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Preface

The building sector is vital for Climate Action efforts in cities around the world to reduce

their greenhouse gas emissions. Therefore, energy levels in buildings, communities, and districts

must be considered in our attempt to mitigate emissions, ensuring a sustainable, self-sufficient, and

safe future. This Special Issue aims to provide and collect high quality research on the concept of

net-zero/positive energy buildings and districts that have emerged in recent years, with the ultimate

goal of shaping cities into carbon-neutral communities in the near future. These buildings and

districts are also vital in reaching self-sufficiency, engaging users, and providing energy resiliency

during outages. Moreover, the important economic, environmental, and social aspects in buildings

and districts are discussed, along with technical aspects.

This Special Issue presents innovative research in the domain of buildings, districts, and built

environments, while providing pathways for future challenging research avenues. A large number

of research topics covered highlight the diversity of this evolving field. We hope that the research

results will contribute to the future development and research of the field of built environments.

As the Guest Editor of this Special Issue, we would like to thank the authors and coauthors

who published their articles. We are also grateful for the wonderful reviewers whose valuable time,

comments, and suggestions have helped in improving the quality of the articles, as well as the MDPI

editorial staff who helped us throughout the entire process of producing this Special Issue.

The Special Issue was supported by the Research Council of Finland (Suomen Akatemia), under

the following project names: Research Council of Finland project “Energy Resilience in Buildings in

Extreme Cold Weather Conditions in Finland 2022–2025 (FinERB) [Grant number: 348060]”, Research

Council of Finland project “Integration of Building Flexibility into Future Energy Systems 2020–2024

(FlexiB) [Decision number: 333364]”, ‘EXCESS (FleXible user-CEntric Energy poSitive houseS)’, from

the [European Union’s Horizon 2020 research and innovation programme H2020-LC-EEB-03-2019]

[Euratom research and training programme 2014–2018], under grant agreement No [870157] and

SPARCS from the European Union’s Horizon 2020 research and innovation programme, under Grant

Agreement No. 864242. The authors also gratefully acknowledge IEA EBC Annex 83 Positive Energy

Districts.

Ala Hasan and Hassam Ur Rehman

Editors

ix





Citation: Rehman, H.u.; Hasan, A.

Energy Flexibility and towards

Resilience in New and Old

Residential Houses in Cold Climates:

A Techno-Economic Analysis.

Energies 2023, 16, 5506. https://

doi.org/10.3390/en16145506

Academic Editor: Ludovico Danza

Received: 26 June 2023

Revised: 16 July 2023

Accepted: 18 July 2023

Published: 20 July 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

energies

Article

Energy Flexibility and towards Resilience in New and Old
Residential Houses in Cold Climates: A
Techno-Economic Analysis

Hassam ur Rehman * and Ala Hasan

VTT Technical Research Centre of Finland Ltd., P.O. Box 1000, FI-02044 Espoo, Finland; ala.hasan@vtt.fi
* Correspondence: hassam.rehman@vtt.fi; Tel.: +358-40-621-5917

Abstract: One of the main sectors that contribute to climate change is the buildings sector. While
nearly zero-energy buildings are becoming a new norm in many countries in the world, research
is advancing towards energy flexibility and resilience to reach energy efficiency and sustainability
goals. Combining the energy flexibility and energy resilience concept is rare. In this article, we aim to
investigate the effect of energy efficiency in a new single-family building on the energy flexibility
potential and resilience characteristics and compare these with those for an old building in the cold
climate of Finland. These two objectives are dependent on the buildings’ respective thermal mass.
The heat demands of the two buildings are compared. Their technical and economic performance are
calculated to compare their flexibility and resilience characteristics. Dynamic simulation software
is used to model the buildings. The results show that the old building has better flexibility and
higher energy cost savings when including the energy conservation activation strategy. In the old
building, savings can be around EUR 400 and flexibility factor can be around 24–52% depending on
the activation duration and strategy. The new building, due to higher efficiency, may not provide
higher energy cost savings, and the energy conservation activation strategy is better. In the new
building, savings can be around EUR 70 and the flexibility factor reaches around 7–14% depending
on the activation duration and strategy. The shifting efficiency of the new house is better compared
to that of the old house due to its higher storage capacity. For energy resilience, the new building
is shown to be better during power outages. The new building can be habitable for 17 h, while the
old building can provide the same conditions for 3 h only. Therefore, it is essential to consider both
energy flexibility and resilience as this can impact performance during the energy crisis.

Keywords: energy flexibility; energy resilience; thermal energy; energy crisis; energy pricing;
Nordic climate

1. Introduction

Climate change is one of the biggest challenges that is being faced. The transition
towards a sustainable society requires buildings to be flexible and resilient to reduce climate
change, emissions and energy crises. Therefore, the European Union (EU) plans to include
renewable energy sources in an amount of 40% until 2030 in the energy mix and increase
it further until 2050 compared to 1990 levels towards carbon neutrality [1,2]. Building
accounts for almost 40% of the total CO2 emissions and, therefore, buildings can play a
major role in CO2 emission reduction [3]; the Directive on Energy Performance of Buildings
(EPBD) has been introduced to decarbonize the building stock by 2050 [4]. The reduction
in emissions, integration of renewables and reduction in peak loads can be carried out by
including energy flexibility in a building. Another challenge faced now is the energy crisis,
which is causing prolonged power outages to buildings. Due to an increase in ambient
temperature and climate change, multiple climate-related extreme events such as forest
fires, extreme temperatures, storms and heavy rain occur in different regions resulting in
grid loss and blackouts [5]. These events are becoming more visible in recent times, and

Energies 2023, 16, 5506. https://doi.org/10.3390/en16145506 https://www.mdpi.com/journal/energies1
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include floods in Germany and the United States of America and forest fires in Greece,
Italy and Turkey. With rapid urbanization and the eminent threat of climate change, these
events can have an impact on a building’s energy infrastructure and its occupants due to
grid loss [6]. Other factors of the energy crisis include human-made factors such as political
issues between Russia and Ukraine that are causing energy and power shortages globally
due to supply chain issues. Therefore, buildings have to be energy-resilient to address
periods of power outage and flexible to reduce energy consumption and save costs.

1.1. Energy Flexibility

Energy flexibility can assist in reducing CO2 as it addresses the effective implementa-
tion of renewable energy generation, reduces peak load, balances energy use in the grid
and helps in reducing the price for the end user. The energy consumption of a building
can be increased when the prices are low or it can be reduced when the prices are high [7],
e.g., increasing the indoor temperature when the prices are low or decreasing the tem-
perature when the prices are high while keeping thermal comfort [8]. This modulation
or activation is also known as a demand response, i.e., shifting the energy use based on
signals such as weather and price.

The importance of the demand response or energy flexibility is increasing with the
increase in energy prices [9,10]. The financial aspect and benefits have to be identified.
Various studies have been carried out to show the benefits of energy flexibility [11,12]. It
has been found that the operation of a ground-source heat pump based on price signals
can save up to 15% of the energy costs [13] in the cold climate. Another study showed that
controlling the heating and cooling of a building can save up to 11% of the energy cost in
warm climatic conditions [14]. Similarly, it has been found that 14% of the energy demand
and cost can be reduced in commercial buildings by implementing energy flexibility for
heating and cooling [15]. An experimental study shows that the energy flexibility action can
reduce the energy cost by 4% depending on the flexibility options available [16]. Integrating
solar energy and energy storage such as phase change materials [17], batteries or tanks [16]
can also be used for better flexibility. All the studies show that further analysis is needed
to identify the benefits of energy flexibility in terms of cost and flexibility. Moreover, the
benefit of such a modulation in cold climatic regions has been further analyzed especially
for different ages of buildings. Another important factor is the control strategies for the
activation. Usually, set point temperatures of indoor air are used for energy flexibility; this
may cause uncomfortable indoor conditions. Studies showed that energy saving can be
up to 20% in Mediterranean climatic conditions through varying the indoor air’s set point
temperature and heat pump operation [18]. However, there is a challenge of deteriorating
thermal comfort depending on weather conditions. Another study showed that in Danish
climatic conditions, there is a potential to use thermal mass to reduce the energy demand
and cost; however, there is a possibility of overheating [8] in new buildings. In Finland,
about 43% of the buildings were built before the 1980s and renovating them will take time.
Therefore, the energy flexibility potential and control strategies both in the old and new
buildings in terms of heating have to be identified and can help in reducing the energy
costs and energy demand, and improve the flexibility factor in cold climatic conditions.
The flexibility factor is defined as a factor that is used to show the ability of a building
envelope to shift the heating demand from high- to low-price hours or to shift the peak
hours’ heating demand to that of low peak hours (based on weather conditions). This
shifting is mainly carried out based on the activation of the thermal mass of the building
using price or weather signals to control the heating system [8].

1.2. Energy Resilience

It is also vital that the transition towards a sustainable solution involves an adequate
consideration of climate change, especially the occurrence of extreme events, to ensure the
reliable minimum performance of a building’s energy systems in the long run to support
the building occupants’ comfort and habitability. Methods to assess the impacts of extreme
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events produced by climate change and uncertainties in the design and performance of a
residential building’s envelope need to be thoroughly investigated under Finnish climatic
conditions. On the international level, research has been ongoing at the urban scale [19]
and few studies are carried out on the building level for mild climatic conditions [19–22].
No research has been carried out at the building level for Finnish conditions [20]. In
Finland, winters are extremely cold and the design temperature of outdoor air for the
buildings’ systems is −26 ◦C in southern Finland and −38 ◦C in northern Finland [23];
therefore, occupants’ thermal comfort and habitability can be a big challenge. Therefore, the
building has to be energy-resilient to maintain thermal comfort and habitability conditions.
Research has been focused on ‘habitability’ as part of energy-resilient buildings [24] either
for mild climates [25] or for overheating conditions under grid loss [21,22]. The concept
of ‘habitability’ focuses on the indoor thermal conditions and comfort and it refers to the
length the building can remain in habitable thermal conditions after power loss through a
reduction in heat transfer, natural ventilation and natural light [26].

Energy-resilient buildings is an emerging concept that is increasingly used to represent
the performance of buildings during grid power loss caused in extreme climatic events such
as fires, extreme temperature storms, heavy rain, etc. [27]. Energy resilience in buildings is
defined as the ability of a building to provide and maintain the minimum level of thermal
comfort and habitability, and also to provide essential services, such as domestic hot water,
ventilation and basic electrical power within the building, during grid power loss which
challenges the normal operation of a building [28,29]. Energy-resilient residential buildings
are important to be studied because 87% of the time is spent indoors by occupants in
many developed countries [30] and occupants’ thermal comfort is an essential service
that a building must provide. However, the energy-resilient building concept has not yet
been adequately explored in the cold climate of Finland, as its definition has not been
clearly articulated and assessment is mostly carried out at the urban scale [31]. For this
reason, habitability thresholds, boundary conditions and methods are needed to be defined,
which requires extensive research on the extreme cold winters of Finland. Additionally,
research where the aim is to evaluate both energy flexibility and resilience together is scarce.
Therefore, a holistic study is needed that can not only address the energy flexibility issues
but also consider and presents the energy resilience issues in cold climatic conditions.

This article contributes to analyzing the interaction between the energy flexibility and
resilience of a building and addresses the research gap that exists in these connections.
The novelty of the study is the close comparison between the energy performance of the
old and new building (detached house) and highlighting the important link between the
energy flexibility and resilience of the buildings. The technical and economic analyses
of the buildings are carried out as case studies, that aim to achieve energy flexibility and
resilience in Finland as an illustration of the Nordic climate. As no regulations or guidelines
exist for the link between energy resilience and flexibility in cold climates, this article
addresses this key interlink and gap. The objective of the article is to develop and combine
the methods that can improve the energy flexibility of old and new buildings based on price
signals and also to present the impact of thermal mass activation durations on building
energy performance. Furthermore, a technical framework of energy-resilient buildings
and their application in the Finnish environment is introduced. The focus of the study
is on the heating energy and demand of the simulated buildings and neither renewable
energy sources nor auxiliary energy storage (electrical or heat) is considered. This article is
useful not only for cold climatic regions, such as the Nordics, Scandinavia, Canada, China,
and the United States of America, but it is useful for the international perspective as well,
as similar approaches and methods can be used in various climatic zones such as arid,
tropical, Mediterranean, etc., to control and to estimate the performance of a building in
terms of energy flexibility and energy resilience. The present study scope is limited to the
modeling, computational and simulation activity and no experimental work is carried out.
Moreover, no real or pilot building exists in the Finnish climatic conditions that integrate
energy flexibility and resilience together. The buildings are modeled and simulated using

3



Energies 2023, 16, 5506

the TRNSYS (Transient System Simulation Tool) [32] dynamic simulation software, which
is widely used in research and technical projects. The TRNSYS 17 software is used and
validated in various energy projects such as in Finland, [33] Carilsheim, Germany [34], and
in Drake Landing Solar Community, Canada [35]. The modeled buildings in the article are
typical archetype buildings based on the Finnish buildings’ regulations [23] and compared
against the typical building parameters in Finland [33,36]. Simulations for energy flexibility
and resilience are required in the context of residential buildings in the Nordic region that
can be used to provide basic knowledge and a computational model for future experiments.
These buildings can soften the impact of high energy costs and provide flexibility. Moreover,
they can provide resilience against the energy crisis that is now evident.

This method can further be applied to other types of buildings in the Nordics and in
the global level. The paper structure is as follows. Section 2 defines the method used in the
article. The residential building design and parameters are mentioned in Section 3. The
energy flexibility operation, control and component description are discussed in Section 4.
The energy flexibility and cost calculation methods are mentioned in Section 5. The results
and detailed discussion about energy flexibility are mentioned in Section 6. Section 7
analyzes and describes the energy resilience of the same old and new buildings in the cold
climate. Finally, the conclusions are mentioned in Section 8.

2. Method

Dynamic simulation is used to design and analyze the energy flexibility and resilience
performance of the old and new buildings. The simulation method, input specifications,
control operations of the building system, and technical and economical calculation meth-
ods are defined in detail in the following sections.

3. Simulation Specification

The input parameters for the buildings are described in detail in Section 3.1.

3.1. Input Values for Building Simulation

Figure 1 shows the typical building model that was built and simulated in the TRNSYS
simulation software. The building (living space) is considered a single zone and the attic is
not considered for calculations. The building’s heating system is assumed to be an ideal
heater connected to the grid.

Figure 1. Case studies; old and new building zone in Finland. Green line shows the electricity flow,
red line shows the supply water (hot) flow and orange line shows the return water (warm) flow.

3.1.1. Old Building

The building follows the Finnish buildings’ regulation of the 1970s [23]. The parame-
ters of the building are shown in Table 1.
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Table 1. The parameters of the old building under study [36,37].

Parameters Value Material and Properties

Floor area 140 m2

Internal height 2.7 m

Walls (U value) 0.5 W/m2 K

Gypsum (0.013 m, 700 kg/m3),
polyamide film (0.001 m, 1150 kg/m3),

mineral wool (0.063 m, 50 kg/m3),
wood fiber (0.012 m, 250 kg/m3), air

(0.022 m, 1.2 kg/m3), and wood
(0.020 m, 500 kg/m3)

Roof (U value) 0.27 W/m2 K

Bitumen (0.010 m, 1100 kg/m3), air
(0.1 m, 1.2 kg/m3), mineral wool

(0.149 m, 50 kg/m3), polyamide film
(0.001 m, 1150 kg/m3), air (0.022 m,
1.2 kg/m3), and gypsum (0.013 m,

700 kg/m3)

Floor (U value) 0.38 W/m2 K

Gypsum (0.03 m, 700 kg/m3), air (0.022
m, 1.2 kg/m3), polyamide film (0.001 m,

1150 kg/m3), mineral wool (0.099 m,
50 kg/m3), and wood (0.005 m,

250 kg/m3)

Windows (U value) 2.5 W/m2 K
The glazing area is 12% of the total wall

area, located on the north, south,
and east

Gains (Person, equipment) 2.7 W, 2.3 W
Ventilation 0.55 1/h

Tightness q50 6 m3/h m2

3.1.2. New Building

The building follows the Finnish regulation [23]. The parameters of the building are
shown in Table 2.

Table 2. The parameters of the new building under study [36,37].

Parameters Value Material and Properties

Floor area 140 m2

Internal height 2.7 m

Walls (U value) 0.17 W/m2 K

Lime mortar (0.01 m, 1800 kg/m3),
concrete (0.1 m, 2400 kg/m3), mineral

wool (0.252 m, 50 kg/m3), concrete
(0.1 m, 2400 kg/m3), and lime mortar

(0.01 m, 1800 kg/m3)

Roof (U value) 0.09 W/m2 K

Concrete cream (0.01 m, 1100 kg/m3),
mineral wool (0.486 m, 50 kg/m3),

concrete (0.150 m, 2400 kg/m3), and lime
mortar (0.01 m, 1800 kg/m3)

Floor (U value) 0.16 W/m2 K
Light floor concrete (0.02 m, 500 kg/m3),
concrete (0.2 m, 2400 kg/m3), and EPS

(0.237 m, 20 kg/m3)

Windows (U value) 1 W/m2 K
The glazing area is 12% of the total wall

area, located on the north, south, east
Gains (Person, equipment) 2.7 W, 2.3 W

Ventilation 0.55 1/h, 60%
Tightness q50 2 m3/h m2

3.2. Simulation Software: TRNSYS

An energy simulation software known as TRNSYS 17 [32,34] was used to model
and perform a dynamic simulation of the energy systems. This simulation software is
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widely used by the scientific community, for instance in [38,39], and validated by the
Drake Landing Community, in Canada [35]. In TRNSYS, the modules used were as follows:
building (TYPE 56), control of indoor air set point temperature (TYPE 2b, 14 h), temperature
control (TYPE 1233), and weather data (TYPE 15). TRNSYS is used for modeling buildings
and their control systems as it provides flexibility [40].

4. Building Thermal Energy System Operation

In this article, the energy conservation and storage potential of the building’s thermal
mass is estimated. The reference indoor air set point temperature for the space heating
of the zone is set at 21.5 ± 0.5 ◦C. This space heating temperature corresponds to the
recommendation of the Finnish Society of Indoor Air Quality and Climate [41] and to the
Finnish building regulations [23]. In this article, two activation methods are simulated
for the typical heating period and also for the whole year. This is carried out to estimate
the performance and behavior of the different types of buildings in detail under various
situations of activation. Activation is carried out for different starting times and duration
between 1 h–18 h. A duration of more than 18 h is not considered as occupants may not
accept long changes in comfort [8] and uncertainties are higher in terms of energy cost and
weather prediction. Activation is carried out by varying the indoor air set point temperature
of the zone to evaluate the different performances of the two types of buildings in Finnish
conditions. The two activation methods that are applied are discussed in Section 4.1. Space
cooling and domestic hot water are not considered in the calculation.

4.1. Controls of the Thermal Energy System

The two activation methods that are applied for energy flexibility are heat energy
conservation and heat energy storage. The heating system is assumed to be ideal and the
building is heated using the heaters inside the zone.

In the method of heat energy conservation for energy flexibility, the indoor air set point
temperature of the space heating is decreased by 1.5 ◦C depending on the price signal. This
is selected as it is an acceptable range for the variation in the space heating temperature
inside the building and for comfort [41].

In the method of heat energy storage for energy flexibility, instead of reducing the
indoor air set point temperature of space heating, it is increased by 1.5 ◦C depending on
the price signal. This is c to keep the change in the space heating temperature reasonable
and for comfort [41].

5. Energy and Cost Calculations for Flexibility Assessment

5.1. Energy Flexibility Cases

Two types of energy flexibility cases are discussed in the article to analyze the perfor-
mance of the old and new buildings. Weather-based and cost-based energy flexibility are
considered. Weather-based analysis is performed to study the behavior while cost based
flexibility is carried out to identify the cost saving potential and flexibility factor.

The building is heated during the heating period at the indoor air set point temperature
to reach a steady period, and activation is carried out during the average heating period.
The results of energy storage and energy conservation activations are evaluated separately,
as they have different characteristics.

Some indicators are extracted from the simulations [8]:

Qheat = Qheat (activation) − Qheat (reference) (1)

Qheat charge = ∑ Qheat, when Qheat > 0 (2)

Qheat discharge = ∑ Qheat, when Qheat < 0 (3)
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Shifting efficiency = −Qheat discharge/Qheat charge (4)

Flexibility factor =
∑low price Qheat −∑high price Qheat

∑low price Qheat + ∑high price Qheat
(5)

Equation (1) shows the difference between the heat demand in the reference and the
activation cases. In some scenarios, during the activation of the thermal mass, the energy
consumption increases compared to that of the reference case (the reference indoor air set
point temperature scenario). In this scenario, the amount of energy used is called charge
heat (Qheat charge) as shown in Equation (2). Similarly, energy consumption decreases
compared to that of the reference case (the reference indoor air set point temperature
scenario). In this scenario, the amount of energy used is called discharge heat (Qheat discharge)
as shown in Equation (3). The ratio of these two factors is called shifting efficiency (as
shown in Equation (4)). On the other hand, in the case of conservation, this ratio is greater
than 1 as energy consumption decreases. Equation (5) shows the flexibility factor; in other
words, it shows the energy flexibility performance of the building. It shows the ability
of the building to shift the energy use from certain hours to other hours based on the
control strategies (such as shifting from high-price to low-price hours or using weather
signals). It considers the energy charged and discharged based on the hourly energy price
signals that vary at each time step. The energy price signal used for calculation is explained
in Section 5.3. The energy flexibility potential of the building is better if the flexibility
factor is high. Compared to the reference case, when additional energy is charged in the
building to increase the indoor temperature based on the price signal, the heating energy is
higher than the reference heating power and it is called a low-price Qheat in Equation (5).
Similarly, compared to the reference case, when the energy is discharged or removed from
the building to decrease the indoor temperature based on the price signal, the heating
energy is lower than the reference heating energy and it is called a high-price Qheat in
Equation (5). These energy flows are included in Equation (5) to calculate the flexibility
factor. According to Equation (5) if no heat is charged or discharged and the heating use is
the same in low- and high-price periods, then the factor is 0. The limitation of this flexibility
factor is that it can lead to different values when it is used for other signals such as grid
and climatic conditions [8].

5.2. Weather

In this paper, the weather data used are from the Helsinki Vantaa airport for the
year 2016 [42]. The hourly ambient temperature and the duration curve of the ambient
temperature are shown in Figure 2.

 

Figure 2. Hourly weather profile and duration curve of Helsinki, Finland.
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5.3. Energy Cost Calculation

The hourly electricity price for the year 2016 is used for the energy cost calculation.
The cost data are used from Nordpool and provide the real-time electricity price for each
hour; see Figure 3. The cost includes the distribution and taxes [9]. This study is about the
operational cost of the energy in the building. Figure 3 shows the duration curve of the
electricity price and the price range is between 15 cents/kWh and 10 cents/kWh during
most of the hours.

 

Figure 3. The hourly electricity price and duration curve in Finland year 2016 [9].

6. Results and Discussion

The result is divided into two main sections. Section 6.1 analyzes and describes the
energy flexibility and activation behavior of the old and new buildings under heat energy
conservation and storage activation using ambient temperature as a control signal only,
and energy cost is not considered. For this study, a short duration (i.e., winter week) is
considered to analyze the activation, temperature and heating behavior in detail as heating
energy is essential in cold regions. This is carried out to analyze the energy flexibility
potential and behavior of the old and new building structure with respect to the ambient
temperature in detail. These initial findings are afterward extended for the whole year in
Section 6.2, to study the impact of activation based on the findings in Section 6.1. Finally,
Section 6.2 analyses and describes the energy flexibility and activation of the old and new
buildings considering the electricity price for the whole year. This is carried out to analyze
the energy flexibility potential of the old and new building structure based on energy
price signals.

6.1. Weather Based Activation of the Building Mass

Section 6.1.1 presents the old building’s heat energy storage and the conservation
activation of the building mass. Section 6.1.2 presents the new building’s heat energy
storage and the conservation activation of the building mass.

6.1.1. Old Building
Heat Energy Storage

It is assumed that during heat energy storage activation, the indoor air set point
temperature of the zone is increased by 1.5 ◦C. This is carried out to heat the thermal
mass of the building and store heat, so it can be released when the indoor air set point
temperature is back to the reference point of 21.5 ± 0.5 ◦C. Different activation durations
are considered such as 2 h, 6 h and 18 h and compared against the reference case (without
activation). Different duration hours are simulated to analyze the behavior under the short
and long durations of activation. The change in the indoor air set point temperature is
shown in Figure 4. The hours selected for analysis are from 615 to 687 h and the activation
hour is 638 h. This duration is selected when the ambient temperature is cold at around

8



Energies 2023, 16, 5506

−10 ◦C–−15 ◦C, which is the typical average temperature in winters in Southern Finland.
The same time window is selected in the following new building case. It can be observed
that when 2 h is selected for the activation duration, the building’s indoor temperature
cannot reach the indoor air set point temperature of 23 ◦C. However, when 6 and 18 h are
selected for the activation, the building’s indoor temperature reaches the indoor air set
point temperature of 23 ◦C.

 

Figure 4. Indoor air temperature during heat energy storage activation in the old building.

Figure 5 shows the heat power demand for the reference case and for the activation
hours of 2 h, 6h and 18 h. In all the activation durations, when the indoor air set point
temperature increases to 23 ◦C the heating power increases. As soon as the indoor air set
point temperature is returned to the reference indoor air set point temperature of 21.5 ◦C,
the heating power reduces and goes below the reference scenario’s heat power (blue line)
for a few hours until it returns to the reference heating line.

 

Figure 5. Heating power activation during heat energy storage in the old building.
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Figure 6 shows the energy charged (blue bar) and discharged (orange bar) to reach
the indoor air set point temperature of 23 ◦C for the activation of energy storage compared
to the reference scenario’s indoor air set point temperature of 21.5 ◦C. It can be observed
that the amount of the energy charged and discharged varies depending on the activation
duration. Generally, the energy charged and that discharged increase with the increase in
the activation duration. The energy charge increases from 3.8 kWh (for 2 h) to 19 kWh (for
18 h). Similarly, the energy discharge increases from 1.9 kWh (2 h) to 2.41 kWh (for 18 h) as
the energy stored in the structure is released back to the zone and this reduces the heating
power to heat the zone compared to that of the reference scenario.

 

Figure 6. Energy charged and discharged during heat energy storage in the old building in Finland.

Figure 7 shows that in the case of storage activation, the shifting efficiency is less than
one. The shifting efficiency reduces when the activation duration increases. This is because
the longer the charging hour, the higher the losses to the ambient surroundings, and the
energy discharge to the zone is less. The energy is mainly lost in the ambient surroundings
due to the cold ambient temperature, and the envelope of the old building is inefficient
(low U-value) in storing heat, resulting in higher losses. Similar behavior is observed in [8].

 

Figure 7. Shifting efficiency during heat energy storage in the old building.
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Figure 8 shows the energy flexibility factor of the old building under the three activa-
tion durations. Equation (5) [8] is used for the flexibility factor calculation. Compared to
the reference case, when additional energy is charged in the building to increase the indoor
temperature to 23 ◦C, the heating energy (2 h, 6 h, 18 h) is higher than the reference heating
power and it is called Qheat charged. Similarly, compared to the reference case, when the
energy is discharged from the building to decrease the indoor temperature to 21.5 ◦C, the
heating energy is lower than the reference heating energy and it is called Qheat discharged.

 

Figure 8. Flexibility factor during heat energy storage in the old building.

It can be observed that the energy flexibility factor increases as the activation duration
increases. This is due to an increase in the difference between the energy charged and
discharged as the activation duration increases. With higher activation durations, the
amount of energy storage (energy charged) is larger while the energy discharge is lower
resulting in higher flexibility as shown in Figure 8.

Heat Energy Conservation

It is assumed that depending on the weather, the indoor air set point temperature of the
zone is decreased by 1.5 ◦C to 20 ◦C. This is carried to save energy for a time and after this,
the set point is returned to the reference point of 21.5 ◦C. In the heat energy conservation
strategy for old and new buildings, energy discharge occurs when the temperature drops
from 21.5 ◦C to 20 ◦C, due to a decrease in the set point temperature, and energy charge
refers to when the temperature increases from 20 ◦C to 21.5 ◦C (the reference set point).
The hours selected for analysis are from 615 to 687 h and the activation hour is 638 h. The
change in the indoor air set point temperature is shown in Figure 9. It can be observed that
when energy conservation is carried out, the temperature drops to 20 ◦C in all the activation
hours (2 h, 6 h and 18 h). Compared to the energy storage (Figure 4), the temperature drop
is fast in all activation cases. This shows that the losses from the envelope are high.

Figure 10 shows the heat power demand for the reference case and the activation
hours of 2 h, 6 h and 18 h. In all the activation durations, when the indoor air set point
temperature decreases to 20 ◦C the heating power decreases. As soon as the indoor air set
point temperature is returned to the reference indoor air set point temperature of 21.5 ◦C,
the heating power increases (orange, grey and yellow line) and goes above the reference
scenario heat power (blue line) for a few hours and then returns to the reference, and this is
due to the rebound effect.
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Figure 9. Indoor air temperature activation during heat energy conservation in the old building.

 

Figure 10. Heating activation during heat energy conservation in the old building.

Figure 11 also shows the energy discharged (orange bar) when the indoor air set point
temperature is modulated; the activation of energy conservation occurs and the indoor air
set point temperature is reduced to 20 ◦C. Figure 11 shows the energy charged (blue bar) to
reach the reference indoor air set point temperature of 21.5 ◦C after activation. It can be
observed that the energy charge and energy discharged vary depending on the activation
duration. Generally, the energy discharge and charge increase with the activation duration.
The energy discharged increases from 2 h to 18 h. The energy charge increases from 2 h to
18 h as a greater amount of energy is needed to return back to the reference indoor air set
point temperature.

Figure 12 shows that in the case of conservation activation, the shifting efficiency is
higher than one. The increase in efficiency is higher as the duration of activation increases.
This is because the amount of energy needed to recharge increases as activation increases
and also the losses are higher. Similar behavior is observed in [8].
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Figure 11. Energy charged and discharged during heat energy conservation in the old building.

 

Figure 12. Shifting efficiency during heat energy conservation in the old building.

Figure 13 shows the energy flexibility of the old building under various activation du-
rations for energy conservation. Compared to the reference case, when energy is discharged
from the building to lower the indoor temperature to 20 ◦C, the heating energy (2 h, 6 h,
18 h) is lower than the reference heating power and it is called Qheat discharged. Compared
to the reference case, when the energy is charged in the building to increase the indoor
temperature to 21.5 ◦C, the heating energy is higher than the reference heating energy and
this energy flow is called Qheat charged. The same approach is used in Section 6.1.2.

Similar behavior is observed as in the case of heat energy storage case. As the activation
hour increases, the difference between the energy charged and discharged increases. With
higher activation hours, the energy charged is larger while the energy discharge is lower
compared to that charged, resulting in higher flexibility as shown in Figure 13.
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Figure 13. Flexibility factor during heat energy conservation in the old building.

6.1.2. New Building
Heat Energy Storage

A similar activation method is used for energy storage activation in the new building.
The indoor air set point temperature of the zone is increased by 1.5 ◦C. The hours selected
for analysis are from 615–687 h and the activation hour is 638 h as shown in Figure 14.
Similar behavior can be observed in terms of energy storage activation of the old building
(Figure 4). However, it can be observed that when 2 h is selected for activation in the new
building, it can reach the indoor air set point temperature of 23 ◦C (Figure 14), whereas
in the old building, the indoor temperature is not able to reach the indoor air set point
temperature of 23 ◦C. This is due to poor insulation level in the old building’s envelope.

 

Figure 14. Temperature activation during heat energy storage in the new building.

Figure 15 shows the heat power demand for the reference scenario and also for the
activation hours of 2 h, 6 h and 18 h. It can be observed that compared to the energy storage
scenario of the old building (Figure 5), the maximum peak heating power is lower for the
new building (8 kW), as the new building envelope is efficient, whereas for the old building
the maximum heat power is 15.7 kW. There are a few instances when the heating power
reaches near zero in the new building case (Figure 15) at 658 h, whereas in the old building
case, the heating power Figure 5 does not go close to zero. This is due to the energy-efficient
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envelope of the building and the thermal mass activation of the new building that releases
the heat which is stored during activation.

 
Figure 15. Heating activation during heat energy storage in the new building.

Figure 16 shows the energy charged (blue bar) and discharged (orange bar) to reach
the indoor air set point temperature of 23 ◦C for the activation of energy storage compared
to the reference scenario’s indoor air set point temperature of 21.5 ◦C. It can be observed
that the energy charge and energy discharge vary depending on the activation duration. In
the energy storage case for the old building (Figure 6), the difference between the energy
charged and discharged is large in each activation duration hour. In the new building, the
difference between the energy charged and discharged is smaller in each activation duration
hour. This again shows that new building is better at storing and using heat energy.

Figure 16. Energy charged and discharged during heat energy storage in the new building.

Figure 17 shows that in the case of storage activation, the shifting efficiency is less
than one. The shifting efficiency reduces when the activation hour increases and similar
behavior can be observed in Figure 7 in the old building. However, the shifting efficiency
of the new building in Figure 17 is better compared (92% maximum) to that of the old
building in Figure 7 (a maximum of 52%). This is because the loss in the new building
is smaller compared to that in the old building; therefore, the efficiency is better. Similar
behavior is observed in [8].
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Figure 17. Shifting efficiency during heat energy storage in the new building.

Figure 18 shows the energy flexibility of the new building under various activation
hours. It can be observed that the energy flexibility increases as the activation hour increases.
This is due to an increase in the difference between the energy charged and discharged
as the activation hour increases. Compared to the energy flexibility in Figure 8 of the old
building, the flexibility of the new building in Figure 18 is much lower (an 11% maximum).
This is due to smaller amount of energy saving potential in terms of the absolute heating
demand in the new building that results in lower energy flexibility in the old building.

 
Figure 18. Flexibility factor during heat energy storage in the new building.

Heat Energy Conservation

It is assumed that depending on the weather, the indoor air set point temperature of
the zone is decreased by 1.5 ◦C. Different activation duration hours are considered. The
change in the indoor air set point temperature is shown in Figure 19. However, in the new
building (Figure 19), the zone temperature drops to 20.6 ◦C under activation for 2 h and
also the temperature drop is slower compared to that of the old building (Figure 9). For the
two other activation durations of 6 h and 18 h, the temperature drops to 20 ◦C. This shows
that the losses from the envelope are lower in the new building compared to those in the
old building. Hence, the former can maintain a high temperature and comfort for a longer
duration compared to the old building.
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Figure 19. Temperature activation during heat energy conservation in the new building.

Figure 20 shows the heat power demand for the reference scenario and also for the
activation hours of 2 h, 6 h and 18 h for the new building. It can be observed that compared
to the energy conservation scenario of the old building (Figure 10), the minimum heating
power is lower for the new building, as the new building envelope is efficient. There are few
instances when the heating power reaches zero for a total of 3 h (from 640 h to 643 h) in the
new building case, see Figure 20, whereas in the old building case, the heating power, see
Figure 10, does not reach zero. This is due to the energy-efficient envelope of the building
and the thermal mass activation of the new building that releases the heat which is stored
during activation.

 
Figure 20. Heating activation during heat energy conservation in the new building.

Figure 21 also shows the energy discharged (orange bar) and energy charged (blue
bar) to reach the reference indoor air set point temperature of 21.5 ◦C. Similar behavior is
observed in Figure 16; however, this occurs in the opposite direction of the energy flows.
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Figure 21. Energy charged and discharged during heat energy conservation in the new building.

Figure 22 shows that in the case of conservation activation, the shifting efficiency is
higher than one. The shifting efficiency of the new building in Figure 22 is better compared
to that of the old building in Figure 12 as it is closer to one. This is because the losses in
the new building are smaller. The losses increase as the activation hour increases. Similar
behavior is observed in [8]. The amounts of heat energy discharged and charged are close
to each other in the new building compared to those of the old building. In the old building,
the energy discharged is higher compared to the charged energy. This shows that the new
building can store energy efficiently compared to the old building as the losses are less.
It is also observed that the shifting efficiency is close to one in the new building and it is
higher than one in the old building. This again shows that the discharged energy, i.e., the
energy loss to the ambient surroundings is higher in the old building compared to that in
the new building. This is the reason why the new building takes a longer time to reach the
set point of 20 ◦C and it allows it to maintain the indoor temperature effectively in the heat
conservation case as it can better store the heat energy.

 

Figure 22. Shifting efficiency during heat energy conservation in the new building.

Figure 23 shows the energy flexibility of the new building under various activation
durations. Compared to the energy flexibility (Figure 13) of the old building, the flexibility
of the new building (Figure 23) is much smaller. This is due to the large amount of savings in
terms of absolute heating energy in the old building that results in higher energy flexibility
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in the old building. Therefore, the new building has a lower flexibility factor compared to
the old building.

 
Figure 23. Flexibility factor during heat energy conservation in the new building.

6.2. Flexibility Based on Electricity Price

This section aims to present the energy flexibility potential in the old and new build-
ings, using the price signals (as shown in Figure 3) [9]. The study is carried out to show the
effect of energy conservation and storage activation on thermal mass activation, to save
energy costs. For the electricity price signal, the Nordpool price is used (Figure 3). The
price signals are divided based on the percentile. The price above the 80% percentile is
assumed to be a high price and the price below 20% is assumed to be a low price. The
window for the price signal that is analyzed to be marked as a high price or low price is
12 h (at each present time step of 1 h). This 12 h time window moves with the following
time step. The rest of the price signals are normal prices. A similar approach is proposed
by the authors of [16,43]. Using the price signals and percentiles, different activation cases
are generated to identify the flexibility actions to be taken in the old and new buildings.
Section 6.2.1 shows the results of the old building and Section 6.2.2 shows the results of the
new building.

6.2.1. Old Building
Heat Energy Storage

In this situation, the indoor air set point temperature of the zone is increased by 1.5 ◦C
to 23 ◦C. Four activation durations are considered, which are 1 h, 2 h, 4 h and 6 h, and
compared against the reference case (without activation). A long activation duration is not
considered as it is found in Section 6.1, that losses are high, the window for the activation
duration is long as price varies and short activation durations are better in terms of shifting
efficiency. The impact on the annual total energy cost and flexibility factor due to the
activation duration can be observed in Figure 24.

It can be observed that when 1 to 2 h is selected for activation, the building’s energy
cost reduces from EUR 6001 (reference case) to EUR 5767 (for 1 h activation) and EUR
5935 (for 2 h activation), and it can benefit from storage control activation. In all the
other activation durations, it increases to EUR 6039 (4 h activation) and EUR 6085 (6 h
activation). This shows that for short activation durations, the building can save energy
costs by storing excess heat and releasing it. However, for the longer activation durations,
the losses through the envelope and windows are high and the building is not able to
benefit from the increased energy storage by reducing the energy cost. Another source of
heat loss is the exhaust air leaving the building which is lost to the ambient surroundings
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at higher temperatures. Due to these losses at higher temperatures, the building needs to
be heated even though the price may be higher.

 

Figure 24. Yearly energy cost and flexibility factor during heat energy storage in the old building.

On the other hand, the energy flexibility factor is higher with longer activation dura-
tions, which is due to the higher variation in the energy charged and discharged under
long activation durations. Hence, the energy flexibility increases with longer activation
durations; however, the energy cost also increases.

Heat Energy Conservation

In this case, the indoor air set point temperature of the zone is decreased by 1.5 ◦C to
20 ◦C. Different activation durations are considered. The impact on the cost and flexibility
factor due to the activation duration can be observed in Figure 25.

 
Figure 25. Yearly energy cost and flexibility factor during heat energy conservation in the old building.

It can be observed that when 1 h, 2 h, 4 h and 6 h are selected for activation, the
building’s energy cost reduces from EUR 6001 to EUR 5604 (for 1 h activation) and EUR
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5772 (for 6 h activation). This shows that for short activation durations, the building is
able to save significant amount of the energy cost (around EUR 400). However, the energy
cost increases as the activation duration increases. This is because when the indoor air
set point temperature is reduced for a longer duration to 20 ◦C, a larger amount of heat is
needed to return to the reference indoor air set point temperature of 21.5 ◦C, resulting in an
instantaneous increase in heat energy input as discussed in Section 6.1.1.

On the other hand, the energy flexibility factor is higher with longer activation du-
rations, and this is due to higher variation in the energy charged and discharged under
long activation durations. Hence, the energy flexibility may increase with longer activation
durations, and the energy price may also increase.

6.2.2. New Building
Heat Energy Storage

In this situation, the indoor air set point temperature of the zone is increased by 1.5 ◦C
to 23 ◦C. This is carried out to heat the thermal mass of the building and store heat, so it
can be released when the indoor air set point temperature is back to the reference point of
21.5 ◦C. The impact on the cost and flexibility factor due to the activation duration can be
observed in Figure 26.

 

Figure 26. Yearly energy cost and flexibility factor during heat energy storage in the new building.

It can be observed that the building’s energy price increases from EUR 1283 to
EUR 1332 as the activation duration increases. This is because, due to the higher tem-
perature, it results in higher losses in the new building. Similar behavior is observed; that
is, higher energy costs in the old building (Figure 24). The losses through the envelope
and windows are high and the building is not able to benefit from the increased energy
storage. Another source of heat loss is the exhaust air leaving the building which is lost to
the ambient surroundings at higher temperatures. Only for the short activation durations
(1 h or 2 h), the old building (Figure 24) is able to reduce the energy cost as the heating
demand is high in an old building and the use of energy storage is effective for short
activation durations.

On the other hand, the energy flexibility factor is higher with longer activation dura-
tions, and this is due to the higher variation in the energy charged and discharged under
long activation durations. Hence, the energy flexibility may increase with longer activation
durations, and the energy price may also increase. However, compared to the energy
flexibility (Figure 24) of the old building, it is around 50% for 6 h of activation, whereas
the flexibility of the new building (Figure 26) is less at around 15% for 6 h of activation.
This is due to a large amount of savings in terms of the absolute heating demand in the old
building that results in higher energy flexibility in the old building.
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Heat Energy Conservation

In this case, the indoor air set point temperature of the zone is decreased by 1.5 ◦C to
20 ◦C. The impact on the cost and flexibility factor due to the activation duration can be
observed in Figure 27.

 
Figure 27. Yearly energy cost and flexibility factor during heat energy conservation in the new building.

The building’s energy price reduces from EUR 1283 to EUR 1217 as the activation
duration increases. This shows that for short activation hours, the building is able to save
more in terms of costs compared to under large activation duration. However, the energy
cost increases as the activation duration increases, although it remains lower than the
reference energy cost. Compared to the energy storage scenario (Figure 26), the energy cost
remains lower in the energy conservation scenario (Figure 27).

The energy flexibility factor is higher with longer activation durations, and this is
due to the higher variation in the energy charged and discharged under long activation
durations (Figure 27). Hence, energy flexibility may increase with longer activation du-
rations, and the energy price may also increase. Compared to that in the new building’s
energy storage scenario (Figure 26), the energy flexibility factor remains lower in the energy
conservation scenario (Figure 27). Overall, the energy flexibility factor of the new building
is smaller compared to that of the old building for both energy storage and conservation
activation scenarios.

7. Energy Resilience of the New and Old Building

As discussed in the introduction, human-related activity is significantly driving climate
crises according to the Intergovernmental Panel on Climate Change (IPCC) [44]. It is
expected that in 20 years, human activities can cause global temperatures to rise above
1.5 ◦C from those in 1850–1900. As a result, disasters such as huge storms, fires and, heavy
rains are very frequent and are becoming more visible in recent times. Therefore, the globe
is expected to face increased extreme events of heat waves [45], longer warm seasons and
extreme cold events, which can last for several days and be accompanied by power outages
of electricity and heat. In addition to the climate-driven reasons, there are nowadays
increased serious threats of power outages due to political conflicts, wars or accidents.

When a power outage takes place in times of very cold weather in winter, the challenge
is whether or not buildings are still able to keep minimum habitable temperatures and
provide minimum basic levels of services to its occupants. Although the probability of the
occurrence of such events is low, it is increasing nowadays and is expected to be higher
in the future. However, if the events take place, the impact will be very extensive on the
health and life of people in buildings and on building systems and infrastructures [44].
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Energy flexibility focuses on the energy saving and cost saving aspects of the building.
However, during the activation of a thermal mass and indoor air set point temperature
variation, there is a risk to the thermal comfort and habitable temperature inside the
building. This risk becomes severe when a power outage occurs during cold weather
conditions in Nordics. There is a risk of indoor room temperature decay especially when
energy conservation activation continues and a power outage occurs. In this condition,
the energy resilience of the building becomes important. This interaction and connection
has not been studied under Nordic conditions and the regulations are not clear for this.
Therefore, another novel aspect that this article discusses, and presents is a study on the
performance of old and new residential buildings in the Finnish climate to find their thermal
behavior in winter during a short-period power outage and their resilience characteristics.
In a short-period outage (1–2 days), which can be either a controlled action, due to a shortage
in power generation, or an uncontrolled one, due to unforeseen reasons, the question is
about the occupant’s thermal comfort and the robustness duration that shows the energy
resilience of the building. Controlled short-period outages of power to buildings in Finland
can take place more often next winter due to challenges in supplying sufficient power.

The robustness period (RP) presents the duration for which the building’s indoor
temperature can be maintained after a power outage [46]. The building is highly prepared
for facing an outage if the the robustness period of the particular building is higher.

The reference indoor air set point temperature is 21.5 ± 0.5 ◦C which is required
in any normal condition, whereas the robustness threshold is the point above which
the performance (i.e., zone temperature) can be considered robust performance. If the
zone temperature is below this point, the performance is not robust. The World Health
Organization [47] recommends that for general health, well-being and safety, a minimum
temperature of 18 ◦C is recommended in the cold seasons in cold climatic conditions.
Therefore, 18 ◦C has been used as the minimum robustness threshold for old and new
buildings. Moreover, 15 ◦C is chosen as the habitability threshold based on the study of
old and new buildings. Below this point, it can be assumed that the building is not able to
provide the minimum comfort conditions for its occupants and the building is not thermally
resilient anymore.

The robustness period for the old and new buildings is presented in Sections 7.1 and 7.2
respectively.

7.1. Old Building

The hours selected for the study are from hour 615 to hour 687 when the ambient
temperature is around −10 ◦C–−15 ◦C (cold conditions; it is assumed that the power
outage occurs at hour 637). The same time slot is assumed for further analysis. It can
be observed that when the indoor air set temperature is 21 ± 0.5 ◦C, it drops to 18 ◦C
(robustness threshold) in 3 h in an old building, when a power outage occurs and heating
stops as shown in Figure 28 (orange line), and it drops to 15 ◦C in the next 5 h. On the
other hand, when the indoor air set temperature is 18 ◦C, it drops to 14 ◦C in 3 h, when a
power outage occurs at this point as shown in Figure 28 (blue line). When the minimum
indoor temperature is 18 ◦C (as recommended by the WHO [47]), the building may not
be able to provide thermal comfort as the robustness period is zero and the building may
become inhabitable (less than 15 ◦C) as soon as a power outage occurs for a short duration.
Therefore, depending on the indoor air set point temperature, ambient temperature, and
the time when a power outage occurs, the robustness duration of the old building will also
be affected which can impact the energy resilience of the building. It is essential to plan and
manage the minimum indoor air set point temperature in the old building while keeping
the energy crisis and resilience aspect in present times in mind. It is also found in Figure 28
(orange line) that when the electricity is restored in the building, it takes around 14 h to
recover and reach the indoor air set temperature of 21.5 ± 0.5 ◦C.
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Figure 28. Energy resilience of the old building and robustness period in cold climates under a
power outage.

The Finnish building code [23] indicates 21.5 ± 0.5 ◦C as the design indoor air temper-
ature during the heating season, and the decree of the Finnish Ministry of Social Affairs and
Health [48] indicates 18 ◦C as the lowest room air temperature during the heating season.
Therefore, for a short power outage in such old buildings, under the coldest weather,
thermal comfort could be difficult to maintain for a longer duration. The effect of a loss
of heating for several hours on people’s thermal comfort should be thoroughly studied,
especially in context of old detached houses since the energy conservation measures in
those houses are normally poor due to the low quality of the building envelope’s insulation,
windows and air tightness.

7.2. New Building

It can be observed that when the indoor air set temperature is 21 ± 0.5 ◦C, it drops to
18 ◦C (robustness threshold) in 17 h in the new building when a power outage occurs and
heating stops as shown in Figure 29 (orange line). On the other hand, when the indoor air
set temperature is 18 ◦C, it drops to 15.5 ◦C in 17 h, when a power outage occurs at this
point as shown in Figure 29 (blue line). When the operating temperature is 18 ◦C the new
building will provide thermal comfort for a few hours as the robustness period is very short.
However, the building may be habitable (above 15 ◦C) for 17–18 h after a power outage
occurs for a short duration. Therefore, depending on the indoor air set point temperature
of the indoor temperature, ambient temperature and time when a power outage occurs, the
robustness duration of the old building will also be affected which can impact the energy
resilience of the building.

It is essential to plan and manage the minimum indoor air set point temperatures
in new buildings while considering the energy crisis and the resilience aspects in the
present situation.

It is also found in Figure 29 (orange line) that when the electricity is restored in the
building, it takes around 4 h–5 h to recover and reach the indoor air set temperature of
21.5 ± 0.5 ◦C. Compared to the old building (Figure 28), the new building (Figure 29) can
recover earlier and faster. Therefore, new buildings are better prepared to address the
power shortage and energy crises and are resilient compared to the old buildings.
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Figure 29. Energy resilience of the new building and robustness period in cold climates under a
power outage.

Overall, during a short power outage in cold weather conditions, such new buildings
would maintain better thermal comfort for a longer duration (Figure 29) compared to old
buildings (Figure 28). The effect of the loss of heating for several hours on people’s thermal
comfort in new buildings is better. However, the thermal comfort in new buildings should
be thoroughly studied for longer durations of power outages.

With the current and near-future political circumstances for energy supply and the
global warming implications on weather conditions, there is an urgent need to conduct
a comprehensive systematic study on different types and ages of residential buildings in
the Finnish building stock. Their thermal characteristics in winter during short-period
power outages and their resilience in terms of habitability and survivability during long-
period power outages are required to be found. This will assist in classifying buildings’
readiness to withstand power outages. This article briefly introduces the challenge and
performance of buildings in the cold climatic conditions of Finland. Future studies are
needed for the technical power solutions to be applied in different types of buildings
to avoid critical health and safety effects on the health and life of the residents, which
should be economically feasible as well. New ways to improve the resilience of buildings
have to be further studied such as by integrating renewable energy sources and energy
storages. For instance, solar energy and the use of energy storage (such as phase change
materials [17], batteries, tanks, etc.) can assist in improving the resilience as well as the
flexibility of the building stock. Moreover, required changes in the codes and regulations
should be identified with the aim of developing a robust energy resilience strategy for
buildings in Finland.

8. Conclusions

Cities and districts are setting ambitious targets to make buildings carbon-neutral
and flexible in an economical manner. Energy flexibility is important in managing and
reducing energy costs via the activation of zone temperatures and activation of the thermal
mass of buildings. On the other hand, energy resilience in buildings has a crucial impact
on the health and life of a building’s occupants during total power outages. Therefore,
the challenge is how to achieve the two objectives of flexibility and resilience. The arti-
cle presents the quantitative analysis and management of the operation of the two old
and new buildings to reach the two different objectives of energy flexibility and energy
resilience together since both are competing for the same available sources i.e. thermal
mass. This includes proposing control strategies for activating buildings’ thermal mass
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(through energy conservation and energy storage strategies). The focus of the analysis
lies in the energy flexibility improvement potential, cost reduction potential, and energy
resilience improvement potential of the two buildings. These concepts and the control of
the heating system of the house are presented. The following are the key findings on the
energy flexibility:

• The dynamic behavior of the old building during heat energy storage shows that
when a short duration (2 h) is selected for activation, the building’s indoor areas are
not able to reach the provided indoor air set point temperature of 23 ◦C. However,
when 6 and 18 h are selected for activation, the building indoor temperature reaches
the indoor air set point temperature of 23 ◦C. Generally, energy charge and discharge
increase with the increase in the activation duration. The shifting efficiency reduces
when the activation duration increases due to high losses as the duration increases. It
is observed that the energy flexibility increases as the activation duration increases.
Heat energy conservation shows that for all activation durations, the building indoor
temperature drops quickly to 20 ◦C. In the case of conservation activation, the shifting
efficiency is higher than one. It is observed that the energy flexibility increases as
the activation duration increases, though it is slightly less than that in the energy
storage case.

• The dynamic behavior of the new building during heat energy storage shows that
compared to the old building’s energy storage scenario, the building’s indoor temper-
ature is able to reach the provided indoor air set point temperature of 23 ◦C in 2 h of
activation. The shifting efficiency of the new building is better compared to that of
the old building. Moreover, the flexibility of the new building is lower compared to
the energy flexibility of the old building. Heat energy conservation shows that the
zone temperature drops to 20.6 ◦C under activation for 2 h and the temperature drop
is slower compared to that of the old building for all activation durations. In addition,
there are a few instances when the heating power reaches zero in the new building
case whereas in the old building case, the heating power does not reach zero.

• This study analyzed the energy storage activation of the thermal mass based on the
price signals for the old and new buildings. The overall energy cost is higher in the
old building compared to that in the new building due to the higher heating demand.
Generally, in the energy storage case, the energy cost increases due to an increase in
the indoor air set point temperature and activation caused by the losses in the old and
new buildings. Only for the short activation duration (1 h or 2 h), the old building is
able to reduce the energy cost as the heating demand is high in an old building and the
implementation of energy storage is effective for short activation durations. Moreover,
the energy flexibility increases with higher activation durations. The energy flexibility
of the old building is around 50% for a 6 h activation duration, whereas the flexibility
of the new building is lower at around 15% for 6 h of activation. This shows that the
flexibility factor and potential are higher in old buildings due to the higher heating
demand and saving potential.

• For energy conservation activation based on the price signals, the overall energy cost is
lower in the new building compared to that in the old building due to the lower heating
demand in the new building. Generally, the energy cost reduces due to a reduction in
the indoor air set point temperature and activation duration. This is carried out to save
energy for some time and after this the indoor air set point temperature is returned to
the reference point of 21.5 ◦C. It is found that for short activation durations, the old
and new buildings can save a large amount of the energy cost. However, the energy
cost increases as the activation duration increases, although it remains lower than the
reference energy cost. For both buildings, the energy flexibility factor is higher with a
higher activation duration, and this is due to the higher variation in the energy charged
and discharged under a high activation duration. The energy flexibility may increase
with a higher activation duration; on the contrary, the energy price may also increase.
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The energy resilience of buildings is essential along with energy flexibility. It is
assumed that when a power outage takes place during winter, the challenge is whether
or not the old and new buildings can keep minimum habitable temperatures and thermal
comfort while ensuring energy flexibility. The robustness period is estimated for both
the new and old buildings that are at different indoor air set temperatures (due to energy
flexibility activation). The result presents the duration for which a building’s indoor
temperature can be maintained after a power outage [46]. A building is highly prepared
for facing the outage if the robustness period of the particular building is higher. Some of
the main findings are as follows:

• Overall, in cold weather conditions, new buildings would maintain better thermal com-
fort for a longer duration compared to old buildings. The reduction in thermal comfort
is smaller in new buildings compared to that in old buildings during power outage.

• For an old building, when a power outage occurs (heating stops), the indoor air set
temperature drops to 18 ◦C from 21.5 ± 0.5 ◦C and the robustness threshold is 3 h.
On the other hand, when the indoor air set temperature is 18 ◦C, it drops to 14 ◦C
in 3 h. This shows that when the operating temperature is 21.5 ◦C, the building
may provide 3 h of thermal comfort (due to the robustness period) and when the
operating temperature is 18 ◦C (due to flexibility) the building may not be able to
provide thermal comfort as the robustness period is zero. Therefore, it is essential to
plan and manage the minimum indoor air set point temperature in an old building
while keeping the energy crisis and resilience aspect in mind.

• For a new building, when a power outage occurs (heating stops), the indoor air set
temperature drops to 18 ◦C from 21.5 ± 0.5 ◦C and the robustness threshold is 17 h.
On the other hand, when the indoor air set temperature is 18 ◦C, it drops to 15.5 ◦C in
17 h. A new building may provide thermal comfort when the operating temperature is
18 ◦C a few hours as the robustness period is very short. However, the new building
may be habitable (above 15 ◦C) for 17–18 h when the power outage is short.

This research focuses on cold climatic conditions. With the increase in the energy
prices and the expected forthcoming energy crises, this research provides solutions to
address the challenges. These challenges are faced not only in cold climatic regions but
also internationally. This research is beneficial not only for cold climatic regions such as
the Nordics but it is useful for the international perspective. To address these challenges,
buildings and their energy systems have to be smart and flexible. The energy flexibility and
activation of building mass based on price and weather signals show the energy saving
potential. These solutions will support in addressing energy pricing concerns. Moreover,
they will support the energy efficiency and carbon neutrality policy of Europe in general as
the energy storage and conservation activation control strategies help in reducing carbon
emissions and energy consumption as well. These control strategies can also support the
better integration of renewable energy sources within the energy network and provide
flexibility to the grid from the building side. Further research is needed to estimate the
energy flexibility factor for different types of construction, users and weather. It can be
assumed that activation can occur during unoccupied hours along with the price signals
and control strategies can be built for it. Another future evaluation that can be carried
out is the use of onsite renewable energy generation and storage in the buildings. The
use of innovative technology and energy storage such as phase change materials [17],
batteries [26] and tanks can be integrated into the building’s mass which can improve both
energy flexibility and the energy resilience of the building, for example. These methods and
control strategies would also impact the energy grid and support smart grids. However,
further analysis is needed to analyze the benefits of implementing renewable energy
generation and energy storage at the building, grid and district levels.

Finally, energy-resilient buildings are key elements for the future sustainability of
society in Europe and in other parts of the world. It is, therefore, essential to plan for
resilient buildings. Improved policy and research are needed at the European and national
levels that will provide guidelines to society, businesses and end users to build energy-

27



Energies 2023, 16, 5506

resilient buildings. Therefore, another aspect that needs further analysis is the definition of
energy resilience and a framework to estimate the performance of a building under a power
outage. This is essential due to the eminent energy crises that are faced by many countries.
This study can be extended for different types of buildings and end users especially in
cold climatic conditions. This study will ultimately support the further improvement of
building regulations and directives so they can integrate energy efficiency, energy resilience
and flexibility. As energy flexibility and resilience are competing for the same resources
in a building, further studies are needed to balance and optimize resource utilization.
The present study is limited to the simulation activity so the scope of the work can be
further extended into an experimental phase in future work. This can help in analyzing
and comparing the energy flexibility and resilience performance of buildings in the real
environment, validate the findings of the simulation and provide a platform on which
various technologies such as solar energy and energy storage [17] can be tested.
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Nomenclature

CO2 Carbon dioxide
◦C Centigrade
EPBD Energy performance of building directives
EPS Expanded polystyrene insulation
EU European Union
h Hour
IPCC Intergovernmental Panel on Climate Change
K Kelvin
kg Kilogram
m Mass
PCM Phase change material
Qheat Heat transfer
q50 Air infiltration
RP Robustness period
TRNSYS Transient System Simulation Tool
U value Thermal transmittance
W Watt
WHO World Health Organization
EUR Euro
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2013; Volume 7.

37. European Union Commission. EXCESS—Horizon 2020. Available online: https://positive-energy-buildings.eu/ (accessed on 24
September 2020).

38. ur Rehman, H.; Hirvonen, J.; Kosonen, R.; Sirén, K. Computational Comparison of a Novel Decentralized Photovoltaic District
Heating System against Three Optimized Solar District Systems. Energy Convers. Manag. 2019, 191, 39–54. [CrossRef]

39. Cao, S.; Hasan, A.; Sirén, K. On-Site Energy Matching Indices for Buildings with Energy Conversion, Storage and Hybrid Grid
Connections. Energy Build. 2013, 64, 423–438. [CrossRef]

40. ur Rehman, H. Techno-Economic Performance of Community Sized Solar Heating Systems in Nordic Conditions. Available
online: https://aaltodoc.aalto.fi/handle/123456789/34808 (accessed on 4 November 2019).

41. Ahola, M.; Säteri, J.; Sariola, L. Revised Finnish Classification of Indoor Climate 2018. E3S Web Conf. 2019, 111, 02017. [CrossRef]
42. ur Rehman, H.; Hirvonen, J.; Jokisalo, J.; Kosonen, R.; Sirén, K. EU Emission Targets of 2050: Costs and CO2 Emissions Comparison

of Three Different Solar and Heat Pump-Based Community-Level District Heating Systems in Nordic Conditions. Energies 2020,
13, 4167. [CrossRef]

43. Johra, H.; Heiselberg, P.; Dréau, J. Le Influence of Envelope, Structural Thermal Mass and Indoor Content on the Building Heating
Energy Flexibility. Energy Build. 2019, 183, 325–339. [CrossRef]

44. Intergovernmental Panel on Climate Change (IPCC). Climate Change Widespread, Rapid, and Intensifying—IPCC. Available
online: https://www.ipcc.ch/2021/08/09/ar6-wg1-20210809-pr/ (accessed on 16 August 2021).

45. Machard, A.; Inard, C.; Alessandrini, J.M.; Pelé, C.; Ribéron, J. A Methodology for Assembling Future Weather Files Including
Heatwaves for Building Thermal Simulations from the European Coordinated Regional Downscaling Experiment (EURO-
CORDEX) Climate Data. Energies 2020, 13, 3424. [CrossRef]

46. Homaei, S.; Hamdy, M. Thermal Resilient Buildings: How to Be Quantified? A Novel Benchmarking Framework and Labelling
Metric. Build. Environ. 2021, 201, 108022. [CrossRef]

47. World Health Organization (WHO). WHO Housing and Health Guidelines. Recommendations to Promote Healthy Housing for
a Sustainable and Equitable Future. Available online: https://www.who.int/publications/i/item/9789241550376 (accessed on 6
November 2022).

48. Ministry of Social Affairs and Health. Sosiaali—Ja Terveysministeriön Asetus Asunnon Ja Muun Oleskelutilan Terveydellisistä
Olosuhteista Sekä Ulkopuolisten Asiantuntijoiden Pätevyysvaatimuksista. Available online: https://www.finlex.fi/fi/laki/
alkup/2015/20150545#Pidm45237817260688 (accessed on 26 September 2022).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

30



Citation: Leone, F.; Reda, F.;

Hasan, A.; Rehman, H.u.;

Nigrelli, F.C.; Nocera, F.; Costanzo, V.

Lessons Learned from Positive

Energy District (PED) Projects:

Cataloguing and Analysing

Technology Solutions in Different

Geographical Areas in Europe.

Energies 2023, 16, 356. https://

doi.org/10.3390/en16010356

Academic Editor: Krushna

Mahapatra

Received: 15 November 2022

Revised: 18 December 2022

Accepted: 22 December 2022

Published: 28 December 2022

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

energies

Review

Lessons Learned from Positive Energy District (PED) Projects:
Cataloguing and Analysing Technology Solutions in Different
Geographical Areas in Europe

Federica Leone 1,*, Francesco Reda 2, Ala Hasan 2, Hassam ur Rehman 2, Fausto Carmelo Nigrelli 1,

Francesco Nocera 1 and Vincenzo Costanzo 1

1 Department of Civil Engineering and Architecture, University of Catania, 95100 Catania, Italy
2 VTT Technical Research Centre of Finland Ltd., P.O. Box 1000, FI-02044 Espoo, Finland
* Correspondence: federica.leone@phd.unict.it; Tel.: +39-392-227-5652

Abstract: A Positive Energy District (PED) is a portion of urban area with defined boundaries that
can produce energy in excess of its own consumption. The aim of this study is to analyse design
variations among the six projects (12 case studies) of PED belonging to the European Smart Cities
and Communities programme. Thus, it will be possible to identify the reasons behind the energy
choices related to generation, storage and distribution that appear in the different geographical
areas. To achieve this, different data were collected by consulting official documents and creating
questionnaires that were communicated with the project representatives. Thus, the result of this study
is a catalogue of the energy system solutions adopted in the studied PEDs with a critical analysis of
the different motivations behind them in order to outline general trends in the geographical areas
with similar characteristics. In conclusion, this study defined which technological choices are the
most common in territories with similar profiles and how divergent those with different profiles are.
Furthermore, applied to a large catalogue of PED, the methodology identified would make it possible
to create different operating models for different territorial types and urban settlements.
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1. Introduction

In recent decades, climate change and the resulting climate crisis, caused mainly by
carbon dioxide emissions, have led states to implement plans, agreements and mitigation
methods to counter the consequences of this crisis [1–5]. One of the methods of coun-
teracting these consequences is the commitment made by states through the 2015 Paris
Agreement (during COP 21) to achieve a transition towards carbon neutrality [6–11].

The term ‘towards carbon neutrality’ refers to the commitment to undertake a pro-
found and systematic change in our urban, industrial, infrastructural and energy realities
in order to reach a state of net-zero carbon dioxide emissions within a short period of
time [11–15].

In largely anthropised territories, such as Europe, it was necessary to think about
readjustment and modification of existing urban areas [16–19]. For this reason, research
organisations have sprung up to promote punctual retrofits and modifications initially at
the building scale, with the development of projects such as nearly-Zero Energy Buildings
(n-ZEB) [20], Net-Zero Energy Buildings (NZEB) [21], Zero Energy Buildings (ZEB) [21] and
Positive Energy Buildings (PEB) [22]. Then, development moved to the district scale with
the Retrofitted Energy District (RED) [23,24], the Net-Zero Energy District (NZED) [25],
and up to the most innovative solution currently being implemented, the Positive Energy
District (PED) [26,27].
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The PED is developed as an evolution of the Positive Energy Buildings (PEB) and
Neighbourhood (PEN) [28] themes and is part of the green conversion of urban areas [24].

A PED is an urban area with defined boundaries that generates more energy from
renewable sources in a year than it consumes [23,24]. There are different types of PEDs
(autonomous, dynamic and virtual) which, while maintaining common principles, have
different operating characteristics [23]. Actually, each of these typologies has a different
level of dialogue with the energy network outside their borders [23].

As the state of the art of district-scale energy communities, the concept is still under
development. Given its derivation from previous concepts, there was no linear devel-
opment of the concept, but a parallel study of many projects funded by EU grants or
municipalities [29].

Actually, to facilitate the development of these realities and their related technologies,
the European Union has promoted various research programmes. The idea is to promote
different solutions that implement research and innovation concepts that accelerate this
transition period [30–39]. These programmes include the JPI Urban Europe programme,
the SCC1-H2020 programme [40], Annex83 (IEA-EBC PED analysis and investigation
group) [27] and many independent projects. Therefore, different solutions and different
PED prototypes were developed. However, application and design methodologies are
still being developed and, to date, the authors of this study are aware of the existence of
archetypal models for different geographical/climatic areas or urban contexts. In order
to contribute to the development of this area of investigation, this study aims to create an
initial catalogue of technological and design solutions with a small sample of comparable
case studies. Specifically, it intends to analyse the design variations between the PEDs, as
they are in different geographical areas and provide a methodology to expand the model
catalogue in the future. To achieve this, it was decided to use as a sample for analysis
the experiences of PED present in the EU Smart Cities and Communities SCC1-H2020
programme [41].

The programme Smart Cities and Communities SCC1-H2020, referred to in this study,
is ascribed to this contest of stimulating research into the modification of urban centres in
the direction of a move Towards Carbon Neutrality [42–44]. This programme was created
with the aim of proposing innovative development solutions and urban models that are
best suited to the needs of today’s current reality. Although not all the projects within it
are related to PEDs, (as the main focus is on smart cities), there are six projects with this
definition. Of these, many case studies (within these six projects) also share membership of
the JPI Urban Europe programme. This is the reason why SCC1-H2020 programme was
selected. Projects that did not have a declared PED membership were discarded in order to
make the data easily comparable. Furthermore, in the projects analysed, a distinction was
made between projects that were implemented or are in the process of being implemented
(lighthouse cities) that serve as a model for other urban centres interested in this type of
transition and that replicate the experience proposed by the lighthouse cities (fellow cities).
This study took into account only the lighthouse cities of the PED programmes within
SCC1-H2020, as projects are customisable on them, many are in the implementation phase
and consequently have more data available.

To sum up, among the programmes that have addressed the PED topic, SCC1-H2020
was selected and only the six projects defined as PEDs were selected. Having selected only
the lighthouse cities of the six projects, 12 case studies (two per project) were identified.
Each of them had a variable number of districts within it, so in the end, 25 different district
were analysed, thus providing a sufficiently large catalogue to study the results and obtain
representative models to refer to [41].

Thus, this study presents a novelty in this field as it opens up a whole strand of
research on the characterisation of PEDs under varying climatic, geographic and urban
layout conditions.
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2. Literature Review

As already mentioned in the previous chapter, PEDs are part of the larger process of
changing territories to enable progressive decarbonisation and counter the climate crisis
and its consequences. An updated and newly created form, PEDs derive from antecedent
types of energy communities such as PEB and PEN [24]. The concept of a PED has recently
gained ground as the most energy-efficient and effective district-scale area if properly
planned [45]. A PED is an urban area with defined boundaries that generates more energy
(electricity, heat and cooling) within their borders from renewable sources in a year than it
consumes [46].

The PED concept is mainly located in Europe, as the European Community has fi-
nanced many projects and programmes to follow the development of this concept. These
include the Strategic Energy Technology Information System (SETIS-SET Plan) [47] and the
Cooperation in Science and Technology (COST Action/CA19126) [48], which cooperate
with various programmes to ensure the development of the DPE concept and foster net-
working among researchers working in this field. In addition to the SET Plan and COST
Action, there is the ANNEX83 building and community energy technology collaboration
programme [27]. Among the objectives of these plans is to promote the development of at
least 100 PEDs on European soil by 2025 (in which the JPI Urban Europe and SCC1-H2020
programmes fit in).

For the successful operation of PED, various aspects such as technological, environ-
mental, economic, social and spatial must be taken into account [49]. In addition, besides
the correct energy balance, other objectives are also considered during the planning of
these districts. These are not mandatory for the proper functioning of PEDs, but pursuing
them brings long-term improvements to the district [49]. It is precisely the non-compulsory
nature of these objectives that has led to projects pursuing one or more objectives with
different compositions. These objectives include zero emissions, energy efficient, carbon
free and many others [49].

For the proper functioning of PEDs, the technologies required include all those capable
of generating or storing electricity or heat from renewable energy sources. This can be done
by integrating them at the building scale, at the district scale or even by decentralising their
production and storage of electricity outside the district boundaries [50]. In addition to
these technologies, there are also those related to modifying the transport infrastructure
using E-mobility [50]. However, an electrification of transport expands the demand for
electricity accordingly [51]. Therefore, the main sources of energy demand, which the PED
will have to provide for, will be buildings within the district boundaries and e-mobility [26].
The choice of which technologies to use, and whether to centralise them within the district
boundaries or relocate them, depends on various factors, such as climate, availability of
infrastructure, the type of district in which the intervention is to take place, any historical,
cultural or landscape constraints, the urban fabric, the presence of previous programmes
or interventions involving the city or region, the spatial conformation and the availability
of various energy supplies [46]. According to the set of choices and to the autonomy
or connection with the rest of the territory and infrastructures, three different models of
PED are mentioned: autonomous, dynamic and virtual PED [23]. A PED is defined as a
portion of an urban area that has defined boundaries where its own energy production
from renewable energy sources is higher than its own energy demand on an annual basis.
In the following figures, electricity and heat generation and storage solutions are identified
as ‘solutions’. Whereas, e-mobility has been included as ‘demand’ (along with buildings),
due to its energy-consuming nature.

Figure 1 presents an autonomous or self-sufficient PED: in this type of PED, energy
export is foreseen. However, no type of import from an external energy grid or district
heating/gas network takes place [23], which is the reason why the connection to the
electricity grid is absent from the picture (to conceptualise the complete autonomy of
the district).
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Figure 1. Autonomous PED.

Figure 2 presents a dynamic PED. In this type of PED, both energy import and export
are foreseen, communicating with external energy grids or district heating/gas networks
and other PEDs [23].

Figure 2. Dynamic PED.

Figure 3 presents a virtual PED: In this type of PED, the energy generation and storage
is within its physical boundary and beyond [23].

From a technological point of view, for the production of electricity, solar, wind, hydro,
geothermal and biomass technologies can be used (the latter two are very often used for the
direct production of heat). For the production and distribution of heat and cooling, the most
frequent technologies are the district heating network (DHN), waste heat, bio-combined
heat and power (Bio-CHP), heat [ump (both district and building integrated) and those
using hydrogen fuel. The storage of heat and electricity (both feasible at district scale
and building-integrated, only the electrical storage can be developed outside the district
borders) and E-Mobility for both public and private vehicles [52–54] must be added to
these technologies.
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Figure 3. Virtual PED.

During the design and implementation phases of PEDs, analyses and tests are required
to prove the effectiveness and efficiency of the identified solutions [55]. For this reason,
many simulations are carried out. These simulations can be energy, mobility, indoor and/or
outdoor comfort simulations. Different simulation tools can be used [55]. Due to the great
contribution that simulations make to the correct development of PEDs, various projects
soon started to implement Digital Twins [55]. Digital Twins refers to the creation of a digital
model, in this case a recreation of the district on which it is to operate, with the intention
of monitoring, modelling and optimising a complex, multidisciplinary system based on a
real-time large dataset [55–57]. The use of this method would make it possible to create a
better, more liveable environment for the population and better manageable. However, for
the proper functioning of the Digital Twins, different tools and the joint use of machine and
artificial intelligence are required [55].

Additionally, due to a fragmentary and parallel development and the recent devel-
opment of this type of energy community, the development of this concept often changes
as the project varies, since there are no guidelines to follow for their design. This leads to
different models and different combinations of technology and intentions that often differ
even in similar contexts. This study is framed precisely in this context, trying to begin to
define models of functioning in different climatic and geographical contexts.

3. Materials and Methods

This study was designed to define similarities and dissonances in design and tech-
nology choices in PEDs located in different contexts. In order to carry out the research, a
step study was carried out, as shown in Figure 4. First, a literature review study on PEDs,
Towards-PED, Energy Communities and renewable energy sources with all the related
technologies (generation, storage, distribution and mobility) was carried out. This step,
preliminary and preparatory for the subsequent steps, is necessary to develop sufficient
knowledge of the topic to support further decisions and analyses. At the same time, a
sample of case studies on which to carry out the analysis was selected. First, the Smart
Cities and Communities SCC1-H2020 Programme was selected both for its relevance to the
theme of urban transformation and for the focus of some projects on the theme of energy
communities. Among the various projects, a selection was made, choosing only those that
defined themselves as PEDs. In fact, the focus of the SCC1-H2020 programme is smart cities
and not specifically PEDs, so only a few projects fit into the criteria selected. Six projects
were identified with a varying number of case studies divided between lighthouse and
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fellow cities. The lighthouse cities of the PEDs participating in SCC1-H2020 were chosen to
be analysed, as they are the most representative case studies of the projects. Each of these
cities (12 in total) had several districts, so 25 different districts were catalogued.

