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Abstract

A concept of an integrated system for cooling, heating and electricity generation using thermoelectric effect and water is
presented. The concept consists of two 2-L capacity water reservoirs: The first one has been used to store cold water and
the second one to store heated water. Both reservoirs are thermally connected by two thermoelectric modules, which can be
used to heat and cool the water when supplying electrical energy to the modules or generate electricity when hot and cold
water are stored in these two reservoirs. A theoretical model of the system is developed for transient simulation where heat
transfer and energy conservation differential equations were numerically solved and a real prototype was built. The model
uses the maximum performance parameters available in commercial thermoelectric datasheets to obtain all other relevant
thermoelectric variables. The agreement between the developed model and the experiment was close to 95%, and the proposed
system was able to cool water near zero degrees Celsius, to heat it near the water boiling point, and generate more than 1.5 W
of electrical power when operated as thermoelectric generator using heated water and cold water with 70 °C temperature. The
simulations also showed that water reservoirs of 25 L capacity, with initial temperatures of 95 °C for hot water and 25 °C for
cold water, can be used to supply peak electrical power of 2.3 W and mean power of 1 W for 12 h, energy equivalent 6 AA
alkaline batteries. This system has the potential to be applied for sustainable cooling, heating and electricity generation in
isolated communities and in non-urban regions.
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List of symbols me Equivalent inertia of the cold reservoir
Aperier  Area of the Peltier module (specified by My Equivalent inertia of the hot reservoir
manufacturer) Oc Heat transfer to the cold reservoir
Cpe Specific heat of the water on the cold reservoir Ox Heat transfer from the cold reservoir
Cou Specific heat of the water on the hot reservoir Oin Heat transfer entering the control volume
COP.  Coefficient of performance for cooling Ormax Maximum heat transfer of the module (specified
COPy  Coefficient of performance for heating by manufacturer)
i Electric current Oout Heat transfer exiting the control volume
Emax Module input current causing maximum tem- R, Thermal resistance of the ceramic electric
perature difference insulation layer
k Thermal conductivity Rer Contact thermal resistance
K, Module thermal conductance R.nam  Conduction thermal resistance of the thermal
insulation
R onvair  Natural convection thermal resistance of the air
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R Thermal resistance between the environment
and water in the hot reservoir

Rys Heat sink thermal resistance

Ry Electrical resistance of the load to which the
generator is connected

R, Electrical resistance of the module

Ra External radiation thermal resistance

Ry Thermal resistance between the cold and hot
junctions of the module

Rymc  Thermal resistance between the module and the
cold reservoir

Rymu  Thermal resistance between the module and the
hot reservoir

S Seebeck coefficient

S Seebeck coefficient of the module

T- Water temperature in the cold reservoir

Tem Module cold junction temperature

T, Environment temperature

Ty Water temperature in the hot reservoir

Tym Module hot junction temperature

T ret Module hot junction temperature reference

Vibm Maximum voltage on the module (specified by
manufacturer)

Vinm Electric voltage on the module

Wee Electrical power

Z., Figure of merit of the module

T Dimensionless figure of merit

Dimensionless figure of merit of the

thermoelectric module

AT, Maximum temperature difference within the
module (specified by manufacturer)

ATy,  Temperature difference between the pair within
the module

n— Efficiency of the thermoelectric generator

o— Electrical conductivity

1 Introduction

Sustainable development and reduction of carbon emissions
are a global concerns [1, 2]. New technologies and advances
are being developed, notably highly efficient low fluid
charge heat exchangers based on microchannels [3], low
GWP alternatives [4] and photovoltaic generation [5, 6].
In this context, thermoelectric devices are an interesting
alternative, as they can cool/heat or generate power, with
no direct emissions.

Thermoelectricity is the phenomenon of converting
thermal energy into electrical energy or vice versa that occurs
when two electrical conductors made of different materials
are combined, resulting in a thermoelectric pair [7, 8]. This
phenomenon is related to the complementary Seebeck and
Peltier effects, defined, respectively, as the conversion of

@ Springer

thermal to electrical energy when a temperature gradient is
imposed, or the conversion of electrical to thermal energy
when an electrical potential difference is applied on the
thermoelectric pair. The Thomson effect is also present and
it is related to the heat flow associated with the temperature
gradient and electrical current flowing in a conductor. The
Joule heating also occurs in a thermoelectric device, and
it is an irreversible process where heat is generated due to
electrical current flow in a conductor.

