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Abstract: This article provides a review of research in the field of building energy efficiency and the
implementation of digital technologies for its determination and improvement. Based on modern simulation,
numerical and information technologies, a 3D model of an existing building was created and assessed for
compliance. The digital model of the building is processed in two different libraries in order to evaluate the
energy efficiency parameters of the building. The results of that processing show that the building has low
efficiency and needs repair and reconstruction. An approach to improving efficiency by leveraging the latest
trends in IoT, Smart Control, and communication technologies was considered. A conceptual loT system was
proposed to ensure intelligent management of energy capacities.
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1 Introduction

With the increasing threat of an energy crisis and the
reduction of greenhouse gas effects, humanity is
striving to reduce energy consumption and include
more renewable sources in energy production. It is
known that buildings are one of the largest consumers
of energy, accounting for 40% of total consumption.
The main reasons for this are population growth and
the occupancy of buildings for 90% of the day, which
means an almost continuous cycle of heating,
ventilation, and air conditioning. The main
consumers are space heating and water heating, and
in residential buildings, the use of various electrical
appliances is also added [1].

Energy efficiency of buildings is a key aspect in
modern architecture and construction. With the
growing awareness of the impact of human activity
on the environment, as well as the desire to reduce
energy costs, the topic of energy efficiency is gaining
increasing importance. In conditions of increased
interest in reducing carbon emissions and increasing
energy efficiency, more and more researchers are
focusing their efforts on innovative energy
management systems (EMS), as well as technologies
for storing and optimizing the use of energy
resources. Intelligent energy management solutions
and the possibility of integrating renewable sources
are among the main directions of this research, which
aims to make the energy sector more sustainable and
efficient [2].

As a result of the joint work between builders,
architects, engineers, and IT specialists, the
development of Building Information Modeling
(BIM) (ISO 2021) designs contributes to the
successful digitalization in the construction sector.
These models are used to simulate the behavior of the
building under different conditions in order to
determine the correct structural solutions to meet
regulatory requirements. This approach provides
solutions only for the statistical analysis of structures,
without taking into consideration the relationship
between the structure and data from installed
intelligent systems, sensors, and actuators. As a
continuation of these developments, Digital Twins of
Buildings intervene [3].

Digital twins are a digital print of an existing or a
project object with predetermined physical
characteristics in order to observe its behavior under
different conditions and external factors. They
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combine  several approaches:  visualization,
prediction of actions, operational processes, and
constructive features. Energy management and
energy efficiency are also of utmost importance for
the building and industrial sectors. Although it is a
relatively new technology in construction, the use of
Digital Twins is accompanied by constant
innovations, enriching the possibilities for
application. A particular advance is the inclusion of
IoT and machine learning, which will provide an
even deeper assessment of the results and will assist
in the optimal planning of construction activities,
especially in the field of energy efficiency [4].

In this article, the authors present the application of
ICT as a tool for analyzing the energy behavior of a
public building. Chapter 2 reviews modern
technologies and digital applications for assessing the
energy efficiency of buildings. Chapter 3 presents a
developed digital model of an existing building,
using the EnergyPlus application software, the results
of which are presented and evaluated in Chapter 4 in
terms of energy efficiency with the help of additional
software. Chapter 5 proposes an application of IoT to
increase energy efficiency and a concept of an IoT-
based system for intelligent management and data
collection for optimization purposes. The conclusion
summarizes the technologies used for the developed
model, evaluates the data, and proposes optimization
using modern ICT technologies.

2 Research in the field

2.1 Smart Energy Efficiency in Buildings and
Cities

One of the main challenges in the energy sector is the
management of intermittent energy sources, such as
solar and wind power. These sources often cannot
provide constant power, which requires the
development of technologies for their integration into
existing energy systems. EMS offers effective
solutions for balancing the intermittent energy flow
by coordinating the production and consumption of
energy from different sources. This is particularly
important for maintaining the stability of energy
networks and for maximizing the use of renewable
resources when they are available.

Energy efficiency is also critical for residential
sectors, where smart energy management systems are
used to optimize energy consumption. These systems
can be integrated with smart devices in homes,
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allowing users to control their consumption in real
time. Smart devices, such as sensors and internet-
connected appliances, provide data that can be used
to analyze consumption and automatically adjust
heating, lighting, and cooling systems. This allows
for significant reductions in energy costs and
increases efficiency, while maintaining occupant
comfort.

