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Abstract

The aim of this study is to develop real-time energy
management strategies for HVAC systems taking into
account the heat storage in building thermal mass. In fact,
thermal energy production represents up to 50 % of
building’s total energy consumption and 75 % of
Greenhouse Gases (GHG) emissions. Different systems
and storage methods can be integrated to reduce the cost
and the GHG emissions related to heating, cooling and
Domestic Hot Water (DHW) production in buildings. In
this context, multiple studies have developed optimal
control systems (such as Model Predictive Control) for
optimising thermal production and/or storage systems.
The results presented in these studies showed a wide
range of reduction rates due to different hypotheses,
models, methods and systems taken into consideration. In
real time optimisation, the building model is usually
separated from the thermal system. In this study, a
reduced model and a continuous optimisation method
were used to minimise the cost of the building’s heating.
The applied strategy combined the building model and
thermal mass with a Ground Source Heat Pump (GSHP)
and a Borehole Thermal Energy Storage (BTES). This
first approach showed promising results by reducing the
cost between 10 % and 15 %. This method will be used to
combine different systems and improve their performance
in real-time.

Key Innovations

e Real time  simultaneous
optimisation using  Pontryagin
Principal.

e BTES and GSHP operation optimisation taking
into consideration building thermal mass energy
storage under variable electricity pricing.

Practical Implications

Real time optimal control is an interesting solution for
cost and GHG emissions reduction. When it comes to
such simulations, the results can vary on the models,
hypotheses and algorithms used. Every project should be
analysed separately, and the building properties taken into
consideration in the application of the optimal control.

Introduction

The building sector is the most energy-consuming sector
in France, in particular, and in the world in general, it is

multi-system
Minimum

also the second highest source of GHG emissions just
behind transportation (Enerdata and ADEME 2018). This
is mainly due to heating and air conditioning which
contribute to the largest part of energy consumption
especially in old buildings. There are two options for
reducing energy consumption and GHG emissions while
meeting the thermal comfort of building occupants:
improving buildings’ insulation or improving energy
production systems.

In the design phase, the choice of construction materials,
insulation and openings determines the quality of the
envelope and thus, the coefficient of heat losses. New
buildings are becoming more insulated, which leads to
higher energy efficiency. In addition, the architecture
takes more and more into account the orientation of the
building's glazed surfaces, which —for instance- makes it
possible to take advantage of external heat gains from the
southern fagade and to avoid heat losses from the northern
side. As a result, energy production systems and their
regulations have a greater impact on building energy
performance and the residents’ comfort.

On the thermal production side, having systems with a
high coefficient of performance is one of many solutions
to increasing energy efficiency. Coupling such systems
with storage equipment (geothermal storage for instance)
and managing this energy storage with a predictive
controller makes it possible to optimise the production
efficiency while minimising the overall thermal system
cost. Indeed, such a controller can anticipate the best
moment to use the energy storage, predicting the
occupants’ behaviour, the building needs and the thermal
energy cost.

Energy consumption management or Demand Side
Management (DSM) is another possible solution for
reducing environmental impacts and energy bills. It
consists of developing strategies to smooth out power
consumption at peak hours (similar strategies can be
applied to smooth out seasonal peaks). This is motivated
by the fact that electricity is usually more expensive
during these peaks and its production has a higher
environmental impact (as the most polluting power station
are switched on to supplement production).

The introduction of renewable energy in production
systems is another solution for the reduction of electricity
consumption and environmental impacts. The fact
remains that these systems have their own inconvenience.
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In the case of solar energy, for example, there is a time
difference between the moment it is available and the
moment that it is needed. As for geothermal heat pumps,
they extract (in heating mode) or inject (in cooling mode)
energy from the BTES. In the absence of a balanced
heating/cooling production or another system, the ground
temperature is disturbed, leading to a reduction in the
efficiency of the energy production.

In summary, the reduction of environmental impacts and
energy consumption in the building sector can be
achieved at different levels. The building envelope is the
first phase, followed by the choice of the energy
production system. The performance of the energy
systems integrating renewable energy and storage
strongly depends on the control that optimises the
systems’ operation.

