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Abstract
Predictive control in building energy systems requires
the integration of the building, building system, and
component dynamics. The prediction accuracy of these
dynamics is crucial for practical applications. This paper
introduces performance maps for the control of water
tanks, phase change material tanks, and thermochemical
material tanks. The results show that these performance
maps can fully account for the dynamics of thermal
energy storage tanks.

Introduction
The potential of thermal energy storage (TES) as a
source of demand side flexibility is becoming a popular
research topic. Several researchers emphasize the
importance of the interaction between TES, thermal and
electrical appliances to fully describe the flexibility of
building energy systems (De Coninck and Helsen, 2016;
Oldewurtel et al., 2013; Ottesen and Tomasgard, 2015).
To quantify this flexibility, capturing the dynamic
behavior of the system and components is a prerequisite
(Masy et al., 2015; Patteeuw et al., 2015). This is
because dynamic behaviors play a major role in the
scheduling of TES in predictive control. However,
current control methods for TES tanks, such as water
tanks and ice tanks, only use simple TES models such as
low order resistance-capacitance (RC) network models.
This study aims to provide a methodology for the
integration of the storage dynamics into predictive
control. For this purpose, performance maps of TES are
developed to describe the dynamics of TES.

Methodology
Matlab is used as a platform to simulate the dynamic
behavior of TES, including the main heat and mass
transfer effects, initial conditions that can be the actual
state of charge, and the boundary conditions. During
charging, discharging and rest mode, the ability of the
storage tank to respond to changes in boundary
conditions is simulated, which includes charging,
discharging temperature and velocity of the heat transfer
medium. The resulting changes in the state of charge;
charging, discharging power; and charging, discharging
temperatures are presented in performance maps. A
water tank without an internal heat exchanger, a phase
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change material (PCM) tank and a thermochemical
material (TCM) tank including internal heat exchanger
are simulated. The TES tank models are based on the
one-dimensional convection-diffusion-reaction equation.
Previous case studies have shown that a one-dimensional
approach can represent the behavior of water tanks
(Appadu and Appadu, 2013; Karahan, 2006; Shukla et
al., 2011), PCM tanks (Hu and Argyropoulos, 1996; Lo
Brano et al., 2014), and TCM tanks (Finck, C.J. et al.;
Pesaran et al., 2016). We use the Crank-Nicolson
scheme, a finite difference method, to numerically solve
the
one-dimensional
convection-diffusion-reaction
equation.
Design of thermal energy storage tanks
A stratified water tank, a packed bed reactor with PCM
and a packed bed reactor with TCM are designed. The
TES tanks are cylindrical vessels with a volume of 0.5
m³. For all TES tanks, the volume flow of the external
heat transfer media is 1 m³/h.
It is to emphasize that all TES tanks are equipped with
standard insulation material of 0.032 m thickness and
0.033 W/mK of thermal conductivity to reduce thermal
losses to the environment.
The water tank has two flow connections, one at the top
and another one at the bottom for supply and return
water. To establish thermal stratification during
charging, hot water enters the top and colder water
leaves at the bottom. For discharging, inflow and
outflow are opposite.
The PCM tank consists of a heat exchanger in which
water as heat transfer fluid passes through a copper coil.
A PCM layer of 0.02 m is applied to the surface of the
copper tubes. The heat transfer area between the copper
coil and the PCM is 8 m². Two different materials are
chosen as PCM, CaCl2.6H2O and lauric acid (Table 1).
The mass of lauric acid (307 kg) and CaCl2.6H2O (521
kg) are calculated.
The TCM tank consists of a sorption unit and an
evaporator/condenser unit. The evaporator/condenser is
assumed to be a constant low-temperature source.
Explicit design for the evaporator/condenser unit is not
considered in this study. The TCM sorption unit has a
heat exchanger as similar to the PCM tank. Heat is
exchanged through a copper coil between water flow and
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𝜃𝑖𝑛+1 − 𝜃𝑖𝑛
=
∆𝑡