Figure 4. Implemented method in this study.

Once the research preparation phase was completed, the first results were obtained.
Using the knowledge obtained from studying the literature review, it was possible to create
a summary diagram of the main technological choices in different typologies of PEDs. This
step is important as this diagram will serve as a basis for the analysis of the next steps. The
next step was the data collection. Starting from literature review and the experience gained
from the authors’ participation in Annex83, a questionnaire was created to provide a full
description of the technological operation of various types of PEDs. Data were collected
on the following: the scale of intervention, the number of districts for lighthouse cities,
the area involved in metres square, type of settlement, spatial features, information on
the population involved in the project and settled in general in the city and the territory,
information on energy generation system, storage, mobility and renewable energy sources.
The questionnaire was filled in either by using the literature review sources as references
and by submitting it to the project l representatives and conducting interviews with them
to validate the information already identified in order to collect data on the capacity of
the single technologies used and to understand the difference between the design and
monitoring phases. This step is important as made it possible to understand the functioning
of the individual districts.

The last step concerns the production of results and their analysis. Starting from
the data collected from the questionnaires, the information was reorganised to create a
catalogue of the technological choices and objectives pursued by the various case studies.
Finally, the same data were reformulated graphically, based on the summary diagram
created in the second step. The end result is three diagrams representing the technological
choices in different climatic contexts. Following this method, therefore, made a critical anal-
ysis of the different approaches in the design of PEDs possible and made it possible to draw
a preliminary trend on the development of different models under varying geographical
and urban conditions.

Materials

The Smart Cities and Communities SCC1-H2020 Programme, linked to the Paris
Agreement of 2015 from COP 21 (which among other objectives aims to limit global
warming to well below two, preferably to one point five degrees Celsius, compared to
pre-industrial levels), was developed to promote the development and transition to Smart
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Cities (involving aspects of urban planning, energy, facilities, social, economic and market)
across Europe [10,11]. The aim of this programme is to propose models of development and
modification of cities as an alternative to the current urban area model [29]. With the idea
of promoting the development of Smart Cities, the issue of PEDs was not always addressed
by the programmes involved, while wishing to analyse in this study the data obtained from
lighthouse cities with declared ambitions towards the implementation of PEDs, only the
latter will be taken into account [41]. Figure 5 shows the geographical location of the PEDs
that are part of the SCC1-H2020 [4].

 

Figure 5. Geographical location of the analysed PEDs.

A total of six declared PED programmes (Sparcs, RESPONSE, Atelier, MAKING-
CITYMAKING-CITY, +CityxChange and POCITYF) were identified within which each
contains two case studies selected to be lighthouse cities [41,46]. The distribution of
lighthouse cities per country is as follows: three lighthouse cities are located in Finland,
one in Norway, one in Ireland, three in The Netherlands, one in Germany, one in France,
one in Spain and one in Portugal.

Each city has a variable number of districts within it (from one to six). Therefore,
12 case studies with a total of 25 districts as lighthouse districts were identified. Each
district differs in its location and design choices. Table 1 shows the distribution of the
lighthouse cities in each project.

General data on climatic, spatial, urban, infrastructural and renewable energy charac-
teristics were collected and compared with the information obtained from the individual
districts through bibliographic sources and by submitting specially created questionnaires
to representatives of the individual projects, and the results were grouped under the
Lighthouse Cities to which they belonged. The information obtained was then organ-
ised according to the climate category of the Köppen Climate Classification to which they
pertained [105–107]. This systemisation of information according to the climatic class is due
to the different requirements that urban centres face as a result of their climatic situation.
Four climate classes were identified: Dfb—warm summer humid continental climate, Dfc—
subarctic climate, Cfb—temperate oceanic climate and Csa—hot summer Mediterranean
climate. Due to the few case studies analysed and the similarities between Dfb and Dfc, it
was decided to take into account the macroclasses: continental climate, oceanic climate and
Mediterranean climate [105–107]. Figure 6 shows the Köppen climate classification map
and the class of the cities examined.
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Table 1. Case studies examined.

Project Name City Website References

Sparcs Espoo (FI) ESPOO | Sparcs [58–61]

Sparcs Leipzig (DE) LEIPZIG | Sparcs [62–64]

RESPONSE Turku (FI) Lighthouse Cities—RESPONSE
(h2020RESPONSE.eu) [65–70]

RESPONSE Dijon (FR) Lighthouse Cities—RESPONSE
(h2020RESPONSE.eu) [65–70]

Atelier Amsterdam (NL) General Information—ATELIER
(smartcity-atelier.eu) [71–80]

Atelier Bilbao (ES) Bilbao—ATELIER (smartcity-atelier.eu) [72,73,75–80]

MAKING-CITYMAKING-CITY Groningen (NL) GRONINGEN–MAKING-CITY [81–85]

MAKING-CITYMAKING-CITY Oulu (FI) OULU–MAKING-CITY [81–85]

+CityxChange Limerik (IR) Our Cities—+CityxChange [86–91]

+CityxChange Trondheim (NO) Our Cities—+CityxChange [89,90,92–96]

POCITYF Evora (PT) Évora—POCITYF—POCITYF [97–104]

POCITYF Alkmaar (NO) Alkmaar—POCITYF—–POCITYF [97–104]

Figure 6. Köppen climate classification map and the class of the examined cities [105–107].

Each city has made different technological, social and spatial planning choices ac-
cording to its characteristics, needs and implemented policies. Espoo (the only case study
without a defined historical centre) chose one in an existing area, and one in a new built-up
area, such as lighthouse districts, with the aim of turning them into mobility, social and eco-
nomic nerve centres of the city [108,109]. Turku developed a student village (thus paying
particular attention to social and economic aspects) in a partially built-up area [110]. Oulu
has placed the district in a partially built-up area [85]. Trondheim’s is near the city centre
in a very important city snood [84,92]. Amsterdam has decided to place several districts
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across the city [71,97]. Bilbao (the only one that chose to implement an autonomous PED)
has designed its district within an island inside the city [71]. Alkmaar chose to implement
two prototypes, one in an almost totally built-up area close to the historic centre, the other
in a peripheral expansion area [97]. Leipzig placed its district in a densely built-up area
outside the historic centre in an expansion area [62,108]. Dijon has placed its district in
a wide, partially built-up area away from the city centre [65]. Limerick has chosen as its
PED its city centre and a peripheral area [86]. Groningen’s, on the other hand, is in an
almost totally built-up area, making a distinction between Groningen south and Groningen
north [85]. Evora has chosen to implement three different districts in three totally different
contexts: the city centre, an industrial area in a city expansion zone and a neighbouring
village that we could define as the inner-city area of Evora [97].

4. Results

Starting from the literature review, the data provided by the JPI Urban Europe cat-
alogue and the experience gained within Annex83, one of the first results of this study
was the creation of a model summarising the functioning of the three PED models from a
technological point of view. This model was useful both to get a general picture of how
PEDs work, but also to have a catalogue of the technologies used and usable in the differ-
ent areas (production, storage, distribution and mobility) and their scope of application.
Figure 7 shows the diagram of the main technological choices of a PED in the three variants:
autonomous, dynamic and virtual. The model was created by taking into account the
functioning of the three types of PEDs and maintaining the distinction between energy
supply and energy demand. For energy supply, the production and storage of electricity
and heat in a virtual, district and building-integrated manner was considered. There is
also a connection to the electric grid and the district heating network. For energy demand,
buildings within the district and mobility were considered.

Figure 7. Summary diagram of the main technological choices in different typologies of PED.

Once the functioning of the various models had been described and the technology
catalogue created, the next step was to create a questionnaire (Appendix A). This was
created on the basis of the lessons learnt during the creation of the summary diagram
and the literature study. The aim was to be able to describe in as much detail as possible
the needs and technological choices identified as solutions by the individual districts.
Once completed, 12 questionnaires (one for each case study) were filled in both using the
literature review and by conducting interviews with the project representatives.
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Starting from these premises, the choices made by the individual cities were analysed
and grouped into technical choices and objectives pursued so that the overall picture of
their design choices and objectives could be compared. In addition, the cities were grouped
by climate class (based on the Köppen climate classification), so as to be more evident as
to the presence (or absence) of a leitmotif in the choices as the climate changes. Figure 8
shows the results obtained from the collection of these data.

 

Figure 8. Data collection and systemisation of information of the analysed case studies. “•” means
that the technological solution was carried out, “-” means that the technology was not selected. Wind
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speed information was obtained with the Global Wind Atlas developed by the Technical University
of Denmark [111].

Please refer to the “Discussion” section for a detailed analysis of this figure. To better
analyse the technological choices and understand which ones were the most recurrent, the
data obtained were reorganised and a diagram was created to show the order of preference
of the various technologies. Referring to Figure 9, the number of technology selections in
the case studies, with reference to the total number of 12, selections are as follows: solar
12, wind 1, hydrogen 1, geothermal 8, bioenergy 6, waste heat 7, electrical storage 8, heat
storage 7, e-mobility 11, heat pumps 8, district heating network 10, combined heat and
power 4 and hydroelectrical 0. Thus, this table made it clear which technologies are the
most used and at the same time which are the least used or even discarded.

 

Figure 9. Number of technology selections with reference to the total number of case studies.

Having collected all the necessary data, it was then possible to take the summary
diagram of the main technological choices (Figure 5) in order to create three different
models describing the different climate zones identified. It would be logical to conclude
with a scheme summarising the main technological choices made by districts in different
parts of Europe. Following the cataloguing and systemisation of the case studies examined,
three schemes were derived from the identified climate macro-classes that describe the main
technological choices in different climates, as it is one of the factors that most influences
energy needs and renewable energy source availability.

Starting from the diagram of the main technological choices, Figure 10 shows the
summary diagram of the most frequently used technological choices in Continental climates.
A dynamic PED model was selected. For heat production, waste heat, bio-combined heat
and power (only at the district scale), the district heating network and heat pumps (also
in building integrated form) were selected. For electricity production, bioenergy (which
will be used to provide electricity for heat production) and photovoltaic panels (both at the
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district scale and integrated in buildings) were selected. These other solutions are planned:
electricity and heat storage (at the district scale and integrated in buildings) and E-mobility.

Figure 10. Summary diagrams of the most frequently used technological choices in continental
climate Dfb/Dfc.

Figure 11 shows the summary diagram of the most frequently used technological
choices in continental climates. A dynamic PED model was selected. For heat production,
the district heating network, heat pumps (at district scale and in building integrated form)
and geothermal energy were selected. For electricity production, photovoltaic panels (at
the district scale) were selected. These other solutions are planned: electricity and heat
storage (at the district scale), E-mobility.

Figure 11. Summary diagrams of the most frequently used technological choices in oceanic
climate Cfb.

Figure 12 shows the summary diagram of the most frequently used technological
choices in Mediterranean climates. A dynamic PED model was selected. For heat produc-
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tion, heat pumps were inserted only at the scale of the building. For electricity production
photovoltaic panels (both at the district scale and integrated in buildings) were selected.
These other solutions are planned: electricity (at the district scale) and E-mobility. There is
no district heating network.

Figure 12. Summary diagrams of the most frequently used technological choices in Mediterranean
climate Csa.

These models, therefore, make it clear, even graphically, what the similarities and differ-
ences in technological solutions are in geographical areas with different climatic requirements.

5. Discussion

Project choices were influenced by geographical, political and economic reasons. An
example of this is the city of Espoo, which (in addition to the Smart Otaniemi programme)
joined the Sparcs programme following the city’s adhesion to the Covenant of Mayors and
chose to buy renewable certified electricity [108]. It means that the city buys electricity
from renewable sources (in this case mainly wind), as they are not implemented or im-
plementable in inhabited areas. This is why Espoo is referred to as a virtual PED [108].
Leipzig, which has a history as an energy metropolis, decided to use solar thermal, as it
already had a programme to implement this technology in the city [112]. This is a similar
situation to Alkmaar, which integrated hydrogen technologies, as the city and region had
previous development programmes [65]. The opposite choice is made by Groningen, which
despite having a programme for the development of hydrogen technologies decided not to
integrate them into the design of the PEDs.

An example of design choices made on the basis of particular geographical conditions
is Bilbao, which, having chosen to develop its districts within the Zorrotzaurre Island, has
opted for the development of autonomous PEDs [26].

From a geographical analysis of the lighthouse cities, these are mainly located in
northern and central Europe. This distribution may be due to the fact that northern cities are
better prepared (in optimisation, optimised planning process, design process, digitisations
of city infrastructure and co-creation project) for the realisation of such projects. In addition,
many municipalities in these areas already have sustainable energy planning offices, which
are able to implement this type of project by connecting the various actors (technology
producers, energy utilities and building developers) in the area. Another factor that would
influence this distribution could be the greater number of start-ups and companies that
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already exist in the area and can guarantee a rapid design and realisation of the installations
and companies that are able to guarantee the maintenance of the infrastructure over time.

Most of the districts opted for a dynamic PED, thus influencing the model forms used.
Espoo, Amsterdam and Leipzig adopted a virtual PED, while Bilbao (having developed its
district on an island) was the only one to design an autonomous PED. All the case studies
analysed chose to use solar technologies, both at the district scale and integrated in build-
ings. Other frequent choices were E-mobility, heat pumps and the district heating network.
The least used technologies are wind energy, hydrogen and hydroelectrical. In general,
common and shared technological choices were observed. Deviations from the canonical
choices were noted when the city examined already had development programmes for
different technologies: for instance, Leipzig (Sparcs) chose to use solar thermal, because the
city had a solar thermal implementation plan with a state subsidy, and Alkmaar (POCITYF)
chose to use hydrogen fuel cell and hydrogen from biogas, because both the city and the
region have a hydrogen programme [65,112].

Thus, when analysing the data from this study, it appears that there are significant
differences between northern and southern Europe, both in terms of the distribution of
case studies, that is decreasing moving from north to south, and in terms of the choices and
objectives set. Moreover, it appears that solar energy generation mismatch also influences
the choices on the type of the PED settlement system, as in cold climates, in order to
overcome this problem and reach the thresholds necessary for the proper functioning of a
PED, the virtual PED typology of settlement is more common in northern Europe [108,113].
This could be one of the reasons why there are more virtual solutions as the climate gets
colder. However, this option can be effective, as the ultimate intention is to promote and
foster a transition to renewable energy sources. Therefore, buying green electricity, instead
of producing it independently, is a valid option for the functioning of the districts. When
analysing all the examined case studies, it appears that there is no coordinated plan to
manage the development of PEDs, but they are designed individually, adapting to the
needs of the individual district being examined. However, to ensure their development
on a large scale, in our opinion, it is necessary to promote the development of high-level
planning and the creation of a prototype.

Critical Reflection on Technological Choices

As shown graphically in Figure 5 (and consequently in Figures 10–12) a first distinction
must be made between electricity and heat when discussing the technologies required
for PEDs, and then a second, more detailed distinction must be made with technologies
related to production, storage, distribution (of heat and/or cooling) and E-mobility. Taking
into account, at first, only technologies for the production, storage and distribution of
heat (and cooling), it can be said that these solutions are found more in the north than
in the south of Europe. Heat pumps are preferred, either district or on a building level.
This technology, in most cases, uses geothermal energy, especially if it is on a district
scale. Other very frequent technologies are district heating networks, present in all cases
surveyed except Evora. This could be due to the fact that, in Southern Europe, not all areas
have developed infrastructural systems for heat distribution as a result of their lesser need
for heat given their geographical and climatic location, and specifically, in Evora, where
either gas by means of cylinders or heat pumps are used in most cases [114–120]. A very
common technology for obtaining heat is waste heat, probably due to the wide availability
industries and machinery that, as a result, produce heat [113–115]. In fact, many case
studies study, apply or use it at district scale, such as Espoo, Leipzig, Alkmaar and Dijon.
Less common, but still used technologies are combined heat and power (CHP), used by
the case studies of Dijon, Espoo and Leipzig [119–121]. Finally, in the presence of active
policies or programmes, previously uncommon technologies for PED were used in other
realities, such as hydrogen fuel cell in Alkmaar and solar thermal in Leipzig [99,108]. For
hydrogen this is probably because hydrogen was not convenient for the energy market
at the time the study was conducted [122–125]. With the energy crisis and gas issues, the
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situation could change. If the focus on hydrogen, with the consequent implementation
of the technologies necessary for its production and storage, increases and the price of
equipment decreases, it could be a viable solution to replace gas, otherwise not. As far as
solar thermal is concerned, however, this could be because, for many cities, this solution is
not economically feasible or due to the absence in or near the cities themselves of companies
that would easily allow installation and maintenance [126]. This would suggest that in
order to implement this technology, it would first be necessary to promote the large-scale
development of companies capable of guaranteeing this service.

With regard to the production of electricity from renewable energy sources, the most
widely used is solar photovoltaic (PV), both on a district scale or integrated into the
building, with Leipzig being the only exception that uses this source outside the district
boundaries [108].

Although solar energy gives many gaps in its production, especially in the Nordic
countries (not only at night but also in winter), this was the most adopted solution [127–130].
The reason for this trend could be either because this technology is the cheapest for energy
production, or the easiest to install both in the ground and integrated in buildings and dif-
ferent companies are widely present to guarantee long-term maintenance [131]. Therefore,
for economic and feasibility reasons, it makes sense to select this technology in all urban
and climatic conditions.

Despite being the most convenient source of renewable energy, wind energy was the
least selected. This may be due to the difficulty of installation in urban contexts, landscape
deterrents, social resistance that this form of energy production encounters and for the
high cost of their installation and maintenance [132,133]. In addition to largely altering
the appearance of the land on which they are installed, wind turbines emit noise and
vibrations, so society does not tend to accept the installation of these technologies near
built-up areas [132,133]. From the experience of Espoo (Finland), however, the adoption
of virtual wind energy was a satisfactory choice [113]. This city, however, was one of the
few to have chosen the virtual form precisely in order to be able to integrate wind energy
into its districts [108]. This would suggest that the use of virtual PEDs would offer more
opportunities as it would develop technologies in the region and not only in the punctual
area of the district.

Regarding energy storage systems, this is divided into electricity and heat storage
and can be installed either on a district scale or by integrating them into buildings, while
only electricity can also be stored virtually [134,135]. These technologies are highly ex-
pensive but reliable, so that more district-scale and less building-integrated solutions
were developed [134,135]. In fact, for electricity, all the case studies adopted district-scale
solutions, with Turku, Groningen and Oulu also having building-integrated solutions.
With regard to the technological solutions adopted for heat storage, Leipzig, Turku, Dijon,
Alkmaar, Groningen, Trondheim and Oulu use district-scale heat storage technologies.
While Espoo has a pilot project on how the thermal energy capacity of the building and its
structures can be used in a similar way as a heating storage. Of these, Alkmaar, Amsterdam
and one of the Groningen districts use the aquifer thermal energy storage.

All the districts surveyed have a mobility plan, which implies the siting of electric
vehicles in public transport and encouraging the choice and use of private electric vehicles
through the installation of charging stations throughout the districts [53]. Alkmaar and
Turku use vehicle to grid.

Regarding the results obtained through the creation of summary diagrams of the main
technological choices in different climatic context (Figures 10–12), it was a challenge to
succeed in creating models that are representative of all the examined climatic realities
due to the disproportionate distribution of the case studies in the European continent. On
the one hand, the case studies in continental or oceanic climates are sufficient to outline a
general trend in the technological choices and solutions adopted. On the other hand, in the
Mediterranean climate, the only case study present made it possible to create a model that
represents a reality in a that climate, but it is not sufficient to outline a common trend, as
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it is descriptive of that specific district. This disproportion is probably attributable to the
problems presented in the previous chapter (the absence of realities capable of enabling the
simple creation and maintenance of infrastructures, the absence of administrative agencies
designed to foster environmental protection, etc.).

If the trend present in this study were to be confirmed in other districts, in the Mediter-
ranean area, the main focus would be on electricity and almost none on heating. Whereas
in the continental climate, although district heating networks are widely used, there is still
a great deal of focus on building-integrated heating. It would, therefore, be desirable, in
our judgement, to consider promoting the development and large-scale installation of this
type of heat distribution, both to ensure greater safety for the population and to protect
environmental aspects (less wasteful use of materials). In addition to the increased devel-
opment of district heating networks, it would seem that the promotion and development of
new solutions such as seasonal energy storage, hydrogen and district heating and cooling
networks would be of great help in the development of PEDs throughout Europe.

Furthermore, in addition to the already existing electrification of transport with e-
mobility, there would seem to be a process of electrification in heat generation that would
lead to an increase in the demand for electricity. This trend can be seen through the
extensive use of heat generation with heat pumps focused on electricity. In our opinion,
this increase in demand for electricity could be met by a large-scale increase in wind energy
due to its high performance. Another alternative could be the use of small nuclear reactors,
assuming that it is not up to us to discuss the nature of nuclear power and whether it
belongs to sustainable technologies. The energy resulting from nuclear power could also
be a viable solution for powering DHN.

It appears that gas would be totally replaced by heat production due to its polluting
particles, unless CO2 could be captured out of it. However, the remaining particulate
matter, a consequence of gas combustion, would remain a problem to be solved in order
not to disuse this energy source.

Finally, it would also be necessary from a technological point of view to develop
high-level planning to ensure optimum energy efficiency.

6. Conclusions

This study collected, catalogued and analysed the data from 25 PEDs of 12 different
case studies from the European Smart Cities and Communities SCC1-H2020 projects. The
districts are distributed in different parts of the European continent, with case studies
located in different proportions in northern, central and southern Europe. The data col-
lected from these case studies through literature research and questionnaires submitted
by interviewing project leaders were organised and critically analysed in order to create
summary models of the technologies used under different conditions. As a result, informa-
tion on the objectives and technological choices was systematised, making it possible to
outline the trend of PED development in those areas. Specifically, this study arrived at the
following considerations:

• A general trend in the establishment of PEDs in Northern and Central Europe was
noted, to the disadvantage of the south, which could be due to a potentially lower
institutional and start-up presence in the south;

• The most frequently used type of PED is the dynamic PED, which would seem to be
the most effective and adaptable form of PED for current urban conditions. However,
the virtual PED could offer more effective solutions especially in Northern Europe to
counter the energy mismatch;

• Recurring choices were noted in the selection of technologies for the proper functioning
of PEDs, declined from time to time in different ways to suit the needs of the area.
When technological choices differed, the reason was the presence of previous regional
or city programmes that aimed at promoting the development and use of a specific
technology. Some examples are the choices made by Alkmaar, with the use of hydrogen
fuel cell, and Leipzig, with solar thermal;
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• Among the most widely used technologies is solar PV energy technologies, which
could be due to its lower price, ease of installation and the large presence of companies
capable of guaranteeing proper maintenance. In addition, the district heating network
is also more common, which could be due to the high effectiveness and efficiency of
this technology and their greater safety. Moreover, E-mobility has a large presence;

• Despite being one of the most energy-efficient renewable energy sources, wind energy
was found to have lower use. Actually, only the Espoo case study (Sparcs) has adopted
it in a virtual way, as it is among the green certified electricity solutions. The reasons
behind its low use could be the difficulty of installation in the urban context, the high
cost of installation and maintenance, landscape deterrents and social resistance;

• A progressive focus on solutions related to the production, storage and distribution
of heat was noted in the progression towards Northern Europe, probably due to the
geographical and climatic typical needs of those territories;

• There was an acceleration in the electrification process of PEDs regarding e-mobility
and heat generation technologies (especially large heat pumps in district networks).
One of the possible solutions to this increased demand for electricity could, in our
opinion, be found in a greater exploitation of wind energy sources and through the
utilisation of electricity produced by nuclear reactors on a regional or national scale;

• Technological solutions at the district scale were often preferred to building-integrated
solutions, this is probably due to higher efficiency with larger units, better control and
management and distribution of energy in the territory. However, one disadvantage is
the higher energy losses associated with long distribution lines;

• In order to promote the development of PED on a large scale, it would be desirable to
develop a high level of planning that considers the entire territory and systematises
the development of PED on a regional scale. This way, a network of PEDs and greater
efficiency could be achieved. For this reason, a good solution, in our opinion, could be
the use of the new territorial acupuncture methodology.

The delimitation of the study, as far as it was possible to carry out an initial analysis
and note the variations in different geographical areas, was the challenge to obtain all
the necessary data and to create summary diagrams of all the climatic realities analysed.
This is probably due to the fact that the sample of case studies analysed at this stage is
limited (there were no other PEDs within the European Smart Cities and Communities
SCC1-H2020 project). Indeed, the small number of case studies provides a partial view
of the proposed diagrams. For this reason, it would be interesting in the future to extend
the range of case studies examined and repeat the analyses carried out in this study to see
whether the conclusions reached are confirmed. Another future development of this study
would be to apply it to an adequate number of case studies in order to define archetypal
forms descriptive of different climatic conditions and/or different urban fabrics.
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Appendix A

In this appendix, a copy of the questionnaire created in this study and submitted to
the representatives of the projects is proposed. The questionnaire consists of eight pages
and five parts.

Figure A1. Copy of the first page of the questionnaire produced to conduct this study.
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Figure A2. Copy of the second page of the questionnaire produced to conduct this study.
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Figure A3. Copy of the third page of the questionnaire produced to conduct this study.
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Figure A4. Copy of the fourth page of the questionnaire produced to conduct this study.
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Figure A5. Copy of the fifth page of the questionnaire produced to conduct this study.
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Abstract: The rising cost and demand for energy have prompted the need to devise innovative meth-
ods for energy monitoring, control, and conservation. In addition, statistics show that 20% of energy
losses are due to the mismanagement of energy. Therefore, the utilization of energy management
can make a substantial contribution to reducing the unnecessary usage of energy consumption. In
line with that, the intelligent control and optimization of energy management systems integrated
with renewable energy resources and energy storage systems are required to increase building energy
efficiency while considering the reduction in the cost of energy bills, dependability of the grid, and
mitigating carbon emissions. Even though a variety of optimization and control tactics are being
utilized to reduce energy consumption in buildings nowadays, several issues remain unsolved.
Therefore, this paper presents a critical review of energy management in commercial buildings
and a comparative discussion to improve building energy efficiency using both active and passive
solutions, which could lead to net-zero energy buildings. This work also explores different optimum
energy management controller objectives and constraints concerning user comfort, energy policy,
data privacy, and security. In addition, the review depicts prospective future trends and issues for
developing an effective building energy management system, which may play an unavoidable part
in fulfilling the United Nations Sustainable Development Goals.

Keywords: energy management system; intelligent energy management system; net-zero energy
management system; demand side management; sustainable development goals

1. Introduction

Global economic growth is booming with the increasing population. This will lead to
higher electricity demands in the future. Statistics indicate that 44% of global energy comes
from fossil fuels [1]. Moreover, building energy consumption is deemed the primary energy
consumer compared with other sectors, with a high percentage of energy wastage due to
poor management and the ineffective implementation of strategies. Currently, the rate of
increase in global energy consumption is at 2.9%, and it is forecasted to rapidly increase
in the upcoming years. Notably, the Asian regions are now consuming more electricity
than the United States of America because of the trends in developing countries’ economic
growth. Buildings account for 40% of global energy consumption [2], and release one third
of all greenhouse gas emissions while incurring energy losses ranging from 2% to 20% due
to irresponsible consumer behavior and inefficient appliances [3]. Buildings in Malaysia
consume 14.3% of the total energy generated [4], with 80% to 90% of the population
spending most of their time inside buildings [3,4], with the majority of the energy being
consumed by cooling and lighting loads. More than 94% of generated electricity resources
come from the combustion of fossil fuels. As a result, carbon dioxide emissions have
increased by 221%, placing Malaysia at 26th among the world’s top 30 greenhouse gas
emitters [3].
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In the US, buildings consume approximately 40% of the entire country’s energy con-
sumption [5,6], and almost 40% of energy is used in residential and commercial buildings
in Europe [7]. Buildings consumed 284 TWh of electricity in 2007, accounting for 65% of
the total electricity usage in France (434 TWh). A total of 404 million tons of CO2 were
emitted, which was 22.6% of the total emissions [8]. As a result of global warming trends
and rising atmospheric temperatures, the heating demand for global residential buildings
will decrease by 34% in the year 2100, while cooling demands will increase by 72% [9].

Due to rising energy demands, the industrial revolution has brought with it a slew of
new issues. This phenomenon fosters the development of more resource-efficient control
approaches. The building sector has a huge potential to mitigate energy demand using
intelligent energy management systems (IEMS) [10] and the concept of the internet of
energy (IoE). The IoE combines features of a smart grid and the internet of things (IoT).
The IoT refers to internet-based architecture in two ways: communication allows the
system to be monitored and controlled in real time via cloud computing or another internet
service [9–11]. It is proven that the potential of IoE-based building energy management
system BEMS will enhance the performance of future building energy utilization [9].

The key idea of BEMS is monitoring and controlling the energy consumption in
buildings with the aim of reducing emissions. The design of BEMS has taken into account
factors such as efficiency, scalability, robustness, flexibility, and an ability to sense the
environment and make decisions autonomously [12]. A structure of an IEMS is shown in
Figure 1. The IEMS consists of an optimization controller that acts like a center controller
and interfaces with the operating browser via communication protocols. In practice,
the user interface allows interaction seamlessly with connected devices using the same
operating browser. Weather information is also taken into account for forecasting energy
consumption and generation for the day ahead. Moreover, renewable energy resources
(RER), energy storage, and a standby generator for emergency purposes are also considered
to reduce the dependency on the grid and compensate for the peak hour and optimal load
scheduling. At present, electric vehicles (EVs) are also included, and an IEMS ensures the
optimal charging and discharging of vehicle-to-grid (V2G) and G2V during peak and off-
peak hours. Furthermore, by educating consumers about the concept of being prosumers,
excess RER generation can be sold to the grid with both the utility provider’s and the
consumer’s consent.

Several significant articles have been published on BEMS. Aguilar [13] and Alanne [14]
discussed artificial intelligence (AI) in demand-side management to compromise energy
cost and occupant comfort. However, the authors did not provide a pro and con outline of
controllers and optimizations. Gong [15] focused on the consideration of human comforts
and intelligent controls, whereas the authors did not discuss the objectives and constraints
related to all air-indexed parameters. Parvin [16] overviewed the optimization control in
building heating, ventilation and air condition HVAC systems to demand-side management
(DSM) and also focused on occupants’ comfort. However, the authors did not discuss
reducing heating and cooling load demand to increase energy efficiency using both passive
and active methods. Zhou [17] demonstrated building energy efficiency by regulating
optimal loads while improving the building envelope in existing buildings. The authors,
however, did not provide an outline of strategies for the energy-efficient retrofitting of both
existing and new buildings, which could lead to zero energy building (ZEB). Kanakad-
hurga [18] presented energy management concerning the minimization of energy cost with
the utilization of RER, but the authors did not overview the load’s categorization as it is
required for optimal scheduling. Hannan et al. [9] discussed the internet of energy for DSM
and smart grids, which lead to smart cities, but the authors did not emphasize end-user
data privacy and security as well as the risk management for national security. Hern [19]
surveyed the literature on BEMS, considering building energy efficiency using control
management strategies. However, the implementation of the energy policy for DSM was
not covered in detail. The work in [20,21] discussed the rage of BEMS with respect to the
UN’s sustainability goals.
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Figure 1. The structure of an intelligent energy management system in a building.

To address the gaps, this study presents a full investigation of the controllers and
optimization for BEMS in terms of SDGs. The main contributions of this review are listed
as follows:

• This work summarizes optimizing algorithms and various control strategies in achiev-
ing energy reduction, together with their benefits and drawbacks.

• This paper also presents the importance of commercial building load classification
and categorization, energy policy, data privacy, and security to DSM.

• The subject of passive and active design solutions for energy efficient retrofitting to
ZEB is highlighted.

• The study implies the development of an efficient BEMS that connects to the UN SDGs
for achieving future sustainability through low carbon emissions, sustainable cities,
green jobs, cost-effective energy supplies, and healthier living.

The rest of the paper is organized as follows. In Section 2, a summary of load classifica-
tion in commercial buildings is described. Conventional BEMS techniques are discussed in
Section 3. A thorough discussion of current and advanced methods in BEMS is included in
Section 4. Furthermore, optimization control strategies in BEMS are described in Section 5.
A summary of future trends and issues is presented in Section 6. Finally, a discussion and
conclusions are drawn in Section 7.

2. Load Classification in Commercial Buildings

In the US, small and medium-sized building loads, specifically HVAC systems, domi-
nate energy consumption, followed by lighting and plug loads [5]. Lighting and cooling
are the most common electrical loads in commercial buildings, accounting for more than
half of total electricity use, as shown in Figure 2 [22], and they are also responsible for the
majority of commercial electricity costs.
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Figure 2. Energy usage data of commercial buildings in the US [22].

2.1. HVAC Loads

Heating, ventilation, and air-conditioning (HVAC) systems are utilized to regulate
the temperature, moisture content, circulation, and purity of the air within a place to
achieve the intended effects on the occupants of the space or the manufactured items and
equipment stored there. They are used in commercial buildings all year. A typical HVAC
system is shown in Figure 3. An HVAC system also refers to central air-conditioning [23].
High-capacity central systems are primarily used in large buildings. The main A/C unit is
usually placed in a mechanical room, generally at a distance from the conditioned spaces.
The air is then conditioned, according to the operating mode (cooling or heating) of the
system. For cooling purposes, the air is cooled and, if necessary, it is also dehumidified.
Similarly, for heating purposes, the air is pre-heated by passing it through a system supplied
with steam, hot water, or an electric heating element. If necessary, water vapor is also added
by passing it through a humidifier, and finally, the air is heated again by using steam, hot
water, or an electric heating element. The central unit is connected to the air handling unit
(AHU) through a duct/piping system. Then, the air is transported with fans through a
duct system to individual units which are installed usually at ceiling height, floor level, or
near windows, in order to ensure the best possible air circulation in each air-conditioned
space. The outdoor air is introduced into the main unit and is mixed with a certain amount
of recirculated air. The mixture then passes through air filters to remove any dust or other
foreign particles [24,25]. In addition, a fan coil unit (FCU) is used in commercial buildings
to heat or cool a room without connecting the ductwork. To condition a specific space
of a room, an FCU circulates hot or cold water through a coil. The FCU draws hot or
cold water from a central plant to make a human-occupied zone comfortable, with all the
air-indexed properties under consideration, using a mechanical HVAC system. That results
in a significant amount of energy consumption, which is associated with three factors that
lead to excess electricity consumption, such as an HVAC sizing capacity that does not meet
consumer needs accordingly, unnecessary usage, and lack of best practices in installation.
In European countries, space cooling constitutes 40% to 60% of total building energy use.
In the US, HVAC systems contribute to 50% of the energy use in buildings which is about
20% of their total energy consumption [26]. Cooling systems in the Middle East utilize
more than 70% of all building energy [27]. Fan and supply air cooling account for 60% of
HVAC energy use in Singapore and it is predicted to reach 70% [28]. Inefficiencies such as
unneeded HVAC activity and exaggerated temperature settings waste a total of 10–40% of
this electrical energy [29]. Without a doubt, due to economic growth and rising occupant
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comfort demands, the global energy demand for buildings will continue to climb in the
foreseeable future.

Figure 3. A typical view of a HVAC system.

2.2. Lighting Loads

When it comes to energy use, commercial buildings are crucial and utilize over one-
third of the total primary energy needs of the US [30]. Undoubtedly, artificial lighting is
one of the most common sources of power in commercial buildings, accounting for around
17% of overall energy usage [31]. In [32], office buildings were analyzed separately and
lighting energy demand accounted for 25–35% of total energy usage. As a result, reducing
the lighting load in commercial buildings can have a significant impact on lowering power
demands, which in turn helps to reduce the carbon footprint [33], and is currently a major
emphasis for energy engineers. Various countries, international, and regional organizations
advocate specific energy-saving criteria for lighting systems [34]. Manual lighting controls
are mostly based on human behavior, occupancy patterns, and general energy conservation
awareness [35]. Different types of switching systems can be used to control lighting at the
user level. In addition, a large number of investigations show how to improve lighting
efficiency from control schemes, which involve maintaining optimal lighting conditions
while using as little energy as possible [36].

2.3. Plug Loads

Water heaters, refrigerators, freezers, and clothes dryers are important energy con-
sumers, accounting for roughly 18% of total building energy consumption. Around 36% of
building energy demand is spread across a variety of systems, the bulk of which are electric.
For example, computers, televisions, imaging equipment (e.g., printers and multifunction
devices), audio/video equipment, telephone devices, kitchen, and household appliances,
as well as kitchen ventilation are all included in commercial building plug loads [37].

2.4. Plumbing and Sanitation

Multi-story buildings are constructions having more than one story, but in the context
of plumbing, a multi-story building is one that can’t be fed entirely and effectively by the
municipal water supply due to inadequate pressure [38]. A normal two-story building can
be supplied by water main pressures of 8–12 m (25–40 feet), while higher buildings may
require pressure booster systems. Multi-story structures also necessitate drainage, sewage,
and ventilation systems that can accommodate a large number of people living in a vertical
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layout. Drains from plumbing fixtures are connected to vertical drain stacks in a multi-story
building’s drainage system, which transport waste and sewage to below the building’s
lowest floor. All plumbing fittings below ground level should be pumped into the sewer or
a drainage system that leads to the sewer [39]. Tianjin Tiejian Tower consumes energy in
terms of plumbing and sanitation which is 0.6% of all its energy consumption [40].

2.5. Fire Protection

Electrical fires in commercial and industrial facilities can result in significant losses in
terms of business continuity, opportunity costs, assets, and output loss. Electrical fire risks
from overcurrent, overvoltage, and the overheating of electrical appliances can be decreased
if an electrical design adheres to requirements, including International Electrotechnical
Commissions (IEC) standards and national regulations, and uses compliant equipment.
Electrical installations, on the other hand, can deteriorate with time owing to environmental
conditions such as heat and humidity. It is critical to comprehend the operation of fire
alarm systems. Different systems work in different ways, but they all have the same goal:
to detect a fire and protect the structure, its residents, and valuables [41]. As reported
in [40], the energy consumption of Tianjin Tiejian Tower for fire protection equipment is
2.8%, which ensures that consumption growth will increase in the upcoming years.

2.6. Data Networks

Network access has become practically ubiquitous, and the energy consumption of
the equipment necessary to provide it is increasing. Edge devices such as PCs, servers,
and other sources and sinks of Internet Protocol (IP) traffic are notably excluded from
this category, which comprises devices that primarily switch and route IP packets from
a source to a destination. A case study was conducted on networks on a campus, in a
medium-sized commercial building, and in a typical residence. It was estimated that
network equipment in the US consumed 18 TWh in 2008, or about 1% of total building
power, and that consumption would rise at a rate of roughly 6% per year to 23 TWh in 2012;
global usage in 2008 was 51 TWh. Furthermore, network switches in office buildings and
residential equipment are the two most energy-intensive groupings, accounting for 40%
and 30% of total energy consumption, respectively [42].

2.7. Transportation

The transportation and building sectors are two important areas for electrification.
Light-duty electric vehicle (EVs) adoption for consumer ownership dominates transporta-
tion electrification. Light-duty EVs for personal use are driving transportation electrifica-
tion and are frequently classified into plug-in hybrid electric vehicles (PHEVs) and battery
electric vehicles (BEVs). In 2018, about 1 million EVs (around 0.5% of all vehicles) were
registered in the US. By 2021, another 1 million EVs were estimated to be registered [43]. EV
sales currently account for 1–2% of the light-duty market, and they are predicted to grow
consecutively [44]. EV sales projections vary widely, but realistic estimates include 7–12%
adoption by 2030 and 11–48% adoption by 2050 [45]. The 0.58 million EVs sold in the US
utilized around 1 TWh of electricity in 2017. By 2025, electricity consumption is expected to
reach 33 TWh per year, rising to 551 TWh by 2040 [43]. In the near future, transportation,
in particular, is predicted to have the greatest impact on power usage. Uncontrolled EV
charging is a huge barrier to grid operations, but control solutions offer a way to boost
efficiency [46].

2.8. Miscellaneous

Lifts and escalators are also included in commercial buildings, which consume 3.3%
of the entire building consumption [47]. There is potential to conserve energy by using
automation based on occupancy presence along with a variable voltage variable frequency
drive (VVVFD) as an induction motor. A power factor improvement will be required to
minimize the operating costs. In addition, people are encouraged to use the stairs if the
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lift and escalator are less conveniently located, which may help meet the LBC’s “Health”
petal [48]. In addition, street lighting, garden lighting, safety, and security (e.g., CCTV and
RFID) equipment are also responsible for consuming electricity in commercial buildings.

3. Conventional BEMS Techniques

Building control systems are critical components in achieving energy efficiency and
long-term sustainability in buildings. A few traditional control systems for load monitor-
ing, such as (i) thermostats, (ii) proportional–integral (PI), and (iii) proportional–integral–
derivative (PID), have been extensively used in conventional BEMS. These control systems
have also been used in a variety of applications and disrupted environmental situations,
and they have consistently performed poorly and do not provide an optimal control ap-
proach [49].

3.1. Thermostat

ON/OFF is one of the most basic and often-used control modes. This mode can be
used in building HVAC, lighting, and shading systems [50]. A thermostat is a device
that regulates the temperature within a user-defined range [51]. When the temperature
falls below the set point, the thermostat turns off the power, and then restores it when
the temperature rises above the set point [52]. A typical structure of a thermostat is
shown in Figure 4. Thermostats can be found in water heaters, ovens, refrigerators, and
HVAC systems and are often used for heating or cooling to a fixed-point temperature. In
BEMS, the thermostat is used to minimize power fluctuations [53], lower cooling electricity
costs [54], control space heating [55], improve thermal comfort [56], and increase energy
efficiency [57]. Although this approach offers the simplest ON/OFF control operations
which occur frequently in the system, when the controlled device is turned on, it constantly
operates at maximum or default capacity, consuming a large amount of power in each
action [58]. Furthermore, the ON/OFF action may cause oscillations in the controlled
temperature, resulting in energy waste. In some complicated energy systems, ON/OFF-
based controllers are ineffective to achieve control variables and objectives with merely
discrete ON or OFF values [59].

Figure 4. A typical structure of a thermostat.

3.2. PID Control

All three types (proportional, integral, and derivative) of action are utilized in most
digital controllers to incorporate advantages such as removing offset and speeding up
the response of the control function. In a nutshell, the integral control function tends to
destabilize the system, whereas the derivative control function tends to reinforce it. The
integral function is frequently used to reduce or eliminate the offset of proportional control
and to provide more precise control. A typical structure of a PID controller is shown in
Figure 5 [60]. The time domain function of PID control is shown in Equation (1).
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Figure 5. A structure of PID controller [49].

The transfer function of PID control can be written in “Ideal form” and “parallel form”,
respectively, as shown in following Equations (2) and (3).

PID(s) = KP
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(2)
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0
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de(τ)
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where, KP, Ki, and Kd denote proportional gain, integral gain, and derivative gain, respec-
tively. Ti and Td are integral and derivative time constants, respectively. Since P, PI, and
PID controllers are closed loop/feedback controls that have constant parameters and do
not have a direct knowledge of the system to be regulated. When utilized alone, they give
poor control performance for noisy and non-linear processes with long-time delays [61].
In general, the PID controller has been effectively used in a variety of building sections,
including lighting management [62], tracking performance improvement [63], and energy
consumption reduction. There is no doubt that PID performance is more efficient than
thermostat [64]; however, there is still a demanding task of choosing the suitable settings of
KP, Ti, and Td, respectively. In addition, when integral functions are introduced to elimi-
nate the offset of proportional control to obtain a more accurate control of variables and
objectives, their effect might cause the system to oscillate and deteriorate control [49]. To
tackle these issues of PID controllers, optimization control strategies in BEMS are explained
in Section 5.

3.3. Energy Efficiency

In the context of global initiatives for sustainable development, a commitment to
energy-efficiency improvement is becoming increasingly crucial, and buildings have a lot
of potential in this area. Energy efficiency allows you to use less energy while maintaining
the same level of service. To permanently minimize demand during peak and off-peak
periods, energy efficiency measures are implemented as part of normal operations. Energy
efficiency in buildings is often achieved through efficient building designs, energy-efficient
equipment, and efficient building operations. Since efficiency measures are a long-term
feature of normal operations, they are usually distinguished from demand response (DR),
which involves only short-term changes to normal operations [65]. The following two types
of energy efficiency measures, such as passive and active strategies, are used in buildings.
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3.3.1. Passive Methods

The use of energy in many buildings can be greatly decreased by implementing passive
techniques. These methods may not necessitate additional financial resources. For example,
an integrated building rehabilitation approach that incorporates passive approaches can
reduce a building’s energy usage while also compensating for the higher cost of new
technologies [66]. Passive energy conservation strategies aim to reduce energy demand by
maximizing the use of natural heating, cooling, and lighting resources, as well as limiting
energy losses through the building envelope [67].

Traditional buildings used to be built with climatic conditions in mind and incor-
porated passive cooling and heating methods for both summer and winter, respectively.
Most buildings nowadays have mechanical or active heating, cooling, and lighting systems,
which consume a lot of energy [66]. Passive methods, such as the use of solar energy or
creative architectural design, can greatly reduce total energy usage in a building. Passive
solar energy is becoming increasingly popular. In 1974, a large south-facing window was
used as the first passive solar heating system in New Mexico [68]. Using direct or indirect
passive solar energy to alleviate heating, increase cooling capacities, and reduce a building’s
energy consumption is a basic approach, taking advantage of free solar energy [69]. In the
winter, solar energy is used to warm the indoor atmosphere to a comfortable temperature.
Solar radiation is absorbed directly through the transparent parts of the building exterior,
particularly those facing south. This radiation is converted to heat, which elevates the
temperature within the house. Solar radiation can also be employed as a source of natural
illumination. Indirectly, solar radiation can be utilized in the winter. Multi- or double-skin
façades, Trombe walls, and linked sunspaces are all popular methods for indirect solar
advantages [67]. The effect of different insulating materials, construction systems based
on sustainable materials, the incorporation of thermal energy storage (TES), phase-change
materials (PCM) in building envelopes, and green infrastructures such as green roofs and
walls are among the research fields of passive technologies [70]. By lowering the energy
demand in buildings, passive energy techniques could reduce reliance on fossil fuels and
capital-intensive renewable energy technologies. However, understanding building sci-
ence ideas and energy control principles is essential for the effective implementation of
these strategies.

3.3.2. Active Methods

Active energy-saving technology has also been widely employed to lower the energy
consumption of buildings. Active measures include enhancing HVAC systems, energy-
efficient appliances, lighting systems, and the use of renewable energy, as well as distribut-
ing energy as efficiently as possible while ensuring occupant comfort [67]. The active
systems were also designed to take advantage of various renewable energy sources, such
as solar thermal, free cooling with night air, or geothermal heat, by utilizing thermal energy
storage systems to shift heating and cooling loads [71].

To improve a building’s energy efficiency, a variety of active approaches have been
adopted. Heat pumps and boilers, for example, are active tactics in traditional air-conditioning.
Furthermore, advancements in compressor technology and hybrid systems help to increase
heat pump efficiency [72]. Active techniques, on the other hand, have some insurmountable
restrictions. A heat pump’s coefficient of performance (COP) is rarely greater than six, whereas
a boiler’s combustion efficiency is far less than 100%. Heat pumps and boilers are used in
HVAC systems to overcome a significant temperature difference between indoor and outside
temperatures (e.g., 10C in summer and 20C in winter). Inevitably, this would result in the
system’s overall energy efficiency being low [73].

Substantial energy savings can also be achieved in existing mechanical HVAC systems.
Air conditioners that are properly maintained can reduce peak demand, conserve energy,
and save running expenses. Correcting low air-flow rates, rectifying refrigerant overcharg-
ing and undercharging, and addressing duct leaks are just a few examples of individual
repair techniques. Heat pumps and other high-efficiency mechanical systems can be used
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to replace older technology equipment in applications where air-conditioning is required,
resulting in significant energy savings [24].

After HVAC systems, lighting uses a significant amount of electrical energy in build-
ings. Lighting efficiency is the most cost-effective active technique, and air conditioning
efficiency was the second [74]. A well-designed lighting system can conserve energy while
also providing the maximum visual comfort to building occupants [75]. Standard groups
such as the European Committee for Standardization have developed standards to guide
and provide specifications and requirements for technological systems in order to achieve
lighting system energy efficiency in buildings. The European Standard EN12464-1 (i.e.,
for interior design) [76], the European Standard EN12464-2 (i.e., for external design) [77],
and the European Standard EN15193 (i.e., for lighting system) [78], and the European Stan-
dard EN15193 (i.e., for performance evaluation) [79]. LED is a prominent energy-efficient
lamp, used in lieu of conventional lamps, with a greater photometric performance (e.g.,
luminous flux, color rendering index, and luminous efficiency) and easier to regulate when
compared to other lamps [75]. The regulation of a lighting system is the most important
factor to increase energy savings in buildings, and it has received a lot of attention from
researchers in the previous decade. Lastly, it is recommended that traditional appliances
should be replaced with five-star energy-efficient appliances [80]. Many other energy-
saving strategies are also employed in a low-energy-consumption structure. Included are
energy-saving air conditioning designs, equipment energy-saving, behavior energy-saving,
and energy-saving by operation adjustment, among other things.

In summary, active and passive techniques each have their own set of benefits and
drawbacks, and neither can be considered a replacement for the other [81]. To take advantage
of the benefits of both tactics, a growing number of passive strategies are being coupled with
active strategies or used actively. As a result, a combination of passive and active technology
is both promising for energy savings and good interior environment assurance.

4. Current and Advanced Methods in BEMS

Intelligent automated control systems are introduced in current and advanced meth-
ods of BEMS, and are capable of minimizing energy usage while respecting the comfort
and actions of building occupants [82]. The control of energy-related smart devices and
appliances in a building is referred to as smart energy building control. It is based on a
predetermined strategy and policy, as well as user choice if desired. These control systems
are centralized, integrated hardware and software networks that monitor and regulate
the indoor climatic conditions in buildings. These control systems are typically used to
safeguard buildings’ operational performances as well as the safety and comfort of their
residents [83]. Finding the optimal trade-off between occupant comfort and total energy
usage is a fundamental challenge for building control. Several building control systems
and methods for building energy and comfort management have been presented [84], both
in the research and commercial fields, with the goal of attaining energy savings through
intelligent control.

4.1. Automation

Energy management is a fundamental function of building automation systems.
Building automation concepts and applications are not new, having been introduced by
Warren S. Johnson in 1985 [85]. The term “Building Automation System” (BAS) also known
as “Building Management System” (BMS) refers to a collection of systems that control the
operation of a structure. Notably, a BAS is one of the most important intelligent building
systems [49]. The system is also referred to as an Energy Management and Control System
(EMCS) or a BEMS, rather than a BAS or BMS, if the main reason for installing it is to save
energy [86]. As a result, an EMCS or BEMS is typically included in a BAS or BMS. EMCS
or BEMS can be implemented as the monitoring and control systems for building service
(HVAC systems, electrical systems, lighting systems, fire systems, security systems, and
lift systems are all examples of building services) systems that have a substantial impact
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on building energy usage [49]. Figure 6 illustrates the hierarchy of building automation
systems. Meanwhile Figure 7 shows the steps of BAS development steps [78–88].

Figure 6. Hierarchy of building automation systems.

Figure 7. The steps of the BAS development process.

BAS systems are mostly processor-based [89]. A communication network is built into
the BAS and extends across the building or set of buildings. In the event of smoke, fire,
intrusion, or other events that could potentially harm equipment, this same communica-
tion system can be used to send alarms to an operator or security agency. In addition,
this is accomplished through strategies such as load duty-cycling to save energy, peak
load management to control total power consumption during peak hours, the scheduled
start/stop of building HVAC systems at the start and end of each day, and the real-time
control of building systems in response to occupancy detection, all of which are possible
with BAS. Moreover, a BAS has made it possible for buildings to respond dynamically
to current weather conditions, room occupancy, time of day, and other inputs, resulting
in significant energy savings. To increase energy economy and occupant comfort, a BAS
allows the centralized administration of climate control, lighting, and security systems [90].
These solutions help to cut down on energy waste and expenditures while also increasing
occupant productivity.

4.2. Intelligent Devices

Intelligent devices are referred to by a variety of names, including intelligent instru-
ments, intelligent sensors, smart sensors, and smart transmitters. However, because there
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are no universal definitions for these terms, devices with similar characteristics but from
different manufacturers may be called by different names [91]. The objective of intelligent
buildings is to integrate intelligence directly into manufactured building equipment and
components, allowing them to transmit information via standard protocols for intelligent
system operations (control, maintenance, and service) [92]. Most building components,
including individual lights, sensors, compressors, valves, heat exchangers, pumps, freezers,
and dishwashers, could eventually be connected with embedded intelligence. Remote diag-
nostics and pricing estimates for appliance repairs could be provided by service providers.
Reduced downtime, service costs, and utility expenses are the most important advantages
of automated fault detection and diagnostic systems for heating, ventilation, and air condi-
tioning and refrigeration (HVAC&R) equipment. Even though major commercial buildings
use computer control and monitoring systems, they do not currently have many diagnostic
capabilities [93]. In addition, appliances could be built to be grid friendly, responding to
utility management or pricing signals and coordinating themselves to reduce electrical
usage during peak demand hours.

Consumers are increasingly profiting from technological advancements, and intelligent
devices such as the smart controlling of light, HVAC systems, smart plugs/sockets, and
other intelligent devices which provide more convenient and efficient services. To improve
maintenance efficiency, most intelligent devices are now connected to the central server of
their relevant carriers via network optical fibers [94]. In order to achieve intelligent D2D
(device-to-device) communication, devices will require intelligent routing protocols [95].

4.2.1. Advanced Metering Infrastructure (AMI)

Smart meters, communications networks, and data management systems are all part
of the AMI, which allows utilities and customers to communicate in real time. The system
can automatically and remotely assess electricity usage, connect and deactivate service,
detect tampering and theft, identify faults and outages, and monitor voltage, among other
features that were previously unavailable or required manual intervention [96,97].

4.2.2. Smart Thermostat

HVAC&R smart controlling management has become a major concern for both residen-
tial and commercial buildings. A smart thermostat is a device that learns user temperature
preferences and is utilized in thermostatically regulated loads. It also makes things easier
for customers by allowing remote access and communication with AMI based on price
indications [98]. The smart features of programmable thermostats include sensing, ma-
chine learning, and a network connection. These thermostats are equipped with proximity
and motion sensors, and their learning algorithm adapts to the user’s past preferences at
various times of the day. Various strategies have been investigated to sense the real-time
occupancy/vacancy of HVAC zones in order to save energy without affecting occupant
comforts, such as Radio Frequency Identification (RFID) [99], IR motion sensors [100], and
programable thermostats [101]. However, the accuracy of detecting the occupant in a con-
ditioned space is being questioned using a smart controller. To avoid this issue, the study
in [29] describes a new wireless device platform and prototype development that combines
an infrared (IR) and an optical (OP) camera to enable collaborative intelligence with minimal
power consumption and improved accuracy. The system saves up to 26% of HVAC energy
when compared to a programmed thermostat and schedule-based HVAC control.

Furthermore, the availability of embedded intelligence in HVAC&R equipment might
significantly reduce the cost of applying intelligent control systems, allowing for a much
broader applicability. A cooling tower fan controller, for example, may have access to em-
bedded performance data from each tower fan and chiller on the local network. Likewise, a
chiller sequencing controller may obtain part-load information from individual chillers [88].
In addition, a compressor might have an embedded chip with a performance map and
sensor inputs for suction and discharge conditions, allowing the map to be used to calculate
refrigerant mass flow rate and compressor power consumption. Similarly, a condenser
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might contain a chip with a model, state variable readings, and a virtual refrigerant mass
flow measurement to offer a virtual sensor for condenser airflow. The airflow through
the condenser might therefore be used as a diagnostic signal for fouling or fan issues [93].
In addition, the spread of low-cost information for monitoring, diagnostics, and greater
control can be enabled through embedded intelligence.

4.2.3. Smart Lighting

For intelligent lighting control, the study in [102] presents a low-cost, wireless, simple-to-
install, adaptive, and smart LED lighting system that adjusts the light intensity automatically
to save energy while retaining consumer pleasure. The system uses Zigbee connectivity to
combine motion and light sensors in a low-power wireless solution. To conduct a daylight
adaptive closed-loop control, researchers suggested a smart lighting control approach that
incorporated linear optimization and neural networks (NN). The proposed method used
a NN to learn the impact of each luminary on the zone’s maintained illuminance and
modify the luminary dimming levels to achieve the desired illuminance [103]. Implementing
intelligent lighting control systems, such as the integration of sensor technologies (occupancy
and light sensors), advanced architectures (wireless and network-based architectures), and
intelligent control techniques (artificial intelligence and optimization), has a significant
potential to reduce energy consumption. Furthermore, an intelligent control system can
improve occupants’ visual comfort while lowering electricity use [104].

4.2.4. Smart Plugs

A smart plug is an electric device that transforms regular household equipment into
smart devices. In addition, a smart plug is able to determine the type of connected home
appliance based on the appliance’s energy consumption profile. It can connect to a wireless
home network using inbuilt wireless communication protocols so that a user can measure
energy usage and control the electronic device which is plugged into the smart plug over
the internet [105]. A remotely controlled intelligent power outlet system that is specifically
designed to detect electrical events in low-current loads. The power outlet of the proposed
system comprises a microcontroller, a ZigBee interface, an RFID reader, a relay, and a
current sensor. The system’s main functions include the remote management of the power
outlet, real-time monitoring of current consumption, customization and programming of
the power supply time schedule, automated vampire current cut-off, and protection of
certain types of electrical fires and electrocutions [106]. Smart plugs can be used to manage
legacy devices such as water heaters, pool pumps, and lighting fixtures that do not have
inbuilt controllers or communication capabilities. Smart plugs are smart power outlets that
have measuring and communication capabilities, allowing for device energy monitoring
and remote device shutdown.

4.2.5. Smart Appliances

Inbuilt controllers or communication abilities in smart appliances use IoT technology
to communicate with smart devices such as smartphones and tablets, giving the homeowner
remote access [107]. These appliances can also communicate with the smart meter wirelessly
and help to reduce energy use by automatically adjusting to changes in power availability
and dynamic tariffs. The advantages of smart appliances include the ability to run in
energy-saving modes or defer operation until prices fall below a certain threshold when
electricity prices are high. Smart dishwashers, for example, may receive DR signals and
postpone wash cycles until off-peak periods; microwave ovens might automatically cut
power levels during peak periods; and refrigerators might delay defrosting operations until
off-peak periods [108].

4.3. Uses of IoT in BEMS

Any device that can be controlled and monitored over the internet is referred to as an
IoT-based load, and it can be implemented in BEMS to monitor and control loads, thereby
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saving energy that is purposefully wasted by human behaviors [109]. Achieving smarter
buildings by deploying IoT devices is called home automation. In [6], the open-source
software known as building energy management open-source software (BEMOSS) was
introduced, which can run on a single board computer such as Odroid to control and
monitor IoT devices in buildings. BEMOSS allows the user to access the supported IoT
devices remotely via the web or an app to seamlessly control and monitor them in real-
time [5,6]. Building and implementing a smart home using Long Range (LoRa) can be
one of the most effective solutions in the IoT. The system works for both short-range and
long-range, utilizing multiple communication technologies: LoRaWAN, a server-based
LoRa gateway, and Bluetooth connectivity. The adopted system can communicate without
a Wi-Fi connection or internet network as it uses LoRa RYRL400 to control the appliances
in the home, which is dependent on radio frequency [110].

Reducing energy losses and unnecessary electrical consumption allows the identi-
fication and tracking of multiple users by internal Wi-Fi handover using a smartphone.
Furthermore, innovative outlets (IO) and the IoT concerning NFC (near-field communi-
cation) identification can be used to extract accurate data about consumption, electric
current, and voltage along with the identification of electric household appliances. Thus,
the objective of this architecture is to identify the user location and persons in the room, and
what appliances they are using and consuming with an interoperable middleware solution
that provides the option to help the consumer optimize their consumption [111]. The
emerging usages of the IoT in real life ease the quality of life and lead to cities being more
sustainably developed without impacts on the environment, by addressing the production
of devices and interfaces with hardware, energy efficiency, cyber security, e-waste, and
cost-effectiveness. Not only is the usage of IoT devices required but also a focus on device
recycling, as harmful materials are involved, alongside having a low consumption rate
with a better life span. Moreover, to monitor and control the smart grid (SG) and DSM, the
data needs to be processed in real time as the purpose of implementation is to reduce the
desired electricity consumption [112].

4.4. Demand Response (DR)

DR is a set of actions that reduce or shift electricity to improve electric grid dependabil-
ity, manage electricity costs, and provide systems that incentivize load shifting or shedding
when the grid is near capacity or electricity prices are high. The development of DR has
been highlighted as a critical national goal for improving electricity markets and system de-
pendability [113]. The purpose of DR solutions is to reach the electric shed savings targets
while minimizing any negative consequences for building occupants or processes [114].
Direct load control (DLC) and indirect load control (ILC) are the two main categories of
DR approaches (ILC). DLC is a program in which utility companies reward customers
for having direct control over their chosen loads. The ILC technique, on the other hand,
allows AMI to participate in the optimization process. With distributed decision makers,
the utility grid shares either the day-ahead load profile projection, the dynamic energy
retail price, or both. All consumers have access to this information, and by using it, they
might strive to enhance their benefit (i.e., lower their consumption cost) cooperatively or
competitively [115,116].

Home appliances can be classified into three categories based on their potential to
participate in DR: baseline loads (lighting, cooking stove, etc.), burst loads (clothes dryer,
dishwasher, etc.), and regular loads (HVAC system, refrigerator, etc.), with implemented
numeric and logistic algorithms that are solved based on the finite state machine (FSM)
and spring algorithm [117]. To obtain the desired goal, a unique technique of arrangement
of those household loads is divided into NINSLs (non-interruptible and non-schedulable
loads), INSLs (interruptible non-schedulable loads), and SLs (schedulable loads), and
solved with a genetic algorithm [118]. The proposed model has shown three categories
of loads: fixed, flexible, and uninterruptible, which are optimally scheduled under the
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time of use (TOU) tariffs based on mixed-integer linear programming (MILP) to minimize
consumption and cost [119].

Moreover, DR is currently a viable approach for dealing with the problem of growing
peak demand on the grid. In order to reduce peak energy consumption or demand, the
scheduling of residential or industrial energy use in each appliance is optimized [120].
In [121], an interactive control unit approach was demonstrated that uses peak clipping
techniques to reduce peak demand with a day-ahead scheduling mechanism that uses load
shifting strategies to optimize the load. A new heuristic demand response technique has
been developed for appliance consumption scheduling in order to decline the peak-to-
average ratio (PAR) of power demand [116]. Peak demand can also be reduced through
load shifting from on-peak to off-peak or enhancing TOU tariffs [122–124]. If the consumer
is not interested in rescheduling the loads for off-peak hours, they may increase the tem-
perature of the HVAC system. As a result, consumers could feel somewhat uncomfortable
for a while, but be able to decrease the temperature setting during off-peak hours [125].
In the same way, lighting intensity can be reduced and increased during on-peak and
off-peak hours, respectively. A smart plug can be utilized to prevent phantom power. If
the priority of comfort is determined by consumer needs over time, the time gap must be
filled with either renewable energy (RE) or energy storage systems (ESS). The presence
of PV and EES can help to maintain the indoor temperature by using inverter-based AC,
with ESS compensating for peak-hour demand and when there is less RE generation [119].
Coordinating the operation of electric vehicles (EVs), PV units, and BESS with an improved
decision-tree-based algorithm can be used reduce peak demand in residential distribution
networks [126]. The peak reduction in power and prediction of long-term load forecasting
for over 300 homes were studied, focusing on peak shaving and load shifting with intelli-
gent devices [15]. The idea was to minimize the total energy usage and peak demand by
regulating HVAC systems, water heaters, and batteries so that both utility authorities and
consumers could benefit. There are significant opportunities to reduce energy consumption
by optimizing the loads on different chillers or heat pumps, such that their (variable with
the load) COP is maximized. Futuristic, intelligent homes might integrate information
technology and provide the opportunity to incorporate other innovative technologies such
as PV, intelligent devices, and energy storage.

5. Optimization Control Strategies in Bems

The majority of commercial BEMS on the market today are reactive rule-based. This
indicates that when an event occurs, an action is triggered. As a result, these systems
are unable to forecast future situations or anticipate events in order to optimize building
operations [127]. To overcome these issues, users can manage their energy use at home
more efficiently by optimizing their use of resources and assets. The process of identifying
the circumstances that provide the highest benefit or the lowest cost of a process is known
as optimization. The fundamental goal of optimization in published studies is to reduce the
PAR in load demand and customer electricity costs while maintaining comfort [105]. The
various optimization control strategies utilized in prior works are reviewed in this section.

5.1. Uses of Intelligent Controls in BEMS

Several research works have been carried out on different intelligent methods for
BEMS, and the most used are categorized as: (i) learning based methods of the AI domain,
including a support vector machine (SVM) [128,129], K-nearest neighbor (K-NN) [128],
artificial neural network (ANN) [130], reinforce learning (RL) [131], etc.; and (ii) model-
based methods, such as the model predictive control (MPC) technique [132].

A learning-based control model where self-scheduling loads and the ESS of the build-
ing ensure the maximum usage of PV power, curtailment load profiles, and a reduced
energy cost. The optimization algorithm optimizes the building cost and minimizes the
fluctuation between PV generation and energy consumption, relying on predicted con-
trol information using a machine-learning algorithm [11]. In addition, it demonstrates
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the benefit of combining model-based and learning-based control methods into a single
management framework for controlling multiple aspects of building performance [11,133].

The predictive algorithm model of energy consumption in smart buildings with
a Microsoft Azure cloud-based machine learning platform wherein three methodologies
namely SVM, K-NN, and ANN have been adopted for comparison to find the most accurate
prediction model as compared to actual demand. Notably, the collected data is partitioned
between 70% training data and 30% testing data. Though it took the most time to train,
SVM was able to predict more accurately than the other two. The K-NN approach, on the
other hand, was faster at completing the training, and ANN was faster than SVM, but it
took many hours. However, a high training time is required for the SVM model to achieve
a higher performance [134]. Most researchers focus on maintaining the indoor comfort
of the buildings by implementing complexity prediction algorithms with higher cost and
computational time, and power consumption. The model is carried out and investigated on
five standard supervised machine learning models: polynomial regression (PR), support
vector regression (SVR), random forest (PF), extreme gradient boost (XGB), and neural
network (NN). In contrast, the best result output is shown for the SVR model with a tiny
prediction error. A trustworthy NN model needs extensive data training set input and
more processing time, while the amount of data is relatively small in the proposed system
application, so it is rational to avoid the NN [135].

A novel deep neural-network-based algorithm for the day-ahead hourly energy con-
sumption profile prediction of residential and commercial buildings in terms of occupancy
rate and seasonality was investigated. A survey was conducted by a business manager, an
electrical engineer, and a data scientist about all machine learning techniques, in which
deep ANN achieved the highest score (multi-criteria analysis = 189) with a high accuracy
prediction rate of about 98%. Firstly, training data was generated using synthetic load
generation, where 100,000 data set points (load profiles) were produced for each occupancy
rate type. The proposed forecasting model introduced these data to train an eight-layer
deep neural network-based model and made decisions based on a limited number of
inputs, evaluated using root mean square error (RMSE) and the coefficient of determination
metrics [136].

Q-learning-based peak load reduction (QL-PLR) uses RL to present the optimal res-
idential energy management (REM), which can decline only peak load demand and is
associated with the dissatisfaction of consumers [137]. The designation of a dueling deep
Q network (DDQN) captures the real-time state of the grid, demand-side strategy for
interruptible loads (IL), along with the safe limit of regulating the system voltage and a
reduction in peak demand loads, and the operation cost of distribution system operators
(DSO). It is noteworthy that deep reinforcement learning (DRL) is adopted with DDQNs to
optimize the DR management of IL under the TOU tariff and variable patterns of electricity
consumption. To obtain the long-term profit for the DR management problem of IL, the
Markov decision process (MDP) was formulated and solved using a DDQN-based DRL
algorithm [133]. In addition, in comparison to a rule-based control (RBC) policy, DRL may
also be utilized to control thermal storage in commercial buildings and can lower system
operating costs by more than 50% [133].

MPC has a high level of efficiency in a building’s energy management. On the other
hand, finding a good control-oriented model for MPC is a difficult task. To address this
issue, data-driven models are applied to MPC tasks that have universal approximation
capabilities [138]. To improve a building’s performance and take advantage of the TES’s
operating flexibility, an MPC technique was devised. The findings revealed that having a
TES in a commercial building allows for more flexibility in participating in DR programs,
resulting in lower energy costs and demand charges while maintaining occupants’ com-
fort [139]. In the presence of an ESS, MPC was utilized to control the functioning of a
commercial building in DR programs for bi-directional power flow with the main grid. The
results of this study demonstrated that by exploiting the flexibility of the HVAC system,
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MPC resulted in a reduction in building running costs as well as an improvement in power
grid performance [140].

5.2. Uses of Optimization Algorithms in BEMS

In designing low-energy buildings, mathematical optimization can be used as a power-
ful tool to minimize the consumption of energy, while continuous and discrete issues are the
two primary types of optimization challenges [141,142]. These problems can be formulated
as binary, integer, or mixed integer optimization problems. Optimization algorithms are
applied to solve these types of problems in various engineering fields [143].

A brief summary of the most selected optimization algorithms applied to BEMS
problems is as follows:

5.2.1. Ant Colony Optimization (ACO)

ACO was motivated by observations of ant behavior [144]. This approach was origi-
nally created to handle discrete optimization problems before being expanded to include
continuous variables. ACO for the continuous domain is the name of the extension (ACOR).
ACOR showed better performance in finding the best solution as compared to other
benchmark algorithms: particle swarm optimization with inertia weight (PSOIW), hybrid
particle swarm optimization and Hooke–Jeeves (PSO-HJ), and the Nelder–Mead (NM)
algorithm [142]. An ACO load scheduling strategy for a smart home was proposed. The
goal was to achieve the best possible use of integrated renewable energy sources. This is
accomplished by concentrating on the total electricity bill, TOU, and the overall improved
quality of life (QoL) [145].

5.2.2. Artificial Bee Colony (ABC)

ABC is an optimization algorithm based on honey bee foraging behavior [146]. In [147],
a HEMS for household appliances was proposed by implementing DR schemes for residential
consumers with facilitating renewable energy integration. This framework was solved based
on an improved ABC algorithm. In [148], the authors proposed a new approach of ABC
with Knowledge Base (ABC-KB) for the management of power and the occupant’s preferred
environment inside a residential building. ABC-KB uses less power than GA and PSO.

5.2.3. Particle Swarm Optimization (PSO)

PSO is an optimization technique based on the social behavior of bird flocking or fish
schooling [149]. The conventional continuous PSO algorithm was modified to binary spaces,
while BPSO is a binary variant of PSO. It is a bird-inspired optimization technique based
on flocks of birds looking for food. Birds move in certain locations and velocities when
foraging for food [150]. In [151], they adopted and developed cooperative particle swarm
optimization (CPSO) to optimize user comfort and the electricity bills of individual homes
as well as avoiding peak loads and peak rebounds on the grid. In [152], they provided a
regularized PSO algorithm for optimally controlling battery energy in a grid-connected
microgrid, lowering power costs.

5.2.4. Genetic Algorithm (GA)

GA is an iterative optimization technique inspired by live creatures’ genetic processes.
New genes are created that inherit the characteristics of their parents [153]. Chromosome
representation and algorithmic flows are the two main components of a GA. An algorithmic
flow is an iterative technique for generating and evolutionarily selecting chromosomes to
obtain high-quality solutions, while a chromosomal representation is a scheme for modeling
a solution [154]. GA was used to optimize the scheduling of ESS and plug-in electric vehicle
(PEV) operations in a home energy management strategy in order to reduce daily electrical
energy expenditure for the user [155]. Residential load management solutions may necessitate
appliance scheduling to achieve specific goals such as load factor reduction, a PAR ratio
reduction, or energy cost reduction. This problem is solved using GA [156].
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5.2.5. Other Optimization Algorithms

In [157], the proposed hybrid algorithms have better performance and faster conver-
gence compared to a single-based algorithm. The hybrid-based algorithms such as bacterial
foraging optimization (BFO), gray wolf optimization (GWO), wind-driven optimization
(WDO), enhanced differential evolution (EDE), and the harmonic search (HS) algorithm
can solve the DSM optimization problems in SG. A detailed summary of other optimization
algorithms is illustrated in Table 1.

Table 1. Summary of others optimization approaches in BEMS.

Optimization Techniques Objectives Contributions Ref.

HEDE based on EDE and HSA Cost, PAR, and user comfort
optimization.

EDE performance is better than HSA in
terms of cost reduction and HSA is better
in terms of PAR as compared to EDE.

[158]

Dijkstra algorithm (DA)

Consumption cost, curtailed
loads, grid imbalances, and
used energy
mixes optimization.

DA reduced 51.72% of the cost when
attaching RER and 10.22% of PAR. [159]

Satin bowerbird optimization (SBO)
algorithm

To optimize the scheduling of
appliances within a discrete
comfort window (DCW).

Reduced the electricity cost from
29.14/day to 22.84/day, and reduction

of PAR is 10.28%.
[160]

Cuckoo search optimization (CSO)
algorithm

Reduction in electricity cost,
PAR, and minimum user
waiting time.

CSOA is superior in terms of cost and
PAR compared to CSA and GA. [161]

Hybrid genetic particle swarm
optimization (HGPO)
algorithm

Optimization of electricity
bills, carbon emissions, user
comfort, PAR.

Reduction of electricity cost by 25.55%,
PAR by 36.98, and carbon emissions by
24.02%, respectively.

[162]

Genetic BPSO (GBPSO)
algorithm

Electricity bills and PAR
optimization.

GBPSO is better in terms of both cost
reduction and curtailment of PAR
compared to GA, BPSO, WDO,
and BFOA.

[163]

Binary backtracking search (BBS)
algorithm

Reducing and scheduling
energy usage.

