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Abstract—This paper outlies a possibility of using IoT devices
for creating living lab that can be used for centralized or
distributed control of building zones heating and cooling. The
paper gives the description and specifications of the devices and
servers that are used for creating a living lab, explains how the
devices are currently set-up at a single floor of the real case
study of a commercial building, gives a tentative estimate of the
costs for the current setup. Furthermore, this paper describes the
communication between the devices, explains the ways of data
collection and lays out a brief overview of the planned future
work for applying both centralized and distributed control of
building climate. The paper is mainly focused on the business
buildings, but the presented system is also suitable for the
residential buildings, with the installation costs given in the paper.

Keywords—IoT, living lab, building, heating and cooling, cen-
tralized and distributed control, zone comfort

I. INTRODUCTION

With the current increase of global energy demand, and
consequently the increase in energy prices, energy savings
and sustainable development are more and more pronounced
topics. In 2017, one of the biggest energy consumers with
the 40% share in the global primary energy demand were the
buildings [1]. However, with the COVID-19 outbreak, in April
2020, partial or full stay-at-home saw the peak of the energy
consumption in buildings at 55% of the global primary energy
demand [2].

Constant satisfaction of comfort for all the users in different
zones of the building results in excess energy consumption.
Recent approaches in energy savings are prediction of user
behaviour and disturbances, and using such predictions to
control the inputs of heating and cooling in order to save the
energy while minimize the energy waste. A technology for
such monitoring is proposed in [3], requiring comprehensive
building digitalization and networking all the sensors and
actuators to a central control system. While commercial stan-
dards for building digitalization might be suitable for business
buildings, it may not be as affordable to the residential sector.

In recent years, there is a large spike in the Internet of
Things (IoT) sector, which provides cheaper, more powerful
and more efficient devices. As the IoT sector grows, its

applications to many areas get more pronounced. One of
these areas is the energy sector where in [4], the authors
define Internet of Energy (IoE) as an implementation of
IoT technology into distributed energy systems to achieve
better energy efficiency and improve environmental conditions.
Alongside, European Union has compiled new regulations for
facilitating turning regular buildings into smart buildings [4].
However, this new IoT devices have to meet the requirements
of scalability, data storage and visualisation. The architecture
that meets these requirements is proposed in [5]. The paper [6]
proposes validation methodology for the scalability compliant
infrastructure for smart cities and the properties it has to
comply to: modularity, interoperability and resiliency. The
paper [7] discusses the role of artificial intelligence (AI) and
IoT in smart buildings for achieving greater energy savings
and improved human safety. Contrary to IoT, [8] proposes an
alternative for the older buildings with the existing Building
Management Systems (BMS), where the cost of replacing the
existing BMS with IoT-compatible devices poses a barrier to
adoption. A commercially acceptable solution of the afore-
mentioned problems, easy to implement and suitable for older
buildings, is the introduction of wireless technology and low
power devices. Such research has been done in [9] where
the authors use IoT devices to create energy efficient IoT-
based smart home that is used to control both, home light and
heating, ventilation and air conditioning (HVAC) of a kitchen.
Furthermore, due to it’s affordability, IoT is gaining popularity
in factories, where it can also be used for creating HVAC
monitoring platform for smart factory, as shown in [10].

This paper focuses on fast and non-invasive establishment of
zone digitalization by IoT devices for the purpose of advanced
climate control. The hardware is installed in 25 offices on
a single floor of the skyscraper at the University of Zagreb,
Faculty of Electrical Engineering and Computing (FER). The
number of 25 offices is chosen as a scientifically relevant
sample of a single-storey building with around 700 m2 for the
study of possible reconfiguration and merging into groups, and
as such, are a sufficient representative of realistic buildings and
systems. Furthermore, it gives an insight of the possibility of
downscaling this hardware to the houses and apartments. Such
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zone digitalization process is a pre-requisite for increase of
building energy efficiency by active measures and advanced
control algorithms, such as model predictive control (MPC)
[3]. Similar work has been carried out in [11] where the
authors propose HAVC control system based on IoT-network
that uses Artificial Neural Network (ANN) for time-series
forecasting and optimize the HAVC control problem using
Mixed Integer Linear Programming (MILP).

This paper is organized as follows. Section II gives an
overview of the hardware used for this project. Section III
gives cost analysis of such system, and discusses further
cost savings by implementing distributed MPC instead of
centralized. Section IV displays the current mount setup of all
the sensors and servers/controllers. Section V gives a scheme
how the devices communicate and the outlines the process of
collecting the data for various purposes including MPC and
plotting. Section VI gives a brief overview of our next steps
for this project.

