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Abstract
Due to humanity's huge scale of thermal energy consumption, any improvements in thermal energy
management practices can significantly benefit the society. One key function in thermal energy
management is Thermal Energy Storage (TES). This report aims to provide some hints to make
clear which role can TES play (and benefit they can provide) in complex energy systems.
In chapter 1, an overview of how important is the heating and cooling sector in Europe is provided.
Then, in chapter 2, TES are introduced, their importance analysed and a various clustering analysed.
Chapter 3 provides a practical guide on TES dimensioning and water storages and Phase Change
Material (PCM) storages are compared.
In chapter 4 the three demo sites are analysed, providing practical information for TES sizing.

Figure 1 – IREN thermal energy storages in Turin, 280 MWh
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1

Introduction

The EU Heating and Cooling Strategy is the first EU initiative addressing the energy used for heating
and cooling in buildings and industry, which accounts for 50% of the EU's annual energy
consumption. By making the sector smarter, more efficient and sustainable, energy imports and
dependency will fall, costs will be cut and emissions will be reduced. The Strategy is a key action of
the Energy Union Framework Strategy and will contribute to improving EU's energy security and to
addressing post-COP 21 climate agenda.1
Currently, the sector of heating and cooling accounts for more than the 50% of the EU's annual
energy consumption; it accounts for 13% of oil consumption and 59% of total EU gas consumption
(direct use only) – which equates to 68% of all gas imports.

Figure 2 - Final energy demand for EU28 by end-use for H/C in all sectors in 2012 [TWh]2

The heating and cooling sector is therefore important for the transition to a low-carbon energy
system:



the vast majority – 85% - of the demand is fulfilled by fossil fuels, most notably natural gas.
Heating and cooling accounts for the 68% of all its gas imports.3
there are more than 7.000 District Heating Networks in Europe, currently supplying more than
10% of total European heat demand.4

1

European Commission - Fact Sheet, Towards a smart, efficient and sustainable heating and cooling sector http://europa.eu/rapid/press-release_MEMO-16-311_it.htm
2 Mapping and analyses of the current and future (2020 - 2030) heat-ing/cooling fuel deployment
(fossil/renewables) - https://ec.europa.eu/energy/sites/ener/files/documents/Report%20WP1.pdf
3
Commission
launches
plans
to
curb
energy
use
in
heating
and
cooling
https://ec.europa.eu/energy/en/news/commission-launches-plans-curb-energy-use-heating-and-cooling
4 Schmidt, R., Fevrier, N., and Duma, P. (2013). Smart Thermal Grids. Smart Cities Stakeholder Platform
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45% of energy for heating and cooling in the EU is used in the residential sector, 37% in
industry and 18% in services.5

In terms of energy, heat storage is by far the largest single energy storage application field in
Europe6.
A significant reduction in the use of fossil fuels to provide heating and cooling services in Europe is
the one of the fastest way to reach Europe’s sustainability goals. However, the integration of a higher
share of renewable energy into the existing power and heating and cooling infrastructure raises
challenges in terms of operational variability, grid balancing and demand response management.
Smart heating and cooling concepts, including thermal storage concepts, have the potential
to provide the needed flexibility options – storage, demand response, and smart operation –
on the short term and at a relatively low cost7, particularly in case of cogeneration.
Heat storage which collects heat for later use can be integrated into a CHP system to further improve
the energy efficiency. On one hand, the storage can be charged when the heat demand is low and
discharged during high demand; on the other hand the storage allows increasing the power
production by CHP to the power market when the spot price is high and producing less power when
the spot price is low. Thus, the heat storage can be charged or discharged when either one is
beneficial8.
At the same time, the fundamental idea of district heating (DH) is to use local fuel or heat resources
that would otherwise be wasted, in order to satisfy local customer demands for heating, by using a
heat distribution network of pipes as a local market place’. Traditional excess heat resources are
combined heat and power plants, Waste-to-Energy (WtE) plants, and industrial processes: to do so
obviously TES are necessary in order to guarantee an adequate quality and quantity of thermal
power. During recent decades, some renewable heat from geothermal wells, solar collectors, and
biomass fuels have been introduced into the global district heating systems. Hereby, a combination
of heat recycling and renewable heat is the current focus for district heating systems. This provides
a substitution of ordinary primary energy supply for various societal heat demands, while achieving
lower environmental impact. The primary merit of district heating is lower heating costs when
international fuel prices are high and when lower environmental or climate impacts are valued by
internalisation of external damage costs into national taxes or fees. The heat distribution costs are
low in dense urban areas with concentrated heat demands. The shortcomings are lower
competitiveness at low international fuel prices and high distribution costs in suburban and rural
areas with less concentrated heat demands9.
One of the main challenges in the operation of DH systems is the signiﬁcant variations in heat load,
which result in part-load operation and frequent start-ups and stops for the heat generation units
trying to follow the load. One of the strategies employed to improve the imbalance between the heat
load and supply, which can lead to a decreased need for high cost marginal generation, is to integrate
energy storage into DH systems. DH systems have some inherent Thermal Energy Storage (TES)
in the district network itself, i.e., in the mass of circulating water, which can be used to buﬀer heat
and, thereby, smoothen the supply so as to meet the varying heat load. However, the buﬀering

5

An EU Strategy on Heating and Cooling - https://ec.europa.eu/transparency/regdoc/rep/1/2016/EN/1-201651-EN-F1-1.PDF
6 Thermal Storage Position Paper - http://ease-storage.eu/wp-content/uploads/2017/07/2017.07.10_EASEThermal-Storage-Position-Paper__for-distribution.pdf
7 Thermal Storage Position Paper - http://ease-storage.eu/wp-content/uploads/2017/07/2017.07.10_EASEThermal-Storage-Position-Paper__for-distribution.pdf
8 T.Fang et al. – “Optimization of combined heat and power production with heat storage based on sliding time
window method” – Applied Energy, Vol.162, 2016, pag.723-732
9 S.Werner, “ International review of district heating and cooling”, Energy, Vol.137, 2017, p.617-631
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capacity of the DH network is limited, which means that the imbalance between the supply and heat
load variations is still signiﬁcant even after the volume in the piping network is used at maximum
capacity.
The results show that TESs confer beneﬁts upon the DH system investigated, by smoothing the
short-term (i.e., daily) net heat load variations equally eﬃcient. TES can smoothen the load
variations on different time-scales, i.e., from daily up to weekly load variations. The study presented
by Romanchenko, including both short term thermal storages (building-integrated thermal storage
systems - BITES) and medium term thermal storages (hot water tank – HWT) scenarios, shows that
the relative daily net load variations decrease in total by 19% and 20%, respectively, as compared
to the reference scenario, whereas the relative weekly net load variations decrease by 10% and
17%, respectively. The stronger ability of HWT to smoothen weekly net load variations is attributed
to its potential to store heat for longer periods of time10.
In practice, both considering CHP generation and DH applications, the space for installing large
centralized thermal energy storage technologies is limited by large space requirements in dense
covered areas. Hence, thermal energy storage systems can be distributed at open space in energy
supply systems with district heating networks for increasing the options of a decoupled generation
of heat and electricity energy.

2

Thermal Energy Storage

2.1

Why thermal energy storages in power production?

A low-carbon energy system requires adaptations to accommodate the changing patterns of energy
production and consumption maintaining a high production efficiency.
Energy storage will play a pivotal role in providing the required flexibility and offering
balancing options to the integrated energy system.
This holds true especially for thermal energy storage concepts, which have unique features and can
be used to manage the variations in supply and demand at different scales: large scale district
heating and cooling networks and industrial applications, but also at smaller scale for commercial
buildings and household dwellings. Even mobile heat storage technology is being studied and tested
to offer energy storage and consumption independent from the location of (waste) heat production.
Thermal Energy Storage (TES) is a technology that stocks thermal energy by heating or
cooling a storage medium so that the stored energy can be used at a later time for heating
and cooling applications and power generation.
For what it concerns the integration of TES in power plants, TES are mostly used for three purposes:





maximization of the integration of RES generation in RES based or hybrid power plants (i.e.
CSP, Biomass…);
integration of TES to maximise efficiency of power plants (i.e. high capacity recuperator
(regenerator) for regenerative gas turbine cycles - Integration of Steam Storage to flexibilize
combined cycle or modulate regeneration in Rankine cycles etc.);
integration of TES to exploit waste heat in the process line.

D.Romanchenko et al. – “Thermal energy storage in district heating: Centralised storage vs. storage in
thermal inertia of buildings” – Energy Conversion and Management, Volume 162, 15 April 2018, Pages 26-38
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TES are widely employed in the solar thermal application for power generation, in order to guarantee
a regular production and decouple the instantaneous solar irradiation and the consequent electric
production.
The integration of thermal energy storage systems in concentrating solar thermal power plants allows
power production to be shifted from times where there is low demand to periods where electricity
prices are higher. Although increasing the total investment, thermal energy storage can therefore
enhance profitability of the solar power plant.11 The majority of TES sub-units of industrial CSP plants
devoted to several hours of production are based on the so-called “two-tank molten salt” one (fig. 4),
is composed of two separated tanks in which all the molten salt (in all cases a mixture of nitrate salts)
used simultaneously as heat transfer fluid (HTF) and thermal storage material can be stored at the
two temperature levels. The molten salt stores the thermal energy by change of its temperature, the
so-called sensible heat approach. During the sunniest hours of the day, the intentionally over-scaled
solar field of the plant delivers a heat power shared between the power block and the TES unit.
During the period of time during which the output heat power from the solar field is lower than the
nominal feeding power of the power block, the TES unit contribute to balance it. Therefore, using the
TES unit, the power block of the plant is fed at nominal power and delivers a constant electric power
to the grid. This approach allows also to reduce the maintenance cost of the power block and to
increase its life time expectancy.
In biomass power plants TES are used to facilitate start-ups and optimize partial load performances
(particularly in ramp-up).. Gas-fuelled or electricity driven systems can turn on and off particularly
quickly if the purpose is to follow the thermal load. On the other hand, biomass intrinsic heating and
cooling ramps are less responsive: according to these needs, a thermal storage has the capability
of increase the responsivity of biomass based systems. At the same time, it guarantees a reduction
in the wear deriving from cycling.
The same approach is also employed in conventional thermal power plants: originally designed for
base-load operation, they are increasingly shifting their role to provide fluctuating back-up power to
meet unpredictable and short-notice demand peaks, to control and stabilise the grid. Increasing the
flexibility of thermal power generation – by means of incorporating energy storage solutions – will be
a key contributor in the future energy system, with an ever-increasing share of variable renewable
energy sources.
It is very challenging to achieve flexible operation for a conventional power plant with high energy
conversion efficiency and fast dynamic responses at the same time. It becomes an urgent task to
explore the strategy and technologies for achieving flexible and efficient thermal power plant
operation. It is anticipated that the increased unit flexibility might be achieved by Thermal Energy
Storage (TES) integration into the power plant process cycle. Excess thermal energy generated
during low electrical load demand can be stored and reused during high load demand periods of
time, when the electricity price is high. TES should also help to avoid overnight shutdowns by
reducing minimum allowable load level operation. The heat energy released from storage during the
discharging process can boost the power plant output and provide valuable overload capacity for
frequency response. The TES energy buffer should also smooth power plant operation, increasing
the lifetime of power plant components.12 The dual benefit deriving from TES is that stored thermal
energy can be used to heat thermal plants to enable faster response rates without damaging
components and to diminish the number of shutdown/start cycles of the plant.