Industry also plays a major role in global energy
consumption and is therefore the subject of intensive
research in the field of energy management. The
implementation of EMS in industrial sectors allows
industries to optimize energy use and reduce losses,
while improving process sustainability. One of the
main benefits of these systems is the possibility of
predictive maintenance of equipment and prevention
of accidents, which leads to more efficient use of
resources and reduced operating costs [5].

Another important part of modern energy efficiency
research is energy storage. Storage systems allow the
collection of excess energy produced by renewable
sources such as solar and wind power and its use in
times of shortage. This is crucial for the stability of
energy grids and for the wider deployment of
renewable resources. Energy storage technologies,
including batteries and hydrogen cells, are the subject
of intensive research and development, with EMS
playing a key role in the management and integration
of these solutions into existing grids [6].

Energy management and efficiency are also critical
elements of the smart city concept. As urban areas
expand and populations increase, efficient
management of energy resources becomes
increasingly necessary. Smart cities use EMS to
manage various aspects of urban infrastructure,
including public lighting, transportation, and even
waste management. This allows cities to reduce
energy costs and increase their resilience to climate
change [7]. The deployment of renewable energy
sources and storage systems in urban environments is
also facilitated by EMS, which contributes to
reducing dependence on fossil fuels.

Energy management systems are of great importance
for various sectors, ranging from residential and
industrial users to the overall management of urban
infrastructures. Their role is not only to improve
energy efficiency, but also to facilitate the integration
of renewable energy sources, which are a key
element in achieving global carbon emission
reduction goals.

Along with scientific and technological advances,
policies and regulations also play a critical role in
promoting energy efficiency. Many countries have
adopted strategies that stimulate the deployment of
renewable energy sources and smart energy
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management systems, providing subsidies and tax
breaks for businesses and households that invest in
these technologies. Building certification programs,
such as LEED (Leadership in Energy and
Environmental Design) and BREEAM (Building
Research Establishment Environmental Assessment
Method), also encourage the implementation of
energy-efficient solutions in new construction, thus
contributing to the global effort to reduce carbon
emissions [8].

Research in the field of energy efficiency not only
leads to technological innovations but also to new
models of energy consumption and management.
Smart energy management systems, renewable
sources, and storage technologies establish the main
components of the future of the energy sector.
Although these innovations offer significant
advantages, their successful implementation depends
on the support of government institutions and

international cooperation to achieve a more
sustainable energy future.
2.2 Technological models for energy

efficiency

Due to the latest local and European regulations in
the construction sector, building EMS is increasingly
becoming a practical and supportive method for
energy-efficient building designs, operations, and
retrofits, intending to improve energy efficiency and
reduce carbon emissions.

Scientific models can be broadly classified in two
ways: predictive models and physical (inverse)
models. General EMS models can be recognized as
predictive physical models, as they predict the
behavior of a complex system, given properties,
conditions, and a set of well-defined laws, such as
energy balance, mass balance, heat transfer, etc. [9].
Different from data-driven models, which describe a
system with few adjustable inputs, physical models
are usually defined by a wide range of parameters and
require more inputs, while being able to model the
behavior of the system with previously unobserved
conditions.

Due to the rapid development of various data sensors,
modeling and visualization technologies, EMS is a
good point for more attention directed towards
applied research to optimize energy efficiency, at
different stages of the entire life cycle of a building.
In applying EMS at various scales, engineers and
designers face enormous challenges due to the
extremely complex integration of multidisciplinary
approaches [10].

Over the past two decades, various simulators and
libraries have been used to build virtual models, such
as building information modeling and building
energy modeling, to optimize the design,
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construction, or operation of buildings. However, the
lack of sufficient real-time information makes virtual
models difficult and inflexible for changes in existing
buildings, which limits their use [11].

2.3 IoT for energy efficiency

Energy management systems are designed to ensure
energy efficiency in newly constructed and renovated
buildings. IoT systems are one of the main modern
components of energy management systems, which
allow applications for both individual buildings and
entire regions [12]. IoT usually contributes to the
collection, storage and analysis of data. The results of
the analysis are used in various areas such as
decision-making, management, creating behavioral
models, forecasting and prediction, simulation and
visualization [13].

In addition, building condition monitoring can
contribute to assessing current energy performance
and initiate follow-up actions and measures to
maintain current energy efficiency [14]. This will
identify issues such as wear, aging, and deformation
of materials, which have a significant impact on
energy efficiency [15]. For example, phase-change
materials have changing behavior that is difficult to
model, but by using data, the process of creating
behavior models and assessing their impact can be
significantly improved [16].

