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Preface to ”Energy Performance in Buildings and

Quality of Life”

Buildings allow several kinds of human activity: work, eat, sleep, play, etc., and they have

a role in determining quality of life: ugly and uncomfortable buildings can be the worst place

to live. Building physics and building energy performance (BEP) research focuses on a several

building-related issues: building typologies (e.g., schools, dwellings, social housing, heritage, etc.);

construction technologies (e.g., wall, roof, windows including in prefabricated buildings, wall

buildings, etc.); energy consumption and cost; energy saving; energy monitoring; and, furthermore,

architectural design and the impact of specific building techniques, including material life cycle

assessment and the role of materials on BEP. In this book, we highlight the relationship between

BEP and quality of life.

We adopt the phrase “quality of life” because as all-inclusive term covering everything that

impacts on habitual life, especially in terms of comfort, thermal comfort, and IAQ and household

smartness (smart building, smart monitoring, or smart metering, following UE Directive 844/2018),

as well as the reduction of energy poverty and the impact of buildings on the environment and global

warming. Although the above list provides examples of specific topics of interest, our aim is, more

broadly, to collect papers discussing the role of BEP in improving quality of life.

Kristian Fabbri

Editor
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Abstract: The evidences of the influence of climate change (CC) in most of the key sectors of human
activities are frequently reported by the news and media with increasing concern. The building
sector, and particularly energy use in the residential sector, represents a crucial field of investigation
as demonstrated by specific scientific literature. The paper reports a study on building energy
consumption and the related effect on indoor thermal comfort considering the impacts of the
Intergovernmental Panel on Climate Change (IPCC) 2018 report about temperature increase projection.
The research includes a case study in New York City, assuming three different scenarios. The outcomes
evidence a decrease in energy demand for heating and an increase in energy demand for cooling, with a
relevant shift due to the summer period temperature variations. The challenge of the last decades
for sustainable design was to increase insulation for improving thermal behavior, highly reducing
the energy demand during winter time, however, the projections over the next decades suggest that
the summer regime will represent a future and major challenge in order to reduce overheating and
ensure comfortable (or at least acceptable) living conditions inside buildings. The growing request of
energy for cooling is generating increasing pressure on the supply system with peaks in the case of
extreme events that lead to the grid collapse and to massive blackouts in several cities. This is usually
tackled by strengthening the energy infrastructure, however, the users’ behavior and lifestyle will
strongly influence the system capacity in stress conditions. This study focuses on the understanding
of these phenomena and particularly on the relevance of the users’ perception of indoor comfort,
assuming the IPCC projections as the basis for a future scenario.

Keywords: climate change; building energy performance; IPCC; thermal comfort; building energy
consumption; +1.5 degree; cooling increase

1. Introduction Concerning the Impacts of Climate Change

Since 1970, a significant increase in the global mean temperature and atmospheric carbon
concentration has been registered, however, the relation with climate change was assumed as a
global challenge quite recently. Despite many evidences of the interdependency of phenomena,
the conventional approach to cope with climate change impacts is often locally tailored rather than
considered in the global dimension. Climate change is much less relevant to the human condition than
warming in cities [1] and it can strongly influence both energy production/distribution and demand
in the built environment [2] while increasing the risks that extreme events can heavily affect power
infrastructures [3]. Adaptation and mitigation actions are therefore to be considered within a broader
perspective that often goes beyond the local borders [4].

The Paris Agreement (December 2015) [5] represents indeed a step forward for the 1997 Kyoto
Protocol and the quite limited commitment coming from some major countries. The massive
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improvement of renewable energy solutions (RES), required to achieve the defined ambitious goals,
is clearly linked to the energy demand for heating and cooling with relation to indoor and outdoor
comfort conditions which are clearly affected by climate change impacts [6]. In order to ensure
acceptable comfort levels [7], a number of protocols, standards, and regulations have been developed
with relation to the building sector. IPCC’s 2018 reports about climate change (CC) and buildings
can actually be considered one of the most authoritative documents to properly approach the topic.
Additionally, some specific considerations are required to properly discuss the progress of European
countries and the United States among the major nations involved in the climate change challenge in
the West world.