TCM layer with a heat transfer area of 8 m². A layer of
0.02 m is applied to the copper tubes. The TCMs
considered in this case study are zeolite13X-water and
silica gel-water (Table 2).
Table 1: Properties of PCM (CaCl2 . 6H2O) (Mosaffa et
al., 2014) and (Lauric acid) (Pereira da Cunha and
Eames, 2016)
Parameters

CaCl2 . 6H2O

Lauric acid

Melting point [°C]

29

44

Melting enthalpy [kJ/kg]

191

212

Solid

1710

1007

Liquid

1530

870

Solid

2200

2020

Liquid

1400

2150

Solid

1.09

0.22

Liquid

0.54

0.15

Density
[kg/m³]
Specific heat
[J/kgK]
Thermal
conductivity
[W/mK]

Table 2: Properties of TCM (zeolite13X-water) (Leong
and Liu, 2006; Sayılgan et al., 2016) and (silica gelwater) (Deshmukh et al.; Lim et al., 2017)
Parameters

zeolite13Xwater

Silica gelwater

Adsorption enthalpy
[kJ/kg]

3.2e03

2.8e03

Density [kg/m³]

620

730

Specific heat
[J/kgK]
Thermal conductivity
[W/mK]
Diffusion coefficient
[m2/s]

836

924

0.2

0.17

𝑛+1
𝑛+1
𝑛
𝑛
𝛼 𝜃𝑖+1
− 2𝜃𝑖𝑛+1 + 𝜃𝑖−1
𝜃𝑖+1
− 2𝜃𝑖𝑛 + 𝜃𝑖−1
(
)
+
2
∆𝑥 2
∆𝑥 2

−

𝑛+1
𝑛+1
𝑛
𝑛
𝑢 𝜃𝑖+1
− 𝜃𝑖−1
+ 𝜃𝑖+1
− 𝜃𝑖−1
(
) + 𝑓(𝜃𝑖𝑛 )
4
∆𝑥

(1)

in which 𝜃 = 𝜃(𝑥, 𝑡) is the general variable that depends
on the spatial coordinate x and the time t, 𝛼 is a positive
constant coefficient for the conductive term, 𝑢 is a
positive constant velocity for the convective term and
𝑓(𝜃𝑖𝑛 ) is the reaction term. For the simulations, the time
step is one second.
This approach is applied to the water tank, PCM tank
and TCM tank to simulate the main heat and mass
transfer effects.
Water tank model
We assume that the stratified water tank has a vertical
temperature distribution 𝜕𝑇/𝜕𝑥. Convection and
diffusion are simulated and implemented as equation (2)
and (3).
𝑇𝑖𝑛+1 − 𝑇𝑖𝑛
=
∆𝑡
𝑛+1
𝑛+1
𝑛
𝑛
𝛼 𝑇𝑖+1
− 2𝑇𝑖𝑛+1 + 𝑇𝑖−1
𝑇𝑖+1
− 2𝑇𝑖𝑛 + 𝑇𝑖−1
(
)
+
2
∆𝑥 2
∆𝑥 2

−

𝑛+1
𝑛+1
𝑛
𝑛
𝑢 𝑇𝑖+1
− 𝑇𝑖−1
+ 𝑇𝑖+1
− 𝑇𝑖−1
(
)
4
∆𝑥

(2)

with
𝛼=
7.5e-09

7.5e-09

The usage of zeolite-water and silica gel-water as
thermochemical heat storage materials can be found in
many previous studies (Deshmukh et al.; Finck et al.,
2014; Hauer, 2007; Tatsidjodoung et al., 2016). The
hydrothermal, mechanical stability and the favorable
corrosion behavior make these TCMs suitable as
candidates for experimental investigations. The mass of
zeolite13X-water (189 kg) and silica gel-water (222 kg)
are calculated.
Modelling framework
A one-dimensional convection-diffusion problem
including reaction term is considered to simulate the
TES tanks. The convection-diffusion problem is solved
numerically using the Crank-Nicolson scheme as finitedifference method. Crank-Nicolson is more accurate
than other finite-difference schemes when it comes to
the temporal truncation error of 𝑂(∆𝑡 2 ) (Recktenwald,
2000). The approximation using Crank-Nicolson can be
written as equation (1),
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𝜆
𝜌𝑐𝑝

