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Abstract

In the light of demand side management, the combination of thermal energy storage and space
heating using electricity as energy vector is promising. The environmental gains of the use
of heat pumps in buildings increase as the fraction of renewable electricity production rises.
When variable electricity prices represent the availability of renewable energy sources, consumer
gain can be accompanied by environmental benefits. The aim of this study is to determine the
potential in energy cost reduction when using sensible thermal energy storage in a domestic space
heating context. To fully investigate the potential of thermal energy storage, an optimal control
strategy is applied to two idealized sensible energy storage tanks. The cost for space heating in a
single-family dwelling using a sensible thermal energy store for diurnal storage is compared with
a reference cost, without storage capacity present. As the cost reduction is dependent on the
match between the energy use profile and the energy price profile, two energy pricing schemes are
studied: a day-night tariff according to local electricity prices and a quarter-hour energy pricing
scheme based on the daily variation of nationwide energy use. The resulting control profiles
and variation of storage state of charge are presented for several values of storage capacity. The
space heating energy cost is calculated for each case and compared for the stratified and mixed
storage tanks and the reference cost. The results indicate a potential for user cost reduction of
up to 20% using the perfectly stratified storage model.

Keywords: demand side management, space heating, thermal energy storage, sensible energy,
stratification, optimal control

1. Introduction

In the European Union buildings are responsible for 40% of the primary energy consumption.
Moreover they deliver the largest contribution to the greenhouse gas emissions [1].

Heat pumps, known as energy efficient technologies for space heating, using electricity, are seen
as a valuable alternative for reducing greenhouse gas emissions. As more renewable energy
technologies are connected to the electricity grid the environmental benefits of heat pumps rise.
However due to the variability of these energy technologies the need for interconnection and
energy storage increases to maintain a stable electricity grid [2]. When using electricity driven
heat generation in combination with thermal energy storage (TES) the possibility of demand
side load management (DSM) is another advantage [3]. The energy tariff structure is of great
importance to the economic and environmental viability of demand side management through
TES [4].
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Sensible thermal energy storage (STES) in buildings can be achieved through the structural mass
of the building [5] or through the heating of a separately insulated mass of storage material. The
former is referred to as passive storage whereas the latter is referred to as active storage. The
benefit of active storage is that the storage is controllable independent of the building thermal
comfort.

Active thermal storage in dwellings is most economically accomplished through a hot water
buffer [6]. When using a hot water storage tank the distribution of energy throughout the
storage is not defined a priori. Andersen and Furbo [7] showed the effect of stratification on
the thermal performance of solar combi systems and [8] showed the increase in effectiveness of
stratified stores compared to conventional hot water storages used for domestic hot water supply.
The degree of stratification is very dependent on the charging and discharging methods [9, 10].

This paper aims at quantifying the cost reduction for space heating in a residential dwelling by
optimal control of sensible thermal energy storage, focussing on two extreme types of storage
tanks: a perfectly stratified water tank and a perfectly mixed water tank. As such the influence
of the water tank model can be investigated. Optimal control is considered in a DSM context
with two different energy pricing schemes, and different storage tank capacities. To exclude
the impact of badly tuned controllers, optimal control is used. Henze et al. [11] showed the
effectiveness of optimal control for residential space heating. Several other authors [12, 13, 14, 15]
have also used optimal control in a demand side management context, the influence of the TES
model, however, has not yet been determined.

2. Materials and methods

2.1. System overview

The current paper considers space heating of a residential building incorporating the possibility
to store thermal energy in a sensible energy buffer. The method of heat generation is currently
unspecified but the energy is assumed to be taken from the electricity grid e.g. a heat pump.
A schematic representation of the complete system is given in figure 1. The focus of this study
however lies with the heating system delineated by the dashed line in figure 1. The interaction
of this system with the building is provided by the heat emission system while the interaction
with the electricity grid is achieved in the heater.

heater storage

emission system

grid

Figure 1: Schematic representation of the assumed system

2.2. Storage system modelling

The heating system with thermal energy storage is shown schematically in figure 2. The heater
is assumed to modulate it’s power in such a way that the temperature of the fluid at it’s exit is
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constant at Theater,out. The fluid entering the heater is at a temperature Theater,in. The storage
tank receives heat Q̇sup = Ċsup(Theater,out − Theater,in) from the heater. The temperature of the
fluid entering the emission system is Temission,in while the temperature of the fluid exiting the
system is Temission,out. The emission system is modelled as having a uniform temperature Tem

to which a heat flow Q̇em = Ċem(Temission,in − Temission,out) is added from the storage tank.

