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I

Abstract
Thermal energy storage (TES) has attracted an increasing importance in the past few years,
thanks to the progressive shift of energy production towards renewables and the recent
introduction of energy efficiency policies. A TES system is able to collect and store heat in
various forms, maintaining it for a later use. Among TES, thermochemical energy storage is an
interesting technology thanks to its high energy density and the nearly-zero thermal losses. This
work focuses on the thermal and structural design of a small-scale thermochemical energy
storage based on (although not limited to) the adsorption reaction of water and zeolite 13X. The
device must be able to store (charge phase) at least 100 𝑊ℎ of thermal energy and release it
(discharge phase) in form of a heat flux at a minimum temperature of 35°𝐶. This heat flux can
be exploited, for example, in a floor heating system. The water adsorption has been studied by
using a numerical model based on the Langmuir isotherm formulation. Then, a theoretical
model that exploits the analogy between the working principle of a phase changing material
and the water vapour adsorption is developed. Finally, all the components of the device are
designed in order to obtain the desired operating conditions.
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1 Introduction
In the past years energy consumption and requirements have considerably increased. The main
reasons are the economic growth of the developing countries, and the continuous increase in
world population [1]. The biggest part of energy production still comes from traditional sources
like crude oil, coal and natural gas, whose emissions cause serious repercussions on the
environment, like global warming and air pollution. Moreover, traditional energy sources are
progressively and inevitably going to deplete. To overcome these issues many countries have
adopted new policies to help the implementation of a continuously increasing fraction of
renewables in the energy fields. The three post-2015 agendas for action, the Paris Agreement,
the 2030 Agenda for Sustainable Development and the Sendai Framework for Disaster Risk
Reduction are great examples. The primary goal of the Paris Agreement is to keep the average
rise in global temperature below 2°C, and as close as possible to 1.5°C, above pre-industrial
levels, as shown in Figure 1 [2].

Figure 1 GHG emissions and Paris Agreement Scenarios [2]
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Global energy demand grew by 2% in 2017 after two years of low growth. However, demand
would be much higher if not for progress on energy efficiency, which could provide more than
40% of the abatement required by 2040 to be in line with the Paris agreement. Energy
efficiency, combined with renewable energy and other measures, is therefore indispensable to
achieve global climate targets [3]. One way to improve energy efficiency is to recover waste
heat fluxes from power plants and industries. There are many possibilities to do this, e.g. in
furnace, it is possible to use thermal energy from high temperature exhaust. The most
commonly used waste heat recovery methods are preheating combustion air, steam generation
and water heating. Another approach is to use waste heat to drive a sorption chiller, when a
cooling load is needed. Renewable energy sources include solar, wind, hydrothermal, biomass,
biofuel and geothermal energy. In 2016, world Total Primary Energy Supply (TPES) was 13671
Mtoe, of which 13.7% was produced from renewable energy sources, as shown in Figure 2 [4].

Figure 2 Total primary energy supply percentages [4]

Exploiting waste fluxes and renewables, especially wind and solar, has a huge drawback. They
can produce a large amount of energy, but they are intermittent sources and they often cannot
match the request of users. Energy storage has become a relevant topic of research because it
provides flexibility both for thermal and electric power plants, decoupling production and
demand.
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A storage system can absorb the production peak coming for instance from intermittent
renewable sources and ensures its availability for the moment it is requested by the user. For
example, photovoltaic plant electricity stored in batteries is disposable at any given time.

1.1 Energy storage
Energy can be stored in several forms, such as chemical, kinetic or potential, and then converted
into electricity if needed. This section is a review of the main types of storage systems.

1.1.1 Mechanical energy storage
One of the oldest forms to store energy, flywheels have been used to achieve smooth operation
of machines. Nowadays they are sophisticated devices, where mechanical energy is transferred
to and from the flywheel by an electric engine [5]. Advantages of these systems include high
power density, long lifespan and environmentally friendly operation. To achieve higher
efficiency, they work in vacuum chambers in order to reduce the aerodynamic drag losses [6].
Flywheels are used especially in aerospace and automotive applications where large power is
required in short times, for example regenerative braking, as well as for wind power and smart
grid energy storage [7]. Another widely adopted electricity storage technology is pumped
hydroelectric storage (PHES). PHES is an established, mature and commercially available
solution for electricity storage. It is used to stabilize the electricity grid through peak shaving,
load balancing and frequency regulation [8]. PHES stores energy in the form of potential energy
of water that is pumped from a low reservoir to a high reservoir. In this type of system, low cost
electric power is used for pumping water from the lower reservoir to the upper one. When the
power demand is high, the stored water is released through hydro turbines to produce electric
power [9]. Another interesting example of mechanical storage is Compressed Air Energy
Storage (CAES), in which off-peak electricity is used for storing compressed air in an
underground cavern. This air is then heated and expanded in a gas turbine to produce electricity
during peak demand hours. As it derives from gas turbine technology, CAES technology is
readily available and reliable. In this respect, we note the following two plants: one constructed
in Germany and the other in the USA of 390 MW and 110 MW turbine capacities, respectively
[10].
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1.1.2 Electrochemical storage
Systems for electrochemical energy storage and conversion include batteries and
electrochemical capacitors (ECs) [11]. Battery storage technologies include lead-acid, lithiumion, sodium-based batteries and redox flow batteries (RFBs). These technologies provide a
potential solution to large-scale energy storage and to reduce the mismatch between intermittent
electricity production and customer requirements for the instant delivery of electric power [12].
Batteries release and recharge energy very slowly, i.e. they have low power density, therefore
for rapid power delivery and recharging electrochemical capacitors known as supercapacitors
might be an option [13]. The battery is composed of three main components: the anode and the
cathode, made of different chemicals, and the electrolyte, which separates them. When the
battery is connected to an electric device, a chemical reaction takes place on the electrodes and
an electric current is generated. Supercapacitors or ultracapacitors have recently attracted
considerable attention due to theirs high power density, high charge/discharge rates and long
life-cycle performance. A supercapacitor is composed by two electrodes typically coated with
active carbon, an electrolyte and a separator. They are considered as one of the most promising
electrochemical energy storage devices, having the potential to complement the batteries for
energy storage applications, i.e., those for portable and wearable electronic, electrical and
hybrid vehicles [14]. Currently the major drawback of supercapacitors is the low energy density
(generally about 5 Wh/kg) [15], compared to commercialized lithium-ion batteries (about 100
Wh/kg) [16].

1.1.3 Superconductive Magnetic Energy Storage
A superconducting magnetic energy storage (SMES) is an energy storage device that stores
electrical energy in a magnetic field. In SMES, a superconductive coil allows a direct electrical
current to flow through it with no resistive loss, due to the operating cryogenic temperature
[17]. These devices have high power density and high efficiency, so they are used where fast
changing loads are involved.
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1.2 Thermal energy storage
Energy demands in the commercial, industrial, and utility sectors vary on daily, weekly, and
seasonal bases. These demands can be matched with the help of thermal energy storage (TES)
systems. The use of TES for applications such as space and water heating, cooling, airconditioning, and so on has recently received much attention. These systems have an enormous
potential to make the use of thermal energy more effective and for facilitating large-scale energy
transition from fossil fuel to renewable using plants [16]. Figure 3 shows the schematic concept
of a thermal energy storage.

Figure 3 Heat storage working principles [16]

Typically, in the scientific literature, authors are used to distinguish among three different
categories of TES: sensible heat storage, latent heat storage and thermochemical heat storage.
The first two systems are more common (and technologically mature) as they present a lower
level of complexity and have been investigated for longer time. The third one is still under
development.
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1.3 Sensible thermal energy storage
The most popular approach to heat storage involves preserving energy in the form of sensible
heat, usually by raising the temperature of water, rocks, soil and other materials. In most of the
applications at low temperature, water is being used as the storage medium [18]. The amount
of energy input to a sensible TES is related to the mass of storage material and its heat capacity
as well as the temperature difference of the storage medium, between its initial and final states.
This stored heat 𝑄 can thus be expressed as:
(1.1)

𝑄 = 𝑚𝑐𝑝 ∆𝑇

Where 𝑚 and 𝑐𝑝 denote the mass and the specific heat of the storage material respectively, and
∆𝑇 is the temperature difference before and after the storage operation [19]. Those systems can
achieve relatively small energy density, thus typically implying high volumes of storage
material to cope with usual heat demands. One additional drawback is that sensible storage
systems have significant heat losses towards the environment, caused by the temperature
difference between them. For these reasons it is not a viable option for long term storage
applications [20].

1.4 Latent thermal energy storage
Latent heat storage (LHS) makes use of the heat absorbed or released by the storage material
during its (solid-liquid or liquid-gas) phase-change. The storage capacity of an LHS system
with phase change materials is given by:
𝑇𝑚

𝑇𝐻

𝑄 = 𝑚 ∫ 𝑐𝑝𝑠 𝑑𝑇 + 𝑚∆𝐻𝑚 + 𝑚 ∫ 𝑐𝑝𝑙 𝑑𝑇
𝑇𝑙

(1.2)

𝑇𝑚

where 𝑇𝑚 is the melting point of the phase changing material (PCM), ∆𝐻𝑚 is the phase change
enthalpy, 𝑐𝑝𝑠 and 𝑐𝑝𝑙 are the specific heat of the PCM in solid and liquid state respectively [21].
LHS systems may be cost-effective and convenient because latent heat is usually much higher
than the sensible heat exchange for a given medium, which is related to its specific heat.
Furthermore, latent TES system operate over a small temperature range, since the heat
6

interaction occurs at constant temperature [22]. There are also a few drawbacks that researchers
are still studying solutions for. One issue has to do with the fact that PCMs have typically very
low thermal conductivity. Hence, one possible option is to encapsulate them in high-conductive
structures to enhance the heat transfer. Another possible option is the addition of highconductivity particles in the PCM, such as carbon based (graphite) and metallic nanoparticles.
The application of finned pipes and tubes has been introduced as one more efficient way to
improve the thermal conductivity of PCMs [23]. On a system level, this technology has the
same disadvantages as the sensible heat storage: thermal losses due to temperature gradient
with the environment and relatively small energy density. Another issue is that these materials
do not have long term stability, therefore they must be substituted generally after 10 years.
Current applications make use of PCMs embedded in wallboards, walls, floors and ceilings.
Since the phase change occurs at constant temperature, embedding PCMs in the structural
components of buildings may prevent excessive room temperature fluctuations, thus reducing
the cooling and the heating requirements [24].

1.5 Thermochemical heat storage
Thermochemical energy storage is a promising new technology because it provides near-zero
thermal losses and high energy density. This is due to the fact that energy is stored in the form
of chemical potential by a reversible chemical reaction such as redox reaction or chemi-physisorption reaction. The research on this system is still at an early stage therefore there are no
commercially available thermochemical energy storage systems.

1.5.1 Redox reactions
Recently, there has been a growing effort in the study of thermochemical heat storage based on
reduction-oxidation reactions, particularly with multivalent metal oxides. These processes are
interesting because they can work in an open system in which air is used both as a heat transfer
fluid and a reactant, thus avoiding the need of reactant gas.
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Storage plants based on redox reactions store and release heat through the following reactions
[25]:
Charge/reduction
Discharge/oxidation

𝑦

𝑀𝑂𝑥 + ∆𝐻 → 𝑀𝑂𝑥−𝑦 + 2 𝑂2 (𝑔)
𝑦

𝑀𝑂𝑥−𝑦 + 2 𝑂2 (𝑔) → 𝑀𝑂𝑥 + ∆𝐻

The high energy storage density and the possibility of working at higher temperature ranges
(600-1000°) make reduction-oxidation cycles of metal oxides a promising concept for energy
storage, especially with plants that uses solar concentrators, often referred to as Concentrated
Solar Power (CSP) [26]. Several oxides have been analysed as possible candidates for this
application: BaO2, Co3O4, and Mn2O3 redox reactions are thermodynamically advantageous at
temperatures in the 700 − 1000°𝐶 range. Among them, Co3O4 showed the best reversibility
behaviour [27].