R.Guedez et al. – “Optimization of thermal energy storage integration strategies for peak power production
by concentrating solar power plants “ – Energy Procedia, Vol.49, 2014, pag.1642-1651
12 Jacek D.Woicik et al. – “Technical Feasibility Study of Thermal Energy Storage Integration into the
Conventional Power Plant Cycle” - Energies, 10 (2). 205. doi:10.3390/en10020205
11
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Conceptually similar to a thermal storage integration in a power plant, the exploitation of regenerators
in gas turbine have been investigated for a long time. The performance of regenerative cycles has
been well documented.13 While a regenerative cycle is ideally identical to that used in a recuperated
cycle, regenerators have different characteristics, for example a greater thermal inertia. This is the
reason why they resemble the principle of TES, however, considering their nature of heat exchanger,
they will not be furtherly investigated.
PUMP-HEAT intends to exploit the thermal energy storage in the power-to-heat context: both for
district heating related purposes and for the conditioning of the flow entering the power production
system, in order to improve the minimum technical load.

2.2 Thermal energy technologies for power production
There are three kinds of TES systems:




sensible heat storage based on storing thermal energy by heating or cooling a liquid or solid
storage medium (e.g. water, sand, molten salts, rocks);
latent heat storage using Phase Change Materials (PCM) (e.g. from a solid state into a liquid
state);
Thermo-Chemical Storage (TCS) using chemical reactions to store and release thermal
energy.

Sensible heat storage is relatively inexpensive compared to PCM and TCS systems and is applicable
to domestic systems, district heating and industrial needs. In general sensible heat storage requires
large volumes because of its low energy density (i.e. three and five times lower than that of PCM
and TCS systems, respectively).
Thermal energy storage systems can be either:



centralized systems;
distributed systems.

Centralised applications can be used in district heating or cooling systems, large industrial plants,
Combined Heat and Power (CHP) plants, or in renewable power plants.
Distributed systems are mostly applied in domestic or commercial buildings.
A TES system’s economic performance depends substantially on its specific application and
operational needs, including the number and frequency of storage cycles. In general, PCM and TCS
systems are more expensive than sensible heat systems and are economically viable only for
applications with a high number of cycles. In mature economies (e.g. OECD countries), a major
constraint for TES deployment is the low construction rate of new buildings, while in emerging
economies TES systems have a larger deployment potential.
According to IEA-ETSAP and IRENA14, energy storage system can be described in terms of the
following properties:



Capacity: defines the energy stored in the system and depends on the storage process, the
medium and the size of the system;
Power: defines how fast the energy stored in the system can be charged and discharged;

D. G. Wilson,”The Design of High Efficiency Turbomachinery and Gas Turbines”. The MIT Press,
Cambridge, MA (1984)).
14 Thermal Energy Storage - Technology Brief, IEA-ETSAP and IRENA© Technology Brief E17 – January
2013
13
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Efficiency: is the ratio of the energy provided to the user to the energy needed to charge the
storage system. It accounts for the energy loss during the storage period and the
charging/discharging cycle;
Storage period: defines how long the energy is stored and lasts (i.e. hours, days, weeks and
even months for seasonal storage);
Charge and discharge time: defines how much time is needed to charge/discharge the
system;
Cost: refers to either capacity (€/kWh) or power (€/kW) of the storage system and depends
on the capital and operation costs of the storage equipment and its lifetime (i.e. the number
of cycles).

Capacity, power and discharge time are interdependent variables and in some storage systems,
capacity and power can also depend on each other. For example, in TES systems, high power
means enhanced heat transfer (e.g. extended surface area in the heat exchanger), which, for a given
volume, may reduce the amount of active storage material and thereby the capacity.
Thermal energy (i.e. heat and cold) can be stored as sensible heat in heat storage media, as latent
heat associated with phase change materials (PCMs) or as thermo-chemical energy associated with
chemical reactions (i.e. thermo-chemical storage) at operation temperatures ranging from -40°C to
above 400°C.
A further classification could be done considering the operating temperature:






High Temperature Thermal Energy Storage (HTTES): this category includes storages that
operates at a temperature higher than 100 °C. It found its main applications in thermal
renewable plants and in industrial processes.
Low temperature thermal energy storage (LTTES): it includes thermal storages that operate
in the range of 20 – 100 °C. They are often connected to solar collectors or cogeneration
plants (that feed district heating networks); in the PUMP-HEAT project, also the term warm
TES is used to refer to such systems.
Cold thermal energy storage (CTES): storages at a temperature lower than 20 °C.

A further classification, applicable in particular for storages with water, could be done considering
the operating pressure of the tank:



Pressurized storage (e.g. for superheated water with a temperature higher than 99 °C);
Atmospheric pressure storage.

Considering district heating systems, storages can be described considering the position:




Storages close to power plants;
Storages in the network / district;
Storages in the user circuit.

In the case TES is paired with Combined Heat and Power plants, it has the effect of decoupling the
heat and the power production, so it can offer the following functions and benefits15:

15

Background Report on EU-27 District Heating and Cooling Potentials, Barriers, Best Practice and Measures
of Promotion – JRC scientific and policy reports.
https://setis.ec.europa.eu/system/files/1.DHCpotentials.pdf
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allow the CHP plant to produce maximum electricity until the accumulator is fully discharged,
in case of capacity problems in the electricity grid. Dropping the heat production is almost
instant, thus leaving the plant with a substantial spinning reserve;
allow CHP operating in back pressure to offer electrical capacity at any time, when no heat
is needed, and still use the waste heat during the periods when it is needed;
the heat accumulator may reduce or avoid income losses, if produced electricity is to be sold
below production cost in case the CHP plant being in operation only for heat production;
large accumulators can allow a total stop of the plant during weekends, when the electricity
price is often lower than on weekdays;
the accumulator can compensate for the daily load variations in the heat demand (mainly
caused by night setback), and thus reduce start – stop and the use of more expensive heat
sources in the daily peak load periods;
in particular the maximum capacity of the CHP plant can be reduced if the accumulator can
be used for this purpose on the “coldest day”;
the heat accumulator tank can maintain the static pressure in the district heating network and
also function as expansion reservoir;
a CHP plant of extraction type can in periods with low electricity prices, e.g. at night, produce
heat at a low cost and store it in the accumulator. Then, when the price is high, e.g. in the
morning hours, the heat can be supplied from the accumulator, while the CHP plant produces
maximum electricity in condensing mode;
increased flexibility for a CHP of extraction type by the possibility of shut-off heat production
(spinning reserve).
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In-depth sheet – Combined Heat and Power units

The Iron diagram shows the range in which such an extraction condensing unit (also known as a
pass out unit) can be operated and it enables the designers and operators to look at various cost
options and to model the economic value of several options. Starting at top left at the maximum
gas turbine load, the unit will produce about 390 MWel and no useful heat (this means that a lot
of low temperature heat is discharged from the condenser to the river).
As heat is extracted from the steam turbine bodies, by progressively opening valves at extraction
points along the turbine, the electric power output drops and heat becomes available at a higher
temperature, and the operating point of the turbine moves along the top line, marked as maximum
gas turbine load. Eventually, a limit is reached on the right hand side of the diagram at about 260
MW of heat and 330 MW of electricity.
If gas turbine load is now reduced and maximum steam is extracted from steam turbine, then the
operating point starts moving down and to the left along the line marked Counter pressure (or
back pressure) operation. Heat and power will both reduce until we reach the lowest point in the
diagram at about 190 MW of heat and 200 MW of electricity. The gas turbine is now operating at
its lowest permissible environment load (given mainly by the CO authorized limit). If the amount
of heat taken is reduced, limiting steam extraction, then power rises, with the operating point
moving to the left and up until we reach the left hand vertical axis and producing 260 MW of
electricity but no heat.
Oblique lines, called also as iso-fuel lines, represented all possible couplings of thermal / electric
power, considering constant the load of the gas turbine and varying the amount of steam
extracted.
There is an infinite number of these lines to choose between the upper and lower limit, thus it is
clear that the extraction condensing turbine can be operated anywhere within this envelope.
The slope of the constant gas turbine load line is known as the Z factor and in the above case is
almost constant (4÷5 MWth/MWel), and it specifies how much heat is gained for every unit of
electricity lost.
Source: WP 1 – “Scenario analysis Requirements definition and business models” D1.1 – “Report on PHCC
Layout Options”

In addition to what JRC has identified in its report, an important role played by storages is the
increase of redundancy of the system, offering an alternative source of heat in case of failure of main
heat sources.
Accumulators thus generally enable the CHP to operate more economically by enabling the power
station to operate in a more decoupled way from the heat load. This allows for the CHP plant to
D3.1 “Requirements for thermal storage in PHCC applications”
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produce the DH energy when it is most favourable with respect to electricity prices; also making the
proportion of (lower cost) heat in the DH network coming from the power station higher than would
otherwise be the case.
In Figure 3 main benefits achievable with the introduction of storages in DHN are summarized (with
particular reference to IREN DHN system).

Figure 3 – Benefits of thermal energy storages

Below, main aspects of the introduction of the TES in DHN are analysed with the help of example.


Increase of reliability
In a system with different heat sources, storages represent a redundancy and can be used in
case of failure of main producers.
Figure 4 reports the electric profile of the 3 CHP CCGT units in the DHN system of Turin.
As it is possible to see, on March 7, at 13:00 an unscheduled outage occurs on Torino Nord unit
(TN). Electric power dramatically drops from about 300 MW to 0 MW in few minutes (negative
values are due to the electric consumptions of auxiliary systems that during operation are fed
by the plant).
Figure 5 reports the thermal profiles of all the heat sources of the DHN system of Turin. As it is
possible to note at 13:00, thermal energy is provided by all the 3 CCGT units (TN + RPW2GT +
3GT). A part of this energy is used to fill the storages (red line on the negative area). At the
occurrence of the failure, thermal power provided by TN unit decreases (slower than electrical
power due to a lower inertia of thermal power compared to electric one).
In few minutes, storage filling phase is stopped and the discharge phase starts to compensate
the failure on TN unit. Storages immediately inject into the network the amount of power and
energy required (orange areas). Subsequently RPW2GT increases its thermal power and once
the production from CCGT units reaches network demand, storages discharge is stopped.
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Figure 4 – Electric power profile, hour 13, Turin DHN system

Figure 5 – Thermal power profile, hour 13, Turin DHN system



Increase of flexibility of CHP units
A CCGT unit is a very flexible unit and normally it is used to compensate variability in the electric
grid. However, if the CCGT unit is a cogeneration one, its flexibility is drastically reduced:
electricity is no more the driving parameter, since heat demand must be satisfied, especially if
thus unit is connected to a DHN.
Analysing now the profile of electric price, in particular the Italian one, it is possible to see that
electric prices normally reaches their maximum during the morning and in the evening, that is
when consumptions increases and contribution of RES is low (i.e. sunrise and sunset).

D3.1 “Requirements for thermal storage in PHCC applications”
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Figure 6 – Results of the IPEX, Day-Ahead Market, prices & volumes 22/01/2018

In Figure 6 typical daily profiles (price and volumes) from IPEX reports are showed16. (for
detailed information on IPEX, please see deliverable D4.1)
Analysing now the heat demand of a DHN, it is possible to see that the peak of thermal
requirement is during the morning, while during the rest part of the day is quite constant.
Considering now the real case of Turin, and in particular the heat sources available, it is possible
to note that CCGT unit are just enough to cover this constant part during the day. (760 MW vs
≈ 800 MW).

Figure 7 – Turin DHN daily demand, coldest day

Therefore, such CCGT units have a low rate of operability to provide flexibility to the network
and maximize their profit on the electric market.
The evening peak is the more interesting, that is, compared to the very high morning peak, the
only one on which evaluation can / should be done.

16

Daily report on IPEX website:
http://www.mercatoelettrico.org/It/WebServerDataStore/MGP_ReportGiornalieroEn/20180122MGPReportGio
rnalieroEn.pdf
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Thanks to heat storages, and to an optimized management, it is possible to exploit CCGT
flexibility continuing to provide heat to the DHN. CCGT can be operated uncoupling electric and
thermal production.
In Figure 8, CCGT units operation mode is represented. As it is possible to observe, black line,
i.e. the thermal demand of the Turin DHN from about 17:30 to 20:00 not only by CHP units (as
before 17:30) but also by heat storages. Thermal loads of RPW2GT and 3GT are decreased.

