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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract

Numerical simulations of a shell and tube energy storage device based on a phase change material (PCM) in vertical position are

performed. The heat transfer fluid (HTF) is a diathermic oil and the PCM, made by molten salts, is confined within a closed shell

surrounding the tube where the HTF flows. The energy loss through the external wall is included. The test has been carried out

within the experimental activity performed by ENEA. A complete cycle is considered: the initial stabilization, the charging phase

and the discharging phase. Details of flow behavior within the molten PCM are described highlighting its influence on the device

performance.
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1. Introduction

The efficiency and flexibility requirements in the use of different energy systems introduced in the scientific com-

munity the need to develop innovative approaches. The smart grid management of energy production connects con-

ventional energy production systems with renewable energy ones in order to maximize the efficiency. Therefore, the

storage of energy represents a key point to realize these connections between different production systems. Latent

heat thermal energy storage (LHTES) has a high energy density having small dimension thanks to the high thermal

capacity of phase change materials (PCMs). However, the high thermal resistance of PCMs needs to be managed in
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order to maximize the heat transfer [1]. Several works try to study the process either experimentally or numerically. In

this scenario, the optimization of the heat transfer efficiency in such device represents the objective of scientists and

engineers. The use of corrugated or finned tubes in order to increase the contact surface between HTF/PCM [2, 3],

the introduction of micro or nano particle in the PCM [4, 5, 6], the orientation of the device respect to the buoyancy

force [7, 8, 9, 10] are several examples of the efforts that the scientific community is making in order to enhance the

heat transfer in such devices. Typically, in a LHTES device the heat storage in the PCM and the heat release to the

HTF are called charging and discharging, respectively. Pal and Joshi [11] studied the charging of a LHTES device

characterized by a high aspect ratio placed in vertical position, but they suppose a uniform heat source. In their study

they found that the natural convection plays a key role in the heat transfer especially in the first stages of melting.

Recently, Muhammad et al. [12] confirmed the higher convection influence in the charging phase with respect to the

discharging phase, but they restricted their evaluation to a specific case. The change of boundary condition is expected

to influence the heat transfer conditions. In concentrated solar plant (CSP), the heat transfer fluid (HTF) flows within

a closed circuit and it exchanges thermal energy flowing through enclosures filled with PCM. The heat flux can be

positive or negative according to the presence of solar input. In the charging phase the HTF represents the heat source

for the PCM and the hypothesis of uniform heat source could be not consistent with the phenomenon. For this reason,

the simulation of the flow field inside the HTF could have a significant effect improving the prediction accuracy with

respect simplified models. The PCM behavior can be modelled by means of the Navier-Stokes equations coupled

with an enthalpy-porosity model to be able to catch the phase change as reported in several works [13, 14] where

particular care should be used in the setup of the model parameters as recently confirmed by Kheirabadi & Groulx

[15]. Here, following the experimental tests performed by ENEA on a LHTES devices, numerical simulations of the

complete single module of the ENEA’s LHTES device are made. Both, the HTF and the PCM are modelled solving

the Navier-Stokes equations considering the energy equation for the heat transfer. Therefore, the heat flux between the

HTF and the PCM is calculated and not modelled according to empirical correlations. Moreover, the heat loss through

the insulated PCM enclosure is considered. Here, a complete charging/discharging cycle is reproduced, including

stabilization. Comparison between the temperatures monitored during the experiments and the numerical results is

reported and the details of the flow field within the PCM are reported and discussed.

Nomenclature

TES Thermal energy storage

LHTES Latent heat thermal energy storage

PCM Phase change materials

HTF Heat transfer fluid

CSP Concentrated solar plant

2. PCM device

The present work is based on an experiment performed by ENEA on a Latent Heat Thermal Energy Storage

(LHTES). The geometry is of a shell-and-tube type where the Heat Transfer Fluid (HTF) flows in the inner tube from

the top to the bottom, whereas the external tube is filled with a material with a high heat capacity. In table 1 the HTF

properties are reported considering their dependence with respect to the temperature.

The main dimensional parameters of the device are reported in tab. 2 and a schematic of the geometry under study

is shown in figure 1. The device is placed in vertical position, and the HTF flows from the top down to the bottom.

Here, a particular PCM is considered, whose characteristics are listed in tab. 3. The thermal dissipation of the PCM

is limited by means of an isolation space filled of rock wool. The characteristics of the insulator are listed in tab. 4.

Within the PCM, a thermal probe (b3) has been considered at the middle height of the PCM enclosure and at a radius

equal to 21.6mm.
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Table 1. Physical properties of the HTF fluid with respect to the temperature (in ◦C)

Properties Expressions

Density ρHT F = 1020.62 − 0.614254 · T − 0.000321 · T 2
(

kg

m3

)

Specific Heat cp,HT F = 1496.0 + 3.313 · T + 0.0008970785 · T 2
(

J
kg·K

)

Conducibility kHT F = 0.118294 − 0.000033 · T − 0.00000015 · T 2
(

W
m·K

)

Dinamic Viscosity υHT F = exp
(

560
T+60

− 2.38
)

(mPa · s)

Axis

Inlet

Outlet

Insulator

PCM

H
TF

probe b3

Fig. 1. Schematic of the numerical domain including, HTF duct, PCM enclosure and insulator. The position of the probe position b3 is also reported.