1.1. The 2018 IPCC’s Report

The periodic assessment of climate science by the Intergovernmental Panel on Climate Change
(IPCC) since the early 1990s is an essential contribution to the achievement of a global ontology on
climate change [8]. 2018 IPCC’s report—“Global warming of 1.5 ◦C”—is a key document within
this challenge, offering a projection of the impact that a global warming of 1.5 ◦C and the related
global Greenhouse Gas emission (GHG emission) routes would produce compared to pre-industrial
levels. The report highlights several impacts that could be avoided by limiting global warming to
1.5 ◦C instead of 2 ◦C or more (such as sea level rise on a global scale by 2100 within a limit of 10 cm,
the decrease of coral reefs of 70–90% instead of 99%, etc.). With the purpose of strengthening the global
response to the threat of climate change, limiting global warming to 1.5 ◦C requires rapid changes
in so many aspects of society contributing to sustainable development and to eradicate poverty [9].
Two major issues are related to the built environment: the relation between the building and the city
scale as well as their performances with reference to the energy demand.

1.1.1. IPCC and the Role of Buildings and Cities

IPCC establishes different approaches to consider climate change as a collective action problem,
and among them, it turned into a story of global mean temperature foreclosing the range of possible
response options. By translating the multi-layered problem-complex of climate change (climates
multiple) into a unitary global problem (climate singular), IPCC paved the way for a single policy
agenda: emissions control monitored through a UN coordinated policy regime [10]. Through the
adoption of the 2015 Paris Agreement, the climate regime is today replaced by a more decentralized
and isolated climate governance order. By inviting states to propose nationally-appropriate mitigation
and adaptation responses, the Paris Agreement has distributed responsibility for climate action across
multiple actors, arenas, and sites [11]. However, few methods are actually available to analyze
implications of climate change on building energy use [12]. The understanding of the combination of
different factors within the design and operation stages is still crucial in contributing to improve the
performance level.

1.1.2. Building Energy Performance (BEP)

The building sector contributes up to 40% of global energy consumption [13,14]. Despite the
efforts spent in the last decades to reduce emissions, the level of GHG in the different scenarios
projections demonstrates a dramatic rise in the coming future [15]. In this context, buildings represent
a critical piece of a low-carbon future and their response to climate change solicitations has to be
reliably predicted in order to take effective strategic design decisions in the mid-term. The role of
building simulation tools has increased in its importance, giving the chance to speed up the design
process, increase efficiency, and compare a broader range of design options. Building performance
simulation (BPS) has been a suitable tool for helping to reach solutions for better energy efficiency [16].
Simulation provides a better understanding of the consequences of design decisions, increasing the
effectiveness of the whole system [17] and it is now becoming increasingly relevant in post-construction
phases of the building life-cycle (BLC), such as commissioning and operational management and
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control. Software simulations allow to predict the system behavior within unobserved conditions,
allowing analysts to simultaneously consider the impacts on the overall performance [18]. During the
simulations, many different strategies are evaluated to obtain the higher performance for a set of
objectives (e.g., zero energy balance) [19]. The energy performance of the buildings is really influenced
by heat transmission, thermal mass, solar heat gain through windows; thus, any action in these fields
can be of help in reducing building energy consumption [20].