II. HARDWARE OVERVIEW

For the purpose of the project, we have acquired and
installed the measuring and control equipment of the Zipato
manufacturer, based on Z-Wave wireless communication. We
chose Z-Wave instead of Wi-Fi protocol because of its low
energy consumption, which is crucial for the devices with
batteries, and our goal to create the network of sensors we can
fine-tune to the needs of the project. Furthermore, we chose
Z-Wave instead of Zigbee because Z-Wave operates on lower
frequency of 908.42 MHz, while Zigbee operates on frequency
closer to the frequency of Wi-Fi of 2.4 GHz, and is therefore
more prone to the network congestion.
The equipment is as follows:

• 25 Zipabox2 controllers
• 5 Zipatile2 controllers
• 50 Quad Multisensors
• 25 Eurotronic Air Quality Sensors
• 25 Micro Module relays.

Futhermore, we have 5 multiserver licences that allow
adding up to 5 controllers (“servers”) without additional
licence for each of them separately. In the sequel, the speci-
fication of each component is described in details. It is worth
to note that the presented living lab can be established with
only two controllers, either Zipabox2 or Zipatile2 types. The
remaining installed ones are envisioned for future work of
the distributed control algorithms, where each zone emulates
individual residential unit with the own set of digitalization
devices: controller, sensors and actuators.

We have chosen the Zipato equipment because of the
simplicity of the interface, setup and procurement at the time
of acquisition. Although this paper describes the living lab
carried out using Zipato equipment, the comparable results can
be obtained using comparable devices from any other smart
home device manufacturer.

A. Zipabox2 automation controller
Zipabox2 automation controller is the quad-core-processor-

based controller, suitable for advanced data processing. It
will be used for calculations and as a server for gathering
information of from the zone sensors and sending commands
to corresponding actuators. For future work, it is also envi-
sioned to serve as a platform for advanced data processing
and control algorithms. From the technical side, it has the
following specifications:

• quad core 1.26 MHz CPU
• 256 MB RAM
• 2 GB flash memory
• Wi-Fi
• Slots for additional expansion to the other protocols such

as Z-Wave, ZigBee, EnOcean, etc.
The controller is shown in Fig. 1 (left).

Fig. 1: Automation controllers as IoT servers: Zipato
Zipabox2 (left) and Zipatile2 (right).

B. Zipatile2 controller
Zipatile2 controller is another controller based on a quad

core processor with built-in touch screen and integrated cam-
era. It features sleek design and is suitable for installation in
visible places. Zipatile2 has the following technical specifica-
tions:

• quad core ARM CPU
• Mali400 MP2 GPU
• 2 GB RAM
• 8 GB flash memory
• Connectivity using Z-Wave, Wi-Fi, Bluetooth, EnOcean,

ULE, 3G/4G wireless networks, etc. without any addi-
tional modules

• 2 MP video camera, 2 stereo speakers, alarm, touch
screen, weather forcats, sticky notes etc.

• Sensors for motion, noise, shock, temperature, humidity
and light.

Zipatile2 controller is shown in Fig. 1 (right).

C. Quad Multisensor
Quad Multisensor is the device with an array of sensors. Its

sensors include:



• Opened Door/Window [true/false]
• Temperature [◦C]
• Illuminance [Lux]
• Motion [true/false].

The sensor communicates using Z-Wave protocol, and also
features low power consumption, battery auto-report, etc.

The sensor is shown in Fig. 2 (center).

Fig. 2: Zipato Quad Multisensor (left), Eurotronic Air
Quality Sensor (center) and Micro Module switch (right).

D. Eurotronic Air Quality Sensor

For the air quality sensor, we have chosen the one made
by Eurotronic Technology. It communicates using Z-wave
protocol, utilizes multicolor LED to signalize recommendation
for ventilation and features sensors as follows:

• VOC value [ppm]
• CO2 value [ppm]
• Temperature [◦C]
• Humidity [%]
• Dew point [◦C].
The sensor is shown in Fig. 2 (left).

E. Micro Module switch

Micro Module switches are double relay switches that also
communicate using Z-wave and API described in the further
sections. The module is shown in Fig. 2 (right).

III. COST BREAKDOWN

This section gives an overview of the cost of this setup and
discusses possible downscaling of the equipment in case we
use plain MPC and the solution that would work for houses
and apartments. All the prices are obtained by the market
analysis and are expressed in gross amount (including taxes)
in Euros.

With all of the acquired equipment listed in the Section II,
the total price of the whole setup sums up to 17,000 C. Such
full-scale installation is presented in Fig. 3.

The basic setup for the considered floor of the skyscraper
at FER would be just with the two of the controllers - either
Zipabox2 or Zipatile2, to ensure full area coverage of wireless
connection, since the Z-Wave protocol has limited reach of
approx. 15 meters in all directions. Such option sums to total of

7,000 C. Although this setup is cheaper than the one currently
installed, the aim of the project is to do building climate
control using distributed MPC, described in Section VI, where
each zone is individually controlled by a dedicated controller
and no data is exchanged between the zones, thus keeping the
privacy of the users.