The variation of state of the storage system can now be written as:

dE

dt
= Q̇sup − Q̇em − Q̇hl (1)

With E the energy in the storage tank and Q̇hl the heat lost from the storage to the ambient
air through heat transfer which can be calculated as:

Q̇hl = UAsto(T̄sto − Tamb) (2)

Here the storage is assumed to be outside of the heated volume, transferring heat losses directly
to the ambient temperature (Tamb).

To provide for the temperatures exiting the storage, the storage model must be further specified.
The simplest choices are the assumptions of known and constant temperature at the top (Th)
and at the bottom of the tank (Tc) or the assumption of a uniform, but variable, temperature
throughout the tank. The former represents an ideally stratified storage tank while the latter
represents an ideally mixed storage tank. The values for Th and Tc are determined from the
heating system and the emission system. Th will be equal to the heater outlet temperature while
Tc is equal to the average emission system return temperature. For the ideally stratified model
the state equation turns into:

dE

dt
= Ċsup(Th − Tc) − Q̇em − Q̇hl (3)

While for the ideally mixed model the state equation becomes:

dE

dt
= Ċsup(Th − T ) − Q̇em − Q̇hl (4)

Q̇em

E

Q̇hl

Tem

Temission,in

Temission,outTheater,in

Theater,out

Q̇sup

Figure 2: Model of a thermal energy storage tank

2.3. Boundary conditions

The emission system provides the interaction between heating system and building. To obtain
a certain level of thermal comfort the heating system needs to supply, at any time, a certain
amount of heat to the emission system (Q̇em) which needs to be at a certain temperature (Tem)
to be able to transfer the energy to the entire building. These two values can thus be used to
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represent the entire building. In this paper the heat demand and temperature will be fixed prior
to the optimization. As a consequence the building thermal capacity will not be actively used
to store thermal energy.

The second boundary condition to the heat supply system involves the electricity grid side. The
demand side management aspect of the problem will be accounted for by using a time varying
energy price p(t).

2.4. Optimal control problem formulation

In an optimal control problem the profile of a controlled variable will be varied to obtain an
optimal value of a cost function. The controlled variable and all state variables influenced by
this control are given appropriate constraints. In the system formulation described above Ċsup

is the controlled variable and E is a dependent state variable. As the building energy demand,
and thus it’s thermal comfort are fixed prior to optimization the cost function can be defined as
the total energy cost during the optimization period:

J =

∫ tf

0
Ċsup(Theater,out − Theater,in)p(t)dt (5)

This implies the inclusion of the heater efficiency in the energy price signal and the independence
of the efficiency of everything but time. An outside temperature dependent efficiency is however
still possible as the outside temperature itself is only time dependent.

To avoid transient conditions, a periodic operation with relative period tf is assumed and peri-
odic boundary conditions are applied:

E(0) = E(tf ) (6)

Ċsup(0) = Ċsup(tf )

The problem is constrained by the maximum amount of energy that can be stored, the maximum
power of the heat supply and the maximum heater capacity flow rate:

0 ≤ E ≤ Emax

0 ≤ Q̇sup ≤ Q̇max (7)

0 ≤ Ċsup ≤ Ċmax

In the perfectly stratified model the second and third constraint are equivalent while in the
perfectly mixed model they differ as the heat flow depends on the state of the storage tank.

For the perfectly mixed model an additional constraint needs to be added ensuring sufficient
energy can be transferred through a finite heat exchanger to the emission system:

Q̇em ≤ (εĊ)max(T − Tem) (8)

Where ε is the effectiveness of the heat exchange to the emission system.

2.5. Solution of the optimal control problem

To solve the discussed optimization problems the Acado Toolkit [16] and Matlab interface was
used. The control profile is discretized in 48 time steps. A sequential quadratic programming
approach with exact Hessian calculation is used.