Thermoelectrical systems have low maintenance
due to the lack of moving parts, are highly reliable and
more environmentally friendly [7]; however, the energy
conversion efficiency is low, usually below 10% [8], which
hinders its use on some applications. The efficiency can
be increased using materials with better properties, with
theoretical efficiencies as high as 25% [9]. In line with the
simulations, the interest in the topic was renewed with the
advent of new materials, such as semiconductors [10].

One of the most important parameter of a thermoelectric
device is the thermoelectric dimensionless figure of merit
(7ZT), defined as ZT = SZUT/k, where S is the pair Seebeck
coefficient (V/K), o is the electrical conductivity (1/(Qm)),
T is the temperature (K), and k is the thermal conductivity
(W /(m K). Typical materials used in the thermocouples are
metals and semiconductors [11], with Bi,Te; and Sb,Te,
being the most common materials [10]. Doping allows
materials with high thermal conductivity to be adequate for
thermoelectric applications, such as Nb-doped TiO, [12] or
Si-doped graphene [13].

The association of several thermoelectric pairs in series
is called a thermoelectric module, which can easily exceed
more than one hundred elements connected in series.
A typical thermoelectric module can be used for both
refrigeration and thermoelectric generation [11, 14, 15].

Several applications use the thermoelectric effect, includ-
ing cooling in systems with low thermal loads (drinking
fountains, mini-wine cellars), and thermoelectric generation
in space applications [16]. Xu et al. [17] proposed a man-
portable cooling garment to relieve thermal stress on workers
in hot environment. Cold water circulated the garment which
was then cooled by a thermoelectric device, and afterward
returning to the garment, closing the loop. The thermoelec-
tric device had 197 couples of N-P semi-conductors, using
100 W electrical power to produce 340.4 W of cooling power
with a temperature difference of 75 °C.

Ji et al. [18] proposed an integrated cooling—heating
system for sterilization of air to inactivate SARS-CoV-2
virus. They simulated modules with Seebeck coefficient of
§=2.06-10"*V/K, ¢ = 100kQ/m and k = 1.5W /(m K),
obtaining a ZT of 1.7 and a cooling COP of 5.4. Di Capua
and Jahn [19] proposed a thermoelectric self-cooling sys-
tem to refrigerate electronic devices. Zhao et al. [20] simu-
lated a sky cooling-assisted thermoelectric cooling system
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for building applications, using modules with ZT = 0.80,
obtaining a yearly average COP of 1.87. Pourkiaei et al. [21]
provide a revision comprising cooling and power generation
applications.

Considering the context of new applications with ther-
moelectric systems, this work proposes a concept of a triple
thermoelectric system, involving integrated cooling, heating
and thermoelectric generation. No work from literature was
identified with a system able to cool, heat water and gen-
erate electrical energy by thermoelectric phenomena in an
single integrated device. Thus the objective of this work is
to evaluate the performance of the proposed system through
numerical simulation and experimental tests. Two configura-
tions of the system were investigated, (i) water thermoelectric
cooling/heating system and (ii) cold/hot water thermoelectric
generation system. This concept is intended to be applied for
water cooling/heating or for electricity generation in isolated
communities and in non-urban regions. Additionally, it was
used a model for thermoelectric modules that is based only
on manufacturer data commonly available on datasheets. The
experimental results of this work are valuable information
that can be used in new modeling studies and specification
of similar systems.

2 System modeling

The concept of the proposed system is illustrated in Fig. 1.
It consists of two water reservoirs, one for hot water and
one for cold water, which are thermally interconnected by
two parallel thermoelectric modules installed between two
heat sinks. Heat sinks are in contact with reservoir’s water,
exchanging heat by natural or forced convection, depending
on the application. Each reservoir can hold a volume of up
to 2 L of water. This system can operate in two modes: (i)
water cooler/heater, (ii) thermoelectric generator. In cooling/

Fig.1 3D design of the proposed system

heating mode the two thermoelectric modules operate with
parallel electrical connection; in generator mode, the mod-
ules operate with series electrical connection. Commercial
thermoelectric modules type TEC12706 [22], 40 x 40 mm?
in size 127 couples of BiSn are used. In cooling/heating
mode, electrical current is supplied to the module from an
external direct current source and in generation mode the
thermoelectric module supplies electrical power to an exter-
nal electrical load.