Figure 8 – Thermal power profile, Turin DHN system

Observing now in Figure 9 the electric behaviour of such units, it is possible to note that electric
productions have been increased (unfortunately it is not possible to maximize the production of
plants in all the hours at high price, but the production scheduling is result of a power market.
The reason of not having maximized the production in hour 19, may be due to power market
outcomes – for more info see Deliverable 4.117).
Therefore, thanks to heat storages, heat demand is satisfied and CHP units can still be operated
as flexible units, helping the integration of renewable sources.
Furthermore, this “new” operation mode is very important in the dispatching service market to
compensate fluctuation of not-programmable renewable sources. Plants can offer in such
market and be called to balance the grid and no discomfort affects the thermal users.

17

PUMP-HEAT - D4.1 – “Grid code requirements and real-time economic drivers”
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Figure 9 – Electric power profile, Turin DHN system
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3

Dimensioning of thermal heat storages

The dimensioning of a heat storage system cannot be generalized since it is strictly connected to
several aspects such as the application, the system in which they should be installed, the country,
the market, etc.
However, in this paragraph, an attempt of some simplified evaluations is reported, with a particular
reference to the IREN experience in the DHN of Turin.
Before starting with the dimensioning of storages, it is necessary to make a focus on the behaviour
of district heating networks and the way in which users require heat.

Figure 10 – Yearly annual load, Turin DH network

Figure 10 reports the thermal annual load, obtained ordering in descending mode all the 8.760 hourly
values of power of heat produced by the generators in the district heating network of Turin.
As it is possible to note, there is an important peak of heat demand – about 1.400 MW – that occurs
only for few hours during the year. For about 630 hours, the heat demand is higher than 760 MW,
i.e. the installed power of cogeneration.
The amount of annual energy underlying the power of 760 MW is about the 96% the overall amount
of the energy produced in the year.

Figure 11 – Annual energy
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In Figure 12 the thermal load of the coldest day is reported. As it is possible to observe, during the
morning, at about 6 AM, the peak of demand is reached and its value is higher than 1.400 MW (as
reported also in Figure 10).

Figure 12 – Coldest day thermal head demand

During the night, heat demand is very low, lower than 200 MW. Then, in early morning there is a 9x
increase in few hours, with a ramp rate of about 7,5 MW per minute. Then, when buildings have
been heated up, there is a decrease and the power in roughly constant and around a value of 800
MW. The 85 % of energy can be satisfied with sources with a power equal / lower than 760 MW.
From the above consideration, it appears obvious that it is not recommended to sizing and install
heat generators that can satisfy the peak demand: their utilization factor will be low and they will be
operated at the maximum power only for few hours a year.
It is also true that a redundancy is required in order to be ready in case of unscheduled outages. In
the case of the Turin district heating, cogeneration units provide 760 MW of thermal power while the
backup and integration boilers provide 1.000 MW. During the years, four storage units have been
installed: one of them in a cogeneration site, two in boiler sites and one in IREN headquarters.
The main concept for the preliminary design of storages is that there must be enough heat available
for the storage charge and that, during the discharge hours, the network can deliver that heat.
Since usually the charging phase occurs during the night the main parameter that can considered is
the energy since the available time is higher. During the discharging phase, the parameter that
should be considered is the power, since it is required a benefit in a short time frame.
Further analysis should be performed considering load of cogeneration rate and load, spaces
available (in a city that is a huge constraint), etc.
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Coming back to the case reported in Figure 12, the heat demand of the network for the coldest day,
the amount of energy required is 15,96 GWh. Considering a maximum power in cogeneration mode
of 760 MW, CCGT units could theoretically provide 13,77 MWh, i.e. the 85% of the overall amount.
The equivalent load of CCGT units for that day would be the 75%.
All the above consideration have been done not considering the electric production that could affect,
reducing, the real power and energy producible by the CCGT units.
For the above simple considerations, it is clear that about 2,19 GWh should be provided with
alternative sources to CCGT units. Furthermore, it is also clear that CCGT units, if operated in full
cogeneration, could provide, theoretically, 4,47 GWh. This value is higher than the demand, but
shifted in time.
Making all the above evaluations, considering all the days of the heating season and considering
also the limitation of the network, if any, it is possible to have a rough idea of dimension of heat
storages in terms of power and capacity (energy).
If the expansion strategy of a network has not been planned with a forecast of new user connections,
it could happen that the dimension of the pipeline is not enough to deliver all the heat required by
new buildings. This limitation is translated in a limit expansion of the network or in important
investment for new pipeline laying. It is estimated that the cost of one kilometre of double pipeline
(laid in the ground) of the transport network is around one million of euro, depending on the
dimension. The cost of the network adaptation is therefore a strong limitation.
A possible solution can derive from a smart use of Thermal Energy Storages exploiting the variability
of the heat demand during the day. Indeed, in some hours of the day, in particular during the night,
the amount of heat circulating into the network is very low.
Considering the daily profile of heat demand of the DHN of Turin for the coldest day (the most
critical), the amount of heat during the night is about one seventh of the peak load as it is possible
to see from Figure 12.
Taking into account that normally pipelines are dimensioned for the worst condition (and therefor for
the peak load), during off-peak hours they have an available margin of transport.
Considering now the case of a particular district of a city that cannot be connect due to a limitation
of the transport network, it is possible to exploit this available margin to move heat during off-peak
hours, making it available during peak hours. Thermal energy storages are a cheap and smart
solution to allow this “trick”.

Figure 13 – Example of district storages, constraints

In Figure 13 the above concept is described. Blue area represents the daily thermal load of the
coldest day for a district with a volume x. Red area represents the daily thermal load of the coldest
day for a district with a double volume, 2x.
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District can be connected to the main network with a pipeline able to deliver a maximum power equal
to the peak load of the blue area. If the volume exceeds, heat demand cannot be satisfied due to
that network constraint.
Installing a heat storage downstream the constraint, it is possible to deliver heat during low demand
hours and making it available when required.

Figure 14 - Example of district storages, solutions

For the dimensioning of this type of application, the analysis of pipeline capacity / current exploitation
and current / expected heat demand shall be done. If such evaluation is performed for the coldest
day, it is expected to be precautionary. Then, in order to evaluate the economic feasibility of thermal
storages, comparison with the cost of pipeline replacement shall be done. It is expected that, unless
the constraint on pipeline is localized, thermal heat storages would be the cheaper solution.
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3.1 Focus of sensible heat storages – water
Heat stored by changing the temperature of a storage medium (such as water, air, oil, rock beds,
bricks, concrete or sand), is stored as sensible heat. The amount of energy stored is proportional to
the temperature rise, the specific heat capacity of the storage medium and the mass of the medium.
Choices of medium are usually based on the heat capacity of the medium, the range of temperatures
at which the store will operate and the space available for it.
Sensible storage is the most common method of heat and cold storage. Properties important in this
technology are price and thermal capacity, operational temperatures, thermal conductivity and
diffusivity, vapor pressure, compatibility with container materials and heat-loss coefficient.18
In heat storage, use is made of the thermal capacity of solid or liquid materials, either by their
sensible (specific) heat effect (heating/cooling cycles) or by their latent heat effect at a phase change
(melting/freezing cycles). For heat storage, the important thermal characteristics are19:





Heat capacity
Charge and discharge rates
Heat loss rate
Thermal stratification

Heat Capacity
When use is made of the sensible heat effect, a high volumetric specific heat (ρ*cp) of the material
is required. Table 1 gives some data for typical materials. Solid materials are often used in rock
(packed) beds. As packing densities are often between 60% and 85% the volumetric capacity (ρcp)
is reduced proportionally. For higher temperatures the use of such packed beds as regenerators is
common. For low temperature applications like home heating and solar energy, water storage is
mostly used.
Table 1 – Sensible heat storage properties for some materials

Concrete
Rock, stones
Steel
Water
Thermal oil

ρcp
(MJ m-3 K-1)
1,9
1,7
4
4,2
1,8

λ
(Wm-1K-1)
1,3
2,0
40
0,6
0,11

τ
(s)
80
40
5
360
840

In Figure 15 the relation between energy density (in kWh/m3) and variation of temperature for water
is reported. As it is possible to observe the correlation is linear (the equation of the trend line is
y=1,07x+0,81).
The two green points represent the energy density values for a delta temperature of 30 K (e.g. 6090 °C) and of 50 K (e.g. 70-120 °C): energy densities are respectively 30 kWh/m3 and 54 kWh/m3.
Being far for the transition area, the above values are not affected significantly by the pressure (this
is not true for the design since 60-90 °C storages are atmospheric pressure tanks, while 70-120 °C
storages are pressurized ones).

18

Thermal energy storage - https://hub.globalccsinstitute.com/publications/strategic-research-priorities-crosscutting-technology/32-sensible-heat-storage
19 Heat storage, sensible and latent - http://www.thermopedia.com/content/839/
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Figure 15 – Water properties, energy density as a function of delta temperatures

Charge and Discharge Rates
To load/unload a heat storage vessel a heat transfer fluid (like water, air, oil) takes up the heat either
by direct contact or through a heat exchanger. Often the limiting heat transfer is on the heat storage
material side. Conductivity (λ) in solid materials limits the heat transfer rate.
In most case of water storage, load/unload is performed circulating directly the water. In such cases,
maximum charge and discharge rates are defined in order to avoid mixing of hot and cold water.
Heat Loss Rate
Heat losses of the storage vessel to the surroundings can severely reduce the heat storage
efficiency.
Thermal Stratification
In sensible heat stores the heat is loaded/unloaded in an axial direction. In this direction, a
temperature gradient will occur. In the optimal case, there is a rather sharp temperature front.
However, due to axial dispersion of heat, and in liquids also due to convection flows, this front will
be spread out. With large convection flows it can even completely disappear and result in a single,
mixed temperature. Due to the dispersion the average temperature in the storage at the end of the
loading will decrease. This lowers the storage efficiency.
An additional thermal characteristic to be considered is the pressure / temperature at which the mean
stores heat. This aspects is particularly important in case water is used.
Even if obvious, it must be pointed out that, in case water is adopted, atmospheric storages can be
used only for storage temperatures lower than 100 °C (in order to have a sensible heat storage,
avoiding two-phases or phase transition). For temperatures higher than this value, pressurized
storage shall be used (Figure 16).
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Figure 16 – Pressurized and atmospheric pressure water heat storages

Below a comparison between an atmosphere heat storage and a pressurized heat storage is
proposed. 60-90 °C and 70-120 °C level of temperature have been considered.
Table 2 – 60-90 °C vs 70-120 °C thermal storage comparison

Temperature DH hot
Temperature DH cold
Operating pressure
Heat capacity available

[°C]
[°C]
[bar]
[kWh/m3]

60-90 °C TES
60
90
1
32

70-120 °C TES
70
120
>1
52

As it is possible to notice from Table 2, TES at 70-120 °C allows to store an energy 1,6 times the
one storable in a 60-90 °C TES. This higher capacity, considering the same amount of stored energy,
is translatable in a reduction of the volume of the same factor.

Figure 17 – Volume comparison between 60-90 °C (in blue) and 70-120 °C (in red)
for unit of capacity (energy available to the DH network)

D3.1 “Requirements for thermal storage in PHCC applications”

22

3.2 Focus on PCM storages
Latent heat based thermal energy storage (LHTES) with use of Phase Change Materials (PCM)
shows several advantages, such as high storage capacity, small temperature swing and adaptable
working temperature range. The dimensioning, such as design of the LHTES, is primordially based
on the following three aspects:




The storage material intrinsic thermal properties.
The end-use thermal capacity, temperature and power requirements.
Given space, mass and financial constraints.

