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Keywords: Significant energy savings and thermal comfort improvement related to radiant floor systems may not be ach-
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(PCMs) are suitable candidates for providing the necessary thermal inertia with a minimum effect on the con-
struction technology. Impacting variables like internal heat gains, weather conditions and dynamic energy price
require the adoption of advanced control strategies to ensure and maximise the energy benefits of PCMs. Despite
the potential of model predictive control using weather prediction data has been widely examined by the
literature, there is a lack of studies experimentally analysing their implementation in PCM enhanced radiant floor
systems. Within the H2020 European project IDEAS the integration of PCMs in a radiant floor system was
examined by the University of Ferrara through numerical and experimental investigation. A first prototype was
then installed in a small experimental building characterised by a low thermal capacity. Analysis of the moni-
toring data for the heating period showed that solar radiation strongly impacts on the lightweight building
envelope in a short time. Without suitable control, the contribution of PCM that slowly reduced its heat flux
during its transition, together with solar heat gains, resulted in an excessive increase in indoor air temperature,
wasting the PCM energy saving potential. The aim of the study is the evaluation of a control strategy to improve
the management of PCM enhanced radiant floor systems in relation to forthcoming weather conditions in
lightweight buildings. The control routine was implemented in the corresponding dynamic energy model in
TRNSYS. Results estimated achievable energy saving equal to about 4% and 8% on the heating and the cooling
energy demand respectively.

radiant floor (RF) systems.

RF is a low-temperature heating system which provides uniform
temperature distribution, does not produce noise, cause drafts, and en-
sures the efficient use of space [8,9]. Nevertheless, enhanced energy
performance and improved indoor thermal comfort may not be achieved
when RF is adopted in lightweight buildings, due to the low thermal
capacity of the envelope and to the relative long response time of the RF
if compared to other terminal units like fan coils.

RF systems integrated with PCMs provide efficient energy storage
and release in the heating period as well as effective buffering of internal
gains in the cooling season [10]. In winter the constant temperature heat
storage of the PCM layer is able to accumulate any renewable heating
loads as they become available during the daytime (solar radiation,
etc.), and to release them at comfort temperature during the night. In
summer the embedded PCM layer can provide enough thermal inertia at
comfort temperature to absorb thermal loads, which can then be dis-
charged by any intermittent renewable cooling source as soon as they

1. Introduction

The tendency to implement lightweight building elements has been
steadily increasing in the last years. Current construction trends demand
speed and ease of assembly and lightweight buildings enable the use of
prefabrication and on-site assembly, which is cost-effective and less
time-consuming [1,2]. However, the dynamic behaviour of thermal
mass and its positive contribution to delay heat fluxes and regulate in-
door temperature fluctuations has been recognised [3,4] in contrast to
the rigid thermal performance of lightweight building envelopes, which
raises the need for heating and cooling systems. Phase change materials
(PCMs) are considered as an interesting alternative to sensible storage in
heavyweight constructions, with a theoretical volumetric storage den-
sity of up to 15 times higher than traditional storage materials [5]. PCMs
can be used to shift the cooling or heating load from the peak period to
the off-peak period [6,7]. For this reason, they are often integrated in
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Nomenclature

Acronyms

ACS Advanced control strategies

EPS Expanded polystyrene

FEP Fluorinated ethylene propylene

FCS Floor control strategy

HDPE High-density polyethylene

HP Heat pump

IDEAS  Novel building integration designs for increased

efficiencies in advanced climatically tunable renewable
energy systems

ITES Intra-day/season thermal energy storage

MES Multi-source/sink energy sub-system

MPC Model predictive control

PCM Phase change material

PE Polyethylene

PID Proportional, integral and derivative
RCS Reference case study

RES Renewable energy systems

RF Radiant floor

TCS Traditional control strategies
WP3 Work package n.3
Symbols

c heat capacity [kJ/(kg-°C)]
m mass flow rate [kg/h]

Q heat transfer [kJ]

T temperature [°C]

Atstep simulation timestep [h]
Subscripts

Cc cooling period

conc concrete

ext outdoor air

H heating period

in inlet

out outlet

RF radiant floor

set setpoint

ti ThinICE

become available (ventilation, geothermal, etc.). A growing body of
literature has been demonstrating the ability of RF systems to achieve
heating energy savings when incorporating a PCM layer [11-17]. At the
same time, a large number of studies have also been investigating the
cooling potential of PCMs embedded into RF systems [18]. A RF inte-
grated with double PCM layers having two different melting tempera-
tures — one at 38 °C for space heating and another at 18 °C for space
cooling — was numerically analysed by Jin and Zhang [19]. A two-layer
PCM RF structure with heat storage layer below and cold storage layer
above was numerically investigated by Xu et al. [20]. Again, Sun et al.
carried out the experimental investigation of a RF system containing two
types of inorganic PCMs [21].