1.5.2 Sorption energy storage
Sorption is a reversible physical or chemical process in which one substance, called sorbate,
establishes reversible bonds with another substance, called sorbent. During this process
(sorption), heat is released, while during the reverse process (desorption), an external heat
source is needed to separate the two substances. In other words, this technology exploits a heat
source, e.g. solar thermal, and stores it in the form of chemical potential. Heat transformation
based on adsorption/desorption in microporous adsorbents has been considered in a number of
applications such as adsorption chiller (ACS), adsorption heat pump (AHP) or thermochemical
storage (TCS) since the 1980s. Before that, most of the adsorbents like zeolites were used only
for gas separation or catalysis processes, therefore they were not optimized to be used for
adsorption reactions. Within the last decade, intensive research on adsorbents led to steadily
improvement of the existing sorbent materials and the development of new ones with an
enhanced adsorption capacity [28].
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1.6 Thesis motivations
The aim of this work is the design of a lab-scale, thermochemical storage device which works
with adsorption of water into solid sorbent materials. Although not limited to, for the sake of
simplicity, we here consider zeolite 13X as this is a common and well characterized sorbent. In
the near future, the object of this thesis will be possibly used as a technology demonstrator in
the laboratory of Politecnico di Torino. After the initial presentation of the state of the art of
TES technologies, the thesis will explain the design process of the whole system. Initially, using
two software programs developed at the Department of Energy of Politecnico di Torino, the
adsorption cycle points were established. The main design target is to obtain a system capable
of storing a minimum amount of energy in the order of 100 Wh (charge phase), with a discharge
phase occurring at a temperature of at least 35°𝐶 (temperature level that could be useful for
instance for a floor heating system). A maximum desorption temperature of 90°𝐶 is considered.
After the working cycle is defined, the thesis proceeds with the geometric design of the two
vessels, one for the sorption reaction and the other for the sorbate evaporation/condensation
(water). Both vessels are expected to operate under evacuated conditions (established by a
proper vacuum pump) with a minimum absolute pressure in the order of 12,2 𝑚𝑏𝑎𝑟
(corresponding to the water vapour pressure at 10°𝐶). The structural design of pressurized
vessels is consistent with the ASME Boiler & Pressure Vessels Code (BPVC), Section VIII,
Division I and the material properties are taken from Section II, Part D. This code provides also
the rules for the design of the lids necessary to seal the vessels. The geometry designed on the
software Solidworks is then imported into the software Hypermesh, in order to perform an FEM
analysis on the vessels and ensure they are not subject to permanent deformations. Inside both
vessels is placed a heat exchanger which is a copper tube coil. Three configurations of the heat
exchanger inside the reactor vessel have been designed, and all have been considered as
potentially viable. The designed parts are reported in this work, as well as all of their executive
CAD drawings, which will be used to build them. Finally, a theoretical model for the adsorption
reaction is developed considering the water as a phase change material (PCM).

9

2 Sorption storage systems
Sensible and latent heat storage devices store heat together with its corresponding amount of
entropy. In these so-called “direct” heat storage media, heat – i.e. energy – is transferred directly
to the storage medium. The achievable energy density is limited by the entropy storage capacity
of the material. Otherwise the adsorption process is a reversible physico-chemical reaction
suitable to store heat in an indirect way [29]. The conceptual scheme of a direct storage system
is shown in Figure 4.

Figure 4 Direct thermal storage concept

The term 𝑄 is the heat released by the source to the storage in 𝐽 𝑘𝑔−1 , and 𝑆, in 𝐽 𝑘𝑔−1 𝐾 −1 ,
is the entropy associated to 𝑄 by the relationship:

𝑑𝑆 =

𝛿𝑄
𝑇

(2.1)

Modifying the equation above:
𝑄
∆𝑆
= 𝑇̅
𝑚
𝑚

(2.2)

where 𝑚 is the mass of the material, ∆𝑆 is the entropy variation during the heat transfer phase
and 𝑇̅ is the average operating temperature.
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The left part of the equation is the energy density, the right part is the entropy density multiplied
by the mean temperature. This equation explains that the quantity of energy that can be
accumulated is dependent on the variation of entropy that can be induced in the storage material,
if we consider the temperature constant. Unfortunately, there is a physical limitation to the
quantity of entropy a material can withstand. This issue in conjunction with the thermal losses
due to the temperature gradient with the environment, are the main reasons direct systems are
not very efficient. Operating with an indirect system solves both issues, because the energy flux
is separated from the entropy flux and the system is isothermal with the environment. Figure 5
shows the working principle of indirect storage systems.

Figure 5 Indirect thermal storage concept

Entropy and energy fluxes, 𝑆 and 𝑄, enter a converter which releases a portion of heat 𝑄′ and
the entropy 𝑆 + 𝑆𝑖𝑟𝑟 towards the environment (𝑆𝑖𝑟𝑟 caused by irreversibilities in the converter),
while only the exergy flux 𝑊 charges the storage. During the discharge phase, the exergy stored
𝑊 is sent to the converter, together with the heat 𝑄′′ and its associated entropy flux 𝑆 ′′ taken
from the ambient. In return the converter gives back the heat flux 𝑄′′′ together with its entropy
flux 𝑆′′′ to the user. Sorption storage systems perform a reversible chemical reaction, which is
endothermic in one direction, and exothermic in the other direction. Having A and B reactants,
during the storage discharging phase the following reaction occurs:
𝐴 + 𝐵 → 𝐴𝐵 + ℎ𝑒𝑎𝑡
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During the charging phase the inverse reaction occurs:
𝐴𝐵 + ℎ𝑒𝑎𝑡 → 𝐴 + 𝐵
After this process 𝐴 and 𝐵 are kept in separate reservoirs, ready to be mixed again if heat is
needed. The general sorption reaction is:
𝐴 + 𝐵 ↔ 𝐴𝐵 + ℎ𝑒𝑎𝑡
The heat needed for the charging reaction, and consequently the storable heat, depends greatly
on the types of bonds between the reactants 𝐴 and 𝐵. There are two categories of sorption
reactions: chemisorption and physisorption. The first one involves strong ionic or covalent
bonds between adsorbent and adsorbate; the second one implies weaker bonds, like Van der
Waals or hydrogen bonds. Stronger chemical bonds imply that the necessary heat to
charge/discharge the system is much higher for the chemisorption systems, about 40-400
𝑘𝐽 𝑚𝑜𝑙 −1, with respect to physisorption, which is about 20-70 𝑘𝐽 𝑚𝑜𝑙 −1 . Let us consider the
variation of the Gibbs free energy of the above reaction (at constant temperature 𝑇):
∆𝐺 = ∆𝐻 − 𝑇∆𝑆

(2.3)

where ∆𝐻 and ∆𝑆 are the enthalpy and entropy variation of the reaction respectively. If products
and reactants are in equilibrium ∆𝐺 = 0, if ∆𝐺 > 0 the direct reaction is not spontaneous and
if ∆𝐺 < 0 the direct reaction happens spontaneously. In other words, a spontaneous direct
reaction happens at environmental condition without the need of an energy source, thus it has
∆𝐺 < 0. If the sorption reaction is at equilibrium, ∆𝐺 = 0 therefore we can define the
temperature of equilibrium as:

𝑇∗ =

∆𝐻
∆𝑆

(2.4)

Any deviation from this temperature will cause the system to react accordingly, shifting the
equilibrium towards the reactants or the products. To invert the sorption reaction and recharge
the storage, it is necessary to use a heat source at a temperature higher than the equilibrium one,
e.g. 𝑇 > 𝑇 ∗. Otherwise, the sorption reaction is spontaneous, so it only needs the reactants to
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be in contact. Sorption TES can have two main configurations: open loop and closed loop. Open
loop configuration exchanges mass with the environment: the ambient air is sent by a fan into
the absorbent bed, which absorbs air humidity and releases heat. The same heat increases the
temperature of the dry air, which is then sent to the users as a heat source. This system can only
work with water as sorbate, since it uses ambient air, and must operate with environmentally
friendly sorbents. Furthermore, the humidity content in the air may not be sufficient to perform
an efficient sorption reaction, therefore a humidifier is sometimes required. For these reasons
usually the heat produced by the sorption reaction is not enough for DHW purposes or space
heating, so the system needs a heat recovery unit as backup. The main advantage of this system
is simplicity of application and operation, because its working principle is very similar to a
well-studied technology, e.g. desiccant cooling (DEC) which is used in air conditioning
systems. DEC combines sorption dehumidification, heat recovery, heating and evaporation, as
it takes air from the ambient and dehumidifies it thanks to a liquid or solid desiccant
(SiO2 (silica gel), ClLi (lithium chloride), Al2O3 (activated alumina), LiBr (lithium bromide) or
zeolite). The dry air is then evaporatively cooled by a heat exchanger and it is ready to
refrigerate and dehumidify buildings [30], while the wet absorbent must be regenerated by heat.
Closed loop systems have a wider range of applications because they can use every absorbentsorbate couple, since they do not exchange mass with the environment. For this reason, sorbate
and adsorbent need two separate vessels, one where the sorption and desorption reactions
occurs, the other where the sorbate is evaporated/condensed. Thus, these systems are more
complicated than open loop ones. Furthermore, typical sorbates require vacuum pumps to reach
the appropriate working conditions, therefore these systems are also referred to as “evacuated”.
Finally, both vessels require an internal heat exchanger in order to enhance the evaporation of
the sorbate, thus making the overall design more complex. The vapour is transferred from one
vessel to the other owing to a pressure difference. Thermochemical energy storage systems can
be classified also by the predominant type of reaction that occurs during the sorption process:
liquid absorption, solid adsorption and chemical reaction (shown in Figure 6) [31].
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Figure 6 Sorption heat storage technologies [31]

2.1 Physisorption based systems
This technology is mainly used in sorption chillers and low-temperature heat storage. Their
working cycle is the same, but the useful effect is located at different stages of the process. The
cycle is composed of a charging, a conservation, and a discharge phase. Figure 7 describes how
it works, the black lines representing the sorbent, and the blue lines representing the sorbate. In
point 1, the system is completely discharged, and the sorbate is absorbed onto the sorbent in the
reactor. The recharge phase, from state 1 to 3, is composed of an isosteric heating (state 1-2)
and an isobaric heating (state 2-3). During the first step, the energy spent in the reactor
(adsorber) is not sufficient for the desorption, until the temperature reaches the desorption
temperature Tdes. At that point (state 2) the sorbate starts desorbing from the sorbent and it can
move to the condenser if the throttling valve is open. In state 3 the desorption is interrupted, the
working pair is fully (or partially) separated, and the storage is charged. When energy is
requested by the user, the water is evaporated (state E-1) and sent to the reactor where the
adsorption reaction occurs, releasing the useful heating effect (state 4-1).
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Figure 7 Clapeyron diagram of the basic adsorption cycle [32]
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Figure 8 shows the functioning scheme of a basic adsorption cycle implementing the above
process.

Figure 8 Adsorption system scheme

2.1.1 Liquid absorption systems
Liquid absorption is a well-established technology used for space heating and cooling
exploiting heat at temperatures under 100°C, which would otherwise be wasted to the
environment. Instead, it drives the thermodynamic cycle of absorption heat pumps (AHP),
absorption chillers (AC), and absorption heat transformers (AHT) [33]. Absorption chillers are
thermally driven, therefore they do not require an electric power input. Hence, where power is
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expensive or unavailable, absorption machines may provide reliable and quiet cooling. Various
types of refrigerant–absorbent pairs are used but the most common ones are LiBr–water and
ammonia–water [34]. Until now, no absorption storage system has reached the commercial
stage, because further research efforts are needed to find optimal working pairs for this
technology. The vast majority of the prototypes under development focus on long-term, interseasonal storage [35].

2.1.2 Solid adsorption systems
Adsorption technologies have been used extensively for separation and purification of gases for
the past few decades but their exploitation for refrigeration and heating purposes is rather recent
[36]. Adsorption is a surface phenomenon occurring at the interface of two phases, in which
cohesive forces including Van der Waals forces and hydrogen bonding, keep the fluid
molecules confined within the pores of a solid [37]. Figure 9 illustrates the various steps of the
reaction: at the first stage the molecules are absorbed at low pressure in the best sites of the
surface (smaller pores), where the bonding potential of the atoms of the sorbent is higher; as
the vapor pressure increases, the coverage on the adsorbent surface forms a single layer (stage
2); multi-layer coverage starts to appear thanks to further increase of the pressure (stage 3); the
adsorption stops when all the available sites are filled and the maximum coverage is reached
(stage 4) [38].

Figure 9 Adsorption reaction phases
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The process can be described with an adsorption isotherm on a pressure-uptake plane, the form
of which depends on the type of adsorbent material used, as shown in Figure 10 [39].