2.1 Model for cooling/heating system

Figure 2 shows the three subsystems involved in modeling
the proposed system when operated in cooling/heating mode.
In this operational condition, the system provides chilled and
heated water in the cold and hot reservoirs, respectively. The
model predicts the evolution of water temperatures in the
two reservoirs, the heat exchange between them, the heat
exchange with the environment, the cooling/heating system
COP, and the voltage and electrical current in the modules.

Figure 3 shows a simplified thermal resistance model
used in thermal modeling. For each reservoir, the heat trans-
fer with the environment (radiation, convection and conduc-
tion) is modeled by R, c and R, yy, while the internal heat
transfer by convection and conduction in heat sinks and
modules is modeled using Ry, c and Ry, 1. The respective
heat transfer rates to or from cold and hot reservoirs are
Q¢ (cold side) and Qy (hot side), respectively. The energy
conservation equations are written for each reservoir and are
given by Egs. 1 and 2. The coupling of the equation system
is performed through energies balances by Eqs. 3 and 4.

0 g

Thermoelectric
Modules
Cold Reservoir | > [ > Hot Reservoir
mC QC QH rnH
Welev Vthm

Fig.2 Subsystems involved in system modeling

T Rinmc  Qc Qy RihmH
— Th
Tthm,C Tthm,H
Renv,C ﬁ Renv,H
Tenv Wele Tony

Fig.3 Simplified thermal model

@ Springer



481 Page4of 11

Journal of the Brazilian Society of Mechanical Sciences and Engineering (2022) 44: 481

dr, T, —T
mcCP,CF = Qin - Qout = 611;\'—(20 - QC (1)
env,
dTH TH - Tenv
MuCpH =g = Oin — Qouw = O — “Rown ()
TH - Tthm H
Oy=—F—"— 3
thm,H ( )
TC - Tthm C
Qc = e 4
Rthm,C ( )
RradRconv,air
Renv,C = m + Rcond,TI + Rcond,R + Rconv,wat o)
Rymc = Rys + Reg + Reer (6)

In Eqs. 1-4 the sub-indexes C and H stand for the
cold and hot reservoirs, respectively. m. and my; are the
equivalent system masses of each reservoir, since in the
model the sub-element masses (water, heat sinks, thermal
insulation and modules) are grouped under single terms.
The equivalent specific heat is indicated by c,. T and Ty
represent the water temperature in cold and hot sides, T,
is the environment temperature, and 7}, stands for junction
temperature of thermoelectric module. R, - and R,y
represent the thermal resistances between the external
environment and water for each reservoir, while Ry, - and
Ry, 1 are the thermal resistances between the water and cold
or hot thermoelectric module junctions, respectively.

Figure 4a shows a more detailed description of the ther-
mal resistance between the environment and the water of
the cold reservoir (R, ). This thermal resistance is rep-
resented by the effective thermal circuit modeled by Eq. 5.
The thermal circuit considers the following heat transfer

(a) Renv,C

Rconv,air

Tc

Rcond,R

Rcond,TI

Rconv,wat

Tenv

Rrad
(®) Rihm,c
TC. AANA ° AN . AAA .Tthm,C
RHS RCR Rcer

Fig.4 Detailed calculation of cold side resistance: a R b Ry c

env,C>
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mechanics and thermal resistances: external radiation (R, )
and natural air convection (R, ,i;)» conduction heat transfer
through both the thermal insulation (R, ) and the reser-
voir walls (R4 ) and the internal water natural convection
(Reonv.war)- Both air and water natural convection processes
have been calculated with the Churchill and Chu [23] cor-
relations for laminar and turbulent-free convection from a
vertical plate. The equivalent circuit of thermal resistance
between cold water and thermoelectric junction (R, c)
is shown in Fig. 4b and is modeled by Eq. 6. This circuit
includes the heat sink convection/conduction (Ry), the con-
ductive contact resistance R and thermal resistance of the
ceramic electric insulation layer (R..). Analogous modeling
approach has been applied to the hot reservoir and for the
modeling of the thermoelectric generation system, shown in
Sect. 2.2. For the thermoelectric modules in heating/cooling
mode, the energy conservation is given by Eq. (7).

QH = QC + Wele (7)

The equations that determine the thermoelectric
coupling of the module based on maximum parameters
are given by Eqgs. (8) and (9) [24].