Further investment reduction is achieveable by using only
a single Quad Multisensor per room to stil have the digitized
zone with basic measurements. With that reduction, the cost of
total setup costs around 5,000 C. The outcome of such system
is, if scaled for 12 floors to 60,000 C, comparable to the
previous research work in [3] where zone digitalization is car-
ried out the conventional way of sensors and actuators wired
to the central server through various gateways and protocol
negotiation units. The total expenditure for the equipment for
enhancing the building zones state for the case study presented
in [3] is 132,000 C (retail prices without VAT) while licenses
and further services, e.g. laying wires, equipment installation
and configuration, are estimated to approximately double
the price for the whole FER skyscraper. Compared to such
building automation equipment of a renowned manufacturer,
which includes thermostats and fan coil controllers in each
of 248 rooms, floor gateways, central building SCADA and
server computer, the solution this paper proposes reduces the
investment costs by 55% without taking into account the
expenses of installation and by 77% with these expenses taken
into account compared to [3] while providing comparable
results.

Although this paper is primarily focused on the office
buildings, it is worth considering such application to the
residential buildings and houses. A single Zipabox2 controller
and one of each sensors per room are sufficient to enable
smart residential unit capable of advanced control algorithms
to achieve energy efficient climate control. The considered IoT
setup for an e.g. apartment with two rooms and a kitchen, and
3 sets of windows would cost 820 C. For the houses, the total
costs are estimated in the rank 1,500 - 2,000 C.

IV. EQUIPMENT MOUNT SETUP

Zipato measuring and control equipment is mounted on the
case study of a single floor at FER. Twenty-four rooms on
that floor are selected, each of them presenting the subsystem
of a joined distributed system. Locations, where equipment is
mounted, are shown in Fig. 3.

The number of sensors in each room is determined by
taking the number of employees into consideration. Also, some
windows are never opened, so there is no need for sensors
to be placed on them. Taking into account limited reach of
the Z-Wave protocol, Zipabox2 controllers are divided into
two groups regarding to the distance from the rooms. For that
reason, they are placed in two different locations, marked by
the blue star sign in the Fig. 3. The position of each Quad
Multisensor is denoted by the pink circle, while the position
of each Eurotronic Air Quality Sensor is marked by the green
square. The installation position of the Quad Multisensors is
shown in Fig. 4.
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Fig. 3: Mounting scheme.

Fig. 4: Zipato Quad Multisensors installation position.

Despite the anticipated low-range of Z-Wave protocol with
respect to the thickness of the walls, it proved to work well for
both of the problems and sensors rarely loose the connection
to the Zipabox2 or Zipatile2 servers.

Each group of Zipabox2 controllers are mounted on 2 DIN
rails. The 12 of them are placed on one oriented strand board
(OSB), as shown in Fig. 5. Zipabox2 controllers are connected
to the Ethernet via 2 switches which are connected to the
central router.

V. COMMUNICATION AND DATA COLLECTION

As mentioned in the Section IV, the setup uses both Z-Wave
protocol and standard TCP/IP Internet protocol. The sensors
measure the values of air quality, luminance, motion, etc.

Fig. 5: Zipabox2 controllers mounted on OSB boards.

and further send these measurements to Zipabox2 controllers
via wireless Z-Wave communication protocol. Every Zipabox2
then collects the data from the sensors that are paired to it,
and sends the data to the cloud server. Cloud server provides
RESTful API [12] through which a separate server can collect
the data from all the Zipabox2 servers, process the obtained
data and control the devices and appliances using Micro
Module switches. The full communication scheme is provided
on Fig. 6.

The collected data is then used for the later processing or
plotting, as in figures 7-10. The figures were obtained from the
e.g. zone 13 by collecting the data with one minute sampling
time. The timestamp on x-axis denotes month, day and time in
24-hour format, so e.g. 04-25 17 denotes April 25th at 17:00
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Fig. 6: Communication between sensors, Zipabox2 servers
and data-collecting server.

i.e. 5 p.m.
Figure 7 displays the change of the indoor zone temperature

over time. The heating starts every morning at 6 a.m., when
the zone starts getting up to the desired temperature of 27 ◦C.
By the time the heating reaches the desired temperature, the
Sun is already high enough for it to keep heating the room
past the desired temperature, which reaches the peak at 35 ◦C.
This can be avoided by predictive algorithms, such as MPC,
described in Section VI.

Fig. 7: Plot of indoor temperature over time for zone 13.

Figure 8 shows the illuminance of the zone 13. It clearly
shows the spike in illuminance of the room at noon, until 6
p.m., which can be explained by the solar irradiance for that
day.