Thermal energy storage can also be a solution, where
energy is stored during off-peak hours or when it is
available, in the case of renewable energy, then used when
it is needed. The most common storage methods for
buildings are batteries and thermal storage such as hot
water tanks or ice tanks. Batteries are used with renewable
electricity production like wind turbines and photovoltaic
systems. They allow the integration of such systems in
buildings. Bartolucci et al. (2019) studied a predictive
control for a system combining photovoltaic panels and
batteries. The study showed an 8.7 % cost reduction and
14.1 % decrease in grid unbalance. When it comes to
thermal storage, Heier, et al. (2015) presented the
different systems that can be combined with building
energy production and we can identify two types: passive
storage and active storage.

Passive storage is the use of the construction materials’
thermal mass to store energy. In the case of passive
storage, the building’s inertia plays a major role in the
storage capacity and peak erase. The stored energy is
more important in a building with high inertia compared
to a building with low inertia. This makes it possible to
offset the consumption of heating during peak hours by
storing energy during off-peak hours (Favre 2013). By
using three different tariffs for off-peak, peak and rush
hours, Robillart et al. (2019) managed to completely erase
consumption during peak hours by using the thermal mass
of a high-performance building while respecting the
comfort constraints of the building's indoor temperature.
Applying an MPC to optimise the temperature set point
and integrating the total energy consumed and the
maximal power demand as the target function, allows a
reduction in peak demand between 15 % and 35 % (Braun
2003). By applying variable electricity rates with an
MPC, Oldewurtel et al. (2010) reported a reduction of
7.9 % compared to constant rates. By making the same
comparison (constant/variable electricity rates) on several
types of buildings, Oldewurtel et al. (2011) deduced a
reduction of 4 % to 19 %. The latter being for buildings
with high thermal capacity.

Combining active storage with passive storage allows for
further reduction of energy production costs. Considering
the demand cost as the objective function in an MPC, in a

building with an ice tank, a reduction in energy
consumption during peak hours of 25 % is obtained with
a 50 % reduction charge cost (Kircher and Zhang 2015).
In order to control the building's energy demand and
minimise power consumption during peak hours,
Oldewurtel et al. (2011) developed an MPC to regulate
the energy consumption of buildings with an electricity
storage battery and compared the results for constant and
variable electricity rates. A 15 % decrease in power
demand during peak hours is noted when battery capacity
exceeds 1kWh. Considering the cost of demand as an
objective function, the peak electrical demand can be
reduced by up to 40 % in buildings with high thermal
capacity and ice storage (Hajiah and Krarti 2012a; Hajiah
and Krarti 2012b).

The MPC’s performance and the results obtained depend
on the objective function. In addition, the following
parameters are influential (Thieblemont et al. 2017):

The thermal mass of the building.

The capacity of the storage system.

The climate.

The electricity tariff.

Comfort constraints.

The optimisation horizon.

The assumptions of the simulation scenarios.

Besides, an MPC allows better management of renewable
energies by anticipating the needs and production of
renewable energy systems. Studies have shown a 50 %
increase in the use of renewable energies by applying an
MPC to commercial buildings (Zong et al. 2012; Mayer
et al. 2016).

The difficulties of installing an MPC can be divided into
two categories: modelling and optimisation of the system
(building and / or storage system) and the uncertainty of
assumptions and predictions.

In this paper, an indirect method is applied to solve the
optimisation problem as a foundation for developing a
predictive control minimising the cost of the heating and
cooling production while combining the building model
with the BTES model. This approach will not only allow
the energy production to maintain the comfort in the
building but will also take into consideration the BTES
temperature and its impact on the GSHP Coefficient Of
Performance (COP).

Case Study

A house from the INCAS platform, shown in Figure 1,
located in Bourget-du-Lac (France) has been chosen as
the case study. It serves as the basis for comparing the
application of an optimal control strategy for an electric
heating system with a constant efficiency equal to 1,
which will be the subject of the first simulation The
second simulation will be for the same building with a
GSHP energy production system.

The house has two floors and has a surface of 89 m2. It
has a high-quality envelope, well insulated on the exterior
surface and high performance glazing . External walls are
built of 15 cm concrete with 20 cm insulation of extruded
polystyrene. The ground slab is made of 20 cm concrete
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and 20 cm external polystyrene insulation. The insulation
in the attic is of 40cm glass wool. The northern windows
are triple glazing while the other fagades have double
glazing windows. The building model consists of a single
zone.