2
i [ ATthm
=20..l—)]-{—) - | ———— 8
QC dex ( imax ) < imax > < ATthm,max ( )
()5 + ()
( Vlhm ) _ ATlhm,ma\x 2 imax

V 7
2+1

max

€))

where i is the electrical current, V,,, is the electrical voltage
in the module, ZT, is dimensionless figure of merit of the
module at cold junction temperature reference. 7, in Kelvin,
and ATy, is the temperature difference between the junction
within the module. The dimensionless figure of merit can
be estimated by Eq. 10 [25]. An average T, temperature of
288 K and the value of ZT,=0.76 were used for simulation
purposes in the cooling/heating system.

2AT, T,

max = C

(T, - AT,)’

ref max

T = (10)

The electrical power consumed by each module is given
by:
Wele = thmi (11)

The definitions of cooling and heating efficiencies are
given by Eqgs. 12 and 13, respectively.

Oc

ele

COP. =

12)
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Table 1 shows the thermoelectric module data used for
the model solution and input voltage used in the experiments
for the cooling/heating system. Geometry and maximum
performance specifications were obtained from the
manufacturer datasheet [22].

2.2 Model for thermoelectric generation system

The thermoelectric model for the system operating in gen-
erator mode differs basically by reversing the directions of
the heat exchanged in the thermoelectric module and the
direction of the electrical energy that now is supplied by
the thermoelectric module as an electrical generator. In this
mode, heated water is placed in the hot reservoir and cold
water in the cold reservoir. The heat exchanged through the
modules will allow the thermoelectric generation, Fig. 5.
The energy balance in the reservoirs and coupling equations
is given, respectively, by Eqgs. 14-18.

dTC Tenv - Tc
MeCpe—g = Oin — Qou = = Oc (14)
env,C
dTy Ty — T
chpHW =0Oin — Qow = =0 — R—en (15)
env,H
On =0c+ Wee (16)
TH - Thm,H
Oy=—— a7
thm,H
Te — Tipmc
O = ¢ TtmC (18)
Rthm,C

Taking into account that the efficiency of thermoelectric
generation is low, the electric power is negligible compared
against the rate of heat rejected (Q). Thus, the approximation
expressed by Eq. 19 was assumed.

Table 1 Data for the

, Parameter Value
thermoelectric module on
cooling/heating mode [22]. 0 67 W
Ty = 50°C e
Vinax 172V
Imax 6.1 A
AT, 79K
Apetter 40 x40 mm?

T Rinm.c Qc Qy Rinm.H T,
Tinm.c T
thm,H
Renv,C ﬂ Renv,H
Tenv Wele Tenv

Fig.5 Simplified thermal model of the power generator system

Wae < Q¢ = Oy = Oc (19)

The heat transfer through the module is given by Eq. 20
where Ry, ., is thermal resistance of the thermoelectric module.

Tthm,H - Tthm,C

Oy=0c= 20
Rth,m ( )
Equation 21 gives the generated electrical current,
= — -
R+ R, iomit ~ Time 2D

where S, is the Seebeck coefficient of the module, R,
is the electrical resistance of the module, and R, is the
electrical resistance of the load to which the generator will
be connected.

The module thermal resistance, Ry, ,, Seebeck coefficient,
S and electrical resistance, R, are obtained from the
thermoelectric module maximum parameters, shown in
Table 2, with the aid of Eqgs. 22 to 26 [25].

2AT,

7 = max 22)
m 2
(Thref - ATmax)
_ 1 Th,ref - ATm

K =-— TV
" 2 Th,refATma ( l)mdx (23)

X

R = (Th,ref - ATmax) <V>
max

= - (24)
Th,ref l
0.5
Sm = (ZnRuK o) (25)
Table2 Main parameter values Parameter Value
for the thermoelectric module
S (mV/K) 53.3
Z, (K™ 0.002654
7T, (- 0.84
K., (W/K) 0.50
R.(Q) 2.1

@ Springer



481 Page6of 11

Journal of the Brazilian Society of Mechanical Sciences and Engineering (2022) 44: 481

Rpm =1/K, (26)

Zm(Tc,m + Th,m)

27
5 @7

Z7),, =
where Z, is the module figure of merit, K, is the module
thermal conductance, and ZT,, is the module dimensionless
figure of merit. The hot side temperature reference used for
the above parameters reference was Ty ;=323 K=350 °C.

