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Abstract: Intelligent building management systems are proven to lead to energy savings and are an
integral component of smart buildings. The procedures developed in the EN standards describe the
methodology for calculating the energy savings achieved by improving the automation and control
levels of separate services in building systems. However, although this method is used in practice,
it is rarely applied or investigated by the research community. Typically, energy savings resulting
from a single automation improvement intervention in a building heating system are observed, while
the holistic view of combined automation upgrades is not considered. Therefore, the purpose of this
study was to assess the energy savings resulting from several upgrades to control levels in the heating
system components of the building. In addition, this research provides a rationale for the impact of
multiple automation and control options for heating systems as well as examines the difference in
energy savings. Finally, an analytical model is developed and demonstrated to assess the feasibility
of building automation and control upgrades, by determining the allowed investment according to a
set of predefined indicators.

Keywords: building automation; building control; heating; energy saving; smart building; life
cycle costing

1. Introduction

Advancing sustainability in the built environment with the use of advanced methods
for heating is among the main challenges of the scientific community of building engineer-
ing [1]. According to the Heat Roadmap Europe [2], improving heat networks is crucial for
building energy efficiency. Three main categories of effective measures have been identified
to improve the energy performance of buildings, namely reducing the building’s energy
demand, ensuring energy-conscious occupant behavior, and adopting energy-efficient
technologies and equipment [3]. The latter measures are currently the subject of extensive
research, while new technologies such as the Internet of Things, with sensors and control
devices, are rapidly penetrating the market [4].

The use of smart control technologies can save up to 70% of energy in heating sys-
tems [3]. Improvements to different heating service control levels are shown to add flexibil-
ity to the system, for example by allowing the introduction of renewable energy sources
(RES) or enabling enhanced control by the user [5,6]. However, with the increasing avail-
ability of automation and control systems, there is a need for standardization of procedures
for the implementation and quantification of control benefits [3,7]. The ISO 52120-1:2022
standard [8] gives guidance for assessing the effect of automation and control upgrades
on the energy performance of building systems. However, the standard only provides the
methodology for the assessment of individual building system service energy savings and
does not provide a method showing how to perform this assessment holistically.
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Several studies have analyzed the energy savings that can be achieved by improving
the level of control based on the EN 15232 standard, which has recently been replaced by
ISO 52120-1:2022 [8]. A newly published study from Belgium [9] presented a comprehen-
sive review evaluating the performance of a BACS factor method depicted in EN 15232
compared to simulation methods. It was concluded that the BACS factor method lacks the
consideration of several influencing elements, where geographical location, including the
climate zone, and user behavior are of the highest significance. This has been confirmed
in several other studies performing the assessment using a simulation method [10–12].
However, the simulation method has been shown to have its own limitations. This is mainly
due to the fact that it is usually difficult to obtain all the necessary data to perform a reliable
estimate (some factors, such as human behavior, are still difficult to control) and that such
an assessment requires a lot of experience [9,10]. Furthermore, some studies identified
a lack of validation for simulation methods using real case studies [13]. Therefore, the
BACS factor method is still considered as a viable option for estimating energy savings
gained from control upgrades as well as to encourage a wider implementation of BACS
in the design and retrofitting of buildings [9,12]. Still, no studies were found that suggest
how the combination of different heating system control improvements can affect overall
energy savings.

From another perspective, the decision of an owner or facility manager to upgrade
the automation and control levels in heating systems is usually based on cost-optimality
criteria [14]. Now, with the constantly expanding supply of various control solutions, high
system efficiency can be reached with comparatively low investments [7]. However, it
remains a challenge to determine a methodology to prioritize which control improvements
in building heating services can result in the highest return. Furthermore, similarly to
energy savings, a detailed assessment of the allowed investment requires the evaluation
of many factors such as maintenance costs and other specifics regarding the individual
building’s thermal performance [15,16]. To date, there were several studies found assessing
the investment or pay-back criteria applying a case-study method [15–17]. Most of the
authors agree that an upgrade in control options is an effective way to reach energy savings
and is a simpler process in comparison to improvements or renovation of a building’s
envelope. However, none of the studies were found to investigate all the possible options
of the control upgrades and the calculations for the allowed investment for each case.