BBSA provides better performance
compared to BPSO, in terms of reducing
energy consumption, total electricity bills,
and saving the energy of certain loads at
peak hours.

[164]

Harmony search gray wolf
optimization (HSGWO) algorithm. Efficient scheduling HSGWO performs better than HSA and

GWO in terms of cost and user comfort. [165]

5.2.6. Neighborhood Energy Optimization Algorithms for a Set of Commercial Buildings

A single subject owns a number of the neighborhood’s buildings in the single-owner
scenario. The architecture for energy optimization is centralized in design. The neighbor-
hood buildings are owned by various subjects in the multi-owner scenario, each of whom
seeks to reduce their individual energy costs. The building owners additionally consent
to provide flexibility to the entire neighborhood and run their own local generation and
storage units in a coordinated manner to achieve neighborhood-level goals. The architec-
ture for energy optimization is hierarchical. A centralized optimization for a single-owner
neighborhood with a high level of transparency and a hierarchical two-level optimization
for a neighborhood with multiple owners and a reduced level of transparency are two sep-
arate optimization algorithms. Additionally, in order to lower the neighborhood net load
as viewed from the grid side and maintain the neighborhood pollution emissions below a
predetermined threshold, the neighborhood energy optimization algorithms schedule the
generation and storage equipment based on energy prices. It has been demonstrated that
the use of flexible resources, such as thermal storage (related to thermal comfort levels) or
electrical storage, enables one to pursue an economic goal while utilizing the flexibility of
the local energy supply.

76



Energies 2023, 16, 1609

5.3. The Impact of Dual Optimization Techniques in BEMS for a Commercial Building

Building optimization problems are considered MILP problems that have been solved
using MPC [117]. Intelligent controlling has been used to manage loads efficiently and
an ANN strategy has been adopted to maintain a comfort zone in the building for the
occupant, with an MILP scheduling technique to decay the peak demand of consumer [166].
An energy management agent (EMA) consists of an ANN and MPC for the modeling
and optimization of building flexibility. The Monte Carlo Tree search-based planning
and control was used to find the optimal policies with an ANN. The system can predict
the demand for a day ahead and has a tiny prediction error [167]. The proposed system
consisted of an ANN and MPC. In contrast, an ANN was used for renewable energy (i.e.,
solar and wind) forecasting and ensured the optimized usages of generated energy, and
MPC is adopted for intelligent home control [168].

The ANN is used to accurately predict power consumption and indoor temperature
selection by given weather, occupancy, and temperature setpoints as input. At the same
time, a GA has been taken to adapt to the ANN to minimize energy consumption, and an
optimization control strategy was assessed in case of the day ahead and MPC [169].

The uncertainty of environmental variables and users’ preferences has been tack-
led using a data-driven machine-learning approach. Furthermore, a lifelong multitask
framework was adopted to exploit structural similarities in control policies as there were
different room sizes in buildings. Kernel-based learning was pursued as well to mitigate
the non-linearity policy. Finally, a dual decomposition method was employed to cope
with DR constraints across the spaces, transforming the overall problem into a series of
unconstrained stochastic optimization problems for individual rooms. The method was
verified via numerical experimental based on semi-real data sets [170].

Three artificial intelligence techniques were used to solve the problem of energy
demand planning in smart homes. First, the modification of the elitist none-dominated
sorting genetic algorithm II to demand-side management was applied and accounted for
electricity fluctuations over time, priority in the use of equipment, operating cycles, and
a battery bank. Second, the forecast of demand-side consumers, distribution generation,
renewable energies, and weather for a day ahead from the nearest meteorology office was
considered for demand-side management by employing the SVR technique. Third, the k
determined user comfort levels through the cluster technique [171]. Table 2 shows a full
explanation of each optimization control technique, along with its benefits and drawbacks.

5.4. The Impact of Dual Optimization Techniques in BEMS for a Set of Commercial Buildings

Neighborhoods or districts are not frequently included in the application of optimum
control ideas to achieve energy efficiency in buildings and the optimal exploitation of
regional resources. In [171], they consider a neighborhood with several buildings that have
agreed to coordinate how they use their energy loads and resources in order to achieve
some overall objectives, while still allowing for the pursuit of individual optimization
goals. When this occurs, a building’s local resources should work together with a top-
level optimization engine to balance the accomplishment of local optimization goals with
neighborhood-level goals. A hierarchical optimization algorithm was introduced to divide
the optimization at the building level and the neighborhood level in such a way that
the bottom level managed the individual building objectives and the top level addressed
the neighborhood-level objective, in order to address the most general case of multiple
ownership neighborhoods. In particular, the building-level energy management would give
the top-level optimizer flexibility and provide recommendations on control measures to
implement to move the neighborhood closer to achieving its objectives [172]. The optimistic
assumption in bilevel optimization (i.e., the two layers of optimization tasks are nested one
inside the other) states that the consumers choose the best option that benefits the retailer
the most. The pessimistic variant, on the other hand, deals with the scenario in which
the consumers give the retailer their least preferred optimal response, protecting against
potential losses brought on by an unexpected choice. However, the work in [173] shows
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the formal properties of the best solutions to a bilevel tariff optimization issue for both the
computationally challenging general case with an arbitrary number of consumers and the
particular case with an easily tractable single consumer. The key relevance of these findings
is that by perturbing the issue data and the optimal price vector, the pessimistic variant may
be reduced to the optimistic one, which also yields the first effective solution technique for
the pessimistic version. On the other hand, a numerical case study was offered to show that,
if consumers do not select their optimal solution as expected, addressing the optimistic
problem could directly result in a significant loss of profit for the retailer. In [174], they
emphasize the distinction between the optimistic and pessimistic versions of the bilevel
optimization problem with regard to energy management.

Table 2. A comparison of the most commonly used optimization methods in BEMS.

Ref. Control Techniques Benefits Drawbacks Observations

[9] Internet of Energy (IoE)
Maximizing energy efficiency by
minimizing losses and
environmental impact using IoE.

The requirement of big data processing and
large storage.

21% of energy loads can be
deducted with significant cost
reduction and energy saving.

[11]

Combination of
machine-learning and
model-based
control approach.

Considered all physical
characteristics of the building and
human comfort compared to
other researchers.

There is no real implementation and
performance of the proposed system, which
is only comparable to theoretical ideas.

Reduces the consumption of
energy by 8–18%.

[117] DDQN

An aggregation controller has been
used which aggregates all ILs in the
system and remotely reads and
interrupts the ILs.

There is less consideration of user
preferences and comfort satisfaction.

Decreases the operating cost by
16.9% in a day.

[118] ANN and MILP Smart controlling to manage the
loads efficiently. Longer computation time.

Reduction of up to 12.5% of
energy consumption and 10%
improvement in peak demand.

[119] MILP with PV and ESS
During 90% of the peak tariff,
consumers can sell electricity to
the grid.

If all consumers were motivated to buy in
the same period, the demand may have
increased dramatically.

Reducing the flexible loads by 40%
while saving 30% of overall costs.

[124] Rule-based algorithm Strong control reliability and system
reduces significant power.

The number of people detected in the room
and consumption rate are not considered.

Savings of 23.5 kWh and USD
2.898 in total daily energy
consumption.

[137] DANN Synthetic load profile generator is a
robust and adaptable solution.

Slow convergence and longer
computational time.

Achieved an average RMSE value
of 111W and coefficient of
determination is 97.5%.

[138] QL-PLR using RL Higher convergence rate. Consumer preference was not prioritized. The system can reduce peak load
demand by 9.28%.

[167] ANN and MPC

The next-day electricity price is
provided to EMA to optimize the
energy cost by controlling the
heat pump.

There is a variation that may introduce the
disturbance of human comfort.

Reduces energy costs by 14.8%,
when only heat pumps are used.

[168] ANN and MPC
Provides good forecasting results
compared to real assumptions with
fewer error percentages.

The system will be required to investigate
variable loads.

The system can sell energy to the
grid for EGP 3.2 (Egyptian pound)
within one day.

[169] GA, ANN, and MPC
When loads are shifted within TOU,
the results of energy savings increase
by 27%.

The authors have considered 100% accurate
forecasting which is not possible in a
real scenario.

A total of 25% energy savings.

[171] Flexibility envelop concept
and MPC

The MPC-based schemes increase
the self-sufficiency of buildings.

No consideration of any forecasting error
which is impossible in real cases.

16% cost savings and 10%
emission savings in the winter
season, whereas in the summer,
they were 26% and
29%, respectively.

[172] MILP and MPC

Attempt to maintain energy
consumption below the expected
consumption for purpose
of balancing.

HVAC model was out of the present work. Saves approximately 125 KWh of
net energy.

[173] MG-EMS Scalability, reliability,
and extensibility.

It is implemented for residential use as one
room at a time able to connect with
solar energy.

The main power grid’s peak
energy demand is reduced
by 30.6%.

[174] EMS-in-Bs Each function is critically
synthesized by sub-function.

There is no clear direction in which
methods might be preferable for BEMS.

“Control-optimize” achieves the
highest energy saving rates of
around 30% compared to
“estimate-predict” with 10%.
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6. Future Trends and Issues

Most high-rise buildings are constructed in city/urban areas rather than rural areas
where there is an increased density of buildings and no outer space to use the solar energy.
The following are future trends and issues which may have the potential to increase the
building energy efficiency for both existing and new buildings.

6.1. Building Integrated Photovoltaics (BIPVs)

The current global power demand is roughly 15 Tera Watt (15× 104 W), or 104 times
less than solar power incidents on the earth. The solar energy received in less than an
hour is thought to be enough to cover a year’s worth of the global energy budget [175].
Therefore, photovoltaic (PV) technology is one of the most attractive options for making
efficient use of solar energy. BIPVs are photovoltaic modules that are incorporated into the
building envelope, therefore replacing the traditional components of the building envelope.
PV modules are used as roofs, facades, and skylights in this application. In comparison to
non-integrated systems, BIPVs have a significant benefit because land allocation and stand-
alone PV systems are not required [176]. Photovoltaic foils, photovoltaic tiles, photovoltaic
modules, and solar cell glazing are some of the different types of BIPV buildings, as shown
in Figures 8 and 9, respectively, that use BIPV technology to become energy producers
rather than consumers.

The advancement of BIPV technology and its incorporation into the building envelope
provides aesthetic, economic, and technical benefits [175]. BIPV systems can be a powerful
and versatile tool to meet the increasing demand for zero energy and zero emission build-
ings in the near future [177]. BIPVs are capable of delivering electricity at less than the cost
of grid-connected electricity to end users at certain peak demand, which may lead to peak
shaving without compromising human comfort [178].

Weather protection, thermal insulation, noise reduction, heating and cooling load
reduction, and other benefits are all provided by the BIPV [179,180]. Utilizing a BIPV
semi-transparent arrangement, some of the sunlight can be used for day illumination inside
the building [181]. Due to the scarcity of ground area and the abundance of underutilized
roof space, rooftop solar PV systems are gaining popularity, resulting in the prediction
that the BIPV industry will increase rapidly soon [182]. In addition, feed-in tariffs (FiTs)
and other government-sponsored solar energy programs have gained widespread accept-
ability around the world. Sanyo, Schott Solar, Sharp, and Sun-tech are among the firms
developing innovative BIPV technologies for façades, skylights, and windows. FiT imple-
mentation, public acceptance, government economic support in the form of subsidies, and
technical elements such as power losses and architectural concerns are the most significant
impediments to BIPV system adoption [183]. However, a BIPV system’s power-generating
efficiency is lower than that of stand-alone and BIPV/T systems, but it eliminates the need
for an additional power-generation space [184]. Overall, due to its functional qualities, this
technology has a promising future in the coming years.

6.2. Net Zero Energy Building Concepts

The primary enabler of a future smart building is the energy performance of build-
ings, which leads to energy flexibility, generation, and interaction between users. Energy
retrofitting for net-zero energy buildings (NZEBs), in conjunction with passive control
strategies, energy-efficient technologies, and RER integration, creates a balance between
demand and generation while also taking grid integration into account. Smart home energy
retrofitting strategies are adapted for the improvement of existing buildings along with key
performance indicators for measuring the performance and success of acquiring sustain-
ability in intelligent buildings [188]. A ZEB or NZEB implies the integration of renewable
resources if weighted supply and weighted demand are equal to zero, focusing on energy
storage systems and materials, energy routers, renewable resources, and plug-and-play
interfaces [9,11]. In addition, an NZEB is a preferred sustainable building style since it
can meet its own energy needs while also producing surplus energy to feed into the grid.
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However, NZEBs are involved in more energy-related systems and grid linkages, and their
energy systems are more intricate than in conventional buildings [189].

Figure 8. Available BIPV systems on the market [185].

  

(a) (b) 

Figure 9. (a) BIPV façades powered by electricity to assist natural ventilation [186]; (b) an entrance
with a PV skylight [187].

In [188], the EU adopted long-term goals to reduce 80–95% of carbon by 2050, where
existing buildings will require a renovation rate greater than 3% per year in 2050 to achieve
decarbonization. In addition, the occupant’s behavior variation may lead to a 40% change
in energy usage [11]. The UK was the first country to mandate NZEBs on a large scale
in 2016 and France followed in 2020. The EU announced plans to initiate NZEBs in
January 2021, and the US Department of Energy (DOE) targeted marketable zero-energy
homes in 2020, followed by commercial zero-energy buildings in 2025. Other than that,
ASHRAE (American Society of Heating, Refrigeration and Air-conditioning Engineers)
plans to customize NZEBs in 2030, as shown in Figure 10. Moreover, Denmark has shown
100% renewable energy usage for heating and cooling systems [190].

In new and existing buildings, for example, it is possible to achieve total energy
savings of 20%. Significant energy savings for cooling can be achieved by reducing external
loads with proper building façade shading, reducing internal loads from lighting with
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energy-efficient fluorescent lamps, and using natural cooling techniques such as ground,
evaporative, and radiative cooling, as well as night ventilation [24].

Figure 10. The aim of countries is to customize NZEBs over the years.

In [191], the authors presented a unique yet viable and cost-effective method for
advancing the state-of-the-art of smart energy buildings and achieving the real meaning
of net-zero energy buildings. The proposed solution consisted of new trigeneration solar
collectors without a battery, a highly creative form of heat pump integration that needed
minimal size and expense, and the two-way interaction of a building with local energy
networks. A zero-energy building is self-sufficient in terms of energy use, producing as
much as it consumes. In ZEBs, both passive and active design methods were used to
minimize energy consumption, with renewable energy strategies (mostly solar panels) used
to meet demand following the reduction [192].

A study was conducted to investigate ZEBs in Southeast Asia, which was adapted from
an existing structure and used a variety of passive and active design solutions appropriate
for a tropical climate. According to the research findings, active and passive measures
should be incorporated into building design to improve energy efficiency. Passive design, in
particular, must be used on a broad scale in order to achieve significant energy savings [74].
The combination of active and passive design solutions toward ZEBs are shown in Table 3.

Table 3. Strategies of energy efficient retrofitting for ZEB.

Domain Area Achieving Strategies of Energy Efficiency Using Retrofitting Ref.

Pa
ss

iv
e

de
si

gn
so

lu
ti

on

1. Prevention of heat
gains and losses

� Conduction heat gains through the walls and roofs can be reduced by
implementing insulation or both sides of the walls and roofs can be polished or
coated using colors.

� Those materials that have higher thermal resistivity can be selected.
� Solar radiation through window glasses can be minimized up to 75%, by having

two or more layers, and inside, between them, will be dead air.
� Using localized treatment can make an outstanding contribution to reducing heat

gains, such as shading, modification lighting, removal of machines from
conditioned space, etc.

� Pre-heating and pre-cooling can be adopted before occupying the conditioned area.
� Green roofs and green walls are highly efficient in managing cooling loads.

[23,25,48,193–195]

2. Increased natural
ventilation

� Natural ventilation with solar assistance. [74,196]

3. Enhanced daylight
� Mirror ducts
� Lights shelves
� Light pipes
� Skylights

[74,197]
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Table 3. Cont.

Domain Area Achieving Strategies of Energy Efficiency Using Retrofitting Ref.

A
ct

iv
e

de
si

gn
so

lu
ti

on
s

1. Correct system
design

� The design should take into account the operational circumstances that occur over
the majority of the running hours. Optimization under these conditions will be
more beneficial than calculation at a single extreme design point.

[23,25,198]

2. Control
philosophy

� To guarantee low condensing temperatures are available during the part load
operation, avoid fixed set head pressure control.

� Auxiliaries pump with set speeds can be avoided if possible, and fan power should
be lowered at low loads.

� Ensure that defrosting is only used when absolutely necessary and that it is
completed as effectively as possible.

3. Optimize
components

� Compressor and condensing units should be selected at normal
running conditions.

� Evaporator unit and temperature selection can be appointed based on
human activities.

� Temperature differences must be considered for the choice of heat exchangers.
� Choose the appropriate refrigerant for application. If all other design parameters

are optimized, the refrigerant’s impact on efficiency is expected to be less than 5%.

4. Proper installation

� Following the guidance of the manufacturers for installation, such as maintaining
the distance between indoor and outdoor units, leveling between them, and
providing adequate space for air circulation to heat reject and absorb.

� It is required to have an accurate amount of gas charge that ensures no over-
and undercharging.

� Correct adjustment of the expansion valve.

5. Operation and
maintenance

� No secondary flow problem.
� Ensure the cleanliness of filters, coils, and other components.
� If all installed systems are operating correctly, it can be estimated that an average

of 10% energy savings can be achieved, reducing running costs.

6. Energy efficiency
lighting

� LED
� Task lights
� Dimmers
� Sensors

[102,199–201]

7. Intelligent BEMS Building energy management System [86,118,202]

8. BESS Battery energy storage system [203–205]

9. Renewable energy
integration Solar panels and wind turbines [74,118,206]

6.3. Demand Control Ventilation (DCV)

Commercial building ventilation is required to remove the airborne contaminants gener-
ated by occupants’ and other living organisms’ biological functions, occupant tasks and oper-
ations, equipment, supplies and furnishings, building materials, and the products of chemical
reactions between contaminants from both indoor and outdoor sources [207]. Fisk [208]
estimated that improving interior environmental conditions in commercial buildings might
save USD tens of billions per year in the US. One of the few important elements required for
these improvements was adequate ventilation. In nearly all U.S. climates, building HVAC
systems require a large amount of energy to condition the external air utilized for ventilation.
Natural ventilation, mechanical ventilation, or a combination of the two, referred to as hybrid
ventilation, are examples of different types of ventilation systems [209]. In addition, there
are also two types of ventilation airflow that can be supplied to the room by using constant
air volume (CAV) or variable air volume (VAV). In industrial, commercial, educational, and
office buildings, the VAV system is already widely used [210].

Several researchers have examined the effects of outdoor air supply rates (i.e., ventila-
tion rates) on human health, comfort, and performance in commercial buildings. Lower
rates of sick leave and the incidence of common respiratory disorders are linked to higher
ventilation rates. Lower ventilation rates have been associated with building-related
sickness (BRI), sometimes referred to as sick building syndrome (SBS). By adapting the
ventilation air conditioning load to the actual occupancy, DCV can save energy. During
this time, a variety of occupancy measurements were considered, including carbon dioxide
(CO2), volatile organic compound (VOC), and humidity concentrations [211].
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It is important to have adequate ventilation since it protects our health as well as our
buildings. However, the ventilation and energy needed for optimal indoor air quality (IAQ)
may conflict [212]. Therefore, one of the most energy-efficient ways to obtain the best IAQ
is to use DCV. As shown in Figure 11 [213], DCV is a typical concept in HVAC systems that
uses signals from inside sensors to continuously match the ventilation airflow rate with
the actual demand. Likewise, DCV refers to the control of mechanically supplied rates of
external air intake into buildings based on occupant demand. A HVAC system is typically
built and operated to keep the ideal environmental conditions in place in order to maintain
acceptable thermal comfort and IAQ. In a recently constructed Swedish building, the effects
of VAV ventilation on IAQ and the potential for energy savings were investigated. The VAV
system can more efficiently satisfy thermal comfort requirements while using less energy
than a CAV system. A VAV system combined with the DCV approach has become one of
the most energy-efficient ways to ensure both optimal IAQ and thermal comfort as the
DCV idea has evolved [214].

Figure 11. A typical view of demand control ventilation (DCV) [213].

In [212], research on a multi-residential complex examines the energy-saving possibili-
ties of a ventilation system with an air-cleaning unit and demand control. This method is
based on the need to save energy in ventilation by limiting the supply of outdoor air while
maintaining the desired air quality by using air cleaning. As a result, in this study, the
ventilation system’s operation mode detects indoor CO2 and formaldehyde (HCHO) con-
centrations in accordance with the IAQ standards for Korean dwellings. IAQ has recently
gained prominence as a means of addressing specific occupant health and safety concerns.

To overcome the multi-zone demand-controlled ventilation system’s over-ventilation
and under-ventilation concerns, an air balancing method was developed. Increased energy
efficiency has become a primary priority for the future accomplishment of zero usage in
buildings. A mechanical ventilation system, which operates on a 12-month basis, is one of
the most energy-intensive systems in HVAC. This suggests that lowering the airflow rates
can save a lot of energy by reducing the fan’s energy consumption and heating/cooling the
supplied air [28]. As a result, it is suggested to investigate a building’s ventilation system’s
energy-saving possibilities.

In [215], they proposed the integration of a two-level distributed method with an
upper and lower-level control, where the upper level calculates zone mass flow rates to
keep zone thermal comfort (TC) at a low cost of energy, and the bottom level strategically
manages zone mass flow rates and ventilation rates to accomplish IAQ in conjunction with
retaining higher levels of near-energy-saving performance. The results of certain studies
have shown that the DCV technique has the potential to conserve energy, particularly in
buildings with a high occupancy density [216,217].
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6.4. Integrating SDG Goals

The UN presented 17 SDGs in 2015, with the goal of providing a common vision in
terms of good living and a peaceful environment for this world and its people [218]. We
investigated several studies to see if there was a link between BEMS and the SDG targets.
We have found the importance of an IEMS’s capability to achieve the UN SDGs. It shows
that the improvement of a building’s energy efficiency, by using the greater control and
optimization of energy management with renewable energy resources, is thereby able to
acquire three aspects of sustainability: social, economic, and environmental, all of which
have a strong association with 7 out of the 17 SDGs [219], as shown in Table 4.

Table 4. BEMS helping to achieve the SDGs.

Domain Goal BEMS in the Pursuit of the SDGs Ref.

Social

Ensure healthy lives
for all ages and
promote well-being.

� A smart building with the integration of an
optimization controller which provides features
such as thermal, humidity, and visual
temperature comfort, alongside being able to
reduce a significant amount of energy
consumption, also results in less air pollution
and emissions which creates healthy lives and
well-being for inhabitants of a city.

[134,135,220]

 

Ensure that
everyone has access
to inexpensive,
modern energy.

� To achieve affordable and modern energy using
BEMS with the inclusion of optimization
control strategies, RER, and ESS to become
more cost-effective than fossil
fuel alternatives.

[220–222]

 

Ensures that cities
and human
settlements are
inclusive, safe,
resilient, and
long-lasting.

� BEMS’ concept, design, and technology can be
used to create sustainable metropolitan cities
and communities by reducing energy usage.

[105,220]

Economic
 

Foster inclusive,
long-term economic
growth, full and
productive
employment, and
decent work for all.

� The demand for smart buildings is growing,
and as a result, the manufacturing of diverse
BEMS components demands a large workforce,
creating opportunities for green jobs that lead
to long-term economic growth.

[220,223]

 

Build more resilient
infrastructure,
encourage inclusive
and sustainable
industrialization,
and cheer on
innovation.

� BEMS’ optimization and control make building
infrastructure more sustainable, resilient, and
adaptable to changing global climate
circumstances, allowing for economic success.

[220,224,225]

 

Ensure that
consumption and
production trends
are long-term.

� In the form of microgrids, distributed power
generation, smart grids, and virtual power
plants, energy management in a smart building
with proper controllers and optimization
ensures a proper supply–load trade-off.

[220,226]
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Table 4. Cont.

Domain Goal BEMS in the Pursuit of the SDGs Ref.

Environment

 

Take immediate
action to address
climate change and
its effects.

� Using various RER combined with intelligent
controllers in BEMS, the impact of carbon
emissions on climate change can be reduced.

[220,227]

6.5. Data Privacy and Security

For communication between appliances and the end-user in a smart house, various
wireless communication technologies have been introduced. Smart building appliances
are connected to a wireless control network such as ZigBee, Bluetooth, or Wi-Fi to
receive and send commands remotely or automatically. The IEEE 802.11 (Wi-Fi), IEEE
802.16 (WiMAX), IEEE 802.15.1 (Bluetooth), and IEEE 802.15.4 (Zigbee) standards are
the most widely used wireless technologies in smart homes [228]. Two types of com-
munication protocols are usually used in IoT-enabled smart infrastructure: Zigbee for
device-to-device communication and Wi-Fi for device-to-AMI connectivity [105]. A
brief comparison of wireless communication protocols used in HEMS is presented in
Table 5.

Table 5. Comparison of different wireless communication technologies for the smart home.

Technology Spectrum Data Rate
Coverage

Range
Applications Limitations

Power
Consumption

Wi-Fi 2.4–5 GHZ Up to 300 Mbps 100–300 m Monitoring and
controlling Interference and security Very High

Bluetooth 2.4 GHZ 1 Mbps 10 m Device to
device

Low data speed, short
range, poor data security Low

Zigbee 2.4 GHZ 250 Kbps 30–40 m Device to
device

Low data speed and
short range Very low

WiMAX 2–11 GHZ Up to 70 Mbps 8–50 Km AMI, Demand
response

Lack of quality and
interference Much higher

5G 1–6 GHZ Up to 10 Gbps About 1000 ft AMI, Demand
response Privacy and security Very much

higher

The emergence of intelligent cities in the world is encountered chiefly to preserve
the privacy and security of data involving big data analytics. Without the authorization
of the owner’s privacy, accessing data generated in smart cities will not be legal. In this
case, personal data acquisition can be encouraged to motivate data owners by promoting
incentives via an intelligent contract that provides privacy. Estonia introduced the world’s
first “data embassy” which can be operated from data centers outside of Estonia for reliable
operation and to restrict potential cyber-attacks [229].

On top of this, the unveiling of the new innovative technology called blockchain
is now the key to the data-driven world. The usage of blockchains is booming rapidly,
with a market size of USD 3 billion to 39.7 billion by 2025 [1]. The integration of the
constrained application protocol (CoAP) for the sending and receiving of data in IoT
systems minimizes the power consumption of IoT devices with datagram transport layer
protection (DTLS) security and the usage of CoAP in the intelligent building. However, that
is less than the message queuing telemetry transport case (MQTT). The aim is to integrate
the DTLS protocol with the secure hash algorithm (SHA-256) using optimization to improve
security [230].

The essential features of blockchain are seamless authentication, privacy, secu-
rity, effortless deployment, and maintenance. Smart cities are required to modernize
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their buildings by implementing home automation with decarbonization and improved
consumer security and privacy. The demonstration focuses on future energy manage-
ment research by highlighting the key emerging areas, namely context-aware energy
management, energy management for smart homes and grids, and the role of privacy
preservation in IEMS. One paper addressed the technical challenges and possible solu-
tions for their implementation in IEMS and also summarized the future perspectives
to make the system more reliable, robust, and customized [231]. The problems in the
centralized architecture of intelligent building energy management systems (IBEMS)
are, namely, the difficulty of networking between end devices, the lack of flexibility,
and the limited sharing of underlying information. The analysis of the formulation of a
wireless sensor network (WSN) for the power supply, distribution management system,
and design of a network model of the IBEMS can overcome these problems. For the
security purposes of the IBEMS, a blockchain-based dynamic key management strategy
was proposed, and experimental results show the reduction of data storage time and the
space of sensors, which optimizes the control of the IBEMS. Moreover, research results
assist in promoting blockchain technology in the scenario of Ubiquitous Power Internet
of Things (UPIoT) [232]. To make a smart city where the whole area has to be digitalized
by placing sensors everywhere, namely transport, e-health, agriculture, and so on, care
must be taken with data privacy and security [112].

6.6. Emerging Energy Policies

At present, increasing the concentration on imposing energy policies to maximize effi-
ciency with the minimization of generation costs alongside occupant comfort is necessary.
Ensuring the proper utilization of energy requires an energy audit to analyze and compare
them. The energy policy of the DSM must have objectives for emission reduction, energy
security, affordability, and encompass energy efficiency, demand response, one-site backup
generation, and storage [233,234].

Moreover, the energy policy in peninsular Malaysia, by proposing the enhanced time
of use (ETOU), has a subsection of the time-based program by including TOU (enlarged to
ETOU), off-peak tariff rider (OPTR), and Sunday tariff rider (STR). The authors illustrated
that electricity bills are about 0.5% to 12% higher due to improper implementation of load
management (LM) and DSM during ETOU tariff shafting [235]. The proposed strategy
formulation has been demonstrated to DSM in order for valley filling, load clapping, and
load shifting to be implemented. The major commercial and industrial consumers must be
persuaded to use approximately 20–50% of LM based on a price-based program (PBP) [235].
DSM strategies motivate consumers to shift their loads to optimize energy usage—the
motivation is based on two DR classifications, namely incentive and price-based. Whereas
three control techniques have been proposed, namely passive, active, and transactive, only
transactive controllers have bidirectional communication, allowing end-user loads to bid
on their demand. The price is set based on the buyers’ and sellers’ bids [236].

According to the report [117], the guidance of energy traders to design cost-effective
and efficient IEMS and system architecture consists of an admission controller (AC), a
load balancer (LB), and a third layer composed of a demand response manager (DRM)
and load forecaster (LF). Two-way demand response manager communication receives
the critical peak pricing (CCP), TOU, and real-time pricing with predicted demand from
load forecaster. Afterward, the available capacity is found by the admission controller
and then allowed to appliances, otherwise rejecting again to LB, and that is the way to
create a balance between the reduction of the valley falling and load shafting, and make
the load consumption shape stable. A detailed summary of the energy policy is shown
in Table 6.
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Table 6. Energy policy to demand side management.

Ref. Country Programs Challenges Remarks

[235] Malaysia

� Mid peak time has been implanted in time
zone segmentation that consists of 10 h while
peak time segmentation is reduced to 4 h.

� If anyone is registering under the Sunday
tariff rider, the charge for maximum demand
(MD) rate by TNB is not considered.

� Some specific categories of domestic and
commercial consumers receive a discount up
to 10%, and domestic consumers whose
electricity demands are under 300 kWh will
also be eligible for an exemption of 6%
service tax.

� Motivating consumers
requires a significant
amount of effort.

� Consumers and
power plants are
correlated.
Therefore, energy
implementation
policies must also
address consumers’
comfort.

[237–239] UK, EU

� To stimulate the development of energy
labeling, product standards, and certification
of appliances and equipment through the
EU’s energy labeling framework and the
eco-design directive.

� Balance mechanism during peak time by
usage of backup generation, cross-border
interconnection, storage, and DSM.

� It requires consensus
between utility authorities
and consumers or
neighboring countries for
cross-border
inter-connection.

� Inspiring consumers
through
incentive-based
load scheduling
along with the
adoption of smart
control and
monitoring.

[240]

� DSM has been categorized into energy
efficiency (EE), TOU, market DR, physical
DR, spinning reserve (SR), and these are
correlated with smart energy control policy.

� It necessitates an incentive
for agreement between
utility providers
and consumers.

� It can also
encourage the
adoption of RER
and ESS.

[241]

� The policies of ESS are proposed to manage
renewable energy integration and
grid stability.

� ESS can also be used for power backup and
energy arbitrage.

� It will have a larger
investment and
maintenance cost.

� ESS is being
adopted in
developed countries
rather than
developing
countries, as they
have the ability to
afford it and
the expertise.

[242] Bangladesh

� Efficiency improvement of home appliances
and energy saving behavior in the residential
sector would reduce consumption by about
50.7%, as shown in the Energy Efficiency and
Conservation Master Plan (EECMP)
of Bangladesh.

� It has the limitations of the
existing technology in the
developing world.

� Inspiring best
practices of
energy-saving
behavior using print
media and
social networking.

[243] Singapore
� The three main DSM strategies in Singapore

are the TOU price, real-time price, and direct
DR program.

� There is no linearity that
might affect the consumer.

� Rooftop solar, ESS,
and real-time load
control can be
implemented
for DSM.

[244] USA
� Using a battery is a promising solution to

mitigate peak demand under a real-life tariff
model in New York City.

� A longer payback period can
create barriers for a wide
scale of adaption.

� It can be developed
based on a battery’s
life cycle cost
assessment and
degradation cost of
the battery.

[245] Kuwait � Incentive-based demand response programs
can be considered in Kuwait.

� It is dependent on the
consumer consensus.

� Existing electric grid
requires upgrading to a
smart grid.

� Solar energy and
batteries can be
emerging solutions
to DSM in Kuwait.

[246,247] China

� In 2015, the central government of China
provided 100 CNY/kWh for temporary peak
load reduction using incentive-based DR in
Beijing, Jiangsu, and Foshan provinces.

� Incentives are not enough to
recover the cost of shifting
and reducing loads.

� The power sector of
China can be
reformed by
increasing the
integration of
renewable energy
on both the
generation and
demand sides.
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Table 6. Cont.

Ref. Country Programs Challenges Remarks

[248] India

� Highly concentrated on peak reduction in
DSM programs in India, whereas agriculture
and small-scale industries are heavily
subsidized. National electricity policy also
emphasizes periodic energy audits, labeling,
and standardization of appliances for
voluntary and self-regulatory initiatives.

� Several obstacles are
impeding the
implementation of DSM
programs, and these
obstacles must be identified
and overcome for India’s
DSM potential to be
fully realized.

� However, such rules
must be updated,
and regulatory
mechanisms must
be developed to
encourage utility
companies to
implement DSM
programs on a
greater scale.

[249] South
Africa

� The adoption of dynamic pricing for 100%
household participation saves roughly ZAR
3,115,047 per day compared to TOU pricing
in South Africa.

� DSM has been found to alleviate poverty by
lowering household power expenses by 1.2%,
1.5%, and 2.9% on a monthly basis for
households with 100%, 50%, and 30%
involvement, respectively.

� The fact that pseudo-peaks
could be formed during
periods of lower electricity
rates, which could disrupt
grid operation if demand
exceeds supply capacity, is a
disadvantage of using the
TOU pricing structure.

� In South Africa,
there is a potential
opportunity for
solar energy on both
the supply and
demand sides.

[250] Brazil

� To encourage peak load reduction in Brazil, a
set of levies was created for large consumers.
To do so, consumers were divided into two
categories: consumers with high voltage
access and low-voltage-access consumers.

� Both tariffs are intended to reduce peak load
consumption by moving load to off-peak
hours or replacing generation.

� The main problem with
these schemes for large
consumers is that they may
have inflexible loads during
peak periods which
encourage the consumers to
have self-generation using
fossil fuels.

� DSM treatments
may create some
consumer
dissatisfaction,
necessitating habit
modifications in
people who
are affected.

[251] Australia

� Australia promotes demand-side
opportunities by focusing on improving
energy efficiency, the substitution of energy
sources, load shifting, and peak shaving.

� To overcome the lack of
consumer acceptance,
awareness, and technical
barriers to DSM.

� The consumer’s
preference must
be prioritized.

[252,253] Thailand

� In Thailand, from 2003–2017, the use of
energy efficiency programs and efficient
power generation technologies would reduce
CO2 by 8.4%.

� High investment costs.

� Price- or
incentive-based
tariffs can
be adopted.

[254] Indonesia

� Indonesia will reduce electricity demand by
5.2% in 2025 using lighting efficiency
improvements in Java–Madura–Bali
(Jamali) Islands.

� Less public awareness,
financial limitations.

� It might be achieved
if it receives support
from the Indonesian
government and
the people.

7. Discussion and Conclusions

Following existing main issues in current research on BEMS, the corresponding sug-
gestions are given, which can stimulate further research.

• Finding the best location for PV installation in terms of building density may not be
optimal for mutual occlusion, reflecting the congestion of buildings in urban areas.
Hence, BIPV technology can be implemented in buildings. In addition, it is required
to focus on monitoring and controlling loads in real-time to save the significant
energy consumption deliberately wasted by human behavior, along with an increasing
awareness of energy utilization.

• Many researchers discussed the application of the IoE to BEMS but did not mention the
assessment of cyber-attacks with an increasing threat to national security. Therefore,
further studies can be conducted for multi-storied buildings because there will be
many sub-controllers based on the central controller, handling large amounts of data
to preserve privacy and security.

• An in-depth investigation is required to optimize the IEMS according to occupant
comfort, considering all indoor air comfort index parameters such as thermal, visual,
acoustic, and air quality properties.

• Many authors provided an overview of artificial intelligence (AI) and deep learning
techniques, whereas they did not provide the outline of the best configuration in terms
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of computational time and error in BEMS. More research is required to profoundly
improve the performance of optimization algorithms with less computation time and
error that might respond accordingly to consumer needs over time.

• Passive design solutions are undeniably important for reducing energy use and im-
proving human comfort. Many green architects use passive design as part of their
sustainable design strategy. However, because of temperature and density, passive de-
sign should be cautiously applied in existing building retrofits in hot–humid climates
with crowded urban environments, taking into account cost and effectiveness [74].

• As renewable energies are intermittent, more emphasis should be given to finding the
optimum sizing of RER and battery storage to minimize the initial and maintenance
costs, which is the key way to approaching consumers for the encouragement of
adopting BEMS.

This review paper has comprehensively extracted the contribution of BEMS to cur-
tail load profile with optimization control, by introducing energy policies. As a result,
significant energy savings may lead to sustained initiative, and the installation of new
power plants, as an emerging technology that can perform decarbonization in an intelligent
building with the optimization of self-generation and self-scheduling, and introduction of
the prosumer. However, the impact of optimizing building energy management on SDGs
must also be assessed as SDGs address global concerns. Building energy-saving strate-
gies can save a significant amount of energy, which is beneficial to reducing a building’s
negative environmental effects and enhancing its sustainability. Therefore, the primary
data, findings, analysis, and recommendations gleaned from this evaluation could be quite
useful in building and implementing an optimum controller in the case of BEMS to design
energy-efficient buildings.
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Abstract: The generation of mathematical models for the analysis of buildings with multiple thermal
zones is a large and complex task. Furthermore, the order and complexity of the dynamical model are
increased by the number of included thermal zones. To overcome this problem, this paper presents
an algorithm to define the mathematical model automatically, using the geometric and physics
parameters as inputs. Additionally, the spatial position of each thermal zone must be recorded in
an arrangement called a contact matrix. The algorithm for modeling systems with multiple thermal
zones is the main contribution of this work. This algorithm is presented in pseudocode format and as
an annex, an implementation in MATLAB software. One of the advantages of this methodology is
that it allows us to work with parallelepipeds and not necessarily cubic thermal zones. The algorithm
allows us to generate mathematical models with symbolic variables, starting from the knowledge
of how many thermal zones compose the system and its geometric organization. This information
must be organized in a matrix arrangement called a contact matrix. Different arrays of thermal zones
were constructed with wooden boxes to verify the functionality of the models generated with the
algorithm. Each case provided information that allowed us to adjust the mathematical models and
their simulations, obtaining a range of errors between experimental and simulated temperatures from
2.08 to 5.6, depending on the number of thermal zones studied.

Keywords: buildings; lumped parameters; algorithm; mathematical model; experimental tests;
reduced-scale models

1. Introduction

Building modeling is an increasingly important field of research. In the last decade,
several papers have been published in this field [1–4]. This increase has been driven in part
by international agreements for environmental protection, such as the Kyoto Protocol [5]
and the Paris Agreement [6]. Countries participating in this agreement have committed to
formalizing various policies to reduce energy consumption and CO2 emissions, especially
in cities and buildings, which, according to additional research, can consume up to 40% of
the annual energy production. [7–9].

The energy consumption in buildings depends on different factors, such as occupant
activity [9] and heating, ventilation and air conditioning (HVAC) systems [10], among
others. However, to understand the causes of energy consumption, buildings must be
studied individually, taking into account the minimum spaces and energy requirements to
ensure occupant comfort [11,12]. In this sense, mathematical models and simulators play
an essential role, allowing researchers to analyze different configurations and situations in
buildings, including huge interior spaces in buildings [13] or green roofs [14].
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Regarding tools and strategies to generate and study the mathematical models of
buildings, several works have been carried out [15–18]. Many works use specific simulators
such as Energy Plus [19], Contam [20] and Trnsys [21] to understand and model problems
such as choosing the best cooling system, airflow and energy savings [4,10,11]. These issues
are considerably more complex if the building has multiple thermal zones. Papers such as
in [22,23] mention the use of machine learning strategies to tackle these problems.

In different investigations, the lumped-parameter technique (LPM) is used to an-
alyze thermal zones [7,13]. This technique allows a deeper numerical understanding
of the thermal behavior in a closed enclosure, as it allows the user to generate a clear
mathematical model, where each term can be explained and studied individually. These
models are known as gray-box models and are the equivalent of the black-box models
used by academic simulators that do not clearly show the mathematical model used for the
simulation [24–26].

The LPM makes it possible to generate an equivalent electrical circuit to analyze a
thermal zone and, using Kirchhoff’s laws, to define a mathematical model [27–30]. The
order of the model depends on the number of resistors and capacitors used for each wall.
However, the size and model requirements increase with the number of thermal zones
studied. The need to consider multiple interacting thermal zones arises when studying
more realistic buildings, such as residential houses or apartments. [31–34].

Figure 1 shows different combinations of thermal zones, providing a complex heat-
and air-transfer modeling problem. In this paper, an algorithm for modeling multiple
thermal zones is presented. The algorithm can be extended to consider as many zones as
necessary, requiring only the geometrical and physical parameters and information about
the spatial position of each zone. The proposed methodology is not limited to thermal
zones having a square geometry. This is a problem presented in similar algorithms [35]. In
addition, the algorithm presented in [32] showed a statistical model for multiple thermal
zones, but that type of algorithm uses a complex nomenclature and may be more difficult
to use than the proposed methodology. Other works presented algorithms for modeling
but were limited by the geometry, excessive information requirements and mathematical
complexity [15,36,37].

Figure 1. Multiple thermal zones located next to each other.

The paper is organized as follows: Section 2 is devoted to describing the different
organizations of the thermal zones, classified into cases. The description of the algorithm is
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given in Section 3. An experimental verification of the different mathematical models is
presented in Section 4. Finally, conclusions and future work are presented in Section 6.

2. Mathematical Model

The lumped-parameter technique (LPM) represents the thermal zones with an RC
circuit and defines a mathematical model using circuit analysis strategies. The size of the
mathematical model can change depending on the structure used. The structure presented
in Figure 2 was used in previous work, showing a good behavior and adaptability, and
thus was used as equivalent for each thermal zone studied in this work [37–39].

Figure 2. Circuit for a single thermal zone.

The resistance and capacitors are calculated as a function of the geometric and physical
parameters of the thermal zones, such as wall dimensions (L for thickness and A for surface
area), density (ρ), thermal conductivity (kt) and specific heat (Ce). Equations (1)–(6) show
the relationships for each surface. The subscripts i and j have a key function: i represents
each wall in the thermal zone. Because of that, i = 1, 2, . . . , 6 in all the cases. Furthermore,
the subscript j represents the number of analyzed thermal zones (m), so j = 1, 2, . . . , m.

Ri,j =
Li,j

2kti,j Ai,j
(1)

Rinj =
1

hij Ai,j
(2)

Rexj =
1

hej Ai,j
(3)

Rwj =
∏6

k=1(Rk,j + Rinj)

∑6
i=1 ∏6

k=1

Rk,j+Rinj
Ri,j+Rinj

(4)

Cwj =
6

∑
i=1

ρiCei AiLi (5)

Crj = ρaCeaVa (6)
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The resistance Ri,j represents the thermal resistance of the exterior half-wall and can be
extended to include heat transfer to the surroundings by adding Equation (2) for cases
where the surface is exposed to outside air. The resistance Rwj corresponds to the parallel
reduction of the resistances of the inner half-walls. The constants hi and he are the heat
transfer coefficients between the walls and the indoor and outdoor air, respectively. These
values must be adjusted to each specific environmental situation [40,41]. Finally, Cwj and
Crj are used to represent the thermal capacity of the walls and internal air, respectively.

Traditionally, the process of developing a mathematical model using LPM consists of
three stages:

1. The identification of geometrical and physical parameters of the thermal zones, in-
cluding internal loads.

2. RC circuit construction and the calculation of resistors and capacitors
3. Define the equations of the dynamic system, using the theory of energy flow transfer.

These three steps can be arduous if the system includes several thermal zones. In
addition, this section represents the final two steps of the analysis of a thermal zone with
different spaces.

2.1. Case 1: A Single Thermal Zone (m = 1)

To facilitate understanding of the notation, the same wall numbering is always used
in the remainder of this paper. Figure 3 shows the chosen assignment, taking the front and
back faces as walls one and two, the right and left walls are denoted by walls three and
four. Meanwhile, surfaces five and six are the top and bottom surfaces, respectively.

Figure 3. Numbering of the walls in a thermal zone.

The circuit for the single thermal zone case is presented in Figure 2. Using classical
electrical circuit analysis strategies, Equations (7) and (8) were defined, where Tw and T
represent the wall and indoor-air temperature, respectively.

Cw1 ˙Tw1 =
T1

Rw1
− Tw1

(
1

R1,1
+

1
R2,1

+
1

R3,1
+

1
R4,1

+
1

R5,1
+

1
R6,1

+
1

Rw1

)
+

(
1

R1,1
+

1
R2,1

+
1

R3,1
+

1
R4,1

+
1

R5,1

)
Texterior +

Tground

R6,1
(7)

Cr1Ṫ1 = − T1

Rw1
+

Tw1

Rw1
(8)

The state variable for this case can be shortened to X =
[
Tw1 T1

]T , the inputs to the system
are the ambient temperature denoted by Texterior and the ground temperature denoted by
Tground; for the specific situation where the thermal zone is separated from the ground, the
ground temperature must be substituted for the environmental temperature. In addition,
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Equation (8) can be extended to include thermal loads by adding the term ±Q, taking Q
as the power of the load, positive when the load is a heating load, and negative when the
load is a cooling system. This case was studied in previous works and was not analyzed in
depth in this paper [40,42].

2.2. Case 2: Two Thermal Zones (m= 2)

Figure 4 shows the spatial location of the thermal zones. In this configuration, surface 3
of zone 1 is in contact with surface 4 of zone 2, according to the numbering presented in
Figure 3.

Figure 4. Two thermal zones.

For the case with two thermal zones, the circuit presented in Figure 2 must be extended
to include the second thermal zone; Figure 5 shows the new circuit, taking Tw2 and T2 as
the temperatures for the second zone. Using the circuit for two thermal zones it is possible
to derive Equations (9) to (12).

Figure 5. Circuit for a thermal zone with two places.
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Cw1 ˙Tw1 =
T1

Rw1
−
(

1
Rw1

+
1

R1,1
+

1
R2,1

+
1

R4,1
+

1
R5,1

+
1

R6,1
+

1
R3,1 + R4,2

)
Tw1

+
Tw2

R3,1 + R4,2
+

(
1

R1,1
+

1
R2,1

+
1

R4,1
+

1
R5,1

)
Texterior +

Tground

R6,1
(9)

Cr1Ṫ1 = − T1

Rw1
+

Tw1

Rw1
(10)

Cw2 ˙Tw2 =
T2

Rw2
−
(

1
Rw2

+
1

R1,2
+

1
R2,2

+
1

R3,2
+

1
R5,2

+
1

R6,2
+

1
R4,2 + R3,1

)
Tw2

+
Tw1

R4,2 + R3,1
+

(
1

R1,2
+

1
R2,2

+
1

R3,2
+

1
R5,2

)
Texterior +

Tground

R6,2
(11)

Cr2Ṫ2 = − T2

Rw2
+

Tw2

Rw2
(12)

For this case, the state variables are X = [Tw1 T1 Tw2 T2]
T and the system inputs

are the same as in case 1. Analyzing this mathematical model, it is easy to deduce the
relationship between the size of the mathematical model (N) and the number of thermal
zones. Using the relation N = 2m, the size of the dynamic system can be known in
future cases.

2.3. Case 3: Three Thermal Zones (m = 3)

The organization of three thermal zones is presented in Figure 6. In this case, thermal
zone 1 is next to two independent zones, zone 2 on the left and zone 3 on the right.

Figure 6. Three thermal zones.

Following the same process described in the two previous cases, the circuit designed
for this configuration is presented in Figure 7. Resistors three and four in zone 1 are
dedicated to linking the first thermal zone to the adjacent zones. Six differential equations
(N = 6) are required to model this circuit, which are derived and presented in the following
set of equations:

Cw3 ˙Tw3 =
T3

Rw3
−
(

1
Rw3

+
1

R1,3
+

1
R2,3

+
1

R3,3
+

1
R4,3 + R3,1

+
1

R5,3
+

1
R6,3

)
Tw3

+
Tw1

R4,3 + R3,1
+

(
1

R1,3
+

1
R2,3

+
1

R3,3
+

1
R5,3

)
+

Tground

R6,3
(13)

Cr3Ṫ3 = − T3

Rw3
+

Tw3

Rw3
(14)
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Cw2 ˙Tw2 =
T2

Rw2
−
(

1
Rw2

+
1

R1,2
+

1
R2,2

+
1

R3,2 + R4,1
+

1
R4,2

+
1

R5,2
+

1
R6,2

)
Tw2

+
Tw1

R3,2 + R4,1
+

(
1

R1,2
+

1
R2,2

+
1

R4,2
+

1
R5,2

)
Texterior +

Tground

R6,2
(15)

Cr2Ṫ2 = − T2

Rw2
+

Tw2

Rw2
(16)

Cw1 ˙Tw1 =
T1

Rw1
+

Tw2

R4,1 + R3,2
+

Tw3

R3,1 + R4,3
+

(
1

R1,1
+

1
R2,1

+
1

R5,1

)
Texterior

−
(

1
Rw1

+
1

R1,1
+

1
R2,1

+
1

R3,1 + R4,3
+

1
R4,1 + R3,2

+
1

R5,1
+

1
R6,1

)
Tw1 +

Tground

R6,1
(17)

Cr1Ṫ1 = − T1

Rw1
+

Tw1

Rw1
(18)

Figure 7. Circuit for a thermal zone with three places.

For this case, Tw3 and T3 correspond to the temperatures of the third thermal zone. In this
model, the central thermal zone is influenced by the adjacent zones. This means that each zone
can be affected by a maximum number of 6 thermal zones in the current configuration.

2.4. Case 4: Four Thermal Zones (m = 4)

The last case study is present in Figure 8; in this configuration, thermal zone 1 is
influenced by the three adjacent thermal zones, using surfaces 1, 3 and 4 as contact areas
and reducing the ambient temperature over the central zone.
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Figure 8. Four thermal zones.

The equivalent circuit for this configuration is shown in Figure 9. In this structure, it
is evident that zones 2, 3 and 4 have no effect on each other. The only relationship is an
indirect one, using zone 1 as a conductance.

Figure 9. Circuit for a thermal zone with four places.

The mathematical model established for this case is present in Equations (19)–(26); it
should be noted that only Equation (25) includes the wall temperature of all zones, allowing
this zone to be a driver of the indirect relationship between adjacent zones.

Cw4 ˙Tw4 =
T4

Rw4
−
(

1
Rw4

+
1

R1,4
+

1
R2,4 + R1,1

+
1

R3,4
+

1
R4,4

+
1

R5,4
+

1
R6,4

)
Tw4

+
Tw1

R2,4 + R1,1
+

(
1

R1,4
+

1
R3,4

+
1

R4,4
+

1
R5,4

)
Texterior +

Tground

R6,4
(19)

Cr4Ṫ4 = − T4

Rw4
+

Tw4

Rw4
(20)
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Cw3 ˙Tw3 =
T3

Rw3
−
(

1
Rw3

+
1

R1,3
+

1
R2,3

+
1

R3,3
+

1
R4,3 + R3,1

+
1

R5,3
+

1
R6,3

)
Tw3

+
Tw1

R4,3 + R3,1
+

(
1

R1,3
+

1
R2,3

+
1

R3,3
+

1
R5,3

)
Texterior +

Tground

R6,3
(21)

Cr3Ṫ3 = − T3

Rw3
+

Tw3

Rw3
(22)

Cw2 ˙Tw2 =
T2

Rw2
−
(

1
Rw2

+
1

R1,2
+

1
R2,2

+
1

R3,2 + R4,1
+

1
R4,2

+
1

R5,2
+

1
R6,2

)
Tw2

+
Tw1

R3,2 + R4,1
+

(
1

R1,2
+

1
R2,2

+
1

R4,2
+

1
R5,2

)
Texterior +

Tground

R6,2
(23)

Cr2Ṫ2 = − T2

Rw2
+

Tw2

Rw2
(24)

Cw1 ˙Tw1 =
T1

Rw1
+

Tw2

R3,2 + R4,1
+

Tw3

R3,1 + R4,3
+

Tw4

R1,1 + R2,4
+

(
1

R2,1
+

1
R5,1

)
Texterior

−
(

1
Rw1

+
1

R1,1 + R2,4
+

1
R2,1

+
1

R3,1 + R4,3
+

1
R4,1 + R3,2

+
1

R5,1
+

1
R6,1

)
Tw1

+
Tground

R6,2
(25)

Cr1Ṫ1 = − T1

Rw1
+

Tw1

Rw1
(26)

The process described in this section is traditionally used to analyze single and multiple
thermal zones [26,40]. In all cases, the model must be adjusted to reproduce the experi-
mental measurements, which can be a complex task depending on the size of the model
and the number of parameters considered. In this section, different numbers of thermal
zones were presented, starting with a single m = 1 zone up to m = 4, moving from a 2× 2
to an 8× 8 system, increasing the tuning complexity and allowing for a more significant
percentage error with respect to the experimental data.

3. Algorithm Design

The mathematical models presented in Section 2 and constructed manually require
time and effort, but in the case of changes in the position of the thermal zones, steps 2 and
3 must be repeated.

A mathematical modeling algorithm was developed to avoid this problem, using the
evidenced pattern. A pair of differential equations was added to the system for each thermal
zone in all cases. The structure of these equations is presented in Equations (27) and (28).
In this structure, the coefficients α, β and φ, which correspond to the impact of adjacent
zones, the environment and the ground temperature in each zone, must be calculated.

Cwj ˙Twj =
Tj

Rwj
+

m

∑
z=1

αzTwz + βTexterior + φTground (27)

CrjṪj = −
Tj

Rwj
+

Twj

Rwj
(28)

To capture the spatial organization of the thermal zones, a matrix called a contact matrix
was used. This matrix had the dimensions m× 6; each row recorded the information of a
different zone, thus the first row had information about zone 1, the second row about the
second thermal zone, continuing up to the last thermal zone in row m.
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The columns in the contact matrix maintained the surface numbering described in
Figure 3, using column 1 to indicate whether there was a thermal zone adjacent to the
front surface, column 2 to record the existence of a thermal zone on the rear surface and
continuing this assignment for all six surfaces; in case there was no adjacent thermal zone,
the elements in the column for these directions were replaced by zero.

u =

⎡⎢⎢⎢⎣
u1,1 u1,2 u1,3 · · · u1,6
u2,1 u2,2 u2,3 · · · u2,6

...
...

. . .
...

um,1 um,2 um,3 · · · um,6

⎤⎥⎥⎥⎦ (29)

Equation (29) illustrates the structure of the contact matrix. Using the thermal zone config-
urations presented in Section 2, the contact matrices were built:

um=1 =
[
0 0 0 0 0 0

]
(30)

um=2 =

[
0 0 0 2 0 0
0 0 1 0 0 0

]
(31)

um=3 =

⎡⎣0 0 3 2 0 0
0 0 1 0 0 0
0 0 0 1 0 0

⎤⎦ (32)

um=4 =

⎡⎢⎢⎣
4 0 3 2 0 0
0 0 1 0 0 0
0 0 0 1 0 0
0 1 0 0 0 0

⎤⎥⎥⎦ (33)

We had zone 4 adjacent to wall 1, so element u(1, 1) was 4; zone 3 was adjacent to the right
surface in zone 1 and for this reason, u(1, 3) was 3; and applying the same logic, zone 2 was
adjacent to the left surface in zone 1, so u(1, 4) = 2. The zeros represented the surfaces not
connected to the thermal zones in the contact matrix. Rows 2, 3 and 4 contained information
about zones 2, 3 and 4. In these cases, the only adjacent zone was zone 1; for this reason,
most of the spaces were filled with zeros, and the position of zone 1 indicated the position
of the first thermal zone with respect to the current zone.

Using the number of thermal zones m, the contact matrix u, the resistances Ri,j and
the geometrical and physical parameters as inputs, Algorithm 1 was used to determine the
differential equations for modeling the multiple-thermal-zone system.

The objective of the algorithm was to generate a pair of equations for each thermal zone,
so the β, φ and α coefficients had to be determined for each pair of equations. However,
they were initially assumed to be zero, and using the information from the contact matrix,
they were recalculated.

The coefficient β represented all surfaces in contact with the outside air and contained
the sum of the corresponding resistances. The coefficient φ was exclusively dedicated
to regulate the heat transfer with the ground. Finally, the coefficients α summarized the
influence of adjacent thermal zones on the current zone. However, there was a special case,
the condition for i = j, where this coefficient summarized the impact of the thermal walls
on the interior temperature. In case of walls without connection with other thermal zones,
only their own resistance was considered; for this purpose, the δ function was used, using
the following behavior:

δ(x) =
{

1 �→ x = 0
0 �→ ∀x �= 0

(34)

The constant k1 grouped resistors for the walls with no connection to other zones, while
the constant k2 grouped resistors with adjacent zones.
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Algorithm 1 Algorithm to design differential equation systems for multiple thermal zones
inputs: Contact matrix (u); number of thermal zones (m); Resistances (Ri,j); Geometric and

physic parameters
for i = 1 : m do

initialization βi = 0; φi = 0; α1−6,i = 0

Rwi =
∏6

k=1 Rk,i

∑6
j=1 ∏6

k=1
Rk,i
Rj,i

Cwi = ρiCei AiLi
Cri = ρaCeaVi
for s = 1 : 5 do

if u(i, s) == 0 then

βi = βi +
1

Rs,i

end

end
if u(i, 6) == 0 then

φi =
1

R6,i
end
for q = 1 : 6 do

if u(i, q) > 0 then
if mod(q) == 0 then

αu(i,q),i =
1

Rq,i+Rq−1,u(i,q)

else

αu(i,q),i =
1

Rq,i+Rq+1,u(i,q)

end

end

end

k1 = 1
Rwi

+ δ(u(i,1))
R1,i

+ δ(u(i,2))
R2,i

+ δ(u(i,3))
R3,i

+ δ(u(i,4))
R4,i

+ δ(u(i,5))
R5,i

+ δ(u(i,6))
R6,i

k2 = 1−δ(u(i,1))
R1,i+R2,u(i,1)

+ 1−δ(u(i,2))
R2,i+R1,u(i,1)

+ 1−δ(u(i,3))
R3,i+R4,u(i,3)

+ 1−δ(u(i,4))
R4,i+R3,u(i,3)

+ 1−δ(u(i,5))
R5,i+R6,u(i,5)

+ 1−δ(u(i,6))
R6,i+R5,u(i,5)

αi,i = −(k1 + k2)

Result:

{
Cwi ˙Twi =

Ti
Rwi

+ ∑m
z=1 αz,iTwz + βiTexterior + φiTground

CriṪi = − Ti
Rwi

+ Twi
Rwi

end

4. Experimental Development

To evaluate the behavior of the algorithm, a set of experimental tests was executed.
Each test was designed to verify the different cases modeled in section two. These mod-
els were corroborated by the algorithm presented. The algorithm was programmed in
MATLAB software and its results are presented in Appendix A.

The case study selected to evaluate the mathematical models was that of multiple
thermal zones made with balsa wood. The physical and geometrical parameters are shown
in Table 1.

We used x, y and z as the horizontal length, depth and height of the thermal zone. Ld
and Lw represented the door and wall thickness, respectively. The physical parameters
were the density (ρ), specific heat (Ce) and thermal conductivity (kt) [43].

The experiment was run in various stages, increasing the number of thermal zones
according to the case studies. In all cases, thermal zone 1 was equipped with an internal
heating load. Figure 10 shows a 100 W incandescent bulb as the heat source.

Figure 11 shows the construction of multiple thermal zones according to cases 2, 3 and 4.
In addition, each thermal zone had a DHT11 temperature sensor to record the internal
temperature, and an additional sensor was dedicated to recording the ambient temperature.
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Table 1. Physical and geometrical parameters.

Geometrical Parameters

x y z Ld Lw

0.111 m 0.111 m 0.2 m 0.005 m 0.008 m

Physical Parameters

ρ Ce kt

150.7485 kg
m3 3.0512 kJ

kg·°C 0.1882 kJ
m·h·°C

(a) (b)

Figure 10. Thermal zone 1 with internal heating load. (a) Single thermal zone. (b) Single thermal
zone with internal load.

(a) (b)

(c)

Figure 11. Thermal zones for cases 2, 3 and 4 with internal heating load. (a) Case 1. (b) Case 2.
(c) Case 3.

The tests were conducted between 22 and 25 March 2021. Four databases were
constructed, one for each case, in which charging processes were carried out with the
internal heat source activated for 5 min then turned off and the thermal zones allowed to
discharge, releasing the heat to the environment for 30 min.
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Tuning Process

In order for the mathematical model to represent the phenomenon under study, a
tuning process was carried out. The tuning process had two parts, the first one consisted
of calculating fixed values, such as conduction resistances and thermal capacities. These
parameters depended on fixed characteristics, such as geometrical and physical characteris-
tics. The second part was dedicated to tuning the variable parameters, i.e., the heat transfer
coefficients he and hi. Each surface could calculate these coefficients, but in this work, it
was assumed that all surfaces in a single thermal zone had the same coefficients he and hi.

The pattern search algorithm was used to adjust the heat transfer coefficients, taking
as objective function the error between the experimental data and the simulated results.
The fitting process was performed for the loading and unloading phases independently,
allowing a different set of coefficients for each phase and thermal zone.

Using the experimental database, the model was fitted for case 1. The results are
presented in Figure 12, using a red line to represent the experimental data. The blue line
represents the simulated results and finally, the green line is used to represent the ambient
temperature. In that case, the error rate between experimental data and simulations was
2.0896% over 3 h of processing.
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Figure 12. Experimental and simulated results for a single thermal zone.

Figure 13 shows the internal temperatures for two thermal zones, case 2. The blue and
red lines represent the experimental and simulated temperature for zone 1. In addition,
the green and black lines denote the experimental and simulated internal temperature in
zone 2. In this case, the objective function used for the tuning process was the sum of the
experimental and simulated results for each zone, i.e., Fobjective = e1 + e2, using e1 as the
percentage error for zone 1 and e2 the error for zone 2. The errors obtained were 2.94% and
2.97% for zone 1 and zone 2, respectively.
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Figure 13. Experimental and simulated results for a double thermal zone.

The results of the study on case 3 are presented in Figure 14. In that graph, the first
row represents the internal temperature for zone 1, using the blue line for the simulation
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and the red line for the experiment, and the green line illustrates the environmental
temperature. Similarly, the second and third rows represent the simulated and experimental
temperatures for zones 2 and 3, respectively. For the case m = 3, the objective function
used was Fobjective = ∑m

i=1 ei, considering the error rate simultaneously for the three zones
and obtaining e1 = 3.97%, e2 = 3.7% and e3 = 4.88% for each thermal zone.

The last case studied (m = 4) is presented in Figure 15. In that figure, the first row
shows the temperature for thermal zone 1, the second, third and fourth rows are dedicated
to thermal zones 2, 3 and 4, respectively. The blue line corresponds to the simulation and the
red line to the experimental results. The green lines represent the ambient temperature. The
errors between the experimental and simulated temperature were e1 = 4.37%, e2 = 5.6%,
e3 = 4.86% and e4 = 4.9%.
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Figure 14. Experimental and simulated results for three thermal zones.
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Figure 15. Experimental and simulated results for four thermal zones.

The mathematical model was tuned for the charging and discharging process. Table 2
shows the coefficients for the charging phase, explaining the coefficients used in each case.
Similarly, Table 3 shows the heat transfer coefficients for the discharge process.

112



Energies 2023, 16, 2247

Table 2. Heat transmission coefficients for the charging process.

hi ( kJ
h·m·K) he ( kJ

h·m·K)

Zone 1 2 3 4 1 2 3 4

Case 1 86.9 0 0 0 12.36 0 0 0

Case 2 34.88 0.0022 0 0 12.29 58.77 0 0

Case 3 179.54 0.0047 0 0 2.75 199.9 179.99 0

Case 4 37.44 0.0037 0.0047 0.0047 0.0001 60.95 61.70 103.14

Table 3. Heat transmission coefficients for the discharging process.

hi ( kJ
h·m·K) he ( kJ

h·m·K)

Zone 1 2 3 4 1 2 3 4

Case 1 0.6576 0 0 0 0.0145 0 0 0

Case 2 0.0025 0.001 0 0 3.39 21.45 0 0

Case 3 0.0027 0.0018 0.00027 0 18.65 0.0008 0.8387 0

Case 4 0.0027 0.0008 0.0008 0.0008 0.0008 4.08 1.89 4.67

Figure 16 shows the comparison between the different errors calculated for each case.
In all cases, the chosen objective function (Fobjective = ∑m

i=1 ei) allowed us to simultaneously
tune the multiple heat transfer coefficients seeking to reduce the error between simulation
and experimental results in each case.

Figure 16. Error rate for each zone and case studied.

Considering all error percentages equally valuable implied that all errors were mini-
mized without emphasizing any one. On the other hand, the error obtained, for example
in thermal zone 1, which was reused in all cases, showed a higher error percentage. This
problem could be solved by implementing a function for the fitting process.

5. Discussion

In real applications, most offices and houses are composed of multiple thermal zones
connected by walls, windows or doors. This situation drives research to formulate and use
multiple-thermal-zone models. This paper described an algorithm to generate mathematical
models for systems with equal geometry and materials.

The model used to evaluate the mathematical model was an arrangement of wooden
boxes in a laboratory space with limited sources of error. However, in real applications, the
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system can contain multiple heat sources with fixed and variable power, such as windows,
doors and occupants. In these cases, heat sources can function as new sources of error
that reduce the accuracy of the model and hinder the fitting process. In addition, in
residential or larger buildings, the internal air temperature can vary due to internal and
external phenomena. For example, the stratification produced by the natural organization
of indoor air according to its temperature is especially evident in areas with a high roof.
External conditions can produce a high-convection process on a single wall, resulting in
a temperature imbalance in the thermal zone. This situation can be corrected by using
IR systems or specific ventilation systems that regulate the thermal energy between the
different thermal zones.

6. Conclusions

The study of buildings with multiple thermal zones involves the generation of large
mathematical models. In this work, an algorithm for the automatic generation of mathemat-
ical models was proposed. Initially, a manual process of model generation was presented,
considering four cases.

The paper presented the modeling of four systems with multiple thermal zones used
as case studies. In each case the organization of the thermal zones, the equivalent elec-
trical circuit and the set of differential equations that represented them were described.
The calculation process for all elements of the equivalent electrical circuit was described,
including fixed physical parameters such as density, conductivity and specific heat. Addi-
tionally, variable physical parameters such as convection coefficients were included, which
depended on the conditions under which the experiment was recorded and therefore had to
be adjusted for each case. The objective of this process was to demonstrate the complexity
of analyzing systems with multiple thermal zones and then compare it with the use of the
proposed algorithm.

The proposed algorithm was designed to use the growth pattern in the previously
calculated differential equations and allowed us to directly formulate the set of differential
equations without drawing the equivalent circuit and circuit analysis. The main input of
the algorithm was the contact matrix, an array containing the geometric position of all
individual zones according to the nomenclature defined in this article.

A set of experimental tests was used to calibrate the mathematical model generated by
the proposed algorithm. These experiments were based on thermal zones with balsa wood
for the walls and an internal heat source to ensure energy transfer between the different
thermal zones and the environment. The experiments were conducted indoors to reduce the
environmental impact. The four systems with multiple thermal zones studied previously
were experimentally represented. In each case, the individual zones were equipped with
temperature sensors.

The tuning process for the heat transfer coefficient of all thermal zones was carried
out using the error temperature, considering the difference between the simulation and
experimental data. The best error results was about 2.08% for a single thermal zone.
Meanwhile, the maximal error was 5.6% obtained in the case of four thermal zones. That
error increase can be a problem with a bigger number of zones but can be solved using a
better objective function in the tuning process. It is expected to be possible to improve the
tuning process in future works and obtain small errors even if large numbers of thermal
zones are used.

The internal and external convection coefficient were adjusted in each case. The
experiment with a single thermal zone obtained the best error rate between the experimental
data and the simulations, obtaining a 2.0896% error. The second experiment with two
thermal zones yielded an average error of 2.95%. The third experiment showed errors
in each thermal zone of 3.97%, 3.7% and 4.88%. Finally, the experiment with four zones
showed larger errors in each individual zone, reaching an error of 5.6%.

With the appropriate fitting process, the mathematical models generated with the pro-
posed algorithm can represent any combination of thermal zones, providing the information
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is in the format of contact matrices. For the case of systems consisting of parallelepipeds,
the proposed algorithm can be a useful tool.
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Abbreviations

The following abbreviations are used in this manuscript:

HVAC Heat, ventilation and air conditioning
LPM Lumped-parameter model
RC Resistor and capacitor circuit
Nomenclature

A Superficial area m2

Ce Specific heat kJ
kg·K

Cr Air thermal capacity kJ
K

Cw Walls’ thermal capacity kJ
K

e Error rate %
Fobjective Objective function
hi Internal heat convection kJ

h·m·K
he External heat convection kJ

h·m·K
kt Thermal conductivity kJ

h·m2·K
L Thickness m
m Thermal zones number
N Number of equations
R Conduction thermal resistance h·K

kJ
Rin Internal convection resistance h·K

kJ
Rex External convection resistance h·K

kJ
Rw Inner envelope walls h·K

kJ
u Contact matrix
T Internal temperature °C
Tw Walls’ temperature °C
Texterior Environmental temperature °C
Tground Ground temperature °C
α Heat transfer coefficient between zones kJ

h·K
β Heat transfer coefficient with environmental conditions kJ

h·K
φ Heat transfer coefficient with ground kJ

h·K
ρ Density kg

m3
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Appendix A

The algorithm to generate the mathematical models was coded in a Matlab file.
Figures A1 and A2 show the code used for each specific case with different thermal zones and
contact matrices. The algorithm results for each study case are presented in Figures A3–A6. In
all cases, the contact matrix is presented before the mathematical model. These differential
equations are string arrays used for building the mathematical model. For the simulation
process, the resistances and capacitors must be adjusted to real values.

clc 
clear all
m=1; % Number of Thermal zones
u=[0,0,0,0,0,0]; %case 1
%u=[0,0,0,2,0,0;0,0,1,0,0,0];%case 2
%u=[0,0,3,2,0,0;0,0,1,0,0,0;0,0,0,1,0,0];%case 3
%u=[4,0,3,2,0,0;0,0,1,0,0,0;0,0,0,1,0,0;0,1,0,0,0,0]; %case 4
%u=[0,0,2,0,0,0;0,0,3,1,0,0;0,0,4,2,0,0;0,0,5,3,0,0;0,0,0,4,0,0];%case 5
disp(u)% show the contact matrix
%Resistances and capacitors
Rw="Rw"; R="R"; Cw='Cw'; Cr='Cr';
%temperatures
T="T"; Tw="Tw"; Te="Te"; Tg="Tg";
%Mathematical operators and symbols
Ci="("; Cd=")"; ig="="; ma="+"; me="-"; sl="/"; uno="1"; De="D";
%Subscripts
sub1=["1","2","3","4","5","6"];
sub2=1:m;
sub2=string(sub2);
%String arrays for alpha, beta and phi coefficients
alfa=string(zeros(m,m));
beta=string(zeros(m,1));
fi=string(zeros(1,m));
k1=string(); 
SD=string(); %Dynamic system output
for i=1:m
    for s=1:5
        if u(i,s)==0
            Rbeta=strcat(uno,sl,R,sub1(s),sub2(i)); %calculation of beta  
coefficients
            if beta(i,1)=='0'
              beta(i,1)=(Rbeta);%index first beta value
            else
              beta(i,1)=strcat(beta(i,1),ma,Rbeta);%index other beta value
            end
        end
    end
    if u(i,6)==0
        fi(i)=strcat(uno,sl,R,sub1(6),sub2(i)); %calculation of phi coefficients
    end
    for q=1:6
        if u(i,q)>0
            if mod(q,2)==0 %Calculation of alpha coefficients
                alfa(i,u(i,q))=strcat(uno,sl,Ci,R,sub1(q),sub2(i),ma,R,sub1(q-1),
sub2(u(i,q)),Cd);
            else
                alfa(i,u(i,q))=strcat(uno,sl,Ci,R,sub1(q),sub2(i),ma,R,sub1(q+1),
sub2(u(i,q)),Cd);
            end
        end
    end
    for w=1:6% Calculate the alpha coeficient for equal subscripts
       if u(i,w)==0

Figure A1. Code to generate mathematical models (part a).
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           km=strcat(uno,sl,R,sub1(w),sub2(i));
       else
         if mod(w,2)==0
              km=strcat(uno,sl,Ci,R,sub1(w),sub2(i),ma,R,sub1(w-1),sub2(u(i,w)),
Cd);
         else 
              km=strcat(uno,sl,Ci,R,sub1(w),sub2(i),ma,R,sub1(w+1),sub2(u(i,w)),
Cd);
         end
       end
        k1= strcat(k1,ma,km);
   end
      
    alfa(i,i)=strcat(uno,sl,Rw,sub1(i),k1);
    k1=string();  
    Tc=strcat(Cw,sub1(i),De,Tw,sub1(i),ig,T,sub1(i),sl,Rw,sub1(i));
     for x=1:m %Dynamic system organization
        if alfa(i,x)~='0'
            if i==x
                Tc=strcat(Tc,me,Tw,sub2(x),Ci,alfa(i,x),Cd);
            else
                Tc=strcat(Tc,ma,Tw,sub2(x),Ci,alfa(i,x),Cd);
            end
        end
     end
        if beta(i,1)~='0'
            Tc=strcat(Tc,ma,Te,Ci,beta(i,1),Cd);
        end
        if fi(1,i)~='0'
            Tc=strcat(Tc,ma,Tg,Ci,fi(1,i),Cd);
        end
        Tc2=strcat(Cr,sub1(i),De,T,sub1(i),ig,me,T,sub1(i),sl,Rw,sub1(i),ma,Tw,sub1
(i),sl,Rw,sub1(i));
        SD=[SD;Tc;Tc2];
end
SD=SD(2:end)%final dynamic system
 

Figure A2. Code to generate mathematical models (part b).