Several studies showed that the application of a RF integrated with
PCM can significantly lower the building heating demand by up to 45%
[22]. The reduction of peak loads and of the overall energy demand for
space air-conditioning, along with the extended lifetime of auxiliary
system due to efficient operation, all bring to reduced operation costs
[23-25]. Indeed, RF systems that are subject to controlled charging and
discharging are charged preferably during off-peak electricity pricing
hours, providing benefits due to demand shifting [10,19]. Therefore, the
integration of PCMs in active systems has the potential to shift peak load,
reduce energy cost, enhance the thermal efficiency of buildings, and
eventually reduce air pollution and mitigate global warming [26,27].
However, the adoption of PCMs requires high initial capital costs. For
this reason, the application of a suitable control strategy has become
essential to maximise the energy benefits of PCMs and optimise their use
in buildings to lower investment costs [28]. Nevertheless, research on
this subject area is still limited.

A large number of different control strategies have been developed
during the last decades and are being increasingly improved. Control
methods can be divided into two main categories: traditional control
strategies (TCS) and advanced control strategies (ACS) [29]. The former
include two different approaches: sequencing control, which uses on/off
control as the main logic, and process control, based on proportional,
integral and derivative (PID) control [30]. These methods operate on the
base of the signal received by basic sensors such as thermostats, pressure
switches or humidistats. TCS, that are the simplest control method, are
significantly limited by the lack of interaction with the external envi-
ronment, which prevents implementing a highly effective control
strategy. Indeed, studies available in literature have uncovered critical
issues in the control of radiant systems due to their large thermal inertia

that is difficult to handle with TCS in order to respond to changes in
weather or room temperature [31]. Therefore, in light of impacting
variables like internal heat gains (occupants, lighting, appliances, solar
radiation, etc.), weather conditions and dynamic energy price, the
application of TCS results to be extremely modest, thus suggesting the
implementation of ACS that allow to consider all the external factors
mentioned before [32]. ACS comprise three different types of sub-
categories: soft-computing, hard-computing and hybrid control strate-
gies [30,33]. Soft-computing include reinforcement learning, deep
learning based on artificial neural network, fuzzy logic controls and
agent-based controls. They can deal with imprecision, uncertainty and
noisy input producing approximate responses. For these reasons, they
are able to give solutions to more sophisticated problems. Among hard-
computing control strategies there is auto-tuning PID control, gain-
scheduling control, self-tuning control, supervisory/optimal control,
model predictive control (MPC) and robust control. The common
element among all types of hard-computing strategies is the use of a
mathematical/analytical model. Such methods usually require real and
precise input data to provide an accurate response in the short time [34].
Finally, hybrid control strategies are a combination of soft and hard
control approaches.

With the aim of maximising the pre-cooling potential of RF systems
during the cooling season and reducing overheating in the heating
period various factors should be simultaneously considered and
managed, such as internal heat gains, weather patterns and time varying
utility prices [31]. Against this background, MPC approach uses dy-
namic estimates and predictions of outdoor weather conditions, zone
loads and temperatures, and HVAC system models to minimise energy
consumption and costs while meeting equipment and thermal comfort
requirements. MPC includes data-driven building models estimated and
validated using data from an actual building [35-38]. More in detail,
among the different functions of MPC, their weather predictive/
responsive one is the building capability to predict/respond to climate
conditions and implement passive and active measures accordingly. In
an experimental study Barzin et al. [39] demonstrated that the use of
weather prediction data allowed to achieve energy savings of about 30%
and cut costs by nearly 41%. Kelman et al. [40] implemented a MPC
strategy based on weather forecast aimed at reducing energy con-
sumption while meeting indoor thermal comfort. Moreover, the ad-
vancements of Internet of Things (IoT) and cloud-based solutions made
it easier to get information from weather data [41].
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Despite a large and growing body of literature has been focusing on
the different control strategies aimed to reduce energy consumption
[42], ensure peak load shifting and shaving [43], as well as indoor
thermal comfort [44,45], the review reported above uncovers a lack of
studies investigating the application of control methods to PCM
enhanced buildings. Thus, the implementation of suitable control ap-
proaches to PCM integrated building components results to be still
largely unexplored [46].

Gholamibozanjani and Farid carried out a comprehensive review on
the different control strategies applied to PCM enhanced buildings [47].
The analysis mainly focused on ON/OFF approach — also known as
hysteresis control — as one of the most adopted in PCM integrated
buildings. Indeed, this type of method, included among TCS, is the
simplest control approach that changes the objective variables between
two states of ON or OFF. One of the main objectives of ON/OFF control is
peak load shifting/offsetting, which can not only reduce the peak de-
mand, but it allows to achieve considerable cost savings too. Indeed, it
can also implement “price-based” control strategies, which consist in
postponing the use of electricity during high wholesale market price
periods and using it during cheaper hours. These primary goals bring
other important benefits too, like a reduction in the generation of
electricity from non-renewable energy sources during periods of peak
demand and resilience during times of power outages. In addition,
power generation companies usually design their systems based on
average load. Therefore, any peak demand requires auxiliary equipment
which causes extra cost, maintenance, and pollution.