To address numerical scale issues and to extend the applicability the model is nondimensionalized
using reference quantities derived from the boundary conditions. The period of simulation (tf )
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is taken as the reference time, in this paper this will be one day. As a reference for energy the
total demanded energy is used.

tref = tf (9)

Eref =

∫ tf

0
Q̇emdt

From these quantities a reference value for heat flow rate can be determined as the average heat
flow rate:

Q̇ref =
Eref

tref
(10)

The energy price is nondimensionalized using the average energy price for heating the dwelling
when no energy buffer is present.

pref =
1

tf

∫ tf

0
Q̇emp(t)dt (11)

In subsequent sections quantities divided by their reference quantity will be denoted with * as
a superscript.

3. Results and discussion

3.1. Boundary conditions

To determine the heat demand and emission system temperature a linear optimal control prob-
lem similar to the one described in [17] was solved. The model consists of an RC-network with
states for a single thermal zone, the emission system, internal walls and outer walls. Solar heat
gains are added to the internal walls while internal gains are added directly to the thermal zone
capacity. In this paper the internal heat gains are calculated from measurement data from [18].
The ambient temperature profile is calculated as a November design day in Belgian climate
according to [19].

The total amount of energy supplied to the building is minimized while a minimum zone tem-
perature of 20◦C is maintained. In the period from 23h in the evening to 16h in the afternoon
the minimum temperature is decreased to 18◦C.

The resulting optimal control problem is easily solved and the emission temperature Tem and
heat demand Q̇em are extracted and given in Figure 3.

Two price profiles were investigated, one corresponds to a general day night tariff as is common
in Belgium (Figure 4(a)). The energy price reduction during off peak hours is 30%. The second
pricing scheme is a time of use scheme where the price variation is determined by the variations
of the nationwide energy use on a representative day according to [20] (Figure 4(b)).

3.2. Parameters of interest

The parameters Q̇max and Ċmax are both determined by the heat supply system. A maximum
heater power of 6000 W was determined to be sufficient for a single family dwelling complying
with Belgian regulations. The maximum heater capacity flow rate depends on it’s maximum
power and was chosen to be 2100 W/K.

The effectiveness of the emission system at the maximum capacity flow rate is assumed to be
0.6. As the hot zone of the storage receives energy from the heater it will be at the temperature
of the heater outlet which is assumed constant at 35◦C. The temperature at the bottom of the
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Figure 3: Building side boundary conditions
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Figure 4: Grid side boundary conditions

storage is determined by the temperature of the flow returning from the emission system. This
temperature can be calculated as Tc = Th − ε(Th − T̄em). Here the same effectiveness ε = 0.6 is
used.

The rate at which heat is lost from the thermal energy storage to the surroundings is determined
by the UA value. This value is assumed to be linearly dependent on the storage capacity.
This assumption is justified by the observation of several commercially available tanks. The
proportionality factor is chosen to be 3500s−1.

The only variable parameter is Emax, representing the maximum storage energy capacity. This
parameter is varied from 0.1 to 1.5 times the total building energy demand to represent small
and large storages.

3.3. Comparison of stratified and mixed storage

3.3.1. Day-night energy tariff

In figure 5(a) the optimized total energy cost assuming the day-night energy price tariff is
presented for several storage sizes for both the stratified and mixed storage model. A minimum
relative energy cost of 0.80 is obtained for the stratified model when the storage capacity is 1.1
times the energy demand. For the mixed model no minimum in energy cost is obtained within
the calculated range. The total energy use is presented in figure 5(b). The rise in energy use for
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both models is explained by increasing heat losses with storage size, this also explains the rise
in energy cost seen in the stratified storage model.
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Figure 5: Relative total energy cost assuming the day-night tariff for several storage sizes.

The optimal energy flow profile to the storage tank and the energy content of the storage for the
optimal storage sizes is shown in figure 6. The sizes shown are 1.1 times the energy demand for
the stratified storage tank and 1.5 times the energy demand for the mixed storage tank. In figure
6(a) the load shift away from the high price period towards the low price period is clearly seen.
As in this figure the storage is large enough the entire production of energy is shifted to the low
price period. However, in figure 6(b) can be seen that the maximum amount of stored energy
is almost equal for both models. A mixed storage will thus have to be larger than a stratified
storage in order to be able to receive an equal amount of energy due to limited capacity flow
rates.