R PRSI
Figure 1: INCAS house

The constraints of this system relate to the comfort
temperature and the power of the installed heating system:

e State constraints:
Tmin < Tzone (t) < Tmax (1)
with: Tmin=19°C et Tmax=23°C

¢ Control constraints:

Qnmin < () < Qnppgr @
With: Qpmin= 0 KW et Q;max=5 KW for the heating power.
Figure 2 shows the outside temperature and the solar
radiation data of the coldest week in January during which

the simulation was applied. Figure 3 shows the internal
heat gains for a typical simulation day.
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Figure 2: Weather data for the coldest week
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Figure 3: Internal heat gains

In order to allow the heat storage in the building thermal
mass and shift electricity consumption from peak and
high peak hours to off-peak periods, three different
electricity rates have been used (Table 1).

Table 1: Electricity rates

HIGH
OFF PEAK PEAK PEAK
. 9h-17h
Period 0h-9h 29h-0h 17h-22h
Cost of
Wh in € 0.0864 0.1275 0.255
Models

In the first simulation, a perfect electric heater is
considered.

For the second simulation, and as a first approach, we
optimise energy storage and consumption using both the
building and the BTES dynamics (considering the impact
of heat production on GSHP efficiency). The heating is
considered to be injected directly in the zone. The system
consists of a geothermal heat pump connected to the
BTES, which makes it possible to extract and store energy
in the ground. The goal is to meet the energy building
needs at optimal cost. Dynamic thermal models
representing the building and the heat pump are required
to compute optimal control.

Thermal model of the building

The thermal model of the building is obtained from the
dynamic building energy simulation software Pleiades?.
This allows calculating the temperature of thermal zones
by establishing the thermal balance for each mesh making
up the zone. The integrated building model, COMFIE, is
based on the work presented by Peuportier and
Sommereux (1990). For each zone, the walls are divided
into meshes (finite volume method) on which a thermal
balance is applied assuming that the temperature of the
mesh is uniform. To ensure this assumption, the mesh is
finer as it gets closer to the thermal zone. The air, furniture
and any light partitions contained in the area are grouped
together in a single mesh. The heat balance on each mesh
then takes the following form (Neveu 1984):

Proceedings of the 17th IBPSA Conference
Bruges, Belgium, Sept. 1-3, 2021

193
https://doi.org/10.26868/25222708.2021.30405



INTERNATIONAL
BUILDING

| PERFORMANCE

| SIMULATION
ASSOCIATION

aT,,
™ dt

= Q¢ —0Qp ®)
with
e (,, the thermal capacity of the mesh.
T,,, the temperature of the mesh.
Q. the solar and internal gains, including the heating
or cooling capacities of equipment.
e (p the thermal losses due to ventilation and heat
transfer by conduction, convection, radiation.
Some non-stationary (opening of shutters) or non-linear
(air movement) phenomena are taken into account in the
vector denoted U, which makes it possible to write the
equations (3) in the form of a system linear equations with
constant coefficients (4).

By repeating this thermal balance equation for each mesh
in the zone and adding an output, the equations can thus
be represented in the form of a continuous and invariant
linear system (Bacot 1984; Lefebvre 1987):

{cT(r) = AT(t) + EU(t) 4)

Y() =]JT(t) + GU(t)

with

o T discretised vector of mesh temperatures;

e ( diagonal matrix presenting thermal capacities

U solicitation vector (including climate parameters,

heating, etc.)

A state matrix (exchange inter-mesh)

E input matrix (exchange between the mesh and

solicitations)

J observation matrix

G direct action matrix

e Y output vector (indoor temperature of the zone
considering air and walls surface).

The simulation of this model requires the knowledge of

the solicitations, (internal heat gains of the occupants and

the equipment) and weather data (outdoor temperature

and solar radiation). All of this data is contained in the

solicitation vector. The building model for the case study

consists of 29 states.

Model reduction is achieved through balanced realisation,
hence reducing computation time. This method seeks to
optimise the degrees of observability and controllability
of the system. Following the balanced realisation, a
truncation is applied by eliminating states associated with
the small Hankel singular values(Robillart et al. 2019).