Figure 10 Water adsorption isotherms: (1) SWS-1L; (2) FAM- Z02; (3) SWS-5L; (4) zeolite 13X; (5)
FAM-Z01; (6) silica Fuji Silys RD; (7) carbon aerogel a-CA-54; (8) pitch-based ACF P5 [39]

Researcher interest in adsorption technologies for residential and commercial buildings is
driven by many advantages such as [40]:
-

Possible exploitation of waste heat, solar, geothermal energy with low thermal value

-

long life cycle

-

low maintenance costs

-

low noises and vibration

-

zero-emissions operation

-

non-hazardous, non-pollutant materials

Systems using water as a sorbate may be a good option to satisfy all the above requirements. In
this context, zeolites are showing great potential for heat storage applications. Zeolites can be
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easily synthesized with a precise chemical composition and structure of the micropores,
therefore zeolite crystals present both large heat of adsorption and significant water adsorption
capabilities, without noticeable structural degradation [41]. Since this technology is rather
recent, studies have not reached sufficient maturity to overcome many of the current
technological barriers such as low coefficient of performance (COP) values, complex structural
design and intermittent working principle. At present, many of the research efforts are focused
on the development of new materials, in order to improve the efficiency of the
adsorption/desorption cycle [42].

2.2 Chemisorption based systems
Reversible chemical reactions of inorganic salts with water or other fluid reaction couples for
the purpose of thermal energy storage have been studied for decades. Numerous reversible
reactions can be used to store heat: oxide hydration or carbonation, hydration of hygroscopic
salts and metal hydration [43]. Salt hydrates are the most used materials in chemical sorption
storage systems. The general reversible hydration reaction of a salt can be written as follows:
𝑆𝑎𝑙𝑡 · 𝑛𝐻2 𝑂 + 𝑒𝑛𝑒𝑟𝑔𝑦 ↔ 𝑆𝑎𝑙𝑡 + 𝑛𝐻2 𝑂
A key factor for a successful development of a chemisorption machine for a specific application
is the choice of the sorbent salt. Different salts undergo different reactions, where the uptake
may vary from a few grams to more than 1 𝑘𝑔 of refrigerant per 𝑘𝑔 of salt. Furthermore, the
equilibrium pressure of one reaction can be several times higher than the equilibrium pressure
of other reactions, at the same temperature. Thus, sorption machines designed to effectively use
low-grade waste heat, or solar energy even during low insolation days, should contain salts that
can desorb at temperatures as low as 60–70 °C. Moreover, the salts should have high adsorption
capacity per unit mass of salt to ensure relatively high specific cooling capacity and COP [44].
Table 1 shows the promising materials for this technology.
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Table 1 Common chemisorption reactions [45]

Material
name

Reaction

Energy storage Desorption
density
temperature

𝐴+

𝐵

↔ 𝐶

𝐺𝐽/𝑚3

°𝐶

𝑀𝑔𝑆𝑂4

𝐻2 𝑂

𝑀𝑔𝑆𝑂4 ∙ 7𝐻2 𝑂

2.8

122

Iron
carbonate

𝐹𝑒𝑂

𝐶𝑂2

𝐹𝑒𝐶𝑂3

2.6

180

Iron
hydroxide

𝐹𝑒𝑂

𝐻2 𝑂

𝐹𝑒(𝑂𝐻)2

2.2

150

𝐶𝑎𝑆𝑂4

𝐻2 𝑂

𝐶𝑎𝑆𝑂4 ∙ 2𝐻2 𝑂

1.4

89

Magnesium
sulphate

Calcium
sulphate

2.3 Materials key characteristics for adsorption heat storage
The key characteristics that reactants should have are [46] [47]:
-

high energy storage density (Wh/kg or kWh/m3)

-

low charging temperature

-

high uptake of sorbate

-

high chemical and high thermodynamic stability (high number of operation cycles
without losing the material properties)

-

high thermal conductivity

-

low corrosivity

-

low toxicity, low environmental impact and low costs

No material currently available can satisfy all the above characteristics, therefore the material
selection should be screened and optimized to match the application requirements. Different
working pairs or materials considered mainly employ water as sorbate, due to its
environmentally friendly properties, high evaporation heat and low cost [47]. The way materials
interact with water largely depends on the structure of the micropores and on its composition,
and they can be divided in two categories: hydrophilic and hydrophobic. A hydrophilic material
tends to attract water molecules at very low vapour pressure, while a hydrophobic material
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necessitates higher pressures. Porous materials are most frequently characterized in terms of
pore sizes derived from gas sorption data, and IUPAC conventions have been proposed for
classifying pore sizes and gas sorption isotherms that reflect the relationship between porosity
and sorption (see Figure 11) [48].

Figure 11 Physisorption isotherm types according to the IUPAC classification [49]

These curves describe the amount of vapour adsorbed with respect to the variation of the
relative pressure at constant temperature. Type I isotherms are typical of microporous solids
and the steep increase of vapour absorbed at low relative pressure indicates that the material is
strongly hydrophilic. The Langmuir isotherm belongs to the Type I isotherm, which approaches
a limiting value as p/p0 tends to 1 [50]. Type II and type III describe adsorption on macroporous
adsorbents with strong and weak adsorbate-adsorbent interaction respectively [51]. Type IV
isotherm shows a hysteresis loop, attributed to the filling/vacating of mesopores by capillary
condensation. The lower branch represents sorption, while the upper branch represents
desorption. Type V isotherm has a characteristic S-curve and hysteresis loop. This isotherm is
witnessed for the adsorption of water onto various types of zeolites. The Type VI isotherm
exhibits multilayer adsorption on a uniform non-porous surface. In this type the adsorption
happens in steps [52].
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Figure 12 shows how the pores are distributed inside the material. Pore sizes below 2 𝑛𝑚 are
denoted micropores, those in the range of 2 𝑛𝑚 to 50 𝑛𝑚 are called mesopores, and those above
50 𝑛𝑚 are macropores.

Figure 12 Classification of porous materials according to their pore diameters [53]

Figure 13 shows the different shapes pores can assume: through pores are open at two or more
sides, blind pores are open at only one side, and closed pores does not have any opening. Every
pore can be isolated, but more frequently they are connected forming a pore network.

Figure 13 Different pore shapes [54]
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2.4 Common materials for adsorption heat storage
The most studied materials employed in sorption plants are presented in this section.

2.4.1 Silica gel
Silica gel is an incompletely dehydrated polymeric structure of colloidal salicylic acid with the
formula 𝑆𝑖𝑂2 ∙ 𝑛𝐻2 𝑂. This amorphous material consists of spherical particles of 2-20 nm in
size, sticking together to form the adsorbent silica gel [55]. The porous structure may change
between open and closed systems. In a closed system the sorption reaction happens at partial
pressures in the range of 0.1 − 0.3 therefore the silica gel needs a microporous structure in
order to exchange a sufficient amount of water. In opened systems the partial pressure is higher
therefore it is enough to use a mesoporous silica gel. The low regeneration temperature, in the
range of 50-90°C, makes it particularly suitable for industrial and residential applications where
all heat fluxes below 100°C are generally wasted into the environment. Other advantages are
the relatively low cost and the fact that it is environmentally friendly. Only three types of silica
gel are commercially available: Type-RD, Type A and Type 3A [56]. The key shortcoming
with silica gel is the low water exchange within a typical cycle, especially for closed systems,
which therefore requires large volumes of adsorbent. Another disadvantage is the low
temperature increase during the adsorption process. For these reasons, silica gel has low cooling
capacity, low specific cooling capacity and low COP [57]. It remains a possible option if
employed for long term storage because costs are the main issue.

2.4.2 Zeolites
Zeolites are crystalline alumino-silicates, characterized by a high specific surface area (about
700 𝑚2 /𝑔) and wide microporous volumes, which make these materials perfectly suitable for
water vapor adsorption. Thanks to their porous structure, zeolites are usually highly
hydrophilic, which allow them to obtain high adsorption capacities even at low partial
pressures. This high affinity for water, of course, causes strong bonding that requires high
desorption temperatures (more than 150°𝐶). Zeolites A, 13X and Y are the most common
synthetic zeolite types employed for adsorption heat storage [58]. These materials are used
generally in open systems in industrial facilities because they require higher regeneration
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temperatures than silica gel and air is the most efficient heat transfer medium. Thanks to their
crystalline structure they guarantee higher thermal stability over high frequency cycles than
silica gel. The general chemical formula of zeolites is:
𝑀𝑥/𝑛 [(𝐴𝑙𝑂2 )𝑥 (𝑆𝑖𝑂2 )𝑦 ] ∙ 𝑧𝐻2 𝑂
where 𝑛 is the valency of the metal cation 𝑀, which balance the negative charges in the
aluminosilicate framework. Type 13X is one of the best performing zeolites for heat storage
purposes due to high water uptake and fast reaction kinetics. In an open system configuration
experiments on zeolite 13X, a maximum sorption temperature of 80°C was achieved with a
water vapor pressure of 20 mbar and a hydration temperature of 35°C [59]. Table 2 shows the
classification of the zeolites based on their framework.
Table 2 Different zeolite types [60]

Zeolite types

Si/Al

Types of zeolite

Low silica

1-1.5

A, X, LSX, sodalite

Intermediate silica

2-5

Y, L, mordenite, erionite

High silica

10-4000

Dealuminated Y, ZSM-5

All silica

∞

silicalite

2.4.3 Zeo-like materials
Recently, new types of microporous sorbent materials have been proposed. They are called zeolike materials because their crystalline structure is similar to that of zeolites. The two categories
which showed the best reaction performances are Aluminophospates (AIPOs) and SilicaAluminophospates (SAPOs). The adsorption isotherms of these materials show a S-shape
curve, which indicates a good applicability to heat transformation [61]. Indeed, they combine
high capacity of water adsorption with moderate hydrophilicity, therefore they can be
regenerated at low temperatures in the range of 60-100°C maintaining high performance [62].
A recent study [40] tested a commercial SAPO-34 known as AQSOA Z02, both by means of a
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thermogravimetric analysis and by atomistic simulations. The isotherms measured with the
thermogravimetric analysis presented an S-shaped curve (e.g. Type V), with an average
adsorption heat equal to 61.8 𝑘𝐽/𝑚𝑜𝑙. This feature makes SAPO-34 interesting for sorption
applications, since a significant quantity of refrigerant (e.g. water) can be exchanged in a narrow
temperature/pressure range. The cost of these material is higher than zeolites because the
synthesis process to produce them is more expensive and an industrial production is still not
existent [62].

2.4.4 Active carbons
Active carbons are characterized by high specific surfaces and high micropore volume. They
are used mainly with ammonia and alcohols, thanks to their affinity with them. Active carbons
are commercially available and cheap therefore they are promising for TES applications, but
they can be applied only on closed systems because they have poor water sorption capabilities.
Similarly to silica gels, they are mainly studied to be employed as substrate or matrix for
composites sorbent or to enhance the thermo-dynamical properties of other sorbent materials.

2.4.5 Metal organic frameworks
Metal organic frameworks (MOFs) are made by connecting inorganic and organic units through
reticular synthesis, which forms highly strong bonds. Organic units are usually carboxylates or
other similar negatively charged molecules which, connected with the metal-containing unit,
build robust crystalline structures with high porosities, e.g. 50% on volume. For this reason,
MOFs can reach extremely high specific surface areas, in the range of 1000 − 10000 𝑚2 /𝑔,
significantly higher than zeolites, silica gel or activated carbon [63]. MOFs have a great
potential to be employed for energy storage and other sorption transformations because their
reticular synthesis process can tune the porosity, the pore structure and the crystalline structure.
In the past decade, 20’000 types of metal organic framework were created, in order to better
understand how to combine the inorganic and organic units to obtain specific properties of the
final material synthesized. As of today, MIL-101(Cr), MIL-100(Cr), MIL-100(Al) and MIL100(Fe) showed good cyclic water adsorption/desorption performances and good hydrothermal
stabilities and they were recommended as promising adsorbents in dry regions at medium or
high humidity conditions [64]. This class of materials is still far from being commercially
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available because the costs of production are still too high and their properties as sorption
material are still to be explored.