(3)

where 𝜆 is the thermal conductivity, 𝜌 is the density and
𝑐𝑝 is the specific heat capacity of water.
PCM tank model
The PCM tank consists of a packed bed PCM reactor.
The main heat transfer effects are the heat exchange
between the water flow and the PCM, and the heat
conduction through the PCM layer. Heat conduction
during charging results in the melting process of the
PCM. During discharging, solidification of the PCM
takes place. To simulate the phase change, the model
integrates the enthalpy change of the PCM layer as
equation (4).
𝜕ℎ
𝜕2 𝑇
= 𝜆 2
(4)
𝜕t
𝜕𝑥
The phase change is assumed to be a non-isothermal
transition between solid and liquid PCM. We use a
transition phase of 2 K for the solid-liquid interface as
introduced by (Lamberg, 2003). Between solidification
temperature (Tsol) and melting temperature (Tliq) the
thermal properties of the PCM gradually change
𝜌
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according to equation (5) (Hu and Argyropoulos, 1996;
Lamberg, 2003).
𝑐𝑝,𝑠𝑜𝑙 𝑇
ℎ∆𝑙𝑖𝑞,𝑠𝑜𝑙 (𝑇 − 𝑇𝑠𝑜𝑙 )
ℎ = 𝑐𝑝,𝑠𝑜𝑙 𝑇𝑠𝑜𝑙 +
(𝑇𝑙𝑖𝑞 − 𝑇𝑠𝑜𝑙 )
{ 𝑐𝑝,𝑠𝑜𝑙 𝑇𝑠𝑜𝑙 + ℎ∆𝑙𝑖𝑞,𝑠𝑜𝑙 + 𝑐𝑝,𝑙𝑖𝑞 𝑇

𝑇 < 𝑇𝑠𝑜𝑙
𝑇 < 𝑇 ≤ 𝑇𝑙𝑖𝑞 (5)
𝑇 > 𝑇𝑙𝑖𝑞

The heat conduction though the PCM can thus be
calculated using equation (6) and (7).
ℎ𝑖𝑛+1 − ℎ𝑖𝑛
=
∆𝑡
𝑛+1
𝑛+1
𝑛
𝑛
𝛼 ℎ𝑖+1
− 2ℎ𝑖𝑛+1 + ℎ𝑖−1
ℎ𝑖+1
− 2ℎ𝑖𝑛 + ℎ𝑖−1
(
)
+
2
∆𝑥 2
∆𝑥 2

𝜆(𝑇)
𝜌(𝑇) 𝑐𝑝 (𝑇)

TCM tank model
We assume a packed bed TCM reactor in which heat is
exchanged between the external water flow and the
TCM layer. During the charging process, hot water
enters the heat exchanger of the sorption unit and forces
the zeolite bed to desorb the attached water. The water
vapor is collected in the condenser unit. During
discharging, the condenser operates as an evaporator. In
this case study, evaporator and condenser are modeled as
a constant low-temperature source of 10 °C. The
evaporator serves as water vapor source for the
adsorption process. The diffusion process of the water
vapor from the evaporator to the zeolite bed is simulated
using the linear driving force (LDF) method as shown in
equation (8).
(8)

In this method, the difference between equilibrium and
amount of adsorbate and a constant mass transfer
coefficient 𝑘𝑚 are assumed (Pesaran et al., 2016; Rindt
and Gaastra-Nedea, 2015). In the model, the values for
equilibrium and amount of adsorbate are derived from
the vapor pressure values that can be presented by the
Clausius-Clapeyron equation (de Jong et al., 2014) as
shown in equation (9)
𝑑𝑝 ∆ℎ𝑣 𝑝 ∆ℎ𝑣
=
≅
𝑑𝑇 𝑇∆𝑣
𝑅𝑇 2