In addition to monitoring, loT systems can control
actuators and other end devices to influence the
current conditions in buildings [17]. This refers to
making decisions in real time according to the current
state and applying control algorithms based on
control theory, machine learning, and artificial
intelligence. In addition to the control systems,
specialized libraries and tools for analysis and
evaluation of parameters can be integrated to
improve the training of behavioral models.

These properties of [oT systems allow the creation of
behavioral models for entire buildings as well as for
individual materials and components. They
contribute to the optimization of the management of
various buildings through self-learning and the use of
big data [18]. They contribute to ensuring both
energy efficiency and good health conditions for
people.

2.4 Digital Twins

With the invention of the Internet of Things (IoT) and
advanced measurement infrastructure (AMI), real-
time interaction between virtual models and real
buildings is possible.

With the rapid development of various practical
solutions, the concept of digital twin (DT) provides
an option to integrate virtual building models and
real-time data from advanced measurement
technologies. Building a digital twin is a method that
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builds accurate digital virtual objects of physical
objects in real time and uses data analysis and
integration to control, simulate, verify, and predict
the entire life cycle process of physical buildings, to
realize intelligent decision-making and optimization
[19].

The main components for building digital twins are
three:

e Physical objects in the real world

e Digital objects in the virtual world

e A set of relationships between the real and
virtual models

In order for the virtual model to be adequate to the
real one, it is necessary to use a large set of
information for appropriate data arrangement. For
this reason, Data Fusion and Big Data are used. [9]
To create and use a virtual system, it must be proven
that it can correctly reflect the behavior of its real
twin. For this reason, the system is subjected to
several tests:

e Sensory Visual Test —the behavior of the real
and virtual systems is compared when
external interference occurs

e Performance Test — the behavior of the real
and virtual systems is compared when the
same action occurs with it

e Reflectivity Test —individual elements of the
two systems are compared for identical
behavior

If the results of the three tests between the digital and
real twin do not differ, it is considered that the
behavior of the virtual system corresponds to that of
the original [20].

Such virtual building systems would be particularly
useful for determining a building’s energy efficiency.
At present, this is mainly done on-site. Audits require
a huge amount of time for research, calculation, and
recording of data on-site. A particular problem is that,
being on-site, daily changes in the behavior of the
building and the environment (meteorological
changes, occupation, ventilation, etc.) cannot be
taken into consideration. Through a digital twin, any
information and any change in external conditions
can be modified and thus providing a complete
picture of the behavior at any given time [21].

3 Simulation model of a building

For the purposes of this paper, part of an existing
building consisting of two office spaces was
simulated, applying two different methodologies -
the official software package used by public
authorities and energy audit companies in Bulgaria,
and a second dynamic 3D digital model calculated
with EnergyPlus algorithms (Version 8.9.0.001).
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EnergyPlus is a specialized program used by
engineers and architects to create building models to
calculate heat losses and energy consumption from
heating, cooling, and ventilation. The program reads
input data and presents results depending on the
parameters. Some of the main advantages are: good
simulation performance, heat balance calculation,
modeling of heat transfer between different zones,
integration with different HVAC systems, detailed
reports on results, etc. [22].

The one-storey building under consideration is the
Central Laboratory for Solar Energy and New Energy
Sources, part of the Bulgarian Academy of Sciences
(Figure 1). It was constructed in the 70s and has a
reinforced concrete structure, a flat roof, and
masonry walls with 25cm perforated bricks,
uninsulated, covered with a thick layer of exterior
sand cement plaster and interior gypsum plastering
with paint finish (Figure 2). Both the floor and ceiling
are uninsulated; however, the roof has a shallow air
space (about 16cm) between two concrete beams,
which is partially ventilated. The exterior beam is
covered with sand-cement screed with varying
thickness, which serves as a leveling layer for the
asphalt-based water-tightness sheeting. There is a
void, an unventilated space below the floor of the
office spaces. The local district heating company
covers the building's heating demand.

Apart from the 3D geometry of the rooms in question
(Fig. 3), the most important simulation parameters
are listed in Table 1. Some small neighboring
building areas are simulated as well, to account for
shadowing and adiabatic surfaces in the north-west
direction.