2.4.6 Composite materials
Composite materials are compounds made by impregnating an adsorbent material matrix (silica
gel, vermiculite) with a hygroscopic salt like calcium-chloride (CaCl2). The initial aim was to
enhance the water uptake of the sorbent in order to increase the COP and the specific cooling
power (SCP) of adsorption chillers. In fact, the first composite materials were called Selective
Water Sorbents (SWS) and were formed by a silica gel, porous carbon, zeolite matrix and salts
(CaCl2, LiBr etc.) [65]. Today the research is trying to develop new composite materials to
overcome the main disadvantages they have: poor thermochemical stability of the salt during
the sorption cycle and poor heat transfer properties [43]. The interest in these materials is
justified by the fact that combinations of the salt and the porous matrix allows to tune the
characteristics of the adsorption material in order to meet the needs of the application.
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3 Theoretical model
In this chapter, the assumed design constraints will be explained. The design of the
demonstrator has four main objectives:
-

it must be able to store at least 100 𝑊ℎ of thermal energy

-

during the discharge phase, heat must be delivered at a temperature of at least 35°𝐶
(having floor heating as a reference for a possible final use)

-

it must be able to operate exploiting a heat source at ambient temperature in both
summer and winter

-

it must use water as sorbate

The design includes six components: two cylindrical pressure vessels, one acting as an
evaporator/condenser for the sorbate and the other is the reactor where the adsorption reaction
takes place. One heat exchanger is held within the pressure vessels and it is made of a copper
pipe. Both vessels are closed by a cylindrical lid tightened with bolts, which compresses an Oring that guarantees a vacuum tight seal. The design of the whole device consists of two parts.
The first develops a theoretical model and design of the adsorption reaction cycle. The second
deals with the structural design of all the components and the production of the engineering
drawings.

3.1 Sorption reaction
Every sorption reaction produces a determined quantity of thermal energy, which is called heat
of adsorption. The general adsorption reaction is:
𝐴 + 𝐵 → 𝐴𝐵 + ℎ𝑒𝑎𝑡
where 𝐴 is the adsorbent, 𝐵 is the adsorbate and the thermal energy released during the sorption
of one mole of adsorbate is called isosteric heat. In general, the heat of adsorption is generated
by the release of the kinetic energy as the molecules of the sorbate are trapped into the
adsorption sites on the sorbent surface. In other terms, it is the molar enthalpy difference
between gas phase and adsorbed phase of the sorbate material [66].
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A widely used formula for computing the isosteric heat is based on the Clausius-Clapeyron
equation, assuming the sorbate vapour as an ideal gas:
𝜕 ln 𝑝
𝑞𝑠𝑡 = 𝑅𝑇 2 (
)
𝜕𝑇 𝑋

(3.1)

𝑔

Where 𝑅 is the universal constant of gases and 𝑥 is the adsorbate uptake measured in [𝑔𝑠𝑜𝑟𝑏𝑎𝑡𝑒 ].
𝑠𝑜𝑟𝑏𝑒𝑛𝑡

The isosteric heat of adsorption 𝑞𝑠𝑡 can be obtained from calorimetric experiments or from the
analysis of the adsorption isotherms at different temperatures. The equation (3.1) can be written
as:
𝑞𝑠𝑡
𝜕 ln 𝑝
=(
)
𝑅
𝜕 − 1/𝑇 𝑋

(3.2)

Equation (3.2) demonstrates that isosteres transformation in the thermodynamic Clapeyron
1

chart (ln 𝑝 ÷ − 𝑇) are characterized by a slope equals to

𝑞𝑠𝑡
𝑅

.

3.2 Adsorption isotherms
Adsorption isotherms are curves that express the variation of the gas uptake by the adsorbent
as a function of the (relative) pressure, at constant temperature. Depending on the type of
material and on the dimension and distribution of micropores, different models are used to
predict his behaviour during the adsorption reaction. The first important scientific contributions
to the field and popular examples of isotherm formulation are due the work of Freundlich and
Langmuir about 100 years ago. Strictly speaking, the latter formulations are limited to the
monolayer adsorption of an ideal gas, which is an accurate assumption only at low pressures
for a homogeneous material [67].
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3.2.1 Langmuir isotherm
In 1916, the chemist and physician Irvin Langmuir formulated an adsorption isotherm based on
four hypotheses:
-

only one layers of sorbate forms onto the surface of the solid adsorbent

-

the sorbent sites are all energetically equivalent

-

the reaction is reversible

-

the interactions between sorbate molecules are negligible as compared to the sorbatesorbent interactions

The ratio between the number of sites occupied by the sorbate molecules 𝑛𝑠 and the total
number of sites in the sorbent volume 𝑛𝑡𝑜𝑡 is called coverage and it is indicated with the symbol
𝜃:

𝜃=

𝑛𝑠
𝑛𝑡𝑜𝑡

(3.3)

Langmuir isotherm expresses the dependence of the coverage from the pressure and the
temperature:
𝜃(𝑝, 𝑇) =

𝐻(𝑇) ∙ 𝑝
1 + 𝐻(𝑇) ∙ 𝑝

(3.4)

where 𝑝 is the pressure and 𝐻(𝑇) is the Henry’s constant which depends on the temperature 𝑇.
At low pressures this equation reduces to Henry’s law, thus it is thermodynamically consistent.
3.2.2 Toth isotherm
Toth isotherms are a correction to the Langmuir formulation that uses fitting parameters to
better match experimental results. Toth isotherm is calculated with the following equation:
𝑝

𝜃(𝑇) =

1

𝜏
1
(
+ 𝑝𝜏 )
𝐻(𝑇)
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(3.5)

Where the parameter 𝜏 represents the system heterogeneity. If it deviates away from unity, the
system becomes less homogeneous [68].

3.2.3 Isosteric heat at low coverage
In cases of low coverage, the equations of the Langmuir model can be written this way:
𝑞𝑠𝑡 = 𝑅𝑇 2 (

𝜕 ln 𝑝
𝜕 ln 𝐻
) = −𝑅𝑇 2 (
)
𝜕𝑇 𝑋
𝜕𝑇 𝑋

(3.6)

At this point an assumption must be made on the potential energy of adsorption of the sites,
which is called 𝜀. Considering a rectangular potential for simplicity, it can be proven that:
𝐻(𝑇) =

𝐶̅ 𝜀
𝑒 𝑅𝑇
𝑇

(3.7)

These two equations connect the isosteric heat with the adsorption potential of the sites, and the
result can be written as:
(3.8)

𝑞𝑠𝑡,𝑥→0 = 𝜀 + 𝑅𝑇

Other formulations of the potential energy of adsorption, like an armonic potential, can be
considered, and in that case the isosteric heat is:
𝑞𝑠𝑡,𝑥→0 = 𝜀 −

𝑅𝑇
2

(3.9)

In this work, the maximum cycle temperature is equal to 363.15 𝐾, therefore the term 𝑅𝑇 is
𝑘𝐽

equal to 3.02 𝑘𝑔. The values of the isosteric heat for zeolite 13X is about 60

𝑘𝐽
𝑘𝑔

[69], therefore

the temperature contribution in equations (3.8) and (3.9) is considered negligible. It follows
that:
𝑞𝑠𝑡,𝑥→0 ≈ 𝜀
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(3.10)

3.2.4 Heat of adsorption
According to a study by Smith, Henry’s constant can be written as [70]:
𝐻(𝑇) =

𝜀
1 ∆𝑆0
𝑒 𝑅 ∙ 𝑒 𝑅𝑇
𝑝0

(3.11)

where 𝑝0 is the reference pressure and ∆𝑆0 is the entropic variation. The heat released/adsorbed
during the adsorption/desorption reaction is:
𝑑𝑄 = ±𝑞𝑠𝑡 𝑑𝑛𝑠

(3.12)

where 𝑞𝑠𝑡 is the isosteric heat and 𝑑𝑛𝑠 is the variation in number of moles. During adsorption
the heat is released from the reaction therefore it is considered negative, while during desorption
heat is stored into the material therefore it is assigned a positive sign. In the Langmuir model,
at the evaporation pressure, the heat released during the storage cycle is:
𝜃𝑚𝑎𝑥

𝑞𝑠𝑡 [𝜃, 𝑇(𝜃), 𝑝 = 𝑝𝑒 ]𝑑𝜃

𝑄𝑎𝑑𝑠 = 𝑛𝑡𝑜𝑡 ∫

(3.13)

𝜃𝑚𝑖𝑛

Changing variable to express the dependence on the temperature and considering low coverage
the integral in equation (3.13) becomes:
𝑇(𝜃𝑚𝑎𝑥 )

𝑄𝑎𝑑𝑠 = 𝑛𝑡𝑜𝑡 ∫
𝑇(𝜃𝑚𝑖𝑛 )

𝑇(𝜃𝑚𝑎𝑥 )
𝑑𝜃
𝑞 (𝑇)𝑑𝑇 ≈ 𝑛𝑡𝑜𝑡 ∫
𝜀𝑑𝜃 = 𝑛𝑡𝑜𝑡 𝜀∆𝜃
𝑑𝑇 𝑠𝑡
𝑇(𝜃𝑚𝑖𝑛 )

(3.14)

This equation shows that 𝑄𝑎𝑑𝑠 depends on the physico-chemical characteristics of the material:
𝑄𝑎𝑑𝑠 = 𝑄(𝜀, ∆𝑆0 )

(3.15)

Finally, the quantities of zeolite and water necessary to produce the target energy power
𝑄𝑡𝑎𝑟𝑔𝑒𝑡 = 100 𝑊ℎ has been found, considering that zeolite maximum water uptake 𝑥_𝑚𝑎𝑥 is
equal to 0.3 𝑘𝑔𝐻2 𝑂 /𝑘𝑔𝑧𝑒𝑜 [71]:
𝑚𝑧𝑒𝑜 =

𝑄𝑡𝑎𝑟𝑔𝑒𝑡 ̅̅̅̅̅̅̅
𝑀𝐻2 𝑂
𝑄𝑎𝑑𝑠
𝑥_𝑚𝑎𝑥 3.61
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(3.16)

𝑚𝐻2 𝑂 =

𝑄𝑡𝑎𝑟𝑔𝑒𝑡 ̅̅̅̅̅̅̅
𝑀𝐻2 𝑂
𝑄𝑎𝑑𝑠
3.61

(3.17)

where the factor 3.61 converts from 𝑊ℎ to 𝑘𝐽.

3.3 Entropic parameter
The entropic parameter is the difference in entropy between the water vapour surrounding the
zeolite and the condensed phase inside its micropores. In order to have an estimate of the latter
value, we can calculate it as an average between two known conditions. The first condition
considers the water inside the zeolite volume as ice, therefore calculates the entropic parameter
as [72]:
𝑔

𝑠
∆𝑆0 = 𝑠𝑠𝑖𝑡𝑒
− 𝑠0 ≈ 𝑠0𝑖𝑐𝑒 − 𝑠0𝑣𝑎𝑝𝑜𝑢𝑟 = (41 ∙ 10−3 − 188,84 ∙ 10−3 )

𝑘𝐽
𝑚𝑜𝑙 ∙ 𝐾

𝐽
= −147,84
𝑚𝑜𝑙 ∙ 𝐾

(3.17)

where 𝑠0𝑖𝑐𝑒 is the standard molar entropy of frozen water and 𝑠0𝑣𝑎𝑝𝑜𝑢𝑟 is the standard molar
entropy of water vapour. Dividing the value found by the universal gas constant 𝑅, it is
calculated:
∆𝑆0 −147,84
≈
≈ −17,7
𝑅
8,314

(3.18)

The second condition considers the adsorbed water as in liquid state:
𝑔

𝑠
∆𝑆0 = 𝑠𝑠𝑖𝑡𝑒
− 𝑠0 ≈ 𝑠0𝑙𝑖𝑞𝑢𝑖𝑑 − 𝑠0𝑣𝑎𝑝𝑜𝑢𝑟 = 69,95 ∙ 10−3 − 188,84 ∙ 10−3

𝐽
= −118,89
𝑚𝑜𝑙 ∙ 𝐾
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𝑘𝐽
𝑚𝑜𝑙 ∙ 𝐾

(3.19)

Dividing the value found by the universal gas constant 𝑅, it is calculated:
∆𝑆0 −118,89
≈
≈ −14,3
𝑅
8,314

(3.20)

The mean value between those found in equations (3.17) and (3.19) is:
∆𝑆0
≈ −16
𝑅

(3.21)

and is the value considered in the model used for the design of the adsorption cycle.