𝑛+1
𝑛
𝑚𝑎𝑑𝑠,𝑖
− 𝑚𝑎𝑑𝑠,𝑖
=
∆𝑡
𝑛+1
𝑛+1
𝑛+1
− 2𝑚𝑎𝑑𝑠,𝑖
+ 𝑚𝑎𝑑𝑠,𝑖−1
𝐷 𝑚𝑎𝑑𝑠,𝑖+1
(
2
∆𝑥 2

(7)

It is to emphasize that the PCM is homogeneous and
isotropic and no natural heat convection during the
melting process is considered.

𝑑𝑞̅
= 𝑘𝑚 (𝑞𝑒𝑞 − 𝑞̅ )
𝑑𝑡

where 𝑛 is the water loading (adsorption equilibrium), 𝑝
is the vapor pressure, 𝑏 is an equilibrium constant, 𝑎 is a
constant related to the saturation capacity and 𝑡 is the
heterogeneity of the adsorbent (de Jong et al., 2014).
The amount of adsorbate in the zeolite bed determines
the water vapor diffusion through the TCM layer that is
modeled as equation (11) in which 𝐷 is the effective
diffusion and 𝑚𝑠𝑜𝑟𝑏 is the mass of the dry adsorbent.

(6)

with
𝛼=

2009). The Toth equation as shown in equation (10) is
implemented as heuristic fit to the experimental data.
𝑎𝑝
𝑛=
(10)
[1 + (𝑏𝑝)𝑡 ]1/𝑡

(9)

with ∆ℎ𝑣 as molar enthalpy difference and ∆𝑣 as molar
volume difference of water vapor. The vapor pressure
values for zeolite13X-water and silica gel-water are
based on the experimental data from (Wang and LeVan,
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+

𝑛
𝑛
𝑛
𝑚𝑎𝑑𝑠,𝑖+1
− 2𝑚𝑎𝑑𝑠,𝑖
+ 𝑚𝑎𝑑𝑠,𝑖−1
)
∆𝑥 2

𝑞𝑖𝑛+1 − 𝑞𝑖𝑛
)
+𝑚𝑠𝑜𝑟𝑏 (
∆𝑡

(11)

As a result from the diffusion of water vapor, the
adsorption process, and the heat conduction are
formulated as can be seen in equation (12).
𝑇𝑖𝑛+1 − 𝑇𝑖𝑛
=
∆𝑡
𝑛+1
𝑛+1
𝑛
𝑛
𝛼 𝑇𝑖+1
− 2𝑇𝑖𝑛+1 + 𝑇𝑖−1
𝑇𝑖+1
− 2𝑇𝑖𝑛 + 𝑇𝑖−1
(
)
+
2
2
2
∆𝑥
∆𝑥

+

𝑄𝑠 𝑞𝑖𝑛+1 − 𝑞𝑖𝑛
(
)
𝑐𝑝
∆𝑡

(12)

where 𝑄𝑠 is the adsorption enthalpy.
Performance maps of thermal energy storage
In the performance maps, all the critical information to
describe the dynamic behavior of thermal energy storage
tanks are considered. Performance maps of TES tanks
can show the heat and mass transfer dynamics for any
operation during charging, discharging or idle mode.
Therefore, any disturbance applied to a TES tank is
implemented in a performance map. These disturbances
are operational parameters such as the temperature and
velocity of the external water flow (heat transfer
medium) and the environmental conditions where the
TES tank is placed. Based on the disturbances and the
actual state of charge, the performance of the TES tank
can be simulated for a certain control time step. Based
on the TES tank models as introduced in the previous
sections, the individual performance maps are simulated
for the charging case. Two different constant charging
temperatures are used to compare the response of the
TES tanks. For the water tank and PCM tank, constant
charging temperatures of 60 °C and 95 °C are chosen.
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For the TCM tank, 95 °C and 120 °C of constant
charging temperatures are used because desorption
occurs at higher temperatures.
It is to emphasize that the following performance maps
are illustrated using a normalized energy capacity (0 %
to 100 %).