Thermal model of the boreholes

A simplified reduced model derived from a detailed
model was used in the simulations. Based on the method
developed by Zeng et al. (2003), the heat transfer inside
the borehole can be calculated taking into consideration
the convective transfer of the fluid inside the borehole. As
for the modelling of the outside surface temperature of the
borehole for the detailed model, three methods are used in
order to determine the surface temperature based on the
simulation period. For few days periods the infinite line
source method, for couple of years periods the infinite

2 https://www.accenta.ai

cylinder source method and for periods longer than those,
the finite line source method is applied.

Based on these models, the equations of the simplified
model representing the temperature variation of the
ground and at the surface of the borehole can be expressed
as a linear dynamic system with the form:
dT = aT+bg (5)

with T representing the temperatures vector in the ground
noted T, and on the surface of the borehole noted T, a
and b the coefficients representing the properties of the
transfer between the borehole and the ground, and the
borehole and the fluid, g the heat extracted from the
borehole by the GSHP. The parameters a and b were
calculated in a way to minimise the error between the
complete model and the simplified model. The BTES and
GSHP models and parameters are based on Accenta?’s
system.

Thermal model of the GSHP
By definition, the coefficient of performance of heat
pumps is the ratio between the thermal power supplied by
the heat pump (Q,) and the electrical power (W,)
consumed:
_ 0w (6)

¢ cop
Figure 4 illustrates the operation, in heating mode, of the
geothermal heat pump.

ML Compressor
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Figure 4: Ground Source Heat Pump model

By neglecting geothermal heat pump thermal losses and
auxiliary consumption, the power injected or withdrawn
from the borehole (Q's/l-) is calculated by the equation:

. . O )

Qs)i = [Qh ~COoP
The coefficient of performance of the heat pump is
determined as follows:

COPpac = Npac X COPgrnot (8)

As for the heating mode, COP,4n0¢ 1S:
Ten 9)

COPcarnot = Te,h+Te,f

with
o COPcamot, COP at maximum efficiency (ideal Carnot
cycle)
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® 1pac, actual efficiency of heat pump cycle compared
to the Carnot cycle taking into account heat losses and
referring to the technical data sheets (considered
constant for this simulation)

o Te n, temperature of the fluid at the inlet of the hot
source

e Te 1, temperature of the fluid at the inlet of the cold
reservoir.

The expression of the temperature of the fluid at the outlet

of the borehole (Ts) in terms of the heat exchange ¢(t)

from (5) is calculated based on the following equation:

AT
To= (0 + RAW + 5 €0

with

o T, the temperature of the fluid at the inlet of the
borehole.

o T, the temperature of the fluid at the outlet of the
borehole.

e R, the thermal resistance between the fluid circulating
in the tube and the borehole surface.

o AT, the difference between the temperature of the
fluid at the inlet T, and the outlet T of the borehole

AT is considered constant at 3°C but the fluid mass flow

rate is controlled and variable

The total power exchanged between the fluid and the

BTES is of the form:

Q(t) * L= mC(Te - Ts) (11)
with:
e L, the total borehole length.
e m’, the mass flow rate of the fluid.
e ¢, the specific heat of the fluid.

Based on the equations (8), (9), (10) and (11) we can
establish the equation of the COP as follows:

) 1
copr +H(Ca BT A 84 0) (12)
— & * Qh =0
with: & = - (1 2Te,h) . B NTen ' J M4Te L’
Methods

Optimal control

The aim of optimal control, related to the energy
management of buildings, is to optimise a criterion
(objective function) such as energy production cost to
meet building thermal comfort needs (state constraints).

Optimal control consists in solving an optimisation
problem by minimising the objective function under state
or control constraint. For buildings, the optimal control
can be used to determine the best control with the energy
production cost and storage as the objective function
(heating or air conditioning) as well as GHG emissions.
In this study, we consider minimising the cost of the
energy production. Noting that the same method can be
applied for the GHG emissions by substituting the cost
function. The coupling of the production and storage
system with the thermal mass of the building is carried out

taking into account the solicitations and constraints of
temperature (state) and power (control).