3.4 Assumptions
The zeolite 13X is microporous and can be considered homogeneous, therefore if we consider
the water vapour as an ideal gas the Langmuir isotherm can be used for the theoretical
calculations. It is assumed that the desorption reaction reaches a maximum temperature of 90°C.
The adsorption device must vaporize the water at 10°C (during winter) and at 30°C (during
summer). In order to evaporate the water at such low temperatures, the adsorber must be
evacuated down to the saturation pressure of water at the above temperatures. The relation
between saturation pressure and temperature of a chemically pure liquid in equilibrium with its
vapour is given by the Antoine’s equation:
log 𝑃 = 𝐴 −

𝐵
𝐶+𝑇

(3.22)

where 𝑃 is the pressure in 𝑚𝑚𝐻𝑔, 𝑇 is the temperature in °𝐶 and 𝐴, 𝐵, and 𝐶 are the so-called
Antoine coefficients, that depend on substance type and on temperature range. In table 3 are
referenced the values of the three Antoine’s coefficients:
Table 3 Antoine equation parameters for water between 1-100 °C [73]

Antoine coefficients
A

B

C

8.07131

1730.63

233.426
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4 Results
The pressures calculated by the Antoine’s equation are 12.2 𝑚𝑏𝑎𝑟 and 42.3 𝑚𝑏𝑎𝑟 respectively.
These pressures are in the range of medium-vacuum and can be reached using a diaphragm
vacuum pump, usually employed for laboratory experiments. Since a good vacuum tightness of
the whole device is difficult to achieve, a diaphragm vacuum pump Laboport N810.3 FT.18G,
which is able to ensure an absolute pressure of 8 𝑚𝑏𝑎𝑟, has been chosen. This pump presents
high compatibility with water vapour and a pumping flow rate of 10 𝐿/𝑚𝑖𝑛 at atmospheric
pressure. This device is shown in Figure 14.

Figure 14 Diaphragm vacuum pump Laboport N810.3 FT.18G [74]

A vacuum control unit model VC-900 will monitor the pressure inside the reactor vessel, shown
in Figure 15. This device presents a resolution of 1 𝑚𝑏𝑎𝑟, therefore it is suitable for the
operating conditions considered. The VC-900 can be connected to a computer through a USB
connection, therefore the pressure can be monitored by a dedicated software.
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Figure 15 Vacuum control unit VC-900 [75]

The pressure inside the evaporator/condenser vessel is calculated with the Antoine’s equation,
using the value of temperature measured by a thermocouple inserted in the tank by means of a
thermowell. The reactor vessel temperature is also monitored with three thermocouples inserted
in the same way specified above. The thermowells are constituted of a stainless steel 316
housing (with length 50 𝑚𝑚), suitable to work with a probe diameter of 3 𝑚𝑚. The flow of
water vapour between the evaporator/condenser and the reactor vessel is controlled by a twoway brass ball-valve, suitable both for high and for low pressure applications. The mass flow
of water inside the heat exchangers will be monitored directly by a variable area flowmeter,
installed on the inlet pipe. This device is able to measure a mass flow range of 5 ÷ 46 𝐿/𝑚𝑖𝑛.
On the evaporator/condenser side, the water sent to the heat exchanger is taken from the water
mains, while on the reactor side the water flowing inside the heat exchanger is circulated by
means of a recirculation pump.
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4.1 Numerical results
Figure 16 shows the relation between saturation pressure of water vapour and water temperature
calculated with the Antoine equation in a temperature range of −10 ÷ 40 °𝐶.

Figure 16 Saturation pressure of water vapour according to Antoine’s equation
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The calculation performed on MATLAB using the theoretical model gave the plot of the
adsorption cycle on a pressure-coverage chart, shown in Figure 17. A molar heat of adsorption
of 16.98 𝑘𝐽/𝑚𝑜𝑙 was found while the variation in the coverage is 0.283.

Figure 17 Adsorption ideal cycle in the coverage-pressure chart

The red dashed line represents the Langmuir isotherm at 308.15 𝐾 and the blue line is the
Langmuir isotherm at 363.15 𝐾, both calculated over a pressure range of 0 − 60 𝑚𝑏𝑎𝑟. The
adsorption heat is released during the step D-A at the pressure of 12.2 𝑚𝑏𝑎𝑟. At point A all the
available sites onto the zeolite micropores are occupied, therefore the adsorption process stops.
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Table 4 shows the values of the thermodynamic quantities in the 4 cycle points, necessary to
represent it on the Clausius-Clapeyron plane.
Table 4 Ideal cycle points

States
Properties
A

B

C

D

Pressure [𝒎𝒃𝒂𝒓]

12.2

42.3

42.3

12.2

Temperature [𝑲]

308.15

325.5

363.15

341.8

Coverage

0.9533

0.9533

0.6703

0.6703

0.2860

0.2860

0.2011

0.2011

𝒈𝑯𝟐 𝑶

Uptake [ 𝒈

𝒛𝒆𝒐

]

Figure 18 shows the resulting plot of the Langmuir and the Toth isotherms at 308.15 𝐾 and
363.15 𝐾. The formers are represented by the dashed lines, while the latter are represented by
the continuous lines. Eight pressure-uptake couple, indicated by the green dots in Figure 18,
were sampled onto the two Toth isotherms.
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Figure 18 Toth correction to Langmuir and p-Ѳ sampling

The isosteric heat was then calculated for the sampled couples using the Clausius-Clapeyron
equation:
(ln 𝑝(𝑇 = 363.15 𝐾) − ln 𝑝(𝑇 = 308.15 𝐾)
𝜕 ln 𝑝
𝑞𝑠𝑡 = −𝑅 (
)
= −𝑅
1
1
𝜕 1⁄𝑇 𝑋→0
−
363.15 308.15

(4.1)

The values of the isosteric heat sampled from the isosteres are almost constant, as a
demonstration that this is true when the sorbate uptake is low. The sampled data were used to
1

𝑝

represent the isosteres onto the (− T) ÷ ln (𝑝 ) plane, where 𝑝0 = 1 𝑃𝑎 is the reference
0

pressure. The resulting plot is shown in Figure 19.
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Figure 19 Adsorption cycle

Table 6 summarizes the results of the first part of the simulation.
Table 5 Adsorption cycle materials to store 100 Wh

Unit of measure

Value

𝑘𝐽
]
𝑚𝑜𝑙𝐻2 𝑂

16.9802

Zeolite necessary

[𝑔]

1288

Water to be absorbed

[𝑔]

386

Molar thermal energy produced
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4.2 Final considerations
To reach a theoretical energy storage of 100 𝑊ℎ, 386 𝑔 of water vapour must be adsorbed into
1288 𝑔 of zeolite 13X. This is quite difficult to realize practically, because this model does not
consider the difficulty encountered by the water vapour to diffuse towards the further regions
of the tank. Furthermore, zeolite 13X has a low thermal conductivity, therefore the heat
exchange efficiency should be enhanced by a copper network held in the reactor tank. Another
possible solution may be to weld copper fins on the heat exchanger pipe. During the adsorption
reaction, a part of the heat released is lost towards the ambient, therefore a thermal isolation of
the reactor vessel may be required. The quantities of zeolite and water specified above would
require very small tanks. The copper tube that constitutes the heat exchangers has a minimum
bending radius, and if not respected, the pipe may collapse or break. Finally, it would be
impossible to insert the heat exchangers into a very small tank, due to space limitations. To
ensure the target energy storage, a safety coefficient equal to 3 is considered, therefore a mass
of zeolite of 3.2 𝑘𝑔 has been considered, which requires 0.960 𝑘𝑔 of water vapour to be
adsorbed to work with the same adsorption cycle modelled. The only difference is that the
theoretical energy stored is 256 𝑊ℎ. One more consideration must be done about the quantity
of water to be used: the heat exchanger of the evaporator must be always in contact with the
liquid water, at least partially, during all the evaporation process, therefore the calculated
quantity of water to be placed into the evaporator is multiplied by a factor 1.5, so 1.5 𝑘𝑔 of
water will be used. The final characteristics of the device, given the last considerations, are
summarized in table 7.
Table 6 Reactants and product of the sorption reaction

Unit of measure

Value

𝑘𝐽
]
𝑚𝑜𝑙𝐻2 𝑂

16.9802

[𝑊ℎ]

256

Zeolite necessary

[𝑔]

3200

Water to be absorbed

[𝑔]

960

Molar thermal energy stored
Energy storage target
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5 Geometric design of the components
In this chapter all the steps performed to design the components of the demonstrator are
covered. To accomplish this task, the standard of the American Society of Mechanical Engineer
(ASME) has been used, which provides the rules to design both the vessels and their lids.

5.1

ASME

The ASME is an American association born in 1880 in response to numerous incidents caused
by vessels under pressure. It aims to help engineers worldwide to safely and correctly design,
through the publication of codes and standards on multidisciplinary topics. In particular, the
ASME code used in this work is the Boiler and Pressure Vessel code (BPVC), which explain
the rules and the formulas to be used to correctly design vessels and components subject to
pressure loads [1] [2].

5.2 Design requirements
The BPVC does not provide strict rules to design the minimum thickness of vacuum chambers.
However, a vessel under vacuum condition can be considered as a shell, where a uniform
pressure is applied on the external surface, with an intensity equal to the differential pressure
between environmental pressure and the absolute pressure inside the shell. The two vessels
must be able to contain 3.2 𝑘𝑔 of zeolite and 1.5 𝑘𝑔 of water respectively, considering they
also have a heat exchanger inside them. One more requisite must be observed to design the
vessels thickness: the heat exchanger and the external water circuit necessitate of two fittings
being installed into the same threaded hole on the vessels wall. The thickness must be large
enough to permit the correct installation of the two fittings in order to guarantee a vacuum tight
connection of the heat exchangers, while also allowing their assembly/disassembly.

5.3 Vessels thickness design procedure
According to ASME BPVC-Section VIII-Division 1 [76], the first step to design vessels with
external diameter 𝐷0 consists in assuming a plausible value of the thickness 𝑡 and consequently
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𝐿

calculating the ratios 𝐷 and
0

𝐷0
𝑡

, where 𝐿 is the length of the cylinder. Subsequently, a coefficient

𝐴 must be retrieved from fig. G in ASME BPVC Sec. II-Part 3, shown in Figure 20.
It is possible to apply the linear interpolation:
𝑥 − 𝑥𝑏
𝑥 − 𝑥𝑎
𝑦𝑎 −
𝑦
𝑥𝑎 − 𝑥𝑏
𝑥𝑎 −𝑥𝑏 𝑏

in order to find the intermediate values of

𝐷0
𝑡

(5.1)

and then calculate the factor 𝐴 as:

𝐷0
𝐷0
𝑡 − ( 𝑡 )1
𝐴 = 𝐴1 + [
∙ (𝐴2 − 𝐴1 )]
𝐷0
𝐷0
( 𝑡 ) −( 𝑡 )
2
1

Figure 20 Geometric chart for components under external pressure [77]
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(5.2)

With the coefficient 𝐴 found in the previous step, the coefficient 𝐵 can be derived from the
applicable material chart in Subpart 3 of Section II (shown in Figure 21), which takes into
consideration the material of the vessel and the operating temperature. It is possible to
interpolate linearly between the temperatures, using the same process specified above, to find
the values of 𝐵. The permissible pressure 𝑃𝑎 is finally calculated from the following equation:
𝑃𝑎 =

4𝐵
𝐷
3 ( 0⁄𝑡)

(5.3)

The applied pressure 𝑃 that the vessels must withstand is calculated as:
𝑃 = 𝑃𝑎𝑡𝑚 − 𝑃𝑖𝑛

(5.4)

Where 𝑃𝑎𝑡𝑚 is the standard sea-level pressure and 𝑃𝑖𝑛 is the absolute pressure inside the vessel.
If the design pressure is higher than the permissible pressure (𝑃 > 𝑃𝑎 ), the entire procedure
must be repeated with an increased value of the thickness 𝑡.

Figure 21 Applicable material chart for coefficient B [77]
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5.4 Lids structural design
According to the BPVC rules described referring to the configuration shown in Figure 22, the
thickness 𝑡 must be calculated as:
𝐶𝑃
𝑡 = 𝑑√
𝑆𝐸

(5.5)

𝐸 is the joint efficiency (also referred to as weld efficiency), 𝑃 is the differential pressure
applied measured in 𝑝𝑠𝑖 and 𝑆 is the material’s maximum allowable stress (under tension). The
factor 𝐶 depends on the method of attachment of the lid and on the shell dimensions. According
to the design procedure, the thickness is directly proportional to internal diameter 𝑑 of the shell,
therefore only the design of the reactor’s lid has been performed since it has the highest internal
diameter of the shell it is attached on.