This study examines the impact of heating system automation and control level
upgrades on the energy efficiency of buildings. In particular, it introduces a novel model,
based on the ISO 52120 standard [8] approach, which quantifies the energy savings resulting
from 60 possible building automation and control system (BACS) upgrade options using
the calculated energy savings in a monetary form. The results of this study are presented in
a replicable manner, allowing the definition of the specific maximum allowed investment,
expressed as a percentage of energy costs. In this study, the allowed investment is calculated
for each considered heating service control level upgrade, by assessing the proposed
measures according to the principles of life cycle costing (LCC). This study also discusses the
effect of multiple upgrades of automation and control systems on the energy efficiency of a
building. The second section of this research provides the theoretical background regarding
the main elements of the heating system and the available control levels, addressing the
different BACS energy classes. In the third section, the methodology used to evaluate the
energy savings and quantify the results is explained. The results and discussion section
presents the outcomes of the model application, whereas the last section of this study
resumes the main outcomes of the report.

2. Theoretical Background

Energy-efficient space heating systems are an integral element of sustainable buildings.
In contemporary buildings, heating is regulated by multiple automation and control sys-
tems, which can significantly affect both the energy consumption and comfort conditions
for building occupants. The ISO 52120-1:2022 [8] standard provides a common framework
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and procedures for the contribution of automation, control, and management systems to
the energy performance of buildings. Based on the standard, space heating systems are
divided into six key components: (1) a heat generator; (2) thermal energy storage; (3) an air
handling unit; (4) a room; (5) a heating water supply; and (6) a heating water return.

These components can be further segregated into three main parts of heating systems,
namely supply, distribution, and demand. For each component, there are several control
options available (Figure 1).
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Figure 1. Space heating system and available control measures. Adapted from ISO 52120-1:2022 [8].

2.1. Control of Heating Services on the Demand Side

From the demand side, the main type of heating control is emission control. Two types
of emission control can be applied in building spaces.

The first type is emission control applied to the heat emitter (radiators, underfloor
heating, fan-coils, or other indoor units) at that room level and this can be evaluated by
means of rating from 0 to 4. The control level indicates the properties of the automation
and control systems. For instance, level 0 indicates no automatic control of the room tem-
perature, whereas level 4 represents an integrated control system able to control individual
room temperature by communicating between controllers and BACS.

The second type of control on the demand side can be applied to thermally activated
building systems (TABS) and is evaluated with a rating of 0 to 3. TABS is a combined
heating and cooling system embedded in structural concrete slabs or walls in the form of
pipes. As the TABS reaction time is considerably slower than that of convective systems, the
main goal of the control systems is to optimize the temperature levels to achieve maximum
comfort with the least energy expenditure. Therefore, moving up the scale of the level of
control for TABS factors, availability to control separate TABS zones, evaluate the outside
temperature, implement the of on/off cycle times, and room temperature feedback controls
are taken into consideration.
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2.2. Control of Heating Services on the Supply Side

On the supply side, heat generator control can be applied for combustion systems and
district heating, as well as for heat pumps or outdoor units.

• The level of control of the heating generator is rated between 0 and 2. Control options
applied on combustion systems and district heating, as well as on heat pumps, depend
on the availability of variable temperature control, relying on the outside temperature
and the heat load. For outdoor units, the level of control lies in the accessibility of heat
generator control moving from the lowest level, where only on/off control is available
to the variable control based on heat load or demand at the top level.

• If there are different heat generator sizes or types, sequencing control can be applied as
well. Sequencing control is rated from 0 to 3, depending on the flexibility of the priority
list and with data-driven decision making including prediction-based prioritization.

2.3. Control of Heating Services on the Distribution Side

Control measures are also available for the individual elements of the distribution part
of the heating system.

• Charging control can be applied to thermal energy storage (TES) by introducing sensor
devices into the system and implementing load prediction algorithms.

• The temperature of hot water in the distribution networks can also be controlled
according to the outside temperature or the demand.

• Similarly, controls may be applied to distribution pumps in networks rated from 0
to 4. In this case, the main purpose of the control options is to reduce the auxiliary
energy demand, which is the electrical energy used by technical building systems to
support the transformation of energy to satisfy energy needs. The highest efficiency of
the auxiliary energy demand can be achieved in the case of variable demand-based
pump speed control.