The first law thermal efficiency for thermoelectric
generator is given by

W

_ Wae
n= O (28)

where the power generated at the load is

Wy = "R, (29)

3 Experimental setup

Figure 6 shows a photograph of the final built prototype
used to validate the system’s model. The experiments were
performed with an approximate volume of 1.8 L in each
reservoir, which has the following internal dimensions:
160 120 110 mm>. A 20-mm-thick Styrofoam has been
used on all reservoir surfaces for external wall insulation
(including the lid) to minimize losses to the environment. A
thermal conductivity value of 33 mW/m.K for the Styrofoam
was used in the simulations.

During the experiment the measured variables were cold
water and hot water temperatures, room temperature and

Fig.6 Prototype of the proposed system
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electrical tension on the output of the thermoelectric modules,
as indicated in Fig. 2. Temperatures were measured by using
three type T thermocouples. The hot water and cold water
thermocouples were placed in the middle of their respective
reservoirs. Before each measurement a plastic spoon was
used for mixing the water, avoiding temperature stratification
errors. The experimental data were registered at time intervals
between 1 and 10 min depending on the experiment. The val-
ues were manually recorded at regular time intervals. All the
instruments were placed side by side, and a cell phone was
used to take photographs of the instruments for the register of
the experimental values at desired instant. Each photograph
had the time recorded with 1 s resolution. The experimental
uncertainties are: temperatures (0.5 °C) using a calibrated
type T thermocouples reader, voltage (1%) and electrical cur-
rent (2%) using a Minipa Multimeter, time (< 1 s) from the
cell phone, dimensions (1 mm) and mass (10 g), using a digi-
tal scale. Water and air properties were obtained through the
Engineering Equation Solver (EES)® [26]. For all experiments
an insulation lid of 20 mm was placed on top of the system,
Fig. 6, to reduce heat transfer to external environment. The
external air temperature during the experiments was 25 °C,
and this value was used for the simulations.

4 Results

This section presents the results obtained with the simulation
model and the experimental measurements in the prototype,
considering operations in both the cooling/heating mode and
the thermoelectric generation mode. The simulation results
and the experimental data are compared.

4.1 Heating/cooling water

The first test is shown in Fig. 7 for heating/cooling mode
considering that water at the initial temperature of 25 °C
was placed in each reservoir. The thermoelectric modules
were connected to an 11.7 V DC power supply in order to
cool one side and heat the other. The reservoirs were closed
with the insulation and the evolution of temperatures over
time verified.

Figure 7 shows a good agreement between simulation
results and experimental data for both hot and cold water. In
this experiment the hot water reached 70 °C, while water in
the cold reservoir was cooled to around 17 °C.

It can be observed that the water in the cold reservoir
would start to heat up due to the excess temperature in the
heated reservoir for time above 50 min, a fact predicted by
the simulation model. Analyzing the COP, it can be seen that
heating COP was above 1.4, showing that the system is more
efficient for heating than the use of pure electrical resistance.
The cooling COP reaches a value near 0.4.
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Fig. 7 Evolution of water tem- 70 —
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Figure 8a shows the electrical power consumed by one
thermoelectric module and the heat rate exchanged in the
hot and cold reservoirs calculated by the model. When time
approaches 50 min the cooling capacity, Q ., becomes nega-
tive, indicating that the cold reservoir would start a heating
processes. This process can be easier understood with the aid
of Fig. 8b, which shows the thermoelectric module cold and
hot junction temperatures (T, ¢ » Ty, 1) against the water
temperature in the cold and hot reservoirs (T¢, Ty). When
time approaches 50 min, it can be noted that the cold junc-
tion of the thermoelectric module is warmer than the water
in the cold reservoirs, explaining why the heating process
starts at this moment.

4.2 Cooling water at low temperature

The second test was also in the cooling/heating mode but
with the solo objective of cooling water in the cold reservoir.
To achieve this goal more efficiently, the water in the hot
reservoir was periodically and partially renewed in order
to keep it at near a constant temperature of approximately
35 °C. Figure 9 shows the model and experimental results
for this experiment.

In this experiment, the cold side water quickly reached
0 °C; the cooling COP was between 0.2 and 0.4 during
the experiment and the heating COP between 1.2 and 1.4.
The hot water temperature used on the model was set to
a fixed value of 35 °C. The variation of experimental hot
water temperature around 35 °C is due the manual control
of the hot water temperature by periodic renewal portion
of it with new cooler water.