Figure 22 Configuration with C=0.33 [76]
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5.5 Design of the flat vessels bottom
The bottom part of the vessels is designed according to the BPVC procedure referred to
components such as unstayed flat heads and covers. They present the configuration shown in
Figure 23, where also the value of the factor 𝐶 is displayed. The thickness is then calculated
from the previous equation (5.4).

Figure 23 Configuration with C=0.17 [76]
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5.6 Results
In this section the results of the structural dimensioning of all the components are presented.

5.6.1 Reactor vessel dimensions
The calculated thickness of the reactor vessel is 30 𝑚𝑚 and the material considered in the
procedure is the aluminium alloy 5454 in 0 temper. The parameters calculated during the design
procedure are summarized in Table 8.
Table 7 Reactor vessel design parameters

Dimensions

ASME coefficients

Permissible pressure

External diameter 𝐷0 = 235 𝑚𝑚

𝐴 = 0.047

𝑃𝑎 = 74 𝑏𝑎𝑟

Thickness 𝑡 = 30 𝑚𝑚

𝐵 = 6500

Height 𝐿 = 370 𝑚𝑚

5.6.2 Evaporator/condenser dimensions
The calculated thickness of the evaporator/condenser vessel is 24 𝑚𝑚. The parameters
considered in the design procedure are summarized in Table 9.
Table 8 Evaporator/condenser design parameters

Dimensions

ASME coefficients

Permissible pressure

External diameter 𝐷0 = 170 𝑚𝑚

𝐴 = 0.038

𝑃𝑎 = 79 𝑏𝑎𝑟

Thickness 𝑡 = 24 𝑚𝑚

𝐵 = 6000

Height 𝐿 = 320 𝑚𝑚
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5.6.3 Lids and flat bottom heat dimensions
The values of the parameters used during the design procedure of lids and flat unstayed heads
are summarized in table 10. The two calculations differ only in the connection factor 𝐶. The
minimum thicknesses obtained are 3.1 𝑚𝑚 and 2.2 𝑚𝑚 for lids and flat unstayed heads
respectively, but for safety standards they are oversized by a factor 6.5. For the sake of
simplicity, the design thickness of all these parts is 20 𝑚𝑚.
Table 9 Design parameters of the lids and flat bottom unstayed heads

Parameters
ASME

Values for the

Values for the flat

symbols

lids

unstayed heads

𝑑 [𝑚𝑚]

165

165

𝐶

0.33

0.17

Maximum allowable tensile stress

𝑆 [𝑘𝑠𝑖]

15.7

15.7

Pressure load

𝑃 [𝑝𝑠𝑖]

15

15

Minimum thickness

𝑡 [𝑚𝑚]

3.1

2.2

𝑡𝑟𝑒𝑎𝑙 [𝑚𝑚]

20

20

Tank internal diameter
Connection factor

Design thickness

5.7 O-ring gasket seal design
O-ring is an elastomeric ring with circular section, commonly used as sealing gasket for
hydraulic and pneumatic applications. They are designed to be allocated in a special housing
called groove, which is designed taking into account the typology of sealing attachment and the
direction of application of the pressure. The dimensions of the O-ring are regulated by the ISO
norm 3601/1, which specifies their internal diameter and thickness. The surface roughness of
the groove is a critical parameter for pressurized gases or vacuum applications, because gas can
leak through very small paths. Therefore, the surface against which an O-ring is placed should
be smooth, and sharp edges should be smoothed to avoid denting the elastomer. A convenient
O-ring material to use in the application considered in this work is an IIR-Butyl type because it
resists to water and water vapour, and due to its high-density structure it has a very low
permeability to gases, which makes it ideal for vacuum tight seals.
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For the reactor’s seal an O-ring type AISI-264 has been chosen, while the evaporator/condenser
is sealed with an O-ring type AISI-248. Since both O-rings have the same section diameter, the
groove dimensions are the same for both vessels. Figure 24 shows the groove designed on the
two vessels.

Figure 24 O-ring groove detail

After the O-rings have been placed into the groove, they are squeezed by tightening the bolts
which connect the tanks to the lids. The correct dimensioning of the groove and the correct
tightening order, shown in figure 25, ensure that the O-ring seals are vacuum tight.

Figure 25 Bolts tightening order
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6 Validation of the geometric design
The vessels structural design has been validated by performing a Finite Element Method (FEM)
analysis. FEM is a numerical technique used to find the approximated solution of the partial
derivative equations over a defined domain. First, the domain is divided into geometrical
subdomains, creating the so-called mesh. Then, a generic continuous function can be
represented by a linear set of algebraic polynomials, over the defined finite elements. For this
reason, the properties of the material can be considered as completely defined over the finite
volume of the elements. The solution of the complete system derives from the assembly of all
the elements and their properties. In summary, the steps involved in the FEM analysis are the
creation of the model, its solution and then the visualization of the results [78]. Figure 26 shows
the detailed process involved in the simulation.

Figure 26 FEM analysis simulation steps

6.1 Geometry simplification and mesh creation
The simplified geometry analysed is a cylindrical tube, closed on the side where there is the flat
cover. The critical areas (through holes) are maintained, since it is expected that they are the
zones where the higher tensions and deformations arises during the operation of the device.
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The component dimensions are similar to each other, therefore the mesh must be composed by
3-D (three-dimensional) finite elements. Since the component is not a rotational solid or
obtainable by extrusion of a geometric shape (because there are through holes on the surface),
a tetrahedral element type has to be used for the FEM analysis. There are two methods of
meshing, one is called “automatic mesh”, it is typically fast but does not allow to control the
mesh flow and mesh pattern; the other method is called “2-D tria to 3-D tria” and is divided
into two parts. In the first part, all the solid surfaces are meshed with two-dimensional elements
(2-D quad or tria elements), which can then be adjusted to better represent the surface pattern,
for example by increasing the number of elements where a more detailed analysis is requested
or where the geometry is more complicated. The second part consists in the creation of the 3-D
tetrahedral elements. The element types introduced are shown in figure 27.

Figure 27 Element types for tetrameshing

In structural analysis, it is better to use small elements size in the critical areas, while the less
critical ones should be meshed with a coarse mesh or a bigger elements size. The use of trias
creates a smooth transition from a dense mesh to a coarse mesh. In commercial softwares, the
default tria mesh produces equilateral triangles, but there is an option to use right-angle triangles
called “R-trias”. These elements are generated splitting quad elements along their diagonal to
form two triangles. Generally, equilateral triangles are better, but in case of contact between
two surfaces, the use of R-trias establishes a similar mesh pattern on the two surfaces, resulting
in a smoother mesh transition.
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Figure 28 shows the two different trias type.

Figure 28 Types of triangular mesh elements
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6.2 Resulting mesh and mesh quality check
For the 2-D mesh, R-tria elements with a side dimension of 0.01 𝑚 were used. After all the
surfaces were wrapped by the elements, the function “tetramesh” has been used to create the 3D mesh. This command allows to fill the volume of the vessels with tetrahedral elements. The
mesh generated using this function is displayed in figure 29. The mesh shows a regular coarse
pattern on the top surface of both vessels while it is finer in the proximity of the critical areas
such as through holes.

Figure 29 Reactor (on the left) and evaporator (on the right) mesh
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The ideal shape of the tetrahedrons is an equilateral tetrahedron. There are several tools that
allow to check the quality of the elements of the mesh produced, measuring how far a given
element deviates from the ideal shape. The software returns the number of elements that failed
the quality check and their percentage over the total number of the mesh elements. Usually, if
the elements that failed the quality check are more than 1.5%, a mesh adjustment is necessary
in order to improve the quality of the analysis.

6.3 Parameters for the mesh quality check
The first parameter considered is called “Tetra collapse”. It is calculated as:
𝑇𝑒𝑡𝑟𝑎 𝑐𝑜𝑙𝑙𝑎𝑝𝑠𝑒 =

𝐻𝑚𝑖𝑛
1.24√𝐴

(6.1)

where 𝐻𝑚𝑖𝑛 is the smaller of the distances measured from each of the four nodes to its opposite
surface and 𝐴 is the opposite surface area. Every element which satisfy the relation
𝑇𝑒𝑡𝑟𝑎 𝑐𝑜𝑙𝑙𝑎𝑝𝑠𝑒 > 0.1 is considered acceptable. Zero elements of the mesh created failed this
test. The second parameter considered is called “Volumetric skew”. It is calculated as:
𝑉𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝑠𝑘𝑒𝑤 =

𝑉𝑖𝑑𝑒𝑎𝑙 − 𝑉𝑎𝑐𝑡𝑢𝑎𝑙
𝑉𝑖𝑑𝑒𝑎𝑙

(6.2)

Considering the sphere passing for the three corners of the tetrahedron, 𝑉𝑎𝑐𝑡𝑢𝑎𝑙 is the volume
of the tetrahedron and 𝑉𝑖𝑑𝑒𝑎𝑙 is the volume of the equilateral tetrahedron inscribed in the same
sphere. The closer it is to zero, the closer the 3-D element is to the ideal equilateral tetrahedron.
The acceptable values are at 𝑉𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝑠𝑘𝑒𝑤 < 0.7. Running the quality check, Hypermesh
returned that 1.3% of the elements failed the test, which is acceptable. The third parameter
considered is called “Jacobian”, which is a scale factor arising because the elements are
transformed from global coordinates to local coordinates to save computational time.
Acceptable values are above 0.5, and the mesh created has zero elements which do not satisfy
this condition. After the mesh quality check has been performed, it is necessary to define the
material properties and the theoretical model that the software will use to run the FEM analysis.
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6.4 Definition of material, properties and solver model
The material characteristics have been specified as shown in figure 30. The “MAT1” label
identifies a material which properties are isotropic (true with good approximation for metals),
linear and temperature-independent.

Figure 30 Aluminium alloy characteristics

After the material characteristics have been defined, the properties of the elements of the mesh
must be specified, as shown in Figure 31. The “PSOLID” label indicates that the elements
where the analysis must be performed are 3-D.

Figure 31 Property definition

After materials and properties are defined, a linear static analysis is performed. Linear implies
that the material follows a linear elastic behaviour and static implies that the loads applied are
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constant over time. The solver keeps following a straight stress-strain line even if the stresses
overcome the failure threshold of the material, as shown in figure 32. To control if the
component resists to the loads applied, the maximum stress calculated must be compared with
the stress at which the material fails.

Figure 32 Material law for the solver

The linear static analysis is based on the Hook’s law, and the solver uses it to calculate the stress
and the displacement that the structure undergoes:
𝜎 = 𝐸𝜀

(6.3)

where 𝜎 is the stress, 𝐸 is the elastic modulus and 𝜀 is the strain per unit of length.

6.5 Results
The resulting displacement of the structure is shown in figure 33. The maximum displacement
found was 0.50 𝜇𝑚 and 0.29 𝜇𝑚, located in the middle part of the internal surface of the
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cylinders. This is expected, because the top side and the bottom side are restricted from
displacement by lids and flat cover respectively.

Figure 33 Displacement (in meters) of the reactor tank (to the left) and the evaporator tank (to the
right)

Figure 34 shows that the values of the stresses applied to the elements of the mesh. The
maximum tensile stress found was 0.91 𝑀𝑃𝑎 and 0.76 𝑀𝑃𝑎 respectively, located in proximity
of the holes of the shells. The minimum stress (failure stress) at which the Aluminium type
5454 in 0 temper starts to show a permanent deformation, measured with a tensile test, is 85
MPa. The designed components can be considered safe for the application predicted. Since the
tensile stresses calculated are very small (~1% on the most affected elements) with respect to
the failure stress of the material, a more detailed analysis on the critical areas is not required.
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Figure 34 Elements tensile stress (in MPa) of the reactor tank (to the left) and the
evaporator/condenser tank (to the right)
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7 Design of the heat exchangers and design of heat transfer
Inside the pressure vessels there is a heat exchanger made from a copper tube, inside which
water will flow, heating or cooling the substances inside the tanks. Copper is the first material
choice for heat exchangers because it is cheap, easy to bend and has a very good thermal
conductivity. The type of copper is a CW024A grade and the pipe has the following
characteristics:
𝑊

-

thermal conductivity 390 𝑚2 𝐾

-

internal diameter 4.4 𝑚𝑚

-

external diameter 6 𝑚𝑚

The heat exchangers for the evaporator/condenser is a conventional helix heat exchanger while
three different configurations for the reactor’s heat exchanger have been explored.