Due to heat losses it is most efficient to add the energy to the storage as close to the time of
discharge as possible. Due to the rising inlet temperature of the heater and the constrained mass
flow in the mixed model, the deliverable power decreases as the storage charges. The energy
will thus be added at earlier times which deteriorates the cost reduction.
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Figure 6: Optimized energy flow profile and storage energy content assuming day-night energy price tariff for the
optimal storage size, 1.1 times the energy demand for the stratified storage tank and 1.5 times the energy demand
for the mixed storage tank
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3.3.2. Variable energy tariff

In figure 7(a) the total energy cost is given for several storage sizes for both the stratified and
mixed model. In the case of variable energy prices, the optimal storage size using the stratified
model remains 1.1 times the total energy demand as in the case of the day-night tariff. The
minimum relative energy cost rises to 0.88. The mixed model however shows a local minimal
cost at 0.7 times the energy demand. The minimal cost is however still obtained with the largest
storage size and has a value of 0.98. This increase in cost relative to the day-night pricing scheme
is caused by the smaller variation of the energy prices. Although both control profiles (figure
8(a)) look very similar the mixed model uses more energy and thus has a higher cost.
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Figure 7: Relative total energy cost assuming the variable energy price tariff for several storage sizes.

The optimized energy flow to the storage tank and the energy content of the storage assuming
the variable energy price tariff for the optimal storage size is presented in figure 8. As the
energy tariff has a distinct minimum the optimization attempts to concentrate the charging
around this minimum. The reduction in maximum heater power observed under the day-night
tariff assumption for the mixed storage model is thereby eliminated.
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Figure 8: Optimized energy flow profile and storage energy content assuming a variable energy price tariff for the
optimal storage size 1.1 times the energy demand for the stratified storage tank and 1.5 times the energy demand
for the mixed storage tank

In both the stratified and mixed tank optimizations the load peaks present in the situation
without energy storage will be shifted to other periods but will not diminish in size. When the
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penetration of demand side management is large the effect of this load shift on the grid (and
the energy price) needs to be investigated and integrated demand side-supply side simulations
are necessary [21].

From figures 5(b) and 7(b) an increase in total energy use due to storage heat losses can be
seen for all storage sizes and configurations. To obtain an environmental benefit the increase in
energy use must be supplied by renewable energy sources. This can be obtained as the storage
is charged at times different from the time of use if the energy price represents the availability
of renewable energy sources which would otherwise be wasted.

4. Conclusions

The effect of the active thermal energy storage model in an optimal control environment for
demand side management has been investigated under different price scenarios. A reduction in
consumer energy cost up to 20% was calculated for a dwelling conform with Belgian regulations
on an average November day. This value however is valid with perfect weather and occupancy
predictions and without model mismatch, and assuming constant heat production efficiency.

For a price signal with a long period of constant minimal energy prices, such as the day-night
tariff in Belgium, a significant difference in control profiles between the ideally stratified and the
ideally mixed storage tank model is obtained. The storage size for which minimal energy cost is
obtained was also calculated and was found to be larger for the ideally mixed model. From the
optimisations using the time-of-use energy price less consumer benefit was obtained. Moreover
due to the distinct short minimum cost period peak loads are not diminished but are likely to
be more concentrated.

The difference between the ideally stratified model and the ideally mixed model has also been
evaluated. The stratified model outperforms the mixed model in all simulated cases. Only when
the energy storage capacity is oversized significantly a comparable performance is expected. This
raises issues for the implementation of model predictive control algorithms in real situations
using sensible thermal energy storage since an actual storage in this configuration will have
a behaviour in between the two ideal cases. The required storage control model will have to
account for the imperfect stratification leading to non-convex optimization problems which are
difficult to solve.
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Nomenclature

A Area [ m2]
C Heat capacity[ J/K]

Ċ Heat capacity flow rate [ W/K]
DSM Demand side management
E Energy [ J]
J Cost [e]
p price of heat [e /J]

Q̇ Heat flow rate [ W]

STES Sensible thermal energy storage
t Time [ s]
T Temperature [ K]
TES Thermal energy storage
U Coëfficiënt of heat transfer [ W/m2K]

Greek symbols

ε Effectiveness [ −]
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Superscript

* Dimensionless variables

Subscript

amb Ambient
c Cold
em Emission

f Final
h Hot
hl Heat loss
max Maximum
min Minimum
ref Reference
sup Supply
op Operational
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