• Emission can also be controlled on the distribution side, by hydronic balancing of the
emitter or a group of emitters. The level of balancing control is measured from 0 to 4
and depends on the availability of dynamic control per emitter. Finally, intermittent
control can be applied both on the emission and distribution sides of the network. The
level of intermittent control is determined based on the development of automatic
control measures.

2.4. Calculation Methods for the Influence of BACS on System Energy Efficiency

The ISO 52120-1:2022 standard [8] provides a calculation method to determine the
influence of automation-level improvements on system energy savings. An integral part of
the calculation process is the definition of the efficiency class of the heating-related BACS.

The methodology recognizes four efficiency classes—A, B, C, and D, where A repre-
sents the most energy-efficient BACS and TBMS and class D non-energy-efficient BACS.
Each control function of BACS and TBMS in heating systems is assigned a representative
energy class, depending on whether the building is residential or non-residential.

Energy savings in heating systems can be achieved by increasing the level of control.
There are two evaluation methods of BACS influence on system energy efficiency. The first
method includes detailed calculations, while the second one is factor based.

• The detailed method enables the evaluator to choose the yearly, monthly, or daily
time interval for further calculations. There are five approaches available under
the detailed method for the energy consumption calculations: the direct approach,
the operating-mode approach, the time approaches, the setpoint approach, and the
correction coefficient approach.

• In contrast, a factor-based method was established to simplify the evaluation process
of the impact of the application of control measures on building energy performance.
The factor-based method considers delivered energy as an input and applies BACS
efficiency factors, to result in BACS adjustments to delivered energy as outputs.
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The five approaches for the calculation of energy consumption in the detailed method
and the adjusted factor-based method for only heating energy are represented in Figure 2.
According to the factor-based method, BACS influence on energy efficiency in heating
systems can be evaluated by the total heating energy (QH,tot,BAC) and the electrical auxiliary
energy for heating (WH,aux,BAC) based on the BAC efficiency class. For the calculation
process, it is suggested to use BACS efficiency class C as a reference value. The heating
loads of the building may be calculated based on the ISO 52016-1 standard [18], whereas
the thermal and auxiliary input to the space heating system can be calculated based on the
EN 15316 series standards [19].
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52120-1:2022 [8].

The influence of BACS on energy efficiency in heating systems can be calculated using
Equations (1) and (2):

QH,tot,BAC = (QH,nd,B + QH,Is)·
fBAC,H

fBAC,H,re f
(1)

WH,aux,BAC = WH,aux·
fBAC,el

fBAC,el,re f
(2)

Equation (1) presents the total heating energy based on the BACS efficiency class,
whereas Equation (2) presents the electrical auxiliary energy for heating based on the BACS
efficiency class.

3. Materials and Methods

To distinguish the impact of control level adjustments on the different parts of the
heating system, an analysis was carried out for each possible control level upgrade examin-
ing residential apartment buildings. The heating system under analysis has eleven heating
services, introduced in ISO 52120-1:2022 [8] (Figure 3).
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Each service has been assigned a control level, expressed in a range from 0 to 4. In this
case, level 0 represents the lowest level of control, while the other levels indicate certain
improvements in system control. In general, an upgrade in the control level means an
improvement that enables the system to achieve a higher level of automation (Figure A1).
Subsequently, for each level of control, a reflective BACS efficiency class is assigned based
on ISO 52120-1:2022 [8], ranging from A to D, with A being the highest efficiency class. It is
not always the case that an upgrade in the control level results in an improvement in the
BACS efficiency class. However, there are also cases where an upgrade in one control level
results in an advance of two efficiency classes. Therefore, the transformation from a control
level to a BAC efficiency class is not straightforward. This also affects the energy savings
that can be achieved by upgrading the control levels.

Each BACS efficiency class may be expressed as a factor. The coefficients of the
different efficiency classes depend on the type of building, whether it is residential or
non-residential, and on the function of the building (apartment block, office, hotel, etc.).
The lowest BAC efficiency class has the highest coefficient value, while the highest class
has the lowest. In this case, residential apartment buildings were taken under analysis.
The coefficient representing the BAC efficiency class of a class D, C, B and A residential
apartment building is 1.1, 1, 0.88 and 0.81, respectively. This shows that a higher efficiency
class leads to higher energy savings in the heating system. The exact factors for other types
and functions of buildings are presented in ISO 52120-1:2022 [8].