1.2. European Approach

According to the IPCC Fifth Assessment Report (AR5), 32% of global primary energy was
spent by buildings, producing 19% of global emissions in 2010. Currently, these trends are still
growing, reducing the chances to meet the targets agreed in the 2020 Climate and Energy Package [21],
extended to 2030 [22] and 2050 within a long-term strategy [23,24]. The main efforts spent at the
European Union (EU) level to reduce energy demand are addressed to decrease the needs for heating
while ensuring adequate comfort conditions [25]. This led the EU to introduce the Energy Performance
of Buildings Directive (EPBD Recast II [26] and EPBD Recast III [27]) and the Directive 2012/27/EU [28]
on measures to help the EU to reach its 20% energy efficiency target by 2020 [29]. Each Member State
can acknowledge the directives according to the most suitable and effective conditions within its own
context in order to meet the targets (nearly Zero Energy Building (nZEB)) and to become more resilient
to future climate conditions [30]. However, the effects of climate change and the evolving weather
variables are influencing this process, impacting both the local network development [31] and energy
use. Following IPCC projections, the energy demand for heating decreases due to the temperature
variations and to the building performance improvement, while the demand for cooling is growing
due to the increase of cities mean temperature.

1.3. USA Approach and New York Greening Actions

The recent withdrawal of the United States from the Paris Agreement requires a reflection on the
situation of one of the biggest contributors to global emissions, which is also a country severely affected
by the often dramatic consequences of extreme events [32]. Commercial and residential buildings
account for about 40% of the primary energy demand in the US and respectively 9.9% and 5.4% of
global GHG emissions.

Despite the decision at the federal level, some states, such as New York and California, continue
their actions against the climate change autonomously. In September 2018, Senate Bill 100 (SB100)
required the Renewable Portfolio Standard (RPS) for electric utilities from 50% to 60% by 2030 and further
targeted 100% clean energy in all sectors by 2045 [33]. New York City has developed several scientific
reports and local regulations for improving urban resilience to cope with climate change [34]. In 2018,
the New York government recognized the urgency for renovating the energy network by providing
micro-grids, to help the systems surviving natural disasters or energy demand peaks that recently
brought to the grid collapse. Renewable energy is certainly part of these important environmental goals
and the New York State energy plan of 2015 aims to shift from 11% [35] to 40% of energy needs by 2030.
The “Reforming the Energy Vision” initiative [36,37] integrates technical, management, and marketing
approaches to explore the compatibility of small-scale renewable technology with existing residential
buildings, commercial, or public areas, serving local needs while remaining connected to the wider
network system.

Projections of Annual Climate Change in New York

After the dramatic events of Hurricane Sandy, the New York City Panel on Climate Change
(NPCC [38]) developed a system to collect and update information on the climate risk for the city with
the purpose to both address the recovery after the event and to improve the resiliency.

The climate change impacts could be both short-term (storms and floods) and long-term (gradual
changes in outdoor air temperature and sea level rise). As reported in NPPC [38], the long term
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impacts will be extremely likely events in the state of New York. Average annual temperatures are
expected to increase up to 1.5 ◦C (3 ◦F) warmer by the 2020s, up to 3.3 ◦C (6 ◦F) warmer by the 2050s,
and up to 5.5 ◦C (10 ◦F) warmer by the 2080s [38]. By 2100, the growing season could be about a month
longer, with intense summers (extreme heat and heat waves) and milder winters. At the same time,
rainfall will also increase noticeably, 1–8% by 2020, 3–12% by 2050, and 4–15% by 2080. These changes
are associated with an increase in greenhouse gases and global warming [39]. The frequencies of heat
and frost waves, intense rainfall, droughts, and coastal floods in the seven regions of the state will
be subject to change in the coming decades, as predicted by the global climate model. These gradual
changes will bring several consequences on built environment, and its energy consumption. Due to
the huge difference between the outdoor air temperature and indoor temperature, the cooling systems
will be responsible for the potential increase of energy end-use consumption. This is the state of the art
so far following the IPCC report scenarios.

For investigating the impact of climate change on building energy consumption, the use of building
simulation software, together with a set of forecasted weather data, is essential [40]. Within this general
context, the methodology framework reported in this paper focused on the effects of a renovation
project involving an iconic 14-story residential building in Red Hook, Brooklyn, New York considering
the IPCC climate future projections of +1.5 ◦C overheating. The impact of climate change on indoor
thermal comfort in the residential sector under different scenarios was also evaluated and reported in
this paper.