Results
Performance maps of water thermal energy storage
Figure 1 shows the performance maps of the stratified
water tank charged from 21 °C. As can be seen, the
water tank quickly responds to the charging temperature.
In the charging phase from 0 % to 70 %, hot water with
95 °C or 60 °C enters the top and leaves the bottom with
21 °C. During this phase, thermal stratification is
established and the resulting charging power is constant.
While charging the water tank from 70 % to 100 %, hot
water displaces colder water at the bottom. The water
outlet temperature increases and the temperature
difference between inlet and outlet decreases. During
this phase, the charging power drops to the point that the
water tank is fully charged. The entire charging process
is finished after 44 min.

Figure 1: Water tank performance maps for charging
from 0 % (21 °C) to 100 % (60 °C and 95 °C); (a) inlet
and outlet water temperatures over energy capacity; (b)
charging power over energy capacity.
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Performance maps of PCM thermal energy storage
Figure 2 shows the performance maps of the PCM tank
using CaCl2.6H2O as PCM. The simulation for this
specific charging case starts at a PCM temperature of
21 °C in which the PCM is in a solid state. Hot water of
95 °C or 60 °C enters the heat exchanger and heats up
the PCM quickly until the melting point of 29 °C is
reached. While melting occurs the charging power
gradually decreases, as can be seen for 95 °C charging
between 0 % and 60 % and for 60 °C charging between
0 % and 70 %. The reason for the decrease of the
charging power during the melting process is the change
of the thermal properties of the PCM such as specific
heat capacity, density, and thermal conductivity that are
temperature dependent. After 60 % of energy capacity at
95 °C charging and after 70 % of energy capacity at 60
°C charging the PCM is molten. Further charging results
in a temperature increase of the whole PCM layer, so
that only sensible heat is stored in the PCM. The
temperature increase of the PCM results in a smaller
temperature difference between water inlet and outlet
and a decrease of charging power to the point where the
PCM temperature is identical to the water inlet
temperature. The entire charging process is finished after
8 h.

Figure 2: PCM (CaCl2.6H2O) tank performance maps
for charging from 0 % (21 °C) to 100 % (60 °C and 95
°C); (a) inlet and outlet water temperatures over energy
capacity; (b) charging power over energy capacity.
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Figure 3 shows the performance maps of the PCM tank
using lauric acid as PCM. Lauric acid has a higher
melting point (44 °C) and a lower heat conductivity than
CaCl2.6H2O (Table 1). During charging, smaller
temperature differences between supply and return
water, lower charging power values, and an almost three
times longer charging period (22 h compared to 8 h) are
observed. The higher melting point also results in a
steeper charging power decrease during 0 and 15 % of
energy capacity (for 60 °C charging) and 0 and 10 % of
energy capacity (for 95 °C charging) that is due to the
sensible heat stored in the PCM (from 21 °C to 44 °C).

Figure 3: PCM (lauric acid) tank performance maps for
charging from 0 % (21 °C) to 100 % (60 °C and 95 °C);
(a) inlet and outlet water temperatures over energy
capacity; (b) charging power over energy capacity.
Performance maps of TCM thermal energy storage
Figure 4 shows the performance maps of the TCM tank
using zeolite13X-water as TCM. Charging the TCM
starts at a temperature of 21 °C and a loading of 0.24 g/g
(fully discharged). During the charging phase of 0 – 20
% of energy capacity, charging power is primarily
applied to heat up the TCM to 95 °C or 120 °C. During
the second phase between 20 % and 100 % of energy
capacity, heat is used for desorption only. The entire
charging process is completed after about 75 h.
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Simulations are also conducted for silica gel–water as
TCM. The charging temperatures are identical to the
zeolite reactor with 95 °C or 120 °C. The initial
conditions for silica gel-water are a temperature of 21 °C
and a loading of 0.21 g/g. Due to a similar heat
conductivity and diffusion coefficient, the heat and mass
transfer dynamics of silica gel-water are similar to
zeolite13X-water as shown in the performance maps in
figure 4.