Table 2. Dimensions of the shell-and-tube geometry.

Description Symbol Value [mm]

External radius of the HTF duct rextHT F 8

Internal radius of the HTF duct rintHT F 7

Height of HTF duct hHT F 1097

External radius of the PCM enclosure rextPCM 35

Internal radius of the PCM enclosure rintPCM 32

Height of PCM enclosure hPCM 500

3. Numerical Model

The numerical simulations have been carried out by means of a finite volume numerical code using a 2D-

axisymmetric approximation according to the problem characteristics. Two separate zones are defined in order to

apply the appropriate models to simulate the HTF and PCM. The flow within the HTF has been modelled by means of

the well-known single phase Navier-Stokes equations. Whereas, the PCM behaviour has been simulated by means of

a solidification and melting model adding a correction term to the Navier-Stokes equations. This is able to model the

phase change of the mass within the closed shell where the PCM is confined. Moreover, the Boussinesq approximation

is considered in order to take into account the buoyancy effect on the liquid phase of the PCM due to the fluid density
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Table 3. Physical properties of the PCM

Properties Values

Density ρPCM = 1850
(

kg

m3

)

Specific Heat cp,PCM = 1700
(

J
kg·C

)

Conductivity kPCM = 0.70
(

W
m·C

)

Melting Temperature T f us,PCM = 225 (C)

Latent Heat 1.10 · 105
(

J
kg

)

Table 4. Physical properties of the insulator (Rock wool) and heat exchange parameters at the external wall

Properties Values

Density ρrw = 96
(

kg

m3

)

Heat Capacity crw = 1150
(

J
kg·K

)

Conductibility krw = 0.07
(

W
m·K

)

Convective Heat Exchange Coefficient h = 5
(

W

m2 ·K

)

External Temperature T = 298.15 K

differences. Thus, through the energy equation, the heat exchange between different zones is taken into account. Sec-

ond order accurate schemes have been considered for the spatial and temporal discretization of the equations. More

details of the numerical model can be found in Fornarelli et al. [13]. Here only the governing equations for the PCM

phase are reported:

∇ · ū = 0; ρ0

(

∂ū
∂t
+ ū∇ū

)

= −∇p + ρḡ + S̄ + ∇ · ¯̄τ; ρ0

∂(H)

∂t
+ ρ0∇(Hū) = ∇(k∇T ) (1)

where ∇ ¯̄τ is the viscous stress tensor. In the energy equation, the enthalpy of PCM, H, is computed as H =

hre f +
∫ T

Tre f
cpdT + ∆H. h is the sensible enthalpy, ∆H = βlL, where L is the latent heat of the PCM. Due to the

Boussinesq approximation, the density change is considered only in the buoyancy term of the momentum equation

where ρ = ρ0(1 − β∆T ). ∆T is the difference between the actual temperature and the reference temperature, T0, at

which the reference density, ρ0 is measured. β represents the thermal expansion coefficient of the PCM. The source

term S =
(1−βl)

2

(β3
l
+ǫ)

Amush�u is introduced in the momentum equation to take into account the behaviour of the PCM during

the phase change. Therefore, the S term is modulated according to the local liquid fraction βl

{ β l = 0 i f T < Tsol βl =
T − Tsol

Tliq − Tsol

i f Tsol < T < Tliq βl = 1 i f T > Tliq (2)

The external boundaries of the PCM are considered non-adiabatic in order to reproduce the dissipation effects of

the experimental device. A simple dissipation model is considered imposing a constant temperature of the external air.

The insulator zone considered in the experiment consists in an annular region that embraces the external boundary of

the PCM enclosure filled with rock-wall. The characteristics of the insulator are reported in tab. 4.

4. Results

The numerical test on the heat storage device has been made with reference to the test performed by ENEA

and described in the report [16]. Three phases are considered: stabilization of the temperature, charging phase and

discharging phase (see fig. 2a). The comparison of the temperature time series shows a good agreement on the overall

test. The maximum temperature difference between the experimental and numerical measures is about 5% and it

happens during the charging phase at about 11.5h.
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Fig. 2. Comparison of the numerical and experimental histories at probe b3. a) stabilization, charging and discharging phases; b) details of stabi-

lization phase with reference to different thickness of insulator.