The application of PCM in RF heating systems where the PCM is
charged by using electrical energy during low-demand hours to be used
during high-demand hours allows to shift the heating load to off-peak
hours, thus reducing electricity costs. Devaux and Farid [48] experi-
mentally investigated the application of a PCM with a melting point
ranging between 27 and 29 °C in an underfloor heating system, com-
bined with another PCM having a lower melting point (21.7 °C) inte-
grated in the walls and ceiling of a small hut. It was found that the lower
melting point PCM helped to maintain comfort condition, while the PCM
integrated in the underfloor heating system created peak load shifting
with energy and cost savings of 32% and 42%, respectively. Lin et al.
[49] conducted a numerical and experimental study on a paraffin-based
PCM integrated in underfloor heating. Electric heater was controlled by
either time or temperature. It was ON from 23 p.m. to 7 a.m. if tem-
perature was lower than 65 °C. The total heating energy demand was
shifted to off-peak hours. Again, a TCS was applied to a RF enhanced
with a PCM having a melting point of 27 °C. A controller was used to
maintain indoor temperature at 21 °C. Results evaluated a peak load
shifting of 1.1 h/day, with a reduction in electricity cost of 18% [23].
Similarly, a PCM integrated into a RF heating system and regulated by a
controller used to switch on a heater when room temperature fell below
comfort temperature was experimentally investigated in [50]. Results
demonstrated that electricity consumption was shifted by 57%. The
necessity to maintain indoor comfort level was adopted as control
method also in the application of two different PCMs in a RF [51]. An
energy cost saving ranging from 45% to 64% was achieved due to peak
load shifting, when comfort level was ensured for 13 h. In 2015 Barzin
et al. [12] analysed the implementation of a price-based control strategy
in a PCM enhanced underfloor heating in an office building. The heater
was switched ON or OFF based on the online dynamic electricity price,
price constraint, and desired room temperature. Results estimated an
average energy saving of about 18.8% with a corresponding 28.7% of
cost saving, while the highest energy and cost savings were equal to 35%
and 44.4%, respectively. Differently, there are not many studies on the
application of MPC in PCM enhanced buildings. These studies have
considered different objective functions such as energy [21], energy cost
[52], and PCM performance [53].

Analysis of the literature reviewed above has highlighted that the
integration of PCMs in RF systems allows to shift peak load, reduce
energy consumption, cut energy-related costs and emissions. However,
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due to the long response time of the RF, the application of MPC strate-
gies able to simultaneously consider and manage the multiple factors
impacting on thermal performance and cost efficiency — such as internal
heat gains, weather conditions and dynamic energy price - is essential to
ensure and maximise the energy benefits of PCMs. Although the
different control methods have been exhaustively analysed by the
literature, there is little research investigating their application to PCM
enhanced RF systems. Again, despite the potential of MPC using weather
prediction data has been widely examined, there is a lack of studies
experimentally analysing their implementation in PCM integrated RF
systems. The very limited number of works that explored the topic were
focused on the simplest control method, the ON-OFF approach.

Against this background, experimental and numerical investigation
of a hydronic RF heating system integrated with PCM was carried out by
the University of Ferrara [11], Italy, within the H2020 European project
IDEAS — Novel building Integration Designs for increased Efficiencies in
Advanced Climatically Tunable Renewable Energy Systems — [54]. A
first prototype was then installed in an existing experimental building
having a low thermal capacity and it has been monitored since August
2020. Analysis of the monitoring data for the heating period showed that
overheating conditions occurred during sunny and relative warm days
without a suitable control. The development and validation of a suitable
control strategy based on weather forecasting data and adaptive setpoint
temperatures is here reported.

2. Small-scale prototype

The objective of IDEAS project is the development of a novel low-cost
building integrated renewable energy systems (RES) which will cost-
effectively exceed current RES efficiencies, generating electricity, heat
and cooling, and that will be optimised in different climatic conditions.
Within this frame, the work package n.3 (WP3 leader: UNIFE — Uni-
versity of Ferrara, Italy), was focused on the design and integration of a
heat pump (HP) technology for space heating and cooling via an intra-
day/season thermal energy storage (ITES) and a multi-source/sink en-
ergy sub-system (MES). MES was designed according to the functionality
of an invertible HP able to exploit different thermal sources/sinks: sun,
air (outdoor and waste heat), and ground. ITES represents the thermal
buffer to equilibrate different and non-synchronous thermal energy re-
quirements. At seasonal and building footprint, the ITES functionality
can be supplied by means of horizontal ground heat exchangers coupled
with PCMs. At building and daily scale, the function can be provided by
an underfloor heating/cooling system and by a novel PV/T solution, all
enhanced with suitable PCMs.

A small-scale prototype of the plant was then installed in TekneHub
laboratory of UNIFE. The prototype includes a water-to-water HP (5 kW)
which operates by means of two primary loops between two tanks (100 L
each one), the former on the source-side and the latter on the user-side.
The system can exploit three different thermal sources (ground, sun and
air) to optimise the temperature on the source-side for air-conditioning
of the spaces. The demo building consists of a central main room and two
guard rooms, one adjacent on the east side and one adjacent on the west
side to the main room (Fig. 1), having a conditioned volume of 26.00 m?
and 6.24 m° (per guard room) respectively. Values for surface, thickness,
and thermal transmittance of the components of the building envelope
are reported in Table 1. All the zones had been already equipped with a
fan coil, while the PCM integrated RF was installed in the main room in
August 2020.