     0     0     0     0     0     0
 
 
SD = 
 
  2×1 string array
 
    "Cw1DTw1=T1/Rw1-Tw1(1/Rw1+1/R11+1/R21+1/R31+1/R41+1/R51+1/R61)+Te
(1/R11+1/R21+1/R31+1/R41+1/R51)+Tg(1/R61)"
    "Cr1DT1=-T1/Rw1+Tw1/Rw1"
 

Figure A3. Case 1: Mathematical model for a single thermal zone.
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     0     0     0     2     0     0
     0     0     1     0     0     0
 
 
SD = 
 
  4×1 string array
 
    "Cw1DTw1=T1/Rw1-Tw1(1/Rw1+1/R11+1/R21+1/R31+1/(R41+R32)+1/R51+1/R61)+Tw2(1/
(R41+R32))+Te(1/R11+1/R21+1/R31+1/R51)+Tg(1/R61)"
    "Cr1DT1=-T1/Rw1+Tw1/Rw1"
    "Cw2DTw2=T2/Rw2+Tw1(1/(R32+R41))-Tw2(1/Rw2+1/R12+1/R22+1/(R32+R41)
+1/R42+1/R52+1/R62)+Te(1/R12+1/R22+1/R42+1/R52)+Tg(1/R62)"
    "Cr2DT2=-T2/Rw2+Tw2/Rw2"
 

Figure A4. Case 2: Mathematical model for a double thermal zone.

     0     0     3     2     0     0
     0     0     1     0     0     0
     0     0     0     1     0     0
 
 
SD = 
 
  6×1 string array
 
    "Cw1DTw1=T1/Rw1-Tw1(1/Rw1+1/R11+1/R21+1/(R31+R43)+1/(R41+R32)+1/R51+1/R61)+Tw2
(1/(R41+R32))+Tw3(1/(R31+R43))+Te(1/R11+1/R21+1/R51)+Tg(1/R61)"
    "Cr1DT1=-T1/Rw1+Tw1/Rw1"
    "Cw2DTw2=T2/Rw2+Tw1(1/(R32+R41))-Tw2(1/Rw2+1/R12+1/R22+1/(R32+R41)
+1/R42+1/R52+1/R62)+Te(1/R12+1/R22+1/R42+1/R52)+Tg(1/R62)"
    "Cr2DT2=-T2/Rw2+Tw2/Rw2"
    "Cw3DTw3=T3/Rw3+Tw1(1/(R43+R31))-Tw3(1/Rw3+1/R13+1/R23+1/R33+1/(R43+R31)
+1/R53+1/R63)+Te(1/R13+1/R23+1/R33+1/R53)+Tg(1/R63)"
    "Cr3DT3=-T3/Rw3+Tw3/Rw3"

Figure A5. Case 3: Mathematical model for three thermal zones.

     4     0     3     2     0     0
     0     0     1     0     0     0
     0     0     0     1     0     0
     0     1     0     0     0     0
 
 
SD = 
 
  8×1 string array
 
    "Cw1DTw1=T1/Rw1-Tw1(1/Rw1+1/(R11+R24)+1/R21+1/(R31+R43)+1/(R41+R32)
+1/R51+1/R61)+Tw2(1/(R41+R32))+Tw3(1/(R31+R43))+Tw4(1/(R11+R24))+Te(1/R21+1/R51)+Tg
(1/R61)"
    "Cr1DT1=-T1/Rw1+Tw1/Rw1"
    "Cw2DTw2=T2/Rw2+Tw1(1/(R32+R41))-Tw2(1/Rw2+1/R12+1/R22+1/(R32+R41)
+1/R42+1/R52+1/R62)+Te(1/R12+1/R22+1/R42+1/R52)+Tg(1/R62)"
    "Cr2DT2=-T2/Rw2+Tw2/Rw2"
    "Cw3DTw3=T3/Rw3+Tw1(1/(R43+R31))-Tw3(1/Rw3+1/R13+1/R23+1/R33+1/(R43+R31)
+1/R53+1/R63)+Te(1/R13+1/R23+1/R33+1/R53)+Tg(1/R63)"
    "Cr3DT3=-T3/Rw3+Tw3/Rw3"
    "Cw4DTw4=T4/Rw4+Tw1(1/(R24+R11))-Tw4(1/Rw4+1/R14+1/(R24+R11)
+1/R34+1/R44+1/R54+1/R64)+Te(1/R14+1/R34+1/R44+1/R54)+Tg(1/R64)"
    "Cr4DT4=-T4/Rw4+Tw4/Rw4"
 

Figure A6. Case 4: Mathematical model for four thermal zones.
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Abstract: In Europe, the recast of Directive 2018/2001 defined Renewable Energy Communities
as innovative configurations for renewable energy sharing between different end user types. In
this regard, this work aims to assess the benefits following the constitution of a Renewable Energy
Community in the industrial area of Benevento (South of Italy), involving a mixed-use building and
an industrial wastewater treatment plant. The alternative single end users’ configuration has been
also examined, and both solutions have been compared with the current state where the users’ electric
energy requests are fully met by the power grid. The users have been equipped with a 466 kWp

photovoltaic plant, modelled in HOMER Pro®, providing in input experimental meteorological data
(global solar radiation and air temperature) collected by one of the weather control units in Benevento.
Real data about users’ electric energy demand have been gathered from their electricity bills, and
when unavailable their electric load profiles on an hourly basis have been reconstructed based on
the aggregated monthly data. Energy sharing has been proven to increase energy self-consumption
and the users’ self-sufficiency. Annually, the primary energy demand is reduced by 577 MWh
(1.2 MWh/kWp), carbon dioxide emissions by 84 tCO2 and operative costs by 101 kEUR.

Keywords: Renewable Energy Community; industrial districts; dynamic simulation; energy
self-sufficiency; energy sharing; experimental data

1. Introduction

The recent European “Green Deal Industrial Plan” [1] reaffirms the commitment of the
European Union towards the 55% reduction of carbon dioxide (CO2) emissions compared
to the 1990 levels by 2030 [2] and carbon neutrality by 2050 [3] by supporting the roll out
of renewable energy sources (RESs) in the industrial sector. Yet, in 2021, the industrial
sector’s global CO2 emissions amounted to 9.4 GtCO2 and represented one-quarter of the
total (except for indirect emissions due to electricity production for industrial processes) [4].
As such, the industry is nowadays not on track to achieve either the Net Zero Emissions
goal by 2050, or the objectives introduced by the Paris Agreement of the United Nations
Framework Convention on Climate Change [5]. Albeit the increasing investments of
industrial companies, the improvements in energy efficiency, the uptake of low-carbon
technologies and the deployment of RES-based plants are advancing more slowly than
needed [6,7]. Hence, they would require additional support and incentivization by single
countries’ policies [8]. Techno-economic issues especially discourage single small and
medium-sized enterprises from investing in energy efficiency and RESs, thus hindering
the potentialities of these interventions. For instance, the valorization of large unused
surfaces often available in industrial areas through RES-based plants would open up the
opportunity to reinforce the provision of renewable energy in urban centers [9]. In turn,
this solution would increase the social acceptability of industrial parks [10].
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The Clean Energy for All European Package [11] may address these shortcomings. In
2018, the recast of the Renewable Energy Directive (REDII) introduced Renewable Energy
Communities (RECs) [12], just before the Internal Electricity Market Directive [13] was
launched in 2019 defining Citizen Energy Communities. Both directives promote energy
sharing by identifying the novel central and active role of the consumer in the electricity
market and support the spreading of RES-based plants by means of collective energy
initiatives [14,15]. RECs, in particular, can involve different end user types. Indeed, they are
open to voluntary participation, not only of natural persons and local authorities, including
municipalities but also micro, small or medium-sized enterprises. The co-participation of
different user types is beneficial to the performance of RECs [16], since it provides positive
outcomes from the energy, economic and environmental point of view, as already stated
before the definition of RECs in studies assessing the profitability of the load sharing
approach [17]. Broadly speaking, the combination of different load curves increases the gen-
eration plants’ operating hours [18] and results in a smoother aggregated load profile, which
typically lowers the mismatch between energy demand and supply from RES-based plants.
In this regard, a REC involving residential consumers and a winery in the city of Reguengos
de Monsaraz (South of Portugal) has been examined [19], showing that the centralization of
a photovoltaic (PV) plant improves the cost-effectiveness of the investment, but increases
the usage of the electricity distribution grid. The optimal combination of different types of
prosumers in Citizen Energy Communities and RECs has been assessed from the economic
standpoint in [20] being complementarity of loads relevant to the optimal exploitation of
dispatchable and non-dispatchable RESs. In particular, costs may be reduced up to 15–20%
when coupling two prosumers, one belonging to the residential sector and equipped with
a PV plant, and the other belonging to the industrial, agricultural or tertiary sector and
served by an internal combustion engine. The heterogeneity of user types characterizing
an Italian case study has been recognized as having the potential to highly enhance the
flexibility and self-sufficiency of RECs also in [21], where the Schoonschip neighborhood
in Amsterdam (The Netherlands) and the Marsciano Community in Marsciano (Central
Italy) have been compared. The former involves only residential users, whereas the latter
includes a dairy, an engineering studio, a medical center and a household.

As regards industrial areas, they can take advantage of the complementarity of loads
as well, being characterized by energy requests relating to different end-use types, such as
the activation of production processes, service facilities, safety and transportation systems,
as well as the lighting, heating and cooling of office buildings [22]. Hence, the implemen-
tation of RECs in industrial areas may combine the potentialities offered by the growing
integration of RES-based plants with the opportunities relating to the aggregation of com-
plementary loads. The deployment of such configurations within the industrial sector
constitutes a field of research still quite new, although the adoption of collective energy
strategies aimed at supporting the implementation of projects involving multiple firms for
reducing the reliance on fossil energy resources has been widely discussed in the litera-
ture [23,24]. Most scientific works provide insights about industrial and urban-industrial
symbiosis [25,26]. In this framework, the concepts of energy industrial parks, zero-carbon
industrial parks and positive energy industrial parks have been introduced [27,28]. In [29],
the development of a zero-carbon emission industrial park in China has been assessed.
The availability of RESs to fully decarbonize the provision of electric energy represents
one of the main barriers to its development, as well as the production of waste and the
indispensability of fossil materials for some processes, which require the use of carbon
capture technologies. In addition to technical issues, insufficient funds may represent a
significative financial obstacle and discourage enterprises from pursuing the realization
of zero-carbon projects. In [30], the optimal configuration involving different RES-based
plants serving a centralized water facility in a Malaysian industrial park has been defined
by using mixed-integer non-linear programming techniques. The optimal solution obtained
could reduce greenhouse gas emissions up to 70%. With regards to an Italian industrial
district, the enhancing exploitation of RESs has been investigated in [31]. Based on the main
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findings, an increased economic support would make the adoption of RES-based plants
more attractive from the economic point of view. The development of community energy
systems in industrial clusters has been examined in [32] by focusing on a case study in Arak
(Iran). Again, this solution has been proven to be affected by economic and institutional
barriers, despite the technical feasibility of RES-based plants meeting the electric energy
demand of the firms joining the collective intervention. Renewable Energy Cooperatives
as clusters of both enterprises and local stakeholders have been analyzed in [33], where
they have been recognized as strategic configurations to manage the inherent uncertainty
of investments for RES-based plants.

Ultimately, most scientific works dealing with collective actions aiming at supporting
the deployment of RES-based plants in the industrial sector do not address the oppor-
tunities of constituting RECs. The majority of works focusing on the implementation of
RECs refers to residential and tertiary sectors and most of them are based on PV plants
because of its technology’s readiness. For example, Cirone et al. [34] investigated the
implementation of a REC in Soveria Mannelli (South of Italy), composed of four public
buildings. Ancona et al. [35] analyzed the application potential of the REC concept with
district heating networks, maximizing internal energy sharing through PV systems and
heat pumps for self-consumption, self-sufficiency and efficient investments. Results show
that the proposed design achieves a significant reduction in energy demand, emissions
and costs. Ceglia et al. [36] analyzed a PV-based REC in Southern Italy, demonstrating its
potential to significantly reduce the energy poverty index from 9.84% to 5.25% regarding a
typical residential user. Among all others, these few examples demonstrate the potential of
PV technology to provide clean and sustainable energy to communities in a cost-effective
manner. However, according to Directive REDII, there is a need to support the uptake
of renewable-based plants by citizens as well as small, medium and micro-enterprises by
simplifying the notification procedures for the connection of small-size and decentralized
renewable-based plants to the grid and clarifying the time-limits for authorization issues
and administrative permit granting processes [12]. As regards industrial RECs, these
actions are advocated considering their significant potential in terms of carbon emission
reduction at the national level, which depends on the specific context, policies and reg-
ulations put in place to support their development. The International Energy Agency
estimated the potential global carbon emission reduction achievable by 2050 through the
implementation of RECs in the industrial sector as equal to 40% [37]. For this purpose,
industrial RECs may take advantage of the collaboration between small and medium-sized
enterprises, characterized by a high sense of community, social responsibility and openness
to technological innovation. As additional benefits, the analysis and demonstration of
social, economic and environmental benefits of a PV-based REC in an industrial district
may provide to policy makers valuable information about the design and implementation
of policies supporting the growth of sustainable communities, enhance the understand-
ing of factors fostering community engagement and cooperation and identify potential
barriers to their implementation and constitution. Yet, to the best of authors’ knowledge,
the literature lacks studies focused on industrial RECs. The exclusion of large companies
from participation in such configurations may be a reason for the lack of interest in their
constitution at the European level [38]. However, their potential is usually disregarded not
only in the pathways towards the full decarbonization of the European industry [39] but
also in studies focusing on the reduction of energy requests and carbon emissions of small-
and medium-sized enterprises [40].

Therefore, this study aims at bridging this gap and investigates the constitution of
a REC in the industrial area of Benevento (Italy). The REC under examination involves
two different kinds of user, namely a mixed-use building and the consortium wastewater
treatment plant (WWTP). Their choice is expected to take advantage of the diversity of
users’ load profiles due to electric energy demand linked to different end uses in a real case
study. The ultimate goal is to demonstrate the feasibility of RECs in industrial areas without
restraining the scope of interest to the boundaries of the industrial site being analyzed, but
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rather to stimulate the replication of the analysis performed in this study within the litera-
ture in order to foster real applications. The users under examination have been equipped
with a PV plant. Within the REC boundaries, energy sharing has been implemented ac-
cording to the Italian regulation, that is, under the virtual self-consumption scheme. In
addition to this proposed scenario, the alternative single end users’ configuration where
energy sharing has been neglected has been investigated too. In this case, the PV plant
has been divided into two portions, each owned by one user. Accordingly, each portion
of the PV plant has been assumed to supply electric energy only to its owner, and the
potential surplus to be fed to the grid. Both examined scenarios have been compared with
the current status, where the users’ electric energy demand is covered by the power grid
(PG), as detailed in Section 2, along with the users’ load profiles, design and model adopted
to simulate the PV plant. The results obtained from the comparison of both scenarios
with the baseline case are introduced and discussed in Section 3, whereas in Section 4, the
conclusions have been drawn.

2. Materials and Methods

In this section, the steps followed for developing the analysis carried-out in this
work are detailed, starting from the characterization of investigated users’ electric en-
ergy requests (Section 2.1) and then focusing on the design of the PV plant serving them
(Section 2.2). Lastly, the models adopted for performing the dynamic simulation and the
energy, environmental and economic analysis under two different scenarios are described
(Section 2.3).

2.1. Users’ Electric Energy Requests Characterization

The industrial area of Benevento covers a surface of 3,179,357 m2. It is divided into
seven zones and includes several micro, small, medium, as well as internationally renowned
enterprises. The collective services center (CSC) building and the consortium WWTP have
been considered as users in this study (Us#1 and Us#2, respectively). Their location is
shown in the satellite view obtained from Google Earth [41] in Figure 1. The CSC building
is the setting of the Consortium Centre for Management, which is responsible for the
management of the industrial area and common services, and four companies operating in
the services sector. The WTTP is deputed to the treatment of the wastewater produced from
the office building, the enterprises located in the area and urban wastewater produced in
one of the districts of a municipality nearby.

Figure 1. Aerial view of users’ location.

The data about users’ electric energy demand in 2021 have been gathered from their
electricity bills. They are referred to nine points of delivery (PODs), seven serving Us#1
and two serving Us#2. In the case of two PODs (one serving Us#1 and one serving Us#2),
the 2021 electric load curves with a quarter-hour time step have been made available by
the Italian electricity distributor [42]. For the remaining seven PODs, the load curves
on a quarter-hourly basis have been constructed, manipulating the aggregated monthly
data known from the bills. Namely, the monthly electric energy demand has been split

124



Energies 2023, 16, 2722

into hours, depending on the day of the week and distinguishing between peak hours
(belonging to the F1 band), intermediate hours (belonging to the F2 band) and evening and
weekend hours (belonging to the F3 band) [43], as detailed in Table 1.

Table 1. Time bands for electric energy purchase.

Time Band Days Time

F1: Peak hours From Monday to Friday, excluding
public holidays From 8:00 a.m. to 7:00 p.m.

F2: Intermediate hours
From Monday to Friday, excluding

public holidays
From 7:00 a.m. to 8:00 a.m. and

from 7:00 p.m. to 11:00 p.m.

Saturday, excluding public holidays From 7:00 a.m. to 11:00 p.m.

F3: Evening and weekend hours From Monday to Saturday From 11:00 p.m. to 7:00 a.m.

Sunday and public holidays All-day

The users’ total load profiles on a quarter-hourly basis are shown in Figure 2 with
reference to 2021. The graphs have been constructed by varying the color of indicators
depending on the time in order to emphasize the distribution of the electric load during
the day. In the case of Us#1, the electric load is clearly higher during morning hours,
and minimum load values are detected in the evening. By contrast, in the case of Us#2,
the distinction between morning and evening loads is not straightforward. As it can
be seen, the loads of the two users are characterized by different orders of magnitude.
Indeed, the load of Us#1 is at most equal to 46.5 kW in January. By contrast, Us#2 has
significantly higher requests, and its maximum load amounts to 186.0 kW in July. Moreover,
the two load profiles are differently distributed throughout the year. In 2021, starting from
January, the maximum electric energy requests of Us#1 decrease during spring until June.
In June, a rising trend can be found, which stops in July, and restarts from August onwards.
Conversely, the electric energy requests of Us#2 are characterized by a rising trend in the
spring months until the end of June, when the maximum load is found. From July onwards,
maximum load values start decreasing.

Figure 2. Electric load profile on a quarter-hourly basis of Us#1 (a) and Us#2 (b) in 2021.
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The two users’ electric energy demand (EUs
el ) is quantified on a monthly basis in

Table 2, along with the relating average unitary purchase cost (cUs
el ) incurred by the users for

electricity purchase (VAT included). First, the distinction between Us#1 and Us#2 has been
made; then, their loads have been considered as a whole. In the latter case, the average
unitary purchase cost of electricity (cREC

el ) has been evaluated as the ratio between the
monthly grand total of users’ expenses for electric energy purchase (that is, the sum of
the costs monthly incurred by Us#1 and Us#2) and the total monthly electric load (that
is, the sum of EUs#1

el and EUs#2
el ). As it can be seen, in all months of 2021 EUs#2

el is higher
than EUs#1

el , especially in summer and autumn months. Overall, in 2021, the electric energy
demand of Us#1 is equal to 190 MWh/y, whereas it amounts to 655 MWh/y regarding Us#2.
Hence, on a yearly basis, the two users require in total 846 MWh/y. cUs

el ranges between
0.20 and 0.49 EUR/kWh. This maximum value is detected in December as regards #Us1,
whereas the maximum cUs#2

el , found again in December, is equal to 0.45 EUR/kWh. The
maximum cREC

el is intermediate compared to the maximum cUs#1
el and cUs#2

el , being equal to
0.46 EUR/kWh in December.

Table 2. Users’ monthly electric energy demand and relating average unitary purchase price of
electricity in 2021.

Month
Electric Energy Demand

[MWh]

Electricity Average Unitary
Purchase Price

[EUR/kWh]

Us#1 Us#2 Total cUs#1
el cUs#2

el cREC
el

January 21.6 29.9 51.5 0.22 0.20 0.21
February 17.0 25.9 42.9 0.23 0.20 0.21

March 15.7 26.9 42.6 0.24 0.21 0.22
April 12.4 28.1 40.6 0.23 0.22 0.22
May 12.2 42.0 54.2 0.23 0.22 0.22
June 13.3 71.0 84.4 0.23 0.23 0.23
July 14.5 100.2 114.7 0.23 0.22 0.22

August 13.3 83.6 96.9 0.28 0.23 0.24
September 13.4 74.7 88.2 0.33 0.29 0.30

October 15.8 71.6 87.4 0.38 0.37 0.37
November 19.0 47.9 66.9 0.41 0.39 0.39
December 22.1 53.5 75.5 0.49 0.45 0.46

Total 190 655 846 0.30 0.28 0.28

2.2. Photovoltaic Plant Design

The surfaces selected for installing the PV panels have been highlighted in Figure 3.
Specifically, the PV panels belonging to Us#1 have been assumed to be placed on the
rooftop of the CSC building, on unused land nearby, and on PV canopies in the parking
area, whereas those belonging to Us#2 on the horizontal rooftop of seven establishments.
Monocrystalline cell PV panels with 327 W of peak power have been chosen for installa-
tion [44]. Their main features are listed in Table 3.

The area of each surface has been measured by excluding the portions subjected to
shading phenomena and considering a 15% reduction in order to ensure enough service
spaces. Concerning PV canopies, the area of each parking spot has been estimated as
equal to 12.5 m2, being the minimum length and the minimum width of each equal to 5 m
and 2.5 m, respectively [45]. Optimal installation conditions for the PV panels have been
chosen in order to maximize the PV plant producibility by maximizing the solar radiation
captured by each module and by avoiding shading phenomena between consecutive rows
of panels [46]. In this regard, the minimum spacing distance D between adjacent panel
rows needed to avoid shading phenomena has been determined using Equation (1),

D = Lcosβ
(

1 +
tanβ

tanα

)
, (1)
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where the term L represents the height of each panel, α the sun elevation angle and β the
tilt angle. Concerning the type of panel chosen, L is equal to 1.6 m. Both α and β depend
on the latitude of the installation site, which is equal to 41◦ in the case of Benevento. For
determining D, α has been evaluated on December 21st at noon. Hence, the resulting α is
equal to 25.5◦ at the latitude of the installation site being analyzed. As regards β, in Italy its
optimal value is equal to the difference between the latitude angle itself and 10◦ [46]. As a
result, being β equal to 31◦ and α equal to 25.5◦, D is equal to 3.0 m. The gross area of each
panel, equal to 1.6 m2, has been increased by 1.5 m2, resulting in 3.1 m2. For estimating
the number of panels installed on the tilted sector of the rooftop of the CSC building, the
panels’ gross area has not been increased since they are supposed to be directly integrated
into the roof. Instead, as regards the parking area, four panels are supposed to be installed
in each spot for a total of 63 spots. Overall, the total number of PV panels installable is
equal to 1424, and the PV plant peak power is equal to 466 kW, of which 431 and 35 kW
are installed in sites pertaining to Us#1 and to Us#2, respectively. The results obtained are
detailed in Table 4. For each installation site, the type of surface (horizontal or tilted), the
exposure, the area, the number of panels and the peak power are reported. The only tilted
surface available is the semicircular sector representing the central portion of the rooftop of
the CSC building. In particular, it is tilted about 5◦ and measures 170 m2. Since the gross
area of each panel is equal to 1.6 m2, 104 panels have been assumed to be installed on this
surface. The remaining surfaces are all horizontal and have an overall extension of 4163 m2.
In particular, the horizontal portion of the rooftop of the CSC building measures 486 m2, the
unused land 2550 m2 and the rooftops of WWTP 340 m2 in total. Considering the panels’
gross area increased by the space needed to avoid the shading phenomena, 154, 807 and
107 panels have been assumed to be installed on each surface, respectively. In accordance
with the assumptions of the dynamic simulation software and when not prevented by the
installation site, the azimuth angle of panels installed on horizontal surfaces has been set as
equal to 0◦ in order to have south-facing panels in compliance with optimal installation
conditions in Italy.

 

Figure 3. Aerial view of the surfaces selected for installing the PV plant, belonging to Us#1 (a) and
Us#2 (b).
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Table 3. PV panels’ technical parameters [44].

Parameter Value

Peak power [W] 327
Efficiency [%] 20.1

Maximum power voltage [V] 54.7
Maximum power current [A] 6.0

Open circuit voltage [V] 64.9
Short circuit current [A] 6.5

Temperature coefficient of power [%/◦C] −0.4
Temperature coefficient of voltage [mV/◦C] −176.6
Temperature coefficient of current [mA/◦C] 2.6

Gross area [m2] 1.6

Table 4. Characterization of surfaces available for the installation of the PV panels.

User Installation Site Type of Surface Exposure Area [m2]
Number of

Panels
Peak Power

[kW]

Us#1

CSC building’s rooftop Horizontal South 486 154 50

CSC building’s rooftop Tilted South-West 170 104 34

Parking area Horizontal

South 200 64 21

South-West 475 152 50

South-East 112 36 12

Unused land Horizontal South 2550 807 264

Us#2 Buildings’ rooftop Horizontal South 340 107 35

Total - - - 4333 1424 466

2.3. Model Description

A schematic overview of the methodology adopted in this work is shown in Figure 4.
The electric energy production profile of each portion of the PV plant, distinguished based
on the installation site and the exposure, has been evaluated on a quarter-hourly basis by
using the software HOMER Pro® [47]. The dynamic simulation has been carried out over
one year. Hourly meteorological data about global solar radiation and air temperature,
evaluated as hourly average values of the data collected by one of the weather control units
in Benevento during 2021 with a ten-minute time step, have been provided as input to
the software.

 
Figure 4. Methodology.
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The PV generation curves resulting from the simulation carried out in HOMER Pro®

have been post-processed in Microsoft Excel [48] for evaluating with a one-hour time step
(θ), the electric energy consumed on-site by the users (EOSC

el (θ)), the surplus fed into the
grid (ETG

el (θ)) and the residual electric load drawn from the grid (EPG
el (θ)). Namely, EOSC

el (θ)
has been evaluated using Equation (2),

EOSC
el (θ) = min

(
EPV

el (θ), EUs
el (θ)

)
. (2)

where the term EPV
el (θ) represents the electric energy hourly supplied by the PV plant,

evaluated starting from the quarter-hour data resulting from the dynamic simulation, and
EUs

el (θ) the users’ hourly electric energy demand. EPG
el (θ) and ETG

el (θ) have been easily
determined once estimated EOSC

el (θ).
The profitability of the PV plant has been investigated under two different scenarios,

shown in Figure 5, along with the reference baseline case (BC), where the users’ electric
energy demand is fully met by the PG. The two alternative solutions have been outlined
as follows:

• in the single end users’ scenario (hereinafter recalled as noREC scenario), the PV plant
has been divided into two portions, each owned by one user, and the sharing of electric
energy has been neglected. Thus, the PV panels installed in the sites pertaining to
Us#1 (the rooftop of the CSC building, the parking area and the unused land) have
been assumed to supply renewable electricity only to Us#1 itself. Likewise, those
installed on the rooftop of the WWTP buildings only to Us#2. Hence, each user has
the opportunity to self-consume the renewable electricity supplied by his own plant
and inject into the PG the potential surplus;

• in the REC scenario, the PV plant has been treated as a whole and supplies electricity
both to Us#1 and Us#2, which are involved in the REC. Electricity sharing has been
implemented in compliance with the Italian regulation about RECs, that is, according
to the virtual self-consumption scheme for users under the same primary electric
substation. On the one hand, all the electric energy supplied by the PV plant is injected
into the primary substation; on the other, the users draw electric energy from the
primary substation to meet their requests since no physical self-consumption takes
place. Electric energy virtual self-consumption is realized when the absorption from
and injection to the primary substation occur simultaneously. The energy balance on
the primary substation is evaluated on an hourly basis [49].

Figure 5. Layout of investigated scenarios.
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No-REC and REC scenarios have been compared with the BC case from the energy, en-
vironmental and economic points of view. As for the energy analysis, the self-consumption
di and self-sufficiency si indexes have been evaluated on a monthly basis. Namely, the
subscript i accounts for the months in 2021 and thus ranges between January and December.
In the no-REC scenario Equations (3) and (4) have been used, respectively. EPV

el,i and EOSC
el,i

have been evaluated as stated in Equations (5) and (6), respectively, where the subscript k
accounts for the hour of the i-th month in 2021, thus ranging between 1 and the total num-
ber of hours in the same month (NHi). Two values of dUs

i and sUs
i have been determined,

relating to Us#1 (dUs#1
i and sUs#1

i , respectively) and Us#2 (dUs#2
i and sUs#2

i , respectively). In
particular, dUs#1

i and sUs#1
i have been evaluated by using the electric energy supplied on a

monthly basis by the portion of the PV plant serving Us#1 (EPV,Us#1
el,i ), its monthly on-site

electric energy consumption (EOSC,Us#1
el,i ) and its monthly electric load (EUs#1

el,i ), known from
the bills. Likewise, dUs#2

i and sUs#2
i have been estimated by using the same variables but

referred to as Us#2 (EPV,Us#2
el,i , EOSC,Us#2

el,i and EUs#2
el,i ).

dUs
i =

EOSC,Us
el,i

EPV,Us
el,i

(3)

sUs
i =

EOSC,Us
el,i

EUs
el,i

(4)

EPV,Us
el,i =

NHi

∑
k=1

EPV
el (θk,i) (5)

EOSC,Us
el,i =

NHi

∑
k=1

EOSC,Us
el (θk,i) (6)

Conversely, in the REC scenario, dREC
i and sREC

i have been evaluated, as stated in
Equations (7) and (8), respectively. In each month, EPV,REC

el,i has been evaluated as the sum

of EPV,Us#1
el,i and EPV,Us#2

el,i . Accordingly, EREC
el,i has been evaluated as the sum of EUs#1

el,i and

EUs#2
el,i . Instead, EOSC,REC

el,i has been determined according to Equation (9), where the sum

of EPV,Us#1
el (θk,i) and EPV,Us#2

el (θk,i) amounts to EPV,REC
el (θk,i) and the sum of EUs#1

el (θk,i) and
EUs#2

el (θk,i) amounts to EREC
el (θk,i) ETG,REC

el (θk,i) and EPG,REC
el (θk,i) have been determined as

in the single end users’ configuration once evaluated EPV,REC
el (θk,i) and EREC

el (θk,i).

dREC
i =

EOSC,REC
el

EPV,REC
el

(7)

sREC
i =

EOSC,REC
el
EREC

el
(8)

EOSC,REC
el,i =

NHi

∑
k=1

min
(

EPV,Us#1
el (θk,i) + EPV,Us#2

el (θk,i), EUs#1
el (θk,i) + EUs#2

el (θk,i)
)

(9)

Still referring to the energy analysis, the primary energy saving (ΔEp,i) compared to
the BC has been evaluated on a monthly basis according to Equation (10) in the no-REC
scenario and according to Equation (11) in the REC scenario. In both Equations, the term ηPG

el
represents the average Italian power grid efficiency, equal to 0.509 in 2020 (the year for which
the most recent data are available) [50]. EPG,Us

el,i and ETG,Us
el,i have been estimated on a monthly

basis as the sum across the number of hours of the i-th month of EPG,Us
el (θk,i) and ETG,Us

el (θk,i),
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respectively. EPG,REC
el,i and ETG,REC

el,i have been estimated on a monthly basis as the sum across

the number of hours of the i-th month of EPG,REC
el (θk,i) and ETG,REC

el (θk,i), accordingly.

ΔEnoREC
p,i =

EUs#1
el,i + EUs#2

el,i − EPG,Us#1
el,i − EPG,Us#2

el,i

ηPG
el

(10)

ΔEREC
p,i =

EREC
el,i − EPG,REC

el,i

ηPG
el

(11)

With regards to the environmental analysis, the CO2 emissions reduction ΔCO2,i owing
to the installation of the PV plant, has been evaluated on a monthly basis. To this purpose,
Equation (12) has been adopted in the noREC and Equation (13) in the REC scenario. In
both Equations, the term αCO2 represents the 2020 Italian power grid CO2 emission factor,
equal to 286.55 gCO2/kWhel [50].

ΔCOnoREC
2,i =

(
EUs#1

el,i + EUs#2
el,i − EPG,Us#1

el,i − EPG,Us#2
el,i

)
·αCO2 (12)

ΔCOREC
2 =

(
EREC

el,i − EPG,REC
el,i

)
·αCO2 (13)

Finally, as for the economic analysis, the variation in operating costs ΔOC in the
noREC and REC scenario compared to the BC has been evaluated on a monthly basis. The
monthly operative costs in the BC (OCBC,Us#1

i and OCBC,Us#2
i ) are known from the users’

electricity bills. Instead, in the proposed scenarios, they have been evaluated as follows:

• in the noREC scenario, the electricity purchase price has been considered equal to the
monthly average value paid in 2021 by each user in the BC, as stated in Table 2 (that is,
equal to cUs#1

el and cUs#2
el regarding Us#1 and Us#2, respectively). The surplus electric

energy injected into the grid has been supposed to be sold to the Italian “Gestore dei
Servizi Energetici” (GSE) according to the Dedicated Withdrawn scheme [51]. In this
framework, the hourly electricity selling price (pel(θk,i)) has been assumed to be equal
to the 2021 hourly zonal price of electricity in the Central-South bidding zone of the
Italian day-ahead electricity market distinguished per month and time-band. As a
result, Equation (14) has been used for estimating both OCnoREC,Us#1

i and OCnoREC,Us#2
i ,

OCnoREC,Us
i =

(
EPG,Us

el,i ·cUs
el,i + MCi

)
−

NHi

∑
k=1

(
ETG,Us

el (θk,i)·pel(θk,i)
)

(14)

In Equation (14), the subscript i keeps the same meaning as above, as well as NHi. The
term MCi represents the costs due to the maintenance of the PV plant, which have
been assumed to be constant and evaluated starting from an annual specific value
equal to 10 EUR/kWp [52]. Finally, ΔOCnoREC has been evaluated on a yearly basis as
stated in Equation (15). Hereinafter, the sum of OCnoREC,Us#1

i and OCnoREC,Us#2
i will

be recalled as OCnoREC
i .

ΔOCnoREC =
Dec

∑
i=Jan

(
OCBC,Us#1 + OCBC,Us#2 −OCnoREC,Us#1

i −OCnoREC,Us#1
i

)
(15)

• in the REC scenario, the monthly average electricity purchase price cREC
el,i has been

evaluated as stated in Equation (16). The values obtained are reported in the last
column of Table 2. Regarding the users’ revenues, a distinction has been made between
the electric energy shared within the REC boundaries (EOSC,REC

el (θ)) and sold to the
grid (ETG,REC

el (θ)) on an hourly basis. Indeed, in Italy, article 42-bis of the Decree Law
n.162/2019 [53] states that the sharing of electric energy hourly virtually self-consumed
by the REC members is eligible for a network charge restoration due to avoided transit
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on the PG, which accounts in total for 8.6 EUR/MWh in 2021 [54,55]. This contribute
combines with the 110.0 EUR/MWh incentive recognized to the REC members by
the Italian GSE [56], resulting in a total incentive (IREC

el ) equal to 118.6 EUR/MWh.
Conversely, the share of surplus electric energy has been assumed to be sold to the
Italian GSE in the same way as in the no-REC scenario. This additional revenue has
been neglected with respect to EOSC,REC

el (θ), in part because of the lack of clarity of
the Italian legislation, which is still being defined, and in part to compensate the
management costs of the REC, which have not been explicitly taken into account. The
monthly values of OCREC

i have been evaluated according to Equation (17). Instead,
ΔOCREC has been evaluated on a yearly basis as stated in Equation (18).

cREC
el,i =

EUs#1
el,i + EUs#2

el,i

OCBC,Us#1
i + OCBC,Us#1

i

(16)

OCREC
i =

(
EPG,REC

el,i ·cREC
el,i + MCi

)
−

NHi

∑
k=1

(
ETG,Us

el (θk,i)·pel(θk,i) + EOSC,REC
el,i (θk,i)·IREC

el

)
(17)

ΔOCREC =
Dec

∑
i=Jan

(
OCBC,Us#1

i + OCBC,Us#2
i −OCREC

i

)
(18)

In the end, two economic performance indicators have been determined to estimate the
profitability of the investment in the PV plant in the two scenarios: the discounted pay-back
time (PBT) and the net present value (NPV). To this purpose, Equations (19) and (20) have
been used, respectively. The former amounts to the number of years required to balance the
investment cost (IC) by considering the yearly cashflows (Fj) throughout the investment
horizon (N), equal to 20 y. During the investment horizon, which has been supposed to
start in 2021, the values of Fj have been evaluated by assuming the electricity purchase and
selling prices constant and equal to the values available in 2021. After the first year, the
producibility of the PV plant has been assumed to be affected by reduced performance,
according to the information reported in the panels’ technical datasheet [44]. The discount
rate (a) has been assumed to be equal to 1%. The IC has been estimated by using a specific
price of 1000 EUR/kWp [52].

PBT =
IC

∑N
j=1

Fj

(1+a)j

(19)

NPV =
N

∑
j=1

Fj

(1 + a)j − IC (20)

3. Results

In this section, the results obtained from the energy (Section 3.1), environmental
(Section 3.2) and economic (Section 3.3) analysis will be introduced.

3.1. Energy Analysis

In the next Figures, the results obtained in the noREC scenario are reported by distin-
guishing between Us#1 and Us#2. The stacked bars in Figure 6 amount to EPV,Us#1

el,i . The

green bars are equal to EOSC,Us#1
el,i , whereas the orange bars are equal to the share of EPV,Us#1

el,i

fed to the grid, that is ETG,Us#1
el,i . As shown by the azure line, which plots the trend of dUs#1

i

in 2021 with respect to the secondary axis, Us#1 self-consumes at most 34.8% of EPV,Us#1
el,i

in December, being EPV,Us#1
el,Dec equal to 11.8 MWh and EOSC,Us#1

el,Dec equal to 4.1 MWh. In the

months of highest producibility, such as May and July, when EPV,Us#1
el,i is equal to 70.3 and to

68.8 MWh, respectively, dUs#1
May and dUs#1

Jul reduces to 7.9 and 10.4%, respectively. In particular,

dUs#1
May is the minimum value detected in 2021. Indeed, EOSC,Us#1

el,May is equal to 5.6 MWh and
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EOSC,Us#1
el,May is equal to 7.1 MWh. In Figure 7, the stacked bars amount in total to EUs#1

el,i . The

green bars keep being equal to EOSC,Us#1
el,i , whereas the blue bars equal EPG,Us#1

el,i . As shown
by the orange indicators plotting the time trend of sUs#1

i during 2021 with respect to the
secondary axis, the maximum self-sufficiency is measured in June, being sUs#1

Jun equal to

49.8%. As a matter of fact, EUs#1
el,Jun and EPG,Us#1

el,Jun are equal to 13.3 and 6.7 MWh, respectively.
Conversely, sUs#1

i reaches its minimum value in December, when it is equal to 18.6%, being
EUs#1

el,Dec and EPG,Us#1
el,Dec equal to 22.1 and 4.1 MWh, respectively. In fact, December is the month

characterized by the highest EUs#1
el,i but the minimum EPV,Us#1

el,i .

Figure 6. Producibility of the PV plant serving Us#1 in the noREC scenario. Electric energy consumed
on-site and fed to the grid and self-consumption index in 2021.

 
Figure 7. Load of Us#1 in the noREC scenario. Load covered by the PV plant, the grid and self-
sufficiency index in 2021.

Still referring to the noREC scenario, the next Figures characterize the results obtained
in regard to Us#2. The stacked bars in Figure 8 amount to EPV,Us#2

el,i , being the sum of

EOSC,Us#2
el,i and ETG,Us#2

el,i . As it can be seen, in almost all the months of 2021, the electric
energy supplied by the PV plant belonging to Us#2 is fully consumed on-site. Indeed, the
lowest value of dUs#2

i is detected in January and is equal to 99.5%. Nevertheless, the results
shown in Figure 9 highlight that the high on-site consumption rates do not imply high
energy self-sufficiency. The maximum sUs#2

i is measured in April, and it is equal to 16.1%
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since EUs#2
el,Apr is equal to 28.1 MWh and EOSC,Us#2

el,Apr is equal to 4.5 MWh. By contrast, the

minimum sUs#2
i is measured in December when it is equal to 1.9% and EUs#2

el,Dec and EOSC,Us#2
el,Dec

are equal to 53.5 and 1.0 MWh, respectively. The reason for the outcomes shown so far
relies on the under-sizing which characterizes the portion of the PV plant serving Us#2
compared to its electric load. As a matter of fact, the PV plant supplies at most 5.7 MWh
in May, whereas the maximum load is equal to 100 MWh in July. On the other hand, the
results regarding Us#1 emphasize a significative mismatch between demand and supply.
The summer months are characterized by high self-sufficiency but low self-consumption
rates, as it happens in May, which is characterized by the highest supply of electric energy
from the PV plant (70.3 MWh), but the load is much lower, being equal to 12.2 MWh. By
contrast, the load is maximum in December (22.1 MWh), when the producibility of the
PV plant reaches its minimum value (11.8 MWh). These issues are less pronounced in the
REC scenario.

Figure 8. Producibility of the PV plant serving Us#2 in the noREC scenario. Electric energy consumed
on-site and fed to the grid and self-consumption index in 2021.

 
Figure 9. Load of Us#2 in the noREC scenario. Load covered by the PV plant, the grid and self-
sufficiency index in 2021.

By analogy with the previous cases, the stacked bars in Figure 10 amount in total to
EPV,REC

el,i and represent the sum of EOSC,REC
el,i and ETG,REC

el,i , whereas those in Figure 11 are

equal to EREC
el,i , being the sum of EOSC,REC

el,i and EPG,REC
el,i . The sharing of energy between
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Us#1 and Us#2 increases both the energy self-consumption and the self-sufficiency of
users. Considering the month of May, which is the month of maximum producibility
of the PV plant, EOSC,REC

el,May is equal to 26.9 MWh and is higher than the sum of EOSC,Us#1
el,May

(5.6 MWh) and EOSC,Us#2
el,May (5.7 MWh) determined in the noREC scenario. As a result, in

May sREC
i is the maximum, being equal to 49.7%. The amount of electric energy in total

fed to the grid reduces accordingly: ETG,REC
el,May and ETG,Us#1

el,May are equal to 26.3 and 61.7 MWh,
respectively. Similar considerations apply to July, which is the month characterized by the
highest total load, being EUs#1

el,Jul and EUs#2
el,Jul equal to 14.5 and 100.2 MWh, respectively. In

particular, EOSC,REC
el,Jul is equal to 49.1 MWh, EOSC,Us#1

el,Jul is equal to 7.1 MWh and EOSC,Us#2
el,Jul is

equal to 5.6 MWh. As a consequence of increased self-consumption, the amount of electric
energy drawn from the grid reduces compared to the noREC scenario. As a matter of
fact, EPG,REC

el,Jul is equal to 66.6 MWh, whereas EPG,Us#1
el,Jul and EPG,Us#2

el,Jul are equal to 7.3 and
94.6 MWh, respectively. As regards the minimum value of dREC

i , it is found in April and is
equal to 29.9%. Hence, it is more than tripled compared to dUs#1

Apr , equal to 9.1%.

Figure 10. Producibility of the PV plant serving Us#1 and Us#2 in the REC scenario. Electric energy
virtually shared and fed to the grid and self-consumption index in 2021.

Figure 11. Load of Us#1 and Us#2 in the REC scenario. Load covered by the PV plant, the grid and
self-sufficiency index in 2021.
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The increased energy self-consumption and self-sufficiency, owing to the energy
sharing and characterizing the REC scenario, results in a reduction of the primary energy
demand higher than in the noREC scenario, as shown in Figure 12. Indeed, ΔEnoREC

p,i is,

at most, equal to 25.0 MWh in July, whereas ΔEREC
p,Jul is equal to 94.5 MWh. Overall, the

primary energy demand in 2021 is equal to 1.1 GWh in the REC scenario and to 1.4 GWh
in the no-REC. In the BC, the annual primary energy demand is equal to 1.7 GWh/y. The
constitution of the REC allows a 34.7% primary energy saving on a yearly basis, whereas it
is limited to 13.3% in the noREC scenario.

Figure 12. Primary energy saving in the noREC and REC scenario in 2021.

3.2. Environmental Analysis

Energy sharing further supports the mitigation of CO2 emissions compared to the
noREC scenario; in 2021, the emissions are equal to 242.3 tCO2 in the BC, to 210.0 tCO2 in
the noREC scenario and to 158.2 tCO2 in the REC scenario. Hence, the 13.3% reduction in
CO2 emissions characterizing the noREC scenario increases to 34.7% in the REC scenario.
As shown in Figure 13, the best reduction on a monthly basis is found in July, and it is equal
to 3.6 tCO2 in the noREC and to 13.8 tCO2 in the REC scenario.

Figure 13. CO2 emissions avoided in the noREC and REC scenarios in 2021.
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3.3. Economic Analysis

In Figure 14, the operating costs relating to the first year of the investment horizon
(2021) are shown. In particular, the values of OCBC

i are compared with OCnoREC
i and OCREC

i ,
showing that the constitution of the REC is profitable from the economic point of view since
it ensures increased economic savings. As a matter of fact, OCREC

i are always lower than
OCnoREC

i . On a yearly basis, OCREC are reduced by 24.6 kEUR compared to OCnoREC and
by 100.8 kEUR compared to OCBC. Instead, the annual reduction of OCnoREC compared
to OCBC is equal to 76.2 kEUR. Indeed, OCBC, OCnoREC and OCREC are equal to 238.5,
162.3 and 137.7 kEUR, respectively. Hence, the annual 31.9% economic saving characterizing
the noREC scenario increases to 42.3% in the REC scenario.

Figure 14. Operative costs in the BC, noREC and REC scenario in 2021.

Economic indexes evaluated regarding both scenarios are reported in Table 5, and
further demonstrate the economic convenience of energy sharing. The value of ΔOC is
referred to the first year of the investment horizon (2021) and is reported on annual basis.
Although the constitution of the REC extends the PBT for Us#2, the larger increase detected
in the NPV highlights the profitability for both users, as further shown in Figure 15, where
the yearly cashflows are shown with reference to Us#1 and Us#2 in the noREC scenario and
to the REC in the REC scenario. These results encourage the implementation of RECs in
industrial parks according to the current Italian regulatory framework, which provides
specific economic support mechanisms. Nevertheless, the transposition of European
Directives in Italy has not yet been completed. Once the transposition has ended, the
economic incentives defined by the final Italian regulation might confirm or overturn the
results obtained in this work.

Table 5. Results of economic analysis.

Item
noREC

REC
Us#1 Us#2

IC
[kEUR] 431 35.0 466

[EUR/kWp] 1000

ΔOC
[kEUR/y] 65.3 10.8 101

[EUR/kWp] 152 309 216

PBT [y] 7.1 4.8 4.9

NPV [kEUR] 695 84.1 1273
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Figure 15. Yearly cashflows over the investment horizon for Us#1 (a) and Us#2 (b) in the noREC
scenario and the REC (c) in the REC scenario.

4. Conclusions

The recast of the European Directive 2018/2001 defined in the European regulatory
framework innovative configurations for energy sharing, collective production and self-
consumption, known as Renewable Energy Communities. Micro, small or medium-sized
enterprises have been listed as their potential members or shareholders, in addition to
natural persons and local authorities. Hence, this work aims at assessing the energy,
environmental and economic performance of a Renewable Energy Community, including
two members located in the industrial area of Benevento (Southern Italy), namely a mixed-
use building and an industrial wastewater treatment plant. This configuration has been
compared with the baseline case, where the two users’ electric energy demand is fully
met by the power grid. Moreover, the traditional single end users’ configuration has been
investigated as an additional scenario in order to further emphasize the benefits owing to
energy sharing. In both proposed scenarios, the users have been equipped with a 466 kWp
photovoltaic plant, which has been sized based on the surfaces available for installation. In
the traditional single end users’ configuration, the plant has been divided into two portions,
each belonging to one user depending on its installation site. As such, each portion of the
plant has been assumed to supply electric energy only to its owner, since the electric energy
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sharing has been neglected, and to feed to the grid the potential surplus. By contrast, the
photovoltaic plant has been treated as a whole in the Renewable Energy Community, where
the virtual self-consumption scheme has been applied according to the Italian regulation
for sharing energy between the community’s members. In both scenarios, the plant has
been modelled in HOMER Pro® in order to simulate its generation curve on a quarter-hour
basis. As regards the users’ requests, real data about their electric energy demand have
been collected from their electricity bills. In addition, their electric load curves have been
constructed on a quarter-hour basis when not made available by the Italian electric energy
distributor. In this way, the shares of electric energy hourly supplied by the photovoltaic
plant, consumed on site and fed into the grid have been evaluated, as well as the electricity
withdrawn from the power grid to cover the residual load. The results obtained from the
energy, environmental and economic analysis are listed as follows:

• from the energy point of view, energy sharing increases users’ self-sufficiency and
renewable energy on-site consumption compared to the single self-consumers’ con-
figuration. As a result, the primary energy saving owing to the constitution of the
Renewable Energy Community is equal to 34.7%, and is higher than in the single end
users’ configuration, where it is equal to 13.3%;

• because of the reduced primary energy demand, carbon dioxide emissions are further
reduced by energy sharing. In particular, carbon dioxide emissions decrease by 13.3%
and 34.7% without and with the energy sharing, respectively;

• the energy sharing increases the annual operative costs’ savings from 76.2 to
101 kEUR/y, reduces the pay-back time to 4.9 y and increases the net-present value
to 1273 kEUR. Thus, the Renewable Energy Community scenario is characterized by
higher profitability of the investment.

To sum up, the constitution of the Renewable Energy Community provides better
performances than the traditional end users’ configuration. In future works, it would be
interesting to investigate the installation of an electric energy storage in order to further
increase the users’ energy self-sufficiency and renewable energy self-consumption, accord-
ing to the Italian regulation on Renewable Energy Communities, which also promotes
the installation of storage systems to increase the programmability of sources. Moreover,
other renewable energy technologies (such as biomethane-based cogeneration plants or
wind turbines) able to meet the community’s loads can be investigated as solutions to
reduce carbon dioxide emissions. Yet, their economic feasibility must be verified as they
are less mature technologies compared to photovoltaic plants. In addition, the possibility
of including other industrial members in energy sharing will be addressed, also to promote
the constitution of such configurations within the industrial sector considering their many
positive effects.
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Nomenclature
Acronyms and abbreviations
BC Baseline case
CO2 Carbon dioxide
CSC Collective services center
GSE Gestore dei Servizi Energetici (Italian energy services operator)
PG Power grid
POD Point of delivery
PV Photovoltaic
REC Renewable Energy Community
RES Renewable energy source
Us#1 First user (collective services center building)
Us#2 Second user (consortium wastewater treatment plant)
WWTP Wastewater treatment plant
Symbols
a Discount rate [%]
D Minimum spacing distance between adjacent panels’ rows [m]
cel Monthly average purchase cost of electricity [EUR/kWh]
d Self-consumption index [%]
EOSC

el Electric energy consumed onsite [MWh/y, MWh/m]
EPG

el Electric energy drawn from the grid [MWh/y, MWh/m]
EPV

el Electric energy supplied by the photovoltaic plant [MWh/y, MWh/m]
ETG

el Electric energy delivered to the grid [MWh/y, MWh/m]
EUs

el User’s electric load [MWh/y, MWh/m]
Fj Cashflow in the j-th year of investment horizon [kEUR/y]
IREC
el Incentive for electric energy sharing [EUR/MWh]

IC Investment cost [kEUR]
L Photovoltaic panel’s height [m]
MC Maintenance costs [EUR/kWpy, EUR/kWpm]
N Investment horizon [y]
NH Number of hours [-]
NPV Net present value [kEUR]
OC Operative costs [kEUR/y, kEUR/m]
pel Hourly electricity selling price [EUR/MWh]
PBT Pay-back time [y]
s Self-sufficiency index [%]
ΔEp Primary energy demand saving [MWh/y, MWh/m]
ΔCO2 Carbon dioxide emission reduction [tCO2/y, tCO2/m]
Superscripts, subscripts and Greek symbols
el Electric energy
i Month index in a year
j Year index in the investment horizon
k Hour index in the total number of hours in the i-th month
P Primary energy
noREC Scenario without the REC
OSC Electric energy consumed on-site
PG Electric energy drawn from the power grid
REC Scenario with the REC
TG Electric energy fed to the grid
Us#1 First user
Us#2 Second user
α Sun elevation angle [◦]
αCO2 Carbon dioxide emission factor [kgCO2/kWhel]
β Tilt angle [◦]
ηPG

el Power grid efficiency [-]
θ One-hour time step
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Abstract: Geopolymer concrete is preferred over OPC due to its use of energy waste such as fly ash,
making it more sustainable and energy-efficient. However, limited research has been done on its
seismic characterization in confined masonry, highlighting a gap in sustainable earthquake-resistant
structures. Our study compares the performance of alkali-activated fly-ash-based geopolymer
concrete bare frame and confined masonry wall panels with conventional concrete. Experimental
results showed that geopolymer concrete bare frame has 3.5% higher initial stiffness and 1.0% higher
lateral load-bearing capacity compared to conventional concrete. Geopolymer concrete confined
masonry exhibited 45.2% higher initial stiffness and 4.1% higher ultimate seismic capacity than
traditional concrete. The experimental results were verified using a numerical simulation technique
with ANSYS-APDL, showing good correlation. Comparison with previously tested masonry walls
revealed that GPC confined masonry has similar structural behavior to cement concrete masonry.
This study demonstrates that geopolymer concrete made from waste energy such as fly ash is a
sustainable and low-energy substitute for OPC concrete, particularly in highly seismic-prone areas,
for a cleaner environment.

Keywords: GPC confined masonry; GPC bare frame; reverse cyclic loading; ANSYS; numerical simulation

1. Introduction

Load-bearing masonry has been the most widely used construction technology world-
wide since the beginning of building construction because of its affordability, ease of
implementation, and eco-friendly features [1]. However, these, non-engineered construc-
tion practices have led to a significant increase in the seismic hazard posed by masonry
caused by inherent deficiencies such as low tensile strength of masonry and weak connec-
tions between elements. Therefore, poor design and detailing can result in buildings that
are susceptible to earthquake damage [2,3]. Unreinforced masonry structures perform well
when subjected to gravity load, due to the reasonable compressive strength of masonry
units, but on the other hand, it becomes a challenge for the engineers to enhance the tension
and shear capacity of masonry structures to achieve improved sustainability during seismic
excitations [4,5]. Unreinforced masonry still finds broad use in existing structures across
most seismic regions. The assessment of the seismic vulnerability of such buildings is
of critical significance. Indeed, said buildings have exhibited poor behavior under past
earthquakes resulting in massive damage, structural failure, and casualties [6]. Japan,
China, Indonesia, Italy, Iran, India, and Pakistan are a few of the earthquake-prone regions,
which have suffered huge losses in past ground shakes [7].

A recent earthquake (October 2005 AJK) has highlighted the vulnerability of masonry
structures and resulted in substantial devastation and thousands of people losing their
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lives. The same earthquake left extensive destruction, snatching the lives of more than
73,000 people, ruthlessly injuring another 70,000, and making 2.8 million people shelter-less
with over 450,000 buildings fully or partially damaged [8]. The major causes of destruction
encompassed the fragile interlocking bond between out-of-plane and in-plane walls, low
quality of building material, and non-engineered construction practices [9].

To address these challenges, the implementation of modern seismic design codes can
help assess the mechanical response of both new and existing structures, thus improving
their resilience to seismic activity. Confined masonry (CM) is one of the best reinforcing
masonry wall systems. It was introduced in Italy and Chile in the wake of disastrous
earthquakes, namely the 1908 Messina and 1929 Talca quakes, respectively [10]. Confined
masonry, which is widely used for housing in Mexico [11] and most Latin-American coun-
tries [12–15], is also a common construction technique in several European countries such
as Italy, Portugal, and Slovenia [16–18], as well as Asian countries including Iran [19,20],
Indonesia [21], Pakistan [22], and China [16,23]. In areas with moderate to high seismic
activity, confined masonry has been used as a common building technique for low- to
mid-rise structures [24,25]. Confined masonry is a structural technique that improves the
load-bearing capacity of masonry walls against both vertical and lateral loads by using
tie-beams and tie-columns [26,27].

Seismic performance of confined masonry has been, undoubtedly, proved to be far
better than non-engineered conventional masonry structures [28–33]. At the same time,
the confined masonry does consist for the most part of cement-based materials, i.e., con-
crete, and mortar, representing a vital ingredient in the construction industry [34,35]. The
manufacturing of OPC results in significant emissions of anthropogenic carbon dioxide
that contribute towards global warming [36–41]. The International Energy Agency reports
that the manufacturing of OPC accounts for approximately 5–7% of global greenhouse gas
emissions and lays the foundation for the onset of global warming [42–46]. The Geological
Survey (2012) estimated that global OPC production is currently around 3.6 billion metric
tons, and projections suggest that it will exceed 5 billion metric tons in the near future [47].
Typically, manufacturing one ton of Portland cement (PC) needs approximately 1.5 tons of
raw materials, which results in the emission of approximately 0.9 tons of CO2 [48–51].

Over the last twenty years, considerable research efforts have been focused on finding
substitutes for OPC concrete. Geopolymer concrete (GPC) is one such alternative that
can be made using industrial waste materials such as fly ash and slags [52–54]. Recently,
geopolymer concrete has gained significant attention due to its potential to serve as a
replacement for ordinary Portland cement, leading to a substantial reduction in carbon
dioxide emissions [55]. GPC achieves strength through the polymerization process [56].
The reaction of aluminosilicate materials with a highly alkaline solution results in the
development of geopolymeric gel [57]. Past studies show that GPC can be produced using
fly ash [58], metakaolin [59], silica fume [60], ground granulated blast furnace slag [61],
and rice husk ash [62], among which fly ash is the most used waste material to produce
GPC due to its superior engineering and durability properties [63]. Furthermore, it is
pertinent to mention that both types of concrete are heterogeneous and their physical
properties at meso-scale may also impact the behavior that can be studied utilizing micro
X-ray computed tomography images [64].

Geopolymer concrete has been proven to be appropriate for use in Civil engineering
projects such as constructing roads, footpaths, and pipes. However, before it can be widely
used in structural applications and the establishment of national codes of practice, further
testing is necessary to assess its overall structural performance. Currently, most of the
research on geopolymer concrete has focused on material development and mechanical
behavior measurement [65–71], with relatively few studies examining the behavior of
geopolymer concrete in structural elements [72–75].

Geopolymer concrete offers several environmental, structural, and economic advan-
tages over traditional concrete, but the available literature is mostly limited to geopolymer
concrete elements and very little research has been extended to reinforced geopolymer con-
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crete members (beam/column/slab). However, no studies are yet reported on the seismic
characterization of geopolymer concrete confined masonry using fly ash as a precursor,
which highlights a huge gap in the research needed to produce a clean green environment in
highly seismic-prone regions. Therefore, it is a pressing need to study the seismic resilience
of geopolymer concrete at the structure level in the form of confined masonry.

This paper provides a comprehensive study on the alkali-activated fly-ash-based
geopolymer concrete bare frame under reverse cyclic load and its comparison with con-
ventional concrete. Upon successful concordance, the research has been extended to the
comparison of the structural performance of GPC confined masonry with that of cement
concrete. Benchmark walls tested under lateral in-plane loading are used to calibrate a
finite element modeling approach for reverse cyclic analysis. For this purpose, a numerical
solution based on the finite element method has been carried out to model the test results.
A comparison has also been drawn among the test specimens in this study and previously
tested confined and unreinforced masonry walls to estimate the difference of important
seismic parameters of GPC confined masonry compared with that of cement concrete
masonry. The present experimental and numerical observations and results make the basis
for further testing on fly-ash-based geopolymer concrete confined masonry rooms to study
different lateral and torsional behaviors to produce a green environment, especially in
seismic-prone areas.

2. Methodology

2.1. Experimental Setup
2.1.1. Test Specimens and Geometric Properties

The test specimens presented in this study are bare frame and confined masonry made
with alkali-activated fly-ash-based geopolymer concrete and their comparison with the con-
ventional concrete. All the test specimens were subjected to the quasi-static reverse cyclic
load. The nominal dimension of the bare frames and single wythe confined masonry walls
are 1870 mm × 1850 mm × 113 mm (length × height × width). In order to prioritize shear
failure over flexural failure, the aspect ratio of both bare frames and walls was kept approx-
imately equal to 1.0. A reinforced concrete pad measuring 2470 mm × 300 mm × 300 mm
(length × width × depth) was used to construct the specimen, simulating a sturdy founda-
tion for the sample. The footing beam extended 300 mm on each side of the main structure
to anchor the specimen with the testing floor, preventing any sliding or uplift at the base.
Instrumentation was set up to monitor the base for sliding.

In the case of bare frames, the steel reinforcement for the columns was developed by
embedding the steel cage into the footing beam before its casting. After the footing pad,
columns were cast followed by the beam. The bare frame was constructed with the same
dimensions of columns and beams as confining elements in the case of confined masonry
to produce similarity in geometry for the purpose of comparison of both structures.

The construction of confined masonry walls was similar to the bare frames except for
dowels of tie-columns embedded into the footing beam. The masonry was then assembled
using common clay bricks measuring 225 mm× 113 mm× 75 mm (length × width × height)
with 10 mm thick bed and head mortar joints. To improve the bond efficiency at the brick-
mortar interface, all bricks were soaked as dry bricks have high water absorption. Half brick
toothing was used on alternate brick courses during brickwork to ensure the masonry units
were tightly packed with confining elements. The walls were built up to their full height in
three stages with an English running bond, keeping the frog of bricks facing upwards to
establish a strong interface. All bed and head joints between bricks were properly filled
with mortar. After the masonry was constructed, tie-columns and a tie-beam measuring
225 mm × 113 mm and 113 mm × 225 mm (width × depth), respectively, were cast to fully
confine the wall. All confining elements had four No. 3 deformed longitudinal steel bars
and No. 2 transverse reinforcement. The thickness of the confining elements matched that
of the masonry wall, which was 113 mm.
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To measure the strain of longitudinal and transversal steel bars at critical sections of
the columns, strain gauges were glued with cyanoacrylate adhesive. Steel strain gauges
were also installed at critical sections of the beams to examine the strain of steel bars
during loading before casting. The slump for the tie-columns was kept a little bit high at
approximately 110 mm to allow easy flow of concrete into tooth gaps.

The OPC test specimens were water-cured for 28 days to ensure maximum shear
strength, whereas GPC test specimens were subjected to ambient curing. The prototype
test specimens’ reinforcement details and geometric properties are shown in Figure 1.

Figure 1. Schematics and reinforcement detailing of bare frame and confined masonry wall.

2.1.2. Materials and Properties

The material behavior of both types of concrete and mortar used in the construction of
bare frames and confined masonry panels were determined through experimental testing
according to the standards, given in Table 1. Margalla crush was used as coarse aggregate
having a particle size ranging from 10 mm to 20 mm with an average size of 12.5 mm.
The apparent specific gravity of coarse aggregates was determined as 2.66 g/cm3 and
the water absorption was 1.34% obtained by ASTM C127 [76]. The chemical composition
of fly ash is listed in Table 2. The mix proportions used forconventional concrete and
cement mortar were 1:2:4 with w/c 0.45 and 1:3 (cement: sand) with w/c 0.6, respectively,
whereas the mix design of fly-ash-based geopolymer concrete was taken from past studies
based on the optimal mechanical performance [77] and is given in Table 3. The same mix
proportion of geopolymer mortar was adopted as in the case of cement mortar, with cement
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replaced by fly ash along with alkaline activator solution provided in Table 3. The chemical
solution used as a composite activator consisted of liquid sodium silicate (Na2SiO3), and a
14-molarity solution of NaOH flakes. In both types of concrete and mortar, Lawrencepur
sand was used, with a fineness modulus of 2.6, determined experimentally conforming
to ASTM C136 [78]. Mortar cubes of 50 mm size were tested to obtain the compressive
strength of the mortar. For the purpose of concrete, Sargodha crush was used with a particle
size of 5–20 mm. The compressive strength of the masonry was determined by testing a
four-brick stacked prism, whereas its modulus of elasticity was estimated by the gradient
of the secant joining 5% to 33% on the compressive strength graph.

Table 1. Experimental material characteristics.

Properties Material Average Value (MPa) Reference Standards

Compressive
Strength,

Elastic Modulus

Brick fb = 19.74 [COV 7.4%] [79]

Cement Mortar fjc = 21.97 [COV 6.5%]
[80]Geopolymer Mortar fjg = 22.09 [COV 7.1%]

Masonry (with
cement mortar)

fm = 9.81 [COV 8.5%]

[81]
Em = 4700

Masonry (with
geopolymer mortar)

fmg = 9.78 [COV 4.9%]
Emg = 4691

OPC Concrete
fc’ = 31.37 [COV 4.4%]

[82,83]
Ec = 24794

GPC Concrete
fcg’ = 32.96 [COV 7.2%]

Ecg = 25102

Yield Strength

Steel Rebar fy = 483 [COV 2.1%]

[84]
(6φ) E = 188671

Steel Rebar fy = 537 [COV 1.3%]
(10φ) E = 191103

Table 2. Chemical composition of fly ash.

Category
CaO

%
MgO

%
SiO2

%
SO3

%
Al2O3

%
Fe2O3

%
L.O.I *

FA 7.6 2.1 79.92 0.35 3.22 2.31 3.1
* Loss of ignition.

Table 3. Mix proportions of geopolymer concrete and mortar.

Material
FA

(kg/m3)
Coarse Agg.

(kg/m3)
Fine Agg.
(kg/m3)

NaOH
Solution
(kg/m3)

NaOH
(M)

Na2SiO3

Solution
(kg/m3)

Na2SiO3/
NaOH

AA/FA
Water

(kg/m3)

Concrete 368 1294 554 73.6 14 110.4 1.5 0.5 36.8
Mortar 368 - 1104 73.6 14 110.4 1.5 0.5 36.8

2.1.3. Instrumentation and Test Procedure

The experimental study was conducted in the Test Floor Laboratory of the UET Lahore.
A total of two bare frames and two confined masonry walls were tested using the test set-up
shown in Figure 2. Each of the bare frame and confined masonry walls was constructed
with conventional concrete and geopolymer concrete on a robust RC footing beam with a
cross-section of 300 mm × 300 mm, featuring an extended length of 300 mm on each side
of the specimen to securely anchor it to the test floor. During the test, five LVDTs were used
to record lateral, diagonal, and out-of-plane displacement as shown in Figure 2.
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Figure 2. Experimental test setup (a) Actual, (b) Schematic.

A uniformly distributed gravity load was applied to the wall through a steel girder
to simulate service roof load and was kept constant throughout the test. To allow for free
lateral displacement during loading, four 50 mm diameter rollers were placed above the
steel girder. Quasi-static in-plane reverse cyclic loading was then applied at the top of the
beam-column joint with a low frequency of approximately 0.02 Hz, using hydraulic jacks
on each side of the wall. Load cells were used to record lateral loads, and the lateral loading
was increased incrementally by 5 mm after each cycle until failure, as per ACI 374.1-05
(ACI 374.1-05, 2014), as shown in Figure 3. The test was terminated when the specimens
stopped taking further load and the strength degradation began together with considerable
widening of bed joint cracks.

Figure 3. Quasi-static cyclic displacement time history.
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2.2. Numerical Simulation

A numerical analysis was conducted to develop a three-dimensional finite element
model of the confined masonry walls tested experimentally in the present study. The
analysis utilized commercially available finite element software, ANSYS, which had been
employed in earlier studies on masonry walls [85–89].

Based on past studies, there are various techniques utilized to analyze the structural
response of masonry walls numerically. These techniques depend upon how accurately the
model is capable of predicting the failure mechanisms. These techniques are categorized as
detailed micro modeling, macro modeling, and simplified micro modeling.

The detailed micro modeling technique is very useful when most failure mechanisms
are required to be analyzed. In this method, the mortar and bricks are considered continuum
elements with defined failure criteria. The bricks and mortar interface are modeled with
distinct elements representing discontinuities. Since, each part of the masonry, i.e., brick,
mortar, and their interface, are modeled separately with their individual characteristics,
therefore, this numerical approach takes more time to process the data. In contrast to the
micro modeling technique, in the macro modeling approach the whole masonry panel is
considered as a homogeneous element, where mesh size is the same as that of brick and the
characteristics are assigned to a wall panel in place of mortar and brick separately. This
modeling method is used due to the requirement for shorter data-processing time, but
simultaneously, it is comparatively less accurate. Therefore, where more accuracy is not
a big concern, this technique can be utilized, for example, for larger structures. However,
in the simplified micro modeling, the general geometry of the wall including bricks is
maintained, as in the detailed micro modeling, but the mortar joints and interface elements
are modeled as discrete elements to represent a contact area. The compressive and shear
stress properties are assigned to the mortar with the help of spring elements, and for the
brick-mortar bond contact elements are used. This modeling technique requires less time
for data processing as compared to the detailed micro-modeling approach. Based on the
recommendations of previous research, a simplified micro-modeling technique was used
in this study [90–95].

Reinforced concrete and brick units were modeled using three-dimensional hexahe-
dron elements with eight nodes and three degrees of freedom at each node, with trans-
lational displacement along nodal x, y, and z dimensions, in ANSYS [95]. The SOLID65
element is capable of crushing in compression and cracking in tension and can incorporate
reinforcement rebar that is smeared throughout the reinforced concrete element. To model
the steel rebar, the LINK180 element, which is a uniaxial tension-compression element with
three degrees of freedom at each node, was used. The mortar joint was modeled using two
nonlinear spring elements (COMBIN39) in parallel and one contact element (CONTA178)
in series with the spring elements (Figure 4).

Figure 4. Brick-mortar joint detail.

The nonlinear springs represent the shear and axial response of the mortar, while the
contact element represents the bond between the mortar and brick and considers friction as
well. The properties of the spring and contact elements were determined directly from the
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materials, with the force-deflection curve defined from the stress-strain curve. The force
was defined by multiplying the stress by the tributary area over the node (Figure 5), and
the deflection was expressed as the strain multiplied by the length of the spring, which was
set to be 9/10 of the joint thickness, while the length of the contact element was 1/10 of the
joint thickness.

Figure 5. Tributary area on nodes for nonlinear springs.

The brick elements were meshed by dividing them vertically into two equal parts
to connect them with adjacent upper and lower courses (Figure 5). The nodes of two
bricks were connected with two spring elements in parallel and one contact element in
series to model the mortar joint and the bond between brick and mortar, respectively. The
two spring elements were assigned properties to express the longitudinal and transversal
response of the mortar, while contact elements were assigned properties associated with the
mortar and also friction to represent the bond between the brick and mortar. The confining
elements of the wall were also modeled using SOLID65, and the steel rebar was embedded
into the concrete using the LINK180 element. Before solving the analysis, all nodes of the
wall were restrained along the z-direction to prevent out-of-plane movement of the panel.
The lower nodes of the bottom course were restrained along all dimensions to provide
fixed support at the bottom.

3. Results and Discussions

3.1. Experimental Program
3.1.1. Material Behavior

The material behavior of both types of concrete, mortar, and masonry wallets is il-
lustrated in Table 1. Compressive strength is an important parameter to evaluate the
structural performance of concrete. GPC typically has higher compressive strength com-
pared to conventional concrete due to the strong chemical bonding between the binder
and the aggregate. Additionally, geopolymer concrete often contains a higher proportion
of fine aggregates, which contributes to the development of a dense and homogeneous
microstructure. However, it is worth noting that the compressive strength of both kinds
of concrete can be influenced by various factors such as mix design, curing conditions,
water-to-binder ratio, and the size and type of aggregate. Therefore, a direct comparison of
compressive strengths of two types of concrete in this study shows 4.94% more strength
for geopolymer concrete. Past studies also endorse the higher compressive strength of
geopolymer concrete compared to traditional concrete. For example, Neupane et al. [96]
carried out a detailed study on the compressive strength of geopolymer and traditional
concrete having different grades (40, 50, 65, and 80 MPa). With standard room-temperature
curing of all specimens, it was observed that the compressive strength gain of geopolymer
concrete was comparatively lower than conventional concrete at an early age; however, it
was significantly higher at a later age. Reddy et al. conducted an experimental comparison
of the compressive strengths of a novel steel-fiber-reinforced geopolymer concrete with
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conventional concrete. The study found that the steel-fiber-reinforced geopolymer concrete
had 13.4% higher compressive strength compared to the OPC concrete [97]. Moreover, the
geopolymer mortar carries more compressive strength than OPC paste, as experimentally
studied by Razak et al. [98]. It was concluded that the fly-ash-based geopolymer paste
possesses more resistance to aggressive environments and compressive strength than OPC.

The second most important characteristic of a material contributing towards resis-
tance to the applied load, Young’s modulus of elasticity, also known as elastic modulus,
is a measure of a material’s stiffness and its resistance to deformation under load. In
general, fly-ash-based geopolymer concrete has a higher Young’s modulus of elasticity
compared to conventional concrete. This indicates that fly-ash-based geopolymer concrete
is stiffer and stronger than conventional concrete. However, the exact value of Young’s
modulus of elasticity of these materials can vary based on the specific mixture propor-
tions and curing conditions used. The present study illustrates a 1.23% greater modulus
of elasticity of geopolymer concrete compared to that of conventional concrete. In the
literature, a large variety of experimentally-determined values of modulus of elasticity
has been found for geopolymer concrete ranging from 30% lower to 20% higher than that
of OPC. Bondar et al. [99] investigated the engineering properties of concrete made with
alkali-activated natural pozzolan. The comparison of geopolymer concrete with traditional
Portland cement concrete resulted in alkali-activated GPC possessing 5% to 20% higher
modulus of elasticity after 14 days of ambient curing, making it a promising alternative
to traditional concrete. However, Olivia et al. [100] experimentally evaluated a total of
nine mixture variations by considering the impact of the ratio of sodium silicate to sodium
hydroxide, the ratio of alkaline solution to fly ash, aggregate content, and curing method.
The findings reveal that the modulus of elasticity of geopolymer concrete was 14.9–28.8%
lower compared to ordinary Portland cement concrete. This suggests that a high content of
silicate might enhance the elasticity of geopolymer concrete. Nath et al. [101] investigated
eleven geopolymer specimens of different mix designs and two OPC cylinders to evaluate
the modulus of elasticity at 28 and 90 days of ambient curing. The geopolymer concrete of
similar grade to the OPC concrete achieved about 25–30% less modulus of elasticity than
that of OPC at the age of 28 days, whereas at the age of 90 days’ ambient curing, GPC
could achieve modulus of elasticity in the range of 21.6% to 31.1% less than the value of
conventional concrete. In view of the material behavior examined in the present research
and previous studies, most of the findings endorse the superiority of alkali-activated fly-
ash-based geopolymer concrete to ordinary concrete, which demonstrates the potential for
developing and utilizing this alternative to traditional Portland cement concrete.