Figure 9 shows the measured humidity. For the day dis-
played in the figure, humidity is between 22 and 24%. How-
ever, the interval might be lower depending on the resolution
and tolerance of the sensor.

Figure 10 shows the CO2 values for the given day. The
noticeable rise in the levels between 12 p.m. and 4 p.m.
indicate that the person was in the room during that period.

VI. CONTROL ALGORITHM IMPLEMENTATION

Centralized and distributed MPC algorithms are created in
Matlab and are both suited for the case study model which

Fig. 8: Plot of illuminance over time for zone 13.

Fig. 9: Plot of humidity over time for zone 13.

represents the building floor in Fig. 3. The model is made
via a resistive-capacitive (RC) approach that transfers the
building thermal scheme to an electric scheme from which
differential equations of a system are obtained. Considering
that Zipabox2 controllers have Linux operating system, they
are suited for running complex algorithms. Also, since they are
connected to the sensors, which are noted in previous sections,
Zipabox2 controllers are able to use historical data to calculate
real-time predictions such as zone occupancy or short-term
weather forecast. Alternatively, real-time data can be taken
from the central cloud, processed, and sent to actuators via
the central cloud. The main goal of the MPC is to improve
the energy efficiency of the system and to provide user comfort
by using a cost function that minimizes energy consumption
and setpoint deviation. Cost function that we use is quadratic,
because it better suits distributed algorithm. Local maximal
heating/cooling power is limited by using linear constraints.
Also, linear constraints ensure that room temperature is in
between selected limits. The time horizon is 24 hours and
the discrete time step is 1 hour, but these parameters can
be adjusted due to sensor characteristics or user desire. For
details, see [13].

Centralized control is based on a joint model that connects
all zones in one large mathematical problem. Mathematically,
a single MPC could be used to achieve an optimal solu-
tion for the considered case study. Practically, due to the
restricted range of Z-Wave protocol, two Zipabox2 controllers



Fig. 10: Plot of CO2 levels over time for zone 13.

are needed. One of them should be placed on each blue star in
Fig. 3. Expanding to the level of the whole buidling, multiple
controllers are mandatory and the MPC is applicable either on
the central cloud server that connects all the controllers, or on
each controller itself in a distributed control manner. The goal
of our project is to create distributed control system that will
allow faster and cheaper zone digitalization, while improving
user privacy, system redundancy and cybersecurity resilience
as demonstrated in [13].

The distributed topology of the building heating is presented
in Fig. 11. This type of control uses a decentralized building
model in which every zone has its own separate and inde-
pendent mathematical model. It is assumed that each zone
has its own Zipabox2 controller, which is running the MPC
for the corresponding zone. The central supervisor collects
results from every controller and recalculates them while
satisfying global constraints and reaching the joint optimum.
This method in fact implies bidding among the controllers
based on game theory premises, where players change their
actions until point of Nash equilibrium is reached. Such
distributed algorithms consist of three steps [14]. In the first
step, every controller calculates optimal energy input while
respecting local constraints, i.e. local fan coil power limitation
and local temperature limitation. After that, they send their
solutions to the central supervisor that calculates the average
solution and sends it back to the controllers. In the second
step, every controller makes adjustments to its original solution
by using information obtained from the central operator, so
the global constraint, i.e. total thermal power limitation, is
satisfied. In the last step, the central supervisor is updated,
after which the algorithm checks the ending conditions. Such
algorithms are usually iterative and are executed until the
convergence is reached. In [15], an exemplary such algorithm
is used on the state-space mathematical model that represents
the scheme in Fig 3. Results show that distributed control is
very close to centralized control regarding energy efficiency.
Additionally, the distributed control achieves benefits that are
already mentioned in this paper. An example of using dis-
tributed control is shown in Fig. 12, where room temperature
and thermal power for every zone can be seen. Our future work
is to adjust this algorithm and implement it on a real system.

Furthermore, the established living lab and comprehensive
available measurements enable extended options in advanced
user comfort control, such as air freshness and humidity or
lighting dimming.

Power Grid

energyprice

local optimum

average value

distributed subunit

coordinator

zone 1

zone 2

zone 3 zone 4

zone 5

Fig. 11: Proposed methodology of distributed optimal control
[13].
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VII. CONCLUSION

The paper presents a possibility of using IoT devices for
creating a living lab for heating and cooling control in the
buildings. Through the cost breakdown, we show that it can
be significantly cheaper than the current industrial solutions,
reducing the costs up to 77% compared to conventional
approaches. Moreover, it is also suitable for residential build-



ings. Ease of installation, use and data collection is therefore
of interest to business buildings, residential buildings and
houses to enable additional savings in heating and cooling
by advanced control algorithms, while providing satisfactory
level of comfort for the end user.
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