To determine the factor by which the energy savings will be affected by the upgrade
of the BACS equipment, the factor of the improved BACS efficiency class was divided
by the reference class. So, for instance, heating system service 1.1 Emission control has
control levels in a range from 0 to 4. From Figure 3, it can be seen that levels 0 and 1 are
assigned to class D, level 2 to class C, level 3 to class B and level 4 to class A. Each class
has a representative factor value introduced above for residential apartment buildings in
a range from 1.1 to 0.81. There are 10 variations of control level upgrade possibilities for
the service represented in Table 1. The energy saving factor was calculated by dividing
the upgraded class coefficient by the reference class coefficient. For instance, the saving
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factor for upgrade from level 0 to level 1 is calculated by dividing 1.1 by 1.1, resulting in a
saving factor equal to 1 and meaning that this upgrade will not bring any energy savings
for the heating system (Table 1). These calculations were performed for each heating system
service and the results are discussed in Section 4.

Table 1. Variations of the emission control service level of control upgrades, calculated energy saving
factors and normalized energy savings.

Control Level Upgrade Energy Saving Factor Energy Savings, %

0→ 1 1 0
0→ 2 0.66 34
0→ 3 0.46 54
0→ 4 0.46 54
1→ 2 0.66 34
1→ 3 0.46 54
1→ 4 0.46 54
2→ 3 0.7 30
2→ 4 0.7 30
3→ 4 1 0

The reduction in heating system energy consumption was calculated by multiplying
the current system’s energy consumption by the calculated energy saving factor, following
Equation (3). Thus, energy savings in a system were found to be the difference between
the current energy consumption and the reduced energy consumption. For example, if
the energy consumption of a building for heating is 60 kWh/m2 per year, the upgrade
in emission control service from level 0 to 2 would bring energy savings equal to energy
consumption multiplied by a factor of 0.66 and subtracted from the initial consumption.
The results were normalized as a percentage of the total system heating energy use (Table 1).
Equation (3) presents the total heating energy based on the BAC efficiency class when the
total heating energy needed for a building is known [8].

QH,tot,BAC = QH,tot·
fBAC,H

fBAC,H,re f
(3)

It is clear, that the biggest energy savings can be achieved by upgrading all parts of the
heating system to the highest level of control. However, this approach would not be a cost-
optimal one, as all upgrade options should be monetized and assessed for their feasibility.
Therefore, it is important to quantify the savings in monetary terms and determine whether
the investment can be justified. For the purpose of this study, the allowed investment for
the estimated savings was determined based on the life cycle costing (LCC) principles,
for a given discount rate of 3% in addition to an internal rate of return (IRR) of 10% for a
defined period of 10 years. The results were then normalized as a percentage of the current
energy price.

The method proposed above enables us to evaluate the influence of the BACS efficiency
class on heating energy consumption in buildings and expresses it in monetary terms.
However, this influence can be observed only for each heating service individually and does
not consider a case where multiple control upgrades in the heating system are combined.
Equation (4) proposes a calculation method for the total heating energy consumption based
on BAC efficiency classes of several system services. According to the equation, the total
consumption of heating energy based on different BAC efficiency classes can be evaluated
by multiplying the initial energy consumption by the respective factors. For example, the
reduction in energy consumption given that the energy use of a building is 60 kWh/m2

per year for three heating system service control level is upgraded from level 0 to 3 for
emission control, from level 0 to 2 for distribution pumps in networks and from level 0 to
1 for heat generator control in outdoor units, calculated by multiplying the consumption
with respective energy saving factors of 0.46, 0.53 and 0.53 (factors calculated according to
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the example in Table 1). To calculate the energy savings, the reduced energy consumption
by the influence of control upgrades is subtracted from the initial consumption.