The tables below show a summary of a range of potential PCMs with their reported melting
temperatures, compositions, heat of fusion and Peritectic/Eutectic types as reported by Gunesekara
et al. [1]. It should be noted here that Peritectics may degrade as the systems undergo incongruent
melting. Peritectics are non-desirable as they may phase segregate. Eutectics are more desirable,
but supercooling may lead to lowered onset of crystallization temperature in heat discharging mode,
shifting thus the onset temperature. The isomorphous congruent melting PCMs are the most
desirable products, but are restricted to limited known materials with fixed working temperature
points.
NB: notes in brackets [] can be found in section 5.
Table 3 – Phase equilibrium characteristics of fatty acid blends as PCMs [1]

Fatty acids
system20

PE
Characteristics21

Melting
temperature
(°C)

Compositions
mol%, or
LL proportion22

ww/w%,

18, 18.5-19,
19-20, 20, 2122, 20-23, 1929

w65, w65-67, w67,

E; P

18,21; 22,24

75, 79; 40, 59 CA

E

33, 34-35, 35,
35-36, 34-39

w64, w69, w69-77.5,

E

w61.5, w61.5-64,

57 CA,

L73

Heat of
fusion (kJ/kg
or stated)

117, 120, 132,
127, 127-154

CA-LA

LA-PA

w77.5,

57

LA, L80

NA10

145, 165, 166,
163.5- 169,
170

References
(Kauranen, Peippo, &
Lund, 1991),
(Feldman, Shapiro,
Banu, & Fuks, 1989),
(Shilei, Neng, &
Guohui, 2006), (Li,
Kao, Wu, & Tan,
2011), (Zhang, Su, &
Ge, 1995), (Ke, 2017)
(Costa, et al., The
solid–liquid phase
diagrams of binary
mixtures of
consecutive, even
saturated fatty acids,
2009), (Longfei &
Fengping, 2004)
(Kauranen, Peippo, &
Lund, 1991),
(Tuncbilek, Sari,
Tarhan, Ergünes, &
Kaygusuz, 2005),
(Feldman, Shapiro,

20

CA-Capric (decanoic) acid, LA- Lauric (Dodecanoic) acid, PA-Palmitic (Hexadecanoic) acid, SA-Stearic
(Octadecanoic) acid, MA-Myristic (Tetradecanoic) acid, OA-Oleic (cis-9-Octadecenoic) acid, CLA-Caprylic
(Octanoic) acid, PDA-Pentadecylic (Pentadecanoic) acid, MGA-Margaric (Heptadecanoic) acid
21 PE- phase equilibrium, E-eutectic/ P-peritectic
22 the liquid proportion in the liquid-solid mixture
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Fatty acids
system20

PE
Characteristics21

Melting
temperature
(°C)

Compositions
mol%, or
LL proportion22

ww/w%,

E; P

37; 41

E

33.5, 34, 37,
37-39, 38-39,
38-44

E; P

39; 45

86; 55 LA

47-50, 51, 52,
53, 53-54, 54,
55, 54-59

w59-62, w63, w63-

E

Heat of
fusion (kJ/kg
or stated)

82.5; 60 LA

NA

w69, w75.5, w85,

150, 162, 171,
181, 183

w87,

59 LA, L85

LA-SA

PA-SA

64, w64, w65 w6565.5, 52 PA, L72.5
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51; 20 kJ/mol

160, 178, 179,
182, 205

References
Banu, & Fuks, 1989),
(Sarı, Eutectic
mixtures of some fatty
acids for low
temperature solar
heating applications:
Thermal properties
and thermal reliability,
2005), (Sarı, Eutectic
mixtures of some fatty
acids for latent heat
storage: Thermal
properties and thermal
reliability with respect
to thermal cycling,
2006), (Li, Kao, Wu, &
Tan, 2011), (Zhang,
Su, & Ge, 1995), (Ke,
2017)
(Costa, et al., The
solid–liquid phase
diagrams of binary
mixtures of
consecutive, even
saturated fatty acids:
differing by four carbon
atoms, 2009)
(Kauranen, Peippo, &
Lund, 1991), (Zhao, et
al., 2014), (Feldman,
Shapiro, Banu, & Fuks,
1989), (Cao, Tang, &
Fang, 2015), (Sari &
Kaygusuz, Thermal
Performance of a
Eutectic Mixture of
Lauric Acid and Stearic
Acid as PCM
Encapsulated in the
Anulus of Two
Concentric Pipes,
2002), (Sarı, Sarı, &
Önal, Thermal
properties and thermal
reliability of eutectic
mixtures of some fatty
acids as latent heat
storage materials,
2004), (Li, Kao, Wu, &
Tan, 2011), (Zhang,
Su, & Ge, 1995), (Ke,
2017)
(Costa M. C.,
Rolemberg, Meirelles,
Coutinho, &
Krähenbühl, 2009)
(Kauranen, Peippo, &
Lund, 1991), (Zhao, et
al., 2014), (Feldman,
Shapiro, Banu, & Fuks,
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Fatty acids
system20

PE
Characteristics21

Melting
temperature
(°C)

Compositions
mol%, or
LL proportion22

ww/w%,

Heat of
fusion (kJ/kg
or stated)

E; P

56; 57

70; 40 PA

NA

E

21, 21-23.5,
22-25, 20-31

w72-74, w73, w73.5,

152, 139-155,
155

E; P

24; 29

85; 50 CA

35; 18 kJ/mol

E

22, 22-23, 25,
23-35

w75, w75-76.5, w89,

64 CA

141, 153,
156-171

E; P

25; 31

88; 55 CA

NA

E

23, 25, 27, 28,
29, 26-33

w77, w83, w85, w87,

123, 147, 157,
160, 188

E

32, 33, 34, 35,
33-39.5

w58, w61, w63, w62-

w78

CA

CA-MA

CA-PA

CA-SA

LA-MA

w94.5,

65.5 CA

65, w66

LA
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143, 156, 162,
167, 162-171,
174

References
1989), (Baran & Sari,
2003), (Sarı, Sarı, &
Önal, Thermal
properties and thermal
reliability of eutectic
mixtures of some fatty
acids as latent heat
storage materials,
2004), (Li, Kao, Wu, &
Tan, 2011), (Zhang,
Su, & Ge, 1995),
(Zhang, Yuan, Du,
Cao, & Yuan, 2014),
(Ke, 2017)
(Costa, et al., The
solid–liquid phase
diagrams of binary
mixtures of
consecutive, even
saturated fatty acids,
2009)
(Kauranen, Peippo, &
Lund, 1991),
(Karaipekli & Sarı,
2009), (Zhang, Su, &
Ge, 1995), (Ke, 2017)
(Costa, et al., The
solid–liquid phase
diagrams of binary
mixtures of
consecutive, even
saturated fatty acids:
differing by four carbon
atoms, 2009)
(Kauranen, Peippo, &
Lund, 1991), (Li, Kao,
Wu, & Tan, 2011),
(Zhang, Su, & Ge,
1995), (Ke, 2017)
(Costa M. C.,
Rolemberg, Meirelles,
Coutinho, &
Krähenbühl, 2009)
(Kauranen, Peippo, &
Lund, 1991), (Li, Kao,
Wu, & Tan, 2011),
(Zhang, Su, & Ge,
1995), (Zhang, et al.,
2015), (Ke, 2017)
(Kauranen, Peippo, &
Lund, 1991), (Zhao, et
al., 2014), (Sarı,
Eutectic mixtures of
some fatty acids for
low temperature solar
heating applications:
Thermal properties
and thermal reliability,
2005), (Sarı, Eutectic
mixtures of some fatty
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Fatty acids
system20

PE
Characteristics21

Melting
temperature
(°C)

E; P

34; 37, 42

E

40, 43, 45,
45-50

E; P

45; 48

E

43, 44, 44-45,
45, 46, 48,
46-50

Compositions
mol%, or
LL proportion22

ww/w%,

65, 75; 40, 50 LA

w60, w67,

51, 58, 67
MA

Heat of
fusion (kJ/kg
or stated)

45, 23 kJ/mol

170, 174, 183

MA-PA

MA-SA

77.5; 40 MA

w74-75, w77,

64, 66

MA
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175, 181, 182,
183, 181-185

References
acids for latent heat
storage: Thermal
properties and thermal
reliability with respect
to thermal cycling,
2006), (Zhang, Su, &
Ge, 1995), (Ke, 2017)
(Costa, et al., The
solid–liquid phase
diagrams of binary
mixtures of
consecutive, even
saturated fatty acids,
2009), (Costa, et al.,
2007)
(Kauranen, Peippo, &
Lund, 1991), (Zhao, et
al., 2014), (Sarı,
Thermal
characteristics of a
eutectic mixture of
myristic and palmitic
acids as phase change
material for heating
applications, 2003),
(Sarı, Sarı, & Önal,
Thermal properties
and thermal reliability
of eutectic mixtures of
some fatty acids as
latent heat storage
materials, 2004),
(Zhang, Su, & Ge,
1995), (Ke, 2017)
(Costa, et al., The
solid–liquid phase
diagrams of binary
mixtures of
consecutive, even
saturated fatty acids,
2009)
(Kauranen, Peippo, &
Lund, 1991), (Zhao, et
al., 2014), (Sarı,
Eutectic mixtures of
some fatty acids for
low temperature solar
heating applications:
Thermal properties
and thermal reliability,
2005), (Sarı, Eutectic
mixtures of some fatty
acids for latent heat
storage: Thermal
properties and thermal
reliability with respect
to thermal cycling,
2006), (Sari &
Kaygusuz,
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Fatty acids
system20

PE
Characteristics21

Melting
temperature
(°C)

Compositions
mol%, or
LL proportion22

ww/w%,

Heat of
fusion (kJ/kg
or stated)

E; P

47; 51

80; 55 MA

NA

CLA-MA

E; P

11-14; 16

90; 55 CLA

NA

CLA-LA

E; P

8; 13

85; 60 CLA

NA

CLA-CA

E; P

4; 8

75; 42 CLA

NA

PDA-MGA

E; P1; P2

47.6; 48.4; 50

26; 11-17; 48-97
MGA

NA

PDA-PA

E; P

52; 53

26; 46 PA

NA

LA-(MA-SA)
SA-(LA- MA)
LA-MA-SA
MA-SA-PA
CA-(LA-MA)
(CA-LA)-PA)
(CA-LA)-SA

E
E
E
E
E
E
E

31
32-33
29-31
41-42
16-22
15.5-24
18-29.5

55-56 LA
55-56 SA
60:30:10
50:20:30
w66:21:13
w63:32:5
w65.3:32.5:2.2

NA
NA
220
NA
131
134
132.5
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(Costa, et al., 2007),
(Costa M. C.,
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Fatty acids
system20

PE
Characteristics21

Melting
temperature
(°C)

Compositions
mol%, or
LL proportion22

CA-(MA-PA)
CA-(MA-SA)
CA-(PA-SA)
LA-(MA-PA)
(LA-SA)-MA
(LA-PA)-SA
(MA-PA)-SA
(CA-LA-MA)PA
CA-(LA-MASA)
(CA-PA-SA)LA
(CA-MA)-(PASA)
LA-(MA-PASA)

E
E
E
E
E
E
E

18-28.5
19-32
20-33
31-41
29-37
32-44
47-52

w63:25:12

w57:28:15

137
146
146
156
153
159
170

E

15-24

w63:20:12:5

133

E

15-23

w62:23:11:3

130

E

14-23

w65:8:5:22

132

E

17.5-27

w72:20:5:3

138

E

30-37

w63:21:10:6

152

E

14-21

w61:25:8:4:2

133

ww/w%,

Heat of
fusion (kJ/kg
or stated)

w72:19:9
w73:21:6
w84:10:6
w61:9:30
w72:21:7

References

(Ke, 2017)

CA-(LA-MA-PASA)

Table 4 – Phase equilibrium characteristics of Alkanes as PCMs [1]

Alkanes23
system

PE
Characteristics24

Melting
temperature
(°C)

Composition
w/w%/ amol%/
vvolumetric %

Heat of
fusion
(kJ/kg)