Figure 4: TCM (zeolite13X-water) tank performance
maps for charging from 0 % (21 °C) to 100 % (95 °C
and 120 °C); (a) inlet and outlet water temperatures
over energy capacity; (b) charging power over energy
capacity.
Thermal losses of TES tanks
The dynamic behavior of TES tanks considers the
thermal losses during charging, discharging and idle
mode. We use the introduced TES models to simulate
typical values for the water tank, PCM tank, and TCM
tank after 1 week in idle mode (Table 3). It is assumed
that the TES tanks are placed in a constant environment
of 21 °C.
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Table 3: Thermal losses of TES tanks after 1 week in idle
mode (previously fully charged)
TES tank
Water tank

PCM tank

Previously fully
charged to [°C]

Thermal losses
[%]

60

42.2

95

50.6

60

18.0

95

27.5

95

7.5

120

9.1

TCM tank

As can be seen from Table 3, the water tank shows the
highest thermal losses because the main thermal
resistance between heat storage medium and
environment is the thermal insulation. The TCM tank
has the lowest energy losses that relate only to the
sensible heat stored in the TCM. There are no energy
losses assumed for the chemical energy stored in the
TCM.

Discussion
The knowledge of the dynamic behavior of TES is
valuable information for predictive control (Masy et al.,
2015; Patteeuw et al., 2015). The performance maps
shown for the water tank, PCM tank, and TCM tank
have all the operational parameters which represent the
dynamic behavior during charging, discharging and idle
mode. These operational parameters are listed below:


Inlet and outlet water temperatures for charging
and discharging
 State of charge
 Charging and discharging power
 Thermal losses
The operational parameters can be requested from the
control for a specified time period, which can be a 15minute time step or a 24 h prediction horizon. The
performance maps can deliver the information based on
the actual situation of the TES tank. To implement the
performance maps in a predictive control, gray box or
black box models can be applied. These models show an
advantage over white box models concerning
computational effort (Li and Wen, 2014).
The TES models used in this study are based on the onedimensional convection-diffusion-reaction equation.
They are solved numerically using the Crank-Nicolson
scheme. Regarding computational speed, these models
are well suited to be implemented in predictive control.
However, these simplified models might affect the
accuracy in predictive control. Especially for the PCM
and TCM reactors, temperature, enthalpy and adsorbate
distribution appears in the heat storage layer and not
perpendicular to the storage layer. We propose the usage
of the introduced finite-difference models as gray box
models to represent the dynamic behavior of TES tank in
predictive control. However, validations need to be done
using measurement data.
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Conclusion
We developed performance maps that represent all the
operational parameters of TES tanks to be used in
predictive control. These performance maps can be used
in any situation during charging, discharging, and idle
mode.
The dynamic behavior for the charging of water tanks,
PCM tanks, and TCM tanks was simulated using the
one-dimensional convection-diffusion-reaction equation.
For each TES tank model, we developed a numerical
solution based on the Crank-Nicolson scheme which is
numerically stable and requires low computational
effort. For the charging of water tanks, PCM tanks, and
TCM tanks associated performance maps were
presented. Based on these performance maps, we can
conclude that stratified water tanks clearly outperform
PCM tanks, and TCM tanks concerning potential
charging power. This is due to heat convection in
stratified water tanks as main heat transfer effect that
results in high heat transfer values. The charging time
varies between 44 min for the water tank, 8 – 22 h for
the PCM tank and 75 h for the TCM tank. Thermal
losses are the highest for water tanks and the lowest for
TCM tanks. These parameters are crucial for
determining demand flexibility. Water tanks are better
suited to provide short-term flexibility, whereas PCM
tanks and TCM tanks show an advantage in offering
long-term flexibility.
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