QH,tot,BAC = QH,tot·
fBAC1,H

fBAC1,H,re f
· fBAC2,H

fBAC2,H,re f
· . . . · fBACn,H

fBACn,H,re f
(4)

4. Results and Discussion

In this study, the energy savings in a heating system resulting from various control
level upgrades were calculated and expressed as a percentage of the system’s energy
use (Figure 4). The figure represents the energy savings that can be gained for separate
heating services by different control level upgrades in residential apartment buildings
for 60 possible cases in 11 heat services. The lowest amount of savings according to the
estimates is 9% and, as a rule, this can be achieved by increasing the level of control from
level 0 to level 1. However, in some heating services, energy savings of up to 20% are
observed for the same level upgrade. The highest amount of savings available to gain from
an upgrade in heating service is 26% and most likely occurs when upgrading from level 2
to 3 or from level 3 to 4.
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Figure 4. Potential savings for separate heating service control level upgrades for residential apart-
ment buildings.

As energy savings are normalized by recalculating them as a percentage of total energy
use, they become a constant, regardless of the energy consumption of the heating system. In
this case, the savings were calculated using residential apartment buildings BACS efficiency
factors; however, the estimations can be seamlessly replicated for any function of buildings
based on ISO 52120-1:2022 [8]. This enables determining the best possible upgrade for
the control level in terms of energy efficiency. For instance, for the first heating service—
emission control—it can be observed that moving from level 0 to level 3 brings the same
amount of savings, 26%, as moving from level 0 to 4.

This would indicate to the owner that no additional energy savings can be expected
by upgrading the level of control from level 3 to 4. Furthermore, it is clear that, for some
services, a less significant upgrade brings higher energy savings. For example, upgrading
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the heating generator control for heat pumps from level 0 to 1 results in savings of 9%,
while upgrading the heating generator control for outdoor units for the same level results
in savings of 20%. This indicates that an upgrade to a certain level for a specific heating
service might be more energy efficient than to another.

The decision criterion for the level of control upgrades is the financial feasibility of
the investment. For example, the upgrade of emission control, as well as the control
of distribution pumps in networks to the highest level of control from level 0, achieves
energy savings of 26%. However, the costs of technical equipment and installation can
significantly differ. Therefore, for a cost-optimal approach, the financial performance
of the proposed solutions in terms of LCC should be identified. At the same time, it is
important to determine the allowed investment for each upgrade to ensure the desired
return. Consequently, the allowed investment for each heating service control upgrade
was evaluated for a given discount rate of 3% and an IRR of 10% over a specific period of
10 years.

Figure 5 represents the allowed investment for each upgrade in different heating
services for residential apartment buildings. The allowed investment was also normalized
as a percentage of the heating energy costs. Based on the calculations, the lowest allowed
investment for a respective control level upgrade is 62% and the highest is 183% of the
energy costs, respectively. Naturally, by altering the predefined parameters of the interest
rate, the IRR, and the period, the allowed investment differs. Lower interest rates and a
lower IRR would also result in a reduction in the allowed investment. Similarly, decreasing
the period in half with the same interest rate and the IRR allowed investment decreases by
approximately 40%.
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Figure 5. Allowed investment for upgrades to the control level of separate heating services for
residential apartment buildings.

The results described above allow only for the evaluation of each heating service
separately. However, in some cases, higher energy savings can be achieved by combining
different upgrades to the heating system services rather than maximizing the level of
control in one. Therefore, based on the results presented in Figure 4, the decision can be
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taken for several lower-level improvements throughout the system, to maximize energy
savings. Based on the available energy savings from individual control improvements,
a decision for the upgrade, e.g., of the emission control to only level 3 instead of up to
the highest emission control level. Furthermore, the control of distribution pumps in the
networks can be upgraded to level 2, saving an additional 20%, and the control of outdoor
heat generators to level 1, saving another 20%.

The total savings of the system in this case (also introduced in the methodology
section), calculated using Equation (4), result in a total energy savings of 53%. This
indicative example reveals that over half of the energy savings in the heating system can
be achieved with just three improvements in the control levels of the respective heating
services. This type of method for upgrades to heating service control enables evaluating
the system holistically while at the same time considering the energy savings gained from a
heating service upgrade and further estimating the additional upgrades moving from that
point. Therefore, the recalculated allowed investment does not equal the sum of allowed
investments for separate heating service control upgrades, as depicted in Figure 5.