Hydrated salts as PCM encapsulated in high-density polyethylene
(HDPE) containers named ThinICE [55] — provided by PCM Products Ltd
[56], partner of IDEAS project — were used. Two PCMs with different
melting temperatures were chosen: 21 °C for the cooling period and
27 °C for the heating one [57]. The different containers were positioned
to obtain three zones (which were separated by an insulation layer in
order not to influence each other). The first zone on the north was made
of 12 ThinICE filled with S27 and was addressed to evaluate the
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Table 1
Test building physics.
Component Surface Thickness Thermal transmittance
[m?] [m] [W/(m*K)]
Wall 39.84 0.12 0.28
Floor 19.08 0.32 0.28
Roof 19.08 0.06 2.08

behaviour of a full winter solution (red area in Fig. 1). The second area
on the south included 12 ThinICE filled with S21 and represented a full
summer solution (blue area in Fig. 1). The last zone in the middle was
composed of S27 ThinICE alternated to S21 ones, for a total of 15 PCM
containers. Macro-encapsulated PCM was installed above a mortar layer
including cross-linked PE pipes with a pitch of 100 mm, external
diameter of 16 mm and wall thickness 2 mm, positioned above EPS
insulation. PCM containers were then embedded in wet sand, so that the
floor could be fully inspected (Figs. 2 and 3). Thermal properties of each
layer composing the RF, included the selected PCMs, are reported in
Table 2.

14, _Tfloor
2|

4
5
6
7
8
9
0

1

Fig. 2. RF configuration with PCM (layer thickness expressed in mm) and
sensors position.

Fig. 3. RF installation with the positioning of the heat flux meter.

Table 2
Floor structure materials and their thermophysical properties.

Material Density Specific heat Thermal conductivity
[kg/m’] [kJ/(kg-K)] [W/(m-K)]
1. Laminate finishing 800 2.00 0.170
2. Nylon sheet (PE) 923 - -
3. Wet sand 1900 1.90 2.200
4. PCM S27 | S21* [57] 1530 2.20 0.540
5. Wet sand 1900 1.90 2.200
6. Nylon sheet (PE) 923 - -
7. Mortar 2000 1.00 1.700
8. EPS insulation 20 1.45 0.034
9. Nylon sheet (PE) 923 — -
10. Underfloor mat 9 1.50 0.044

* 827 atenT HEAT = 185 kJ/kg.
S21patenT HEAT = 220 kJ/Kg.
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3. Monitoring system

The monitoring system included heat flux meters [58] and temper-
ature sensors (T-type thermocouples) [59]. Heat flux meters were made
of a thermopile protected by a ceramic plastic composite body, suitable
and reliable for long term installations with IP67 protection. T-type
thermocouples (copper and constantan) with FEP sheath were selected
as the application required a small temperature detector. The distribu-
tion of all the sensors in the plan is reported in Fig. 1, which highlights
the monitoring of the three different zones, i.e., the red northern one, the
red and blue central one and the blue southern one. The positioning of
the sensors in section is illustrated in Fig. 2, showing a representative
portion of the RF (consistent with both the red northern zone and the
blue southern one) where names of the sensors do not include the
distinction between the zones.

The monitoring system consisted of:

two thermocouples above the mortar (T¢opnc in Fig. 2), one under a
S27 ThinICE located in the north area of the floor (Teone _27A in
Fig. 1) and another one under a S21 ThinICE placed in the south zone
(Teone 21D in Fig. 1);

two thermocouples on two different PCM containers (T, in Fig. 2),
one on a northern S27 ThinICE (T; _27A in Fig. 1) and one on a
southern S21 ThinICE (T; _21D in Fig. 1);

e two thermocouples under the floor finishing (Tfeor in Fig. 2), one
nearby a northern S27 ThinICE (Tgoor_27A in Fig. 1) and another one
nearby a southern S21 ThinICE (Tgoer 21D in Fig. 1);

two heat flux meters (HF in Fig. 2) on two different S27 ThinICE, one
plate on a PCM container laying in the north (HF 27A in Fig. 1) and
another plate on a PCM container positioned in the central portion of
the floor (HF 27B in Fig. 1) (Fig. 3);

two heat flux meters (HF in Fig. 2) on two different S21 ThinICE, one
meter on a container laying in the central area (HF 21C in Fig. 1) and
another meter on a PCM container placed in the south zone of the
floor (HF 21D in Fig. 1).

An additional thermocouple was installed in the room to monitor
indoor air temperature. Technical data of the heat flux meters and of the
thermocouples are reported in Table 3.

A weather station [60] equipped with a pyranometer was installed
outside the building to acquire air temperature, humidity, wind speed
and direction. All the sensors were directly connected to the analogic
channels of a datalogger, a DataTaker DT85 series 4 and its channel
expansion (CEM20) [61,62]. Furthermore, all the devices mentioned
above were configured in the same schedule, data were acquired with a
time step of 1 min and stored via FTP in a storage unit.

4. Monitoring results

Analysis of the measurement data for the heating period showed that
overheating conditions occurred during sunny and relative warm days
due to the poor thermal inertia of the envelope. Without an appropriate
control of the system, solar heat gains, together with the contribution of

Table 3
Technical data of the monitoring system sensors.
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PCM which slowly reduced its heat flux during the transition process,
resulted in an excessive increase in indoor air temperature, negatively
impacting on thermal comfort and, above all, wasting the PCM energy
saving potential. An example of the thermal behaviour of the system is
illustrated in Fig. 4, where values of outdoor air temperature (Tey), solar
radiation (Solar rad.), concrete surface temperature (Tcon) under Thi-
nICE and temperature difference between indoor air temperature and
the heating setpoint (AT) are reported.