C8H18-C10H22

E

60

a12.5

C10H22-C12H26
C11H24- C12H26
C11H24-C13H28
C12H26-C13H28

E
P
ICM
NA25/E

-35
-22
-27
5, -326/-17

a20

C12H26
C12H26
a23 C H
13 28
a80/a13 C H
13 28

NA
NA
NA
126/ NA

C12H26-C14H30

E
P

-15
-10

a19, a17

NA
NA

P
E
E/ICM/E; P

-1
4
2/ 2/ 2; 7

25 C13H28
80 C14H30
v92/ a92/ a89;
C14H30

C13H28- C14H30
C14H30-C15H32
C14H30-C16H34

C10H22

NA

a65

a63, a40

C14H30
C14H30

a55

212-110
130
200-146, 158

References
(Mondieig, Rajabalee,
Metivaud, Oonk, &
Cuevas-Diarte, 2004)
(Ventolà, et al., 2002)

(Yilmaz, et al., 2009)/
(Ventolà, et al., 2002)
(Espeau,
Robles,
Cuevas-Diarte,
Mondieig, & Haget,
1996), (Ventolà, et al.,
2002)
(Ventolà, et al., 2002)
(Yilmaz, et al., 2009)
(He, Gustafsson, &
Setterwall,
Tetradecane
and
hexadecane
binary
mixtures as phase

C12H26- Dodecane, C13H28- Tridecane, C14H30- Tetradecane, C15H32- Pentadecane, C16H34 –Hexadecane,
C17H36-Heptadecane, C21H44-Heneicosane, C22H46- Docosane
24 E-eutectic/ P-peritectic/ ICM-Isomorphous congruent minimum melting/PIP- partially isomorphous peritectic
type
25 However a maximum melting composition was observable, of which the corresponding details are extracted
from their given data.
26 DSC and T-history results
23
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Alkanes23
system

PE
Characteristics24

Melting
temperature
(°C)

Composition
w/w%/ amol%/
vvolumetric %

Heat of
fusion
(kJ/kg)

C15H32-C17H36

ICM

8

a13

C15H32-C21H44

E

8

a6.5

C15H32-C16H34
C16H34-C17H36

P
E

14
16

a86

C16H34- C18H38

E, P

15, 22

a12, a78

C17H36-C18H38
C17H36-C19H40
C18H38-C19H40
C18H38- C20H42
C19H40-C20H42
C20H42-C21H44
C20H42-C22H46

P
ICM
E
E, P
P
E
E

25
23
26
28, 35
35
35
36

a88

C18H38
C19H40
a6 C H
19 40
a6, a92 C H
20 42
a94 C H
20 42
a5 C H
21 44
a2 C H
22 46

NA
NA
NA
NA
NA
NA
NA

C21H44-C22H46

P

42

a5

C21H44

NA

C21H44-C23H48

P

41

a5

C23H48

NA

C26H54-C28H58

P

60

a92

C32H66-C36H74
C36H74-C40H82

ICM
PIP

69
77

a5

a8

C17H36

NA

C21H44

163

C16H34
C17H36

NA
NA

C18H38

a6

NA

C28H58

NA

C36H74
C40H82

168
223

a50
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References
change
materials
(PCMs)
for
cool
storage
in
district
cooling
systems,
1999)/ (He, Martin, &
Setterwall, Liquid–solid
phase
equilibrium
study of tetradecane
and hexadecane binary
mixtures as phase
change
materials
(PCMs) for comfort
cooling storage, 2003),
(He,
Martin,
&
Setterwall , 2004)/
(Mondieig, Rajabalee,
Metivaud, Oonk, &
Cuevas-Diarte, 2004)
(Espeau,
Robles,
Cuevas-Diarte,
Mondieig, & Haget,
1996), (Stolk, et al.,
1997)
(Espeau,
Robles,
Cuevas-Diarte,
Mondieig, & Haget,
1996)
(Stolk, et al., 1997)
(Stolk, et al., 1997),
(Mondieig, Rajabalee,
Metivaud, Oonk, &
Cuevas-Diarte, 2004)
(Mondieig, Rajabalee,
Metivaud, Oonk, &
Cuevas-Diarte, 2004)
(Mondieig, Rajabalee,
Metivaud, Oonk, &
Cuevas-Diarte, 2004)

(Espeau,
Robles,
Cuevas-Diarte,
Mondieig, & Haget,
1996)
(Mondieig, Rajabalee,
Metivaud, Oonk, &
Cuevas-Diarte, 2004),
(Metivaud, Rajabalee,
Mondieig, & Haget,
1999)
(Mondieig, Rajabalee,
Metivaud, Oonk, &
Cuevas-Diarte, 2004)
(Mondieig, Rajabalee,
Metivaud, Oonk, &
Cuevas-Diarte, 2004)
(Ventolà, et al., 2005)

29

Alkanes23
system
C40H82-C44H90

Melting
temperature
(°C)

PE
Characteristics24
PIP

82

Composition
w/w%/ amol%/
vvolumetric %
a52

Heat of
fusion
(kJ/kg)

C44H90

References

229

Table 5 - Characteristics of other organic blends as PCMs [1]

Relevant PE
Characteristics27

Melting
temperature
(°C)

Alkanols
C15H31OH-C17H35OH
C16H33OH-C17H35OH
C16H33OH-C18H37OH

ICM
P
PICM; P

42
53
48; 56

C17H35OH-C18H37OH
C17H35OH-C19H39OH
C18H37OH-C20H41OH
C16H33OH-C20H41OH

P1; P2
P
E; P
PICM; P

53.5; 56.5
58
56.5; 61
46; 57

ICM
ICMx

55
60

H-CH3

E

27

F-OH

P

67

Benzene derivatives
p-DCB-p-BCB29

E

p-DCB-p-DBB

E

Organics system

β.R-substituted
derivatives28
F-SH
Cl-CH3

Composition
w/w%/ amol%/
vvolumetric %

a14

C17H35OH
C17H35OH

a85
a15;

a95
C18H37OH
a2; a93 C H OH
18 37
a82 C H OH
19 39
a4; a88 C H OH
20 41
a21;
a90
C20H41OH

Heat of
fusion
(kJ/kg
or
stated)
NA
NA
NA

References

(Ventola,
al., 2004)

et

NA
NA
NA
NA

Naphthalene
a25

SH derivative
CH3
derivative
a65
CH3
derivative
a34
OH
derivative

NA
NA

52

a2

52

a1.5

183
MJ·m-3
18319630
MJ·m-3

a25

p-BCB
p-BCB

NA

(CuevasDiarte,
Chanh,
&
Haget, 1987)

NA

(Labrador, et
al.,
1991),
(Labrador,
CuevasDiarte,
Mondieig, &
Haget, 1992),
(CuevasDiarte,
Chanh,
&
Haget, 1987),
(Mondieig, et
al., 1991)

Fatty acid derivatives

27

E-eutectic/ P-peritectic/ CC-congruent melting compound/ ICM-Isomorphous congruent minimum melting/
ICMx-Isomorphous congruent maximum melting/ PICM-partially isomorphous congruent minimum melting
type
28 Thus the components are, naphthalene (R=H), fluoro.2 naphthalene (R=F), naphtol.2 (R=OH), chloro.2,
naphthalene (R=Cl), methyl.2 naphthalene (R=CH3), 2-naphthalenethiol (R=SH), and bromo.2 naphthalene
(R=Br) [40].
29 P-DCB: p-dichlorobenzene, p-BCB: p-bromochlorobenzene, p-DBB: p-dibromobenzene
30 Over the full compositional range
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Relevant PE
Characteristics27

Melting
temperature
(°C)

MEP-MES31
MEP-EES
EEP-EES

E
E
E

23
22
17.5

66 MEP
58 MEP
68 EEP

EEP-MES
Polyols
Erythritol-Xylitol

E

19

75 EEP

E

80-82,
84-85,

Organics system

82,

Composition
w/w%/ amol%/
vvolumetric %

a25,

a25-30,

a36

Erythritol

Erythritol-Sorbitol

E

85-87

a30

Erythritol

Xylitol-Sorbitol

E

75

a49

Xylitol

Mannitol-Dulcitol32

E

154.5, 157

a70, a71

Mannitol

Heat of
fusion
(kJ/kg
or
stated)
194
121
177209
178
204196,
248249,
270

170173
169170

282

References

(Suppes,
Goff,
Lopes,
2003)2

&

(Diarce,
Gandarias,
CamposCelador,
GarcíaRomero,
&
Griesser,
2015),
(Gunasekara,
Chiu,
&
Martin, 2015),
(Del Barrio,
Cadoret,
Daranlot, &
Achchaq,
New
sugar
alcohols
mixtures for
long-term
thermal
energy
storage
applications
at
temperatures
between 70
°C and 100
°C, 2016)
(Diarce,
Gandarias,
CamposCelador,
GarcíaRomero,
&
Griesser,
2015)
(Paul, Shi, &
Bielawski,
2015), (Del
Barrio,
Cadoret,
Daranlot, &
Achchaq,
Infrared
thermography

31

MEP- Methyl palmitate, MES- Methyl stearate, MEO- Methyl oleate, EEP- Ethyl palmitate, EES- Ethyl
stearate. Here, For MEP-EEP, MES-EES, MEO-MEP, MEO-MES also eutectics were identified however with
no clear demarcation of the eutectic point
32 Dulcitol is also called Galactitol
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Organics system

Relevant PE
Characteristics27

Melting
temperature
(°C)

Composition
w/w%/ amol%/
vvolumetric %

Heat of
fusion
(kJ/kg
or
stated)

Erythritol–Dulcitol
Xylitol–Mannitol
Adonitol–Mannitol

E
E
E

117
94
98

a4.5

Dulcitol
Mannitol
a5 Mannitol

NA
NA
NA

Adonitol–Erythritol
Arabitol-Erythritol
Arabitol-Xylitol
Threitol-Erythritol
Threitol-Arabitol
Threitol- L-Adonitol
Threitol-Xylitol
Arabitol-Adonitol
Adonitol-Xylitol
Inositol-Mannitol
Inositol-Dulcitol

E
E
E
E
E
E
E
E
E
E
E

87
86
77
79
73
72
69
80
77
157-161
176-179

a30

Erythritol
Erythritol
a56 Xylitol
a25 Erythritol
a36 Arabitol
a37 L-Adonitol
a42 Xylitol
a49 Adonitol
a56 Xylitol
a82 Mannitol
a69 Dulcitol

254
225
243
249
236.5
231
231
244
240
NA
NA

Erythritol2-amino-1,3propanediol
Fatty acid33-alkanol
LA- Hexanediol
SA-Decanediol
CLA- 1-Dodecanol

E

71

70 2-amino-1,3propanediol

224

E
E
E; P

35
64
6.5; 11

20 LA
45 SA
30;
60
dodecanol

199
236
171; NA

a4

a40

1-

References

method
for
fast
estimation of
phase
diagrams,
2016)
(Del Barrio,
Cadoret,
Daranlot, &
Achchaq,
Infrared
thermography
method
for
fast
estimation of
phase
diagrams,
2016)
(Del Barrio,
Cadoret,
Daranlot, &
Achchaq,
New
sugar
alcohols
mixtures for
long-term
thermal
energy
storage
applications
at
temperatures
between 70
°C and 100
°C, 2016)
(Hidaka,
et
al., 2004)
(Rathgeber,
Schmit,
&
Hiebler,
2013), (Zuo,
Li, & Weng,
Thermal
performance
of
caprylic
acid/1dodecanol
eutectic
mixture
as
phase
change
material
(PCM), 2011)

33

CA-Capric acid, LA- Lauric (Dodecanoic) acid, PA- Palmitic (Hexadecanoic) acid, SA-Stearic (Octadecanoic)
acid, MA-Myristic (Tetradecanoic) acid, CLA-Caprylic (Octanoic) acid
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1-

Heat of
fusion
(kJ/kg
or
stated)
16116334
124

1-

155

Relevant PE
Characteristics27

Melting
temperature
(°C)