3.1.2. Hysteretic Response

The load-deflection hysteretic behavior of OPC-BF is given in Figure 6. During the
early stages of loading and unloading, the hysteresis curves were nearly linear. As the
lateral loading displacement increased, the specimen gradually entered an elastoplastic
state, and its stiffness steadily declined due to the concentration of cracks at the columns
and the beam-column joint. The flexural cracks initiated at the beam-column joint, at which,
severe distress was noticed at increased load. In the later stages, more flexural cracks were
produced at the column cross-section. The frame responded with almost symmetrical
hysteresis loops by a difference of 7.8% between the peak positive and negative loads in
the last cycle. The seismic resistance of the frame was discovered to escalate with each
hysteresis, reaching a high of 25.39 kN and then declining to 22.81 kN during the final
pushover, which corresponded to drifts of 2.30% and 3.16%, respectively. In the last cycles
of load, the cracks started widening at the beam-column joint. It is important to note that
the strength degradation of the bare frame was caused by plastic damage in the beam-
column joints and column cross-section. A sudden decrease in seismic strength was noticed
in the frame after reaching the maximum drift value, leading to the termination of the
test. On the whole, the hysteretic curve of the specimen was pinched at higher drift levels.
Additionally, the drift level at the peak load (δm) of the conventional concrete bare frame
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was calculated to be 3.16% during push and 0.93% during pull cycles. The initial stiffness
(Kc0) was recorded as 8.47 kN/mm.

Figure 6. Experimental results of OPC-BF (a) Hysteretic response (b) Envelope curve.

The lateral load-displacement curve of GPC-BF is displayed in Figure 7. Initially,
the specimen was in the elastic phase, with the load-deflection curve exhibiting a linear
relationship. As lateral drift increased, cracks appeared near the beam joint, causing the
hysteresis curve to slightly bend and display nonlinear behavior. This indicated that the
specimen had entered the elastoplastic phase, with the enveloping area of the hysteresis
loop increasing. The last push and pull load exhibiting peak positive and negative values of
lateral load carrying capacity of the frame showed almost no difference. During the inelastic
phase, the lateral load of the specimen gradually increased in each cyclic load, reaching
a maximum value of 25.51 kN in the last pushover and gradually decreasing to 24.90 kN
corresponding to 3.13% and 3.19%, respectively. Up to 58.9 mm lateral displacement, the
geopolymer concrete frame resisted maximum loads. By further escalating the lateral
displacements, large cracks were developed in the beam-column joint, due to which lateral
load-carrying capacity decreased suddenly signaling the termination of the test. From the
figure, it can be seen that the hysteresis loops are narrow at the beginning and wider at the
end of the displacement cycles. This indicates that, at lower lateral displacements, crack
widths were smaller, and less energy was dissipated. However, as lateral displacement
increased, crack widths also increased, leading to greater energy dissipation. GPC-BF
illustrated a good and stable hysteresis behavior with a slight pinching effect. The drift
level at the peak load (δm) of the geopolymer concrete bare frame was estimated to be
3.19% during push and 1.34% during pull cycles. The initial stiffness (Kc0) was recorded as
8.77 kN/mm.

Approximately, all the seismic characteristics of the conventional concrete bare frame
and alkali-activated fly-ash-based geopolymer concrete have shown good concordance
with each other. The GPC frame has exhibited better lateral properties than the traditional
concrete frame. The initial stiffness of the GPC frame has been observed 3.5% more than
that of the OPC frame. However, the initial stiffness of the two frames has been found very
close to the past studies [102–104]. Similarly, the ultimate positive and negative load of
the GPC frame has been estimated 0.47% and 4.4%, respectively, higher than that of the
cement concrete frame. The maximum lateral load strength of the OPC-BF and GPC-BF
were found to be 1.37 and 1.54 times the cracking load.
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Figure 7. Experimental results of GPC-BF (a) Hysteretic response (b) Envelope curve.

The results of OPC-BF and GPC-BF show good match with the past studies. The
study conducted by Sumajouw et al. [105] investigated the performance of slender columns
made of fly ash concrete (measuring 175 mm × 175 mm × 1500 mm) when subjected to
axial compression and uniaxial bending. The research focused on several key parameters,
including compressive strength (40 MPa and 60 MPa), longitudinal reinforcement ratio (1.47
and 2.95), and load eccentricity (15, 35, and 50 mm). The study revealed that columns made
of fly ash geopolymer concrete demonstrated behavior similar to that of ordinary Portland
cement (OPC) concrete. Consequently, the existing design provisions contained in current
standards and codes can be employed to design reinforced fly-ash-based geopolymer
concrete columns.

Similarly, Rahman et al. [106] conducted a study on twelve slender columns made of
fly ash concrete (measuring 175 mm × 175 mm × 1500 mm) that were subjected to axial
compression and different combinations of biaxial load eccentricities. The study focused on
several key parameters, including compressive strength (ranging from 37 MPa to 63 MPa),
longitudinal reinforcement ratio (1.47 and 2.95), load eccentricity in the x direction (15, 30,
35, 50, and 70 mm), and load eccentricity in the y direction (15, 30, 35, 50, and 70 mm). The
results of their study demonstrated the potential for fly ash geopolymer concrete to be used
in structural applications instead of conventional concrete structures.

The in-plane load vs. deformation of the conventional concrete tested specimen is
shown in (Figure 8). The hysteretic response of the OPC-CM wall panel illustrated almost
proportional cycles in pushing and pulling directions. The seismic strength of the wall
specimen was found to increase in each hysteresis reaching a maximum value of 114.3 kN
and then decreasing to 109.1 kN in the last push load corresponding to 1.73% and 2.02%
drifts, respectively. After the peak drift value, a sudden drop in seismic strength was
observed in the wall panel, which was the main reason for the test termination. The
pinching behavior was witnessed during the seismic performance of the panel at a larger
drift level because of confinement. The distribution of the lateral load along the cross-
section of the masonry Aw caused the development of the shear stress in the masonry panel
(Vmax/Aw), i.e., 0.67 MPa. Further, the drift level at peak load (δm) of the confined masonry
wall was estimated as 1.73% at push and 1.35% during the pull cycles. The initial stiffness
(KC0) was observed as 35 kN/mm.
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Figure 8. Experimental results of OPC-CM (a) Hysteretic response (b) Envelope curve.

The hysteretic behavior of the GPC-CM test specimen exhibited slight irregular and
asymmetric loops in the push and pull cyclic loads as shown in (Figure 9). The wall speci-
men showed almost symmetric loops until the onset of bed joint cracks in the second loop
of lateral load, after which the structural behavior of the wall shifted to an elastoplastic state
and the wall stiffness steadily degenerated owing to the development and concentration of
more and more cracks in the masonry pier. As with the cement concrete wall, the GPC wall
also showed increasing seismic load capacity in each cycle reaching a maximum value of
119.10 kN at the drift of 2.32% in the last push load, after which the wall stopped taking
further load and the lateral load carrying capacity of GPC-CM started decreasing and a sud-
den drop in lateral strength was observed, at which point the test was terminated to avoid
any accident or damage to the equipment attached to the wall. The initial stiffness (KC0)
and the development of the shear stress in the masonry pier (Vmax/Aw) were estimated as
55.45 kN/mm and 0.66 MPa, respectively.

Figure 9. Experimental results of GPC-CM (a) Hysteretic response (b) Envelope curve.

As with bare frame structures, GPC confined masonry has also shown a good match of
seismic characteristics with the traditional concrete wall. The initial stiffness of the GPC wall
specimen was estimated 45.2% higher than that of OPC wall masonry, whereas wall shear
stress was calculated as 1.5% greater in OPC-CM. As far as peak lateral load is concerned,
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GPC confined masonry has exhibited a 4.11% greater peak lateral load than the OPC wall.
The higher seismic capacity of alkali-activated fly-ash-based geopolymer concrete confined
masonry is certainly due to more compressive strength and Young’s modulus of elasticity
of geopolymer concrete as determined experimentally in the present study. Approximately
similar behavior is also evident from the previous research as discussed in the material
behavior section. The backbone curves of both walls were plotted by joining the peak
resistance of the adjacent displacement cycles (Figures 8 and 9). The maximum lateral
load-bearing capacity of the OPC-CM and GPC-CM were found to be 1.52 and 1.66 times
the cracking load, which are slightly more than the squat wall tested by Borah et al. [107].

The maximum seismic strength (Vmax) of all the specimens determined experimentally
and the corresponding drift (δm) are presented in Table 4. The cyclic stiffness (Kc) was cal-
culated for the first hysteresis loop at every drift level as the gradient of the line connecting
the maximum points of positive and negative curves. The stiffness degradation (Kc/Kc0)
at each drift level was drawn concerning the drift δ normalized with regard to the drift
level in the first loading cycle, δ0 (Figure 10a). The strength variation factor (Csv = V/Vmax)
obtained from the normalization of seismic loads determined against various drift points
with Vmax was plotted against δ/δm (Figure 10b). The plot shows that the increment in
strength was found in the specimen due to confining elements in the wall.

Table 4. Hysteretic response of test walls.

Specimen
Vcr

(kN)

Vmax (kN) Vmax/Aw

(MPa)

δm (%)
μd

Push Pull Avg Push Pull Avg

OPC-BF 18.52 25.39 21.34 23.36 - 3.15 0.93 2.04 1.29
GPC-BF 16.56 25.51 22.30 23.90 - 3.19 1.34 2.26 1.02

OPC-CM 75.7 114.3 98.2 106.2 0.67 2.02 1.35 1.68 15.42
GPC-CM 51.14 85.10 58.25 71.67 0.44 2.32 1.08 1.70 3.27

Figure 10. (a) Stiffness degradation (b) Strength variation.

3.1.3. Strain in Longitudinal Reinforcement

The strain in longitudinal reinforcement was determined at the most critical sections of
the tie-columns, where plastic hinges were expected to develop, to evaluate the nonlinearity
of the structures, with the help of a data logger. The strain gauges installed at the bottom of
each tie-column recorded large strains related to the yielding of longitudinal reinforcement.
The lowest values of the lateral drift level with respect to the yielding of the reinforcement
rebars are shown in Figure 11. The drifts corresponding to the yielding of steel rebars in
all test specimens were observed to be approximately comparable to each other due to
the fact that the same steel was used in all specimens. It is pertinent to mention that the
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yielding phenomenon in steel rebars is the same regardless of the type of concrete used in a
structure, therefore the occurrence of close values of drift level related to the steel yielding
is certain.

Figure 11. Locations of reinforcement yielding and corresponding drift values (a) OPC-CM (b) GPC-CM.

3.1.4. Failure Mechanism

Figure 12 displays the cracking pattern of OPC-BF, denoting the ordinary Portland
cement bare frame. In the OPC-BF specimen, the initial crack appeared at the beam-
column joint at 18.52 kN push load corresponding to the drift level of 0.67%. On further
displacement in the pulling direction, the first flexural crack appeared at the column cross-
section near the bottom, against the lateral load 19.7 kN at 0.76% drift. Few flexural cracks
appeared to spread on both column cross sections at increased lateral load. At the end of
the last pushover, shear cracks at the beam-column joint and a flexural crack at the bottom
of the right column widened and propagated. The frame specimen achieved maximum
seismic strength as 25.39 kN and 21.34 kN in the push and pull cyclic loads against the drift
levels of 3.15% and 0.93% respectively. The maximum lateral displacement noted in the
test specimen was 58.4 mm in the last pushover. The beam-column joint shear crack width
was measured as 37 mm, whereas the maximum width of the flexural crack at the bottom
of the column was recorded as 11 mm.

Figure 12. Crack pattern of OPC-BF (a) failure pattern of actual sample, (b) crack pattern diagram.
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The fly-ash-based geopolymer concrete bare frame, denoted as GPC-BF, exhibited a
ductile behavior and plastic hinges were fully produced at the beam-column joints and
bottom of the columns as shown in Figure 13. The first crack appeared near the beam joint
at the lateral load of 16.56 kN at 0.72% drift. Further, an increase in load to 19.75 kN against
0.97% lateral drift caused the appearance of flexural cracks in the columns. These flexural
cracks were produced mostly near the bottom of columns. The most vulnerable places to
failure in a bare frame are usually the bottom of columns and beam-column joints. At the
lateral load of 22.32 kN push cycle corresponding to the drift level of 1.2%, the shear cracks
at the beam-column joint widened significantly. The maximum lateral strength achieved by
the geopolymer concrete frame specimen were 25.51 kN and 22.3 kN corresponding to the
3.18% and 1.34% drifts in the push and pull load cycle, respectively. The ultimate lateral
displacement attained by the specimen was recorded as 58.9 mm in the final pushover.
The maximum flexural crack width near the bottom of columns and shear crack width
at the beam-column joint were measured as 10 mm and 29 mm, respectively. Both the
test specimens have shown very similar failure modes and crack patterns with a slightly
smaller crack width in the case of GPC-BF.

Figure 13. Crack pattern of GPC-BF (a) failure pattern of actual sample, (b) crack pattern diagram.

The specimen OPC-CM. denoting a confined masonry wall panel made of ordinary
Portland cement concrete, was dominated by the shear failure of confining elements and
crisscross mortar joints (Figure 14). At a drift level of 0.22%, corresponding to a lateral
load of 75.74 kN for the pushing direction, the first crack initiated at the bed joint of mortar
near the top. On further increasing lateral load, the cracks started propagating downward
through the bricks-mortar joints at 0.54% drift against 89.85 kN. Diagonal stair-stepped
cracks spread from the column-beam joint to the bottom of the other column through
the bricks interface at 1.08% drift and a lateral load of 103.21 kN. On increasing further
lateral drift, flexural cracks appeared in one tie-column. The possible reason for flexural
cracks is the rocking of the masonry panel after the reinforced tie-column approaches the
maximum tension capacity at the base. Most of the diagonal cracks developed passed
through the mortar joints and only a few went through the bricks. The wall specimen
achieved maximum lateral load-bearing capacity in pushing and pulling direction as
114.29 kN and 108.48 kN against drift levels of 1.73% and 1.35%, respectively. The peak
lateral displacement recorded in the test specimen was approximately 37.4 mm in the last
pushing direction. The diagonal crack width was measured as 24 mm, whereas the largest
width of flexural cracks in tie-column was noted as 9.0 mm. The damage in the specimen
was mostly concentrated in the top one-third part.
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Figure 14. Crack pattern of OPC-CM (a) failure pattern of actual sample, (b) crack pattern diagram.

The failure mode in the GPC-CM wall, designating GPC confined masonry, may be
characterized by the shear failure of masonry as well as confining elements including the
tie-beam (Figure 15). The very first crack developed at the bed joint of bricks near the top
left of the masonry close to the tie-column at 0.25% drift and 71.73 kN lateral load in the
pushing direction. On increase in load, until 86.50 kN corresponding to 0.49% drift, the
cracks’ dissemination started downward along the bed and head joints. The first crack
developed, spread upward, and entered the tie-column against 0.81% drift and 98.75 kN
lateral load. The diagonal crisscross cracks produced propagated upward into the tie-
column and downward into masonry. At 1.08% drift and 94.95 kN seismic load in the
pulling direction, the right column-beam joint failed badly with considerable crack size.
Further increase in lateral displacement led to shear cracks in the tie-beam and flexural
cracks in the left tie-column at 1.11% drift and 107.98 kN lateral load in the sixth cycle of
load. At the same load, the mortar spalled off at the center of the masonry wall. Almost all
the cracks passed through the brick interface due to weak brick-mortar joints. The crack
distribution was observed uniformly across the test wall. The wall specimen exhibited peak
load carrying capacity of 119.1 kN and 95.0 kN in pushing and pulling directions at 2.32%
and 1.08% drifts, respectively. The ultimate lateral displacement noted was 42.97 mm in
the last push. The maximum shear crack width measured in the test specimen was around
28 mm and the width of flexural cracks in the tie-column and shear cracks in the tie-beam
were recorded as 8.0 mm and 4.0 mm, respectively.

In both walls, the failure mode may be considered as the shear failure in form of
diagonal cracks in the masonry panel propagated in slanted directions. The failure mecha-
nism and the damage pattern were very similar to the research conducted by El-Diasity
et al. on confined masonry under cyclic load [108]. The existence of the confining elements
prolonged the occurrence of shear cracks in the masonry panel [109]. It is pertinent to
mention that no separation was noticed at the toothed interface between confining columns
and the masonry panel, clearly illustrating a significant advantage of confined masonry
over infilled masonry structures [110]. The test experiments were terminated at the stage
when the collapse prevention (CP) level of wall performance was attained as mentioned in
ASCE/SEI 41-06 [111].

The cracking load of OPC-CM was observed to be 5.44% greater than that of GPC-CM.
In GPC-CM, almost all the cracks propagated through the masonry joints separating the
mortar from the brick interface instead of the crack passing through the geopolymer mortar.
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Figure 15. Crack pattern of GPC-CM (a) failure pattern of actual sample, (b) crack pattern diagram.

3.2. Numerical Modeling

The validation of the numerical model through experimental testing is considered a
crucial aspect of FEA-based research to determine the accuracy of simulated parameters.
Two confined masonry walls were tested experimentally to validate the numerical models
used in this study. The wall panels built with confining elements of 225 mm depth and
longitudinal reinforcement of No. 10 were tested under reverse cyclic loading. The seismic
behavior of the test specimens was compared with that of the numerical models, which
showed good agreement.

The comparison of the numerical model and experimental results of OPC-CM showed
a difference of 10.81% in seismic capacity (Vnum) as shown in (Figure 16a). The numerical
validation also revealed very similar hysteretic behavior in initial cycles, with increased
energy dissipation at higher drift level. It is clear from the envelope curves that the
numerical model demonstrated an increase in lateral strength with an increase in lateral
drift, just as in the experimental results. The initial stiffness found from the numerical
analysis was closely comparable with the experimental result by a difference of 5.4%.

Figure 16. Comparison of experimental and numerical results (a) OPC-CM (b) GPC-CM.
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Figure 16b illustrates the validation of the numerical model of GPC-CM by experi-
mental results with a difference of 5.39% in peak lateral load. Similar to the OPC masonry
case, FE analysis of the GPC wall also depicted an increasing trend of lateral load capacity
with an increase in drift level as compared to the experimental results, evident from the
backbone curves. The initial stiffness calculated from the numerical analysis was almost
matchable to the experimental result by a difference of 6.1%.

Figure 17 displays the contour plot of both wall panels at the stage of failure. The
diagonal contours that appeared on the damaged shape, clearly indicate that two panels
failed in shear which matched with the failure mode of the tested walls. The FE model of
conventional concrete confined masonry reached its maximum compressive strength and
failed at the toe of the confining column, whereas the GPC model failed at the point of load
application after reaching the peak compressive strength. The principal stresses varied as a
result of loading and unloading during push and pull. The FE model, despite limitations in
showing bed joint cracks, provided an approximate agreement with experimental damage
as represented by stress contours in ANSYS (Figure 17).

Figure 17. Contour plots of damaged shape (a) OPC-CM (b) GPC-CM.

4. Comparison of Seismic Parameters

Geopolymer concrete confined masonry has shown considerable resistance to seismic
load in this study. The lateral load strength of the GPC masonry wall has presented
a good concordance not only with the conventional concrete confined masonry in this
study. It is pertinent to mention that the lateral load-carrying capacity of confined masonry
walls with an even higher reinforcement ratio has been observed to be less than that of
a GPC wall. From Table 5, it is observed that GPC confined masonry has proved to be
a seismically resistant structure in comparison to non-engineered masonry walls. The
results exhibited comparable seismic resistance to other confined masonry tested in the
past as given in Table 6. A comparison has also been drawn between the present study,
especially regarding GPC confined masonry, and the past studies on infill masonry and
bare frame in Tables 7 and 8, illustrating the significant advantages of GPC masonry over
cement concrete infill masonry and bare frame.
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Table 5. Comparison of the present study with past studies on unconfined masonry.

Sr. No Study
Aspect Ratio

(H/L)
ρ

(%)

Cracking Load
Vcr

(kN)

Maximum Load
Vmax (kN)

Vmax/Vcr Failure Mode

1 Ashraf [112]

1.08 - - 77.8 - Rocking

1.08 - - 103.1 - Rocking

1.08 - 47.0 120.3 2.55 Shear

1.08 - 39.5 131.7 3.33 Shear

2 Nadège et al. [113] 1.22 - - 12.0 - Shear-Flexure

3 A Hasnat et al. [114] 0.75 - 4.42 13.1 2.96 Rocking

4
Konthesingha et al.

[115]

1.0 - - 257 - Shear

0.5 - - 345 - Rocking

5
Mojsilovic et al.

[116]

1.0 - - 89.17 - Compression
(Toe Crushing)

1.0 - - 145.89 - Compression
(Toe Crushing)

1.0 - - 53.37 - Rocking

6 OPC-BF 0.99 1.08 18.52 25.39 1.37 Ductile

7 GPC-BF 0.99 1.08 16.56 25.51 1.54 Ductile

8 OPC-CM 0.99 1.08 75.7 114.3 1.51 Shear

9 GPC-CM 0.99 1.08 51.1 85.1 1.66 Shear

Table 6. Comparison of the present study with past studies on confined masonry.

Sr. No Study
Aspect Ratio

(H/L)
ρ

(%)

Cracking Load
Vcr

(kN)

Maximum Load
Vmax (kN)

Vmax/Vcr
Failure
Mode

1 Aguilar et al. [117] 1 1.51 103.1 140.6 1.36 Shear

2 Yáñez et al. [118]
0.61 1.12 68.5 127 1.85 Shear

0.61 1.12 128.5 185.5 1.44 Shear

3 Marinili et al. [119] 0.77 2.25 142.2 205.9 1.45 Shear

4 Zabala et al. [120]
0.97 0.79 82.6 118 1.42 Shear

0.97 2.01 140.76 207 1.47 Shear

5 Bourzam et al. [121] 1.62 2.01 70 81.4 1.16 Shear

6 Gavilan et al. [122]

1.52 2.82 71.3 75.8 1.06 Shear

0.98 2.82 100.5 157.0 1.56 Shear

0.67 2.82 250.2 320.8 1.28 Shear

7 Colunga et al. [123] 1.00 1.18 49.0 80.4 1.64 Shear

8 Borah et al. [107]

1.63 0.72 34.1 47.5 1.39 Shear

1.30 0.72 38.2 55.8 1.46 Shear

0.93 0.72 60.7 81.2 1.34 Shear

9 OPC-BF 0.99 1.08 18.52 25.39 1.37 Ductile

10 GPC-BF 0.99 1.08 16.56 25.51 1.54 Ductile

11 OPC-CM 0.99 1.08 75.7 114.3 1.51 Shear

12 GPC-CM 0.99 1.08 51.1 85.1 1.66 Shear
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Table 7. Comparison of the present study with past studies on infill masonry.

Sr. No Study
Aspect Ratio

(H/L)
ρ

(%)

Cracking Load
Vcr

(kN)

Maximum Load
Vmax (kN)

Vmax/Vcr
Failure
Mode

1 Kuang et al. [124] 0.60 2.57 248 432 1.74 Shear

2 Ozkaynak et al. [125] 0.75 1.00 48.5 89.7 1.85 Shear

3 Van et al. [126]
0.61 1.57 13.7 36.6 2.67 Shear

1.01 1.57 11.4 43.5 3.80 Shear

4 Li et al. [127]
0.74 1.09 - 261.1 - Shear

0.74 1.09 - 390 - Shear

5 Durrani et al. [128] 0.97 1.76 33.3 49.7 1.49 Shear

6 OPC-BF 0.99 1.08 18.52 25.39 1.37 Ductile

7 GPC-BF 0.99 1.08 16.56 25.51 1.54 Ductile

8 OPC-CM 0.99 1.08 75.7 114.3 1.51 Shear

9 GPC-CM 0.99 1.08 51.1 85.1 1.66 Shear

Table 8. Comparison of the present study with past studies on bare frame.

Sr. No Study
Aspect Ratio

(H/L)
ρ

(%)

Cracking Load
Vcr

(kN)

Maximum Load
Vmax (kN)

Vmax/Vcr
Failure
Mode

1 Jiang et al. [129] 0.49 1.57 129.7 379.3 2.92 ductile

2 Peng et al. [130] 0.57 1.03 - 334.7 - ductile

3 Ozkaynak et al. [125] 0.75 1.00 20.6 41.6 2.02 ductile

4 Van et al. [126] 1.01 1.57 7.8 22.7 2.9 ductile

5 Penava et al. [131] 0.68 2.35 61.2 106.4 1.74 ductile

6 OPC-BF 0.99 1.08 18.52 25.39 1.37 Ductile

7 GPC-BF 0.99 1.08 16.56 25.51 1.54 Ductile

8 OPC-CM 0.99 1.08 75.7 114.3 1.51 Shear

9 GPC-CM 0.99 1.08 51.1 85.1 1.66 Shear

5. Viability of Geopolymer Concrete

Geopolymer concrete is a type of concrete that is made using industrial waste materials
such as fly ash, blast furnace slag, and other mineral admixtures instead of traditional
cement. The resulting material is known to have several advantages over conventional
concrete, including improved mechanical properties, increased durability, and reduced
carbon emissions.

Recently, sustainable, strong and durable concrete has become an important aspect of
the construction industry [132–135]. Geopolymer concrete is considered to be more envi-
ronmentally friendly than conventional concrete because it reduces the need for Portland
cement, which is a major contributor to carbon dioxide emissions during its manufacturing
process. By using industrial waste materials such as fly ash in geopolymer concrete, it
is possible to reduce the amount of waste that is sent to landfills while simultaneously
producing a material that is strong and durable.

One of the key benefits of geopolymer concrete is its strength and durability. In this
study, geopolymer concrete has shown higher compressive strength (3.89%) and Young’s
modulus of elasticity (1.23%) than traditional concrete, and the similar mechanical behavior
of geopolymer concrete is evident from past studies [96–101]. These attributes make it a
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promising material for a wide range of applications, including infrastructure projects such
as bridges, highways, and buildings [105,106,132].

In this paper, the research to investigate the structural performance of geopolymer
concrete bare frames against the seismic load has demonstrated 3.5% and 0.93% higher
values of initial stiffness and maximum lateral load carrying capacity, respectively, of
the GPC frame as compared to the OPC frame. The investigation was extended to the
experimental and numerical study of confined masonry with comparable results. The
findings highlight that GPC confined masonry has displayed 45.2% and 4.11% more initial
stiffness and peak seismic strength, respectively, than traditional concrete walls.

The topmost benefit of geopolymer concrete is its low carbon footprint. The production
of traditional Portland cement is responsible for a significant amount of carbon dioxide
emissions, and the use of geopolymer concrete can significantly reduce these emissions.
In addition, the use of industrial waste materials in geopolymer concrete can reduce the
amount of waste that is sent to landfills, which can help to reduce environmental pollution.

Overall, geopolymer concrete shows promise as a viable and green substitute for con-
ventional concrete. Its strength, durability, and low carbon footprint make it a promising
material for a wide range of infrastructure projects. However, more research and develop-
ment are needed to improve the production process and address the challenges associated
with its use.

6. Conclusions

The aim of the research was to compare the performance of fly-ash-based geopolymer
concrete bare frames and confined masonry wall panels with conventional OPC concrete.
The study aimed to provide valuable insights into the design and evaluation of GPC con-
fined masonry structures, especially in high seismic regions, to encourage cost-effective,
eco-friendly, sustainable, and earthquake-resistant construction. The experimental and nu-
merical program evaluated the seismic behavior of bare frames and single-wythe confined
masonry walls made with geopolymer and conventional concrete, with an aspect ratio
close to 1.0, subjected to displacement-controlled pseudo-static reverse cyclic loading. The
response of the test specimens was analyzed based on seismic parameters, such as lateral
load strength, initial stiffness and stiffness degradation, maximum drift level, failure mode,
and damage pattern. Finite Element models of confined masonry walls were established
using a simplified micro-modeling technique and validated based on the test results. The
study compared the significant structural parameters of the walls tested in this study with
those of unconfined masonry, confined masonry, infill masonry, and bare frame tested in
previous research.

The research yielded several inferences drawn from both experimental and numer-
ical analyses. Firstly, the mechanical strength parameters of the GPC and OPC concrete
mixtures were compared. The compressive strength and Young’s modulus of elasticity of
cylindrical specimens were 4.94% and 1.23% higher, respectively, in GPC compared to OPC
concrete. Afterwards, the wall panels were tested incorporating each of the materials. The
seismic characteristics of conventional concrete bare frame and geopolymer concrete bare
frame showed good concordance with each other. The GPC frame exhibited better lateral
properties than the traditional concrete frame. This initial stiffness calculated in the case of
the GPC frame was 8.77 kN/mm which was 3.5% higher than the corresponding value of
the OPC frame, 8.47 kN/mm. The maximum lateral load borne by both types was very
similar, i.e., 25.51 kN by GPC-BF and 25.39 kN by OPC-BF. Similarly, the GPC confined
masonry wall showed improved seismic properties compared to the cement concrete wall.
The ultimate load capacity of the GPC-CM wall was 1.66 times the cracking load, whereas
the OPC-CM wall was 1.52 times the cracking load, indicating that the GPC-CM wall bears
more percentage load from the initiation of cracks until failure. The GPC wall resisted up
to 119.1 kN load while the OPC wall resisted up to 114.3 kN of lateral load. Although the
difference of 4.2% is small, it might be considered enough to offer GPC confinement as
an environmentally-friendly alternative to conventional concrete. The failure mode was
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identified as shear failure in both walls with no separation at the toothed interface between
the tie-column and the masonry panel, demonstrating the superiority of the confined ma-
sonry compared to the infill masonry structures. The numerical models of the two confined
masonry walls were well-validated by the experimental results.

The research suggests that alkali-activated fly-ash-based geopolymer concrete is a
good substitute for OPC concrete and should be preferred in various applications to reduce
the global usage of OPC and mitigate its detrimental environmental effects. The structural
response of geopolymer concrete confined masonry made from fly ash is comparable to
that of OPC concrete, indicating that the current engineered masonry design can be com-
fortably adopted, especially in highly seismic-prone areas, to produce a green environment.
However, additional research is necessary to develop well-grounded seismic design criteria
to predict the lateral in-plane load strength for GPC confined masonry structures with
multiple stories.
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75. Yost, J.R.; Radlińska, A.; Ernst, S.; Salera, M. Structural behavior of alkali activated fly ash concrete. Part 1: Mixture design,
material properties and sample fabrication. Mater. Struct. 2013, 46, 435–447. [CrossRef]

76. ASTM C127-88(2001); Standard Test Method for Specific Gravity and Absorption of Coarse Aggregate 1; no. Reapproved. ASTM:
West Conshohocken: PA, USA, 2001; Volume 4, pp. 1–5.

167



Energies 2023, 16, 3579

77. Ghafoor, M.T.; Khan, Q.S.; Qazi, A.U.; Sheikh, M.N.; Hadi, M.N.S. Influence of alkaline activators on the mechanical properties of
fly ash based geopolymer concrete cured at ambient temperature. Constr. Build. Mater. 2021, 273, 121752. [CrossRef]

78. ASTM C 136-06; Standard Test Method for Sieve Analysis of Fine and Coarse Aggregates. ASTM: West Conshohocken, PA, USA,
2006; pp. 1–5. [CrossRef]

79. ASTM C67-07; Standard Test Methods for Sampling and Testing Brick and Structural Clay Tile. ASTM International: West
Conshohocken, PA, USA, 2007; Volume i, pp. 1–12. Available online: www.astm.org (accessed on 15 September 2022).

80. ASTM C109; ASTM C109/C109M-20b: Standard Test Method for Compressive Strength of Hydraulic Cement Mortars (Using
2-inor [50 mm] Cube Specimens). Annual Book of ASTM Standards; ASTM: West Conshohocken, PA, USA, 2020; Volume 4, p. 9.

81. Masonry Standards Joint Committee (MSJC) of the Masonry Society. Building Code Requirements for Masonry Structures (TMS
402-11/ACI 530-11/ASCE 6-11) and Specification for Masonry Structures (TMS 602-11/ACI 530.1-11/ASCE 5-11) and Companion
Commentaries; American Concrete Institute: Farmington Hills, MI, USA, 2011.

82. ASTM C39/C39M; Standard Test Method for Compressive Strength of Cylindrical Concrete Specimens 1. ASTM Stand. B; ASTM:
West Conshohocken: PA, USA, 2003; Volume i, no. March. pp. 1–5.

83. ASTM C469/C469M-10; Standard Test Method for Static Modulus of Elasticity and Poisson’s Ratio of Concrete in Compression.
ASTM Stand. C; ASTM: West Conshohocken, PA, USA, 2010; Volume 469.

84. IS 1608-2005; Metallic Materials-Tensile Testing at Ambient Temperature. Bur. Indian Stand.; Instron: Norwood, MA, USA, 2005.
85. Lourenço, P.B. Computational Strategies for Masonry Structures. Doctoral Thesis, Delft University of Technology, Delft, The

Netherlands, 1996.
86. Kömürcü, S.; Gedikli, A. Macro and Micro Modelling of the Unreinforced Masonry Shear Walls. Eur. J. Eng. Nat. Sci. 2019, 3,

116–123. Available online: https://dergipark.org.tr/en/pub/ejens/issue/49410/369461 (accessed on 15 September 2022).
87. Mynarz, M.; Mynarzova, L. Non-linear approaches to the response of brick masonry wall to lateral loading. Int. J. GEOMATE

2018, 14, 76–82. [CrossRef]
88. Dhanasekar, M.; Elsalakawy, T. IJERT-Numerical Simulation of Masonry Prism Test Using ANSYS and ABAQUS Related Papers

Review of Modelling of Masonry Shear Numerical Simulation of Masonry Prism Test Using ANSYS and ABAQUS. IJERT J. Int. J.
Eng. Res. Technol. 2015, 4. Available online: www.ijert.org (accessed on 15 September 2022).

89. Kanıt, R.; Döndüren, M.S. Investıgatıon of Usıng Ansys Software in the Determınatıon of Stress Behavıours of Masonry Walls
under out of Plane Cyclıng Load. Int. J. Phys. Sci. 2010, 5, 97–108. Available online: http://www.academicjournals.org/IJPS
(accessed on 15 September 2022).

90. Magenes, G.; Della Fontana, A. Simplified non-linear seismic analysis of masonry buildings. Proc. Br. Masonry Soc. 1998, 8,
190–195.

91. Vanin, A.; Foraboschi, P. Journal-Modelling of Masonry Panels by Truss Analogy–Part 1. Mason. Int. 2009, 22, 1.
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Abstract: Nowadays, the large set of available simulation tools brings numerous benefits to urban
and architectural practices. However, simulations often take a considerable amount of time to yield
significant results, particularly when performing many simulations and with large models, as is
typical in complex urban and architectural endeavors. Additionally, multiple objective optimizations
with metaheuristic algorithms have been widely used to solve building optimization problems. How-
ever, most of these optimization processes exponentially increase the computational time to correctly
produce outputs and require extensive knowledge to interpret results. Thus, building optimization
with time-consuming simulation tools is often rendered unfeasible and requires a specific methodol-
ogy to overcome these barriers. This work integrates a baseline multi-objective optimization process
with a widely used, validated building energy simulation tool. The goal is to minimize the energy
use and cost of the construction of a residential building complex. Afterward, machine learning and
optimization techniques are used to create a surrogate model capable of accurately predicting the
simulation results. Finally, different metaheuristics with their tuned hyperparameters are compared.
Results show significant improvements in optimization results with a decrease of up to 22% in the
total cost while having similar performance results and execution times up to 100 times faster.

Keywords: building optimization; building simulation; surrogate models; multi-objective optimization

1. Introduction

One of the largest shares of energy consumption is associated with the building stock
(in Europe, it is responsible for 40% of the total energy consumption). In this context, the
European Parliament established the “Energy Performance of Buildings Directive”, which
promotes policies to help to achieve the energy efficiency and decarbonization of buildings
by 2050 [1,2]. This directive highlights the need to improve the existing building stock
and establishes guidelines and frameworks to achieve this. Since a building’s lifetime
can exceed 100 years, it is important to improve regulations and specific instruments that
promote energy efficiency and the reduction of greenhouse gas emissions while improving
the thermal comfort and quality of life of occupants [3].

To obtain information regarding the building stock and define strategies to improve it
via these directives, Building Performance Simulation (BPS) tools can help to predict build-
ing design and rehabilitation impacts in multiple aspects of a building’s performance [4].
BPS tools predict these results through models described by specific inputs that yield
the desired outputs. With these simulations, it is possible to integrate iterative Build-
ing Performance Optimization (BPO) into building design, planning, and rehabilitation
processes [5].
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Unfortunately, the use of BPS tools with BPO is still out of reach for most practitioners
and presents several limitations:

1. BPS tools are not portable and require different model formats and descriptions. This
forces practitioners to develop models with different descriptions and inputs for each
simulation, which is error-prone [6,7].

2. Most BPS is time-consuming and still requires a considerable amount of time to
perform the calculations for multiple or large models. This constitutes a signifi-
cant limitation, particularly for BPO that requires testing of multiple iterations of
a project [8,9].

3. The use of BPS tools requires extensive knowledge regarding building physics and
performed calculations to understand and process the inputs and results [10,11].

BPO typically entails multiple objectives, which are often conflicting [5]. Addition-
ally, most building performance indicators are outputs of BPS or extensive calculations
performed by field experts [12]. Because of this, optimization problems that are focused
outside the practitioner’s realm of knowledge are usually treated as multi-objective opti-
mization (MOO) problems with derivative-free functions [5,13–15]. Metaheuristics, a class
of optimization algorithms, have been widely used in the field of optimization for the built
environment with positive results. These algorithms guide the search based on biological
heuristics such as evolutionary ones and swarms of different kinds, among others [16].
Furthermore, Wolpert and Macready state with the “No Free Lunch” theorem that no
algorithm outperforms all others for all problems. This means that one has to either know
from experience which algorithms yield better performance for each BPO problem or test
multiple metaheuristics to find the best one [17]. Moreover, these algorithms have variables
that define how they search for the optimal space, called hyperparameters. These need to
be fine-tuned to provide optimum results [18]. To fine-tune optimization algorithms, one
must optimize the combination of hyperparameters that yield the best indicators of their
performance. The most commonly used evaluation metric for multi-objective optimization
algorithms is the hypervolume [19–21].

Pereira et al. [13] evaluated multiple optimization algorithms and benchmarked their
hypervolumes for a daylighting and a structural optimization problem. This study estab-
lished that algorithms that performed worse in one problem performed best in the other.
This highlights the need to benchmark multiple algorithms according to their hypervolumes
for different building optimization problems.

BPO functions that are outputs of BPS are significantly time-consuming [10,11,22], and
when integrating them with the above-mentioned pipeline of activities for a derivative-
free MOO problem, it usually renders the process unfeasible. Thus, emerging research
in this field has been studying alternatives and approaches that allow us to overcome
these barriers.

Algorithmic Design (AD) emerged as a way to solve the portability issue of BPS tools.
AD allows practitioners to describe a design project with a single algorithm. With this
design process, it is possible to swiftly change parameters or design heuristics and obtain
the respective model without effort. Additionally, some AD tools are either capable of
supporting BPS tools or exporting models that are able to be read by them. Consequently,
with AD, it is possible to integrate BPO to automatically explore a design space, a process
often referred to as Algorithmic Design and Analysis (ADA) [23].

The use of ADA constitutes a trade-off, since it allows practitioners to obtain higher
portability between their projects’ design, performance analysis, and optimization, at
the cost of having to learn programming languages that have a high learning curve [23].
Moreover, ADA does not address the remaining limitations of BPS processes, which still
require significant computation time, expertise, and testing to be successfully applied [9,13].

Coincidentally, recent advances in research have been demonstrating the advantages
of surrogate models (SM) developed with machine learning (ML) techniques to help
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practitioners to execute their projects that integrate BPO [24]. SM are capable of predicting
a target output after being trained with a database that illustrates its variation according to
specific training features. In particular, SM developed with a building database can help to
reduce the number of required inputs and features while significantly improving BPS and
BPO’s computational times [12,25,26].

The resulting research is intended to support practitioners and stakeholders to make
better-informed project decisions in the following ways.

1. Tackling portability issues by deploying the developed SM for a widely used BPS tool
and a common BPO problem.

2. Significantly improving the required computational time to use BPS and BPO.
3. Providing SM that are easier to grasp than the respective BPS inputs and do not

require as much knowledge and expertise.
4. Providing workflows capable of addressing the current limitations regarding the use

of BPS tools and BPO.

In this sense, this work documents the processes required to perform a standard
pipeline of activities for a BPO of time-consuming functions. Initially, an ADA approach is
used to integrate a baseline MOO problem with a metaheuristic and a widely used BPS
tool. The obtained results are coupled with machine learning techniques and regression
algorithms to generate a surrogate model capable of yielding significantly faster simulation
results based on the BPO decision variables. With this surrogate model, it is then feasible to
fine-tune the metaheuristics hyperparameters, compare their performance for a specific
BPO problem, and benchmark their results. This process is applied to a case study of a
residential complex construction composed of six buildings in Lisbon, Portugal.

2. Materials and Methods

The methodology for this work can be further subdivided into four sections: base-
line optimization, surrogate model, hyperparameter tuning, and results and discussion
(Figure 1). In the baseline optimization section, the optimization objectives and decision
variables are described, and a simulation-based optimization with EnergyPlus [27] in a
Python environment [28] is integrated to compile a training database. This database is
used in the surrogate model section to train a convolutional neural network (CNN) with
the Keras and TensorFlow packages [29], capable of predicting the total energy use of the
6 buildings and their standard deviations. The CNN layers’ nodes are optimized with a
Bayesian optimization using Gaussian processes [30]. In the hyperparameter tuning section,
four metaheuristics are selected to be compared. Each algorithm’s hyperparameters are
fine-tuned with a Bayesian optimization as well. Finally, the metaheuristics are compared
regarding their performance indicators, and optimization results are discussed for this
particular class of BPO problems.

Figure 1. Methodology diagram.

173



Energies 2023, 16, 4030

2.1. Baseline Optimization

Our BPO problem is to find the best combination of constructions for each building’s
surface type that minimizes the construction cost and total energy use. The case study com-
prises a standard midrise apartment program from LadybugTools for building operation,
usage, and schedules [31] applied to a geometric model of 6 buildings in Lisbon, Portugal,
illustrated in Figure 2. LadybugTools integrates the Rhino3D tool with EnergyPlus by
translating geometrical representations and weather files into a file folder and format that is
readable by EnergyPlus. In this case study, a simulation of each building’s total heating and
cooling energy (J) is performed with an ideal air load system for one year with residential
occupation schedules (Table 1).

Figure 2. Plan (left) and 3D model (right) of the studied residential building complex.

Table 1. Simulation setting values for the proposed case study.

Simulation Setting Value

Period 1 year
Timestep 1 timestep per hour

Program and schedules Midrise apartment
Window-to-wall ratio 0.2

Outputs Zone Ideal Load Supply Air Total Heating Energy (J)
Zone Ideal Load Supply Air Total Cooling Energy (J)

Each building can have one out of three different constructions for each surface type:
exterior walls, interior floors, roofs, and windows. Thus, our optimization problem com-
prises the walls, roofs, floors, and windows of 6 buildings, with a total of 24 variables with
3 possible constructions each (Table 2). The opaque materials’ properties are represented
from their outermost layer to their innermost, and the window materials are defined us-
ing a simple glazing system definition with the window U-value, solar (τsol), and visible
transmittance (τvis). Each simulation takes ≈25 (s).

The optimization variables and goals are described in Equations (1) to (4). En
(Equation (1)) represents the total energy use of building n, f1 (Equation (2)) is the to-
tal energy use of all buildings, f2 (3) is the standard deviation of the building sample,
and f3 (4) is the total cost of construction. The BPO problem objectives are to minimize
these functions to guarantee the minimum total energy use ( f1), the best fairness of perfor-
mance among buildings ( f2), and minimum costs ( f3). The Non-Dominated Sorting Genetic
Algorithm II (NSGAII) [32] was the chosen algorithm to run for 1000 iterations.

En(x0, . . . , xn×4) = Heatingn + Coolingn kWh/m2 (1)

f1 (x0, . . . , xn×4) = ∑ En (x0, . . . , xn×4) kWh/m2 (2)

f2 (x0, . . . , xn×4) = σ(En(x0, . . . , xn×4)) kWh/m2 (3)

f3 (x0, . . . , xn×4) = Cost(x0, . . . , xn×4) e (4)

x ∈ {0, 1, 2}—Number o f construction types
n = Number o f buildings
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Table 2. Materials for each surface type construction solution.

Construction Type
Total

Area m2 x
Cost

[€/m2]
Materials

Walls 8699.94

0 20

Plaster—2 cm
Bored brick—11 cm

Air gap—6 cm
Bored brick—11 cm

Stucco—1.5 cm

1 25

Plaster—2 cm
Bored brick—15 cm

Air gap—6 cm
Bored brick—11 cm

Stucco—1.5 cm

2 35

Plaster—2 cm
Bored brick—11 cm

Air gap—6 cm
XPS—4 cm

Bored brick—11 cm
Stucco—1.5 cm

Interior floors 9327.27

0 10
Wood panels—12 cm

Stucco—1.5 cm

1 25

Ceramics—1 cm
Screed—8 cm

Lightweight slab—15 cm
Stucco—1.5 cm

2 30

Ceramics—1 cm
Screed—8 cm

Concrete slab—15 cm
Stucco—1.5 cm

Roofs 1216.67

0 20

Screed—8 cm
Waterproofing—0.2 cm

Screed—8 cm
Lightweight slab—15 cm

Stucco—1.5 cm

1 30

Screed—8 cm
Waterproofing—0.2 cm

XPS—4 cm
Screed—8 cm

Lightweight slab—15 cm
Stucco—1.5 cm

2 35

Screed—8 cm
Waterproofing—0.2 cm

XPS—4 cm
Screed—8 cm

Concrete slab—15 cm
Stucco—1.5 cm

U[W/m2K] τsol τvis

Windows 2174.98
0 50 2.69 0.75 0.80
1 80 1.70 0.38 0.70
2 100 1.25 0.20 0.70
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2.2. Surrogate Model

The SM was developed using the simulation-based optimization data as a training
set. Afterward, the data were split into a train and test set with a ratio of 67/33, and the
variables were used to train a sequential neural network with 1 dense layer, 4 convolutional
layers, and 1 dense output layer. To optimize the layers’ filters (number of nodes), a
Bayesian optimization using Gaussian processes with 100 iterations was integrated to
maximize the CNN coefficient of variation (R2 score) between the test set results and the
model predictions (Equation (5)). Finally, this process was employed to train two CNN
models that predicted f1 and f2 (Equations (2) and (3)), with an early stopping callback to
avoid over-fitting. The optimized CNN structure’s final R2 score and Root Mean Squared
Error (RMSE) are documented in Tables 3 and 4. The SM obtained an R2 score of 0.96
and 0.97, and an RMSE of 0.54 and 0.01, for f1 and f2, respectively. Additionally, the SM
prediction execution time was ≈0.25 (s) for each iteration, which is 100 times faster than
the simulation computation time.

f4 (i0, . . . , in) = R2(test, predictions) (5)

i ∈ [6 , 300] —Number o f f ilters
n = Number o f layers

Table 3. Optimum convolutional neural network structure and performance for surrogate model of
Equation (2).

Layer (Type) Filters Kernel Size

Dense 300 1
1D-Convolutional 157 2
1D-Convolutional 6 2
1D-Convolutional 290 2
1D-Convolutional 70 1

Dense 1 1

R2 score 0.96
RMSE (kWh/m2) 0.54

Table 4. Optimum convolutional neural network structure and performance for a surrogate model of
Equation (3).

Layer (Type) Filters Kernel Size

Dense 300 1
1D-Convolutional 300 2
1D-Convolutional 300 2
1D-Convolutional 6 2
1D-Convolutional 100 1

Dense 1 1

R2 score 0.97
RMSE (kWh/m2) 0.01

2.3. Hyperparameter Tuning

This section describes the selected metaheuristics and the optimization problem that
fine-tunes each algorithm’s hyperparameters. Two evolutionary (EA) and two particle
swarm optimization (PSO) algorithms were selected. From the EA class of algorithms, we
selected NSGAII and the Indicator-Based Evolutionary Algorithm (IBEA) [33]. From the
PSO class, the Speed-Constrained Multi-Objective PSO (SMPSO) [34] and the OMOPSO [35]
were selected. The algorithms were run for 500 iterations and, besides each one’s default
hyperparameters, a polynomial mutation and an SBX crossover were added [36]. Table 5
documents each algorithm’s considered hyperparameters.
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Table 5. Considered hyperparameters and their ranges for all the optimization algorithms.

Algorithm Iterations Hyperparameters Range

NSGAII 500
Population size Ps [30 .. 200]
SBX crossover S [0, 1]

Polynomial
mutation Pm

[0, 1]

IBEA 500
Ps [30 .. 200]
S [0, 1]

Pm [0, 1]

SMPSO 500

Swarm size Ss [30 .. 200]
Leader size Ls [30 .. 200]

Max iterations i [30 .. 200]
S [0, 1]

Pm [0, 1]

OMOPSO 500

Ss [30 .. 200]
Ls [30 .. 200]
i [30 .. 200]
S [0, 1]

Pm [0, 1]
Epsilon ε [0.0001, 1]

To evaluate an optimization model’s performance for MOO, most performance metrics
are calculated regarding the optimum solutions found by the algorithm. These solutions
are called non-dominated solutions. They represent solutions that cannot improve more
in one objective, without harming the other/s [37]. In this case study, the problem’s
non-dominated solutions illustrate the trade-offs between the total energy use of the
buildings ( f1), the fairness of performance among buildings ( f2), and the cost of construction
( f3) (Equations (2) to (4)). Thus, an algorithm that explores the largest solution space
tends to perform better for this particular problem. To measure this, the hypervolume
of each algorithm’s non-dominated solutions is calculated as a means of describing the
area/volume of the solutions obtained in a ratio of a specific boundary domain [19,20].
In this case, our boundary domain represents the highest and lowest possible thresholds for
the minimum total energy use ( f1), standard deviation ( f2), and costs of construction ( f3).

The fine-tuning of the algorithms’ hyperparameters can be described as a single
objective optimization problem to find the combination of parameters that yields the
maximum hypervolume in fNSGAII , f IBEA, fSMPSO, and fOMOPSO (Equations (6) to (9)).
Thus, a Bayesian optimization with 100 iterations is integrated to find the best combination
of hyperparameters for each algorithm’s settings.

fNSGAII (Ps, S, Pm) = H( f1, f2, f3) (6)

f IBEA (Ps, S, Pm) = H( f1, f2, f3) (7)

fSMPSO (Ss, Ls i, S, Pm) = H( f1, f2, f3) (8)

fOMOPSO (Ss, Ls i, S, Pm, ε) = H( f1, f2, f3) (9)

H—Hypervolume;
Boundaries f or H calculation :

f1 ∈ [30, 60] - kWh/m2

f2 ∈ [0.25, 0.50] - kWh/m2

f3 ∈ [400,000, 900,000] - e

3. Results and Discussion

After the optimizations with the fine-tuned metaheuristics, the algorithms’ non-
dominated solutions are calculated and plotted according to the results of each objective.
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Afterward, the algorithms’ hypervolumes are compared and the best-performing algorithm
is selected for the final optimization process. Results are presented and discussed.

3.1. Results

The solution space explored by each algorithm is illustrated in Figure 3. It is visible that
the algorithms obtained different results regarding the exploration of the objective space.
SMPSO and OMOPSO explored a wider range of values, while IBEA focused more on one
area of the solution space. NSGAII explored an acceptable area but failed to find solutions
with higher total energy use ( f1, Equation (2)), a lower standard deviation ( f2, Equation (3)),
and lower construction costs ( f3, Equation (4)), in contrast to the PSO algorithms. In total,
the algorithms explored a solution space with values of f1 between ≈45 and ≈55 kWh/m2,
f2 between ≈0.30 and ≈0.40 kWh/m2, and f3 between ≈400,000 and ≈600,000 €.

Table 6 documents the algorithms’ hypervolumes for the optimum values of their
hyperparameters. The IBEA algorithm ( f IBEA, Equation (7)) obtained the best hypervolume
of 0.54, followed by NSGAII, with 0.53 ( fNSGAII , Equation (6)), and SMPSO and OMOPSO,
with 0.52 ( fSMPSO and fOMOPSO Equations (8) and (9)). Additionally, it is visible in Figure 3
that IBEA obtained the higher hypervolume because it focused on a specific area, not be-
cause it explored the largest solution space. Thus, IBEA successfully found better optimum
solutions but ultimately failed in the exploration of the solution space and its inherent
trade-offs between the buildings’ energy usage, standard deviation, and cost of construc-
tion. For these reasons, the NSGAII algorithm, which obtained the highest hypervolume
and explored a balanced solution space, was chosen to perform the final optimization.

Table 6. Optimum metaheuristics hyperparameters and respective hypervolumes.

Hyperparameter Value Hypervolume

NSGAII
Ps 30

0.53S 1
Pm 0.59

IBEA
Ps 32

0.54S 0.66
Pm 1

SMPSO

Ss 68

0.52
Ls 59
i 67
S 0.43

Pm 0.35

OMOPSO

Ss 30

0.52
Ls 200
i 200
S 1

Pm 0
ε 0.001

The NSGAII algorithm was run with the optimum hyperparameters found for 10,000 it-
erations and the non-dominated solutions found were simulated to validate the surrogate
model predictions. Results show a hypervolume of 0.60, which is significantly larger when
compared with the values obtained for the 500 iterations in Table 6. Additionally, Figure 4
shows that the algorithm explored values between 40 and 60 kWh/m2, 0.2 and 0.5 kWh/m2,
and 400,000 and 900,000 €. With these results, it is possible to discern the existing trade-offs
between energy consumption, fairness of performance among buildings, and the total cost
of construction. Moreover, assuming that this construction has a fixed budget, it is possible
to find the best available solution with a minimum f1 and f2. Finally, Figure 4 also shows
how a solution with the most expensive construction for all surfaces is not necessarily
the best solution, with the algorithm finding a significant number of cheaper solutions
with lower f1 and f2, which can allow savings of up to 22% (200,000 €) on the total cost of
construction while maintaining the same performance ( f1) and fairness of performance
among buildings ( f2).
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Figure 3. Plotted non-dominated solutions of optimized metaheuristics.

Figure 4. NSGAII non-dominated solutions for 10,000 iterations—the most expensive solution is
represented in red.
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3.2. Discussion

The use of SM to estimate building energy use speeds up a building simulation process
exponentially. Additionally, SM can be deployed in a single platform (e.g., web applications,
programming environments, mobile applications, among others), and because they use
only optimization problem variables as inputs, they reduce the simulation complexity and
provide a more accessible analysis to users with any expertise level. As an example, the
optimization process performed in this study can be integrated into a web application
where the user specifies variables and costs and performs the optimization with the selected
algorithm. Afterward, the algorithm’s hypervolume is calculated and a figure illustrates
the obtained optimum solutions.

The comparison of the optimization algorithms shows that, for this particular BPO
problem, different algorithms explored different solution spaces. These can be more or
less suitable for the practitioner’s decision-making goals. Additionally, they show that the
algorithm with the highest hypervolume obtained the best solutions, but did not explore
the desired solution space. In particular, the PSO algorithms excelled in exploring a wide
solution space, the IBEA algorithm obtained the highest hypervolume and best solution,
and NSGAII showed an even balance between the hypervolume and solution space.

The comparison of the four MOO algorithms’ hypervolumes (Table 6) and solution
spaces (Figure 3) provided a confident selection of the most suitable algorithm for the
proposed optimization problem, with results that allowed us to save up to 22% of the
total construction cost while maintaining acceptable energy performance. In the future, an
extensive comparison of optimization algorithms for different aspects of building perfor-
mance can provide a comprehensive foundation regarding the algorithms’ performance for
different building performance optimization problems.

4. Conclusions

Most building and urban optimization problems typically have objectives that are
outputs of analysis and simulation tools. These tools are prone to errors, take significant
time to yield results, and lack model portability among tools (different building models
must be developed for each tool). Because of this, it is often unfeasible to perform a correct
optimization process. This work integrates a surrogate model approach in the optimization
structure that allows us to perform a standard pipeline of activities for the optimization of
a time-consuming function in an acceptable timeframe. This approach is illustrated with
the optimization of a six-building residential complex in Lisbon, Portugal.

The optimization problem is described as the best combination of construction ma-
terials that yield the minimum annual total energy use, construction cost, and standard
deviation (to guarantee the fairness of performance among buildings). Four different opti-
mization algorithms were compared and NSGAII was selected to perform the optimization.
Results of this case study show that adjusting building materials with this approach can
result in savings of up to 22% in the construction cost, while showing the minimum energy
use and standard deviation. The processes required for the optimization are integrated with
a surrogate model developed with a convolutional neural network, with R2 scores of ≈0.96
in the prediction of the simulation results, and being 100 times faster than a simulation.

Surrogate models are efficient in not only reducing the time taken for simulations to
run but also in reducing the number of input features required to obtain results. Addi-
tionally, they are portable and can be deployed easily within a single platform. In spite of
this methodology focusing on a particular problem, research shows that these approaches
are efficient and can be applicable transversely to other time-consuming optimization
problems within the building performance realm, such as computational fluid dynamics,
agent-based modeling, daylighting, and structural analysis, among others. By developing
and deploying multiple surrogate models that predict aspects of building performance,
it is possible to obtain a broader understanding of a building’s performance and tackle
portability issues associated with the use of multiple simulation tools.
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Future work must focus on (1) the benchmarking of specific algorithms for optimiza-
tion problems, and (2) the development of end-user interfaces with automated optimization
and surrogate model development. In (1), multiple algorithms must be extensively com-
pared regarding their hypervolumes and solution spaces for optimization problems that
encompass different building performance aspects. In (2), the surrogate model develop-
ment and optimization must be automated according to the benchmarked algorithms and
problems, while a user defines the variables and objectives. These studies are extremely
relevant in order to bridge the existing gap between practitioners and building performance
analysis and optimization processes such as the one portrayed in this study.
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The following abbreviations are used in this manuscript:

BPS Building Performance Simulation
BPO Building Performance Optimization
MOO Multi-Objective Optimization
AD Algorithm Design
ADA Algorithm Design and Analysis
SM Surrogate Models
CNN Convolutional Neural Network
EA Evolutionary Algorithms
PSO Particle Swarm Optimization
NSGAII Non-Dominated Sorting Genetic Algorithm II
IBEA Indicator-Based Genetic Algorithm
SMPSO Speed-Constrained Multi-Objective PSO
OMOPSO MOPSO Algorithm
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Abstract: This article discusses early developments of the Positive Energy District (PED) concept,
both in terms of its definition and of its implementation in real world demonstrators. Based on the
specific challenges for creating an operational definition for the European +CityxChange project,
the feasibility of creating a PED was practically explored by identifying 4 possible subtypes that
respond to varying constraints regarding the energy balance of the PED. This article provides the
context and describes these 4 ambitions levels: PEDautonomous, PEDdynamic, PEDvirtual, and PrePED;
and the 3 boundary modes: geographical, functional, and virtual. The work thus expands on the first
general PED definitions as they were put forward in the SET-plan and by the European Commission,
while allowing a better response to the specific boundary conditions of PEDs’ physical context. As
such, it provides an operational, city-focused, bottom-up PED definition. The present study analyses
how these efforts connect to current work being performed on the development of a European PED
Framework Definition. In the latter, new elements such as context factors are introduced in order to
account for the varying boundary conditions that PEDs must address, and in particular the difficulties
of realising PEDs in existing and densely built-up urban areas. Hereby it can be argued that the
approach with 4 subtypes is a bottom-up method of addressing the same challenges as a context factor
based approach operating in a top-down manner, this time starting from the regional or national
renewable energy potentials. Both approaches indeed strive towards an optimum setup of PEDs
both within their geographical boundaries and in their interactions with the surrounding energy
infrastructures and cities. These efforts are instrumental in helping to prevent that a PED is being
regarded as a goal in se, functionally disconnected from its surroundings. There are strong arguments
in favour of handling PEDs as building blocks for the broader realisation of carbon neutral cities and
regions, thus contributing to the systemic change that is needed to futureproof the built environment
as a whole. Without applying this integrating perspective, PEDs risk creating a sub-optimal lock-
in within their sites and thus remain one-off experiments, lacking connection to the wider urban
sustainability strategies that are needed to properly address today’s energy and climate emergencies.
This holds even more when considering the quality-related requirements that come with sustainable
urban design and governance. Therefore, this study further explores how PEDs can fully support
such a deep urban sustainability transition, and what could consequently be the next steps towards
successful and upscaled PED deployment.

Keywords: positive energy districts; positive energy blocks; PED concept; energy transition; climate
neutrality; smart sustainable cities; Smart Cities and Communities; European energy transition;
energy planning; urban planning; sustainable urban design, advanced energy systems

1. Problem Statement

In the context of achieving climate neutrality for cities, the concept of Positive Energy
Districts (PEDs) has recently gained widespread attention [1–4]. One contributing factor to
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this success certainly is the scale level at which a PED operates, transcending the individual
building level intervention and thus opening up more and better possibilities of both
advanced technical energy system integration and the upscaled contribution of many
societal actors to sustainable urban (re)development. At the same time, PEDs remain
an enterprise at a scale which is manageable in terms of straightforward planning and
execution. PEDs thus can help to divide the enormous challenge of making cities climate-
neutral into more practicable projects.

An important reason for targeting energy and climate strategies at the district level is
that such an approach can deliver benefits over a building-by-building approach, both in
terms of energy system design and integration and in terms of striving towards optimized
urban morphology. Specific opportunities emerge regarding technical and economical scale
advantages of setting up district energy systems compared to the mere juxtaposition of
individual building installations, facilitating local exchanges of energy between different
building programmes and mobility applications, and providing district scale energy storage
systems. Integrated sector coupling, involving exchanges between electrical and thermal
systems, completes the palette of such strategies. This shows that PEDs are not only
advanced energy systems from the technological point of view, but also from the integration
view and regarding innovative larger-scale urban deployments. At the same time, PEDs
are not an entirely new concept and have predecessors such as Net Zero Energy Districts
(NZEDs) [5], while district scale approaches for energy systems and the effects of urban
morphology and programming on energy use have since long been studied in the research
literature [5–11].

When the term ‘positive energy district’ was coined, there was an intention to use the
word ‘positive’ rather than the terms (net) ‘zero’ (energy or emission) or climate ‘neutral’,
thus leveraging on the positive connotation it entails. Whether such naming effectively
helped the uptake of the concept would however require a specific study.

The PED concept has now been taken up beyond the original scope of the European
Commission and is under study by organisations such as the European Energy Research
Alliance (EERA) [12], the Urban Europe Research Alliance (UERA), the Joint Programming
Initiative Urban Europe (JPI UE) [13], and the International Energy Agency (IEA) [14]
for further development and roll-out. Within this, specific actors have also proposed to
interpret the term ‘positive’ as a ‘positive impact on the wider energy systems’ of a city or a
region, rather than just an internal positive yearly energy balance [15].

The practical realisation of the concept, in the way it was initially conceived, does
however come with significant difficulties, as can be illustrated by experiences gained
in recent Horizon 2020 Smart Cities and Communities Lighthouse projects (including
+CityxChange). For example, it appears to be particularly challenging to realise a PED
in the context of an urban district renovation project when the building density in the
district is high or when many heritage buildings are present. In such a context, it becomes
difficult to generate sufficient renewable energy onsite while regulatory and organisational
constraints, both in the energy domain and beyond, tend to complicate matters even more.
These difficulties seem, at least, to jeopardise the possibilities of implementing a narrow
interpretation of the PED concept. At the same time, it can be questioned if such a narrow
approach is desirable at all. Indeed, PEDs do not constitute a goal of their own but must
rather be considered as building blocks of the climate neutral cities and regions of the future,
whether that is expressed in the technical terms of renewable energy system integration or
through the wider requirements of achieving integrated urban sustainability through high
quality district design and governance.

The main research questions addressed in this article are therefore: How to improve
the qualities of the PED concept and its applicability in practice? What recommendations
can be drawn from experiences with past and ongoing PED pilots, in particular regarding
the way these pilots translate general PED requirements into an operational working
definition? How can this feed back into the ongoing research for the formulation of an
EU-wide PED framework definition? These questions shall not only be addressed from a
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technical viewpoint, but also from the broader perspective of realising integrated urban
sustainability, entailing both quantitative and qualitative considerations.

2. Materials and Methods

The research materials supporting the analysis and conclusions of the present article
stem from three main sources:

1. the implementation of PED pilots in the Horizon 2020 SCC Lighthouse project +Cityx-
Change [16,17]. These pilots are situated in Trondheim (NO) and Limerick (IE). In
Trondheim, three pilot areas distributed across the city test positive energy blocks
(PEBs, see further for the relation with PEDs) and local flexibility markets for exchang-
ing and trading energy, both heat and electricity. In Limerick, one pilot area is situated
in the historical Georgian city centre while a turbine in the Shannon river completes
the pilot’s energy infrastructure. Realising PEBs and exchanging and trading energy
are also the main goals. In Limerick the pilot project includes the energy retrofit of
heritage buildings. Two challenges needed to be addressed: translating the general
PED definition of the H2020 call into an operational framework on the ground, and
subsequently realizing the operational requirements in practice. This included sub-
stantial challenges, especially with regard to effectively building the PED pilots under
the present regulatory, economic and societal circumstances. In addition, realising
PEDs in existing urban districts is considered more difficult than through newbuilt
areas, but the city and PED ambitions include the transformation of existing areas;

2. the editing of a PED ‘solution booklet’ [3] for the Smart Cities Information Sys-
tem (SCIS), now integrated in the Smart Cities Marketplace. The booklet was a
co-production between SCIS and four H2020 SCC Lighthouse projects focusing on
the realization of PED pilots: Atelier, SPARCS, MakingCity and +CityxChange. The
resulting guidance document is based on a systematic analysis of the barriers and
opportunities encountered in the different PED pilots;

3. participation in the Alignment Core Group for a PED definition and integrated ap-
proach (see Section 6), led by JPI Urban Europe. Participating organisations include
EERA JPSC PED modules, SET Plan Action 3.2 PED Programme/DUT PED pillar,
COST Action PED-EU-NET, IEA EBC Annex 83, UERA PED WG, PED-related H2020
SCC projects, H2020 SCC Task Group Replication, Scalable Cities (EU SCC Light-
house Project group) and the Smart Cities Marketplace. The working group is thus
composed of members from academia, research & technology organisations (RTOs)
and the field of practice, and aims to formulate a PED framework definition that
can be used throughout the EU by combining a scientifically sound approach with
requirements of accessibility and ease of use by all concerned stakeholders. It operates
through regular working meetings of the core expert group while broader consul-
tations of PED stakeholders (e.g., JPI Urban Europe member state representations)
provide for feedback from the field of practice.

In this way the research method for this article confronts applied case study analy-
sis (points 1 and 2) with the ongoing transdisciplinary research for formulating a PED
framework definition (points 3 and 2). The main underlying methodological framework
for making analyses and recommendations in the present article is based on multimodal
system analysis, a knowledge theory originally formulated by the Dutch philosopher of law
Herman Dooyeweerd and subsequently elaborated in, among others, systems science and
urban planning theory [9,18–21]. This knowledge theory also structures the content of the
SCIS solution booklets. It has proven to be both methodologically robust and operationally
performant for dealing with complex, interdisciplinary research questions.

3. Background: The Emergence of PEB and PED Concepts from 2015 Onwards

The concept of a Positive Energy Block (PEB) can be understood in the context of
increasing European ambitions in the topics of energy in buildings [22] and the energy
transition [23]. It initially emerged out of a European project demonstrator, Hikari, a housing
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complex at the Confluence district in Lyon (FR), as part of the EU FP7 EeB-generation
project Next-Buildings [24], completed in 2015 [25]. It was estimated that the demonstrator
displayed some performances and qualities that merited to be replicated. As Hikari had
been defined as an îlot à énergie positive (energy positive islet), it was chosen to adapt a
translation to English as ‘Positive Energy Block’. That idea was subsequently presented at
an EU conference in December 2015 for uptake by the EIP SCC Marketplace (European
Innovation Partnership on Smart Cities and Communities) in a new Action Cluster initiative
on PEBs [2,26].

Subsequently the concept was promoted through the EIP SCC Marketplace as a way
forward in scaling up zero or positive energy concepts from the building level to groups
of buildings and, eventually, districts. At this stage, the PEB concept requested “at least
three connected neighbouring buildings producing on a yearly basis more primary energy than what
they use.” [27] Initially, realising a functional mix (and thus also enabling useful energy
exchanges between different building programmes and buildings’ energy profiles) in a
PEB was judged to be paramount as well, but would not yet be included in the definition.
However, realising integrated sustainability would come back in later definitions. The
initiators of the concept were also sensitive to a positive connotation of the wording in the
definition, which is rather hard to find in terms such as ‘zero emissions’, ‘carbon neutral’ or
‘zero energy’ [28].

The 2018 Implementation Plan of SET-plan Action 3.2 [1] (Strategic Energy Technology
Plan), developed by JPI UE [13] (Joint Programming Initiative Urban Europe) in cooperation
with EERA JPSC [12] (Joint Programme on Smart Cities of the European Energy Research
Alliance), EU Member States and Associated Countries and other European initiatives, set
out the goal of realising 100 PEDs by 2025. In this instance, the requirement for a PED was
stated as:

“Positive Energy Districts (PED) are energy efficient districts that have net zero carbon
dioxide (CO2) emissions and work towards an annual local surplus production of renew-
able energy (RES). Such districts help raise the quality of life in European cities, while
reaching the COP21 targets and making Europe a global role model. An open innovation
framework with cities, industry, investors, research institutes and citizens’ organisations
all working together will help develop PEDs and the necessary R&I Activities. The
approach integrates the technological, spatial, regulatory, financial, legal, environmental,
social and economic perspectives.” [29] (pp. 28–29).

Equally starting in 2018, the European Commission formally introduced PEB & PED
related requirements in the Horizon 2020 project calls on Smart Cities and Communities
Lighthouse projects (LC-SC3-SCC-1-2018 call) [30] (The PEB/PED requirement is included
in the calls as of 2018, [31,32]). The 2018-2020 H2020 Work Programme for these calls
defined a PEB/PED as an implementation goal for the innovation projects as follows:

“Positive Energy Blocks/Districts consist of several buildings (new, retro-fitted or a
combination of both) that actively manage their energy consumption and the energy
flow between them and the wider energy system. Positive Energy Blocks/Districts have
an annual positive energy balance. They make optimal use of elements such as ad-
vanced materials (e.g., bio-based materials), local RES, local storage, smart energy grids,
demand-response, cutting edge energy management (electricity, heating and cooling),
user interaction/involvement and ICT.
Positive Energy Blocks/Districts are designed to be an integral part of the district/city
energy system and have a positive impact on it (also from the circular economy point
of view). Their design is intrinsically scalable and they are well embedded in the spa-
tial, economic, technical, environmental and social context of the project site.” [31],
(p. 117, [33]).

The calls featured for the first time, a requirement for PEBs/PEDs to fit into an overall
Bold City Vision of city-level climate neutrality strategies. This is a step change because
they do not just include more positive energy buildings, but highlight the opportunities of
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using a complete urban block/district and its multi-faceted characteristics. They also had
an additional section on expected focus areas, which highlight further expectations and
clarify ambitions and motivations:

• “Focus on mixed use urban districts and positively contribute to the overall city
goals;

• Develop solutions that can be replicated/gradually scaled up to city level. The
technical, financial, social, and legal feasibility of the proposed solutions should be
demonstrated in the actual proposal.

• Make local communities and local governments (particularly city planning depart-
ments) an active and integral part of the solution, increase their energy awareness
and ensure their sense of ownership of the smart solutions. This should ensure
sustainability of Positive Energy Blocks/Districts;

• Promote decarbonisation, while improving air quality.
• [. . . ]” [31]

JPI UE and EERA JPSC meanwhile set out to further develop a PED framework
definition that could be used EU-wide. JPI UE held a workshop, partially based on a
request for input by JPI UE for a collection of potential PED projects [34] (Positive Energy
Districts and Neighbourhoods Programme—Cities Workshop and Site Visit, 3–4 April
2019, Nordbahnhalle, Vienna [35]). The event was combined with, amongst others, a
+CityxChange Learning Workshop on 2 April 2019 addressing related challenges and
gathering project requirements and insights [36]. A joint outcome was an initial PED
definition [37] with the main characteristics as presented later in this article.

This led to the following formulation, consulted among national delegations in and
beyond the EU and published in a white paper in 2020:

“Positive Energy Districts are energy-efficient and energy-flexible urban areas or groups
of connected buildings which produce net zero greenhouse gas emissions and actively
manage an annual local or regional surplus production of renewable energy. They require
integration of different systems and infrastructures and interaction between buildings, the
users and the regional energy, mobility and ICT systems, while securing the energy supply
and a good life for all in line with social, economic and environmental sustainability.” [38]

This definition forms the basis for further analysis through the present article. Note
that the definition leaves space for ‘local or regional’ energy production, thus hinting
at solutions for the problem of realising self-sufficiency on the basis of on-site energy
production alone. Note also the inclusion of mobility, which can be interpreted as a PED
providing a share towards mobility energy use, and also optimises other mobility impacts.

Meanwhile, experiences from the field of practice such as the Horizon 2020 Smart Cities
and Communities Lighthouse Projects (H2020 SCC LH) and their practical implementations
were being made, testing and implementing the concept in practise. These experiences
show that major challenges occur in turning existing urban districts into PEDs on the
one hand from the technical and energy view and need for local generation, and on the
other hand from the needed long term strategies involving multiple actors in complex
stakeholder networks. One of the early outcomes was the SCIS PED solution booklet [3].
This solution booklet was co-created with participants from the H2020 SCC Lighthouse
Projects +CityxChange (including authors of the present article), MakingCity, SPARCS
and Atelier and thus directly translates the practical experience gained from PED pilots. It
included the insight that a PED is not a product, but rather a process.