4.1. Stabilization phase

The stabilization phase consists in flowing the HTF through the circuit increasing its temperature from 20◦C to

200◦C with a constant ramp of 180◦C/h and then maintaining a constant temperature. The mass flow rate is equal

to 0.162kg/s. Thus, during the pre-heating, the PCM has been maintained below its melting temperature. The heat

exchange is purely conductive and the temperature histories registered in the different probe positions show the effects

of the temperature increase of the HTF and the dissipation influence on the radial gradient of the temperature. Four

widths of the insulator have been considered (12mm, 32mm, 42mm, and 100mm) in order to match the experimental

results. It has been necessary because of the uncertainness of the experimental setup of the insulator that influence its

thermal characteristic. Therefore, the width of the insulator has been derived comparing the temperature behaviour

registered at probe b3 (located in the middle radius of the PCM) during the first stabilization phase see fig.2b. The

comparison shows that the insulator width that better reproduce the experimental measurements is s = 32mm. This

insulator width has been kept constant also during charging and discharging.

4.2. Charging phase

It is well known that the thermal charge of LHTES devices represents the most critical phase of the whole thermal

cycle. The numerical simulation has been carried out according to the experimental test imposing a ramp from the

end of the stabilization phase. The temperature of the HTF is increased from 200◦C to 280◦C in 1h and it is kept

constant until steady conditions are reached. The mass flow rate of the HTF is equal to 0.167kg/s. The phase change

affects the temperature increasing when the melting temperature is locally reached. Therefore, the convective part

of the heat exchange is expected to increase its influence during the charging phase. The convective motion has

been evaluated by means of instantaneous flow visualizations. In figure 3 the temperature contours within the PCM

enclosure are reported. According to the numerical test the charging phase appears to be completed in about 5 hours.

At the beginning of the charging phase the temperature distribution within the PCM is affected by the heat loss

across the external walls. Indeed, the temperature gradient depends on the distance from the PCM walls. Thus, at the

corner between the lateral and top (bottom) surfaces of the cylindrical PCM enclosure, the lowest temperature can be

recognized. The effect of convective motion in the PCM is predominant in a region close to the top of the solid/liquid

interface. In this zone the temperature gradient is highest and the buoyancy force trigs the formation of an annular

recirculation zone. The change in slope of the temperature history registered in the probe position (b3) is analyzed

against the flow visualization within the PCM in terms of temperature and pathlines. The change in slope occurs 2.6h

after the beginning of the charging phase. The corresponding flow visualization confirms that the melting interface

influences the temperature increasing as reported in fig. 4. The pathlines, within the melted PCM in the top region of

the solid/liquid interface, highlight the presence of a convective motion. Whereas, in the rest of the melted PCM the

flow velocities are very small, therefore the fluid tends to stratify.
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Fig. 3. Snapshots of the temperature contours during the charging phase within the PCM. The gravity vector (�g) is oriented from the top to the

bottom. a) t = 0h, b) t = 1h, c) t = 2h, d) t = 3h, e) t = 4h, f) t = 5h, where t = 0h correspond to the start of charging phase.

4.3. Discharging phase

At the end of the charging process, the discharging phase begins with a negative temperature ramp of the HTF from

280◦C to 150◦C in 1 hour and then maintaining the temperature constant at 150◦C. The flow rate of the HTF has been

kept constant at 0.17kg/s. Within this temperature range the solidification of the PCM occurred. Even in this case, the

numerical simulation is able to give a detailed description of the PCM behavior. The probe b3 is able to distinguish

exactly the start of the phase change in the PCM (see fig. 2a). The discharging time lasts about 6 hours, 1 hour more

than the charging phase. The flow visualization, as reported in fig. 5, shows a slightly different behaviour of the PCM

with respect to the charging process (fig. 3). Indeed, the temperature profiles appear aligned with the vertical axis of

the device. The conical shape of the interface and the associated recirculation zone, described in the charging phase,

does not exist anymore, justifying the longer time needed for the solidification. The discharging is more dominated

by the conduction heat exchange with respect to the charging phase.

5. Conclusions

The paper reproduces an experimental test on a shell-and-tube LHTES device by means of 2D axisymmetric

numerical simulation of flow equations coupled with heat transfer modelling, including the external dissipation phe-

nomenon. The overall response of the system to the input parameters is correctly caught by the model. The monitoring

of the temperature in the same probe location of the experiment gives a fairly good agreement between the present

results and the experiment. The dynamics of the temperature contours during the charging phase shows a curved phase
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Fig. 4. On the left: Snapshots of the temperature contours during the charging phase within the PCM at t = 2.6h from the start of charging phase.

The black bullet represents the probe position (b3). On the right: detail of the flow recirculation zone by means of pathlines.

change interface within the PCM where a recirculation zone has been highlighted. On the other hand, during the dis-

charging phase, the spatial distribution of the temperature within the PCM shows the absence of the convective motion

described in the charging phase. These findings confirm that during the charging phase a convective contribution to

the heat transfer exists but it seems to be limited by the geometrical characteristic of the LHTES device here studied.
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Fig. 5. Snapshots of the temperature contours during the discharging phase within the PCM. The gravity vector (�g) is oriented from the top to the
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