LA- 1-tetradecanol

E

24, 26-28

MA- 1-hexadecanol

E

39-41

PA- 1-octadecanol

E

48-50

Fatty acids-amides
SA- n-butyramide
SA- n-octanamide
SA-acetamide

E
E
E; CC35

64
63
65; 66

a

55 SA
SA
a60; 49 SA

198
199
194;
194

(Ma, et al.,
2017)
(Ma,
Han,
Sun, & Jia,
2016)

Alkanes-fatty acids
Hexadecane-CA

E

9

35 Hexadecane

Nonadecane-CA

E

23

40 Nonadecane

n-octadecane-CA
n-octadecane-LA

E
E

22
25.1

a41

n-octadecane
n-octadecane

173179
168181
201
229

n-octadecane-MA
n-octadecane-PA

E
E

26.5
27

a90

n-octadecane
n-octadecane

236
238

(Rathgeber,
Schmit,
&
Hiebler,
2013)
(Wei, Han, &
Wang, Solid–
liquid phase
equilibrium
study
of
binary
mixtures of noctadecane
with capric,
and
lauric
acid as phase
change
materials
(PCMs),
2014)
(Wei, Han, &
Shen, Solid–
liquid phase
equilibria of
(noctadecane
with myristic,
and palmitic
acid) binary
mixtures used
as
phase
change
materials

Organics system

Composition
w/w%/ amol%/
vvolumetric %
57,a59
tetradecanol
a55
hexadecanol
a51
octadecanol

1-

a59

a70

a95

References

(Zuo, Li, &
Weng,
Thermal
properties of
lauric acid/1tetradecanol
binary system
for
energy
storage,
2011),
(Maximo, et
al., 2014)

34

Taking the molecular weights of 1-tetradecanol, 1-hexadecanol and 1-octadecanol as 214.4, 242.4, 270.5
g/mol respectively.
35 According to the phase diagram, the compound appears to be congruent melting, though was not specified
so by the authors.
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Organics system

Relevant PE
Characteristics27

Melting
temperature
(°C)

Composition
w/w%/ amol%/
vvolumetric %

Heat of
fusion
(kJ/kg
or
stated)

References

(PCMs),
2016)
Alkane-alkanol (fatty alcohol)36
Pentadecane-Undecanol

E

7

55 Pentadecane

Eicosane- 1-tetradecanol

E

32

30 Eicosane

n-octadecane- dodecanol

E

19

a26

C16H34-C16H33OH

E

16

a2

AMPL-TRIS37

P

128

a36-39

Ethers-phenyls
Diphenyl ether- Biphenyl

E

12

a70.5

n-octadecane

C16H33OH
TRIS

Diphenyl

169178
223230
245

51
kJ/mol
NA

93

(Cabaleiro,
GraciaFernández, &
Lugo, 2014)

C6H12(OH)2·H2O;
C6H12(OH)2·6H2O
96;
80
C6H12(OH)2

134;
302
126;
180

(Rathgeber
C. , Schmit,
Hennemann,
&
Hiebler,
2014)

a77

NA
NA

(Longfei
Fengping,
2004)

248

(Diarce,
Quant,
CamposCelador,
Sala,
GarcíaRomero,
2016)

ether

Organic salt hydrates
Pinacone-water
(C6H12(OH)2H2O)

Fatty acids-naphthalene
CA-Naphthalene
LA-CA-Naphthalene

CC1; CC2

41; 45-45.5

E1, E2

29-30; 40

E
E; P

24
13; 16

CA

a18:63;a32:48

CA:LA
Polyol-Urea
Erythritol-Urea

E

81

(Rathgeber,
Schmit,
&
Hiebler,
2013)
(Wei, Zhang,
& Li, Solid–
liquid phase
equilibrium
study of noctadecane +
lauryl alcohol
binary
mixtures,
2013)
(Metivaud, et
al., 2005)
(Mekala,
et
al., 2015)

w55

Erythritol

&

&

36

1-tetradecanol is called Myristyl alcohol, and dodecanol is also called Lauryl alcohol, while 1-hexadecanol
is C16H33OH
37 AMPL: 2-amino-2-methyl-1,3-propanediol and TRIS: TRIS(hydroxymethyl)aminomethane
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Table 6 - Characteristics of salt hydrates as PCMs [1]

Salt Hydrates

PE
Characteristics38

Melting
temperature
(°C)

Composition
w/w%/amol%/stoichiometric
formula

Heat of
fusion
(kJ/kg)

Na2SO4-H2O

Hypo-P39

30

30 Na2SO4

244

Na2SO4·10H2O

P

32

44 Na2SO4

180, 242,
245, 251,
254

CaCl2-H2O

P

27, 29, 30,
29-30

50 CaCl2, CaCl2·6H2O

125, 171,
173, 175,
185, 191,
160-209

CaCl2·6.11H2O

Hypo-P

29

CaCl2·6.11 H2O

NA

Zn(NO3)2-H2O

CC1; CC2; CC3;
CC4

36; 43; 50;
65

P; E

-22; -31

NH4Cl-H2O

CaBr2-H2O

LiClO3-H2O
KF-H2O
Mn(NO3)2-H2O

38
39

Zn(NO3)2·6H2O;
Zn(NO3)2·4H2O;
Zn(NO3)2·2H2O;
Zn(NO3)2·H2O
Zn(NO3)2·9H2O; 38 Zn(NO3)2

130, 147;
NA; NA;
NA

References
(Biswas, 1977),
(Abhat, 1983)
(Abhat, 1983),
(Rosenblatt,
Marks, & Pigford,
1983), (Kenisarin
& Mahkamov,
2016); (da
Cunha & Eames,
2016)
(Abhat, 1983),
(Brandstetter,
1988), (Lane,
1981), (Kimura &
Kai, 1984),
(Schmit , Pfeffer,
Rathgeber, &
Hiebler, 2015),
(Kenisarin &
Mahkamov,
2016), (Carlsson,
Stymne, &
Wettermark,
1979), (da
Cunha & Eames,
2016)
(Kimura & Kai,
1984)
(Abhat, 1983),
(Kenisarin &
Mahkamov,
2016)

NA

E

-15.7

19.5 NH4Cl

NA

E1; E2

-72; 34

47, 66 CaBr2

NA

CC; P

33; 55

CaBr2·6H2O; CaBr2·4H2O

142; NA

E1; E2
CC; P1; P2
E1; E2
CC; P
E1; E2; E3

-40; 0
8; 20; 41
-19; 18
19; 42
-35; 25; 25

37.5; 72 LiClO3
LiClO3·3H2O; 84; 95 LiClO3
22; 47 KF
KF·4H2O; KF·2H2O
42; 65; 78 Mn(NO3)2

NA
250; NA
NA
231; NA
NA

(Jamil,
Kousksou,
Omari, Zeraouli,
& Guer, 2010),
(Oró,
Barreneche,
Farid, & Cabeza,
2013)
(Schmit,
Pöllinger, Pfeffer,
& Hiebler, 2015),
(Schmit , Pfeffer,
Rathgeber, &
Hiebler, 2015)
(Kenisarin &
Mahkamov,
2016)

E-eutectic/ P-peritectic/ CC- congruent melting compound
Hypo- implies compositions lower than, and hyper- implies compositions more than (eutectic or peritectic)
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PE
Characteristics38

Melting
temperature
(°C)

CC1; CC2; P

26; 38; 36

LiNO3-H2O

CC; E1; E2;

29; -36; 27

LiNO3·3H2O; 25; 62 LiNO3

Na2CO3-H2O

E; P

0; 33

5 Na2CO3; Na2CO3·10H2O

Na2HPO4-H2O

E; P1; P2

0; 36; 48

4 Na2HPO4;
Na2HPO4·12H2O;
Na2HPO4·7H2O

NA; NA;
264-280

E1; E2; E3; P

-29; 40; 50;
53

43; 71; 77; 82 Ca(NO3)2

NA

CC1; CC2

42-43; 51

E1, E2

-15, 53

131-144;
NA
NA

CC; P

59; 5

E1, E2, E3
CC1, CC2

-29, 6, 60
15.5, 64

P1, P2, P3

-25, -20, 12

E; CC

93; 94

E1; E2; CC

-27, -18; -16

Ca(NO3)2·4H2O;
Ca(NO3)2·3H2O
37, 82 Cd(NO3)2
Cd(NO3)2·4H2O;
Cd(NO3)2·9H2O
18, 46, 75
NaOH·3.5H2O, NaOH·H2O
NaOH·7H2O, NaOH·5H2O,
NaOH·2H2O
52 NH4Al(SO4)2;
NH4Al(SO4)2·12H2O
21, 33 MgCl2; MgCl2·12H2O

Salt Hydrates

Ca(NO3)2-H2O

Cd(NO3)2-H2O

NaOH-H2O
NH4Al(SO4)2H2O

MgCl2-H2O

Composition
w/w%/amol%/stoichiometric
formula
Mn(NO3)2·6H2O;
Mn(NO3)2·4H2O;
Mn(NO3)2·2H2O

Heat of
fusion
(kJ/kg)
120-126;
140; NA
283-295;
NA
NA, 247251

106; NA
NA
218, 272
NA
NA; 269
NA

P1, P2

-4, 117

MgCl2·8H2O, MgCl2·6H2O

150,170

NaCH3CO2H2O (SAT)

E; P

-20; 58, 60

24 NaCH3CO2;
NaCH3CO2·3H2O

NA; 237,
266, 278,
289

Ba(OH)2-H2O

CC; P1; P2

78; 88; 205

Ba(OH)2·8H2O;
Ba(OH)2·3H2O, Ba(OH)2·H2O

233, 262,
280; NA;
NA

E1; E2; P

-30; 55; -15

32; 68 Mg(NO3)2;
Mg(NO3)2·9Н2О

NA

CC1; CC2

90, 89; 135

Mg(NO3)2·6Н2О;
Mg(NO3)2·2Н2О

140,
160,149163, NA

NaCH3CO2·3H2OCO(NH2)2

E

30

40 CO(NH2)2

NA

MgCl2·6H2OMg(NO3)2·6H2O

E

59

Mg(NO3)2·6H2O

144

NH4NO3LiNO3·3H2O

E

15.5

Mg(NO3)2-Н2О

a53

66 LiNO3·3H2O- 34 NH4NO3
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References

(Kenisarin &
Mahkamov,
2016), (da
Cunha & Eames,
2016)
(Desgrosseilliers,
Allred, Groulx, &
White, 193-197),
(Johansen, et al.,
2015),
(Kenisarin &
Mahkamov,
2016), (da
Cunha & Eames,
2016)
(Kenisarin &
Mahkamov,
2016), (da
Cunha & Eames,
2016)
(Kenisarin &
Mahkamov,
2016)
(Kenisarin &
Mahkamov,
2016), (da
Cunha & Eames,
2016)
(Kenisarin &
Mahkamov,
2016)
(Yoneda &
Takanashi,
1978)

181

36

Salt Hydrates

PE
Characteristics38

Melting
temperature
(°C)

Composition
w/w%/amol%/stoichiometric
formula

Heat of
fusion
(kJ/kg)