Building further on these initiatives and experiences, the COST Action PED-EU-NET [4]
(European Cooperation in Science and Technology - Positive Energy Districts European
Network) and the Annex 83 on Positive Energy Districts by the International Energy Agency’s
Energy in Buildings and Communities Programme (IEA EBC Annex 83) [14] were created to
perform more in-depth collaborative research on the PED concept and its potentials, and to
publish their findings.
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4. An Operational PED Definition with 4 Subtypes: Addressing the Practical
Implementation Challenges from a Bottom-Up Perspective

The SET implementation plan was publicly issued in 2018, and the EU H2020 work
programme in 2017 for the 2018 calls, with their initial definitions as described above in
Section 3. The same year, at the end of 2018, the first SCC projects granted from that call
started their PEB demonstrators.

4.1. Process

These projects had a strong need for a concrete and operational working definition
of PEBs that could be used in practice with cities and solution providers. An operational
definition was initiated from the +CityxChange project in cooperation with EERA JPSC.
The +CityxChange project [17] includes 32 partners among which 7 cities: 2 Lighthouse
cities with detailed plans and immediate deployment activities in the project, and 5 Fellow
Cities, which refine their plans within the project towards setting up PEBs. It was important
to build an operational PEB definition that included the contexts and requirements of the
different PEBs in all the cities, as a first requirement. It also became even clearer that an
inclusive definition was needed. City representatives pointed out that cities each follow
different development paths, which need to be possible to align with the definition. More
generally, it was considered very important to not be too restrictive, as not to reduce or
prevent any innovation potential towards PEBs and local development [36,39].

The process included a number of workshops such as an initial +CityxChange Learning
Workshop, 2 April 2019, Vienna [36]; the SET-plan PED definition and boundaries work
group meeting, 6 May 2019, Brussels (‘PED definition development v3’) [39]; and a PED
workshop at the 3rd International Conference on Smart and Sustainable Planning for Cities
and Regions SSPCR 2019, Bolzano, 11 December 2019 (‘PED definition development v4’).
At the Brussels meeting, some reflections on the Horizon Europe Mission Area on “Climate-
Neutral and Smart Cities” were included in the programme, and as such cities obviously
can be considered as an upscaling from PEBs and PEDs towards PECs or PERs (Positive
Energy Cities or Regions, currently not established terms) as steps towards the EU goal of
Climate-Neutrality by 2050. Such strategic alignment and city-level scaling ambitions were
present early for example in +CityxChange [40] and definition work [41]. Results were
summarised in multiple project reports and presentations [36,39].

The workshops collaboratively developed insights in a wide range of technical and
governance challenges:

• economic feasibility and cost efficiency: in particular, energetic retrofitting of existing
buildings remains costly with long payback periods—often going far beyond the
range of a 30 years investment horizon [42]. In the European context, most PEDs are
expected to be urban retrofit PEDs. Business models that turn the PED opportunities
into benefits are being developed, but many secondary benefits cannot be captured in
financials while being invaluable for cities;

• optimum renewable and sustainable energy provision: in many cases, the amount of
renewable or sustainable energy needed for the district could possibly be produced
in a cheaper and more efficient way outside the district or the city, but such a setup
would at least partly go against the PED ambition. Nevertheless this can be balanced
against the reduced needs for grid upgrades or other ‘hidden’ costs;

• the stated need of PEDs to flexibly interact with their hinterland in terms of exchanging
energy flows and helping to balance energy grids [38]: whereas the theoretical need for
this faculty is commonly recognized, its practical implementation through operational
schemes such as Energy Communities (in line with the recast EU directives in this
field) is yet at the experimentation phase—see also below;

• the share of mobility energy to be provided by a PED: none of the current definitions
have managed to define a desired performance level. It can be argued that mobility
can only be partially included in PEDs as transport tends to act at a different scale.
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Examples of emission accounting models for mobility can also be widely varying in
different regions;

• regulatory barriers: beneficial local cost sharing models are not yet possible in the
electrical grid and markets. Examples include no opportunity for local exchange of
energy through the grid while extra wires would break the system, or feeding back
energy for prosumers not being viable under present regulations and technicalities,
or no feed-in tariff for surplus energy from prosumers being available, meaning they
could not receive any payment [43]. Currently the implementation of the Clean Energy
for All Europeans Package [44], including the facilitation of Energy Communities and
peer-to-peer trading, is not yet finished in several Member States (like Belgium [45] or
the Netherlands [46] to name just a few), thus prolonging the stated difficulties;

• cultural factors such as landscape and heritage value: rarely the full technical potential
of onsite renewable energy generation can be realised. For example, neither shall all
building roofs and façades be clad with PV panels nor shall urban wind turbines be
installed wherever possible throughout the urban texture.

• organisational and governance factors: PEDs are not a status, but a process. Taking this
further, PEDs are also not a single product. They are a multi-stakeholder undertaking,
addressing the full complexity of urban (re)development.

4.2. Supporting Evidence from Cases

The above stated technical and governance challenges can be illustrated by examples
from +CityxChange’s PED pilots in Limerick and Trondheim [17]. In Limerick, the PED pilot
is situated in the city’s central Georgian heritage district. It is characterised by mixed use
(residential and non-residential building programmes), varying urban densities in a typical
range of 20 to 50 dwellings per hectare, and a strong presence of heritage buildings [3,16].
The district is in need of urban renewal. Given the urban density and the heritage character,
the possibilities of both increasing energy efficiency by insulating building envelopes and
producing sufficient renewable energy on-site, mainly through PV, are limited. A choice
was therefore made to complement on-site renewable energy production with energy
supply from a water turbine to be placed in the Shannon river, about 1–2 km upstream from
the district. This implied that the turbine should be considered as a virtual asset of the PED
neighbourhood, as it is not situated within the strict geographical boundaries of the PED. A
number of challenges need to be addressed. First, it remains difficult to convince individual
building owners to step into the PED pilot and perform substantial investments on their
properties. This makes setting high retrofit standards for the housing stock more difficult.
Second, current regulations do not allow for implementing the flexibility and peer-to-peer
trading mechanisms needed for the operation of the PED, and special dispensation is hard
to achieve, even if the EU Clean Energy Package’s electricity directives have meanwhile
been (partially) transposed to Member State legislation. Third, and linked, permitting
procedures to allow for the placement of the turbine in the Shannon river are challenging,
not the least because this regulatory case is virtually unseen in Ireland. In this way the
Limerick pilot demonstrates all of the above-mentioned challenges. If all these challenges
receive a proper address and the PED can be realised, another challenge immediately comes
forward. While this first PED could profit from the opportunity of placing a turbine in the
Shannon river—first come, first serve—more areas of the city with PED ambitions would
meet increasing difficulties for realising their goals as the pool of virtual assets such as the
turbine will continue to decrease. This brings forward a question of fairness and balancing:
how much external energy may be reserved for a given district while not jeopardising the
possibilities of other districts to become PEDs as well. This situation is a major argument to
support the use of context factors and national or regional ‘energy envelopes’ with wider
integration and balancing potential as discussed further below.

In the Trondheim case, multiple PEDs were planned in the city. As part of the deploy-
ment, work is underway to connect these and allow interaction, exchange, and trading
of energy between PEDs [47]. In addition, local renewables may not be sufficient in all
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cases. Integration of dedicated external renewable sources is being considered, in line with
the PEDvirtual concept. Challenges include as above the willingness to invest and finding
suitable risk/benefit sharing models. Financing of PEDs and of overall decarbonisation
efforts thus remain challenging, though PEDs can contribute with additional unlocked
business models.

4.3. Outcome: PED Definition, 3 System Boundary Modes, 4 Ambition Levels

The resulting operational PED definition includes a working definition, 4 ambition
levels, and 3 system boundaries [39]. The agreed working definition states:

“Positive Energy Districts (PED) are mixed-use energy-efficient districts that have net
zero carbon dioxide (CO2) emissions and actively manage an annual local surplus pro-
duction of renewable energy (RES). They require interaction and integration between
buildings, the users and the regional energy, mobility and ICT system, while ensuring so-
cial, economic and environmental sustainability for current and future generations.” [39]

For the question of system boundaries, a distinction was proposed (as early as 3 April
2019 [37]) [36] and consolidated [39] between 3 modes:

• Geographical boundary: Spatial-physical limits of the PED in terms of delineated buildings,
sites and (energy) infrastructures—these may be contiguous or in a configuration of detached
patches;

• Functional boundary: Limits of the PED in terms of energy grids, e.g., the electricity grid
behind a substation that can be considered as an independent functional entity serving the
PED; a district heating system that can be considered as a functional part of the PED even if
the former’s service area is substantially larger than the heating sector of the PED in question;
or a gas network in the same sense;

• Virtual boundary: Limits of the PED in terms of contractual boundaries, e.g., including an
energy production infrastructure owned by the PED occupants but situated outside the normal
geographical PED boundaries (for example an offshore wind turbine owned through shares by
the PED occupant community).

Based on these boundary conditions, 4 possible types of PEDs were proposed accord-
ing to the realisable ambition levels. (These were initially named as Diamond, Platinum,
Gold, and Silver, used in April 2019 mainly in internal documents [36], and quickly changed
from May 2019 onwards into the more descriptive terms.) The ambition levels are: Au-
tonomous PED, Dynamic PED, Virtual PED and Pre-PED, having definitions as follows
[37,39,41]:

• PEDautonomous: ‘plus-autarkic’, net positive yearly energy balance within the geograph-
ical boundaries of the PED and internal energy balance at any moment in time (no
imports from the hinterland) or even helping to balance the wider grid outside, not
expected as a common case (see Figure 1);

• PEDdynamic: net positive yearly energy balance within the geographical boundaries of
the PED but dynamic exchanges with the hinterland to compensate for momentary
surpluses and shortages (see Figure 2);

• PEDvirtual: net positive yearly energy balance within the virtual boundaries of the PED
but dynamic exchanges with the hinterland to compensate for momentary surpluses
and shortages (see Figure 3);

• PrePED: candidate PED, no net positive yearly energy balance within the geographical
boundaries of the PED but energy difference acquired on the market by importing
certified green energy (i.e., realizing a zero carbon district).

These levels were carefully chosen and developed to correspond to both a group of set
points of ambition and technical potential, and to form a clear pathway of development,
thus allowing for growing achievements towards high synergistical ambitions with clear
milestones:

191



Energies 2022, 15, 4491

A PrePED does not yet achieve a positive annual energy balance by itself, but achieves
it through buying green energy through outside general markets, while developing the PED.
A PEDvirtual achieves a net positive annual energy balance within the virtual boundaries
of the PED, allowing for adaptation of local generation sites. This situation is found in
many on-the-ground cases. It reflects the challenges of direct local generation in urban
areas and on any type of buildings, and allows flexibility in planning boundaries and
implementation paths to include generation sites that are not building-integrated or outside
the core geographical boundary. A PEDdynamic has a net positive annual energy balance
within the geographical boundaries of the PED. It exchanges energy with the wider grid,
into which it is integrated. This is a type of PED that can be implemented in geographi-
cal/urban conditions that have better pre-conditions for local renewables. PEDdynamic and
PEDvirtual will be the most common types in regenerated European urban environments,
allowing the built environment to act as a kind of battery for the broader energy grid.
Finally, a PEDautonomous is autonomous from the grid on the demand side—it will have a
positive energy balance not on average, but at any point in time—possibly turning it into a
pure energy producer from the grid view—though usually not fully a virtual power plant.
Only few areas will be able to become PEDautonomous, however, in particular when other
co-benefits and potential negative externalities such as urban quality of life, spatial quality,
nature-based solutions are taken into account.

Figure 1. Autonomous PED, principle and system boundaries. Only exports to the surrounding
system. Including energy efficiency measures, renewables (solar, PV, wind, biomass, geothermal,
small hydropower), waste heat recovery, electric and thermal storage, integration of mobility energy
needs (and EVs as batteries), sector coupling between electric and thermal.

Figure 2. Dynamic PED, principle and system boundaries. Including energy efficiency measures,
renewables (solar, PV, wind, biomass, geothermal, small hydropower), waste heat recovery, electric
and thermal storage, integration of mobility energy needs (and EVs as batteries), sector coupling
between electric and thermal, and exchange with the surrounding systems.
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Figure 3. Virtual PED, principle and system boundaries. Including virtual integration of external
renewables and exchange with the surrounding systems. Including energy efficiency measures,
renewables (solar, PV, wind, biomass, geothermal, small hydropower), waste heat recovery, electric
and thermal storage, integration of mobility energy needs (and EVs as batteries), sector coupling
between electric and thermal, and exchange with the surrounding systems.

In summary, identifying PEDs from such differentiated perspectives would allow
sufficient flexibility for adaptations to a range of different city conditions from existing
projects, while keeping a certain standardisation and commonality, all within the H2020
SCC programme, the SET Plan, and future refinements. It would for example allow PEDs
to import energy from outside the strict district boundaries, in situations where it is not
feasible to generate all needed renewable resources onsite. This setup also interprets and
translates the aspect of ‘local or regional’ energy production, as put forward in the JPI UE
framework definition, into precise operating conditions.

The differentiation into 4 subtypes was subsequently picked up in the PED definitions
of, for example, SCC Lighthouse Projects such as +CityxChange [17] (including the authors
of the present article) [16,39,48] or SPARCs [49] and other projects such as syn.ikia [50].

5. From Technical Solutions to Urban Transition Governance for Systemic Change:
Addressing the Contribution of PEDs towards Realising Climate Neutral Cities
and Regions

The four PED types identified in the previous section are intended to also be able to
tackle the second major implementation barrier for PEDs. This second barrier is strongly re-
lated to the challenge of overhauling the energy paradigm that underlies the current modus
operandi of cities: decentralised fossil fuel based energy supply. In order to achieve this,
deep structural change is required in all strata of society: technical infrastructures, economic
setups, value chains and business models, types of collaboration between the different
concerned urban actors, social rules, policies and cultural habits, up to the behavioural
routines of citizens and enterprises and the (often hidden) value systems that ultimately
steer all of these strata. Hereby the questions regarding energy cannot be disconnected
from those regarding the adopted economic models, social justice and respect of the earth’s
ecological carrying capacity. In other words, effectively solving this puzzle simultaneously
requires realising overall integrated sustainable functioning at the level of the district or
the city [20].

The four types of PEDs are created to be able to support the following main transition
challenges.

From the simple, individual short term solution to complex, collective long term

formats: it becomes increasingly obvious that many preferable set-ups for PEDs and, at
the higher scale level, climate neutral cities, require different configurations and business
models than current standard practice. The four types of PEDs, in particular the PEDvirtual
and PEDdynamic, will be able to support a shift in preferred assets from individual ones such
as the individual heat pump, the individual PV installation on the individually energy-
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retrofitted home or the individual electric car, towards collective and integrated assets
such as micro district heating and cooling networks, shared renewable energy generation
installations managed by local energy communities, sustainable collective- or co-housing,
and shared or collective mobility solutions including mobility-as-a-service (MaaS).

Aligning interests and agendas of the different urban stakeholders: in order to
achieve these solutions, the interests, agendas and investment horizons of a multitude
of urban actors in complex stakeholder networks must become sufficiently aligned in
order to arrive at a shared development process. This requires new organisational set-ups
and business models, new collaboration formats with new types of legitimacy and an
overall strong co-creation and governance process that facilitates all of the former. The
integrated set-up of the PEDdynamic and PEDvirtual, with intensive interaction between
building, grid, mobility, ICT and citizen experts and end users, will favour cooperative
financial and partnership models to optimise economic sustainability. It is to be noted that
also established PED definitions such as the ones formulated by the SET-Plan, the European
Commission and JPI UE refer to quantitative (energy and carbon related) aspects as much
as qualitative (sustainable development related) aspects. This implies that those definitions
recognise the fact that both challenges, stated in the context of the present analysis, need
to receive a full address. Studying the full spectrum of deep systemic change in cities is
however beyond the scope of the present article. It is nevertheless necessary and sufficient
to indicate that PED challenges must be linked to the wider issues at stake for sustainable
urban development, of which reaching climate neutrality is one important pillar. Taking
into account the two main challenges as stated above will hereby provide for a good starting
point. It assures that PED strategies and agendas can be fully integrated in urban (climate)
action planning.

6. Current Work on an EU-Wide PED Framework Definition: From PED Types to
Context Factors—Situating PEDs in Their Wider Energy Generation Landscape

Through the PED definition work undertaken under the umbrella of JPI UE, an
alternative approach has emerged to accommodate for the different contexts in which PEDs
operate. These developments have been documented and shared for consultation through
a working paper [51]. This reviewed draft version processes feedback from dedicated
stakeholder workshops on 17 and 20 September 2021 (EERA Joint Programme Smart Cities,
Nordic Edge conference) as well as main comments from an IEA workshop on 22 October
2021 (IEA Annex 83 on Positive Energy Districts).

Instead of addressing these boundary conditions by distinguishing 4 subtypes with
increasing degrees of self-sufficiency, the approach is reversed. Whereas the subtypes start
from a bottom-up vision, analysing how much ‘exterior help’ a PED needs given its starting
condition, a top-down manner of addressing the same constraint consists of situating the
PED in its wider energy landscape and deriving a proportional contribution of the PED to
the total renewable and sustainable energy generation capacity of the considered region or
country. In this way, a fair ‘effort sharing’ mechanism can be established between the PED
and the other areas of the region, whether they be urban or rural. Hereby, ‘context factors’
define the specific characteristics of the PED, allowing to propose a justified amount of
effort sharing that can be assigned to the PED. The basis of this mechanism is derived from
work on system boundaries in the energy system [52,53].

More precisely, these context factors will account for:

• Urban density: the higher the urban density, the more difficult it becomes to generate
all needed energy on-site. Therefore a reversely proportional context factor can be
applied, allowing the district to self-generate lower shares of its operating energy with
increasing urban densities;

• Heritage: the more heritage buildings or protected views are present in a district,
the more restrictions there will appear on building envelope interventions and the
installation of renewable energy generation capacity such as PV panels. Therefore,
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another reversely proportional context factor will allow to reduce the self-generation
share of the district with increasing heritage value.

• Mobility: it should be pointed out how much of the mobility energy for the users
of the PED shall be generated onsite. This is a discussion that remains far from
established, even for PEDs that can be considered as having the potential of generating
100% of their own energy needs. As mobility strongly relates to higher functional scale
levels than the district itself, it may be expected that the mobility energy produced in
a PED will always remain a share of the total mobility energy needed by its users, be
they inhabitants, commuters or visitors;

• Climate and embedding in the regional or national energy system: each region has its
own challenges to address in terms of generating sufficient renewable and sustainable
energy. In this way, the regional energy equation may be more difficult to solve in
a context of cold and dark winters with high heating demand and little available
resources to supply heat pumps, versus warm and sunny summers with dominant
cooling demand and ample potential for PV-input. The complete energy balance for
the region will thus influence the share of energy production that is assigned to a PED.

Such an approach implies that national or regional effort sharing mechanisms must
be established and quantified, which lifts the needed level of solution building to a higher
scale. From an overall viewpoint of reaching climate-neutral functioning in the most
ecologically efficient and cost effective manner, this is indeed a logical step to take. Heat
and cold balances will to a large degree be addressed by a regional approach, while for
electricity an EU and beyond approach remains preferable. It is to be noted that sector
coupling may further change the working parameters. For example, the future import of
green hydrogen may become an important factor in the overall energy equation.

Whereas current PED definitions hint at integrated sustainable urban development, the
above method with context factors goes even further by situating cities in their regional or
national energy hinterland – and beyond. This leads to an approach of full-scale subsidiarity,
whereby the integration of macro-, meso- and micro-scale energy generation is being
realised at the methodological optimum [9].

7. Conclusions and Outlook

The present article discusses PED development from a practical implementation
viewpoint, reflecting on the evolving definition framework and suggesting approaches
that may help to make PED development more feasible while at the same time integrating
PEDs meaningfully in their surrounding (energy) systems and living environments. This
is considered both at the technical level of a positive yearly energy balance and zero
greenhouse gas emissions, and at the level of PEDs supporting integrated urban sustainable
development, thus becoming an effective building block towards creating climate neutral
and smart cities. Specific indicators related to PEDs, including energy, carbon, LCA,
economic and qualitative indicators, are not in scope for this article and will be addressed
in future developments of the wider European framework definition.

The use of an operational PED definition with 4 subtypes helps to address a PED’s
practical implementation challenges from a bottom-up perspective. The 3 system boundary
modes and 4 ambition levels provide a practical framework for projects, cities, and devel-
opers to work with. The 4 PED subtypes, and the Dynamic PED and the Virtual PED in
particular, also allow to effectively address qualitative requirements for PEDs as well as
to enhance their embedding in the surrounding environment both from the technical and
the integrated sustainable development point of view. We discuss this with selected case
studies and examples to show how it can help support project implementation. Further
case studies will be part of future work.

Meanwhile a top-down approach for PEDs is also under development, whereby the
same implementation challenges are being tackled by considering the total renewable
energy potential of a region or country as the starting point for setting the PED’s specific
energy requirements. Thereby context factors account for the different starting positions
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for PED development, for example when a PED project regards urban retrofit, includes
high-density urban fabric, or contains many heritage buildings.

Both approaches serve the same goal: providing an operational and practical approach
towards building PEDs, while allowing for flexibility in the PED definition requirements.

In terms of the formulated research questions, we conclude that the case-based bottom-
up approach and the research-based top-down approach do meet each other regarding
practical solutions for the technical energy balancing of PEDs. However, three differences
can be noted. First, the top-down method accounts of the sustainable energy potential
of the wider region or state, thus assuring ‘fair share’ access to this overall potential by
different PEDs. Such an approach prevents a ‘first come first serve’ strategy that could
be the consequence of using the bottom-up definition in a case-by-case fashion, without
considering its impacts on the wider energy system. Such risk occurs foremost in the case
of virtual PEDs, and with limited outside potential for renewable generation. Second,
although an approach based on context factors would therefore be preferable, the latter
method requires that the total energy potential of a region or country is first established
and that proper allocation keys are identified before any individual PED can be built.
However, this would only become relevant if PEDs would become a significant fraction
of the energy transition. The current state rather shows that we are too slow, and any fast
deployment is preferable from our view. Third, the bottom-up approach allows qualitative
requirements for PEDs to be addressed in a flexible and context-sensitive way that allows for
fast deployment. Addressing qualitative aspects of PEDs in the top-down work organised
by JPI Urban Europe is still in its early phases.

Next recommended development steps therefore include:

• Further mapping on-the-ground experiences in creating and managing PEDs, to
extract viable technical, social and economic pathways to PEDs for use by cities, real
estate developers and other urban decision makers. In particular, further elaborating
context factors to account of the wider sustainable energy potentials and inquiring
practical feasibility of this method;

• In this way, developing a definition framework that is at the same time sufficiently
precise to allow PED benchmarking, sufficiently flexible to accommodate for the many
contexts in which PEDs will be developed, and sufficiently simple not to repel urban
actors such as city administrators, project developers or building owners in using the
definition framework;

• Further investigating the quality-related factors, co-benefits and potential negative
externalities of PED applications better, and identifying how these may contribute to
generating willingness to invest in PEDs (public, private and citizen funding);

• Analysing which efforts are best fit at district or at city level, to see PEDs as important
stepping stones towards climate-neutral cities and regions. This makes PEDs not only
targets in themselves, but establishes them as growth and transition enablers.

Overall, this continued work on framework definitions and real-life demonstrators
will contribute to successful and upscaled PED deployment within the urban sustainability
transition.
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Abstract: The current global context, marked by crises such as climate change, the pandemic, and
the depletion of fossil fuel resources, underscores the urgent need to minimize waste. Cogeneration
technology, which enables simultaneous production of electricity and thermal energy from electricity
generation waste, offers a promising solution to enhance energy efficiency. Its widespread adoption,
particularly in the European Union, where several cogeneration systems are in place, demonstrates its
growing popularity. Italy alone has 1865 high-efficiency cogeneration units, contributing significantly
to total cogeneration energy generation. Micro-cogeneration, specifically, has attracted attention for
its potential to reduce energy waste and environmental impact. This study focuses on assessing the
technical and financial feasibility of a micro-cogeneration plant using natural gas-fuelled internal
combustion engines, considering different scenarios of plant operating strategies in order to optimize
energy production, minimize waste, and mitigate environmental footprints associated with conven-
tional methods. Additionally, it provides valuable guidance for policymakers, industry stakeholders,
and decision-makers invested in sustainable energy solutions. By advancing micro-cogeneration
technology, this study aims to promote a more sustainable and environmentally conscious approach
to energy production. The methodology applied is based on the development of a numerical model
via RETScreen Expert 8 and it was calibrated with one-year energy bills. The study was performed
by focusing on the analysis of the annual energy savings, greenhouse gas emission savings, tonnes
of oil equivalents savings, and financial parameters such as Net Present Value (NPV), Internal Rate
of Return (IRR), Profitability Index (PI) and Payback time (PBT). The results show, using a micro-
cogeneration system in a big complex of buildings, that the financial parameters can continually
increase with the plant’s capacity with the electrical load following, but with a loss of the recovered
heat from the cogenerator because it may reach values that are not necessary for the users. When the
thermal load variation is much more significant than the electrical load variation, it will be useful to
design the plant to follow the thermal load variation which allows the full utilization of the thermal
and energy production from the plant without any waste energy and choosing a system capacity that
can optimize the energy, emissions and financial aspects.

Keywords: climate change; cogeneration technology; energy efficiency measures; energy retrofit;
micro-cogeneration; feasibility; RETScreen

1. Introduction

The historical context we are living in, with an ongoing climate crisis caused by global
warming, a pandemic, and the gradual depletion of traditional energy sources such as fossil
fuels, along with tensions in the relationship between Europe and Russia, has brought the
need to minimize waste back to the forefront of human attention.
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One-third of total greenhouse gas emissions worldwide are produced by the sector
involved in building and infrastructure development, making it a significant contributor
to the phenomenon of global warming [1]. In order to contrast the climate change caused
by greenhouse gas emissions, global initiatives have been undertaken to create innovative
net-zero energy buildings (nZEBs) [2,3] and to improve the energy efficiency of existing
buildings [4–6]. The expansion of urban areas has led to the emergence of the urban
heat island phenomenon [7,8], which describes the unique microclimate of cities [9]. This
phenomenon is characterized by an increase in temperatures in urban areas compared to
rural areas. The effects of urban heat islands can negatively impact human well-being,
leading to various adverse consequences [10]. Additionally, it can lead to a surge in the
utilization of air conditioning plants in buildings to combat the heat [11,12]. This, in turn,
results in higher electricity consumption [13,14] and increased levels of pollutants emitted
in urban environments [15,16]. Recent attention has been given to studying strategies
to reduce the impacts of urban heat islands, such as the use of green roofs [17,18], cool
materials [19,20], vegetation [21,22], and water sources [23,24]. The adoption of these
mitigation techniques is crucial not only for large urban areas but also for smaller, localized
areas such as urban canyons [25–27].

Retrofitting existing buildings offers significant potential for energy efficiency im-
provements, in contrast to newly built nZEBs, given that existing buildings constitute the
majority of structure stocks and have an absence of essential energy efficiency compo-
nents [28]. A multitude of studies on recommendations and approaches for retrofitting
energy performance for single buildings [29,30] and building stocks [31] can be sourced in
the existing literature and are frequently driven by efforts undertaken by many nations to
attain carbon neutrality in their economies. Nevertheless, energy-saving initiatives typically
exclude historical buildings to safeguard their architectural heritage. Retrofitting historic
buildings was previously perceived as a potential risk to their cultural value, but this
perception is gradually evolving [32]. Moreover, multiple studies have indicated notable
improvements in energy efficiency for rehabilitated historic buildings in Europe, with
Italy leading the way, followed by the United Kingdom, Spain [33,34], and China [35,36].
Striking a balance between energy efficiency, thermal comfort, and the preservation of
cultural heritage is vital when renovating historic buildings. For instance, external wall
insulation, which can compromise the aesthetic character, may not be a suitable choice.
However, updating internal energy systems such as lighting fixtures and appliances is fully
compatible with heritage conservation. Additionally, the installation of building-integrated
solar photovoltaic systems is often feasible and merits careful consideration [37]. Previous
studies have proposed systemic methods [38] and evaluated various retrofit alternatives,
encompassing energy efficiency strategies concerning building envelopes [39], heating,
ventilation, and air conditioning (HVAC) systems [40], a combination of envelope and
HVAC systems [41], as well as occupant behaviour [42]. For instance, Ascione et al. [43]
conducted experimental and numerical assessments on an administrative building in Italy
to develop a multi-criteria approach for energy retrofits of historic buildings. The study
evaluated several energy efficiency measures, such as wall thermal insulation, air leakage,
setpoint management, window glazing, and heating systems. The results indicated that
energy retrofits could reduce the building’s primary energy consumption by 20%. In a
protected residential complex in London, Ben and Steemers [42] examined the advantages
of energy retrofits through both physical and behavioural interventions. The study pre-
sented three potential levels of retrofitting, considering capital costs and payback periods
for enhancing energy efficiency in HVAC and envelope systems. The investigation revealed
that behavioural changes presented significant opportunities for energy savings (ranging
from 62% to 86%), sometimes surpassing the energy efficiency improvements achieved
through physical enhancements.

Energy retrofitting has emerged as an essential strategy for enhancing the energy effi-
ciency and environmental impact of existing buildings [44]. However, the implementation
of retrofit measures in institutional buildings is often constrained by budget limitations
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and the need for profitability [45,46]. Therefore, it is crucial to assess the financial feasibility
of retrofitting projects during the process of decision-making. According to Menassa [47],
inaccurate financial assessment in 57% of renovation projects resulted in unexpectedly
long payback periods. To address this issue, various evaluation tools have been devel-
oped over the years to identify the most economical measures. The two predominant
methods for financial evaluation in energy retrofitting are life-cycle cost (LCC) analysis
and cost–benefit analysis (CBA) [48,49]. Both approaches take into account the time value
of money (TVM) and offer trustworthy ways to select economically optimal retrofitting
measures [50]. LCC centres on the complete capital investment and forthcoming operating
expenses, encompassing management and maintenance costs. It has been widely used in
numerous studies to determine cost-optimal retrofitting measures for residential and non-
residential buildings [51], including various building types such as residential, commercial,
and educational buildings [52–57]. On the other hand, CBA is explicitly recommended
by Sartori et al. [58] as a necessary procedure for financial decision-making. Some studies
have applied CBA to assess optimal retrofitting measures for residential buildings [59,60],
and a few have examined its economic assessment for non-residential buildings [61,62].
However, LCC has been more commonly employed in previous research. Nevertheless,
Gabay et al. [63] investigated the advantage of CBA over the LCC approach in selecting
optimal energy retrofitting measures. The study indicated that CBA favours the choice of
higher-performance measures, even if they entail higher life-cycle costs, which remains
preferable to stakeholders. The European Commission also recommends the application
of CBA incorporating risk analysis into investment assessment [58]. However, it is gen-
erally considered that the potential of CBA in financial retrofitting measures evaluation
is underestimated. Consequently, in this study, we utilized CBA as the primary financial
evaluation approach to demonstrate its effectiveness in evaluating the actual profitability
of retrofitting measures.

During the process of producing electricity, a significant amount of energy is dissi-
pated, and therefore lost, in terms of heat. Therefore, one of the most promising ways
to make energy production more efficient is to simultaneously produce electricity and
thermal energy, using the remaining energy content in the waste products generated by the
production of the former. Cogeneration is based on this principle and offers an effective and
efficient way to use fossil fuels, ensuring sustainable management of natural and financial
resources, and minimizing environmental impact [64].

Several companies have dedicated themselves to the development of this technology,
and with a greater variety of solutions and greater availability on the market, there has been
a significant increase in the global adoption of this technology, also due to the practicality it
presents from a technical point of view.

In recent years, in the United Kingdom there has been a steady growth in installed
cogeneration capacity from 3 to 6 GWe, where 68% of plants operate on natural gas [65].
The total capacity of cogeneration systems installed in European Union countries in 2010
exceeded 105 GW, with Germany ranking first with 22% of the total capacity, followed
by Poland and Denmark with 9%. In Denmark, more than 50% of electricity production
is provided by cogeneration systems, with 40% in Finland and 30% in Latvia and the
Netherlands [66].

Finally, in Italy, according to the Ministry of Economic Development’s 2020 report [67],
there are 1865 High-Efficiency Cogeneration units, with a total installed capacity of 13.4 GW,
electricity production of 57.7 TWh (of which 28.6 TWh are in high-efficiency mode) and
35.6 TWh of useful heat. It is estimated that these data related to HEC represent about half
of the total energy generation from cogeneration. The majority of these plants (about 90%
of the total) are of the internal combustion type, with an average size of 1 MW: these are
the typical installations in an industrial context [68].

Micro-cogeneration is an increasingly popular technology that enables the simultane-
ous production of electricity and heat. This technology has gained significant attention in
recent years due to its potential to reduce energy waste and decrease the environmental
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impact of energy production. However, the COVID-19 pandemic and the Ukraine War
has had a significant impact on the global and, in particular, European economy, and it is
unclear how this will affect the feasibility and financial viability of energy retrofit strate-
gies. Therefore, it is crucial to conduct a comprehensive analysis of the energy financial
feasibility and this study aims to perform an analysis of a micro-cogeneration plant based
on internal combustion engines fuelled by natural gas, considering different scenarios of
plant operating strategies.

2. Materials and Methods

2.1. Methodology

The objective of this study is to focus on analysing the technical and financial feasibility
of installing a new plant. In particular, in the present paper we analysed the use of a micro-
cogeneration system.

The methodology is shown in Figure 1 and starts with the development of a numerical
model to evaluate various types of energy used in the building. The RETScreen Expert
8 tool [69] was used to implement the numerical model. This tool allows for the comparison
of various system setups from an energy, environmental, and financial perspective. It
analyses investment, operation, and maintenance costs to determine the economic benefit
of intervention. RETScreen Expert 8 is a proper tool for pre-feasibility and feasibility
studies [70], and it is used for both electrical and thermal system design.

Figure 1. Flowchart of the methodology.

RETScreen Expert 8 can conduct a thorough feasibility analysis, encompassing techni-
cal, economic, risk, sensitivity, and environmental aspects of retrofit solutions for buildings.
It enables the simulation, optimization, and evaluation of the performance of both tra-
ditional energy-saving measures and renewable energy systems. This comprehensive
analysis aids in the decision-making process by providing insights into technical, economic,
and environmental factors. RETScreen Expert 8 can immediately evaluate the effects of a
retrofit solution separately or aggregated, significantly reducing the time-cost of energy
retrofit decision-making.

The RETScreen Expert 8 tool was selected for its user-friendly interface compared to
other commercially available software options. It offers comprehensive analysis of energy,
financial, and environmental aspects, aiding in identifying the most suitable retrofit strategy.
RETScreen Expert 8, the Clean Energy Project Analysis Software, enables the assessment
of energy efficiency and feasibility of various energy models, including renewable energy
systems and high-performance models.
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The software facilitates the modelling of power plants for real estate, providing valu-
able output data for technical, economic, and environmental analysis related to investments
in clean energy projects or cogeneration, as applicable in this case. The Canadian Govern-
ment developed the calculation model with extensive support from industry, institutions,
and academic experts.

The energy model is calibrated based on a one-year analysis of energy bills. Sub-
sequently, multiple energy retrofit measures can be explored to reduce the building’s
energy consumption.

This study starts with an analysis of the energy consumption of the building, both
in terms of methane gas and electricity, correlating them with the expenses incurred in
the various years. Therefore, the average cost of energy per year was calculated, which is
necessary for calculating the annual savings.

Once average thermal and electrical loads have been identified, simulations are carried
out to evaluate the coverage of the building’s thermal and electrical consumption by varying
the power of the system to be installed. The simulations also consider energy savings,
economic benefits, reduction in polluting emissions, and financial impact.

2.2. Case Study

The case study concerns a complex of buildings located in Rome, used for tertiary sector
activities, served by several boilers for winter heating and by the national power grid for
supplying various uses and summer cooling. The building complex covers over 100,000
square meters of useful space, divided into ten buildings. They mainly host offices and
production spaces. The predominant working hours are 12 h a day, from Monday to Saturday,
throughout the year for some spaces, while others are used 24 h a day, every day of the week.
In addition, there are no prolonged periods of work suspension, as may occur, for example,
during the summer in other typical types of work functions in Italy. The buildings present
significant energy issues, such as the presence of low-efficiency plant technologies for the
distribution of hot and cold fluids, and the production of hot and cold water.

The external building envelope is mainly composed of concrete and has walls with a
thickness of 25 cm that correspond to an average calculated transmittance of 1.95 W/m2K,
while the roof and the pavement has a calculated transmittance of 0.42 W/m2K and
0.55 W/m2K, respectively. The current windows in place are of the 4/9/4 type, featuring
a 9 mm air gap sandwiched between two 4 mm glass layers. The calculated thermal
transmittance for these windows is approximately 3.07 W/m2K, accompanied by a g-value
of 0.6.

The climate of the case study zone, considering the average monthly data that were
used in the numerical model, is shown in Figure 2. It is characterised with an air tempera-
ture from 7 ◦C in January to 24.8 ◦C in July, an air humidity from 66.8% in July to 83.8% in
November.

Figure 2. Monthly average air temperature and relative humidity of the case study zone.
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2.3. Boundary Conditions

The annual average cost of energy, in terms of methane gas and electrical energy, for
the 2022 year was, respectively, 0.40 €/kWh and 1.03 €/Nm3. For this study, the annual
average costs of electrical energy and natural gas were extracted from the utility bills. In
Table 1 are shown the conversion factors used to calculate the tonne of oil equivalent (TOE)
and the tonne of CO2 emissions (tCO2), while in Table 2 are shown the main parameters
used to simulate the building and plant characteristics.

Table 1. Conversion factor parameters used in the analysis.

Parameter Value

Conversion factor TOE-electricity (toe/MWh) [71] 0.187
Conversion factor TOE-natural gas (toe/MWh) [72] 0.086

Conversion factor tCO2-electricity (tCO2/MWh) [73] 0.483
Conversion factor tCO2-natural gas (tCO2/MWh) [73] 0.202

Table 2. Parameter used for the case study.

Parameter Value

Seasonal efficiency of existing boiler system (%) 93.7
Thermal load (W/m2) 75.27
Hot water demand (%) 21.5

Annual availability of the cogeneration system (h) 8000
Minimum operating power of the cogenerator (%) 60

Useful life of the cogenerator plant (years) 20
Discount rate referred to the 1 December 2022 (%) 3.04

The discount rate of 3.04% is the nominal discount rate and was considered the last
value in the period of the analysis in the present study because the paper aims to perform
an analysis in the situation where it is necessary to model the investment decision process
of an investor in the proposed energy solution.

The investment and maintenance costs were calculated starting from the data obtained
from a commercial investigation. Specifically, cost is a function of size or capacity raised to
a scaling exponent or scale factor [74]. The applicable equation is as follows:

C2 = C1·
(

P2

P1

)a
(1)

where C2 is the cost to be estimated that has a capacity of P2, C1 which is the known cost
of the facility that has a capacity of P1, while a is a scale factor that depends on the facility
technology. The scaling exponent quantifies the non-linear relationship and economies of
scale, indicating that the incremental cost decreases as the facility’s capacity increases.

In the present paper, after a commercial investigation, it was possible to set the
investment and maintenance cost of a micro-cogenerator plant of 330 kWe at €330,000 and
62,750 €/year, respectively.

2.4. Energy Plant Retrofit

The cogenerators chosen to propose various solutions for this case study are “high
power” cogenerators. These consists of internal combustion engines powered by natural
gas with capacity varying from 240 to 1500 kWe (kW electricity power).

The tested configurations were chosen to cover any value of the thermal load, starting
from the minimum value up to the maximum, first by using all the available cogenerators
individually, then gradually coupling them in parallel until the desired load was met. The
remaining thermal energy necessary for the building’s uses comes from the current thermal
power station made up of condensing boilers. Instead, the electricity needed is taken from
the national grid.
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Finally, the results were extrapolated, and the financial part of the analysis was
carried out. The annual energy savings were calculated, and together with the costs for
purchasing and maintaining the system, the investment’s goodness was analysed through
various economic factors such as Net Present Value (NPV), Internal Rate of Return (IRR),
Profitability Index (PI), Payback time (PBT), and normalized Net Present Value (nNPV)
with the plant capacity (NPV/kW).

3. Results

3.1. Model Calibration

The RETScreen Expert 8 tool was used for conducting the simulation analysis, which
was then calibrated using readings obtained from the thermal and electricity energy con-
sumption bills. The numerical model incorporated the building envelope’s characteristics,
as well as the heating, cooling, lighting, and electrical equipment used within the building.
Additionally, the occupancy profile information was taken into account to determine the
power requirements of the systems and consider the thermal internal gains.

The calibration process involved comparing the simulated annual heating, cooling,
and electrical demand from the numerical model with the actual data obtained from the
utility bills. To reduce any discrepancies between the observed and simulated data, we
adjusted the gains within the numerical model. Regarding the calibration of the electrical
demand, since it is often challenging to accurately quantify the number of electrical devices,
we introduced varying amounts of electrical equipment into the numerical model. As for
the heating and cooling demand, the calibration pays attention to adjusting the thermal
gains. It is important to note that introducing thermal gains can affect the cooling demand,
which in turn impacts the electricity demand due to the use of chillers that rely on this
energy source. Hence, the calibration method employed a step-by-step process to minimize
differences in the numerical, thermal, and electrical demand compared to the readings from
the bills.

In the case study, calibration was performed to address a discrepancy in the annual
thermal and electricity consumption, resulting in respective deviations of +1.7% and +1.8%.

3.2. Analysis of the Actual Electrical and Thermal Consumption

In Figures 3 and 4 are shown the thermal and electrical energy consumption taken from
the bill of the building complex in the year 2022. From the graphs, there is a much more
significant variation in power during the annual time frame for the thermal load (Figure 3),
which has a minimum in August of 313 MWht and a maximum in January of 2433 MWht,
compared to the electrical load, which has a minimum in February of 1889 mWhe and a
maximum in August of 2654 mWhe. For this reason, with the introduction of a cogenerator
it will be useful to design the plant to follow the thermal load variation because the electrical
energy produced will be fully utilized. Otherwise, by following the electrical load, part of
the thermal energy would have been lost unnecessarily.

Figure 3. Thermal energy consumption in 2022 taken from the bills.
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Figure 4. Electrical energy consumption in 2022 taken from the bills.

Analysing the trend of the thermal and electrical loads, it is possible to notice that the
thermal load has a positive value during the summer, denoting the use of the thermal energy
for the domestic hot water or for the air handling units’ use. The electrical load has, indeed, a
quite high base load during all the years, denoting a high electrical use in the building.

Finally, the total annual consumption of electricity was approximately 26,592 mWhe,
with a billing cost of €10,691,117.58, and a natural gas consumption of 15,995 MWht with a
billing cost of €1,560,840.85.

3.3. Analysis of the Cogenerator Performances

After identifying the average thermal and electrical loads of the buildings, the analysis
focused on following the thermal load, so that all the heat and electricity produced would
be fully utilized, with the electrical load increasing more than the thermal load. Based
on this, energy production, consumption, and emissions were analysed using RETScreen
software for each configuration.

Figures 5–7 show the cogenerator performance in terms of electricity production, gas
consumption for cogeneration, and the gas that needs to be drawn from the network to
satisfy other thermal uses. The results are shown as a function of the cogenerator plant
capacity obtained with the use of different types of systems or by coupling cogenerators of
different sizes. This analysis was carried out by adopting both the thermal load following
strategy and the electric load following strategy. In the first case, the cogenerator is used
primarily to meet thermal demands and the resulting electricity is used for electrical
applications. In the second case, the cogenerator is used primarily to meet electricity
demands and the resulting thermal energy is recovered to meet thermal needs.

Figure 5. Cogenerator electricity production for different plant capacities and different types of
operation: thermal or electric load following.
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Figure 6. Cogenerator gas consumption for different plant capacities and different types of operation:
thermal or electric load following.

Figure 7. Gas consumption of the other plants for the different types of cogenerator operation:
thermal or electric load following.

3.4. Analysis of the Cost, Energy, Toe and tCO2 Savings

Figure 8 shows the annual savings in terms of cost, energy, tCO2 emissions, and TOE
(tonnes of oil equivalent). The results are shown as the function of the cogenerator plant
capacity obtained with the use of different types of systems or by coupling cogenerators of
different sizes. This analysis was carried out by adopting both the thermal load following
strategy and the electric load following strategy.

It is very evident that the annual cost and percentage energy saving has the same
trend shown in Figures 5 and 6, while different results are obtained for the savings in tCO2
and TOE.

Regarding the thermal load following, the annual cost varies from about 446 k€ to
2049 k€ and the annual percentage energy savings vary from 3.6% to 16.7%, considering
the increase in the cogenerator plant capacity with a peak at 2450 kWe. The annual TOE
saving varies from 90.98 toe to 616.72 toe with a peak at 3000 kWe and the annual tCO2
savings vary from 297.77 tCO2 to 1754.87 tCO2 with a peak at 2450 kWe.

Regarding the electric load following, the annual cost varies from about 450 k€ to
4891 k€ and the annual percentage energy savings vary from 3.7% to 39.9%, considering
that the values increase with the increase in the cogenerator plant capacity. The annual
TOE saving varies from 88.94 toe to 441.66 toe with a peak at 1800 kWe and the annual
tCO2 savings vary from 294.53 tCO2 to 2024.22 tCO2 with a peak at 2850 kWe.
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Figure 8. Results for the different types of cogenerator operation (thermal or electric load following)
and size in terms of annual cost savings (a), annual percentage energy saving (b), annual TOE saving
(c) and annual tCO2 saving (d).

3.5. Analysis of the Finances

In Tables 3 and 4, the results of financial parameters considered to evaluate the
economic feasibility of the investment are indicated, in order to find the most advantageous
configuration from an economic point of view. The financial parameters used as a reference
are: Net Present Value (NPV), normalized NPV (nNPV) with the plant capacity (NPV/kW),
Internal Rate of Return (IRR), Profitability Index (PI), and Payback time (PBT).

The analysis was performed by evaluating the financial parameters for both the
thermal and electrical load following and comparing them.

Regarding the results for the thermal load following, it can be noted that the maximum
NPV values are obtained for configurations of 1990 and 2450 kWe, while the maximum
nNPV value is obtained for a low power configuration, specifically 300 kW. As for IRR and
PI, the results are consistent, as the highest values, which are 182% and 25.96, respectively,
correspond to the configuration composed of a single cogenerator of 1500 kWe. Regarding
PBT, it is 1 year for most cases.

Regarding the results for the electrical load following, it can be noted that the maxi-
mum NPV values are obtained for the last configuration of 3300 kWe and it can be higher
with higher plant capacity. The nNPV values had a low variation which depends on the
plant capacity, while IRR and PI have the highest values of 302% and 43.84, respectively,
with the configuration composed of a single cogenerator of 1500 kWe, as the thermal load
following case. Regarding PBT, it is 1 year for all the cases.
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Table 3. Net Present Value (NPV), normalized NPV with the plant capacity, Internal Rate of Return
(IRR), Profitability Index (PI) and Payback time (PBT) for the different types of cogenerator plant
capacities with the operating function of thermal load following.

Plant Capacity NPV nNPV IRR PI PBT

245 €5,566,976.31 €22,722.35 143% 20.17 1
300 €7,154,401.55 €23,848.01 162% 22.96 1
330 €7,376,916.47 €21,076.90 158% 22.35 1
400 €8,705,759.20 €21,764.40 165% 23.51 1
490 €7,507,681.27 €15,321.80 128% 17.95 1
600 €8,260,047.20 €13,766.75 125% 17.49 1
650 €8,842,052.39 €13,603.16 127% 17.84 1
800 €11,311,468.74 €14,139.34 143% 20.15 1
950 €13,584,974.03 €14,299.97 154% 21.83 1

1350 €19,493,752.00 €14,439.82 178% 25.37 1
1500 €21,247,350.49 €14,164.90 182% 25.96 1
1745 €22,569,546.41 €12,933.84 146% 20.62 1
1800 €23,259,027.79 €12,921.68 146% 20.58 1
1830 €23,371,687.32 €12,771.41 144% 20.35 1
1900 €24,061,363.64 €12,663.88 143% 20.24 1
1990 €24,542,433.23 €12,332.88 141% 19.84 1
2100 €22,014,212.60 €10,482.96 122% 17.05 1
2150 €22,215,128.59 €10,332.62 121% 16.90 1
2300 €23,482,913.53 €10,209.96 122% 17.02 1
2450 €24,874,818.16 €10,152.99 123% 17.26 1
2850 €22,637,673.38 €7943.04 103% 14.26 2
3000 €22,859,717.60 €7619.91 101% 13.96 2
3245 €16,815,002.93 €5181.82 66% 8.79 2
3300 €16,806,605.07 €5047.03 65% 8.62 2

Table 4. Net Present Value (NPV), normalized NPV with the plant capacity, Internal Rate of Return
(IRR), Profitability Index (PI) and Payback time (PBT) for the different types of cogenerator plant
capacities with the operating function of electrical load following.

Plant Capacity NPV nNPV IRR PI PBT

245 €5,622,120.40 €22,947.43 144% 20.37 1
300 €7,271,290.50 €24,237.64 164% 23.33 1
330 €7,755,099.59 €22,157.43 165% 23.50 1
400 €9,521,708.27 €23,804.27 180% 25.71 1
490 €11,190,561.73 €22,837.88 187% 26.75 1
600 €13,638,818.32 €22,731.36 202% 28.87 1
650 €14,436,134.03 €22,209.44 203% 29.13 1
800 €18,379,397.78 €22,974.25 228% 32.74 1
950 €22,469,412.78 €23,652.01 250% 36.10 1

1350 €32,828,788.13 €24,317.62 295% 42.72 1
1500 €35,883,170.92 €23,922.11 302% 43.84 1
1745 €39,265,264.43 €22,501.58 249% 35.87 1
1800 €40,886,064.65 €22,714.48 251% 36.17 1
1830 €41,055,220.56 €22,434.55 248% 35.74 1
1900 €42,539,676.68 €22,389.30 248% 35.78 1
1990 €43,698,785.56 €21,959.19 245% 35.33 1
2100 €45,764,754.19 €21,792.74 246% 35.45 1
2150 €46,306,026.38 €21,537.69 244% 35.24 1
2300 €49,722,535.89 €21,618.49 250% 36.03 1
2450 €53,661,901.44 €21,902.82 258% 37.24 1
2850 €60,761,329.20 €21,319.76 265% 38.29 1
3000 €62,953,078.18 €20,984.36 266% 38.45 1
3245 €64,438,082.38 €19,857.65 234% 33.68 1
3300 €65,056,159.47 €19,536.38 232% 33.38 1
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4. Discussion

Analysing the case of thermal load following, it is possible to observe how the energy
production curve flattens out after a certain power onwards since the total thermal energy
demand of the system is reached, thus stabilizing the production of electricity. This
consideration does not apply in the case of electric load following, which has a continuously
increasing electricity production with the increase in cogenerator capacity. However, in
this case, it is possible that the recovered heat from the cogenerator may reach values that
are not necessary for the users and would be lost, making the system less efficient.

Analysing the strategies of following the thermal load and the electrical load, con-
trasting results are obtained. As a matter of fact, following the thermal load leads to lower
savings in terms of costs and energy, and higher savings in terms of TOE, while following
the electrical load leads to the opposite. Regarding the savings on tCO2 emissions, it is
possible to notice more advantages in the following electricity load case than in the other
case. However, in most of the cases of cogenerator plant capacity, the tCO2 emissions are
quite similar. Finally, it is evident how much greater the savings are for the configuration
that best satisfies the thermal load since, in these cases, the cogeneration system completely
replaces traditional boilers, while simultaneously producing electrical energy.

Regarding the financial analysis, it can be observed that, for configurations with
powers greater than 1500 kWe, there is a decrease in financial indices, from that point
onwards, parallel configurations require the purchase of an additional machine, which
significantly increases the initial expense, and has an impact on the performance indicators
of the investment.

As previously mentioned, the eventual high electrical energy produced by electrical
load following systems leads to configurations with much higher power, resulting in un-
necessary thermal energy production, which would be lost, with a corresponding increase
in tCO2 emissions. Therefore, from an energy perspective, the choice of a thermal load
following configuration is preferable.

5. Conclusions

This study focused on analysing the technical and financial feasibility of installing
a micro-cogeneration system for a building’s energy needs. The methodology involved
developing a numerical model using the RETScreen Expert 8 tool to evaluate various plant
setups from energy, environmental, and financial perspectives. The energy model was
calibrated using one year of bills’ analysis to identify average thermal and electrical loads.

Simulations were carried out to evaluate the coverage of the building’s thermal and
electrical consumption by varying the power of the micro-cogeneration system. The
simulations considered energy savings, economic benefits, reduction in polluting emissions,
and financial impact. The results showed that installing a micro-cogeneration system can
lead to significant cost savings and reduction in polluting emissions, making it a viable
option for meeting the building’s energy demands.

The results showed that the thermal load variation was much more significant than
the electrical load variation, making it useful to design the plant to follow the thermal load
variation. It was found that it would be useful to design the cogenerator plant to follow
the thermal load variation, as the electrical energy produced would be fully utilized. The
analysis of the cogenerator performance showed that following the thermal load would lead
to stable electricity production, while following the electrical load would have continuously
increasing electricity production, but the recovered heat may reach values that are not
necessary for the users and would be lost, making the system less efficient. Following the
thermal load led to lower savings in terms of costs and energy but higher savings in terms
of TOE. On the other hand, following the electrical load led to the opposite. The analysis
also showed that the cogeneration system could replace traditional boilers and produce
electrical energy simultaneously, resulting in significant savings. The financial analysis
indicated that the maximum NPV values were obtained for configurations of 1990 and
2450 kWe for thermal load following and for the last configuration of 3300 kWe for electrical
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load following. In both cases, the IRR and PI were highest for the configuration composed
of a single cogenerator of higher capacity.

Overall, this study demonstrates the usefulness of using a numerical model such as
RETScreen to evaluate the technical and financial feasibility of energy retrofit strategies. The
findings suggest that micro-cogeneration can be an effective solution for reducing energy
waste and decreasing the environmental impact of energy production, while also providing
cost savings. However, further research is needed to optimize the micro-cogeneration sys-
tem’s performance and to investigate the long-term economic and environmental benefits
of energy retrofit strategies.
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25. Battista, G.; de Lieto Vollaro, E.; Grignaffini, S.; Ocłoń, P.; Vallati, A. Experimental investigation about the adoption of high
reflectance materials on the envelope cladding on a scaled street canyon. Energy 2021, 230, 120801. [CrossRef]

26. Vollaro, A.D.L.; Galli, G.; Vallati, A.; Romagnoli, R. Analysis of Thermal field within an urban canyon with variable thermophysical
characteristics of the building’s walls. J. Phys. Conf. Ser. 2015, 655, 012056. [CrossRef]

27. Battista, G.; Mauri, L. Numerical study of buoyant flows in street canyon caused by ground and building heating. Energy Procedia
2016, 101, 1018–1025. [CrossRef]

28. Cornaro, C.; Puggioni, V.A.; Strollo, R.M. Dynamic simulation and on-site measurements for energy retrofit of complex historic
buildings: Villa mondragone case study. J. Build. Eng. 2016, 6, 17–28. [CrossRef]

29. Rabani, M.; Bayera Madessa, H.; Nord, N. Achieving zero-energy building performance with thermal and visual comfort
enhancement through optimization of fenestration, envelope, shading device, and energy supply system. Sustain. Energy Technol.
Assess. 2021, 44, 101020. [CrossRef]

30. Vallati, A.; Grignaffini, S.; Romagna, M.; Mauri, L. Effects of different building automation systems on the energy consumption
for three thermal insulation values of the building envelope. In Proceedings of the 2016 IEEE 16th International Conference on
Environment and Electrical Engineering (EEEIC), Florence, Italy, 7–10 June 2016. [CrossRef]

31. Ali, U.; Shamsi, M.H.; Bohacek, M.; Hoare, C.; Purcell, K.; Mangina, E.; O’Donnell, J. A data-driven approach to optimize urban
scale energy retrofit decisions for residential buildings. Appl. Energy 2020, 267, 114861. [CrossRef]
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Abstract: As renewables become more established in the electricity grid, the focus, and therefore
adaptability, will need to shift from the generation side to the demand side. Since the building sector
accounts for a large share of the energy demand, it will be strongly affected by this development. One
possibility for adaptation is so-called demand side management (DSM). To assess the contribution
of the building sector to energy flexibility, some key performance indicators (KPIs) have already
been developed in previous work. In this study, we investigate and statistically compare two
control strategies for temporarily raising the room temperature—one rule-based and one schedule-
based—with regard to their influence on the characterization of the building mass as a type of thermal
energy storage. In each case, we determine the thermal energy demand of a residential district based
on a dynamic simulation that occurred for a period of one year. The rule-based control assigns in the
median approximately 60% (mean: 41%) less capacity to the building mass than the schedule-based
control for the same boundary conditions. The calculation of the time-independent heating load
results in a median difference of 34% (mean: 36%). In addition, the establishment of energy-flexible
control in the evening hours just before a night-time reduction in the room temperature has a negative
impact on the efficiency of the thermal storage.

Keywords: energy flexibility; active demand response; thermal storage; buildings labeling

1. Introduction

As part of the energy transition, the German government has committed itself to
achieving greenhouse gas neutrality by 2045 [1]. This also applies to the national electricity
grid, which means that an accelerated expansion of renewable energies is being promoted.
Weather-dependent and therefore fluctuating power sources such as wind and solar power
require a trend reversal in energy systems [2,3]. Storage technologies can already be used
to transfer energy surpluses in times of energy shortages and thus partially cover demand
and stabilize the electrical grid [4]. However, the focus and adaptability will have to
shift from electricity generation to the demand side to avoid grid overloads. It will be
necessary to adjust the energy demand to compensate for surpluses and shortages in energy
supply [5,6]. Given that the building sector accounts for 40% of total energy consumption
worldwide [7], there is significant potential for future energy systems to achieve a higher
share of renewability and energy flexibility on the demand-side [8]. The implementation of
energy flexibility in buildings has also already found its way into EU directives. The 2018
revision of the energy performance of buildings directive (EPBD) highlights the importance
of energy flexibility in buildings and introduces the Smart Readiness Indicator (SRI) to
assess a building’s ability to adapt its operation to the needs of the occupants and the
requirements of the grid, and goes beyond a mere energy label [9]. The International
Energy Agency’s (IEA) Energy in Buildings and Communities Program (EBC) Annex 67
has focused more generally on defining energy flexibility in buildings [10]. This includes
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the effective management of both demand and generation to match local climate conditions,
user preferences, and energy grid requirements.

Within this domain, demand side management (DSM) offers a wide range of methods
to influence electricity demand patterns. These methods include reduction (peak shaving,
conservation), increases (valley filling, load growth), and rescheduling (load shifting) in
electrical loads [11,12]. The term demand response (DR) includes all of the measures that
are not categorized within energy efficiency [13], as shown in Figure 1. In practice, DR
strategies can be implemented through active demand response (ADR), which employs
short-term load management tactics [14]. The goal of ADR is to meet day-ahead load curve
constraints by adjusting the daily schedule based on factors such as user behavior, weather
conditions, and energy market prices.

Demand side management

Energy efficiencyDemand response

Active demand
response

•periodically adapted
schedule

•peak shaving
• valley filling
• load shifting
• load growth

• conservation

Figure 1. Classification of demand side management, adapted from [11,13,14].

To create a financial incentive for consumers to participate in ADR measures on DSM,
a control signal can be implemented through a dynamic price tariff, which may be based
on the electricity market price or locally generated energy as described by Lauro et al. [14],
Arteconi et al. [15], Arteconi and Polonara [16], de Coninck and Helsen [17] and Luc et al. [18].
In Germany, the Act to Restart the Digitization of the Energy Transition came into force in May
2023, obliging electricity providers to include dynamic electricity prices in their portfolios by
2025, paving the way for energy-flexible applications [19]. Examples of common household
electrical appliances suitable for ADR include time-controlled appliances such as washing
machines and dishwashers, and thermostatically controlled appliances such as heat pumps
or boilers [20], which are essential for space heating and domestic hot water production.
In particular, the inherent thermal inertia of the building mass [21], which is often present
anyway, and/or additional thermal energy storage (TES) [22] can contribute to load shifting
in combination with heat pumps: the thermal storage systems allow short- to medium-term
changes in the load pattern without compromising indoor comfort. The floor heating system
used at low supply temperatures contributes to active thermal storage systems and thus
represents a possibility for the implementation of thermally activated building structures
(TABS) [15].

Developing a methodology to assess and quantify the energy flexibility of build-
ings is a crucial challenge when it comes to recognizing their active role in future energy
networks [23]. Several approaches have already been introduced in the literature and
presented in the form of key performance indicators (KPIs), considering different aspects.
According to Li et al. [24] the top five popular energy flexibility metrics are Peak Power
reduction [25], the Flexibility Factor [26], Self-Sufficiency and Self-Consumption [27], the Ca-
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pacity and the Efficiency of ADR [28] and the Flexibility Index [29]. The method presented
by Reynders et al. [28] does not directly consider monetary savings from an optimized
DSM, but is dedicated to quantifying the building mass as a storage option during an ADR.
For this purpose, the setpoint temperature in the heated spaces is increased for a certain
time and the thermal energy stored in the activated building mass is evaluated [18,26,30].
The increase in the setpoint temperature can be controlled by a fixed schedule or according
to certain rules via an external signal, such as the electricity market price [16,18,31,32].
The factors influencing thermal capacity and efficiency in terms of ADR have been studied
several times, e.g., by Vivian et al. [33], comparing different building ages and insulation
thicknesses. Foteinaki et al. [32] further developed different signal scenarios and investi-
gated flexible peak load and cost reduction in residential buildings. However, we are not
aware of any research that statistically quantifies the storage capacity and storage efficiency
of building mass over the term of one year, comparing the different results for control
strategies, namely rule-based and schedule-based strategies.

In this study, we determine the storage capacity and efficiency of ADR of a newly
planned residential district in Darmstadt, Germany, by means of a dynamic building
simulation including energy flexible control, according to Reynders et al. [28]. The novelty
lies in the statistical comparison of two different energy flexible control signals, namely rule-
based and schedule-based signals, and their effect on the characterization of the building
mass in terms of its ability to provide an electrical grid serving behavior.

In Section 2, the method used to quantify the building mass, the control options,
the statistical evaluation, and the building simulation model is presented. In Section 3 the
duration, the additional heat demand and the additional heating load of the two control
strategies, both rule-based and schedule-based, are calculated with the building simulation.
First, an analysis without night-time reduction in the room temperature is carried out,
followed by the more realistic case that includes night-time reduction. In Section 4, we
discuss the results of the different control strategies and the main conclusions are drawn.

2. Materials and Methods

2.1. Energy Flexibility Event

In this study, the active demand response (ADR) strategy for the inherent thermal
inertia of the building mass is achieved by temporarily raising the setpoint room temper-
ature to the upper limit of a temperature comfort band. The permitted range is defined from
Tlow = 20.5 ◦C to Tup = 22 ◦C, in accordance with other publications such as
Arteconi et al. [31]. This enables an additional heat input into the building mass, which is
activated by the floor heating system. The resulting upward process of the room tempera-
ture compared to a reference control that maintains the lower limit Tlow of the comfort band
is defined below as an up event and can usually be divided into three phases, as shown in
Figure 2, and is used by several other authors [32,34]:

• Charge: compared to the lower limit of the comfort temperature Tlow, the increase in
the setpoint temperature to Tup leads to an increased heating load and, accordingly,
the building mass is charged with thermal energy.

• Steady state: the raised setpoint temperature Tup is reached and only the increased
transmission heat losses are additionally compensated compared to the reference state
with the continuous lower setpoint temperature Tlow.

• Discharge: the reset of the setpoint temperature to Tlow leads to a decreased heating
load compared to the reference state and, accordingly, the building mass is discharged
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Figure 2. Concept of an up event as an active demand response strategy, including the three defining
phases (charge, steady state, discharge).

A temporary decrease in the setpoint temperature, referred to as a downward event,
is also possible for energy flexibility purposes, but is not investigated further in this work.
The properties of the respective phases, such as duration t, amount of added heat Q and
heating load P, can be derived from the following equations, where “up” denotes the case
with and “ref” the case without ADR:

tcharge = t1 − t0 (1)

tsteady state = t2 − t1 (2)

tdischarge = t3 − t2 (3)

Qcharge =
∫ t1

t0

(Pup − Pref) dt (4)

Qsteady state =
∫ t2

t1

(Pup − Pref) dt (5)

Qdischarge =
∫ t3

t2

(Pup − Pref) dt (6)

Pcharge =
Qcharge

tcharge
(7)

Psteady state =
Qsteady state

tsteady state
(8)

Pdischarge =
Qdischarge

tdischarge
(9)

2.2. Capacity and Efficiency of ADR through Up Events

According to Reynders et al. [28], the characteristics of the activated building mass can
be derived from the three phases of an up event. The amount of additional heat required in
the charge phase represents the storage capacity CADR in an energy flexibility event enabled
by ADR (Equation (10)). In addition to the actual building mass, the control-related setpoint
temperatures (Tlow and Tup) also have a significant influence. It is therefore important to
ensure that the same boundary conditions are used in all studies. Furthermore, the charge
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phase must be clearly distinguished from the steady state phase to avoid incorrectly
assigning the increased transmission heat losses to the storage capacity. Reynders et al. [28]
did not make this distinction due to relatively short steady state phases.

CADR = Qcharge (10)

ηcharge/discharge =
|Qdischarge|

Qcharge
(11)

ηup =
|Qdischarge|

Qcharge + Qsteady state
(12)

The efficiency of the up event or thermal storage in the energy-flexible control can
also be determined from the three phases. This allows a comparison with conventional
storage technologies and represents the basis for an economic evaluation; for example, with
dynamic electricity prices. To identify the influence of the higher transmission heat losses
when maintaining the increased setpoint temperature, the storage efficiency η is calculated
in this study both with (Equation (11)) and without (Equation (12)) the steady state phase.

2.3. Implementation of Control Strategies

The energy flexible control is implemented in two ways: rule-based and schedule-
based, as shown in Figure 3. The rule-based control uses a signal that increases the setpoint
temperature from Tlow = 20.5 ◦C to Tup = 22 ◦C when prices are favorable, depending
on the electricity market. For this purpose, spot market electricity prices from 2021 in
Germany are selected at an hourly resolution and the lower quantile is calculated monthly
as described by Foteinaki et al. [32]. If the price falls below the quantile, the setpoint
temperature is increased. Accordingly, there are shorter and longer energy flexibility events.
The schedule-based variant is characterized by a fixed period per day in which the setpoint
temperature is increased from 20.5 ◦C to 22 ◦C, as described in many publications [30,31].
In this study, the approximate mean duration of the rule-based control events of 2.5 h,
taking into account a night-time reduction in the temperature, is used to set the duration
of the schedule-based control and to ensure comparability. The afternoon from 2 pm to
4.30 pm is the time period chosen to precondition the building mass for the evening hours,
as it means that tenants do not need to turn on the heating system when coming home
from work.
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Tup

pthreshold

rule schedule electricity price
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Figure 3. Concept of rule- and schedule-based control for the implementation of up events.
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2.4. Identification of Phases in Up Events

To separate the phases of all up events from one another, rules are required that
identify each of them properly. However, fluctuations in room temperature due to external
influences complicate this process and lead to misidentification of some energy flows.
For example, a room temperature fluctuating around the increased setpoint temperature
due to a hysteresis control should be assigned to a single steady state phase and not to
many shorter charge and discharge phases. The rules for determining the current phase i
in each time step are implemented as follows, where Tair represents the simulated room
temperature with and Tair,ref without energy flexible control:

icharge(Tset, Tair) =

{
1, if (Tset = Tup ∧ Tair < Tup − 0.25)
0, otherwise

(13)

isteady state(Tset, Tair) =

{
1, if (Tset = Tup ∧ Tair ≥ Tup − 0.25∧ Tair < Tup + 0.1)
0, otherwise

(14)

idischarge(Tset, Tair, Tair,ref) =

⎧⎪⎪⎨⎪⎪⎩
1, if (Tset ≤ Tlow ∧ Tair < Tup − 0.25∧ Tair > Tair,ref + 0.055)

∨ (Tset = Tlow ∧ Tair ≤ Tlow ∧ Tair > Tair,ref + 0.055)

0, otherwise
(15)

The identification of the discharge phase idischarge refers to the temperature decrease
to the lower comfort temperature Tlow, as well as to the heating up in the morning after a
night-time reduction. If the discharge phase occurs during the night-time reduction, no
energy can be saved compared to the reference state, but a higher initial temperature can be
assumed in the morning. The discharge phase can therefore also take place during active
heating. To verify the correct identification of the individual phases using the method
described above, the overall efficiency ηup,tot of all up events (Equation (16)) is alternatively
calculated by simply comparing the simulation with up events to the reference simulation
without up events (Equation (17)).

ηup,tot =
|∑n

j=1 Qdischarge,j|
∑m

j=1 Qcharge,j + ∑
p
j=1 Qsteady state,j

(16)

ηup,alt =
| ∫ t=1a

0 (Pup − Pref)
− dt|∫ t=1a

0 (Pup − Pref)+ dt
(17)

2.5. Statistical Evaluation

Depending on the type of energy flexible control, e.g., rule-based or schedule-based,
up events will always occur at the same time or be distributed throughout the day. External
boundary conditions such as solar radiation, ambient temperature and internal heat gains
ensure that every up event is unique. In order to obtain a representative capacity and
efficiency for the characterization of the building mass by the rule-based and schedule-
based control, we perform a simulation over a whole year and statistically evaluate the up
events in the heating period. As the generated data are not necessarily normally distributed,
the median is calculated in addition to the mean to compare the control strategies. However,
since the size of the data sets (rule-based and schedule-based) is limited by the simulation
duration and the time steps, it must also be determined whether they are statistically
suitable for comparison at all.

The Brunner–Munzel test [35] can be used for non-normally distributed data sets to
test whether there is a stochastic difference between two sets. The null hypothesis, which
is the statement being tested, is that there is no significant difference (in terms of central
tendency) between the two sets of data, rule-based and schedule-based. A probability of
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p ≤ 0.05 is considered significant and means that it is safe to assume that there is indeed
a difference between the two sets and, therefore, a valid comparison of the means and
medians is possible. However, a p-value greater than 0.05 does not mean that the two
sets are stochastically equal. The data quality is simply not good enough to interpret the
observed direction. In the box plots, the following annotation is selected to indicate a
significant difference that allows comparability:

• p > 0.05: ns (not significant)
• p ≤ 0.05: * (significant)
• p ≤ 0.01: ** (significant)
• p ≤ 0.001: *** (significant)
• p ≤ 0.0001: **** (significant)

2.6. Building Energy Simulation and Boundary Conditions

The subject of the study is a new high-energy-standard residential district planned in
Darmstadt, Germany, consisting of eight multi-family buildings with a total of
140 residential units, to be completed in 2025. Three decentralized water-to-water heat
pumps connected to a central borehole heat exchanger field provide the heat supply. We
implemented a detailed model of the building energy system using the simulation software
Trnsys18. Trnsys is a graphical software environment used to simulate the behaviour
of transient systems [36], based on the Fortran programming language. There are other
tools for dynamic building simulations available, such as EnergyPlus [37], IDA ICE [38]
or Modelica [39]. Despite different levels of detail and focus, the simulation tools show
good agreement in the results for the calculation of energy demand [40]. In this study,
the energy supply system is not considered; instead, a constant supply temperature of the
floor heating system of 40 ◦C is assumed, as only the building mass is to be evaluated.
To reduce complexity, the individual apartments were grouped floor by floor into one
thermal zone each, which proved to be a good compromise between simulation speed and
accuracy [41,42]. The statistical investigation of the individual phases as well as the storage
capacity is carried out as an example on the second floor of the northeastern building,
as shown in Figure 4, to limit the scope within this study, while the storage efficiency
is calculated for all floors of all buildings due to the reasons mentioned in Section 2.4.
The building simulation also contains the basements, which are not actively heated and are
therefore not part of the energy-flexible control.

Figure 4. Building model of the district. The white marked floor is used for a detailed investigation
of the storage capacity (NW view).
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The boundary conditions of the simulation model are defined to correspond to the
aforementioned district in Darmstadt, Germany. For the weather data, the test reference
year 2015 of dwd is chosen, which also considers solar radiation. The internal heat sources
and the minimum air exchange rate are selected according to the user boundary conditions
of DIN V 18599 [43]. All boundary conditions are listed in Table 1. The annual space
heating demand, determined using the dynamic simulation with time steps of one minute,
is 23.22 kWh·m−2·a−1 for the described district section.

Table 1. Boundary conditions and properties for the building simulation.

Category Property Attribute

Building

Location 64285 Darmstadt, Germany
Number of buildings 8

Floor area 9827 m2

U-value wall 0.118–0.151 W·m−2·K−1

U-value roof 0.078–0.104 W·m−2·K−1

U-value ground floor 0.157–0.193 W·m−2·K−1

U-value window 0.78 W·m−2·K−1

Thermal bridges 0.03 W·m−2·K−1

Screed thickness 0.065 m
Relative heated floor area ≈75%

Simulation

Simulation time 8760 h
Time step 1 min

Heating set temperature 20.5 ◦C
Night-time reduction 11 pm–6 am

Night-time 18.5 ◦C
Weather data TRY 2015 for Darmstadt

Heating season 30 September–30 April
Air exchange rate 0.44 h−1

Internal gains 90 Wh·m−2·d−1

Supply temperature 40 ◦C
Heat demand 23.22 kWh·m−2·a−1

Energy flexibility

Up event set temperature 22 ◦C
Electricity price data Spot market Germany 2021

Schedule-based control 2 pm–4.30 pm
Rule-based control External price signal

3. Results

In this section, we evaluate and compare the properties of the up events, i.e., raising
the setpoint temperature from 20.5 ◦C to 22 ◦C in schedule-based and rule-based control.
The thermal simulation is carried out once with and once without night-time reduction in
the room temperature. The focus is on the statistical distribution of the individual phases
in the up events in terms of their duration and stored thermal energy over a whole year.
Subsequently, we calculate the storage capacity and the storage efficiency for both control
strategies according to Reynders et al. [34]. The methodology for the statistical study of the
phases is performed for a selected zone to limit the scope within this study. The comparison
of annual efficiencies includes all floors of all buildings.