The possibility of estimating the different combinations of the level of control upgrades,
together with the financial feasibility evaluation by determining the allowed investment,
enables a holistic building heating system assessment. By using this model, it is possible to
determine the best balance between energy savings and investments for various levels of
control upgrades in different services of the building’s heating system.

In the context of this research, it would be beneficial to estimate the costs of each service
upgrade for separate levels of control upgrades. This would allow one to promptly evaluate
the benefits in energy savings related to the specific upgrade costs. Furthermore, these
measurements can further be used in simulating all the possibilities of control level upgrade
in the heating system in consideration of the upgrade costs and allowed investment.

5. Conclusions and Future Work

This study investigated the potential energy savings in heating systems that can be
utilized by introducing various improvements in the control levels of the heating services.
It was found that an increase in the control level in a heating service does not always lead
to an upgrade in the BAC efficiency class according to ISO 52120-1:2022, although it can
result in increased energy savings. As part of the analysis, the energy savings for a series
of possible control level upgrades in a heating system were calculated and expressed as
a percentage of total energy consumption. The results show that the energy savings for
individual heating services in residential apartment buildings can vary from 9 to 26%,
depending on control level upgrade. Furthermore, the allowed investment for each heating
service control level adjustment was calculated and normalized with respect to the energy
costs. Considering an interest rate of 3% and a goal for an IRR of 10% over 10 years, the
allowed investment varies from 62 to 183% per heating service of the separate control level
upgrades in residential apartment buildings. It was also revealed that the total energy
consumption of a building does not affect the allowed investment, thus it remains constant
for given LCC input assumptions (the IRR, the discount rate, and time of assessment).

Moreover, to the authors’ knowledge, currently there are no methods available to
investigate the influence of various control level upgrades on the heating system holistically.
Hence, for this purpose, a calculation model was proposed. This study revealed that a
combination of several upgrades, even at a lower level, can achieve higher savings than
maximizing the control level for separate services. In the example, it was found that more
than half (53%) of energy savings can be reached by only upgrading control levels in three
heating services. This confirms what is known from experience in practice—focusing on
one specific aspect of the controls, even if this is to the highest possible level, is not enough,
since overall efficiency depends on the efficiencies of all the components and their smooth
integration. As part of future work, specific ranges of costs for devices and installation
work for each upgrade to the service control levels can be considered. This would result in
a comprehensive model to support the decision-making process for different control-level
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upgrades. Additionally, it can be used to simulate all the possibilities of control upgrades
with respect to energy savings and allowed investment, to determine the best possible
scenarios of control upgrades in the heating system. Another topic that merits further
investigation would be the connection of the approach of this study with the recently
established Smart Readiness Indicator (SRI) methodology of the European Commission,
for defining building smartness levels, based on automation and control [12]. The findings
of this study can be used to identify the minimum requirements for SRI levels, based on
the cost-optimal approach, given that six out of the nine service domains considered under
the SRI methodology are also analyzed in the ISO 52120 standard.

Author Contributions: Conceptualization, P.A.F.; data curation, D.P.; formal analysis, L.M.; funding
acquisition, A.J., P.A.F. and A.P.; investigation, L.M. and A.P.; project administration, P.A.F.; supervi-
sion, A.P.; validation, D.P.; writing—original draft, L.M. and A.J.; writing—review and editing, A.J.
and P.A.F. All authors have read and agreed to the published version of the manuscript.

Funding: This study acknowledges funding support from the European Union’s Horizon 2020
research and innovation program “Development of Utilities Management Platform for the case of
Quarantine and Lockdown” under the Marie Sklodowska-Curie grant agreement No 101007641.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

Nomenclature

Symbol Description Units
f Efficiency -
Q Heating energy W
W Electrical energy W
Abbreviation Description
BACS Building automation and control system
IRR Internal rate of return
LCC Life cycle costing
NPV Net present value
SRI Smart Readiness Indicator
TABS Thermally activated building systems
TBMS Technical building management systems
TES Thermal energy storage
Indicator Description
aux Auxiliary
B Building
BAC Building automation and control
el Electricity
H Heating
ls Loss
nd Need
hs Heating system
ref Reference
tot Total
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