Three days (from January 16" to 18 2021) were considered; the
first and the third ones were characterised by the so-called bell-shaped
curve corresponding to solar irradiation under no cloud conditions. The
chart shows that during these days, despite the RF system turned off
towards 9 a.m. (represented by the moment in which T, started to
significantly drop), indoor air temperature continued to increase up to
exceed the setpoint temperature by almost 2 °C (grey arrows). Differ-
ently, overheating did not occur during the second day, which was
characterised by cloudy conditions.

5. Methods

The observed behaviour of the RF has not to be considered nega-
tively. The phenomenon described, due to the thermal inertia of the
PCM integrated system, can be exploited and improved by means of
automation control according to weather forecasts and potentially
following the real time cost of electricity. Indeed, the RF enhanced by
the embedded PCM can trust on thermal inertia for around 12-18 h,
depending on outdoor air temperature and solar radiation, which
directly affect the building thermal load and consequently the latent
heat thermal energy storage made available by the PCM. On the other
hand, the air-conditioning terminal units could indirectly control and
limit the heat exchange with the conditioned air of the room, as the RF
system can exchange a limited quantity of heat flux due to its surface
thermal resistance.

The main objective of the study is the investigation of the behaviour
of the RF system both in heating and in cooling mode under a suitable
control strategy and the evaluation of the achievable energy savings and
of the consequences on indoor air temperature control by means of
TRNSYS, a TRaNsient SYStem simulation program [63,64]. The math-
ematical model of the RF system had been previously calibrated with the
experimental data gathered during the monitoring campaign (started in
August 2020) through the monitoring system described above [65]. The
same mathematical model and its characteristics were used to imple-
ment the RF control routine and run the simulations.

Taking into consideration the thermal behaviour of the PCM inte-
grated RF revealed by the monitoring results, a control loop for the RF
system was implemented in the energy analysis of the case study. Ac-
cording to the routine, the room setpoint temperature was reduced (in
winter) or increased (in summer) by an offset of 0.5 °C or 1.0 °C as a
function of weather forecast. More in detail, two climatic parameters
were considered to control the magnitude of the offset, outdoor air
temperature and horizontal solar radiation. The last parameter was
selected as an indicator of cloudy or clear sky conditions, which is
usually considered in weather forecasting. When both parameters

Sensing area Sensor Measurement Sensitivity Rated operating Uncertainty of
[m?] thickness range (nominal) temperature range calibration
[m] (W/m?] [V/(W/m?)] rcl
Heat flow meters [58] 8 x 10°* 5.4 x 1073 —2000...+2000 60 x 10°° —-30...4+70 +3% k=2
Variant with thermal Accuracy Measurement
material [°C] range
[°C]
T-type thermocouples Cu-CuNi (T) 0.5 —-200 to +350

[59]
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Fig. 4. Thermal behaviour in winter (Jan, 16"-18™).

exceeded their limit value, the maximum offset was applied to the room
setpoint temperature (1 °C). Otherwise, when only one parameter was
satisfied, the minimum offset was used (0.5 °C). For the sake of clarity, it
is necessary to underline that the small temperature difference selected
for the setpoint temperature regulation is not representative of a real
case application. Indeed, it is strongly difficult to control indoor air
temperature with such a high precision. Rather, the aim of the simula-
tions was to evaluate the tendency of the results obtained if the proposed
control strategy would be adopted and compared to a standard
approach. This type of control was selected as it is simple to implement
in standard plants that are equipped with a minimum of building
automation. Indeed, weather forecasts could be shared by national in-
stitutions in standard format, or they could be read from a web page and
used as source data for the building control system. In the present study,
where the control algorithm was implemented in a mathematical model
and evaluated through simulations rather than in a real case study,
weather forecasts were obtained from the numerical analysis of real
monitored weather data used in the simulations as reference weather
conditions. In particular, the real weather data of Ferrara for the year
2020 were used, which were collected by the weather station [60]
installed outside the demo building. Weather forecast data for outdoor
air temperature and horizontal solar radiation were calculated by the
energy model in TRNSYS. Each day was divided according to two
different time frames, i.e. into sets of 12 h and of 6 h starting from the
midnight of every day. Mean values of outdoor air temperature and
horizontal solar radiation for each 12-h time frame (or 6-h time frame)
were evaluated. Therefore, the obtained average values were constant
during each simulation timestep of each 12-h time frame (or 6-h time
frame) until the simulation would have considered the next 12-h time
frame (or 6-h time frame). This approach is similar to the one adopted by
weather forecast services or in weather forecasts commonly available on
the web. In Fig. 5 the chart shows how the mean outdoor air temperature
is evaluated for the case of 12 h-forecast. As it can be seen in the chart,
the mean temperature of the next 12 h is already known by the model of
the energy system, and it can be used by the RF control strategy to
modify the room setpoint temperature.