2. Scope of the Research

The paper reports the outcomes of research aimed to evaluate the implications of IPCC climate
change projections in the construction sector, applied to a case study in New York City.

The scope is to translate the outcomes of the research activities into concrete and practical
indications that might be of help in replicating and driving the design process to tackle the climate
change issue. Energy demand for heating and cooling is analyzed considering three weather scenarios
(1958, 2017, 2100) according to IPCC projections and tested on a case study in Brooklyn, New York. In this
way, simulations can take into account the predicted evolution of climate change [41]. The proposed
study is primarily referred to the residential sector, which is the most relevant share in the building
stock and one of the key targets of many regulations and governmental measures but can easily be
adapted to other typologies. The paper aims also to provide a reflection on the effects of climate
change to the thermal comfort, and the resistance of clothing (expressed in clo, m2K/W) is used as a
variable. The clothing resistance characteristics are expressed as an average value, i.e., they refer to all
the clothing worn and not just some (e.g., only the shirt, etc.).

3. Research Methodology

The adopted methodology includes the calculation of Building Energy Performance Simulation
(BEPS) for the case study considering three climatic scenarios. Weather data for the selected years are
provided by Energyplus for 1958 and 2017—construction time and current condition respectively—
while 2100 follows the IPCC temperature increase projection.

The use of weather data in simulation software like Energyplus, Ies.Ve, etc., can come from
different sources (e.g., satellite data, weather stations, climate models, etc.) whose level of accuracy
and reliability of the data source may change.

For the purposes of our research objectives, which is the evaluation of the variation over time of
the simulation results, we considered the use of the data in the software database for the years 1958
and 2017. This choice may be questionable, but in this case, their accuracy supports the reliability of
the adopted methodology. The approach combining simulations and scenarios is quite consolidated in
the scientific literature, however, the focus on the effects of a temperature increase of +1.5 ◦C and the
related overheating represent a novelty.

The research methodology is described following three sections:
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1. BEPS of the state of the art (it provides the starting conditions of the case study);
2. Thermal comfort and clothes insulation;
3. Thermo-economic renovation scenarios of improving building energy performance.

Figure 1 provides a flowchart of the research methodology (that is specifically designed to facilitate
the replication to other case studies).

 
Figure 1. Flowchart of the research methodology.

The first phase of the process is to reach a stable configuration of the virtual model in order to
assume the weather data as the key variable and then perform preliminary thermo-physical analyses
to evaluate the thermal/energy behavior. With weather data being the key variable, it is possible to
compare the different behavior and the energy consumption of the building in the three different
scenarios investigating the effects of temperature increase and related impact.

A complete set of thermo-physical analysis is provided for each scenario (S1-1958, S2-2017,
S3-2100). The set includes also coherent values concerning loads, energy consumption, and indoor
comfort, which are useful indicators to evaluate the behavior of the building with reference to the
summer conditions. The methodological approach can be easily adapted to any context and case study.

The investigated outputs include: (a) yearly energy need for heating and cooling (kWh/m2),
(b) total electricity/natural gas (MWh) consumption, (c) total energy consumption, (d) indoor comfort
evaluated considering the predicted mean vote (PMV) and the predicted percentage dissatisfied (PPD
in percentage, %) when the heating, ventilation, and air-conditioning (HVAC) system is operating,
(e) indoor comfort evaluated considering the PMV and PPD when HVAC is not operating and
consequently focusing on the clothing relevance.