E

15

42 LiNO3 - 32 NH4NO3

NA

E

27

92 LiNO3·3H2O - 8 NaNO3

NA

E

26

57 LiNO3 - 7 NaNO3

NA

NH4NO3-LiNO3LiNO3·3H2O
NaNO3LiNO3·3H2O
NaNO3–LiNO3–
LiNO3·3H2O

LiNO3·3H2O–
Mg(NO3)2·6H2O

E

26, 27

71 LiNO3·3H2O, a18.5 LiNO34 Mg(NO3)2

NA

LiNO3·3H2O–
LiNO3–
Mg(NO3)2·6H2O

E

27

47.5 LiNO3-13 Mg(NO3)2, a20
LiNO3-4 Mg(NO3)2

NA

NH4Cl-CaCl2-H2O

P1; P240

26.5; 25

48:5; 46:5 CaCl2:NH4Cl

NA

E

12

75 Zn(NO3)2·6H2O

135

E

4

73 Mn(NO3)2·6H2O

133

E

27

40 Na2CO3·10H2O

220

E

25

E

22

E

21

E

24

Zn(NO3)2·6H2ONH4NO3
Mn(NO3)2·6H2ONH4NO3
Na2CO3·10H2ONa2HPO4·12H2O
KNO3LiNO3·3H2O
KNO3LiNO3·3H2OLiNO3
KNO3LiNO3·3H2OMg(NO3)2·6H2O
LiNO3·3H2OMg(NO3)2·6H2ONaNO3

a6 KNO -23.5
3

LiNO3

181

KNO3- 29 LiNO3

203

KNO3- 65 LiNO3·3H2O

191

67 LiNO3·3H2O- 27
Mg(NO3)2·6H2O

187

a8

a22

References

(Li, Zeng, Yin, &
Chen, 2010)

(Li, Zeng, Yin, &
Chen, 2010),
(Yin, Chen,
Zeng, & Wang,
2011)
(Li, Zeng, Yin, &
Chen, 2010),
(Yin, Chen,
Zeng, & Wang,
2011)
(Dong, et al.,
2011)
(Schmit,
Rathgeber,
Pfeffer, &
Hiebler, 2014)
(Liu & Yang,
2017)

(Yin, Chen,
Zeng, & Wang,
2011)

(Li, Zeng, Yin, &
Chen, 2010)

Table 7 - Characteristics of salts blends, metal alloys and organic-inorganic blends as PCMs [1]
Salts, Metal
Alloys, or
organic-inorganic
system

PE
Characteristics41

Melting
temperature
(°C)

Composition w/w%/
amol%/sstoichiometric

formula

Heat of
fusion
(kJ/kg)

References

94, 101,
110

(Martin, Bauer,
& MüllerSteinhagen,
2013), (Yagi &
Akiyama,
1995),
(Pincemin,
Olives, Py, &
Christ, 2008),

Salts

NaNO3-KNO3

E42/ICM/PICM

220, 222,
223, 225

a47, a50, a53,

NaNO3

45, 46

40

This peritectic was considered as a pseudo eutectic
E-eutectic/ P-peritectic/ CC- congruent melting compound/ ICM- Isomorphous congruent minimum melting/
PICM- Partially isomorphous congruent minimum melting solid solution system
42 Here various sources have identified the same point as isomorphous congruent melting type or eutectic
41
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Salts, Metal
Alloys, or
organic-inorganic
system

43
44

PE
Characteristics41

Melting
temperature
(°C)

Composition w/w%/
amol%/sstoichiometric

formula

Heat of
fusion
(kJ/kg)

Hypo-E

219-267

70 NaNO3

125

LiNO3-KNO3

E

130, 120147, 133

34, a38-53 LiNO343

150, 160178, 170

NaNO3-NaCl

E

298, 300

93, a95 NaNO3

NA

KNO3-KCl

E; P

310; 360

a92; a85

NA

NaCl-KCl

PICM

655

a50

Ca(NO3)2-NaNO3

E44

217

AgNO3-KNO3

E; P

135; 143

NaNO3-TlNO3

E

166

LiNO3-KNO3NaNO3

E

123

NaCl-CaCl2-MgCl2

E

424

NaCl-KCl-NaNO3KNO3

P

276

a70

NaCl

NA

NaNO3

136

a40; a50

a20

KNO3

KNO3

NaNO3

30 LiNO3- 18 NaNO3

a52

NaCl- 15 CaCl2

K2ClNO3, a86 KNO3-:12 Cl-

NA
NA

136-155,
140

190

NA

References
(Sergeev,
Yazhenskikh,
Kobertz, Hack,
& Müller, 2015),
(Pfleger, Braun,
Eck, & Bauer,
2015), (da
Cunha &
Eames, 2016)
(Martin, Bauer,
& MüllerSteinhagen,
2013)
(Roget,
Favotto, &
Rogez, 2013),
(da Cunha &
Eames, 2016)
(Sergeev,
Yazhenskikh,
Kobertz, Hack,
& Müller, 2015),
(Baché, Le Bot,
Fereres, &
Palomo, 2014)
(Sergeev,
Yazhenskikh,
Kobertz, Hack,
& Müller, 2015)
(Sergeev,
Yazhenskikh,
Kobertz, Hack,
& Müller, 2015)
(Zhao, Ji, & Xu,
2015)
(Boa, et al.,
2015)
(Abdessattar,
Hellali, Boa, &
Zamali, 2015)
(Roget,
Favotto, &
Rogez, 2013),
(da Cunha &
Eames, 2016)
(Wei, Song,
Wang, Ding, &
Yang, 2015),
(Tian, et al.,
2015)
(Sergeev,
Yazhenskikh,
Kobertz, Hack,
& Müller, 2015)

Literature values in a range
This eutectic is preliminary as the phase diagram [93] contains only a partial liquidus.
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Salts, Metal
Alloys, or
organic-inorganic
system

PE
Characteristics41

Melting
temperature
(°C)

amol%/sstoichiometric

NaCl-CaCl2-KClMgCl2

E

385

Composition w/w%/

References

formula

Heat of
fusion
(kJ/kg)

NA

151

(Wei, Song,
Peng, Ding, &
Yang, 2015)

87 Al; 75 Al

516; 441

Metal Alloys
Al-Si

E; Hyper-E

577

Mg-Zn

Hypo-E

340-343

Pb-Sn

E

177

38 Pb

NA

Mg-Bi

E1; CC; E2

554; 825;
261

13; 40; 96 Bi

NA

Cu-Mg-Si

E

755

53.5 Cu, 21 Mg

460

Mg-Zn-Al

E1; E2

340; 344

NaNO3-CO(NH2)2

sMg

49Zn51,

aMg

0.72Zn0.28

Mg70Zn24.9Al5.1;
Zn85.8Al8.2Mg6
Organic-inorganic blends

E

85

29 NaNO3

138, 180,
155, 210

157; 104

172

(Yagi &
Akiyama, 1995)
(Risueño, et al.,
2014), (BlancoRodríguez,
RodríguezAseguinolaza,
Risueño, &
Tello, 2014)
(Baché, Le Bot,
Fereres, &
Palomo, 2014)
(Fang, Sun, Li,
& Cheng, 2016)
(Andraka,
Kruizenga,
HernandezSanchez, &
Coker, 2015)
(Risueño, et al.,
2015)
(Diarce, CorroMartínez,
Quant,
Campos–
Celador, &
García–
Romero, 2016)

Table 8 – PCM-relevant phase equilibrium characteristics of blends from non-PCM study examples [1]
PE
Characte
ristics 46

Melting
temperatu
re (°C)

Binary Phospholipids47

E

13.5

40 diC(14)PC

Heat of
fusion
(kJ/kg or
stated)
NA

PPO-POP48

E

31

50 POP

NA

Material

system45

Composition
mol%/
vvolumetric %

ww/w%/

References
(Lin
Huang,
1988)

&

45

CA-Capric (decanoic) acid, LA- Lauric (Dodecanoic) acid, PA-Palmitic (Hexadecanoic) acid, SA-Stearic
(Octadecanoic) acid, MA-Myristic (Tetradecanoic) acid, OA-Oleic (cis-9-Octadecenoic) acid, BA- Benzoic acid,
CLA-Caprylic (Octanoic) acid, CBA- o-chlorobenzoic acid
46 E-eutectic/ P-peritectic/ CC- congruent melting compound
47 1-stearoyl-2-caprylphosphatidylcholine and dilmyristoylphosphatidylcholine system
48 (Fats and lipids), PPO-1,2-dipalmitoyl-3-oleoyl-sn-glycerol/ POP-1,3-dipalmitoyl-2-oleoyl-sn-glycerol/ OPO1,3-dioleoyl-2-palmitoyl-sn-glycerol/ PPP- tripalmitoylglycerol/ SSS-tristearin
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PE
Characte
ristics 46

Melting
temperatu
re (°C)

POP-OPO

P

33

50 OPO

Heat of
fusion
(kJ/kg or
stated)
NA

PPP-SSS
OPO-POP

E
P

64
32.5

25 SSS
50 POP

NA
NA

C14F30-C24F5049

E

104

3 C24F50

NA

LiCl-CaCl2

E; P

48; 490

65; 62 LiCl

NA

C6-SE-C18-SE50
C10-SE-C18-SE
C14-SE-C18-SE
C18-SE-C18:1-SE
OA-LA
OA-MA
OA-PA

E
E
E
E
E
E
E

65
70
77
29
8
11
12

19 C18-SE
26 C18-SE
36 C18-SE
1 C18-SE
26 LA
10 Myristic
4 PA

49
62
75
11
35 kJ/mol
NA
NA

OA-CLA

E

-3.5

57 Caprylic

28 kJ/mol

LA-MA
CA-PA
CA-MA
LA-SA
n-eicosane-Methyl palmitate
n-tetracosane-Methyl stearate
n-octacosane-Methyl stearate

E; P
E
E; P
E
E
E
E

35; 38
26
24; 27
39
24
34
36

71; 50 LA
86 Capric
80; 50 Capric
84 LA
23-30 n-eicosane
20-25 n-tetracosane
10-12 n-octacosane

NA
NA
NA
NA
NA
NA
NA

Octan-1-ol- 1,3-diaminopropane

E1;
E2
E1;
E2

-27; -18; 24
-19; -7; -12

30; 67; 86 octan-1-ol

CC:
kJ/mol
CC:
kJ/mol

Material

system45

Nonan-1-ol- 1,3-diaminopropane

CC;
CC;

Composition
mol%/
vvolumetric %

ww/w%/

16; 67; 85 nonan-1-ol

References
(Sato, Ueno,
&
Yano,
Molecular
interactions
and kinetic
properties of
fats, 1999)
(Sato,
Crystallizatio
n behaviour
of fats and
lipids—a
review, 2001)
(Visjager,
Tervoort, &
Smith, 1999)
(Mahendran,
Nagaraj,
Sridharan, &
Gnanasekar
an, 2001)
(Leeson
&
Flöter, 2002)

(Inoue,
Hisatsugu,
Ishikawa, &
Suzuki,
2004)
(Inoue,
Hisatsugu,
Suzuki,
Wang,
&
Zheng, 2004)
(Costa M. C.,
et al., 2007)

(Benziane,
Khimeche,
Dahmani,
Nezar,
&
Trache,
2013)
26
34

(Domańska
& Marciniak,
2005)

Perfluorotetradecane –Perfluorotetracosane
Several β-sitosterol alkyl-ester blends. C6-SE: β-Sitosteryl caproate, C10-SE: β-Sitosteryl caprate, C14-SE:
β-Sitosteryl myristate, C18-SE: β-Sitosteryl stearate and C18:1-SE: β-Sitosteryl oleate. C18:1-SE has a fatty acid
moiety (i.e., a part of the molecule [192]) with one unsaturated bond in the chain.
49
50
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PE
Characte
ristics 46

Melting
temperatu
re (°C)
-18, 0; -3

6.5; 67; 78 decan-1-ol

Undecan-1-ol1,3diaminopropane
Heptan-2-one-Octan-1-ol
Heptan -2-one-Decan-1-ol
Nonan-2-one-Octan-1-ol
Nonan-2-one-Decan-1-ol
Nonan-2-one-Dodecan-1-ol
Undecan-2-one-Octan-1-ol
Undecan-2-one-Decan-1-ol
Undecan-2-one-Dodecan-1-ol
Dodecan-2-one-Octan-1-ol
Dodecan-2-one-Decan-1-ol
Dodecan-2-one-Dodecan-1-ol
Tridecane-2-one-Octan-1-ol
Tridecane-2-one-Decan-1-ol
Tridecane-2-one-Dodecan-1-ol
C14H30-C15H32
C14H30-C16H34