6. Energy simulations

The dynamic energy model of the system, including the building and
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the RF structure described in the previous section, were developed in
TRNSYS environment. The geometric model of the building was gener-
ated with Google SketchUp plug-in. The internal volume was divided
into three thermal zones, corresponding to the main central test room,
equipped with the RF system, and the two guard rooms (Fig. 1). Geo-
metric and thermal properties of the building envelope, air change rate,
internal load (sensible and latent), except for the floor, were described in
TRNBuild package. The thermal behaviour of the RF integrated with
PCM was simulated with the non-standard Type 399 [66] connected to
the Type 56 that simulates the building, both in Simulation Studio
environment. Type 399 included all the data regarding the RF system
(thermophysical properties of the layers, piping pitch and depth, etc.)
and was informed by detailed external files — one for the melting and one
for the solidification process — created considering the thermal proper-
ties of the two different selected PCMs (Table 2) and containing data of
specific heat capacity of the PCM in relation to temperature. As only one
external file per transition was allowed by Type 399, whilst two different
PCMs were adopted in the RF, an equivalent PCM having a mass-
averaged specific heat was used to build the external files. The equiva-
lent PCM had then to be scaled to match the actual mass of PCM used in
the RF (2.49 kg x n.38 S27 ThinICE and 2.47 kg x n.37 S21 ThinICE).
Thermal properties of the building and main boundary conditions used
in the simulations are summarised in Table 4.

The first part of the study was aimed at analysing the thermal
behaviour of the RF in order to evaluate the energy demand of the
system. A set of simulations were carried out for a wide range of couple
of values of outdoor air temperature and horizontal solar radiation, the
two parameters used as limits for the change of the room setpoint
temperature in the proposed control strategy. The routine implemented
in the simulations was compared with a reference case study, named
RCS, where setpoint temperature was assumed constant and equal to
21 °C and 24 °C throughout the heating and the cooling season
respectively. Differently from the RCS, in the weather forecast-based
control strategy model, named FCS, the heating and the cooling set-
point temperatures were reduced and increased up to 20 °C and 25 °C
respectively according to the values of the average outdoor air tem-
perature and horizontal solar radiation calculated within the 6-h and 12-
h time frame. The total heat fluxes exchanged by the heat carrier fluid
flowing in the RF piping were calculated for the heating and cooling
period over the year of simulation. The couple of parameters which led
to the minimum energy demand was used in the following step of the
work as limit values for the novel floor control strategy. Values of mean
outdoor air temperature and horizontal solar radiation thus assumed for
the control strategy were equal to 6 °C with 200 W/m? and 22 °C with
500 W/m? for the heating and cooling period respectively. Therefore,
the functionality of the proposed FCS is the following. In the winter
season, if weather forecasts for the next 12 h or the next 6 h predict a
mean outdoor air temperature higher than 6 °C or a horizontal solar
radiation higher than 200 W/m? then the room setpoint temperature,

Table 4
Properties of the building envelope and boundary conditions used in
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equal to 21 °C, will be reduced by 0.5 °C. If both the two parameters
exceed the limit values the setpoint temperature will be reduced by 1 °C.
Considering the cooling period, if the next 12-h or 6-h weather forecasts
foreseen a mean outdoor air temperature lower than 22 °C or a hori-
zontal solar radiation lower than 500 W/m? then the room setpoint
temperature, equal to 24 °C, will be increased by 0.5 °C. If both the two
parameters are lower than the limit values, the setpoint temperature will
be increased by 1 °C.

The trend of indoor room temperature was not considered in this first
analysis. The heating Qg and cooling Q¢ energy demand of the RF sys-
tem were calculated on the base of Eq. (1) and Eq. (2) respectively as
described in the following:

On = ZmRF,H'C'(TinRF.II — Tourr.u) * Atgep (@)
Oc= — ZmRF.C°C'(TinRF.C — Tourr.c)* Atgep 2
where

Qu, Q¢ - total heat exchanged by the RF loop [kJ];
Mgr.H, Mgrc — mass flow rate [kg/h];

¢ - heat capacity of the fluid [kJ/(kg-°C)];
Tinrr 1, Taprr,c — inlet water temperature [°C];
Tourr 1> Trewrc — outlet water temperature [°C];
Atgep - timestep of the simulation [h].

The calculation has been carried out for the two seasons with a
simulation timestep of 5 min. The heating season was considered from
15® October until 15™ April according to the national regulation for the
city of Ferrara. Out of this period indoor air temperature was controlled
by the RF system if it was greater than the cooling setpoint temperature.
For the cooling season, differently from the heating one indicated by the
national regulation, the period from the beginning of June to mid-
September was assumed.

7. Results and discussion

Two sets of simulations were carried out, one considered weather
forecasts with a prediction horizon of 12 h (12FCS) and the other one
took into account weather forecasts of the following 6-h time frame
(06FCS). Results showing the energy savings achievable both on the
heating energy demand (Qg) and on the cooling energy demand (Q¢) by
implementing the novel control strategy are summarised in Table 5. In
the same table also the main differences in indoor air temperature
control are outlined. It could be useful to remind that assumed room
setpoint temperatures were equal to 21 °C for the heating and to 24 °C
for the cooling season. Overheating and overcooling conditions were
identified when the difference between indoor air temperature and the

Table 5
Main simulation results.