7.1 Evaporator/condenser heat exchanger
The 3-D model of the helix heat exchanger predicted for the evaporator/condenser is shown in
figure 35:

Figure 35 Evaporator heat exchanger design on Solidworks
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The evaporator/condenser must contain 1500 𝑔 of water and must be able to produce 960 𝑔 of
water vapour. During all the time required by the evaporation, the heat exchanger must be
immersed totally or for the most part in the liquid water, therefore its dimensions must be
designed consequently. The height of the heat exchanger is a little lower than the maximum
level of water contained in the evaporator. Since the internal diameter of the evaporator 𝐷𝑖 is
112 𝑚𝑚 the maximum height 𝐻𝑚𝑎𝑥 of water into the tank is calculated as:
𝐻𝑚𝑎𝑥 =

𝑚𝑤
= 153 𝑚𝑚
𝜌𝑤 𝐴𝑏𝑎𝑠𝑒

(7.1)

where 𝜌𝑤 and 𝑚𝑤 are the density and the mass of the water inside the tank, while 𝐴𝑏𝑎𝑠𝑒 is the
tank base surface. With the same equation the height of the remaining water 𝐻𝑚𝑖𝑛 after the
complete evaporation is defined, considering 540 𝑔 of water still in the tank. A height 𝐻𝑚𝑖𝑛 =
60 𝑚𝑚 has been calculated. Considering these two quantities, the height of the heat exchanger
has been chosen at 80 mm, in order to keep an efficient heat exchange during all the evaporation
process. The helix has 7 revolutions and a base circumference of 50 𝑚𝑚. This ensures that there
is enough space clearance to allow the assembly of the heat exchanger onto the compression
fittings. The software Solidworks has a feature that allows to measure the total length of the
heat exchanger, which is 1134 𝑚𝑚.

7.2 Evaporation heat transfer design
The design of the heat transfer allows to find the time necessary for the evaporation of the
amount of water needed for the adsorption reaction. This analysis is carried out using the εNTU method, considering that the heat flux is transmitted from the water flowing in the copper
pipe towards the water inside the tank. At first, the maximum heat flow achievable is calculated
from the equation:
𝜑𝑚𝑎𝑥 = 𝑚̇𝑤 𝑐𝑝,𝑤 ∆𝑇

(7.2)

where 𝑚̇𝑤 and 𝑐𝑝,𝑤 are the mass flow and the specific heat of the water inside the heat
exchanger, and ∆𝑇 is the temperature difference between the water to be evaporated and the
water flowing into the heat exchanger.
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The inlet mass flow 𝑚̇𝑤 of the water is estimated considering a flow speed 𝑣𝑤 of 5 𝑚/𝑠 inside
the copper pipe with internal diameter 𝐷𝑖 equal to 4.4 𝑚𝑚:
𝜋𝐷𝑖2
𝑣
4 𝑤

𝑚̇𝑤 = 𝜌𝑤

(7.3)

The actual mass flow 𝑚̇𝑤 is measured directly by a piston flow-meter mounted on the inlet
water pipe. The water flowing into the heat exchanger is delivering heat to the water to be
evaporated, and to describe this phenomenon the pipe thermal resistance is considered, as
shown in figure 36.

Figure 36 Geometry and heat exchange coefficients

From the Fourier equation, the thermal resistance of the pipe can be found as:
𝑅𝑡 =

1
2𝜋𝑟𝑖 ℎ𝑖 𝐿

(7.4)

Since the water inside the tank is undergoing a phase change, the coefficient ℎ𝑒 is significantly
higher than the coefficient ℎ𝑖 , therefore the external thermal resistance of the pipe may be
considered negligible [16]. The same consideration can be made about the conductive resistance
𝑊

of the pipe, since copper is characterized by high thermal conductivity (about 390 𝑚𝐾 [79]).
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The convective heat exchange coefficient ℎ𝑖 is found considering the Dittus-Boelter relation:
𝑁𝑢 = 0.023𝑅𝑒 0.8 𝑃𝑟 0.3

(7.5)

where 𝑁𝑢, 𝑅𝑒 and 𝑃𝑟 are the dimensionless Nusselt, Reynolds and Prandtl numbers
respectively and 𝛼𝑤 is the thermal conductivity of water. The Reynold number is given by the
following equation:
𝑅𝑒 =

𝜌𝑤 𝑣𝑤 𝑑𝑖
𝜇

(7.6)

where 𝜇 is the dynamic viscosity of the water flowing inside the copper pipe. The Prandtl
number has this expression:
𝑃𝑟 =

𝑐𝑝 𝜇
𝑘𝑤

(7.7)

where 𝑐𝑝 is the water specific heat at constant pressure and 𝑘 is the thermal conductivity.
Finally, the convective heat transfer coefficients ℎ𝑖 is calculated from the following equation:

ℎ=

𝑁𝑢 ∗ 𝑘𝑤
𝑑𝑖

(7.8)

The water characteristics values used for the calculations are summarized in table 11.
Table 10 Water thermal properties

Symbol

Unit of measurement

Value

Density

𝜌𝑤

1000

Specific heat

𝑐𝑝

𝑘𝑔
𝑚3
𝐽
𝑘𝑔𝐾

Thermal conductivity

𝑘

Speed

𝑣𝑤

Dynamic viscosity

𝜇
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4186,8

𝑊
𝑚𝐾
𝑚
𝑠

0,6

𝑃𝑎 ∙ 𝑠

8,94∙10-4

5

The ε-NTU coefficients are then found using the following equations:
𝑁𝑇𝑈 =

𝑈∙𝐴
(𝑚𝑤
̇ ∙ 𝑐𝑝 )

𝜀 = 1 − 𝑒 −𝑁𝑇𝑈

(7.9)

(7.10)

where 𝑈 ∙ 𝐴 is the product between the copper tube external area 𝐴 and the global heat exchange
coefficient 𝑈. The term ε is the ratio between actual and maximum heat exchanged.
𝜀=

𝜑
𝜑𝑚𝑎𝑥

𝜑 = 𝜀 ∗ 𝜑𝑚𝑎𝑥

(7.11)

(7.12)

This way, the thermal power 𝜑 to be supplied during the evaporation can be found. Finally, the
time 𝑡 needed for the complete evaporation process has been calculated comparing 𝜑 to the
𝑘𝐽

enthalpy of evaporation of water (2260 𝑘𝑔). With the thermal energy generated the mass flow
of vapour 𝑚̇𝑣𝑎𝑝 that is produced can be calculated as:
𝑚̇𝑣𝑎𝑝 =

𝜑
∆𝐻𝑣𝑎𝑝

(7.13)

The time needed for the whole evaporation of the water mass 𝑄𝑣𝑎𝑝 (960 𝑔) process is:
𝑡=

𝑄𝑣𝑎𝑝
𝑚̇𝑣𝑎𝑝
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(7.14)

7.3 Results
The calculations have been carried out considering that the water flowing inside the heat
exchanger is coming from the water mains at a temperature of 20°C. A temperature range of
the water inside the tank going from 5°C to 15°C is applied, considering that the vacuum inside
the evaporator tank brings down the temperature to 10°C, but in winter the temperature can be
lower. Figure 37 shows the time needed for the full evaporation, depending on the temperature
of the water inside the tank.

Figure 37 Evaporation process duration

The best situation occurs during winter, when the temperature of the water is considered equal
to 5°𝐶 and the evaporation takes 983 seconds to complete. On the other side of the temperature
range, this time is much higher because the temperature inside the water reaches 10°𝐶 after the
vacuum pump has brought the atmosphere inside the tank at 12.2 𝑚𝑏𝑎𝑟. In this situation the
evaporation takes 1475 seconds to complete. Figure 38 shows the magnitude of the water
vapour mass flow during evaporation, and it makes clear that the winter operation of the device
is faster due to the greater temperature difference between the two exchange fluids.
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Figure 38 Mass flow rate of water vapour

During winter, when temperatures are lower (5°𝐶), it has been calculated that the mass flow of
water vapour is 0,98

𝑔
𝑠

. During summer, the slower evaporation rate reflects the lower mass

flow of vapour produced, which is 0,33

𝑔
𝑠

(at 15°C).

7.4 Reactor heat exchanger design
The heat exchanger reactor is placed, with direct contact and completely covered, in a granular
bed of zeolites. His height must be lower than the zeolite bed, which is calculated as:
𝐻𝑏𝑒𝑑 =

𝑚𝑏𝑒𝑑
𝜌𝑏𝑒𝑑 𝐴𝑏𝑎𝑠𝑒

(7.15)

where 𝑚𝑏𝑒𝑑 is the total mass of the zeolite, 𝜌𝑏𝑒𝑑 is the density and 𝐴𝑏𝑎𝑠𝑒 is the internal base
area of the tank.
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The first concept of heat exchanger reactor design is shown in figure 39:

Figure 39 First concept of the reactor's heat exchanger configuration

This heat exchanger is formed by three spirals jointed by welded copper tube. The spirals outer
ring has been dimensioned with enough clearance to allow the assembly/disassembly of the
component into the reactor vessels by means of two compression fittings. During the charge
phase, the water flow inside the heat exchanger works as heat source for the desorption reaction.
During discharge, the heat released from the adsorption reaction increases the water flow
temperature.
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8 Analogy between sorption and phase change
In this chapter, the behaviour of a PCM (from solid to liquid and from solid to liquid) is
described by an analytical model, making the assumption that the heat is exchanged
perpendicularly to the surface of a PCM slab. The model is then adapted to describe the
behaviour of the sorbate-sorbent pair during the adsorption and desorption reactions.

8.1 PCM analytical model
The model aims to calculate the time needed by a semi-infinite slab (PCM) to complete the
phase change process and to describe the position of the solid/liquid interface over time. Figure
40 shows the PCM during the solidification and melting process.

Figure 40 PCM solidification and melting process [70]

To describe the solid phase temperature 𝑇𝑠 , the Fourier equation can be applied:
𝜗 2 𝑇𝑠
1 𝜗𝑇𝑠
=
2
{ 𝜗𝑥
𝛼𝑠 𝜗𝑡
𝑇𝑠 = 𝑇𝑙
𝑥 = 0; 𝑡 > 0
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(8.1)

The model assumes that in the liquid phase, heat exchange occurs predominantly by conduction,
therefore the Fourier equation can be applied as well:
𝜗 2 𝑇𝑙
1 𝜗𝑇𝑙
=
𝜗𝑥 2 𝛼𝑙 𝜗𝑡
𝜗𝑇𝑙
= 0 𝑥 → ∞; 𝑡 > 0
𝜗𝑥
{ 𝑇𝑙 = 𝑇𝑖 𝑥 > 0; 𝑡 = 0

(8.2)

Figure 41 shows the heat fluxes involved in the process of solidification (discharge). Heat flux
𝑄𝑠 is being released during the PCM cooling. During the phase change, the liquid portion
exchanges the heat flux 𝑄𝑙 with the solid part, due to the temperature gradient between them.
The term 𝑆̅ is referred to a heat flux arising in the volume of the PCM due to the phase change.
The thermal balance of the heat fluxes at the interface between solid and liquid can be
formulated as:
|𝑄𝑙 | + 𝑆̅ = |𝑄𝑠 |

(8.3)

The density 𝜌 is assumed to be equal and constant for the solid and the liquid phases. Making
all the terms of equation (8.3) explicit, the interface condition becomes:
𝜆𝑠

𝜕𝑇𝑠
𝜕𝑇𝑙
𝑑𝑠
− 𝜆𝑙
= 𝜌𝐿
𝜕𝑥
𝜕𝑥
𝑑𝑡

Where 𝜆 is the thermal conductivity and 𝐿 is the latent heat of solidification.
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(8.4)

Figure 41 PCM discharge phase [80]

During fusion (charge), the heat exchanged by the PCM is shown in Figure 42.