The general problem of optimal control without constraint
can be written as:

milrjl [](u, x) = J-th(x(t),u(t))dt] (13)
ue 0

with L a regular real-value function, x the state and u the
control. The general form of the differential equation that
represents the dynamics of the system and the variation of
the state in terms of the control is:

x() = f(x*“(@®),u®)) ; x(0) = x, (14)

There are two main approaches to solve the problem of
optimal control: the Pontryagin Minimum Principle
(PMP) and dynamic programming (Bellman optimisation
principle).
In this study, based on the algorithm developed in
Robillart et al. (2019) for an electrical heater, the
Pontryagin Minimum Principle was applied. In fact, the
PMP states the necessary conditions for optimality by
solving the Hamiltonian system. The problem is then a
two-point boundary value problem. The general form of
the Hamiltonian is defined as:

H(x(t), u(®), p(t)) (15)
= L(x(t),u(t))
+ p(OTf(x(), u(t))
If (u, X) € U x R"is a solution of the optimisation problem,
there exists an adjoint state defined by p (t): [0; tf] — Rn
for almost all t € [0; tf] such as:

() = f(x@®,u®),x(0) = x, (16)
0
x*(t) = %H(X*(t),u*(t),z?(t)) (17)
d
pT() = &H(x*(t),u*(t),l’(t)) , (18)
p(t;) =0

H(x" (@), u* (6), p(t))
= min H (x*(t), u(t), p(t))
u
x* being the solution of the optimisation problem.

In order to respect the limits of the temperature and
control in the simulation, an interior penalty method was
applied. The constraints on the state and control are
expressed in the form of interior penalisation and the
Hamiltonian of the penalised problem becomes (Malisani
et al. 2016):

H(x(D, u(®, p(v)
= L(x(t),u(t))
+ pTf(x(0), u(®)
+ & [Yg (CX - Tmin) (20)
+ Yg(Tmax - CX)]
t &y [Yu (u - Umin)
+ Yy (Upax — W]
Y4 andy,, being the penalty functions of the state and the
control respectively.

(19)

Proceedings of the 17th IBPSA Conference
Bruges, Belgium, Sept. 1-3, 2021

195
https://doi.org/10.26868/25222708.2021.30405



INTERNATIONAL
BUILDING
PERFORMANCE
SIMULATION
ASSOCIATION

Applying this method to the case study, the objective
function that minimises the energy cost is defined as:

milrjl [](u, x) = J-thr(t) * W, (t) dt (1)
ue 0

with:

e Er, electricity rates vector.
o W, the GSHP electrical power consumption.

Equations (4) and (5) can be written under the form:
x(t) = A,x + B.U + g(COP) = Q, (22)
where X is the state vector including the reduced state of

the building and the BTES temperatures, A, the state
matriX, B, the input matrix g(COP) function of the COP.
The Hamiltonian associated to this problem becomes:
H=Er(t) » We(t)

+p"(4,x + B.U

+ g(xl Qh) * Qh)

+ Ex [Yg (CX - Tmin) (23)

+ Yg (Tmax - CX)]

+ &y [Yu (u - Umin)

+ Yu(Upgx — W]
The algorithm was coded in MATLAB using the
boundary value solver function bvp5c that applies a

collocation method in order to solve the differential
equations of the state and the adjoint state.

Results

Electric heating

The optimisation was tested on a project having an
electric heater to validate the model and to serve as a basis
of comparison to the model coupled with the variable
COP of the GSHP. The latter presents the control of the
building to be optimised. In the case of the electric heater,
optimal control allows full shift of peak and peak hours
(Figure 5, Figure 6). The optimisation strategy makes it
possible to store thermal energy in the mass of the
building during the cheapest off-peak hours and restore it
in the zone during the most expensive hours. During off-
peak hours, the indoor temperature increases to a
maximum of 22.5°C. The temperature will decrease in the
hours when the heating is turned off to apply the shift. The
temperature’s upper and lower limits are respected over
the optimisation horizon ensuring the thermal comfort.

A

24
22

Indoor
Temperature (°C)

n

=]

=)

120 140 160 180

0 20 40 60 80 100
Hog_rs

10
o 08

5000
< 4000
3000
20007
1000
06— — = — - _— _— .
0 20 40 60 80 100 120 140 160 180
Hours

Heating
Power (W

Figure 5:Optimisation of electric heater for one week
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Figure 6: Zoom in on three days

A traditional heating control that is programmed to keep
a constant setpoint is shown in Figure 7. The heating
system provides energy to respect a minimum indoor
temperature at 19.1 °C. Comparing the two strategies,
optimal control provides more energy and requires higher
production power during off-peak hours. Obviously
storing the additional energy in the building mass requires
the system to exceed the heating needs. However, based
on the electricity rates and comparing the energy
consumption cost for this week, a 26 % decrease in the
heating cost was observed.