simulations. RCS 12FCS 06FCS
Component Surface Thickness  Thermal Winter (from 15/10 to 15/04)
[m?] [m] transmittance —
W/(m>K)] Qu [kWh] 1166 1129 1118
1 39.84 012 0.28 4 Qu RES el - 32 42
Wi B . B
Flzor 19.08 0.32 0.28 Troom > 22/<20 [h/h] 1542/274 1309/387 1248/483
Roof 19.08 0.06 208 Tmin/Tmax [i C/°C] 18.9/26.0 18.8/25.8 18.9/25.4
Tmean [°C] 21.7 21.4 21.4
Boundary conditions Value Unit
Summer (from 01/06 to 15/09)
Infiltrations 0.10 1/h
Internal loads 110 w Q [kwh] 546 499 509
Supply water temperature 35 °C A Q¢ RCS [%] - -86 -67
(heating) Troom > 25/<23 [h/h] 567/980 680/821 640/851
Supply water temperature 15 °C Tmin/Tmax [°C/°C] 20.0/27.2 20.2/27.4 20.2/27.3
(cooling) Tmean [°C] 23.6 23.9 23.8
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setpoint temperature was higher than 2 °C. For the sake of completeness,
a quantitative evaluation of the electric energy savings achieved through
the reduction of the operation time of the RF circulator both during the
heating and the cooling period are reported in Table 6. In order to aid a
proper interpretation of the results it is necessary to underline that the
room has a conditioned floor area of about 10 m?.

As it can be seen in Table 5 a standard control (RCS) generally leads
to higher (in winter) and to lower (in summer) values of indoor air
temperature (Tmean in Table 5), equal to 21.7 °C and to 23.6 °C
respectively, compared to the defined setpoint temperatures.
Conversely, the average indoor air temperature is always closer to the
defined setpoint both in winter and summer by adopting the FCS.
Indeed, the hours in which the room temperature exceeds the heating
setpoint by more than 1 °C decrease by about 15% with 12FCS and by
nearly 19% with 6FCS if compared to RCS. Considering the cooling
period, results reported in Table 5 outline that the hours in which indoor
temperature falls behind the cooling setpoint by more than 1 °C decrease
by almost 16% with 12FCS and by 13% with 6FCS when compared to
RCS. At the same time, the hours in which the room temperature is lower
or is higher by more than 1 °C than the heating or the cooling setpoint
temperature increase when the FCS is adopted. Nevertheless, the
maximum (in winter), the minimum (in summer), and the average in-
door temperatures obtained with the control loop are closer to the
defined setpoint temperature than those achieved in the RCS.

A comparative analysis of the thermal behaviour of the system for
the two control strategies is reported in Figs. 6-13. The charts show the
trend of the room indoor air temperature during the heating and the
cooling period.

Performance of the system with the 12FCS case study for a week in
early March and during a week in mid-December are illustrated in
Figs. 6 and 8. The same analysis is reported for the 06FCS in Figs. 7 and
9. The chart in Fig. 6 illustrates the positive effect achieved on indoor
temperature in winter — early March - by adopting the 12FCS, especially
during the second and the third day of the week. More in detail, the
reduction in the setpoint temperature (12FCS - Ty;_g) — implemented on
the basis of the favourable weather forecasts of the following 12 h —
avoids the unnecessary turning on of the RF (12FCS — ON-OFF) and re-
duces peak in indoor temperature by more than 0.5 °C (12FCS - Troom)-
Indeed, the quite high outdoor temperature or the high horizontal solar
radiation foreseen in the following 12 h result in lower transmission heat
losses or solar heat gains which, together with the thermal inertia pro-
vided by the PCM, do not require the turning on of the RF. The switching
on of the RF system is postponed to the morning of the third day.
Weather forecast data thus allow to exploit and maximise the energy
benefits of the PCM. Differently, in the last days of the week both room
temperature and operating period of the RF system present slight dif-
ferences between the two control strategies (Figs. 6 and 7).

Taking into consideration the second winter week selected, in mid-
December (Fig. 8), similar observations can be reported for the trends
of indoor temperature with and without the 12FCS. Nevertheless, whilst
the setpoint temperature is extremely variable over the week in early
March (Fig. 6), during this week it is constant and equal to 20.5 °C
(Fig. 8). This means that one of the two parameters considered — outdoor
air temperature and horizontal solar radiation — always exceeded the
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Fig. 7. Comparison of RCS and 06FCS — Heating period from 27/02 to 04/03.

limit value defined to make the setpoint temperature be reduced by
0.5 °C. The chart shows good results in terms of indoor air temperature
control when the control loop is adopted. More in detail, the routine
avoids overheating for a long time during the second day. Room tem-
perature is on average lower than the defined setpoint for the remaining
days of the week, but it is still within an acceptable range. As regards the
operating time of the RF system, it works for a shorter period than in the
RCS. This leads to energy savings on the electric absorption of the
circulator of the RF loop, summarised in Table 6. The same observations
can be reported for the 06FCS illustrated in Fig. 9.

Taking into account the cooling season, the thermal behaviour of the
system under the 12FCS during a week in mid-July and for a week in
early August is reported in Figs. 10 and 12, while results for the 06FCS
case study considering the same periods are illustrated in Figs. 11 and
13.

