C and exit at 55 §§ High temperature water outlet and hot gas flow rates are the variances to
achieve the capacity and the temperature of hot water into the storage tank. To find out the
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capacity of water storage needed can be found through the thermodynamics analysis. The
idealizations are stated in practice, and they are greatly simplifying the analysis of a heat exchanger
with little sacrifice from accuracy. Under some assumptions and took the Tnlet—outq temperature
are constant during charging/discharging period and the water is thoroughly mixed, the rate of heat
transfers from the hot gas be equal to the rate of heat transfer to the cold water. That is,

Qg = 11y (Tyin — Tyout) (5)
Qw = IhWCW(TW,ULIt - Tw,in) {6]

where m, and ¢, are the mass flows and the specific heat capacity of the hot gas respectively,
while Ty, and Ty represengghe temperature of the hot gas inlet and outlet to/from the heat
recovery. Another m,, and c,, are the mass flowgggte and the specific heat capacity of the water
respectively, while Ty, ;, and T,, o, represent the temperature of the water inlet and outlet to/from
the heat recovery.

Error! Reference source not found. illustrates the process diagram of the sensible heat storage
system studied. The performance of the system is observed by using the thermodynamic of energy
and exergy balances principles.

Energy

»Time
Fig. 3. Charging, storage, and discharging diagram process of
a sensible heat storage unit

During charging, energy and exergy transfer are calculated based on high thermal fluid stream
temperature at the inlet and outlet state as follows

Qerl,ch = m,, Gy, (Tw,irl == Tw,aut) (7]

Twin
Bexen = My | (Twsn — Tooue) = Tour X In G22) ®

TW‘OUC

Due to the energy transfer, the variation of the energy content of the storage tank can be
computed based on initial and final temperature of the water in the storage tank as

AEenJch = My stCw (Tst,final - Tst,initial) (9)

While the exergy variation of the system is calculated based on the difference between exergy
content at the final state and the initial state as
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— Tstfinal
dE(:)&,r:h = My, tCyy [(TStinrIHl - Tst,initial) - Tsur X In (T - ) l_né ) (10]
stinitial
Assumed that the system 'aadiabatic, it means that no heat losses from the system. Thus, it's
only the difference between the exergy input and the exergy variation of the system gives the

exergy destruction caused by the internal irreversibility’s as follows

Ieh = Eexch — AEex ch (11)
Charging energy and exergy efficiency of the system are determined as follows
AE AE
E{H,ch =t U SR (12)
en,ch ex.ch
The variation of the water temperature with time in the storage height tank is calculated as

= 1 i1
T=T+ (G0 [1—exp (- m—wt)] (13)
where 1 is the water stream flow rate for charging process, m,,, is the mass of the water in the
tank, and t is the charging time period. The overbars indicate the average temperature of the
storage medium that is defined by Rosen and Hooper [31] as follows

= _ Twop+Thotrom
T=—">"=

) (14)

2.6 Storage Tank

The purpose of heat storage is to store the thermal energy as long as possible. As a critical part
of the water heating system, the heat storage tank affects the entire system's efficiency owing to
the instantaneous operating characteristics. The proposed water tank storage model schematically
involves an immersed coil type heat exchanger for heat recovery within the tank. It has a cylindrical
form with 100 cm height and 35 cm in diameter. The inlet and exit ports are located on the same
side wall at a distance of 30 cm from the tank bottom as illustrated in Figure 3. The inlet charging
water flow needed is 0.20 kg/h. These data were adopted from a computer simulation study of
storage tanks by Yaici et al., [32]. Infarct, that the density variation of the water as a function of
temperature caused a condition which is recognized as the thermal stratification. Therefore, there
are the mixing areas of warm and cold water inside the tank as pointed by the dash ellipse. This
phenomenon has a signiflcantqlffect on the system efficiency as clarified by Christofari et al., [33].
Therefore, the mixing zones should be as minimum as possible even during the charging and
discharging periods. 5