3.1. Statistical Evaluation of Up Events with Schedule-Based and Rule-Based Control without
Night-Time Reduction

Over a simulation period of one year, a total of 163 triggered up events are identified
in the heating season using the rule-based control and 116 up events are identified in
the schedule-based control. However, a triggered up event does not necessarily lead
to the occurrence of all phases: charge, steady state and discharge. These depend in
particular on the duration and the prevailing room temperature. For example, if the room
temperature is in the upper range of the comfort band due to solar gain or prior up events,
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the probability of the occurrence of steady state phases increases. In addition, the phase
identification algorithm is designed so that there is a difference in the heating load compared
to the reference control. This prevents phases from being incorrectly assigned based on
solar gains.

The temporal distribution of the charge, steady state and discharge phases in the
rule-based and schedule-based controls over one year is shown in Figure 5a. The notation
ns stands for “not significant“ and therefore no statement about the stochastic differences
between the two data sets is possible. If not specified otherwise, the value of the rule-based
control is always given first when listing medians or means. The median of the duration
of the charge events in the rule-based control is 1.88 h (mean: 2.20 h). The median of
the duration in the schedule-based control is 2.47 h (mean: 2.01 h), which corresponds
to 2.5 h due to the predefined increase in setpoint temperature. However, when using
the Brunner–Munzel test, no significant difference is found between the two sets of data,
so the difference in duration cannot be statistically confirmed. The discharge phases of
the rule-based control (median: 5.04 h) are also shorter than those of the schedule-based
control (median: 6.06 h), as charge phases are repeatedly inserted due to volatile electricity
prices. In general, the discharge times are about 2.5 times longer than the charge times,
which can be explained by the high insulation standard. This has a positive effect on the
potential to avoid periods of high electricity prices. The steady state phase, i.e., reaching
and maintaining the increased setpoint temperature, is only maintained for a short time in
the rule-based and schedule-based control strategy (median: 1.02/0.69 h).

The statistical distribution of charged and discharged heat per event is shown in Figure 5b.
The median of the additional heat transferred per charge phase is 0.023 kWh·m−2 (mean:
0.029 kWh·m−2) in the rule-based control and 0.058 kWh·m−2 (mean: 0.049 kWh·m−2) in the
schedule-based control. In comparison, the medians of the heat saved in the discharge phases
are −0.022 kWh·m−2 and −0.043 kWh·m−2 (not significant according to Brunner–Munzel).

The heating load per phase in the up events is derived from the duration of the
events and the transferred heat, which is shown in Figure 5c. The rule-based control
has lower additional heating loads in the charge phase than the schedule-based control
(median: 16.53/25.11 W·m−2), but reduces the heating load more in the discharge phase
(median:−6.34/−5.33 W·m−2). In the steady state phase, both control strategies require
an additional heating load to compensate for the higher transmission heat losses (me-
dian: 4.29/6.39 W·m−2).

According to Reynders’ approach [28], the charged heat of an event corresponds
to the flexible storage capacity of the building mass. This is largely dependent on the
setpoint temperature or the temperature achieved per event. In contrast to Reynders,
we considered the charge phase independently from the steady state phase. In the rule-
based control, the median of the additional heat demand is only 39.7% of the median in
the schedule-based variant. This implies that 0.023 kWh·m−2 (mean: 0.029 kWh·m−2) or
0.058 kWh·m−2 (mean: 0.049 kWh·m−2) of energy per flexibility event can be stored in the
activated building mass.

Similarly, the efficiency of the building mass as a thermal storage site can also be calcu-
lated from the ratio of the respective heat transfer in the charge and discharge phases,
as shown in Section 2.2. The storage efficiencies with and without consideration of
the steady state phases in the rule-based and schedule-based control of all floors and
houses are shown in Figure 5d. The storage efficiency without consideration of the steady
state phases achieves similarly high values in both control strategies (median: 0.92/0.94,
mean: 0.93/0.92). According to the Brunner–Munzel test, there is no statistically signif-
icant difference between the efficiency distributions. When the steady state phases and
the associated higher transmission heat losses are included, it is noticeable that the over-
all storage efficiency decreases, especially for the rule-based control (median: 0.78/0.91,
mean: 0.77/0.89). The steady state phase, as described above, does not contribute to the
stored energy, and therefore cannot achieve higher savings in the discharge phase.
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Figure 5. Statistical evaluation of charge, steady state and discharge phases over one year. Brunner-
Munzel test p-values indicate statistical significance (* p ≤ 0.05, *** p ≤ 0.001, **** p ≤ 0.0001), ns:
no significance.

3.2. Statistical Evaluation of Up Events with Schedule-Based and Rule-Based Control with
Night-Time Reduction

The following results for rule-based and schedule-based control refer to a simulation
period of one year and, accordingly, one heating period as well, but now consider the
more realistic night-time reduction in the setpoint temperature in the heating period to
18.5 ◦C. In addition to the total annual energy demand, the night-time reduction has an
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influence on the previously listed characteristics of the up events. As stated previously,
the schedule-based control includes a daily increase in the setpoint temperature for 2.5 h
from 2 pm to 4.30 pm.

The duration of all charge, steady state and discharge phases in the rule-based and
schedule-based control is shown in Figure 6a. Compared to the temperature control without
night-time reduction (Figure 5a), the charge (median: 1.99/2.47 h, mean: 2.32/2.04 h—ns)
and steady state phases (median: 1.10 / 0.60 h, mean: 1.75/0.69 h) with night-time reduction
have similar values. The slight increase during the regulated charge phase can be explained
by the lower average room temperatures due to the night-time reduction. In the discharge
phase, the rule-based control results in higher values (median: 6.03 h), as the events just
before the night-time reduction can be extended.

For the determination of the additional heat demand (Figure 6b), the rule-based control
again shows differences compared to the investigation without night-time reduction, especially
in the charge (median: 0.007 kWh·m−2, mean: 0.014 kWh·m−2) and discharge phase (median:
≈0 kWh·m−2, mean: −0.010 kWh·m−2). As the night-time reduction creates natural discharge
phases in the reference control, there are several discharge phases in the rule-based control
that show little or no energy savings compared to the reference. The schedule-based control
has similar values in the charge phase (median: 0.052 kWh·m−2, mean: 0.046 kWh·m−2) and
discharge phase (median: −0.035 kWh·m−2, mean: −0.029 kWh·m−2) to the control without
night-time reduction due to the up events in the midday to afternoon period.

The differences to the control without night-time reduction can also be seen in the
additional heating load (Figure 6c), especially in the rule-based control in the charge phase
(median: 4.42 W·m−2) and the discharge phase (median: ≈0 W·m−2, mean: −2.27 W·m−2).
Schedule-based control is less affected and results in 23.83 W·m−2 in the charge phase
and −3.28 W·m−2 in the discharge phase. As described above, the storage capacity of
the building mass for flexibility events can be derived from the additional heat demand
(Figure 6b) according to Reynders’ approach. For the rule-based control, the median
capacity is given as 0.007 kWh·m−2 (mean: 0.014 kWh·m−2), while the schedule-based
control, largely unaffected by the night-time reduction, has a capacity of 0.052 kWh·m−2

(mean: 0.046 kWh·m−2).
Figure 6d shows the storage efficiencies for all buildings and floors studied as a ratio

of the sum of the discharged energy to the sum of the charged energy. The night-time
reduction in the room temperature leads to lower efficiencies, especially in the rule-based
control (median: 0.72/0.93, mean: 0.73/0.91), since discharge phases can partly not be used.
By including the steady state phase, the median of the total efficiency decreases to 0.54
(mean: 0.54) in the rule-based control and to 0.90 (mean: 0.88) in the schedule-based control,
since the steady state phase is associated with higher transmission heat losses and does not
store any further energy in the building mass.

3.3. Verification of Phase Identification Via Efficiencies of Up Events

As described in Section 2.4 it is possible to verify the correct identification of the phases
using the efficiencies of the up events. For this purpose, in addition to calculating the
efficiencies ηup,tot from the identified phases, we calculated the efficiency ηup,alt alterna-
tively simply by comparing the simulation with energy flexible control and the reference
simulation, without assigning energy differences to a specific event. The two ways of
calculating the rule-based control efficiencies for all simulated floors are shown in Figure 7.
The high agreement of the efficiencies (maximum deviation less than 4%) indicates the
mostly correct identification of the events.
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Figure 6. Statistical evaluation of charge, steady state and discharge phases over one year with night-
time reduction. Brunner-Munzel test p-values indicate statistical significance (* p ≤ 0.05, ** p ≤ 0.01,
**** p ≤ 0.0001), ns: no significance.
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Figure 7. Verification of the phase identification by comparing the efficiencies calculated according to
Section 2.4 of all floors.

4. Discussion

In this study, we focus on characterizing the storage capacity of the building mass
for energy flexible control. For this purpose, we make a comparison between two control
strategies: rule-based and schedule-based. It should be noted, however, that the strategies
used represent only a subset of each category. The rule we use is based on the electricity
price market, but could also be based on electricity greenhouse gas emissions, for example.
Thus, further research is needed to quantify the impact of other rule-based controls. In ad-
dition, the building simulation has not yet been validated with real data, so absolute values
in the comparison of the two control strategies should be treated with caution.

4.1. Comparability of the Data Sets

Some data sets in our study do not show statistical differences according to the
Brunner–Munzel test, which is due to the distribution and quantity of the data. The ob-
served differences, e.g., in charge duration for the different strategies, are quite possible,
but should be interpreted with caution due to the limited data available. In some cases,
larger data sets are needed to increase statistical confidence. To address this, future investi-
gations could include additional heating periods in the simulations.

4.2. Differences in the Rule- and Schedule-Based Control without Night-Time Reduction

To minimize external influences, we run the first simulation without night-time re-
duction in the room temperature. Since the duration of the charge phase for up events in
schedule-based control must be defined in advance, a duration of 2.5 h is chosen, which cor-
responds to the average duration of rule-based control with night-time reduction (≈2.3 h).
As the distribution of events over a year in both control strategies cannot be described by a
common probability distribution, a clear characterization is not possible. However, for the
purpose of comparison, we utilize both the mean values and the more robust median,
which is less affected by outliers. This results in a median value of 1.88 h for rule-based
control and 2.47 h for schedule-based control (mean: 2.20/2.01 h). The differences in
duration are also reflected in the additional heat transferred per charge phase in each
control strategy, but cannot be explained by this alone (median: 0.023/0.058 kWh·m−2,
mean: 0.029/0.049 kWh·m−2). The time-independent representation using the additional
heating load emphasizes the control-related discrepancy (median: 16.53/25.11 W·m−2,
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mean: 15.30/23.91 W·m−2). Accordingly, the rule-based control for characterizing the stor-
age mass in this study leads to a 60% smaller storage capacity in the median (mean: 41%)
and a 34% (mean: 36%) smaller heating load (time-independent) than characterization by
schedule-based control.

4.3. Challenges in the Phase Identification

To make a statement about the efficiency of the energy flexible control, it is necessary
to determine the energy saved compared to the reference control in the discharge phase.
As there is no fixed time between two up events in rule-based control, it is possible for a new
charge phase to occur before the previous discharge phase is complete. As a result, there is
no clear assignment of the discharge phases, and therefore no efficiency per single up event
can be determined. In addition, due to the ambiguous assignment of energy to phases and
temperature fluctuations caused by the heating control, energy is sometimes assigned to
the wrong phases or not assigned at all, which leads to the discrepancy in the verification
of efficiency. To evaluate the overall efficiency, we calculate the sum of all phase-related
energies over one year individually, as described in Section 2.4. Hence, the characterization
of storage capacity and storage efficiency using rule-based control requires a more detailed
examination and verification of the assigned phases and is therefore more time-consuming
than characterization using schedule-based control.

4.4. Difficulties in the Rule-Based Control with Night-Time Reduction

The introduction of the more realistic scenario with night-time reduction in the room
temperature to 18.5 °C has an impact on the rule-based control and the resulting characteri-
zation of the storage capacity (median: 0.007/0.052 kWh·m−2, mean: 0.014/0.046 kWh·m−2)
and storage efficiency (median: 0.72/0.93, mean: 0.73/0.91) of the building mass. This is due
to up events just before the night-time reduction. The discharge phase occurs during the
temperature-reduced operation, which is also present in the reference variant, and therefore
cannot compensate for the previously increased heating load. With rule-based control
only according to the electricity market price without time restrictions, the median of
the total storage efficiency drops from 0.78 to 0.54. The characterization of the building
mass by means of rule-based control therefore requires further boundary conditions to
ensure reasonable operation. This includes measures such as evening curfews and weather
forecasting to take into account solar gains, which would allow the room temperature to be
raised without additional heating.

5. Conclusions

In this study, we use dynamic simulations over one year, including flexible control, to
calculate both the storage capacity and storage efficiency for the building mass. We show
that the type of flexible control (rule-based versus schedule-based) has a significant impact
on the characterization. Since rule-based control is likely to be implemented in the future,
this result should be considered when characterizing the building mass. Based on this
study, we can make the following statements about the implemented rule-based control:

• The characterization of the building mass using the rule-based control without a night-
time reduction leads to a 60% smaller median in the storage capacity (mean: 41%)
than using schedule-based control under comparable boundary conditions. The cal-
culation of the time-independent heating load results in a median difference of 34%
(mean: 36%).

• By establishing a night-time reduction in the setpoint temperature, the median of the
storage efficiency using rule-based control drops from 0.92 to 0.72 (mean: 0.93/0.73).

• The evaluation of the storage capacity and the storage efficiency with the help of
the rule-based control requires a more detailed examination and verification of the
assigned phases and is accordingly more time-consuming than the characterization by
means of the schedule-based control.
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• The characterization of the building mass with the help of rule-based control requires,
in addition to the simple use of electricity market prices, further boundary conditions
that ensure reasonable operation. These include, for example, evening curfews and
weather forecasting.

Further research will optimize the characterization of the building mass by the rule-
based control and make the phase detection algorithm for up events more robust. Based
on this, the up events will be complemented by down events in times of high electricity
prices. In addition, the properties assigned to the building mass will be validated using
real measured data.
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Abstract: Renewable energy communities have gained popularity as a means of reducing carbon
emissions and enhancing energy independence. However, determining the optimal sizing for each
production and storage unit within these communities poses challenges due to conflicting objectives,
such as minimizing costs while maximizing energy production. To address this issue, this paper
employs a Multi-Objective Particle Swarm Optimization (MOPSO) algorithm with multiple swarms.
This approach aims to foster a broader diversity of solutions while concurrently ensuring a good
plurality of nondominant solutions that define a Pareto frontier. To evaluate the effectiveness and
reliability of this approach, four case studies with different energy management strategies focused on
real-world operations were evaluated, aiming to replicate the practical challenges encountered in
actual renewable energy communities. The results demonstrate the effectiveness of the proposed
approach in determining the optimal size of production and storage units within renewable energy
communities, while simultaneously addressing multiple conflicting objectives, including economic
viability and flexibility, specifically Levelized Cost of Energy (LCOE), Self-Consumption Ratio (SCR)
and Self-Sufficiency Ratio (SSR). The findings also provide valuable insights that clarify which energy
management strategies are most suitable for this type of community.

Keywords: renewable energy community (REC); energy management strategies; multi-objective
optimization algorithm; multi-swarm MOPSO; energy storage systems; energy storage sharing

1. Introduction

The centralized production of electric energy from fossil fuels is still a significant
component of the global energy matrix [1]. However, to decrease the reliance on these non-
renewable sources, there has been a growing trend towards renewable energy sources [2].
Furthermore, the increasing economical accessibility of renewable energy production
technologies, combined with recent government policies aimed at promoting renewable
production, has encouraged more consumers to become prosumers. By assuming the role
of both consumers and producers, they contribute to a decentralization of electrical energy
production [3,4]. Although beneficial for the environment, the integration of distributed
energy resources into the electrical grid poses new challenges due to the variability of
endogenous resources and the changes to the paradigm for which distribution networks
were designed (i.e., distributing energy from upstream to downstream) [5]. Currently, one
of the most popular solutions to this problem is Renewable Energy Communities (RECs) [6].
RECs can be defined as groups of individuals and/or organizations that combine decen-
tralized production resources, forming prosumer communities that share renewable energy
production with one another [7]. On one hand, these communities promote the decentraliza-
tion of energy production, increase energy efficiency, enhance energy security, and ensure
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greater independence of participants from conventional energy sources. On the other hand,
these communities face significant variability and unpredictability due to renewable energy
production [8]. Nonetheless, this variability and unpredictability can be mitigated by the
complementarity of resources (such as wind and solar) to balance the variability in energy
production, or by the introduction of energy storage systems [9]. Energy storage systems
can store surplus energy produced during times of high production and discharge it during
times of low production, enabling RECs to become more self-sufficient and reducing their
reliance on the electrical grid. Additionally, the introduction of energy storage systems
in RECs also enables new energy-sharing concepts (such as storage sharing) that enable
the sharing of the same energy storage system by different community participants [10].
However, minimizing the reliance on the electrical grid and enabling this type of operation
(energy and storage sharing) requires an energy management system (EMS) to optimize the
energy flow and manage the different energy sources within the RECs [11]. EMS strategies
can be divided into three categories: (i) classical strategies, (ii) metaheuristic strategies, and
(iii) intelligent strategies [12].

Classical EMS strategies refer to straightforward mathematical programming and
classical programming approaches, which can be further categorized into constrained
and unconstrained strategies. Constrained strategies are used to optimize the power flow
while adhering to specific constraints and include linear programming [13], nonlinear
programming [14], mixed-integer nonlinear programming [15] and mixed-integer linear
programming [16]. On the other hand, unconstrained strategies involve decision theory
(rule-based and deterministic-based) that uses technical, economic, or environmental con-
straints to optimize, control, schedule, and manage the different energy sources (production
and storage units) [17–19]. Classical EMS strategies are a common method to obtain energy-
efficient systems in a secure and reliable way. In [20], a linear programming optimization
model was employed to investigate the impact on distribution grids of the different energy
community configurations, different operating strategies, and different battery placements.
In [21], an individual peer energy trading price model is proposed for the diversified
community to allocate an individual peer trading price to each building group according to
its intrinsic energy characteristic and grid import price. However, despite their capabilities
and the availability of versatile classical EMS strategies, they present some disadvantages,
especially in large-scale systems (with high number of decision variables). To overcome
this limitation, some authors choose to divide the optimization problem into subproblems
(decentralization). In [22], a decentralized demand response in energy communities is
proposed, incorporating flexible loads and energy storage systems. A multi-block alter-
nating direction method of multipliers (ADMM) approach is used to decompose the large
scheduling problem into a set of home optimization subproblems.

Metaheuristic strategies rely on optimization algorithms to achieve efficient power
flow optimization while ensuring compliance with specific REC constraints. These al-
gorithms can explore the search space using multiple variables and constraints, thus
achieving high-quality solutions. Some of the most popular metaheuristic algorithms
are Particle Swarm Optimization (PSO) [23], Genetic Algorithms [24], Cuckoo Search Al-
gorithm [25], Whale Optimization Algorithm (WOA) [26], Tabu Search Algorithm [27],
Grey Wolf Optimizer [28], Black Widow Optimization (BWO) [29], Self-Adaptive Elephant
Herd Optimization (SA-EHO) [30], Mixed Integer Distributed Ant Colony Optimization
(MIDACO) [31] and Grasshopper Optimization Algorithm (GHA) [32]. Intelligent EMS
strategies are nonlinear computational algorithms generally based on Artificial Neural
Networks (ANNs) and Fuzzy Logic (FL) [12,33,34].

Artificial Neural Networks (ANNs) are a type of machine learning algorithm inspired
by the structure and function of the human brain. They were developed in the 1940s and
have since become an important tool for solving complex problems even when working
with incomplete data. Recent advancements have led to an increased adoption of ANNs
in EMS for forecasting and control applications. ANNs provide an effective means for
analyzing complex and nonlinear relationships within RECs because of their ability to
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recognize patterns in data and make accurate predictions for future load demand and
renewable energy production.

Game theory is a type of strategy that studies how individuals and entities make strate-
gic decisions in interactive situations, examining the choices and behaviors that arise from
these interactions. In this context, innovative approaches like the Vickrey–Clark–Groves
(VCG) and optimization techniques are used to create decentralized, peer-to-peer (P2P)
energy trading solutions within microgrids. These methods help optimize prices and trade
quantities between energy producers and consumers. In [35], the Vickrey–Clarke–Groves
(VCG) mechanism and the particle swarm optimization (PSO) are applied to optimize P2P
energy trading in a microgrid. The objective of the optimization problem is to identify
the ideal prices and the amounts of energy traded between producers and consumers in a
decentralized way.

One of the fundamental aspects that contribute to the efficient operation of an REC
is the optimal sizing of each participant’s production and storage units. This is especially
important to complement the variability of natural resources used for energy production;
ensure system reliability; manage the initial investment effectively; and account for the
diverse profiles of each participant, whether residential or industrial. Thus, the optimal
sizing of energy communities has been the subject of great interest by the scientific commu-
nity due to the growing maturity of renewable technologies (mainly with the reduction of
their cost) and the increase and enormous volatility in electricity prices [36–39].

To increase efficiency and spread the adoption of RECs, this article determines the
optimal sizing of all renewable energy production and storage units within an REC, re-
gardless of the number of participants. Through the optimal sizing of the various energy
production and storage units, participants can produce, consume, share, store, and sell the
energy produced by RECs, actively contributing to decarbonization and energy transition.

Another distinguishing aspect of this study lies in the dimensioning methodology,
which is based on the Multi-Objective Particle Swarm Optimization (MOPSO) algorithm
with multiple swarms. This approach aims to enhance solution diversity and ensure a
wide range of nondominant solutions, creating a Pareto frontier. Furthermore, to ensure
greater independence in the exploration of the multidimensional search space and mitigate
the problem of premature convergence, the implemented optimization technique decom-
poses the multidimensional search space into smaller subspaces [40,41]. Thus, the various
swarms act in their corresponding multidimensional subspace, allowing a cooperative and
collaborative way of sizing the various energy production and storage units inherent to
each REC participant. The sizing of the various units was carried out considering economic
and technical criteria, namely the levelized cost of energy (LCOE), the self-consumption
ratio (SCR), and the self-sufficiency ratio (SSR).

Furthermore, to assess the performance and sustainability of various energy man-
agement strategies within the REC, four distinct approaches were implemented. These
strategies encompass different levels of cooperation, participation, and collaboration among
the various production and storage units of electric energy. By employing these manage-
ment strategies, the study aims to comprehensively analyze and compare their effectiveness
in the REC operations.

The structure of this paper is as follows: Section 2 offers an overview of the system
modeling; Section 3 presents the energy management strategies, problem formulation, and
the optimization approach; Section 4 discusses the results; and finally, Section 5 presents
the study’s conclusion.

2. System Modeling

Before sizing the system’s individual technologies, the models must be defined to
simulate the system realistically and accurately. However, simulating any REC as close to
reality as possible can be very complex, given the numerous variables and constraints that
need to be considered [42].
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In this section, we present the mathematical models of the system components. The
simulated community consists of different energy sources (namely solar and wind power)
that directly supply the existing electrical load. Additionally, the community includes
an energy storage system (specifically batteries) that plays a crucial role in storing excess
renewable energy for later use. These models are essential for a comprehensive under-
standing of the renewable energy community’s dynamics and for devising effective energy
management strategies.

2.1. Batteries

In the existing literature, many different models can be found to simulate and describe,
in a feasible and detailed way, the behavior of different types of batteries under different
operating conditions [43]. They can be divided into four different groups: Electrochemical,
Stochastic, Electrical, and Analytical models [44].

The Kinetic Battery Model (KiBaM) is a popular analytical model developed by Man-
well and McGowan [45] that is widely used in energy storage system simulations. As
illustrated in Figure 1, this mathematical model represents a battery with two reservoirs
(available charge and bound charge) separated by a conductance. The available charge
reservoir contains the available energy of the battery (q1) that can be immediately supplied
to the load, and the bound charge reservoir contains the battery’s remaining energy (q2)
that cannot be immediately converted into electrical energy since it is only responsible
for supplying energy to the available charge reservoir. The battery’s capacity ratio of
available energy to total energy is defined by c [46]. The energy flow exchange between
reservoirs depends on the conductance (k) that represents how quickly the energy from
the bound charge reservoir is converted to the available charge reservoir or vice-versa,
depending on the operating condition, and on their height difference (h1 − h2), where
h1 = q1/c and h2 = q2/(1− c) . The battery’s capacity is the sum of both reservoirs’ capac-
ity, qbat = q1 + q2.

 
Figure 1. Kinetic Battery Model (KiBaM).

When the battery is discharging, the available charge reservoir supplies its energy to
the connected load, while the bound charge reservoir supplies its energy to the available
charge reservoir at a slower rate, causing the height difference of both reservoirs to increase.
When the battery is charging, the available charge reservoir charges at a faster rate than
the bound charge reservoir. When the battery is not being used, a flow of energy occurs
between both reservoirs, causing the reservoirs to balance each other until both reservoirs’
heights are equal (h1 = h2). The amount of energy contained in each reservoir, in each time
step, is represented by the following equations [46]:

q′1 = q1e−kΔt +
(qbatkc− Pcd)

(
1− e−kΔt

)
k

−
Pcdc

(
kΔt− 1 + e−kΔt

)
k

(1)
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q′2 = q2e−kΔt + qbat(1− c)
(

1− e−kΔt
)
−

Pcd(1− c)
(

kΔt− 1 + e−kΔt
)

k
(2)

where q′1, q′2 and q1, q2 are the available charge and bound energy at the end and beginning
of each time step, respectively, in [kWh] [46]; Δt is the time step; and Pcd is the charge or
discharge power of each time step [kW], depending on the operating conditions.

The maximum discharging and charging power of the battery in kW, in each time step,
is given by the following Equations (3) and (4):

Pd =
kq1e−kΔt + qbatkc

(
1− e−kΔt

)
1− e−kΔt + c

(
kΔt− 1 + e−kΔt

) (3)

Pc =
−kcqbat + kq1e−kΔt + qbatkc

(
1− e−kΔt

)
1− e−kΔt + c

(
kΔt− 1 + e−kΔt

) (4)

This mathematical model is computationally efficient and allows for the description of
electrochemical processes occurring within the battery using a reduced set of parameters:
the total charge ratio stored in the available charge reservoir (c), the conductance (charge
flow rate) between both reservoirs (k), and the maximum capacity of the battery (qbat).
These parameters can be estimated through a series of experimental measurements with
constant discharge currents or by using the battery datasheet (at least three discharge
curves). Furthermore, it can capture nonlinear effects during charging and discharging,
such as recovery effects and capacity rate. However, it does not account for the effects of
temperature and battery aging [47].

2.2. Photovoltaic System

The Photovoltaic system (PV) is a crucial and impactful component of an REC, al-
though it provides intermittent production with large variability and unpredictability.
Therefore, carefully selecting a model that best suits each specific application is essential.
Various models in the literature are used to simulate the behavior of Photovoltaic (PV) mod-
ules under different operating conditions, including factors such as dust, cell temperature,
partial shading, irradiance, and others. [43]. Various models with one, two, or even three or
more diodes are commonly used in literature. However, these models imply a considerable
amount of computational time and effort, unnecessary for this type of simulation. In this
paper, to reduce the computation effort, a synthesized model is used to determine the
output power of the PV modules, defined as a function of the PV cell temperature and solar
irradiance (G). The power output of the PV system in each time step, with Ns modules
connected in series and Np modules connected in parallel, is given by Equation (5) [48,49].

PPV = μmppt

(
PSTC

G
GSTC

(1 + αVOC(Tcell − TSTC))

)
NsNp (5)

where μmppt is the photovoltaic system efficiency of the maximum power point tracking
method (MPPT) [%]; PSTC is the maximum power under Standard Test Conditions (STC)
[W], i.e., a solar irradiance of 1000 W/m2 and a temperature of 25 ◦C; G is the given solar
irradiance in each time step [Wm−2]; GSTC is the irradiance under STC [Wm−2]; αVOC is
the temperature coefficient of the open-circuit voltage under STC [V◦C−1]; TSTC is the cell
temperature under STC conditions [◦C]; and Tcell is the cell temperature in each time step
[◦C] given by Equation (6) [50,51].

Tcell = Tamb +
G

GNOCT
× (NOCT − TNOCT) (6)
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where Tamb is the ambient temperature in each time step [◦C]; NOCT is the Nominal
Operating Cell Temperature [◦C], measured with 800 W/m2 irradiance, 20 ◦C ambient
temperature and wind speed of 1 m/s; GNOCT is the irradiance under NOCT [Wm−2]; and
TNOCT is the temperature under NOCT conditions [◦C].

2.3. Wind Turbine Generator

The power output of a wind turbine generator is influenced by both the site character-
istics and the technical features of the wind turbine. The most significant factors are the
wind speed at the turbine hub height and the power output curve.

The wind speed measured by an anemometer is not directly at the turbine hub height.
Therefore, it must be converted to that height to accurately estimate the true wind speed.
This conversion is essential to ensure precise calculations and effective evaluation of the
wind turbine’s power generation [52,53]. A widely used conversion approach employs the
power law expressed by Equation (7).

Vh = Va

(
hh
ha

)∝
(7)

where Vh [ms−1] is the wind speed at hub height hh [m]; Va [ms−1] is the wind speed at the
anemometer height ha [m]; and ∝ is the power law exponent or friction coefficient.

Many different models are used in the literature to simulate and obtain the power
curve of a wind turbine regarding the wind speed and hub height, such as physical, linear,
and nonlinear models. Although these methods are straightforward to implement in
any REC simulation, they are not always accurate when simulating stall-controlled wind
turbines. In this type of wind turbine, the pitch angle is fixed, so when the wind speed
is above the rated wind speed the turbine power output cannot be held constant and
decreases because of aerodynamic losses between the blades and the wind. Thus, in this
paper, the authors used the power output curve provided by the manufacturer to accurately
simulate the wind power system.

3. Problem Formulation and Energy Management Strategies

In this section, we present the employed energy management strategies, the opti-
mization strategy, and the problem formulation for determining the optimal sizes of the
system components within the REC. The management strategies were designed with a
focus on real-world operations, aiming to replicate the practical challenges encountered
in actual RECs, thus enhancing the approach’s realism and applicability. The problem
formulation defines the objective function and constraints that describe the purpose/goals
of the optimization problem.

3.1. Energy Management Strategies

To test the performance of the REC in different operating conditions, four energy
management scenarios proposed in [54] were implemented. A summarized description of
these scenarios can be found in Table 1.

Table 1. Renewable Energy Community Scenarios.

Scenarios Description

Scenario 1 Independent microgrid participants.

Scenario 2 Sharing renewable energy after charging individual batteries.

Scenario 3 Sharing renewable energy before charging individual batteries.

Scenario 4 Sharing distributed renewable energy and battery storage systems
among participants before charging individual batteries.
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In Scenario 1 (S1), an individualist position is assumed by all the community partici-
pants, mimicking a conventional microgrid with no energy transactions between them. In
Scenario 2 (S2), the surplus energy from distributed renewable systems is shared within the
community after fully charging the individual batteries. In this scenario, the community
participants prioritize charging or discharging their own batteries when they have an
energy surplus or shortage. If the battery reaches the upper limit of its state of charge
(SOCmax), any remaining excess energy is shared within the community before being ex-
ported to the electrical grid. Inversely, if the battery reaches its lower limit (SOCmin), any
remaining required energy is supplied by available energy from other prosumers before im-
porting from the grid. In contrast, in Scenario 3 (S3), the surplus renewable energy is shared
directly to cover other community participants’ load demand before being dispatched to
the individual batteries. This scenario considers the efficiency losses associated with battery
operations and ensures that the excess renewable energy is efficiently utilized to meet the
REC’s energy needs. In Scenario 4 (S4), all the batteries and renewable energy sources are
shared to enhance renewable penetration and minimize grid dependence. The operation
in this scenario follows a specific rule: when one participant has surplus power, it can be
utilized to meet the load demand of other peers. The participants first charge their own bat-
teries to SOCmax and then proceed to charge other peers’ batteries sequentially. Conversely,
when a participant faces an energy deficiency, they can purchase redundant generation
from other peers, then discharge their own battery to SOCmin, and finally discharge other
peers’ batteries if needed. This collaborative approach allows for improved renewable
integration and effective utilization of distributed energy resources within the community.

3.2. Problem Formulation

The optimal sizing of the studied REC is evaluated based on two different system eval-
uation criteria: economic and flexibility criteria. The economic criteria involve analyzing
cost-related factors, while flexibility criteria assess the system’s ability to adapt to varying
demand and supply conditions, ensuring an efficient and reliable energy management.

3.2.1. Economic Criteria

The Levelized Cost of Energy (LCOE) is widely recognized as a crucial economic factor
in the optimal planning and design of Hybrid Energy Systems (HES) [55]. Its prominence
attracts investors, policymakers, and consumers, making it a pivotal consideration in the
design of the REC [56].

LCOE can be defined as the effective cost of energy generated by the REC, in $/kWh [57].
It is calculated by the ratio of the sum of the total annualized cost (Cannual) and the annual
electrical energy served by the system (Eserved), as expressed in Equation (8).

LCOE =
Cannual
Eserved

(8)

where Cannual is the product of the net present cost (NPC) and the capital recovery factor
(CRF), as expressed by Equation (9):

Cannual = NPC·CRF(i, N) (9)

The Net Present Cost (NPC) of a system, representing its life-cycle cost, is determined
by Equation (10) [51], where i denotes the nominal interest rate and N represents the
project’s lifetime:

NPC = CO&M + Ccap (10)

Ccap = Ebat·Cbat + NPV ·CPV + NWT ·CWT (11)

In Equation (11), Ccap is the initial capital cost, where CO&M is the maintenance and
operation cost; Ebat is the sum of the participants’ battery-rated capacities; NPV and NWT
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are the sum of the PV modules and wind turbines of the participants, respectively; and Cbat,
CPV and CWT define the cost per kWh of the batteries, the cost of each PV module, and the
cost of each wind turbine, respectively. The capital recovery factor (CRF) is calculated with
Equation (12).

CRF(i, N) =
i(1 + i)N

(1 + i)N − 1
(12)

The economic parameters are shown in Table 2.

Table 2. Economic parameters.

Parameter Value

Nominal interest rate (i) [%] 0.05
Project lifetime (N) [years] 20

3.2.2. Flexibility Criteria

The flexibility criteria are crucial parameters for optimizing both energy consumption
and production [58]. The Self-Consumption Ratio (SCR) and Self-Sufficiency Ratio (SSR) are
two well-known parameters that enhance the flexibility of energy systems. These criteria
play a significant role in achieving an efficient and resilient renewable energy community.

SCR can be defined as the quantity of energy produced internally by the system’s
renewable energy sources, which is also used internally for consumption [58]. This includes
both the energy directly used by the load, as well as the batteries’ charging energy (acting
like an additional load) [59]. Figure 2 shows a typical power profile of an REC with this type
of renewable energy production system. In this Figure, Area B represents the surplus energy
produced during that day, Area C represents the renewable energy directly consumed or
stored by the REC, while Area A shows the energy deficit that must be imported to satisfy
the load demand.

 

Figure 2. Typical load and production profile.

Using the nomenclature in Figure 2, SCR can be defined by Equation (13):

SCR =
C

B + C
(13)

Although SCR is a valuable and viable parameter for designing an REC, if the opti-
mization problem were solely formulated to maximize SCR, the resulting configuration
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would always be the smallest possible in terms of produced energy. This limitation under-
scores the need to use SCR in combination with other criteria when formulating an REC
optimization problem. By incorporating multiple criteria, the solution can achieve a more
comprehensive and balanced configuration that optimizes both energy production and
consumption, ensuring the REC’s effectiveness and practicality [58]. SSR is also considered
to minimize energy community transactions with the electrical grid. SSR represents the
proportion of energy consumption supplied by internally produced energy. Using the
nomenclature depicted in Figure 2, SSR can be defined by the following equation:

SSR =
C

A + C
(14)

3.2.3. Variables and Constraints

For each participant p, the design variables considered for the optimal sizing and
design of the REC are the battery-rated capacity (Cbatp ) [kWh]; the number of PV modules
(NPVp ); and the number of wind turbines (NWTp ), each subject to upper and lower bounds,
as enumerated in Equation (15). These bounds were designed based on a typical renewable
energy installation in residential areas.⎧⎪⎨⎪⎩

0 ≤ Cbatp ≤ 25
0 ≤ NPVp ≤ 50
0 ≤ NWTp ≤ 10

(15)

The primary goal of any REC is to minimize its exchanges with the electrical grid
by enabling the exchange of surplus energy consumed or produced among participants.
To achieve this objective in the simulated REC discussed in this article, two additional
design restrictions were implemented in the simulation parameters to further optimize
the results. To significantly increase independence from the grid, the energy interactions
with the electrical grid were limited to 25% of the total energy transacted in the REC, as
specified by Equation (16). This limitation was implemented to foster a greater reliance on
intra-community energy exchanges and storage, leading to reduced reliance on the grid
and enhancing the overall self-sufficiency of the renewable energy community.

8760

∑
t=1

Ep
Imp(t) + Ep

Exp(t) < 0.25·Ep
Total(t) (16)

where Ep
Imp and Ep

Exp are the imported and exported energy exchanged by the REC with

the electrical grid by each participant p, respectively, in each hour t. Furthermore, Ep
Total is

the total energy transacted by the participant p, as given by Equation (17):

Ep
Total =

n

∑
p=1

(
8760

∑
t=1

Ep
PV(t) + Ep

Wind(t) + Ep
BatCharge

(t) + Ep
BatDischarge

(t) + Ep
ImpCom.

(t) + Ep
ExpCom.

(t) + Ep
Imp(t) + Ep

Exp(t)

)
(17)

where Ep
PV and Ep

Wind are the PV and wind energy produced by each participant p,
respectively; Ep

BatCharge
and Ep

BatDischarge
are the charging and discharging energy used to

charge and discharge the batteries, respectively; and Ep
ImpCom.

and Ep
ExpCom.

represent the

intra-community transactions of each participant: Ep
ImpCom.

defines the intra-community en-

ergy importations, while Ep
ExpCom.

defines the intra-community energy exportation by each
participant p.

The other optimizing restriction promotes intra-community energy interactions, en-
couraging participants to exchange surplus or required energy among themselves, as
shown in Equation (18). This equation sets a lower limit for the intra-community energy
value traded between participants, ensuring that it remains above 30% of the total energy
imported by the REC. By encouraging such interactions, the renewable energy community
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fosters a collaborative approach, optimizing energy utilization and minimizing dependency
on external sources.

n

∑
p=1

(
8760

∑
t=1

EImpCom.
(t) +

8760

∑
t=1

EExpCom.
(t)

)
> 0.3·

8760

∑
t=1

EImp(t) (18)

where EImpCom
and EExpCom

defines the sum of all the REC participant’s intra-community
energy importations and exportations, respectively.

3.3. Optimization Strategy

The optimization technique implemented in this paper combines the specificities of the
Multi-Objective Particle Swarm Optimization (MOPSO) algorithm with the use of multiple
swarms that cooperate and share information and lived experiences (history) to achieve a
set of high-quality solutions. The use of multiple swarms constructs a greater diversity of
new solutions and explores the multidimensional search space with greater independence
and efficiency. Moreover, the optimization technique used divides the multidimensional
search space into smaller subspaces, providing greater independence in the construction of
new solutions (exploration of the search space) and minimizing the problem of premature
convergence. The number of subspaces and the number of swarms depend on the number
of participants in the REC. Each swarm acts in its corresponding subspace, optimizing
the sizing of the various energy production and energy storage units inherent to each
participant of the REC (NPVp , NWTp , Cbatp ) cooperatively and collaboratively. The multiple
swarms use the broadcast strategy to share information and lived experiences (history)
with each other, i.e., the social component of each swarm (gbest) is transmitted and shared
with all the other swarms.

3.3.1. Multi-Objective Particle Swarm Optimization (MOPSO)

Multi-Objective Particle Swarm Optimization (MOPSO) is a population-based, stochas-
tic metaheuristic algorithm that is very effective in solving multi-objective optimization
problems, i.e., optimization problems involving two or more objective, typically antag-
onistic, functions [60]. It is a metaheuristic algorithm inspired by the foraging behavior
of certain animal species involving a population of particles that represent possible solu-
tions. The particles can communicate and cooperate with each other to determine a set
of promising solutions, i.e., a set of solutions with a good trade-off between the differ-
ent objective functions (nondominated solutions). The particles are randomly positioned
within the multidimensional search space (d) and evaluated using the objective functions
inherent to the optimization problem (with or without constraints). Particles move based on
their current velocities and positions, the individual experience of each particle (cognitive
factor), and the collective experience of the population’s particles (social factor). Thus,
during the optimization process, the velocity and position vector are updated according to
Equations (19) and (20), respectively:

vk+1
i,d = ω·vk

i,d + c1·r1·
(

pbestk
i,d − xk

i,d

)
+ c2·r2·

(
gbestk

d − xk
i,d

)
(19)

xk+1
i,d = xk

i,d + vk+1
i,d (20)

where vk
i,d represents the velocity of each particle i in iteration k; xk

i,d is the position of
particle i in iteration k; ω is the inertia factor; c1 e c2 are the acceleration coefficients used to
adjust the cognitive and social contributions when updating the velocities, respectively; and
r1 e r2 define the stochastic characteristic given by two random numbers evenly distributed
in the interval [0, 1].

For single-objective optimization problems, gbest and pbest represent the global and
personal best positions, respectively. However, for multi-objective optimization problems,
there is more than one global optimal solution, requiring the determination of a set of
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nondominated solutions (nondominated front, Pareto optimal front, or simply Pareto
front). The concept of dominance is a relationship between two possible solutions within
the multidimensional search space. A nondominated solution is one that is better than
other solutions in at least one objective function, yet not the worst solution in any of the
remaining functions. In each iteration, this set of nondominated solutions is determined,
registered in a given hypercube, and stored in a repository with limited capacity.

For the collective experiment (gbest), in the MOPSO algorithm, each particle selects a
solution from the repository associated with a given hypercube through the roulette wheel
selection method that selects a nondominated solution from the repository based on a
probability. This probability is calculated using the ratio between the individual fitness
of the solutions (objective function value) and the quality of the solutions that compose
the repository, i.e., the sum of all the individual fitness of the solutions. Furthermore, for
its individual experience (pbest), each particle considers the current/recent nondominated
solution produced by the particle itself in the iterative process. These selection procedures
of gbest and pbest promote a good diversification in the construction of new solutions
(population) and, simultaneously, maximize convergence to the real Pareto optimal front,
ensuring a good diversity in the solutions that constitute it.

As aforementioned, the movement of each particle belonging to the population, i.e.,
its new velocity and position, is calculated through Equations (19) and (20), respectively.
However, it is essential to prevent particles from “traveling” outside the multidimensional
search space during the iterative process. This constraint is expressed mathematically
by Equation (21): {

i f xk+1
i,d > ubd then xk+1

i,d = ubd

i f xk+1
i,d < lbd then xk+1

i,d = lbd
(21)

Through this procedure, if any of the lower (lb) or upper (ub) limits are exceeded,
the movement of the particle is modified to ensure that the new position is within the
search space.

The iterative process ends when the stopping criterion is reached. The stopping
criterion may reflect several aspects inherent to the optimization problem: simulation time;
maximum number of iterations; the maximum number of objective function evaluations;
and population stagnation, i.e., if there is no significant improvement of the solutions
during a certain number of iterations; among others.

3.3.2. Proposed Optimization Procedure

Figure 3 presents the flowchart of the implemented optimization procedure in this
article for an REC with n participants. Initially, all the variables relative to the optimization
problem and all the required variables for the correct use of the MOPSO optimization algo-
rithm are initialized, such as the number of participants in the REC (n); the meteorological
variables (temperature, irradiance, wind speed); the load profiles of each participant of the
REC; the dimension of the optimization problem (d), the lower (lb) and upper (ub) bounds;
the number of particles in the population (np); the maximum capacity of the repository of
nondominant solutions; and the number of maximum iterations allowed (tmax), among
others. After these initializations, the initial positioning of the particles is determined with
the following structure:

xi =

Multidimensional Search Space︷ ︸︸ ︷
NPV1 , NWT1 , Cbat1︸ ︷︷ ︸

swarm 1

, NPV2 , NWT2 , Cbat2︸ ︷︷ ︸
swarm 2

, NPV3 , NWT3 , Cbat3︸ ︷︷ ︸
swarm 3

, . . . , NPVn , NWTn , Cbatn︸ ︷︷ ︸
swarm n

(22)
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Figure 3. Optimization Strategy Diagram.

A random initial position is determined within the multidimensional search space
(defined in Equation (15)), considering a population of 15 individuals per dimension and a
maximum number of allowed interactions (100 iterations per dimension). The population of
particles is divided into several swarms with a star topology, i.e., in each swarm, all particles
communicate with each other. The various swarms evolve and move independently, while
maintaining their own repository of nondominated solutions.

In each iteration, the performance of each particle regarding each swarm was deter-
mined using the economic and technical criteria detailed in Section 4.1 (Equations (8)–(18)).
However, to evaluate the performance of each particle, a string code scheme was con-
structed by broadcasting the social component of each swarm (gbest1,2,3,. . .,n), where n is the
number of participants in the REC, as described in Equation (23):

xi =

Particle Position f or swarm1︷ ︸︸ ︷
NPV1 , NWT1 , Cbat1 , gbest2, gbest3, . . . , gbestn (23)
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Subsequently, a repository control mechanism evaluated the individual and collective
performance of each particle and, consequently, determined the nondominant solutions
inherent to each swarm. As aforementioned, the movement of each particle was determined
by Equations (19) and (20). However, to prevent a new position of the particles outside the
multidimensional search space, during the successive iterations, the confinement strategy
described by Equation (21) was implemented. In this strategy, if any of the limits (lower or
upper limit) were exceeded, the particle movement was modified ensuring that the new
position was within the search space.

The execution of the various swarms, i.e., the various MOPSO optimization algorithms,
ended when the established stopping criterion was reached. The established stopping
criterion was within the maximum number of allowed interactions (100 iterations per
dimension). Once the optimization process was completed, i.e., when the stopping criterion
was reached, an external repository was created with all the nondominated solutions deter-
mined by the various swarms. Through this external repository, a nondominated solution
(Final Trade-Off Solution) was selected based on the fuzzy set membership function [61,62].

4. Results Discussion and Analysis

In this section, an evaluation and performance analysis is conducted based on the
results obtained from the implemented multi-objective optimization algorithm for each
scenario. Firstly, the characteristics of the simulated renewable energy community and
the corresponding data profiles will be presented and analyzed. Lastly, all the optimized
scenarios obtained from the application of the implemented multi-objective optimization
algorithm will be evaluated and discussed.

4.1. Renewable Energy Community

The community under study represents a microcosm of sustainable energy production
and consumption, comprising three participants, denoted as (a), (b), and (c) in Figure 4.
This configuration enables a comprehensive analysis of the interactions and dynamics
among participants utilizing different energy sources. Each of the three participants in the
community can produce, consume, and potentially store renewable energy under the four
energy management scenarios described in Section 3.1.

 

Figure 4. Renewable Energy Community Architecture.

Additionally, when the community’s load demand exceeded the local renewable
energy production capacity, participants could import additional energy from the electrical
grid. This interaction with the grid provides several advantages for the renewable energy
community. First, it ensures a reliable power supply, particularly during periods of low
renewable energy production or high load demand. Second, it allows for the integration
of intermittent renewable energy sources with the grid’s baseload power, ensuring a
continuous and stable energy supply. Third, the grid connection enables the community to
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participate in feed-in tariff programs, incentivizing the production and export of excess
renewable energy.

4.1.1. Mathematical Models Parameters

This subsection presents a comprehensive overview of the key mathematical model’s
parameters used in the simulations. These parameters encompass the characteristics of the
batteries, PV, and wind turbine models.

Batteries Model Parameters

To accurately replicate the dynamic behavior of a battery within an energy community,
it is necessary to adjust certain model parameters values. These parameters enable the
model to mimic nuances and interactions that batteries exhibit when integrated into the
energy systems of real-world communities, allowing for a more precise representation of
their performance [45,57]. Table 3 presents the battery model parameters values used in
the simulation.

Table 3. Batteries Model Parameters Values.

Battery Model Parameter Value

k 0.38
c 0.271

Photovoltaic Model Parameters

The photovoltaic module selected for simulation purposes was the Sharp ND-R250A5,
characterized by 60 polycrystalline silicon cells (with 156.5 mm × 156.5 mm) connected
in series, divided into three strings, with each string protected by a bypass diode, i.e., a
bypass diode for every 20 cells in the PV module [63]. The specifications of the selected PV
module are displayed in Table 4.

Table 4. Photovoltaic Model Parameters.

PV Model Parameter Value

μmppt 95%
PSTC 250 W
GSTC 1000 Wm−2

αVOC −0.0044 V◦C−1

TSTC 25 ◦C
GNOCT 800 Wm−2

NOCT 47.5 ◦C
TNOCT 20 ◦C

Wind Turbine Generator

The selected wind turbine generator was the Bergey BWC XL-1, a 1 kW three-bladed
wind turbine, with horizontal axis and a 2.5 m rotor diameter. It shows remarkable
low-wind-speed performances, with intended applications for charging batteries and
supply electrical loads in remote power systems or rural electrification programs. The
corresponding power curve is displayed in Figure 5, and the corresponding parameters
provided by the manufacturer are displayed in Table 5.
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Figure 5. Power curve of the Bergey BWC XL-1 Wind Turbine.

Table 5. Wind Turbine parameters.

Wind Turbine Model Parameter Value

Rated Power 1.000 W
Maximum output power 1.200 W

Rated wind speed 11.0 m/s
Cut-in wind speed 2.5 m/s
Furling wind speed 13.0 m/s
Cut-out wind speed 20.0 m/s

hh 20 m
ha 10 m
∝ 0.4

To complete the wind component modeling, the power law exponent (∝) must be
addressed for the simulation site characteristics. The power law exponent or friction
coefficient value depends on numerous factors like terrain roughness, altitude, exposed
site level, temperature, and season of site [64].

The value normally used for this parameter in open land areas is 0.142 [65]. However,
this value does not take into consideration various terrain roughness characteristics and
atmospheric stability classes, leading to large discrepancies in wind speed value prediction
and huge errors in energy estimation [66]. Given this fact, the value chosen for this
parameter was 0.4, a fair value considering a location with high surface roughness, with a
high stability atmosphere [66–68].

4.2. Data Profiles

The data profiles used in this article were obtained from the U.S. Department of
Energy’s (DOE) Open Energy Data Initiative (OEDI) [69], a large and centralized repository
of datasets containing weather data of all the Typical Meteorological Year version 3 (TMY3)
locations, as well as dataset simulations of the residential and commercial prototype model
load profiles for these locations. TMY3 is the most recent version of the TMY, a group of
selected weather data measured in more than a thousand different locations across the US
for at least 15 years [70], fused and shortened into a single year, representing hypothetically
typical weather data in each different location, with one year of values with one-hour
resolution (8760 h time series data) based on real-life values.

Load data: Three different location datasets were selected from the TMY3 residential
load datasets with different time-series statistical values and shape profiles. Weather
data: The weather data profiles were made by scaling the TMY3 weather data of one
of the locations (base location), proportionally to the other two locations, including a
±20% deviation to induce additional variability [71]. These weather datasets contain
multiple parameters, three of which are required to simulate the energy community using
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the mathematical models described in Section 2: air temperature, solar irradiance, and
wind speed.

Box and whisker diagrams were used to visualize and understand in greater detail the
dataset profiles used to simulate the REC. The dataset profiles for each REC participant are
presented with two different resolutions: hourly and monthly. Thus, one can visualize the
behavior and evolution of each dataset profile during the 24 h of the day, but also visualize
throughout the 12 months of the year. Figure 6 shows the hourly resolution box and whisker
diagrams of the three load data profiles: Load 1 in diagram (a), Load 2 in diagram (b), and
Load 3 in diagram (c); and the three weather data variables of the base location (simulation
location of load 2): air temperature in diagram (d), irradiance in diagram (e), and wind
speed in diagram (f). Figure 7 shows the same datasets but in a monthly resolution box
and whisker diagrams, with the same disposition and identification.

 
Figure 6. Box-and-whisker diagrams with an hourly resolution for each dataset profile. (a) Participant
(a). (b) Participant (b). (c) Participant (c). (d) Air temperature. (e) Solar Irradiance. (f) Wind speed.
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Figure 7. Box-and-whisker diagrams with a monthly resolution for each dataset profile. (a) Participant
(a). (b) Participant (b). (c) Participant (c). (d) Air temperature. (e) Solar Irradiance. (f) Wind speed.

Table 6 presents the time-series statistical analysis for each dataset profile, including
the mean, median, standard deviation, and statistics related to the shape of the dataset
profiles, such as skewness and kurtosis. As can be seen, load profiles 1 and 2 exhibited
very similar mean values. However, they differed significantly in terms of their standard
deviation: Load Profile 1 had a high standard deviation of 66%, while Load Profile 2 had
a standard deviation of only 42%. Moreover, these two load profiles displayed distinct
skewness values: Load Profile 1 had a positively skewed distribution, while Load Profile
2 showed an approximately symmetric distribution. On the other hand, Load Profile 3
featured a lower mean and median values, with a lower standard deviation compared to
the other two loads, as intended. However, its shape metrics were similar to Load Profile
1. The air temperature revealed a very symmetric shape distribution, also demonstrated
by the proximity between the mean and median values, despite a high standard deviation
value. Inevitably, the irradiance showed very dispersed values, demonstrated by the high
value of standard deviation in contrast with the null median value.
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Table 6. Time-Series Analysis of Dataset Profiles: Statistical Values.

Parameter Mean Median St. Dev. Skewness Kurtosis

Load 1 [kWh] 1.4347 1.0874 0.95063 1.2517 3.6939

Load 2 [kWh] 1.4373 1.3567 0.60812 0.56598 2.849

Load 3 [kWh] 0.88781 0.80909 0.33569 0.99622 3.5528

Air Temperature [◦C] 14.6192 15.4 9.306 −0.20139 2.1832

Irradiance [Wm−2] 177.8128 0 261.7154 1.3709 3.6711

Wind Speed [ms−1] 2.7075 2.48 1.2744 0.80935 3.7417

Table 7 provides detailed information on the maximum and minimum values of each
dataset profile, including the corresponding month, day, and hour when these values
occurred. As expected, the maximum energy demand of the load profiles occurred during
the evening, and the minimum energy demand of the load profiles happened during
the night. Similarly, the air temperature showed expected results, registering the highest
temperature during the afternoon of summer times, in harmony with the irradiance, and
reaching the minimum air temperature value in the winter.

Table 7. Time-Series Analysis of Dataset Profiles: Maximum and Minimum Values and Corresponding
Dates.

Parameter Max. Hour of the Day Month of the Year Min. Hour of the Day Month of the Year

Load 1 [kWh] 4.2977 17 8 (Aug.) 0.40097 4 6 (Jun.)

Load 2 [kWh] 3.9086 17 7 (Jul.) 0.45593 4 8 (Aug.)

Load 3 [kWh] 2.0233 19 12 (Dec.) 0.39432 4 8 (Aug.)

Air Temperature [◦C] 38.09 14 7 (Jul.) −10.46 9 1 (Jan.)

Irradiance [Wm−2] 1017 13 5 (May) 0 * *

Wind Speed [ms−1] 8.83 19 11 (Nov.) 0 * *

* Multiple results.

Finally, Table 8 details the highest and lowest mean dataset values of each profile, with
the respective hour and month they occurred. In the hour resolution diagrams, all load
profiles show a similar shape with a slight peak during early morning hours and reaching
daily peaks during the end of the evening/beginning of the night. Monthly, all the load
profiles have completely different behaviors: Load Profile 1 had a substantial increase in
values during the summer months, while Load Profile 3 displayed the opposite scenario,
and Load Profile 2 had no significant changes during the months of the year. Relative to
the air temperature data profile, as expected, the temperature rose with sun exposure, but
with very little variation, increasing hourly after sunrise and dropping during the evening,
and throughout the night. Monthly, the temperature increased gradually until the summer
months and decreased substantially during the autumn and winter months. The hour of
the day with the highest mean air temperature was the 15th hour (18.1138 ◦C), while the
hour with the lowest mean air temperature (11.787 ◦C) was the 7th hour. The month of July
had the highest mean air temperature (27.3003 ◦C), while January had the lowest mean air
temperature (1.3899 ◦C).
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Table 8. Time-Series Analysis of Dataset Profiles: Mean value details of each dataset profile.

Hourly Resolution Profiles Monthly Resolution Profiles

Parameter Evaluation Value Hour Value Month

Load 1 [kWh]
Highest mean value 2.4427 18 2.3372 8 (Aug.)

Lowest mean value 0.58 4 0.88195 11 (Nov.)

Load 2 [kWh]
Highest mean value 2.3471 20 1.6732 7 (Jul.)

Lowest mean value 0.6279 3 1.1867 5 (May)

Load 3 [kWh]
Highest mean value 1.4899 21 1.0971 1 (Jan.)

Lowest mean value 0.51981 3 0.7179 8 (Aug.)

Air Temperature [◦C]
Highest mean value 18.1138 15 27.3003 7 (Jul.)

Lowest mean value 11.787 7 1.3899 1 (Jan.)

Irradiance [Wm−2]
Highest mean value 570.8571 13 273.5148 7 (Jul.)

Lowest mean value 0 * 87.5972 12 (Dec.)

Wind Speed [ms−1]
Highest mean value 3.2959 14 3.2932 2 (Feb.)

Lowest mean value 2.3648 7 2.1831 8 (Aug.)

* Multiple results.

Regarding solar irradiance, the location was not very privileged, reaching the monthly
highest mean value (273.5148 Wm−2) in the month of June and the lowest monthly mean
irradiance (87.5972 Wm−2) in December. The hour with the highest mean irradiance
(570.8571 Wm−2) was the 13th hour of the day.

The wind speed at the location was relatively slow and revealed consistent wind
speeds throughout the day and the year, with the highest monthly mean value
(3.2932 ms−1) in February, approximately the same as the highest hourly mean value,
while the lowest monthly mean value (2.1831 ms−1) was in August.

4.3. Performance Evaluation and Results Discussion

This section presents and analyzes the results obtained with the implemented multi-
objective optimization algorithm discussed in the previous sections. To ensure the reliability
of the results, the implemented optimization algorithm underwent 15 simulations. Figure 8
provides a representation of the statistical distribution and variability of the objective
functions’ fitness values.

As can be seen, Scenario 1 presents a low standard deviation for LCOE, indicating
relatively consistent operational costs. The mean LCOE value is 0.0609, while the median
LCOE is slightly lower at 0.0604. The SSR and SCR present relatively high mean values,
with 0.8154 and 0.6676 respectively. In Scenario 2, the LCOE exhibits a higher mean value
of 0.0435 and a slightly higher median value of 0.0429. The SSR and SCR values are
also valuable, with SSR at 0.6805 and SCR at 0.6451. This suggests that, despite higher
operational costs, the community maintains a high degree of self-sufficiency and self-
consumption. Scenario 3 presents the highest LCOE among the scenarios, with a mean
value of 0.0523 and a median of 0.0468. The SSR and SCR values are lower in this scenario,
indicating a focus on community independence over cost-efficiency. Lastly, Scenario 4
demonstrates a lower mean LCOE of 0.0371 and a median of 0.0468, making it the most
cost-effective scenario. The SSR and SCR values are also advantageous, with SSR at
0.5082 and SCR at 0.5524, suggesting a balanced approach between cost efficiency and
community independence.
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Figure 8. Statistical distribution of the objective functions’ fitness values.

Table 9 displays the sizing ratio for each participant’s optimal battery capacity and the
optimal installed renewable capacity in each scenario. This ratio is calculated by dividing
the installed capacity of the storage systems or the renewable energy sources for each
participant by their load’s maximum value. This ratio ensures a more reliable assessment
of each element’s optimal sizing within the renewable energy community.

Table 9. Sizing Ratio for Renewable Energy Community Scenarios.

Participant 1 Participant 2 Participant 3

Scenarios
Storage Systems

Ratio
Renewable Energy

Systems Ratio
Storage Systems

Ratio
Renewable Energy

Systems Ratio
Storage Systems

Ratio
Renewable Energy

Systems Ratio

Scenario 1 7.9079 2.5955 4.8611 1.9828 3.7229 2.1523

Scenario 2 6.4251 1.4827 1.7909 2.6864 2.3268 2.0941

Scenario 3 2.4712 0.7426 2.0468 2.3666 2.3268 2.0941

Scenario 4 0.9885 2.2241 0.7675 2.0468 2.5595 2.9085

In the following subsections, we discuss a performance analysis of each scenario,
considering the optimal sizing of each element within the renewable energy community.
This analysis provides a comprehensive understanding of the strengths and weaknesses of
each scenario, aiding in the selection of the most suitable approach for a sustainable and
efficient renewable energy community.

4.3.1. Scenario 1

This scenario provides a baseline comparison for the other scenarios where each
participant adopts an individualist position within the community. Scenario 1 resembles a
conventional microgrid where there are no energy transactions between the participants.
Participants rely on their own individual renewable production and batteries to meet their
load demand, exchanging required or surplus energy only with the electrical grid. Figure 9
shows the hourly average values of PV production, battery discharge and charge, imported
and exported energy from/to the grid, and the average load of each participant. These
diagrams offer a concise visual representation of the energy dynamics and transactions of
the community, allowing for a comprehensive understanding of the participants’ renewable
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production, battery usage, grid interaction, and overall energy flow throughout the course
of a typical day.

Figure 9. Scenario 1: hourly energy contributions. (a) Participant (a). (b) Participant (b). (c). Participant (c).

In this scenario, the energy storage systems are exclusively used for individual en-
ergy storage, with no coordination or collaboration among community participants to
maximize the community’s energy independence. As indicated in Table 9, all participants
exhibit a similar renewable production ratio of approximately two. However, they present
considerable differences in their Storage Systems Ratio.

As Figure 9 illustrates, this lack of energy-sharing mechanisms within the community
result in surplus energy being exported to the electrical grid without benefiting other REC
members. Consequently, most of the available renewable energy in the RECs is exported to
the main grid.

Importantly, all participants rely solely on solar energy production systems, with each
participant achieving their maximum PV production at 12:00 PM: Participant (a) achieved
a maximum PV production of 5.82 kWh, Participant (b) reached 8.34 kWh, and Participant
(c) achieved 10.26 kWh. Therefore, during periods of low solar irradiation, the community
becomes dependent on the electrical grid to supply its load demand. Similarly, when
renewable energy production is insufficient to satisfy the participant’s load demand and
the energy storage systems present a reduced SOC, the community relies exclusively on
the electrical grid for energy supply. On average, each participant imports 0.19 kWh of
energy from the electrical grid per hour to satisfy their demand. This reliance is evident in
the increased energy importation from the grid throughout the night hours. As a result,
the use of the energy storage systems during these hours decreases in correlation with the
respective SOC levels.

To perform a broader analysis of the community operation in Scenario 1, Figure 10
depicts a diagram that illustrates the monthly cumulative energy values of PV production,
energy storage systems, imported and exported energy from/to the grid, and the load for
all the community’s participants. This diagram provides a comprehensive overview of the
community’s energy dynamics over the course of a year. By showcasing the cumulative
values, this analysis allows a macro-level understanding of the participants’ renewable
energy production, storage, grid interaction, and overall energy consumption patterns over
the year.
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Figure 10. Scenario 1: monthly energy contributions.

As seen in Figure 10, the community’s overall PV production varies in solar energy pro-
duction throughout the year, reaching maximum production in May and a mean monthly
production of 4677.43 kWh.

During the summer months, there is a significant rise in load demand, which decreases
during the spring and autumn months. However, there is a slight increase in load demand
during the peak winter months (November, December, and January). Notably, during
these months, the total renewable production cannot satisfy the REC’s total load demand.
As a result, there is a substantial increase in energy importation from the electrical grid,
surpassing the amount of exported energy. Conversely, in other months, particularly during
the spring and summer, renewable production greatly exceeds the load demand. This
creates an evident disparity in energy flow, with higher energy exportation to the grid.

The energy storage systems usage remains relatively consistent throughout the year,
which indicates a consistent reliance on the energy storage systems to meet the community’s
load demand regardless of seasonal variations in load demand and renewable production.

4.3.2. Scenario 2

In contrast to the individualist position in Scenario 1, where participants rely solely on
their renewable production and batteries, Scenario 2 promotes a collaborative approach. In
this scenario, participants prioritize meeting their load demand, and any surplus or deficit
power is exchanged among other participants within the community. This enables efficient
utilization of available energy resources within the community and reduces reliance on the
electrical grid. As Table 9 suggests, in this scenario, participant (a) has a storage system
ratio much higher than the other participants but, however, presents a lower renewable
production ratio. As for participants (b) and (c), they present very similar ratios in terms of
production and storage. Figure 11 presents the hourly average values for each participant
in Scenario 2.
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Figure 11. Scenario 2: hourly energy contributions. (a) Participant (a). (b) Participant (b). (c). Participant (c).

As depicted in Figure 11, Participant (a) exhibits a notable load demand during the day.
To meet this demand, Participant (a) relies on the electrical grid, individual energy storage
systems, or intra-community energy transactions with other participants, especially during
the afternoon. These transactions become necessary during hours of low wind energy pro-
duction, when the capacity of the individual storage systems is insufficient to meet the load
demand and other participants have surplus energy due to high PV production. Although
only two participants had solar production systems, this type of production significantly
contributed to the community’s renewable energy supply, producing, on average, approxi-
mately 1.03 kWh of electricity per hour. Conversely, Participant (a) benefits from significant
surplus energy during the night due to the wind energy production systems. This surplus
energy facilitates the charging of Participant (a)’s energy storage systems, thereby reducing
the reliance on other transactions. In contrast, Participant (b) experiences significant en-
ergy surpluses during hours of high solar irradiation, due to the PV production systems.
This surplus energy is mainly used to charge the energy storage systems and fulfill the
load demand of other participants. Additionally, Participant (b) typically experiences an
energy production surplus throughout the entire day, benefiting from the advantageous
complementarity between PV and wind production. Consequently, Participant (b) became
the community’s top exporter, with an hourly average intra-community transaction of
0.081 kWh and an average energy sale to the electrical grid of 0.96 kWh per hour.
Figure 12 depicts the monthly cumulative energy contributions that resume the RES opera-
tion in Scenario 2.

As shown in Figure 12, grid interactions exhibit a significant pattern throughout
the year. Initially, during the early months, grid interactions are primarily characterized
by energy exportation to the electrical grid, indicating a surplus of energy within the
community. However, as we transition into the summer months, the balance shifts and grid
interactions predominantly involve energy importations. This shift can be attributed to the
reduced production of wind power during this period, resulting in a deficit of renewable
production to meet the total load demand.
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Figure 12. Scenario 2: monthly energy contributions.

4.3.3. Scenario 3

In Scenario 3, community participants share their surplus renewable energy directly
to fulfill the load demand of other participants before relying on their batteries for charging.
This collaborative approach ensures an efficient utilization of excess renewable energy
to effectively supply the energy needs of the community, reducing the utilization of the
individual storage systems and, therefore, improving their lifespan. As can be seen in
Table 9, both participants have similar installed capacity ratio, but, on the other hand,
participant (a) present a distinct renewable production ratio when compared to the other
participants. Figure 13 illustrates the hourly average energy for each participant in Scenario 3.

Figure 13. Scenario 3: hourly energy contributions. (a) Participant (a). (b) Participant (b). (c). Participant (c).

As can be observed in Figure 13, Participant (a) exhibits a distinct load demand pattern,
particularly during daylight hours, when there is a decrease in energy consumption. To sup-
ply its energy needs during daylight hours, Participant (a) mostly relies on intra-community
energy exchanges and grid importation. On average, Participant (a) imports 0.255 kWh of
electricity per hour from the community and 0.253 kWh from the grid, reflecting its low
renewable energy production during daylight hours. In contrast, Participants (b) and (c)
demonstrate significant surplus renewable generation, primarily due to their PV generation
systems. During the night hours, both Participant (a) and Participant (b) experience a
substantial surplus in wind energy production. Figure 14 illustrates a monthly cumulative
energy diagram for Scenario 3.
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Figure 14. Scenario 3: monthly energy contributions.

Figure 14 exhibits a similar behavior to Scenario 2 but with a notable increase in inner-
community transactions. During the early months, the renewable energy production matrix
is largely dominated by wind energy and, as the peak summer months approach, gradually
decreases and is partially replaced by PV production. However, during these peak months,
renewable energy production becomes insufficient to meet the high load demand, mainly
due to the decrease in wind energy production. As a result, the grid interactions, which
were predominantly energy exportation, shift towards energy importation to satisfy the
load demand. Moreover, community transactions account for a significant portion of the
energy flow, reaching an average of 191 kWh per month.

4.3.4. Scenario 4

In Scenario 4, all renewable energy sources and storage systems are shared among
the participants. When one participant has surplus energy, it can be used to meet the load
demand of others. Firstly, they charge their own batteries to SOCmax and then proceed
to charge other peers’ batteries sequentially. Conversely, if a participant faces an energy
deficit, they can use the energy surplus from others, discharge their battery to the lower
limit of SOCmin, and even discharge other peers’ batteries if necessary. As can be seen in
Table 9, both participants present similar renewable production ratio, but with a diversified
production mix. Specifically, participant (a) presents a production mix consisting only of
wind production, participant (b) a mix of photovoltaic and wind production and, on the
other hand, participant (c) only has photovoltaic production.

Figure 15 presents the hourly average energy for each participant in Scenario 4. As
shown, Participant (a) experiences frequent energy deficits during the day, relying on intra-
community energy exchanges, occasional grid transactions, and even energy exchanges
with other participants to fulfill its energy needs. These deficits are primarily due to the
limited wind energy production, while the other participants have significant surplus
energy, especially during peak PV production in the afternoon. However, during the night,
Participant (a) benefits from excessive energy production, enabling the charge of their
individual batteries. In contrast, Participant (b) has substantial surplus energy during the
day, due to their PV production, complemented by considerable wind energy production
during the night. On the other hand, Participant (c) consistently faces energy deficits
during the first and last hours of the day, as no renewable energy production is available in
that period. Nevertheless, Participant (c) has substantial surplus energy from PV sources
during daylight hours. Like Participant (b), Participant (c) also capitalizes on the high PV
production during energy deficit hours to charge its storage systems. Figure 16 presents a
monthly cumulative energy diagram that summarizes the RES operation in Scenario 4.
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Figure 15. Scenario 4: hourly energy contributions. (a) Participant (a). (b) Participant (b). (c). Participant (c).

Figure 16. Scenario 4: monthly energy contributions.

Unlike the previous scenarios, in Scenario 4, the total renewable energy production
consistently exceeds the total load demand every month of the year, even during peak
summer months when wind production is negligible. This indicates a more efficient and
optimized energy system. In the winter and autumn period, grid transactions are primarily
energy exportations, and the community heavily relies on inner-community exchanges
and battery exchanges. However, individual battery reserves are not frequently needed.
On the other hand, in the spring and summer periods, grid transactions gradually shift
towards grid importation. Moreover, energy storage system reserves increase in this period,
while community and battery exchanges have a relatively lower impact on the overall
community operation.

4.4. Overall Results and Analysis of Renewable Energy Scenarios

The following section presents and discusses the overall results of each scenario,
including an analysis of the energy dynamics, performance metrics, and the impact of
collaborative approaches on renewable energy integration. Examining the outcomes of
each scenario one can evaluate the effectiveness of different energy management strategies
and their implications for achieving greater energy independence, optimizing renewable
resource utilization, and minimizing reliance on the electrical grid within the renewable
energy community.
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As seen in Figure 17, Scenario 1 exhibits a high percentage of grid exchanges (33%),
which can be attributed to the individualist approach adopted by the community partici-
pants. With no energy transactions among participants, the participants’ surplus energy is
exported to the grid, resulting in a higher percentage of exportations (22.4%) compared to
importations (10.4%). In this scenario, all the renewable energy generation (67%) comes
exclusively from PV production, with no wind power production.

Figure 17. Percentage of transacted energy in each scenario.

In Scenario 2, grid transactions constitute 31.2% of the total energy usage, where 24.0%
are grid exportations and 7.2% are grid importations. Community transactions accounted
for 3% of the energy usage, while renewable energy sources (RES) contributed 65.8% of the
energy supply. Within the renewable energy generation category, PV generation accounts
for 40.3%, and wind power generation contributes 25.5%.

In Scenario 3, grid transactions represent 27.6% of the total energy in the renewable
energy community (where grid importations represent 9% and exportations 18.6%). By
prioritizing the use of excess energy to meet the load demand of other participants before
charging their individual batteries, the need for grid interactions is reduced. This balanced
distribution between exports and imports from the grid reflects a more efficient use of
renewable energy resources, which reached a percentage of 64.7%, of which 41.6% resulted
from solar origin and the remaining 23.1% from wind production.

In Scenario 4, the decrease in overall grid interactions (24.8%, where 20.6% were grid
exportations and 4.2% were importations) can be attributed to the collaborative approach
adopted by the community participants. By sharing batteries and renewable energy sources,
surplus energy can be used to meet the load demand of other community participants,
resulting in a higher percentage of community transactions (12.3%). Notably, most of the
battery transactions were selling transactions (70%), indicating the community’s proactive
use of surplus energy to reduce dependence on external sources.
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Overall, the variations in the percentage of grid transactions and community transac-
tions in each scenario reflect the different energy management strategies employed. The
collaboration and sharing of resources within the community leads to a more efficient
utilization of renewable energy and a reduction in dependence on the electrical grid.

Table 10 presents several performance metrics that summarize the renewable energy
community’s operations in each scenario. The Initial Investment column represents the
amount of money required to initially implement each scenario. This parameter is cal-
culated based on the initial investment required to build each CER, assuming costs of
170 Euros per solar panel, 3500 Euros per wind turbine, and 800 Euros per kW of battery.
The Annual Cost of Energy indicates the annual energy cost associated with the com-
munity’s operation under each scenario. This parameter is calculated based on the total
energy imported and exported by the CER during the simulated year, assuming a cost of
0.22 Euros per kWh for importing and 0.06 Euros per kWh for exporting to the grid.

Table 10. Performance Metrics for Renewable Energy Community Scenarios.