Results for the 12FCS (Figs. 10 and 12) show that improvement in
indoor temperature control is less evident if compared to the results

Table 6
Energy savings on the electric energy demand of the RF circulator.
RCS 12FCS 06FCS
Operating time Op1 Operating time [ A Qg RCS Operating time Qpr A Qg RCS
[h] [kWh] [h] [kWh] [%] [h] [kWh] [%]
Winter (W)* 1224 30.6 1164 29.1 —-4.9 1137 28.4 -7.1
Summer (S)** 1211 36.3 1018 30.5 -15.9 1070 32.1 -11.6
W+S 2435 66.9 2182 59.6 -10.9 2207 60.5 -9.6

*Constant speed of the circulator, power absorption 25 W.
**Constant speed of the circulator, power absorption 30 W.
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Fig. 10. Comparison of RCS and 12FCS - Cooling period from 15/07 to 21/07.

obtained for the heating (Figs. 6 and 8). Reduction in temperature peak
is very small. Nevertheless, average value of room temperature is always
closer to the setpoint with the adoption of the control loop. Furthermore,
operation time of the RF system is lower than in the RCS. Achievable
energy savings on cooling energy demand during these weeks were
estimated to range between 4% and about 5% compared to the RCS.
Considering the 06FCS (Figs. 11 and 13), a significant difference from
the 12FCS emerges for the week in early August (Fig. 13). For this period
indoor temperature is higher with 06FCS than with 12FCS between
August 4™ and 5%, Indeed, during the second day the RF system is
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switched on for less time with 06FCS, thus avoiding the overcooling of
the room. Differently, the other days were characterised by the room
overcooling with both the control loops, i.e., 12FCS and 06FCS.

Whilst Figs. 6, 8, 10 and 12 illustrate results for the floor control
strategy with a prediction horizon of 12 h (12FCS), charts in Figs. 7, 9,
11 and 13 consider the floor control strategy with a prediction horizon of
6 h (06FCS). In this case, as the setpoint temperature is controlled with a
6-h time frame, the curve representing it is decisively more variable over
the time than with a 12-h control. However, a preliminary comparative
analysis between results achieved for 12FCS and for 06FCS does not
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uncover significant differences, except for the week in early August
mentioned before (Figs. 12 and 13).

Simulation results demonstrated that the implementation of the control
strategy for the RF system allows to obtain energy savings both on heating
and on cooling energy demand due to a peak shaving of the maximum and
minimum indoor air temperature of the room. In particular, cuts in heating
energy demand ranged from 3% to 11% for both the control strategies,
while energy savings on cooling energy demand ranged from about 4% to
5% for 12FCS, and from about 2% to 6% for 06FCS. However, if average
energy savings for the whole heating period were considered (Table 5),
these were equal to about 3% and to nearly 4% for the 12FCS and for the
06FCS respectively. Average energy savings on cooling energy demand
were equal to almost 9% and 7% for the 12FCS and for the O6FCS
respectively. As regards the electric energy savings achievable through the
reduction of the operation time of the RF circulator, data reported in Table 6
highlight that about 10% could be reached both with the 12FCS and the
06FCS. Similarly to what was observed for the energy savings achievable on
the heating and on the cooling energy demand, the adoption of the 12FCS
resulted to be more effective during the cooling season while the 06FCS
brought to higher energy savings during the heating period.

Fig. 14 illustrates the heat flux exchanged by the RF with the test room
during the heating period. The liquid mass fraction of the equivalent PCM
(S21 and S27) integrated in the RF system is also reported, which highlights
the melting and solidification process of the PCM linked to the RF opera-
tion. The fluctuation of the heat flux is obviously affected by the PCM, in-
door air temperature and the switching on of the RF system. When the RF is
operating the PCM begins the melting phase and its liquid mass fraction
increases. During this process the PCM stores latent heat that is made
available again and slowly released by the PCM when the RF system is
turned off. Against this background, when favourable weather conditions
are foreseen for the following 12 or 6 h, the RF is turned off in advance in
order to exploit the latent heat thermal energy storage of the PCM and
maximise its energy saving potential.

8. Conclusions and outlook

The monitoring campaign revealed some issues related to the man-
agement of the PCM integrated RF coupled with the lightweight envelope of
the test-building. More in detail, data for the heating season highlighted
overheating conditions in correspondence of sunny and relative warm days.
A suitable control strategy based on weather forecasts was developed with
the aim of investigating the thermal behaviour of the RF system and the
related energy saving potential. The following outputs were obtained from
the present study:

e Weather forecast data can be used to mitigate overheating and
overcooling issues.

e Outdoor air temperature and sky conditions (clear or cloudy) fore-
casting can be used as parameters for the management of the control
strategy of the RF.

e The simple routine used in the simulations estimated energy savings
equal to about 4% and 8% on the heating and on the cooling energy
demand respectively.

o The adoption of weather forecasts with a prediction horizon of 12 h is
better for the heating period, while a prediction horizon of 6 h is
better for the cooling period. This tendency is verified also when
energy savings on the electric energy demand of the RF circulator are
considered.

One of the future developments of the study will be the application of
the proposed control strategy to the large-scale prototype of the PCM in-
tegrated RF that will be installed in the large demo-building of IDEAS
project to be realised in Ferrara by the end of 2021. In this application a RF
structure different from the one illustrated in Fig. 2 will be installed. The
new PCM enhanced RF will have piping adjacent on the above surface of
PCM containers.
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