To overcome this condition, the water should be stratified inside the storage tank, and the
volumes of water with warm and cold temperatures shgsld be kept in separate regions of the tank.
To achieve the desirable stratification, it is performed by placing the inlet and outlet ports of the
tank in such a way that the highest and lowest temperatures are at the top and bottom sections of
the tank, respectively. This phenomenon is called a thermocline, and this technique has become
well-accepted by the thermal storage community [12,34]. Another idea was by Altuntop et al., [35]
suggest that using an obstacle in the tank provided high thermal stratification. They found that for
high thermal stratification was achieved at temperature difference of fluid stream outlet during
discharging and the fluid stream outlet during charging as high as possible. In this study, the
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stratification criteria were taken based on water temperature differences at the top (Ts top) and
the bottom (T, pot) zones of the storage tank. During charging and discharging, the temperature of
the water can be monitored using several thermometers. Storage tanks performance can be
analysed based on thermodynamic as follows

The exergy variation during storage

Tetfi
AEr:)(,s'[ = My, Cy [(Tst,final g Tst,initial) T Tsur X In (ﬂ)] {15]

Tstinitial
Exergy loss to the surroundings is calculated as

T
Bexser = [1 -2 Qu Where, Qr = Qencn — Qenais (16)

Ts
The internal irreversibility’s during the storage period is obtained from the exergy balance equation
as follows

lst = AEex,st o Eex,st,L {17]
Storage energy and exergy efficiency are calculated as follows

_ AEcp+0Qp W= AEeyshtAEex st {18]
st T AE st — AE
ch ex,sh

2.7 Discharging Process

Error! Reference source not found. shows schematically the discharging process which utilizes a
coil type heat exchanger placed at the top in the tank. This is performed to increase the rate of
discharging because the water has the highest temperature at the top [36]. Cold water enters the
coil type heat exchanger and recover the heat to increase its temperature. The energy transfer
during discharging process can be predicted based on fluid stream temperature at the inlet and the
outlet of the coil type heat exchanger as

Qen,dis - mwcw(Tw,in - Twput) (19]
where T, i, dan T, ;¢ are the respective of water temperatures inlet and outlet of the discharging
coil type heat exchanger wgit. While m,, and c,, are and the mass and specific heat capacity of
water stream respectively. The exergy transfer during the discharging process can be calculated as

Tw,in
Eex,d1s = My Cy I(Tw,in I Tw,nut) " T:sur X In _)] {20)

Tw,out
where T, is the ambient temperature of surrounding. The variation of the energy and exergy
Content of the storage medium during discharging are calculated as follows

AEeanis = My Cy (Tst,final - Tst,initial) {21]
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T
AEcx,n:lis = My Cyy [(Tst,ﬁnal - Tst,initial) - Tsur x In (&) (22]

Tsyinitial
It's different with the energy. The exergy can be destroyed or called as exergy destruction which
can be evaluated as

ldls = Ecxjdis - ﬂEUx,di.‘i (23]

Discharging exergy, overall exergy, and the overall efficiency are calculated as follows

Eexdis

L= —=08 24
Lpdm AFay dis ( ]

E "
llJDVCI’Hl = EeXIdls (25]

ex,ch

Qen,dis
_ Qen, 26
MoV = Qonen (26)
The variation of the water temperature with time in the storage height tank during discharging as
_m Qendis - _m

= 1 (8229 1o (- 20 o

where rh is the water stream flow rate, mg, is the mag#pf the water in the storage tank, an t is the
time period during discharging. While the T indicate the average temperature of the storage tank
medium during discharging that is calculated the same as Eq. (14).

3. Future Work

The energy and exergy based on the thermodynamic equations have been comprehensively
presented in detail in this preliminary study which useful to evaluate the performance of a sensible
heat thermal storage unit more realistic. Water was selected as the fluid medium due to the
availability, harmfulness, corrosiveness, and large storage capacity. Overall, the system considered
is quite simple, can be used on the domestic usage using household wastes as the heat source. A
simple small stove can be used with a minimum impact because this system is placed out site of the
house. Various energy and exergy efficiency definitions have also been presented and these may
prove useful in the development of valid and acceptable standards for the performance evaluation
and comparison of practical systems. This assessment needs to be proven by conducting an
experimental study laboratory based.
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