Scenario

Initial
Investment

Cost
(Euro)

Annual
Energy Cost

(Euro)

Annual
Exported

Energy (kWh)

Annual
Imported

Energy (kWh)

Annual
Community
Transactions

(kWh)

Annual
Community

Battery
Transactions

(kWh)

Annual
Greenhouse

Gas
(kgCO2)

Scenario 1 55,930 1371.3 13,536 6233 0 0 72,908

Scenario 2 51,700 1054.7 16,176 4794 2021.3 0 73,750

Scenario 3 41,750 1185.5 11,090 5388.6 4584.7 0 57,879

Scenario 4 39,720 777.53 17,329 3534.2 10,318 4793 72,037

The Annual Exported Energy and Annual Imported Energy columns show the amount
of energy exported to and imported from the electrical grid, respectively. The Annual
Intra-Community Transactions and Annual Community Battery Transactions columns
represent the amount of energy exchanged within the community and through battery
transactions, respectively. Lastly, Annual Greenhouse Gas Emissions quantifies the amount
of greenhouse gases emitted during the year under each scenario. The reference values
used for the calculations was 0.373 kg CO2 per kWh, which corresponds to the United
States electrical grid average Greenhouse Gas Emissions in 2021. Additionally, the specific
values for greenhouse gas emissions factors were as follows: 0.028 kg CO2 per kWh for the
energy storage system, 0.225 kg CO2 per kWh for the PV modules and 0.008 kg CO2 per
kWh for the Wind Turbine [72].

As shown in Table 10, Scenario 4 emerges as the most favorable option in terms of
economic factors, with a relatively lower Initial Investment compared to other scenarios,
indicating a more cost-effective implementation. Additionally, this scenario demonstrates a
significantly lower Annual Energy Cost, highlighting its efficiency and cost-effectiveness
in long-term operations. Scenarios 2 and 3 show a balanced Initial Investment Cost with
a relatively low Annual Energy Cost. In contrast, Scenario 1 exhibits a higher Initial
Investment Cost and Annual Energy Costs.

In terms of energy independence and grid interaction, Scenarios 2 and 4 exhibit the
highest Annual Exported Energy, suggesting a higher surplus of energy. Additionally,
Scenario 4 has a relatively lower Annual Imported Energy, indicating reduced reliance on
the electrical grid. This scenario also shows the highest Annual Community Transactions
and Annual Community Battery Transactions, highlighting active collaboration and battery
energy sharing among community participants. In terms of environmental impact, Sce-
nario 2 has the lowest Annual Greenhouse Gas Emissions, indicating a more sustainable
energy operation.

Based on these performance metrics, Scenario 4 stands out as the most favorable
option, offering a lower Initial Investment, which contributes to cost savings in the imple-
mentation phase. Additionally, it demonstrates reduced energy costs, ensuring long-term
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affordability and sustainability. Scenario 4 also presents higher energy independence,
with a significant amount of exported energy and a lower reliance on imports from the
grid. Moreover, this scenario exhibits a reasonably low rate of greenhouse gas emissions,
reflecting its environmentally friendly approach. Nonetheless, Scenarios 2 and 3 also
display promising characteristics, demonstrating active community engagement and a
well-balanced energy operation. While they do not outperform Scenario 4 in all aspects, they
present valuable alternatives that foster collaboration and contribute to the community’s
energy sustainability.

4.5. Future Works

The research presented in this study provides valuable insights into the optimiza-
tion of renewable energy communities. However, several avenues for future research
and exploration can further enhance our understanding and practical implementation of
collaborative energy sharing and optimization strategies:

Scalability Assessment: Exploring the scalability of the proposed optimization ap-
proach is crucial. Investigating its applicability to larger and more complex renewable
energy community settings can help determine its robustness and efficiency in a broader
range of scenarios [73].

Geographical Variability: Examining how different geographical locations and climates
impact the effectiveness of energy management strategies is important. Understanding how
environmental factors influence energy sharing and distribution can lead to region-specific
optimization models [74].

Regulatory and Policy Implications: Research into potential regulatory and policy
implications for the successful implementation of collaborative renewable energy sharing
in communities. This includes exploring legal frameworks and policy changes necessary to
support and incentivize energy sharing initiatives at various levels [9].

Practical Case Studies: Implement pilot RES or collaborate with real-world stake-
holders and implement the proposed optimization strategies in pilot projects to validate
theoretical models and provide practical insights [75].

Integration of Emerging Technologies: Evaluate the integration of emerging renewable
energy technologies, including blockchain, into the optimization framework. Assess the
efficiency gains, economic benefits, and potential for enhancing trust and transparency in
energy sharing and management [76,77].

5. Conclusions

In conclusion, this article presented a comprehensive analysis of a renewable energy
community, examining four different scenarios with varying degrees of collaboration
and energy management strategies. The sizing of the various energy production and
storage units inherent to each participant was carried out using a multi-swarm MOPSO
considering economical and technical criteria, namely the levelized cost of energy (LCOE),
self-consumption ratio (SCR) and self-sufficiency ratio (SSR).

The results revealed valuable insights into the performance and effectiveness of each
scenario. Scenario 4 emerged as the most beneficial option, showing a lower initial invest-
ment, reduced energy costs, higher energy independence, and a reasonable greenhouse
gas emission. This collaborative approach, where surplus power is shared among partici-
pants and individual storage systems are utilized as a last resort, demonstrated improved
renewable energy integration and a decreased reliance on the electrical grid. Additionally,
Scenarios 2 and 3 also displayed promising characteristics, emphasizing active community
engagement and balanced energy operations.

The study further demonstrated the effectiveness of using a multi-swarm and multi-
objective optimization approach to find the optimal solutions that balance various aspects
of community energy dynamics. Overall, the findings from this research contribute to
advancing our understanding of renewable energy integration in community settings and
offer valuable guidance for enhancing the resilience and sustainability of future energy
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systems. As renewable energy adoption continues to grow, collaborative approaches like
those explored in these scenarios will play a vital role in building more sustainable and
self-reliant communities.
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Abstract: The challenge of maintaining optimal comfort in residents while minimizing energy
consumption has long been a focal point for researchers and practitioners. As technology advances,
reinforcement learning (RL)—a branch of machine learning where algorithms learn by interacting
with the environment—has emerged as a prominent solution to this challenge. However, the modern
literature exhibits a plethora of RL methodologies, rendering the selection of the most suitable one a
significant challenge. This work focuses on evaluating various RL methodologies for saving energy
while maintaining adequate comfort levels in a residential setting. Five prominent RL algorithms—
Proximal Policy Optimization (PPO), Deep Deterministic Policy Gradient (DDPG), Deep Q-Network
(DQN), Advantage Actor-Critic (A2C), and Soft Actor-Critic (SAC)—are being thoroughly compared
towards a baseline conventional control approach, exhibiting their potential to improve energy use
while ensuring a comfortable living environment. The integrated comparison between the different
RL methodologies emphasizes the subtle strengths and weaknesses of each algorithm, indicating that
the best selection relies heavily on particular energy and comfort objectives.

Keywords: reinforcement learning; energy efficiency; thermal comfort; buildings; residents; Energym

1. Introduction

1.1. Motivation

Contrary to the outdated standpoint considering residents as static constructions,
the modern perspective identifies them as multifunctional cyber-physical entities able to
provide efficient thermal comfort and promote occupants’ quality of life [1–5]. However, to
provide adequate comfort to residents—using the potential integrated heating, ventilation,
and air conditioning (HVAC) equipment—a specific amount of energy needs to be con-
sumed. Such an amount portrays a significant portion of the overall energy consumption,
rendering residential buildings as energy-intensive consumers and a significant contributor
to the surge in greenhouse gas (GHG) emissions [6–8]. To this end, to maintain residential
comfort in a viable way, the need to harmonize energy conservation while maintaining
comfort levels has become an essential objective [9–12].

For many years, residents relied on manual approaches to control HVAC by adjusting
thermostats, opening windows, or turning on fans based on their immediate comfort needs.
While these actions provided quick adjustments to the indoor environment, the lack of
real-time adaptability often resulted in energy wastage during unoccupied or temperate pe-
riods [12,13]. Recognizing this gap, scheduling devices emerged, facilitating pre-configured
temperature preferences and timed functions, granting a level of autonomous management
while ensuring a stable comfortable environment. However, their static configurations often
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resulted in energy wastage during, e.g., vacant periods or unforeseen climatic changes,
highlighting the necessity of a more sophisticated control mechanism [14].

Following the initial steps in automation, Rule-Based Control (RBC) emerged as the
dominant strategy to strike a balance between energy saving and comfort. The utilized
rules derived from hands-on observations and expert recommendations, setting actions for
specific conditions, like reducing temperatures during off-hours or adjusting ventilation
according to occupancy [15]. RBC, however, illustrated numerous limitations, struggling
to adapt in real-time to varying factors such as changing weather, fluctuating occupancy,
or equipment variations [16]. Additionally, RBC was primarily centered on upholding
comfort standards, neglecting energy conservation or financial efficiency. The absence of a
holistic understanding of the interplay between various HVAC elements also resulted in
less ideal outcomes [16–18].

The complexity and unpredictability of managing HVAC led to the rise of algorithm-
based control methods, such as RL [19–23]. At its core, RL algorithms learn from interactions
with the environment, allowing decisions based on real-time data. Instead of relying on
predefined rules such as RBC, RL methodologies continuously refine their strategy, ensuring
optimal energy use without compromising comfort. Since residential environments are
dynamic—with changing occupancies and external conditions—RL frameworks were
adequate to anticipate and respond to different scenarios, whether it is a sudden weather
change or varying resident preferences [23,24]. This continuous learning and adaptability
mean that RL is sufficient to achieve long-term energy efficiency while always prioritizing
the comfort of inhabitants [25–27].

However, choosing the optimal RL approach for enhancing energy efficiency in HVAC
systems presents a significant challenge [28,29]. Given the dynamic nature of HVAC envi-
ronments, influenced by fluctuating weather conditions, varying building occupancy, and
equipment performance, no single RL algorithm stands out as a universal solution [29].
The plethora of RL algorithms, each tailored to specific scenarios and action spaces, further
complicated the selection. The lack of a one-size-fits-all RL solution for HVAC systems
suggests that evaluating numerous RL approaches is pivotal in identifying the best-suited
strategy for specific applications, such as HVAC systems. Different RL algorithms operate
uniquely when controlling residential HVAC due to their varied underlying principles,
learning mechanisms, and optimization strategies [23]. Each algorithm is designed with
certain assumptions and priorities, which means they respond differently to the dynamic
nature of HVAC environments, influenced by fluctuating weather conditions, varying
building occupancy, and equipment performance. Some might excel in rapidly changing
conditions, while others might be more stable and consistent over longer periods [29]. By
comparing different algorithms under consistent conditions, researchers may gain clarity
on their respective performances, ensuring evaluations are both fair and insightful [30].
This process highlights the strengths and weaknesses of each algorithm, aiding in mak-
ing informed decisions. Furthermore, it is not just about finding the best algorithm but
understanding how each can be optimized or tailored for specific scenarios.

Motivated by the plethora of RL approaches, current work integrates a comparison
between different RL control algorithms towards a conventional RBC approach for exhibit-
ing their adequacy to support an efficient optimal control scheme for balancing energy
saving and comfort. To this end, PPO, DDPG, DQN, A2C, and SAC methodologies are
thoroughly assessed in a simulative environment for their ability to control the operation
of HVAC and thus reduce energy consumption while ensuring indoor comfort. By testing
their energy-saving capabilities in a standard residential apartment setting, the research
reveals which algorithm stands out as the most suitable.

These algorithms have demonstrated superior performance in similar tasks in previous
research, indicating their potential effectiveness for the specific application of HVAC control.
Their ability to handle the complexities of an environment like a residential apartment
requires balancing between energy saving and comfort. Defining which RL approach
balances exploration and exploitation more efficiently is beneficial in finding the optimal

266



Energies 2024, 17, 581

control strategies for HVAC and portrays a key factor for the current study. Each of
these algorithms has unique strengths and characteristics which render them suitable
for the problem of HVAC control for energy saving and comfort. For instance, PPO is
known for its stability and reliability in different environments, making it a good choice for
applications where safety and consistency are important. DDPG and SAC, being off-policy
algorithms, are effective in environments with continuous action spaces, like HVAC control.
Another key factor for the selection of the specific set of algorithms was influenced by their
practicality in terms of implementation and the availability of support. Algorithms like PPO,
DDPG, DQN, A2C, and SAC are often well-documented and supported by popular machine
learning frameworks. This makes them more accessible for integration into existing systems,
particularly in HVAC applications, fostering potential future real-life deployment.

It should be mentioned, that the concerned RL algorithms are meticulously evaluated
against established criteria and user preferences, offering valuable insights into their
performance trends. This approach adopts a user-centric perspective, aligning algorithmic
control with individual comfort needs and energy efficiency goals, thereby providing
customized solutions for various thermal comfort categories. Additionally, by emphasizing
the distinct features of each algorithm, the study underscores the significance of choosing
the appropriate algorithm based on the specific requirements of the application.

1.2. Related Literature Work

The literature exhibits numerous RL applications in residential buildings for the
efficient control of different HVAC equipment. RL approaches such as PPO, DDPG, DQN,
A2C, and SAC are commonly utilized to balance energy saving and comfort, reducing
costs and the environmental impact on residents. More specifically, in [31], a comparison
of the DQN methodology towards a thermostat controller was assessed. The findings
indicate that the DQN-enabled intelligent controller surpassed the baseline controller. In
the simulated setting, this advanced controller enhanced thermal comfort by approximately
15% to 30% while concurrently achieving a reduction in energy expenses ranging from 5%
to 12%. The DQN algorithm in residents was also evaluated in [32], where a data-driven
approach was aimed at managing split-type inverter HVACs, factoring in uncertainties.
Data from similar AC units and homes were merged to balance out data disparities, and
Bayesian convolutional neural networks (BCNNs) were employed to estimate both the ACs’
performance and the associated uncertainties. Subsequently, the Q-learning RL mechanism
was established to perform informed decisions about setpoints, using insights derived from
the BCNN models. According to the outcome, the novel approach achieved slightly lower
energy consumption (19.89 kWh) and discomfort (1.44 °C/h) compared to the rule-based
controller [32].

In [33], a DDPG framework was tailored to regulate HVAC and energy storage sys-
tems without relying on a building’s thermal dynamics model. This approach took into
account a desired temperature bracket and various uncertain parameters. Comprehensive
simulations grounded in real-world data attest to the potency and resilience of the sug-
gested algorithm in comparison to the baseline ON/OFF control policy. According to the
results, the proposed energy management algorithm was able to reduce the mean value
of total energy cost by 15.21% compared to the baseline controller while also achieving a
lower mean value of total temperature deviation, indicating improved thermal comfort.
Similarly, in [34], researchers employed a dual-focused control strategy for HVAC systems
that balanced energy costs with user comfort. By addressing such objectives simultaneously,
an optimization model was structured toward energy cost predictions, past usage trends,
and external temperatures. Utilizing the DDPG method, an optimal control strategy was
achieved that was able to harmonize cost and comfort. According to the results, different
weighting factor prices balancing energy cost saving and comfort provided different re-
sults. For instance, when the weighting factor reached 0.5, 38.5% energy cost saving was
achieved. Increasing the weighting factor to 0.55, energy cost savings reached a 50% im-
provement in comparison to a predefined temperature schedule control approach. Thermal
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Comfort Improvement Factor ranged from 42.75% to −28.7% across different weighting
factor values.

A comparative analysis between DQN and DDPG methodologies was also carried
out to control multi-zone residential HVAC systems in [35]. The concerned optimization
objective was twofold: cut down energy expenses and ensure occupant comfort. By using
the DDPG method, they effectively learned from continuous interactions in a simulated
building setting, even without prior model insights. Their findings reveal that this DDPG-
guided HVAC management surpassed the leading DQN, slashing energy costs by 15% and
decreasing comfort breaches by 79%. Impressively, when pitted against a conventional
RBC method, the DDPG approach reduced comfort infractions by a staggering 98%.

The PPO approach was evaluated in [36] to fine-tune the operation of a building’s
HVAC system, aiming to enhance energy efficiency, uphold thermal comfort, and meet set
demand response targets. Simulated results showcased that leveraging RL for standard
HVAC management was sufficient to achieve energy savings of nearly 22% in weekly
energy consumption in comparison to a conventional baseline controller. Furthermore,
during periods requiring demand response, employing a controller attuned to demand
response with RL can lead to power fluctuations of about 50% over a week, in comparison to
a conventional RL controller, all the while ensuring the thermal comfort of the inhabitants.

To assess the effectiveness of deep reinforcement learning (DRL)-based control systems,
the researchers conducted evaluations of both PPO and A2C controllers. This evaluation
focused on summer cooling performance over one month, followed by a test in the sub-
sequent month using the pre-trained models [37]. Findings indicated that A2C generally
outperformed the PPO methodology, particularly with medium-sized network estimation
models, except in cool and humid climates, where a PPO control proved more effective.
According to the outcome, the A2C control methodology delivered 4% and 22% lower
energy consumption concerning the RBC methodology in cooling mode, all while ensuring
thermal comfort.

The SAC methodology was evaluated in [38], where the combination of an RL with
Long Short-Term Memory (LSTM) neural networks was aimed to steer heat pumps and
storage systems across four buildings. Their simulation framework incorporates LSTM
models, trained on an artificial dataset from EnergyPlus, to gauge indoor temperature
dynamics. The engineered controller effectively sustained comfortable indoor conditions
across various buildings, achieving a cost reduction of approximately 3% against the
baseline RBC approach. Furthermore, this DRL controller facilitated a peak demand
reduction by 23% and decreased the Peak-to-Average Ratio (PAR) by 20%. Additionally,
the DRL controller successfully harnessed interactions among diverse sources of flexibility,
enhancing the flexibility factor by 4%. Moreover, in [39], the SAC approach was also
utilized to efficiently control the thermal storage of a four-building cluster with unique
energy profiles. The goal was to optimize individual building energy usage while leveling
the overall energy load. When compared to a traditionally set RBC, the novel methodology
achieved 4% cost savings, reduced peak demand by up to 12%, and led to a 10% drop in
daily average peak, showcasing the benefits of SAC in energy management.

1.3. Novelty

Current work stands out for its comprehensive analysis, exploration of energy and
comfort trade-offs, performance evaluation against international standards, user-centric al-
gorithm selection, and detailed characterization of each algorithm. These facets collectively
contribute to the novelty and value of our research in advancing the field of residential
energy management.

Grounded in a comprehensive analysis of several prominent RL algorithms, namely
SAC, PPO, A2C, DDPG, and DQN, within the context of residential energy management,
current research evaluates each algorithm’s ability to balance energy efficiency and occupant
comfort—a critical consideration in modern living spaces. A key aspect of the current effort
lies in exploring the intricate trade-offs between energy reduction and thermal comfort.
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Such attributes have been achieved by implementing specific weighting parameters—a
novel approach that allows us to gauge each algorithm’s performance meticulously. Such
attributes not only assess the algorithms based on established criteria, but also factor
in user preferences in line with international standards. This approach yields valuable
insights into the general trends and performance nuances of the five algorithms under
scrutiny, especially regarding how alterations in weight factors and user preferences impact
their effectiveness. Moreover, additional emphasis has been given to the scalability and
adaptability of these algorithms in different residential settings. Contrary to the majority of
the literature, current efforts explore how these RL schemes may be effectively scaled up or
down, catering to a wide range of residential environments, from small apartments to large
houses, thus broadening the applicability and impact of findings.

Another interesting attribute highlighted in this study concerns the fact that some
particular algorithmic schemes, like DQN, may not be directly comparable with others
due to their intrinsic mechanisms. Conversely, it is observed that the PPO algorithm
consistently maintains lower Predicted Percentage of Dissatisfied (PPD) values, illustrating
its adaptability in shifting priorities between objectives. Such observations highlight the
necessity of understanding the unique characteristics of each RL algorithm, underscoring
the importance of selecting the most appropriate one for specific applications. To this end,
contrary to the majority of existing literature approaches, current research does not merely
provide a comparative analysis of these algorithms but also delves deep into their traits
and suitability for varied applications in residential energy management.

Moreover, current effort enables a user-centric selection of algorithms to empower
users to customize algorithmic control and align with their specific comfort needs and
energy efficiency objectives. Such attributes pave the way for choosing the most suitable
algorithm for each category of thermal comfort, thereby offering personalized solutions.
The integration of dynamic user feedback into algorithm performance evaluation is a
significant advancement. Unlike traditional static assessments, this approach allows for a
more realistic and adaptable evaluation, considering how user preferences can evolve. To
this end, current work reflects real-world scenarios accurately, where occupant preferences
and comfort levels are not constant but change in response to various factors.

The environmental impact of the current research also concerns a critical aspect. By
focusing on energy efficiency and sustainable living, the current study directly contributes
to the broader goals of reducing carbon footprints and promoting eco-friendly practices in
residential settings. This aligns with global environmental objectives and demonstrates
the societal relevance of your work. Last but not least, the potential for real-world imple-
mentation and commercialization of these algorithms portrays a fruitful prospect. Current
research efforts pave the way for developing new products or services that integrate these
advanced algorithms into smart home systems, offering tangible benefits to consumers and
industry stakeholders.

1.4. Paper Structure

The paper is structured as follows. In Section 1: Introduction, the motivation of the
current work is assessed and the related previous work and the novelty of the current work
are elaborated. Section 2: Joint Materials and Methods delivers the general mathematical
overview of the RL methodology while providing the conceptual background of the algo-
rithms concerned—PPO, DDPG, DQN, A2C, and SAC—regarding the implementation in
HVAC. Section 3: Testbed Description elaborates on the aspects of the concerned simulative
testbed description, while Section 4: Results and Discussion illustrates a thorough com-
parative analysis of RL algorithms’ performance in energy saving and comfort measures.
Last but not least, Section 5: Conclusions and Future Work concludes the outcomes of the
current study and describes the future work generated by the current research effort.
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2. Joint Materials and Methods

This section provides the mathematical description as well as the particularities of RL
applications in HVAC control applications. Providing the generalized concept of the RL
approach as well as the concept of the individual RL algorithms, the current work aims
to establish the landscape of the concerned RL concepts, familiarizing the reader with the
current state of the art and highlighting the relevance of the study at hand.

The General Reinforcement Learning Conceptual Background

In RL, an agent interacts with an environment over discrete time steps to achieve a
certain objective. At each time step, the agent observes the current state of the environment,
which provides a snapshot of all pertinent information about the environment at that
moment. Based on this state, the agent selects an action according to its policy. The policy
is essentially the strategy or behavior that the agent follows, and it can be deterministic
(always giving the same action for a given state) or stochastic (providing a distribution
over possible actions) [23,40].

Once the action is taken, the environment transitions to a new state and provides
feedback to the agent as a reward (Figure 1). This reward offers a numerical value indicating
how good or bad the action was in achieving the agent’s objective. Over time, the agent
aims to learn a policy that maximizes its expected cumulative reward, often referred to
as the return. To aid in this learning, the agent often estimates a value function, which
predicts the expected return from a given state when following a particular policy. This
value function helps the agent to judge the long-term consequences of its actions, enabling
it to favor actions that lead to higher cumulative rewards in the future [23,40].

Figure 1. The general reinforcement learning framework, with an autonomous agent acting in an
environment.

More specifically:

• State: The state, denoted as s, encapsulates the current environmental and system-
specific conditions that are pertinent to the decision-making process of HVAC control.
In the context of HVAC control, the state can be formally represented as [23]:

s = [Troom, Tsetpoint, Texternal, noccupants, t, . . .] (1)

where Troom is the current room temperature; Tsetpoint is the desired temperature;
Texternal denotes the external temperature; noccupants is the number of occupants; t
represents the current time or time of day.

• Action: The action space encompasses the set of all feasible actions that the HVAC
system can take at any given state. Let a denote an action taken by the RL agent. In
the HVAC context, this is represented as:

a ∈ {ON, OFF, ΔTsetpoint, Δairflow} (2)

where ON and OFF denote the operational status of the HVAC; ΔTsetpoint repre-
sents the adjustment to the temperature setpoint; Δairflow signifies changes in the
airflow rate.

• Reward: The reward function provides a quantitative measure of the quality of an
action taken by the agent in a particular state. For HVAC systems, the reward function
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aims to strike a balance between energy efficiency and occupant comfort. Formally,
the reward r(s, a) can be defined as:

r(s, a) = −αEconsumed + βCcomfort − δ|Troom − Tsetpoint| (3)

where α, β, and δ are weighting parameters; Econsumed is the energy consumed by the
HVAC system; Ccomfort quantifies the comfort level of occupants.

• Policy: The policy, denoted as π, provides a mapping from states to actions. It repre-
sents the strategy that the RL agent employs to act in the environment. Depending
on the RL approach, this policy can be deterministic or stochastic. In deep RL con-
texts, this policy is often parameterized by a neural network, leading to a functional
representation:

a = πθ(s) (4)

where θ represents the parameters of the neural network.
• Value Function: The value function offers a prediction of the expected cumulative

reward from a given state when following a particular policy. For a policy π, the value
function Vπ(s) is defined as:

Vπ(s) = Eπ

[
∞

∑
t=0

γtr(st, at)|s0 = s

]
(5)

Here, γ is a discount factor that ensures future rewards are discounted to reflect their
temporal delay.

In the context of HVAC control, the goal is twofold: achieve energy saving while
maintaining occupant comfort. The state typically captures variables that influence HVAC
decisions, such as current room temperature, desired temperature setpoint, external tem-
perature, and the number of occupants. This comprehensive state representation ensures
that the RL agent has enough information to make informed decisions. The reward func-
tion is designed to balance energy efficiency and comfort. For instance, the agent could
receive a positive reward for keeping room temperatures within a comfortable range and a
negative reward proportional to the energy consumed. This way, the agent is encouraged
to maintain comfort while using as little energy as possible [23,41].

The policy in this scenario maps from the rich state information to HVAC control
actions, such as turning the system on/off or adjusting temperature setpoints. As the agent
interacts with the environment (the residence and its HVAC system), it refines this policy
to better achieve the dual objectives. The value function in the HVAC context provides
insights into the long-term benefits of current actions. For instance, turning off the HVAC
system might save energy now but could lead to discomfort later, resulting in a lower value.
By considering such long-term consequences, the agent is adequate to provide decisions
that balance immediate energy savings against future comfort levels [41].

3. Testbed Description

In this study, the simulative testbed concerned a four-floor residential building in
Tarragona, Spain, with diverse equipment like thermostats and a central geothermal heat
pump, which was integrated into the Energym open-source building simulation library.
The setup employed the Stable Baselines3 Python library, creating an environment where the
RL agent interacts with the building model, and adjusts thermostat setpoints, while other
settings are fixed. The agent’s actions influence the building’s thermal zones, with the envi-
ronment providing feedback in terms of temperature, humidity, and energy consumption
data. A multi-objective reward function guides the agent, balancing energy efficiency and
thermal comfort, modifiable by adjusting weight parameters. The setup was benchmarked
against a classic temperature control system, fostering a sufficient evaluation of the RL
algorithms’ effectiveness in optimizing residential energy management while maintaining
occupant comfort.
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3.1. Energym Framework

Energym [42] is a Python-based open-source library that is based on both Energy-
Plus and Modelica, providing different benchmark building models that are interfaced
using the Functional Mockup Interface (FMI) standard. This building framework con-
sists of 11 simulation models providing diverse equipment installments (thermostat, heat
pump, battery, air handling unit, electric vehicle, photovoltaic), distinct building us-
ages (apartments, houses, offices, seminar center, and mixed-use), and different meth-
ods in the control settings (controlling thermostat setpoints and controlling the equip-
ment directly). In this work, the ApartmentsGrid-v0 case is adopted. This is a residen-
tial building located in Tarragona, Spain, consisting of four floors, each of them be-
ing an apartment, and there are eight thermal zones (two per floor). The thermal sys-
tem of the building has a central geothermal heat pump (HP) directly connected to
hot water tanks (one per apartment) used only for domestic hot water (DHW) con-
sumption, and to a heating loop providing heat to the entire building. Therefore, re-
garding the equipment that is present in the building, there are four controllable ther-
mostats (one per floor), a non-controllable heat pump, one battery, and one electric ve-
hicle (EV). The simulation inputs (11 in total) involve thermostat setpoints for the four
floors (P1_T_Thermostat_sp, . . . , P4_T_Thermostat_sp), heat pump temperature setpoint
(Bd_T_HP_sp), temperature setpoints for each tank (P1_T_Tank_sp, . . . , P4_T_Tank_sp),
battery charging/discharging setpoint rate (Bd_Pw_Bat_sp), and EV battery charging set-
point rate (Bd_Ch_EVBat_sp). The output part consists of an extensive set (69 in total)
of measurements with respect to the behavior of the building for a given input vector.
These simulation outputs provide temperature (Z01_T . . . Z08_T), humidity, and appli-
ance energy measurements in different zones of the building, supply and return tem-
perature for the heat pump, total energy consumption and HVAC energy consumption
(Fa_E_HVAC), outdoor temperature (Ext_T), and other outputs related to the batter-
ies. For more information about the building ApartmentsGrid-v0, including its thermal
zones, components, inputs, and outputs, please refer to the Energym documentation https:
//bsl546.github.io/energym-pages/sources/apg.html (accessed on 28 November 2023).

3.2. Building Simulative Testbed

The overall workflow contains two gym-based environments which work in conjunc-
tion with the well-known Python library, Stable Baselines3 [43]. The chosen model from
the Energym framework, i.e., the ApartmentsGrid-v0, serves as a building model that re-
sponds with 69 output measurements for a given set of 11 input signals each time, whereas
the second gym-based environment, named IntermediateEnv, establishes the interaction
between the ApartmentsGrid-v0 and the RL agent implementations of Stable Baselines3.
Sections 3.3 and 3.4 describe the encapsulated operation within IntermediateEnv. Thus, the
RL agent is encountered with IntermediateEnv with a Markov property interacting constantly.
The overall workflow is depicted in Figure 2. More specifically, the Energym simulation
model operates at a fine granularity, running for 480 time steps per day, with each step
representing a 3 min interval. This detailed time scale allows for a nuanced simulation
of the building environment’s dynamic responses. In contrast, the IntermediateEnv, which
facilitates the interaction between the RL agent and the Energym simulation, operates on
a coarser time scale. It runs for 48 time steps per day, with each step corresponding to a
30 min interval. This difference in time step granularity is critical for the application of
RL actions. Actions determined by the RL agent in the IntermediateEnv are applied to the
Energym simulation model and held constant (clamped) for a duration of 10 Energym time
steps, cumulatively amounting to 30 min. This approach ensures that each action has a
sustained impact on the building environment, allowing the system enough time to reach
a more stable state in response to the action. Also, it ensures that the system’s response
is not merely a transient reaction to the changes but rather a reflection of a more settled
state. Such a setup is important in evaluating the effectiveness of the RL algorithms over a
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realistically significant duration, accurately capturing the implications of each action on
energy consumption and thermal comfort in the simulated building.

Figure 2. Operational scheme for the residential energy saving and comfort management application,
coupling Energym, IntermediateEnv, and Stable Baselines3 library.

As mentioned, Energym includes a wide set of input and output measurements on
this specific building. The utilized input and output signals are depicted in Tables 1 and 2,
respectively. Note that we change the notation of these measurements. To enhance the
comprehensibility of the actions and states within our experimental setup, we have opted
to use descriptive names that differ from the original Energym nomenclature. This decision
was made to ensure clarity and ease of understanding for readers not familiar with the
specific terminologies of the Energym platform.

Table 1. Action signals of the RL agent.

Parameter Description Parameter Description Symbol in Energym Symbol in This Work

Thermostat setpoints for floors 1
to 4 (°C) [16, 26] P{X}_T_Thermostat_sp Thermostat{X}

Heat pump temperature setpoint
(°C) [35, 55] Bd_T_HP_sp Heatpump

Temperature setpoints for tanks
1 to 4 (°C) [30, 70] P{X}_T_Tank_sp, Tank{X}

Battery charging/discharging
setpoint rate [−1, 1] Bd_Pw_Bat_sp Batteryrate

EV battery charging setpoint rate [0, 1] Bd_Ch_EVBat_sp EVBatteryrate

Table 2. Subset of output measurements (state signals) from the building model that are inserted in
the IntermediateEnv.

Parameter Description Parameter Description Symbol in Energym Symbol in This Work

Zone temperatures for zones 1 to
8 (°C) Z0{X}_T [10, 40] Tempzone{X}

Outdoor temperature Ext_T [−10, 40] Tempext
HVAC energy consumption

(Wh) Fa_E_HVAC [0, 2000] Econs
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3.3. Actions and State

The ongoing interaction between the agent and the environment involves the agent
selecting actions, to which the environment responds by providing rewards and introducing
new states for the agent to consider. The action is of the following form:

action =
{
(Thermostat1 . . . Thermostat4), Heatpump, · · ·
· · · , (Tank1 . . . Tank4), Batteryrate, EVBatteryrate

} (6)

where (Thermostat1 . . . Thermostat4) represent the thermostat setpoints for each floor,
Heatpump is the heat pump temperature setpoint that constantly takes a mean value in
its operating bounds, (Tank1 . . . Tank4) are the tank temperature setpoints for each floor
constantly taking a mean value of their operating bounds, Batteryrate stands for the battery
charging/discharging setpoint rate that is constantly zero, and EVBatteryrate is the EV
battery charging setpoint rate that is also zero every time. The action variables that are left free
to be adjusted/trained by the agent are the four thermostats, while the remaining setpoints
for the tanks and the heat pump constantly take a mean operating value. In this work, we
leave aside the electrical parts of the battery and EV battery, so these values will constantly be
zero throughout the interaction with the building model. Thus, the action space is completely
aligned with the input space of the ApartmentsGrid-v0 building model. As mentioned, the
building model returns 69 measurements for a given action vector. The observation space is a
subset of those building responses. The state variables are defined as follows:

state = {(Tempzone1 . . . Tempzone8), Tempext, Econs} (7)

where (Tempzone1 . . . Tempzone8) and Tempext represent the temperature measurements in
degrees Celsius for the eight different building zones and outdoor conditions, respectively,
and Econs stands for the HVAC energy consumption, which is also measured continuously.

3.4. Reward Function

The objective here is to reduce energy consumption while sustaining thermal comfort
for occupants controlling solely the thermostats of the building. Indeed, two contradictory
factors together formulate the multi-objective reward function. Thus, the reward function
is defined as:

reward = {α[Econs(t)]− β[Thcom(t)]} (8)

where Econs(t) is the HVAC energy consumption that is straightforwardly measured from
the building at each time instance, while Thcom(t) is directly connected with the thermal
comfort index. The emerging trade-off between HVAC energy consumption and thermal
comfort is shifted into the tuning process of parameters α and β in reducing the first
factor as much as possible while sustaining acceptable levels of comfort with minimum
penalty. Different weights between the two tuning parameters present different results in
favoring either the first or the second reward sub-term. In this work, we keep β = (1 − α),
considering three weight sets {0.1, 0.5, 0.9} towards testing three different operational
modes. The intermediate scenario (weight = 0.5) induces a balance between the two reward
factors, while the other two cases maintain slightly extreme cases that focus on either
reducing electricity bills with a large thermal comfort penalty or increasing high levels of
thermal comfort regardless of energy consumption.

3.5. Baseline Classic Controller Description

To evaluate the effectiveness of the adopted RL controllers, it is essential to compare
their performance against a traditional, established control system. For this purpose, we
utilize a classic controller, as implemented in the Energym framework, to serve as our
baseline. This controller operates on a simple yet effective principle; it maintains a specified
indoor temperature within a defined tolerance range. The operational mechanism of this
classic controller is straightforward. It requires a set temperature and a tolerance limit.
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Whenever the indoor temperature deviates from the set value by more than the tolerance
(in absolute terms), the controller activates to restore the temperature to the predetermined
level. For our comparative analysis, we have set the average indoor temperature to
20.375 °C. This setpoint is coupled with a tolerance of 0.3 °C to allow for minor fluctuations
without triggering the control mechanism unnecessarily.

During the operation of the classic controller, we observed an average PPD index
of 5.9%. This metric provides insight into the level of thermal comfort experienced by
occupants and is crucial for assessing the practicality of the control strategy from a human-
centric perspective. In terms of energy efficiency, the classic controller showed an average
energy consumption of 430.183 Wh per time step. This consumption rate is a critical
benchmark for evaluating the energy performance of our RL controllers under identical
conditions. By comparing the performance of the RL controllers with this classic controller,
we aim to ascertain not only their relative energy efficiency but also their ability to maintain
occupant comfort, thereby determining their viability for practical applications in building
energy management.

3.6. Thermal Comfort Metrics

The energy consumption of buildings is significantly influenced by various factors,
such as indoor environmental conditions (including temperature, ventilation, and lighting)
and the design and operation of the building and its systems. Simultaneously, these indoor
conditions have a profound impact on the well-being, performance, and overall satisfaction
of occupants within the built environment. It has been established that maintaining high-
quality indoor environmental conditions can enhance work and learning performance,
reduce absenteeism, and increase overall comfort. In addition, occupants who experience
discomfort are more inclined to take actions to enhance their comfort, which might have
implications for energy usage. Consequently, there is an increasing demand for well-defined
criteria to guide building design and energy assessments [44]. To address these concerns, a
series of indices have been developed, rigorously tested, and implemented to evaluate and
optimize the indoor thermal environment. The wide set of international standards in this
area include (i) ASHRAE 55 [45]—thermal environment conditions for human occupancy;
(ii) ISO 7730 [46]—ergonomics of the thermal environment and analytical determination
and interpretation of thermal comfort using calculation of the Predicted Mean Vote (PMV)
and Predicted Percentage of Dissatisfied (PPD) and local thermal comfort effects; (iii) EN
16798 [47]—specification of criteria for measurements and methods for long-term evaluation
of the indoor environment obtained as a result of calculations or measurements.

Thermal comfort assessment is a multifaceted process that takes into account several
critical factors and aims to predict how a group of individuals perceives their thermal
environment. This involves considering environmental parameters, including relative
humidity (RH) and dry-bulb air temperature (tdb), and individual variables such as total
clothing insulation (Icl) and metabolic rate (M). The PMV is the established reference for
assessing thermal comfort in mechanically conditioned buildings, serving as a tool to
anticipate individuals’ perceptions of their thermal environment. For naturally conditioned
buildings, the adaptive models of EN and ASHRAE are utilized. The PPD index provides
insight into the percentage of people likely to feel too warm or too cool. Figure 3 illustrates
the thermal sensation scale and the representation of PPD as a function of PMV [48,49].
The PMV values correlate with the PPD index, highlighting the balance between thermal
comfort and dissatisfaction.

The application of these comfort models in practical scenarios is detailed in Table 3.
The table categorizes levels of thermal comfort expectation, delineating the acceptable PMV
ranges and corresponding PPD percentages, which formulate the assessment metrics for
building thermal comfort. These categories range from Category I, which signifies a high
level of thermal comfort expectation suitable for sensitive groups (expectation with less
than 6% predicted dissatisfaction), to Category IV, indicating a lower expectation that is
considered acceptable for only part of the year.
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(a) (b)
Figure 3. Thermal sensation scale and representation of PPD as function of PMV. (a) Thermal comfort
variables and PMV range: https://www.dexma.com/wp-content/uploads/2022/10/Predicted-
Mean-Vote-index-Dexma.png (accessed on 28 November 2023). (b) Correlation between PMV and
PPD indices.

Table 3. Different levels of criteria regarding thermal comfort based on EN 16798-2 standard [47].

Category PPD % PMV Description

I <6 −0.2 < PMV < +0.2 High level of expectation and also recommended for spaces occupied by very
sensitive and fragile persons with special requirements like some disabilities,
sick, very young children, and elderly persons, to increase accessibility.

II <10 −0.5 < PMV < +0.5 Normal level of expectation.

III <15 −0.7 < PMV < +0.7 An acceptable, moderate level of expectation.

IV <25 −1.0 < PMV < +1.0 Low level of expectation. This category should only be accepted for a limited
part of the year.

4. Results and Discussion

This section delves deeper into the comparative performance of various RL algorithms
in the context of a multi-objective reward function focusing on energy consumption and
thermal comfort. In the context of the classic controller, with an average energy con-
sumption of 430.183 Wh per time step and an average PPD of 5.9%, these RL algorithms
demonstrate a range of performances. This comparative analysis highlights the strengths
and limitations of each RL algorithm in balancing energy efficiency and occupant comfort.
Such insights are vital for selecting the most suitable algorithm for specific building envi-
ronments and occupant needs, ultimately contributing to more intelligent and sustainable
building management systems. The performance of these algorithms, as shown in Table 4,
is evaluated under different weight scenarios (w = 0.1, w = 0.5, and w = 0.9) that prioritize
either energy reduction or thermal comfort to varying degrees. The average values for
each algorithm presented in Table 4 are derived from five distinct evaluation runs for
generalization purposes. For metrics such as Predicted Percentage Dissatisfied (PPD), the
average is computed across the building’s eight zones, providing a comprehensive view
of the occupant’s comfort throughout the entire building. This methodical approach to
averaging ensures that the reported values accurately reflect the overall performance of the
algorithms in varying spatial contexts within the simulated environment. Note that the
architecture and hyper-parameter configuration of the utilized RL algorithms are presented
in Appendix B, i.e., Tables A1–A5.

In Appendix C, we provide a comprehensive collection of supplementary results
(see Figures A1–A15) that encapsulate the extensive simulations conducted across various
algorithmic cases. For each RL algorithm examined, we present detailed visual data under
different weight scenarios, including (a) the Predicted Percentage Dissatisfied (PPD) for
each thermal zone within the building, offering insights into the thermal comfort levels
achieved; (b) the measured temperature for each building zone, which illustrates the algo-
rithms’ performance in maintaining the desired thermal conditions; (c) the HVAC energy
consumption throughout the day, providing a quantitative measure of the algorithms’
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energy efficiency. This ensemble of 45 images serves to augment the empirical findings
discussed in the main text, allowing for a granular assessment of each RL algorithm’s ability
to navigate the trade-offs between thermal comfort and energy consumption. By presenting
these data visually, we aim to facilitate a deeper understanding of the nuanced performance
characteristics of each algorithm within a residential building energy management context.

Table 4. Performance comparison after 5 distinct runs for each algorithm.

Weight Case RL Algorithm
Average HVAC Energy

Consumption (Wh)
Average PPD (%) Average Power Diff (%)

w = 0.1

SAC 119.0829 25.11 72.32
PPO 307.7933 6.54 28.45
A2C 82.4841 34.91 80.83

DDPG 191.3231 24.40 55.53
DQN 318.9417 7.78 25.86

w = 0.5

SAC 258.8230 9.63 39.83
PPO 297.7426 6.8 30.79
A2C 320.5797 7.04 25.48

DDPG 214.5196 25.15 50.13
DQN 507.4004 7.27 −17.95

w = 0.9

SAC 258.6270 8.68 39.88
PPO 314.7583 6.50 26.83
A2C 301.9630 6.92 29.81

DDPG 199.7418 25.08 53.57
DQN 467.2232 6.30 −8.61

4.1. Weight Implications on Performance

The weight factor in the reward function plays a crucial role in balancing between
reducing energy consumption and maintaining thermal comfort, specifically:

Weight 0.1: This weight setting places a higher emphasis on energy reduction. Algo-
rithms operating under this weight are expected to minimize energy usage, potentially at
the expense of occupant comfort.

Weight 0.5: Represents a balanced approach, giving equal importance to both energy
savings and maintaining a satisfactory PPD level.

Weight 0.9: Prioritizes thermal comfort, aiming to achieve a PPD level close to 6%, akin
to the performance of the classic controller, and aligning with the standards of Category I,
which represents a high level of thermal comfort expectation.

4.2. Analysis of RL Algorithms

Each RL algorithm demonstrates unique characteristics under the aforementioned
weight settings:

Soft Actor-Critic (SAC): Under weight 0.1, SAC significantly reduces energy con-
sumption but with a higher PPD, indicating a compromise in comfort. As the weight
shifts towards thermal comfort (w = 0.9), SAC shows a balance, maintaining lower energy
consumption while keeping the PPD close to the desired 6%. This performance makes SAC
particularly suitable for environments that require normal levels of thermal comfort. Its
ability to achieve a relatively low PPD while also providing substantial energy savings
exemplifies its applicability in scenarios where both comfort and energy efficiency are
important, but a perfect balance is not critical (like Category II).

Proximal Policy Optimization: PPO demonstrates moderate energy consumption
across all weight settings, with consistently lower PPD values, indicating a steady perfor-
mance in balancing energy efficiency and comfort. One of PPO’s strengths is its ability to
achieve lower PPD values, which is indicative of higher occupant thermal comfort. This is
particularly significant in settings where maintaining a comfortable indoor environment
is as important as energy efficiency. PPO shows a commendable adaptability to varying
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weights in the reward function. Whether the focus is on energy efficiency or thermal
comfort, PPO adjusts its strategy accordingly, showcasing its flexibility. Perhaps the most
notable aspect of PPO is its balanced approach to energy efficiency and occupant comfort.
Unlike some algorithms that may excel in one aspect but fall short in the other, PPO pro-
vides a harmonious balance, making it a versatile choice for a wide range of applications.
Another aspect is related to the reliability it offers. In terms of operational predictability
and reliability, PPO presents fewer fluctuations in performance metrics, which is beneficial
for long-term planning and consistent building management operations. However, it is
crucial to recognize that due to its intrinsic algorithmic design, PPO inherently lacks the
granularity to precisely adjust the equilibrium between energy saving and thermal comfort
objectives in this formulated problem. PPO is influenced by the reward function’s design,
neural network architecture, and entropy term. Adjustments to these factors can help fine-
tune the algorithm’s policy, potentially improving adherence to desired comfort levels. This
limitation subtly guides its performance to align more closely with scenarios characteristic
of Category I, irrespective of the weight variations in the reward function. PPO’s opera-
tional framework, therefore, inherently favors occupant comfort optimization, a trait that
becomes increasingly apparent under diverse reward function conditions. This inclination
towards maintaining lower PPD values, despite shifts in prioritization, highlights PPO’s
aptness for environments where thermal comfort is paramount, yet also underscores a
potential limitation in settings where a distinct emphasis on energy efficiency, with a more
flexible balance, is essential.

Advantage Actor-Critic: At a weight of 0.1, A2C demonstrates the lowest energy
usage among all tested algorithms, highlighting its strong inclination towards energy con-
servation, but with the highest PPD, suggesting a strong bias towards energy saving over
comfort. As the weight shifts towards prioritizing thermal comfort (such as at weight 0.9),
A2C shows a slight improvement in maintaining comfort levels. However, this improve-
ment is marginal, suggesting that while A2C can adapt to different priorities, its strength
lies predominantly in energy saving with a small fraction of penalty in thermal comfort.
A2C’s performance profile makes it a decent candidate for energy-critical applications,
especially in scenarios where energy budgets are tight, and slight compromises in comfort
can be tolerated. One of A2C’s advantages is its predictability in energy-saving outcomes,
making it a reliable option for long-term energy management strategies where consistent
low energy usage is paramount.

Deep Deterministic Policy Gradient: DDPG’s performance in terms of PPD and
energy consumption remains relatively consistent across different weight settings, as
indicated by its PPD values ranging from 24.4% to 25.15%. However, it is important to note
that these PPD values, hovering around 25%, signify a lower level of occupant thermal
comfort, aligning more with Category IV standards (Low Expectation, PPD < 25%). While
DDPG demonstrates a certain level of stability in its performance, it does so at a relatively
lower standard of thermal comfort. This aspect is crucial for applications where higher
thermal comfort is a priority.

Deep Q-Network: The performance of the DQN algorithm across different weights
suggests a tendency towards higher energy consumption without proportionate gains
in thermal comfort with an exception to w = 0.1, where it provides an adequate energy
reduction with a small penalty on thermal comfort. Even at a weight of 0.9, where the focus
is more on comfort, DQN consumes considerably more energy compared to the classic
controller (−8.61%), while achieving only marginally better PPD values (6.3%). This trend is
more pronounced at weights 0.5 and 0.9, where DQN’s energy consumption far exceeds the
baseline set by the classic controller, indicating inefficiency. This suggests that DQN, despite
its potential to achieve lower PPD values, does so at a significant energy cost, making
it less suitable for applications where energy efficiency is a priority or where a balance
between energy consumption and thermal comfort is desired. The inherent design of DQN,
particularly its approach to discretizing the action space, might be a contributing factor to
its performance characteristics. Non-continuous discretization can limit the algorithm’s
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ability to fine-tune its actions for optimal performance, potentially leading to higher energy
consumption and only marginal improvements in thermal comfort.

4.3. Overall Comparison and Implications

The analysis reveals a diverse range of responses from each RL algorithm to the
prioritization of energy reduction versus thermal comfort. PPO and A2C exhibit a more
balanced approach across different weights, suggesting their suitability for scenarios where
both energy efficiency and comfort are equally prioritized. SAC and A2C are the most
energy-efficient but they heavily compromise comfort in the w = 0.1 scenario. On the
other hand, these two algorithms produce the desired performance on the other two
weighting scenarios in both objective metrics. DDPG and DQN appear more inclined
towards optimizing comfort, especially at higher weights, leading to degraded models.

However, it is essential to identify the best-performing algorithm for each thermal
comfort category based on the results to provide clear guidance on which RL algorithms are
most suitable for different levels of thermal comfort expectations, from the most strict (Cate-
gory I) to the least (Category IV). Thus, the best-performing RL algorithms for each thermal
comfort category, considering both energy consumption and PPD values, as follows:

Category I (High Expectation, PPD < 6%): For this category, where a high level
of thermal comfort is expected, the algorithm that maintains PPD closest to 6% with the
lowest energy consumption is ideal. In our results, PPO and A2C stand out as the most
suitable choices, balancing energy efficiency while maintaining a high level of comfort.
More specifically, the lowest achieved PPD values are 6.5% and 6.92% for PPO and A2C,
respectively, under weight case w = 0.9, providing energy reduction of 26.83% and 29.81%.
Both PPO and A2C demonstrate their capability to operate effectively in scenarios demand-
ing stringent comfort requirements, as defined by Category I. Their performances suggest
that they can achieve near-optimal thermal comfort levels while also contributing to energy
savings, making them well-suited for applications where occupant comfort is a paramount
concern, but energy efficiency cannot be overlooked.

Category II (Normal Expectation, PPD < 10%): Here, the acceptable level of discom-
fort is slightly higher but still lies within the normal level of expectation. Thus, algorithms
that can maintain PPD below 10% while optimizing energy consumption are preferred.
SAC demonstrates a commendable balance between energy efficiency and thermal comfort.
In our results, under the weight case w = 0.9, SAC achieved a PPD of 8.68%, which is
within the acceptable range for Category II. Moreover, it managed to reduce energy con-
sumption by nearly 40% (39.88%), indicating its effectiveness in optimizing energy usage
while maintaining a reasonable level of occupant comfort. This performance makes SAC
particularly suitable for environments that require normal levels of thermal comfort. Its
ability to achieve a relatively low PPD while also providing substantial energy savings
exemplifies its applicability in scenarios where both comfort and energy efficiency are
important, but a perfect balance is not critical.

Category III (Moderate Expectation, PPD < 15%): Based on the produced results, no
case lies within the PPD range of [10%, 15%), so the selected algorithm would still be SAC.
We should select an algorithm that keeps the PPD within this threshold while optimizing
energy consumption. Looking at the data, SAC with weight 0.9 could be a better fit for
Category III, as it has a PPD of 8.68%, which is within the threshold, and offers a reasonable
energy reduction of 39.88%.

Category IV (Low Expectation, PPD < 25%): This category allows for a higher level
of discomfort in favor of energy savings, but the PPD still needs to be below 25%. DDPG
with weight 0.1 might be a suitable option for Category IV, as it has a PPD of 24.4%, which
is within the threshold, and an average HVAC power of 191.3231 Wh, indicating high
energy efficiency (55.53% consumption reduction with respect to classic controller).

Figure 4 provides a visualized representation of Table 4 to easily compare the trade-offs
between energy savings and thermal comfort provided by each algorithm under different
preference weightings, giving a clear picture of which algorithms are more suitable for
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certain comfort categories and energy efficiency objectives. The data points are color-coded
and shape-coded for each RL algorithm across three different weight conditions (w = 0.1,
w = 0.5, and w = 0.9). The lines with arrows are intended to depict the trajectory from
energy reduction towards thermal comfort for each RL algorithm as the weighting factor
changes from w = 0.1 to w = 0.9. This way, the arrows represent the direction of increasing
weight on the PPD in the reward function, moving from right to left on the graph.

Figure 4. Visualized version of Table 4 incorporating thermal comfort categories. Dotted lines with
arrows show the direction of each algorithm from energy saving to thermal comfort case based on
reward function weights.

This categorization approach allows for a targeted selection of RL algorithms based
on specific thermal comfort requirements and energy efficiency goals. It enables the
implementation of more nuanced and effective building management strategies, catering
to the varying needs of building occupants and operational efficiency mandates. In the
broader context of multi-objective optimization in building management, these insights are
critical. They not only inform the selection of appropriate algorithms for specific building
environments but also highlight the inherent trade-offs between energy efficiency and
occupant comfort. This understanding is pivotal for developing intelligent and sustainable
building management systems that align with various occupant needs and environmental
sustainability goals.

5. Conclusions and Future Work

The current study presents a comprehensive analysis of five prominent RL algorithms—
PPO, DDPG, DQN, A2C, and SAC—in the context of residential energy management,
with a focus on balancing energy efficiency and occupant comfort. The research stands
out for its in-depth evaluation of these algorithms’ performance in maintaining energy
efficiency while ensuring thermal comfort, taking into account different occupant comfort
expectations and energy efficiency goals. It should be noted that the study does not merely
advance the perception of different RL applications in residential energy and comfort
management but also serves as a guide for implementing RL algorithms in real-world
scenarios. It underscores the potential of these algorithms to create more energy-efficient
and comfortable living environments, while also emphasizing the importance of aligning
algorithm selection with specific user preferences and comfort requirements

The current study quantified thermal comfort using the PPD, aligned with interna-
tional standards, categorizing levels of thermal comfort expectations into four categories
based on the PMV range. The results demonstrated that SAC and A2C are particularly ef-
fective in scenarios emphasizing energy savings, presenting minimal deviations in thermal
comfort from the ideal thermal comfort category. PPO maintained a balanced performance
in energy efficiency and thermal comfort irrespective of the weighting factors in the re-
ward function. DDPG provided a lower level of occupant thermal comfort, leading to a
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degraded performance, whereas DQN offered an adequate energy reduction with a small
penalty on thermal comfort. However, DQN’s tendency to increase energy consumption
when prioritizing thermal comfort was evident. This analysis underscored the nuanced
capabilities and limitations of each algorithm, suggesting that the optimal choice is highly
dependent on specific energy and comfort goals. To this end, the study highlighted the
importance of tailored algorithm selection in intelligent building management systems and
offered insights for future applications aimed at harmonizing energy conservation with
occupant comfort.

The future work generated from the current study is primarily focused on the real-life
implementation of RL algorithms in residential energy management. This will provide
invaluable data on their performance and robustness in diverse real-world environments,
where variables such as varying weather conditions, different architectural designs, and
fluctuating occupant behaviors play significant roles. Additionally, integrating user feed-
back mechanisms to refine the algorithms’ responsiveness to dynamic comfort preferences
portrays another essential aspect for the continuation of the work. Moreover, the integra-
tion of renewable energy sources (RESs) and the algorithms’ adaptability to smart grid
technologies may also significantly enhance their applicability and efficiency, aligning with
broader sustainability goals. Such real-world application and continuous refinement will
validate the research findings in real life, while also contributing to the evolution of more
intelligent, adaptive, and user-centric home energy management systems (BEMS).
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Appendix A. Reinforcement Learning Algorithm Background

Appendix A.1. DQN Conceptual Background

The DQN methodology [50] was introduced in 2015, igniting the field of deep RL and
replacing the need for a table to store the Q-values. Deep neural networks are used to ap-
proximate the Q-function for each state–action pair in a given environment, by minimizing
the mean squared error between actual and predicted Q-values. The contributions of DQN

281



Energies 2024, 17, 581

are as follows. (i) Policies can be learned directly utilizing a design of an end-to-end RL
approach. (ii) The training of action value function approximation is stabilized with the
adoption of deep neural networks that use the core ideas of experience replay (removes
the correlations in the observation sequence and smoothes over changes in the data distri-
bution) and target network. (iii) It has an iterative update that adjusts the action values
(Q) towards target values that are only periodically updated, thereby reducing correlations
with the target. (iv) A flexible network is trained using the same algorithm, architecture,
and hyperparameters, performing well in diverse applications. The pseudo-code of DQN
is presented in Algorithm A1.

Algorithm A1 DQN [50]
Initialize replay memory D
Initialize action-value function Q with random weights θ
Initialize target action-value function Q̂ with weights θ− = θ

1: for episode = 1 to M do
2: Initialize sequence s1 = {x1} and preprocessed sequence φ1 = φ(s1)
3: for t = 1 to T do

4: Following ε-greedy policy, select at =

{
a random action, with probability ε

arg maxa Q(φ(st), a; θ), otherwise
5: Execute action at in emulator and observe reward rt and image xt+1
6: Set st+1 = st, at, xt+1 and preprocess φt+1 = φ(st+1)
7: Store transition (φt, at, rt, φt+1) in D � Store the experience in replay buffer
8: Sample random minibatch of transitions (φj, aj, rj, φj+1) from D

9: Set yj =

{
rj, if episode terminates at step j + 1
rj + γ maxa′ Q̂(φj+1, a′; θ−), otherwise

10: Perform a gradient descent step on (yj −Q(φj, aj; θ))2 with respect to the network parameters θ � Update the
Q-network by minimizing the loss

11: Every C steps reset Q̂ = Q, i.e., set θ− = θ � Periodic update of target Q-network
12: end for
13: end for

Appendix A.2. DDPG Conceptual Background

Deep Deterministic Policy Gradient (DDPG) [51] provides a combination of DQN
and deterministic policy gradient (DPG) [52] in an actor-critic and model-free approach
for continuous action spaces. In contrast with DQN, which tries to predict the Q-values
for each state–action pair at every time step, obtaining a greedy policy, DDPG is an actor-
critic method. DDPG adopts the ideas of experience replay (store past transitions and
off-policy learning) and separate target network (stabilize learning) from DQN. Another
issue for DDPG is that it seldom performs exploration for actions. Additionally, in the
DDPG implementation, the update frequency of the target networks is modified, keeping a
slower track of the trained networks compared with DQN. Thus, the updates in the target
network weight parameters are being updated after each update of the trained network
using a sliding average for both the actor and the critic; thus, θ : θ′ ← τθ + (1-τ)θ′ with
τ � 1. Using this update rule, the target networks are always “late” concerning the trained
networks, providing more stability to the learning of Q-values. The next-state Q-values are
calculated with the target value network and target policy network. The key idea borrowed
from DPG is the policy gradient for the actor. The critic is learned using regular Q-learning
and target networks minimizing the mean squared loss between the updated Q-value
and the original Q-value (the original Q-value is calculated with the value network, not
the target value network). For the actor, to calculate the policy loss, the derivative of the
objective function concerning the policy parameter is taken. The actor network in DDPG
simply uses the negative average Q-value generated by the critic model as the loss for it.
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This way, the actor network learns to generate actions to maximize the Q-value in each
state. The general pseudo-code of the DDPG algorithm is represented in Algorithm A2.

Algorithm A2 DDPG [51]

Randomly initialize critic network Q(s, a | θQ) and actor μ(s | θμ) with weights θQ and
θμ

Initialize target network Q′ and μ′ with weights θQ′ ← θQ , θμ′ ← θμ

Initialize replay buffer R
1: for episode = 1 to M do
2: Initialize a random process N for action exploration sequence
3: Receive initial observation state s1
4: for t = 1 to T do
5: Select action at = μ(st | θμ) + Nt according to the current policy and exploration

noise
6: Execute action at and observe reward rt and observe new state st+1
7: Store transition (st, at, rt, st+1) in R � Store the experience in replay buffer
8: Sample a random minibatch of N transitions (si, ai, ri, si+1) from R
9: Set yi = ri + γQ′(si+1, μ′(si+1 | θμ′) | θQ′)

10: Update critic by minimizing the loss: L = 1
N ∑i(yi −Q(si, ai | θQ))2

11: Update the actor policy using the sampled policy gradient:

∇θμ J(θ) ≈ 1
N ∑

i
[∇aQ(s, a | θQ) |s=si ,a=μ(si)

∇θμ μ(s | θμ) |s=si ]

12: Update the target networks:

θQ′ ← τθQ + (1− τ)θQ′

θμ′ ← τθμ + (1− τ)θμ′

13: end for
14: end for

Appendix A.3. PPO Conceptual Background

The PPO methodology [53] has gained prominence for its stability and efficiency
in training agents to perform tasks within diverse environments. PPO is classified as
a policy optimization method and operates as an on-policy algorithm. The algorithm’s
distinguishing feature is its utilization of a trust region approach, which constrains policy
changes to avoid large deviations from the existing policy. This trust region is enforced
through a clipped objective function, which curbs excessive policy adjustments. PPO often
combines value function estimation to reduce variance, performs multiple optimization
epochs, and employs exploration strategies for efficient learning. With its versatility
and proven track record, PPO has been widely applied to tackle complex tasks across a
variety of domains, making it a valuable tool in the field of RL. The PPO consists of two
neural networks belonging to the actor-critic family of approaches. The policy network is
represented by the actor determining the policy function πθ(s, a). The critic part provides
the evaluation of the selected policy utilizing the estimation of state value function V̂π

φ (s)
or R̂t. The parameters of the actor (θ) and critic (φ) are optimized in a separate way
using mini-batch stochastic gradient descent. The critic parameters are updated utilizing
a value loss function, while the policies from the policy network side are clipped using
a hyperparameter ε, so that the probability ratio r(θ) = πθ(a|s)

πθold
(a|s) is constrained within

the interval (1 − ε, 1 + ε). The latter means that the policy function is restricted from
potentially large policy updates, providing enhanced stability during the training phase.
The pseudo-code of PPO is given in Algorithm A3.
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Algorithm A3 PPO [53]
Initialize policy parameters θ0 and value function parameters φ0

1: for k = 0, 1, 2, . . . do
2: Collect set of trajectories Dk = {τi} by running policy πk = π(θk) in the environ-

ment
3: Compute rewards-to-go R̂t
4: Compute advantage estimates, Ât based on the current value function Vφk
5: Update the policy by maximizing the PPO-Clip objective:

θk+1 = arg max
θ

1
|Dk|T ∑

τ∈Dk

T

∑
t=0

min

(
πθ(at | st)

πθk (at | st)
Aπθk (st, at), g(ε, Aπθk (st, at))

)

6: Fit value function by regression on mean squared error:

φk+1 = arg min
φ

1
|Dk|T ∑

τ∈Dk

T

∑
t=0

(
Vφ(st)− R̂t

)2

7: end for

Appendix A.4. SAC Conceptual Background

Soft Actor-Critic (SAC) [54] is an off-policy maximum entropy actor-critic algorithm
known for its effectiveness in training agents to perform tasks in challenging and continuous-
action environments. SAC is capable of reusing collected data efficiently for training. It
leverages an entropy-regularized objective function to encourage exploration while opti-
mizing the policy. One notable feature of SAC is its ability to balance between maximizing
expected cumulative rewards and maximizing entropy, promoting both efficiency and
exploration. SAC also incorporates a critic network to estimate the value function, reducing
variance in policy updates and enhancing stability. The algorithm typically involves a target
value network, and it employs a form of the soft Bellman backup, which helps maintain
smooth policy updates. SAC is highly regarded for its robust performance and adaptability
across a wide range of tasks, making it a valuable asset in the field of RL.

Soft Actor-Critic (SAC) distinguishes itself from conventional actor-critic methods
by emphasizing the maximization of information entropy in addition to cumulative re-
wards. SAC favors stochastic policies, achieved by augmenting the objective function
with an extra component representing the expected entropy of the policy. An adaptive
temperature parameter (α) is introduced to regulate the trade-off between entropy and
expected return. This parameter allows the agent to automatically adjust exploration
based on the task’s difficulty. More specifically, the temperature or trade-off coefficient
is tuned automatically through minimizing the J(α) throughout the training (in every
step), with J(α) = Eat∼πt [− α ln(πt(at | st)) − αH0] leading to α ← α − λ∇̂α J(α), where
H0 equals −dim(A1) and A1 is the dimensions of action. The significance of entropy
maximization in SAC is rooted in its ability to promote policies that exhibit substantial
exploration, thereby capturing multiple modes of near-optimal strategies. Furthermore, the
augmentation of entropy acts as a protective measure against the premature convergence
of policies to undesirable local minima. The Q-function parameters are updated using
φi ← φi − λQ∇̂φi JQ(φi) for i ∈ {1, 2} while for the policy weights as θ ← θ − λπ∇̂θ Jπ(θ)
and finally the target network parameters are updated using φ′i ← τφi + (1 − τ)φ′i for
i ∈ {1, 2}. The pseudo-code of the SAC algorithm is presented in Algorithm A4.
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Algorithm A4 Soft-Actor-Critic (SAC) [54]
Initialize policy parameters θ, Q-function parameters φ1, φ2 and empty replay buffer D
Set target parameters equal to main parameters φ′1 ← φ1, φ′2 ← φ2

1: repeat
2: Observe state s and select action a ∼ πθ(· | s)
3: Execute a in the environment
4: Observe next state s′, reward r, and done signal d to indicate whether s′ is terminal
5: Store (s, a, r, s′, d) in replay buffer D
6: if it is time to update then
7: for j in range (however many updates) do
8: Randomly sample a batch of transitions, B = {(s, a, r, s′, d)} from D
9: Compute targets for the Q functions:

y(r, s′, d) = r + γ(1− d)

(
min
i=1,2

Qφ′i
(s′, ã′)− α log πθ(ã′ | s′)

)
, ã′ ∼ πθ(· | s′)

10: Update Q-functions by one step of gradient descent using

∇φi

1
|B| ∑

(s,a,r,s′ ,d)∈B

(
Qφi (s, a)− y(r, s′, d)

)2
for i = 1, 2

11: Update policy by one step of gradient ascent using:

∇θ
1
|B| ∑

s∈B

(
min
i=1,2

Qφi (s, ãθ(s))− α log πθ(ãθ(s) | s)
)

12: where ãθ(s) is a sample from πθ(· | s) which is differentiable wrt θ via the
reparametrization trick

13: Update target networks with:

φ′i ← τφi + (1− τ)φ′i for i = 1, 2

14: end for
15: end if
16: until convergence

Appendix A.5. A2C Conceptual Background

The A2C method is a derivative of the more general actor-critic methods, which
have been studied for several decades in RL. The specific formulation of A2C, especially
in the context of DRL, was popularized by its asynchronous version, the Asynchronous
Advantage Actor-Critic (A3C) [55]. Such techniques utilize two neural networks: the
actor, which proposes actions based on the current environment state, and the critic, which
evaluates these actions. To this end, while traditional Q-learning focuses on learning the
Q-values directly, in the A2C method, the critic is trained to learn the advantage values
instead of the Q-values. By emphasizing the advantage, the algorithm assesses actions not
just by their intrinsic value, but also by their superiority relative to other possible actions.
As a consequence, the algorithm reduces the high variance often seen in policy networks,
leading to a more stable model.

In the HVAC framework, A2C illustrates a promising approach to curb energy wastage.
Balancing energy efficiency with occupant comfort is a challenging problem, making it an
ideal candidate for sophisticated RL techniques like A2C. By continuously learning and
adapting to changing conditions, A2C is adequate to dynamically adjust HVAC parameters,
such as temperature setpoints or airflow rates, aiming for an optimal trade-off between
energy conservation and user comfort. Algorithm A5 illustrates the pseudo-code of A2C.

285



Energies 2024, 17, 581

Algorithm A5 Advantage Actor-Critic

1: Initialize Actor network with random weights θ
2: Initialize Critic network with random weights φ
3: Initialize empty experience buffer D
4: for episode = 1 to M do
5: Initialize sequence s1
6: for t = 1 to T do
7: Use Actor to get policy π(a|st; θ)
8: Sample action at from π
9: Execute action at in environment and observe reward rt and next state st+1

10: Store transition (st, at, rt, st+1) in D
11: Sample random minibatch of transitions (sj, aj, rj, sj+1) from D
12: Use Critic to get value estimates V(sj; φ) and V(sj+1; φ)
13: Compute advantage A(sj, aj) = rj + γV(sj+1; φ)−V(sj; φ)
14: Update Actor using gradient ascent on log π(aj|sj; θ)× A(sj, aj)

15: Update Critic by minimizing (rj + γV(sj+1; φ)−V(sj; φ))2

16: end for
17: end for

Appendix B. Architecture and Hyperparameter Configuration of RL Algorithms

This appendix is dedicated to ensuring the reproducibility of the results presented
in this study. It details the specific hyperparameter configurations for each RL algorithm
evaluated. Providing this information is essential for transparency and allows other re-
searchers and practitioners to replicate the experiments, verify the findings, and extend the
work if desired. For each RL algorithm—A2C, DDPG, DQN, SAC, and PPO—we include
tables that list the parameters utilized along with their default values. These parameters
encompass learning rates, neural network architectures, discount factors, and other key
settings that significantly influence algorithm performance (see Tables A1–A5).

Table A1. A2C hyperparameter configuration.

Parameter Default Value

Learning Rate 7× 10−4

Number of Steps per Rollout 5
Discount Factor (γ) 0.99

Neural Network Architecture 2 layers, 64 neurons each
Entropy Coefficient 0.01

Table A2. DDPG hyperparameter configuration.

Parameter Default Value

Learning Rate 1× 10−3

Batch Size 100
Discount Factor (γ) 0.99

Neural Network Architecture 2 layers (400, 300 neurons)
Replay Buffer Size 1,000,000

Polyak Coefficient (Tau) 0.005
Exploration Noise (Std Dev) 0.2

Noise Clip 0.5

286



Energies 2024, 17, 581

Table A3. DQN hyperparameter configuration.

Parameter Default Value

Learning Rate 1× 10−4

Batch Size 32
Discount Factor (γ) 0.99

Neural Network Architecture 2 layers, 64 neurons each
Replay Buffer Size 1,000,000

Exploration Strategy (Epsilon) Start: 1.0, End: 0.05
Target Network Update Frequency 1000 steps

Learning Starts 5000 steps

Table A4. SAC hyperparameter configuration.

Parameter Default Value

Learning Rate 3× 10−4

Batch Size 256
Discount Factor (γ) 0.99

Neural Network Architecture 2 layers, 256 neurons each
Polyak Coefficient (Tau) 0.005

Table A5. PPO hyperparameter configuration.

Parameter Default Value

Learning Rate 3× 10−4

Batch Size 64
Discount Factor (γ) 0.99

Neural Network Architecture 2 layers, 64 neurons each
Number of Epochs 10

Clip Range 0.2
GAE Lambda 0.95

Value Function Coefficient 0.5
Entropy Coefficient 0.01

Number of Steps per Rollout 2048

Appendix C. Analytical Results for Each RL Algorithm

This appendix provides a visual compendium of the simulation results for various
RL algorithms applied within the scope of residential building energy management (see
Figures A1–A15). The following visual data are presented for each algorithm under multiple
weight scenarios:

• Predicted Percentage of Dissatisfied Measurements: Illustrations of the PPD across different
building zones, reflecting the occupant comfort levels attained during the simulations.

• Zone Temperature Measurements: Temperature readings for each building zone, demon-
strating the algorithms’ effectiveness in maintaining thermal conditions.

• HVAC Energy Consumption Profiles: Graphs depicting the energy consumed by the
HVAC system throughout the day, showcasing the algorithms’ energy performance.

Each of the 45 images within this appendix is integral to the comprehensive evaluation
of the algorithms’ performance, providing an empirical basis for the analysis discussed in
the main body of the paper. These images offer readers an opportunity to visually assess the
impact of RL-driven control on both the micro-scale (zone-specific comfort and temperature)
and macro-scale (overall energy consumption) aspects of building management.
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Figure A1. SAC under weight case w = 0.1. (Upper left): PPD for each building zone; (Upper right):
Temperature for each building zone; (Lower): HVAC energy consumption within day.

Figure A2. PPO under weight case w = 0.1. (Upper left): PPD for each building zone; (Upper right):
Temperature for each building zone; (Lower): HVAC energy consumption within day.
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Figure A3. A2C under weight case w = 0.1. (Upper left): PPD for each building zone; (Upper right):
Temperature for each building zone; (Lower): HVAC energy consumption within day.

Figure A4. DDPG under weight case w = 0.1. (Upper left): PPD for each building zone; (Upper

right): Temperature for each building zone; (Lower): HVAC energy consumption within day.

289



Energies 2024, 17, 581

Figure A5. DQN under weight case w = 0.1. (Upper left): PPD for each building zone; (Upper right):
Temperature for each building zone; (Lower): HVAC energy consumption within day.

Figure A6. SAC under weight case w = 0.5. (Upper left): PPD for each building zone; (Upper right):
Temperature for each building zone; (Lower): HVAC energy consumption within day.
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Figure A7. PPO under weight case w = 0.5. (Upper left): PPD for each building zone; (Upper right):
Temperature for each building zone; (Lower): HVAC energy consumption within day.

Figure A8. A2C under weight case w = 0.5. (Upper left): PPD for each building zone; (Upper right):
Temperature for each building zone; (Lower): HVAC energy consumption within day.
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Figure A9. DDPG under weight case w = 0.5. (Upper left): PPD for each building zone; (Upper

right): Temperature for each building zone; (Lower): HVAC energy consumption within day.

Figure A10. DQN under weight case w = 0.5. (Upper left): PPD for each building zone; (Upper

right): Temperature for each building zone; (Lower): HVAC energy consumption within day.
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Figure A11. SAC under weight case w = 0.9. (Upper left): PPD for each building zone; (Upper right):
Temperature for each building zone; (Lower): HVAC energy consumption within day.

Figure A12. PPO under weight case w = 0.9. (Upper left): PPD for each building zone; (Upper right):
Temperature for each building zone; (Lower): HVAC energy consumption within day.
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Figure A13. A2C under weight case w = 0.9. (Upper left): PPD for each building zone; (Upper right):
Temperature for each building zone; (Lower): HVAC energy consumption within day.

Figure A14. DDPG under weight case w = 0.9. (Upper left): PPD for each building zone; (Upper

right): Temperature for each building zone; (Lower): HVAC energy consumption within day.

294



Energies 2024, 17, 581

Figure A15. DQN under weight case w = 0.9. (Upper left): PPD for each building zone; (Upper

right): Temperature for each building zone; (Lower): HVAC energy consumption within day.
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