E1; CC;
E2
E1; CC;
E2
E
E
E
E
E
E
E
E
E
E
E
E
E
E
E
E; P

-15; 8; 6

2; 67; 76 undecan-1-ol

-38
-36
-19
-13
-10
-16
0
7
-15
3
13
-15
5
16
3.5
3; 6

90 Heptan-2-one
99 Heptan-2-one
31-35 Nonan-2-one
80 Nonan-2-one
94 Nonan-2-one
7.5 Undecan-2-one
30-32 Undecan-2-one
72 Undecan-2-one
4 Dodecan-2-one
17-20 Dodecan-2-one
55 Dodecan-2-one
2 Tridecane-2-one
10 Tridecane-2-one
38 Tridecane-2-one
15 C15H32
18; 40 C16H34

Heat of
fusion
(kJ/kg or
stated)
CC:
35
kJ/mol
CC:
32
kJ/mol
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

BA-CBA

E

93

30 CBA

NA

Naphthalene-Phenol
o-NA,m-NA & p-NA51
Naphthalene-BA-CBA

E
E
E

26
46
57

16-18 Naphthalene
NA
NA

NA
NA
NA

BA-1-naphthol
BA- 2-aminobenzoic acids
1-naphthol-2-aminibenzoic acid

E
E
E

68
103
78

56 1-naphthol
32 2-aminobenzoic
30 2-aminibenzoic

NA
NA
NA

E

39

49 Naphthalene

116

E
E

74
40

81 Naphthalene
77 Indole

184
92.5-116

Material

system45

Decan-1-ol- 1,3-diaminopropane

Naphthalene–
chloronitrobenzene
Naphthalene–Catechol
Naphthalene-Indole

51

p-

Composition
mol%/
vvolumetric %

ww/w%/

References

(Domańska,
Paduszyński,
&
Dąbska,
2011)

(Milhet,
Pauly,
Coutinho,
Dirand,
&
Daridon,
2005)
(Shibuya,
Suzuki,
Yamaguchi,
Arai, & Saito,
1993)
(Shibuya,
Suzuki,
Yamaguchi,
Arai, & Saito,
1993)
(Huang
&
Chen, 2000)

(Takiyama,
Suzuki,
Uchida,
&
Matsuoka,
2002)

Ternary system, NA:nitroaniline
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3.3 Water storages vs PCM storages
Sensible heat storage systems, namely water based storage systems, are mature technology that is
present in a wide variety of applications. Water storage is known for its environmental friendliness,
abundance and economic advantages. However, if the available working temperature difference is
small, water is then outweighed by PCMs which can achieve higher storage density per volume and
per weight due to the higher latent heat capacity.
Figure 17 shows the comparison of volumetric storage capacity between water storage, PCM and
thermal chemical material (TCM). Here, we see that water remains at a lower volumetric storage
density. TCM, on the other hand has the highest storage density, however the technology readiness
level (TRL) is at a much lower stage and the thermal power performance requires much higher
complexity in the reactor design. PCM here presents a balance between technology maturity and
financial soundness.

Figure 18 – Volumetric Energy Storage Capacity vs Temperature (Hauer, 2012)

For an available working temperature range of 10°C, a typical paraffin based PCM with 150 kJ/kg
specific storage capacity at a density of 800 kg/m³ can provide three times higher specific thermal
storage capacity, or more than double the volumetric storage capacity, see Table 9. However, when
the allowable working temperature difference is larger than 40°C, the water based storage will be
more advantageous, see. Note that additional heat transfer components (e.g. encapsulations, heat
exchangers, and others) have to be introduced in the PCM based storage, creating thus a reduced
packing factor (assumed to be 70% in this example); while water based storage is close to 100%.

D3.1 “Requirements for thermal storage in PHCC applications”

42

Table 9 - Storage Density for Water and Latent Heat Based Materials over 10K and 40K Working Temperature Range

Liquid Water as
Sensible Heat Storage
Material
Typical Density
Specific Heat Capacity
Latent Heat Capacity
Packing Factor
Working Temperature
Range
Specific Storage Capacity
Volumetric Storage Capacity
Working Temperature
Range
Specific Storage Capacity
Volumetric Storage
Capacity

1.000 kg/m³
4,18 kJ/kg.K
-

Typical Paraffin Based
PCMs
800 kg/m³
1,8 kJ/kg.K
150 kJ/kg

100%

Certain Sugar Alcohol
or Inorganic PCMs
1.450 kg/m³
2,0 kJ/kg.K
300 kJ/kg

70%
10 K

41,8 kJ/kg
41,8 MJ/m³

167,2 kJ/kg
167,2 MJ/m³

117,6 kJ/kg
94,0 MJ/m³
40 K
155,4 kJ/kg
124,3 MJ/m³

224 kJ/kg
324,8 MJ/m³

266 kJ/kg
385,7 MJ/m³

Operation wise, a PCM based storage provides heating and cooling within a relatively small
temperature swing but the thermal power is subjected to the low material thermal conductivity (in the
order of magnitude of 0,2 W/m.K to 2 W/m.K) and to the pinch temperature due to PCM acting as
thermal resistance. On the other hand, a stratified sensible heat storage shows higher thermal power
charge and discharge rate, where the limiting factor is only due to mixing when the mass flow rate
exceeds the designed diffuser capacity.
The need for additional heat transfer steps in the PCM based storage and the intrinsic hysteresis
property of the PCM also lead to temperature drop in both charge and discharge process, causing
thus a larger pinch temperature. Nonetheless, the overall storage capacity improvement is a major
advantage for latent heat based storage, especially for small allowable working temperature range.
A hybrid system integrating the high thermal power rate with sensible water storage and the high
thermal storage capacity with latent heat storage may be envisaged as a potentially effective
solution.
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3.4 Requirements for thermal storage integration with Combined
Cycle Power Plants
Thermal energy storage has its inherent characteristics specific to both the storage material and to
the storage system. The main aspects to be considered in integrating a storage to the combined
cycle power plant (CCPP) in this project are the following:







Specific and volumetric storage capacity/thermal power: this determines the allowable storage
capacity and thermal power for a given allowable space and weight constraint on site.
Optimal storage temperature range, hysteresis and supercooling: the larger the allowable
working temperature range, the more sensible heat can be stored in both sensible and latent
heat based storages; in addition, hysteresis and supercooling properties of a latent heat based
storage material may be masked when the working temperature range is large enough.
Nonetheless, a too wide allowable working temperature range would render sensible heat
storage more feasible, see section 3.3, an optimal storage solution exists thus for each specific
case.
Temperature drop: due to heat exchange requirement, mainly in the latent heat based storage
systems, temperature levels drop from the heat source to the storage, during idling time and
from the storage to the heat sink. This means that the user needs to have an operation strategy
to cope with the difference in temperature level as a tradeoff to the high storage density of a
latent heat storage.
Safety regulation: the total amount of certain types of chemical compounds may be limited on
site due to fire hazard, toxicity, environmental concerns and others.

Auxiliary components suitability: the auxiliary components in the built environment may need to be
upgraded or re-tuned to cope with an addition of the storage system, the operating strategies may
need to be altered.
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4

Demo site and validation site thermal storage
specifications

In this chapter a description of the Thermal Energy Storage (TES) layouts and requirements for the
demo side is provided.

4.1 IREN demo site specification
As discussed in WP1, and in particular in the layout definition content, the storage for the Moncalieri
pilot will be installed on the “cold” side of the Heat Pump (HP).

Figure 19 – Interfaces of the overall pilot with the existing plant and pilot configuration

As it is possible to observe in Figure 19 the pilot will be connected on the “cold” side to line of the
feeding water to the Heat Recovery Steam Generator (HRSG).

Layout A

Layout B

Layout C

Figure 20 – Operating layouts

Figure 20 reports the operating layouts of the pilot:


Layout A:
- power plant: ON;
- heat pump: ON;
- thermal energy storage: excluded (valves are close).
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Heat pump takes the heat at the evaporator (cold side) from the feeding water to the HRSG.


Layout B:
- power plant: ON;
- heat pump: OFF;
- thermal energy storage: charging mode.
The thermal heat storage is charged with the feeding water to the HRSG.
Charging mode depends on the type of TES is used. In case sensible heat (water) storage
is used, hot water enters the top of the tank and pushes out cold water from bottom nozzle.



Layout C:
- power plant: OFF;
- heat pump: ON;
- thermal energy storage: discharging mode.
The thermal heat storage is discharged to feed the heat pump on the cold side, since power
plant is off.

There is a further operation that is the combination of Layout A (feeding water for the heat pump)
and Layout C (heat from the storage). This hybrid layout could occur when it is not possible to extract
all the power required by the heat pump from the feeding water. The integration of this power comes
from the storage.
Information required for the design of the storage are reported below:


temperature of the feeding water:
55÷72 °C. (the range depends on the percentage of cogeneration. Highest values of
temperature are for 100% of cogeneration);



HRSG feeding line (and therefore all the components hydraulically connected to it)

PS 35 bar(g), TS 110 °C;
PED classification: with TS 110 °C -> art. 4.3.
For conformity with interfaces, below main technical features of mechanical components to be
installed on battery limits are reported. Everything should be according to ANSI/ASME standard,
rating 300 lbs (or higher):




valves: rating 300 lbs (or higher), material ASTM A 216 WCB or equivalent, ANSI B 16.34/B
16.10
flange: ANSI 300 (WN), material ASTM A 105 – ANSI B 16.05;
pipes in carbon steel: schedule 40 (or higher), material ASTM A 106 GR B, – ASME 36.10.

The thermal energy storage will be provided on a skid. On the skid, besides the tanks, will be installed
also all the instruments, the connecting valves and the pumps required for the circulation of the water
inside it.
[IREN, UniGe, KTH, Clauger, RINA]
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4.2 University of Genoa validation site specification
The thermal energy storage for the UNIGE validation site will be installed on the “cold side” of the
heat pump, with a phase change temperature of about +5°C. Three different layouts have been
considered, depending on the operating condition of the system, as reported in Figure 21.

Layout 1 - TES Charging

Layout 2 -TES Discharging

Layout 3 – Continuous
Cooling

Figure 21 - UNIGE validation site operating layouts

During low price periods, a fraction of the power produced by the CC is addressed to the heat pump
and the TES is charged:
The TES tank, which will be installed in UNIGE demo site, will present the following dimensions:
Table 10 - UNIGE thermal energy storage tank dimensions

Vol. [m3]
5

ø
1600

H
2850

DIMENSIONS [mm]
ø Est
R
B
C
1800
2970
475
1085

D
1700

E
2310

Figure 22 – UniGe TES tank dimensions
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It should present the following specifications:
Table 11 - UNIGE TES specifications

Inlet Temperature
Outlet Temperature
Phase Change Temperature
Average Thermal Power
Storage Capacity
Mass flow
Charge/Discharge Time
Total Volume
Cycle Time

Charge
0 °C
+ 5°C
26.6 kW
5 kg/s
≈4h

Discharge
+20 °C; +8 °C
+18.3 °C; +7.5 °C
+ 5 °C
25.6; 7,2 kW
100 kWh
5 kg/s
≈4h
5 m3
Daily

The two set of temperatures (inlet and outlet) indicated under the “Discharging” column are referred
respectively to an ambient temperature of +35°C when the maximum power extraction is required
and of +15°C when the minimum temperature is required.
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4.3 KTH validation site specification
A lab scaled warm storage in the range of 55°C to 75°C will be setup at KTH. The storage will be
designed to reach over three times the storage capacity of a sensible heat water based system. A
storage system with total volume up to 1 m³ is foreseen. Here, the test bench will serve to examine
various storage layouts as exemplified in D1.1., namely
1. Submerged heat exchanger
2. Encapsulated PCM
3. Stratified storage with/without PCMs
The auxiliary components in the storage test bench should be able to provide at least 10kW of
heating and cooling. The experimental testing will include the following operating modes:
A. Various filling ratios with single/multi PCMs
B. Various charge/discharge inlet temperature conditions
C. Dynamic charge/discharge performance characterization
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