~

Indoar
Temperature (°C)
»n
o

0 20 40 60 80 100 120 140 160 180 200
Hours

Figure 7: Traditional heating control
Table 2 presents a summary of the heating energy
produced and the cost at the seventh day of optimisation

(last day was not included to neglect the boundary effect
of the optimisation).

Table 2: Energy and cost for electric heating

TRADITIONAL OPTIMISED
IDEAL CONTROL
CONTROL
Heating
Energy 148 167
kWh
Cost € 19.5 14.4

GSHP

Then the system coupled with the variable GSHP COP
model is simulated. The GSHP COP depends on the
ground temperature. Variation in the temperature of the
geothermal storage depends on the energy withdrawn /
injected into the ground and therefore, on the heating
power. In this first approach, and in order to speed up the
calculation, the variation in soil temperature is assumed
negligible during one-week optimisation horizon. In order
to optimise the following period, the soil temperature
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should be simulated and updated based on the previous
optimisation. The variation of the COP, for each horizon,
depends directly on the heating power in the building. The
temperature and heating power profiles are shown in
Figure 8 and Figure 9. The COP profile is shown in Figure
10. The COP profile applied is theoretical and does not
represent real values of a GSHP operation. In real time
applications, this model is replaced by real data.
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Figure 8: Optimisation combining the GSHP and

building model
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Figure 9: Zoom in on three days
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Figure 10: COP

In this case, both geothermal storage operation and the
building heating needs are coupled and optimised taking
into account the building's thermal mass. Note that the
consumption shift to off-peak hours is not total as in the
first example. The withdrawal of energy from the ground
storage causes a decrease in the COP, which justifies the
lower power production during off-peak hours in this
case. The energy stored in the building is therefore lower
than with the electric heater example. In order to respect
the constraints of the minimum comfort temperature, the
optimal solution consists of heating the building during
peak hours as well. Note that the maximum reached

I I L L
0 20 40 60 80

temperature, 21.3°C, is also lower than that in the first
simulation. As the COP varies inversely with the amount
of power consumed, the minimisation of the operating
cost becomes a compromise between total energy
consumption shift (maximum power demand during off-
peak hours) and partial shift, which makes it possible to
maintain optimal system efficiency.

Table 3 presents a summary of the heating energy
produced and the cost at the seventh day for the GSHP
system simulation and we noticed a 20 % decrease for the
heating cost.

Table 3: Energy and cost for GSHP

TRADITIONAL OPTIMISED
GSHP GSHP
Heating
Energy 148 167
kWh
Cost € 2.9 2.3
Conclusion

Optimal control has been applied to the heating of a high
performance building in order to minimise the cost of the
energy production and maximise the efficiency of the heat
storage and the production system, in this case a GSHP
and a BTES. As a first approach, an electric heater was
considered to highlight the benefits of applying such
methods to the building heating control with variable
electricity rates. The results showed a total energy
consumption shift from peak and rush hours to off-peak
hours. The energy produced and stored in the building
mass during off-peak hours allowed the temperature to
remain over the lower limit during the other periods
without requiring any active heating. When it comes to
geothermal boreholes coupled with a heat pump
production system, the GSHP COP depends on the ground
temperature. In heating mode, the GSHP extracts heat
from the ground causing the soil temperature to decrease.
This explains the results obtained when applying optimal
control where the solution did not consist in applying a
total energy consumption shift to off-peak hours. This
study presents an optimal control strategy combining
different systems while optimising the building needs.
Further work will consist in simulating an MPC over a
year then over 20 years to determine the effects of heating
and cooling on the ground dynamics, in particular when
the cooling and heating needs are not balanced. In
addition, other energy production systems will be added,
i.e. Air Source Heat Pump (ASHP) or solar heating. This
will allow efficient energy production, maintaining the
balance in the ground temperature by storing the
additional produced energy in the ground. This method
can also be applied to minimise the energy production
cost and/or the GHG emissions.
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