4.3 Thermoelectric generation (thermal battery)

The third test performed was in thermoelectric generation
mode. In this one, water preheated to near 80 °C with
an electrical heater was added in the hot reservoir and
chilled water near 10 °C with the use of a refrigerator
was added in the cold reservoir. These temperatures were
chosen because it could be easily reproduced in the experi-
ments and a difference of 70 °C can be easily obtained in
most of climates by boiling water, for example. The heat
transfer between the two reservoirs through the thermo-
electric modules allowed the generation of electricity that
was measured and compared with the simulation model
described in Sect. 2.2. The results are presented in Fig. 10.
It is observed again a good agreement between the simula-
tion and experimental results, considering the variation of
cold and hot water temperatures, and the generated elec-
trical voltage over time. In the case of electrical voltage,
the load resistance used in the results presented in Fig. 10
was R; =84 Q. The system had an initial voltage of 4.7 V
and could run for approximately 53 min before reaching
a 2-V voltage level.

For an electrical load resistance of R; =4 Q the maximum
generation thermal efficiency was 3%. In a Carnot cycle,
between the same reservoirs, the maximum value would be
19%. In the condition of R, =4 Q, the generation power
exceeded 1.75 W. This power level is sufficient for charging
mobile phones, running flashlights and even small electric
motors. If the initial values of temperature difference can be
maintained, this power level can be kept continuously.

Table 2 shows the main parameter values for the
thermoelectric module in generator mode. These values were
calculated using Eqs. 22 to 27 with the input data of Table 1.

@ Springer
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Fig.8 Model transient results, a

hot and cold side heat rates and
the electrical power in heating
mode, and b thermoelectric
module temperatures (Ty,,, y and
Tym.c) VETSUS water temperature
in reservoirs (T} and T¢)

| 60
time (min)
(a)

90—

8of

Temperature (°C)
N w N a D ~
L e e o ° o

-
o

As a final application for the proposed thermoelectric
generation system, the developed model was used to deter-
mine the size of a reservoir needed to run as a thermal bat-
tery for at least 12 h (720 min) continuously using exactly
the same two thermoelectric modules and with higher
initial temperatures of the hot and cold reservoir of 95 °C
and 25 °C, respectively. The simulation shown in Fig. 11
indicated that reservoirs with 25-L capacity of water are
needed. For a load resistance of 4 Q (load similar to a cell
phone) the system can supply energy down to 1 V level dur-
ing more than 800 min, which is equivalent to more than

@ Springer

60
time (min)
(b)

6 alkaline AA battery. The hot reservoir could be heated
using any available heat source, as dry straw or wood, solar
energy, making the system practical to be used as an alter-
nated generation system for isolate communities. This type
of thermal battery has long endurance, low price, can use
multiple energy sources and could work for years without
need of replacing parts. In industrial scale this system could
be produced below US$ 10.00 cost per unit, indicating that it
can be a helpful, low cost and reliable solution for providing
basic energy needs around the world.
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5 Conclusions

A new conceptual design of an integrated system for
cooling, heating and thermoelectric generation using water
was presented. No previous work from the literature was
identified with a system able to cool, heat water and generate
electrical energy by thermoelectric phenomena in an single
integrated device. The model uses maximum performance
parameters available in commercial thermoelectric
datasheets to obtain all other relevant thermoelectric
variables. The agreement between the developed model and
experiment data was close to 95% (average error of 1.7% in
temperatures and 8% in electric voltage), and the proposed
systems were able to cool water near zero degree, heat it

near the water boiling point and generate more than 1.5 W of
electrical power when operated in thermoelectric generator
mode. The system can function as a heated water-powered
thermoelectric battery and can be equivalent to a 1-Wh
capacity AA-type battery operating from 1.8 L heated water
at 80 °C and 1.8 L chilled water at 10 °C. The simulations
also showed that a reservoir of 25 L of water at 95 °C
could be used to supply peak electrical power of 2.3 W and
mean power of 1 W for 12 h, energy equivalent to 6 AA
alkaline batteries. This system is intended to be applied for
sustainable cooling, heating and electricity generation in
isolated communities and in outdoor activities in non-urban
regions. It can be a helpful, low-cost and reliable solution for
providing basic energy needs around the world.
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Fig. 11 Evolution of reservoirs
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