Fig. 1: Central Laboratory for Solar Energy and New
Energy Sources (Facade)
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L1

Fig. 3: 3D model of the building

Table 1: Simulation parameters for the current state

No Item Unit Value
1 | Surface (exterior limits) m’ 87.6
2 | Occupation man/m? 0.04
Schedule - working | Monday- | o .
time  (heating and | Friday 8:00-19:00
3 | cooling always ON).
Precise occupation
schedule upon request.
Weeskend OFF
Metabolic (Light office
4 | work / Standing / - 0.9
Walking)
5 | Clothing (winter) clo 1
6 | Clothing (summer) clo 0.5
DHW consumption rate )
7 (OFF) 1/ m*.day 0.25
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Heating temperatare
8 | setpoint (Winter Design °C 22
T=-16 C)
Cooling  temperature
9 | setpoint (Summer °C 25
design T=33C)
10 | Heating set back °C 18
11 | Cooling set back °C 40
Office equipment (5.4%
12 | ON 20:00-07:00, 100% W/m? 5
ON 7:00-20:00)
Lighting (Lighting
13 linear control ON) x 300
S . W/m? per
14 | Lighting efficiency 100 Ix 3
15 | Minimum fresh air Vs per 10
person
16 | U wall W/m?*K 1.337
17 | U roof W/m?*K 1.517
18 | U ground floor W/m2*K 1.621
19 | Ug W/m**K 1.781
20 | Uf W/m**K 1.207
21 | G-Value - 0.59
22 | Light transmission - 0.49
. ac’/h
23 | Infiltration (n50) 1.05
24 | Shading - No
25 | Heat recovery 85.00% No
2 Automated light and i Yes
heat control

4 Evaluation of the model

Results are obtained for the heating load, cooling
load and the energy demand to maintain a constant
building microclimate. In the following graphics and
Table 2 the specific loads for heating, cooling,
lighting, and equipment are given, altogether with the
specific annual consumption of thermal and electrical
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energy per m2 GFA. The heating load is obtained for
the winter design temperature of 16 °C, which covers
99.6% of the demand and is shown in Figure 4. The
main heating losses occur through the roof area and
the uninsulated exterior walls, but a significant
amount is lost through the glazing and ventilation.

Temperature and Heat Loss.

2m
1208
1748
1600
23
291
058
028
4

1010

Fig. 4: Heating load of the building

Based on the internal gains (Figure 5), the cooling
loads are shown in Figure 6 and Figure 7. The solar
gains in the morning, direct transmission through the
roof area, and internal gains through occupancy and
electrical equipment are the main factors for the peak
loads, while the uninsulated ground floor has a
beneficial effect by absorbing some of the heat and
transferring it to the ground.

Fig. 5: Internal gains

Consumptian

e

ALV T !\dr\nr\.j'
YW

Fig. 6: Solar gains and daily energy consumption for
heating and cooling
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Temperatures

Fig. 7: Daily air, radiant and exterior temperatures

Table 2: Results for specific loads, energy demands and
CO, emissions (Energy Plus)

Pe | Inte | Ext | Eng. Eng. | Non- | CO
ak | rior | erio | dema | dema | Rene 2

po | setp r nd nd wabl

we | oint | setp e

r | tem | oint prim

p- tem ary

p eng.

dema

nd
k C° C° | KWhT | KWhE | kWh/ | kg/
w H/m’a | L/m?a | m?’a | m?
a
Heati | 10. | +22 | -16 | 170.84 - 222.0 | 49.
ng 10 9DH | 54
Cooli | 2.7 | +25 | +36 9.52 3.17 729 | 1.5
ng 5 (sCOP 4

=3)
Light | 0.2 - - - 6.00 | 13.80 | 2.9
ing 3 2
Equi | 0.3 - - - 15.54 | 3574 | 7.5
pmen | 8 5
t

Primary energy and CO; emissions are calculated
according to the Bulgarian national standard and
regulations - Directive RD-02-20-3 from 09.11.2022,
[23]. The building energy class is obtained according
to the same legislation by summing the non-
renewable primary energy demand for the building's
needs and comparing it to the limit values for the
building typology “University buildings”. In our
case, the non-renewable total primary energy is 279
kWh/m?a, and the building falls in Class E. The total
CO; emissions are 61.55 kg/m2a

A second model was developed using the "CLOAD"
software for calculating heating and cooling loads,
developed in collaboration with the Chamber of
Engineers in Investment Design (CEID). The
software is designed in accordance with the specific
requirements of Bulgarian legislation and regulatory
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standards, incorporating detailed climate data for
individual settlements, design temperature based on
a non-exceedance probability, temperature drops,
duration of additional heating periods, and other
relevant parameters [23].