Figure 42 PCM charge phase [80]
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In this configuration, the heat balance at the interface position 𝑠(𝑡) is:
|𝑄𝑙 | = |𝑄𝑠 | + 𝑆̅

(8.5)

The interface condition can then be written as:
𝜆𝑠

𝜕𝑇𝑠
𝜕𝑇𝑙
𝑑𝑠
− 𝜆𝑙
= 𝜌𝐿
𝜕𝑥
𝜕𝑥
𝑑𝑡

(8.6)

This demonstrates that the interface condition is equal during charge (equation 8.6) and
discharge (equation 8.4). This method was first formulated by Stefan [81]. Stefan’s solution
with constant thermophysical properties shows that the rate of melting or solidification in a
semi-infinite region is governed by a dimensionless number, known as the Stefan number 𝑆𝑡:
𝑆𝑡 =

𝑐𝑠 (𝑇𝑓 − 𝑇𝑙 )
𝐿

(8.7)

where 𝑇𝑓 is the temperature on the interface between solid and liquid phase. The final exact
analytical solution of the problem was obtained by Neumann as a function of a constant 𝑘 [82]:
𝑠(𝑡) = 2𝑘 √𝛼𝑠 𝑡

(8.8)

The thermal profiles of the solid and the liquid portions can be consequently described by the
following system:

𝑇𝑠 − 𝑇𝑖
=
𝑇𝑓 − 𝑇𝑖

𝑥
)
2√𝛼𝑠 𝑡
erf(𝑘)

erf (

𝑥
erfc (
)
2√𝛼𝑙 𝑡
𝑇𝑠 − 𝑇𝑖
=
𝑇𝑓 − 𝑇𝑖
𝛼
erfc (𝑘√ 𝛼𝑠 )
{
𝑙
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(8.9)

Combining the system (8.9) with the interface condition (8.6), it is possible to obtain an
equation to recover the parameter 𝑘:
2

2

𝑒 −𝑘
𝜆𝑙 𝑒 −𝑘 𝛼𝑠 ⁄𝛼𝑙 𝑇𝑓 − 𝑇𝑖
𝑘𝐿√𝜋
+
=
erf(𝑘) 𝜆𝑠
𝛼 𝑇 − 𝑇𝑙 𝑐𝑠 (𝑇𝑓 − 𝑇𝑖 )
erfc (𝑘 √ 𝛼𝑠 ) 𝑓

(8.10)

𝑙

Where 𝛼 is the thermal diffusivity and 𝑐𝑠 is the specific heat. Assuming that the melting
temperature 𝑇𝑓 of the PCM is equal to its initial temperature 𝑇𝑖 , equation (8.10) can be written
as:
2

𝑘𝑒 𝑘 erf(𝑘) =

𝑐𝑠 (𝑇𝑓 − 𝑇𝑙 )
2𝐿

(8.11)

If 𝑆𝑡 < 0.1, the Neumann formulation reduces to a one-phase problem, where only one phase
(solid) is changing its temperature, while the other (liquid) remains at constant temperature (𝑇𝑓 )
[83]. Consequently, the interface condition reduces as:
𝜆𝑠

𝜕𝑇𝑠
𝑑𝑠
= 𝜌𝐿
𝜕𝑥
𝑑𝑡

(8.12)

Separating the variables 𝑠 and 𝑡 and integrating, equation (8.12) can be rewritten as:
𝑇𝑓 − 𝑇𝑙
𝑠2
= 𝜆𝑠
𝑡
2
𝜌𝐿

(8.13)

Combining equation (8.13) with equation (8.8), the parameter 𝑘 can be written as a function of
the Stefan’s number:
𝑆𝑡
𝑘=√
2
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(8.14)

8.2 Analogy between water vapour and PCM
In the first instance, a physical model of the reactor heat exchanger was developed, assuming
the three spirals as three plates constituted by the water flowing into the heat exchanger.
Between the plates is situated the zeolite, and the heat is exchanged in the direction
perpendicular to the plates. The physical model is shown in figure 43:

Figure 43 2-D configuration for the adsorption reactor

During the adsorption (and desorption) reaction, the water vapour is changing phase from gas
to a condensed state inside the zeolite micropores (and vice-versa). Hence, the analogy between
PCM and water vapour has been used to develop a numerical model that tries to estimate
(approximatively) the time spent by the two reactions and therefore roughly estimates the
thermal power cycled by the storage system. The parameters used to calculate the Stefan
number must be addressed. Equation (8.7) is used considering that the term 𝐿 (the latent heat
of solidification for the PCM) is the isosteric heat of the zeolite and 𝑐 is its specific heat. During
charge, 𝑇𝑓 is considered as the inversion temperature of the adsorption reaction, estimated as
the mean between the maximum and minimum temperature of the process (363.15𝐾 and
325.5𝐾 respectively). During discharge, 𝑇𝑓 has the same definition, being 341.8𝐾 the
maximum temperature and 308.15𝐾 the minimum temperature. 𝑇𝑙 is assumed to be the
temperature of the sorbate. During charge, 𝑇𝑙 is the temperature of the water vapour after the
desorption process has been completed (325.5𝐾), while during the discharge phase it is the
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temperature of the water vapour coming from the evaporator (308.15𝐾). Equation (8.8) above
represents the correlation between the thickness of zeolite 𝑠 affected by the
adsorption/desorption reaction over time (𝑡). The term 𝛼𝑠 is the thermal diffusivity of zeolites,
calculated as:
𝛼𝑠 =

𝜆𝑠
𝜌𝑐𝑠

(8.15)

Where 𝜆𝑠 and 𝜌 are the thermal conductivity and the density of zeolite respectively. The thermal
power released/stored can then be calculated. The former is the ratio between the released
thermal energy and the time required by the process, while the latter is the ratio between the
thermal energy stored during charge and the charging time.

8.3 Results
The Stefan’s number for adsorption and desorption was calculated, using the quantities shown
in table 12.
Table 11 Zeolite thermal characteristics for the calculation of the Stefan number

Symbol

Unit of measurement

Value

Specific heat

𝑐𝑠

𝑘𝐽
𝑘𝑔𝐾

0,9

Adsorption heat

𝐿

𝑘𝐽
𝑘𝑔𝑧𝑒𝑜

283

Density

𝜌

𝑘𝑔
𝑚3

700

Thermal conductivity

𝜆𝑠

𝑊
𝑚𝐾

0,58

𝐾

16,825

𝐾

18,825

(𝑻𝒇 − 𝑻𝒍 )

𝒂𝒅𝒔𝒐𝒓𝒑𝒕𝒊𝒐𝒏

(𝑻𝒇 − 𝑻𝒍 )

𝒅𝒆𝒔𝒐𝒓𝒑𝒕𝒊𝒐𝒏
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The Stefan numbers found were 0.0535 (adsorption) and 0.0599 (desorption), and then the
value of 𝑘 was calculated with equation (8.14). Different values of thickness 𝑠 was considered
(between 20 𝑚𝑚 and 90 𝑚𝑚) for the next steps. It is assumed that the water plates exchange
heat only with half of the zeolite bed (𝑠⁄2) for symmetry reasons.

8.3.1 Charge phase results
The estimation of the time required for the charge phase is showed in Figure 44. As expected,
the desorption time increases for larger thicknesses since a larger quantity of water has to be
desorbed, while the heat flux remains the same. The charge phase can take from 907 seconds
(if 𝑠 = 20 𝑚𝑚) to 18370 seconds (if 𝑠 = 90 𝑚𝑚) to complete.

Figure 44 Time spent by the charging process
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The estimation of the thermal power stored is showed in Figure 45. The power is inversely
proportional to the time 𝑡 (with constant energy stored), thus if the distance between the plates
of the heat exchanger is lower, the power stored will be higher. The maximum power stored is
998 𝑊, if 𝑠 = 20 𝑚𝑚.

Figure 45 Estimated thermal power stored
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8.3.2 Discharge phase results
The estimation of the time required for the discharge phase is showed in Figure 46. The charge
phase can take from 1015 seconds (if 𝑠 = 20 𝑚𝑚) to 20554 seconds (if 𝑠 = 90 𝑚𝑚) to
complete.

Figure 46 Time spent by the discharging process
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Figure 47 shows the estimated power released during the adsorption reaction, which is lower
than the power stored during charge. Indeed, the maximum value found was 982.2 𝑊 obtained
for a thickness 𝑠 = 20 𝑚𝑚, while the minimum was 44.1 𝑊 (at 𝑠 = 90 𝑚𝑚).This is due to the
fact that the temperature variation during the adsorption (16.825°𝐶) is 2°𝐶 smaller than
desorption (18.825°𝐶), therefore the former takes more time to complete than the latter.

Figure 47 Estimated thermal power released

The values obtained were estimated by a new approach: the Stefan model designed to perform
numerical analyses on PCMs were adjusted exploiting the fact that the sorbate changes phase
during the sorption reaction. The thermal power 𝑃 released/stored during the reactions increases
if the thickness 𝑠 (and consequently 𝑡) is reduced, since 𝑃 is defined as:
𝑃=
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𝐸
𝑡

(8.16)

9 Conclusions
Thermal energy storage is one of the key technologies that are studied and employed in all the
applications requiring energy production with high efficiency and low emissions. The current
work has analysed all the phases concerning the design of a thermochemical heat storage which
exploits the adsorption reaction of water vapour into an adsorbent material (zeolite 13X). A
theoretical model employing the Langmuir formulation has been used to calculate all the
characteristic of the thermodynamic cycle needed to obtain a cycled heat of at least 100 𝑊ℎ.
This specific cycle has been analysed in order to build a small-scale thermochemical heat
storage at the Energy Department of -Politecnico di Torino. This system is composed by a few
main components, namely one reactor vessel, one evaporator/condenser, the lids sealing them,
and two heat exchangers. The structural design of these components has been covered in detail
and then the design of the vessels was verified through a FEM analysis using the software
Hypermesh. It was found that the tensile stresses on the two vessels (about 1 𝑀𝑝𝑎) are
significantly lower than the failure tensile stress of the material (87 𝑀𝑝𝑎). Since the objective
is to build a system that works with a heat source at ambient temperature, a vacuum pump is
needed to decrease the absolute pressure inside the tanks and to allow the evaporation of the
water at 10°C. From the Antoine’s equation, it has been found that in order to evaporate the
water at such a low temperature, a minimum absolute pressure of 12.2 𝑚𝑏𝑎𝑟 must be reached
inside the tanks. Later on, all the complementary components necessary to connect the designed
components were searched on the E-market of the Public Administration (MEPA), considering
that they must work in a depressurized ambient. These includes pipes, fittings, vacuum pump,
thermo-wells and a vacuum control unit. The MEPA allows to shorten the transaction time and
reduce the costs of those components. Finally, two models have been developed in order to
calculate the theoretical performances of the device. One was developed to find the time needed
for the evaporation of the quantity of water necessary for the complete adsorption reaction,
using the 𝜀 − 𝑁𝑇𝑈 method. The other model uses the analogy between a PCM and the water
vapour and finds the power produced by the adsorption reaction if the heat exchanger is formed
by interconnected spirals. As the PCM changes phase when it exchanges heat, the water being
adsorbed is changing phase from water vapour to a condensed state inside the zeolite
micropores. All the components CAD drawings produced in Solidworks are showed, with all
the drawing quotas necessary for the construction. All the drawings were showed to the
mechanical workshop manager, who indicated there would be no problems to produce the
required components except the spiral heat exchanger, which would require special equipment.
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Therefore, a simpler helix configuration will be adopted for the reactor heat exchanger. Future
efforts should be directed to the research of more complicated heat exchanger configurations,
in order to improve the efficiency of the device. Moreover, this work can be a starting point for
other studies on this type of plant, starting from the design of all the components needed and
arriving to the design of the operating applications, using other adsorbent/adsorbate pairs to
achieve different results.

79

10 Appendix
10.1 3-D CAD drawings
In this section the drawings of the device designed in Solidworks are attached.

Figure 48 3-D view of the device
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Figure 49 3-D frontal section of the device configuration with spirals heat exchanger
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Figure 50 3-D frontal section of the device configuration with double-helix heat exchanger
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Figure 51 3-D frontal section of the device configuration with simple-helix heat exchanger
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10.2 Components CAD engineering drawings
In this section the engineering drawings of the single components created in Solidworks are
attached.

Figure 52 Engineering design of the vessel containing the zeolite
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Figure 53 Lid of the vessel containing the zeolite
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Figure 54 Engineering design of the evaporator/condenser vessel
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Figure 55 Engineering design of the lid of the evaporator/condenser vessel
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Figure 56 Engineering design of the heat exchanger held in the reactor vessel

88

Figure 57 Engineering design of the heat exchanger held in evaporator/condenser vessel
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Figure 58 Engineering design of the connections between the components
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