Table 3: Results for specific loads, energy demands and
CO, emissions

Annual heat demand Unit Value
Heat loss coefficient [W/K] 245,937
from heat transfer:

Heat loss coefficient [W/K] 50,837
from ventilation:
Annual heat losses [kWh/year] 20655,476
Degree day days and 2900 190
number of heating days
Heat gains from internal [kWh/year] 2469,240
sources
Heat gains from solar [kWh/year] 1899,464
radiation
Annual heat demand [kWh/year] 18705,207
Annual heat demand per | [kWh/m?.year] | 262,741
m2
Annual heat demand per | [kWh/m?.year] 87,408

2
m

5 IoT system for intelligent control

and data collection.

Modern energy management systems are usually
based on predefined algorithms that control devices
to achieve certain parameters. The purpose of the
proposed system is to combine classical elements and
new technologies in a common environment. The
proposed architecture of the IoT-based system aims
to serve the specific needs of the described building,
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to provide measurement of environmental parameters
and control of cooling/heating sources. The general
form of the system is presented in Figure 8, where the
main functional elements are described in the form of
modules. The main components of the system are:
end devices (actuators and sensors), communication
module, database storage system, control module,
and computing module.

The communication between the modules and the
end devices is at different levels, as the input data is
stored in the database module in two states - raw data
and processed data (Figure 8). The processed data is
cleaned, normalized, and prepared for analysis by the
computing module. According to the processing
result and the algorithms set in the control module,
control commands are sent to the actuators. In
addition to the computing module of the system,
integration of the energy+ libraries is planned to
automate the process of planning losses and the
required heating/cooling capacities. The system
processes the raw data in real time and makes
decisions only based on the results obtained, in order
to prevent wrong choices from invalid data.

3
Data
base
C:ﬂrggﬂtlgg Communication Module>

Control
Maodule

Fig. 8: Overall architecture of the IoT system

The parameters for monitoring and processing
include data divided into three categories: energy, air,
people. The energy category includes data on the
energy consumed for lighting, heating and cooling.
The air category includes data on temperature,
humidity, CO2 and other air quality parameters. The
people category collects data on the presence of
people, their number, work schedule, and lighting in
the rooms.

Two main operating modes of the system are
envisaged: when people are present and when the
building is empty. In addition, two sub-modes are
defined: maximum efficiency and maximum
comfort. In the empty building mode, the maximum
efficiency sub-mode will be used. In the occupied
mode, the maximum comfort sub-mode will be
activated. These modes will separately manage each
room in the building so as to achieve optimal energy
consumption.
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6 Discussion

The software tools for evaluating the building’s
energy performance rely on different methodologies,
but both are widely applicable for calculating heat
losses and gains.

The EnergyPlus model reports an annual heating
demand of 279 kWh/m?a, based on dynamic
simulation with hourly modeled climatic and internal
conditions. The main losses occur through the roof,
uninsulated walls, glazing, and ventilation. The peak
heating power reaches 10.10 kW.

The CLOAD model, developed following Bulgarian
regulations, shows a slightly lower heating energy
demand of 262.74 kWh/m?a, using a simplified
steady-state approach and climatic parameters such
as degree-days (2900) and number of heating days
(190). The heat loss coefficients through the building
envelope and ventilation are calculated using
standardized values that tend to assume less
favorable thermal performance, ensuring compliance
with regulatory safety margins.

The difference between the results of the two models
is about 6%, which is well within acceptable limits
when comparing different calculation methods for
designing and evaluating building energy
performance.

The energy analysis confirms that both software
tools are applicable for calculating heating loads and
energy efficiency in digital twins of buildings — the
choice of tool depends on the specifics and purpose
of the analysis: EnergyPlus offers more detailed
dynamic simulation, while CLOAD provides quick
and regulation-compliant results. The study shows
that creating a digital twin would also be credible for
larger buildings, as it can facilitate obtaining energy
efficiency data when given more complex design
characteristics, consumer habits, and external
conditions.

6 Conclusion

Building performance analysis applications provide
detailed information on the expected energy losses,
required capacities and weather conditions for a
period of one year. This data clearly shows the state
of the building in terms of energy efficiency and can
be used as a starting point for future renovations and
planning intelligent management solutions. In
addition, the results obtained can be used to plan
future costs, develop approaches to minimize energy
losses and consumption, and assess the impact of
additional sources of different types of energy on the
building.

The proposed IoT system is at a conceptual level and
aims to cover the main aspects for achieving
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intelligent building management. In the next stage of
development, a complete implantation and detailed
presentation of all technologies for development and
implementation is planned.
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