The geometry and configuration of the building were rendered using Integrated Environment
Virtual Environment software (IES.VE [42]), as well as the energy simulation to investigate the potential
impacts of temperature increase due to climate change.
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3.1. Weather Data for Each Scenario

The research methodology requires three sets of weather data [43] corresponding to the three
investigated scenarios (Sc.1 1958, Sc.2 2017, Sc.3 2100). The number 1958 refers to the closest period
respect to the year when the building was erected (1939) and then entered in the decade of ordinary
operation, 2017 refers to the present time conditions, 2100 refers to the IPCC projection horizon.
Weather files referred to 1958 and 2017 were respectively downloaded from Energy Plus (Energy
Plus, 2019) and World Meteorological Organization region and Country. Weather data format is a
plain text file *.epw (EnergyPlus Weather) and the National Weather Service Forecast Office (National
Weather Service, 2019) was used as a typical meteorological year (TMY) [44]. The third set (future
projection) is generated based on the 2017 one, assuming an overheating of 1.5 ◦C dry-bulb temperature,
from 2018 to 2100, reported in the IPCC protocol [9], obtained using Element software. This is the
main assumption of the entire article: analyze what happens if the IPCC forecasts on temperature are
applied to the building performance simulation. Table 1 allows to compare the temperature increase
over the years between the three sets. It can be observed that the 1958’s winter temperatures were
more rigid than the 2017’s ones and this is a main effect of the increased temperatures as a consequence
of climate change and the heat island effect because, within 60 years, the NYC’s built environment has
changed drastically.

Energy demand for heating and cooling was analyzed and compared for the three scenarios
(climate models) [45,46]. The proposed methodology can be applied to different places simply by
replacing the initial climate conditions (.epw) of the site under investigation.

Table 1. Average outdoor temperature.

Year 1958 2017 2100

Average Outdoor Temperature ◦C Average Outdoor Temperature ◦C Average Outdoor Temperature ◦C
January 0.06 3.39 4.89

February 0.12 5.44 6.94

March 3.97 4.18 5.68

April 11.10 13.96 15.46

May 15.27 16.36 17.86

June 19.85 22.20 23.70

July 23.03 24.88 26.38

August 23.55 23.36 24.86

September 19.11 21.45 22.95

October 14.06 17.87 19.37

November 8.55 8.13 9.63

December 2.81 1.70 3.20

Average year 11.79 13.57 15.07

+1.8 ◦C compared to 1958 +1.5 ◦C compared to 2017
+3.3 ◦C compared to 1958

3.2. Limitation of the Methodology

Research relating to climate change is focused on the effects of energy use, pollution,
and environmental issues. The main objective of this paper is not to report the review of these
studies, but to highlight the effects that it will have as a result of climate change both on the energy
consumption of buildings (specifically for this case study) and for indoor comfort and, consequently,
on the clothing insulation. Given the complexity of the research carried out, some methodological
limits have been assumed to be able to extend and compare the results with other (future) research.
The methodological limits concern:

- The choice to consider the climate change effects only as an increase in the outdoor temperature
of 1.5 ◦C;
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- The choice to consider as a parameter for the evaluation of the indoor comfort the internal
temperature, thus excluding the detailed analysis of other parameters such as the mean radiant
temperature (MRT) or relative humidity (RH);

- The choice to consider clothing insulation as a variable that will suffer the effects of climate change;
in this case, the variable adopted is the thermal resistance of the clothing (Icl) (expressed in clo,
m2K/W).

The unavailability of original consumption data did not allow the validation of the virtual model
according to real conditions, however, a standardized calculation method has been adopted and the
same approaches can be adopted in any other case study in a different context.

3.3. BEPS of the State of the Art

Energy simulations were performed using the Integrated Environment Virtual Environment
software (IES.VE [42]).The building was modeled to fix the main geometrical features and shape,
the boundary conditions, the heating and cooling systems, as well as the services and installations.
The building was approximated to a volume 100 meters long, 10 meters wide, and 40 meters tall,
corresponding to an affordable housing building hosting 300 apartments in its 14 stories. The study
estimated the energy consumption in each scenario with the purpose to evaluate the impact of
climate change on the entire building energy demand. The heating/cooling set-points are defined
in 20 ◦C/27 ◦C, target temperatures within the range that is acceptable to 80 percent of the building
occupants according to ANSI/ASHRAE Standard 55, Thermal Environmental Conditions for Human
Occupancy. A virtual simulation model was created, and the outcomes of simulations were then
compared. Simulations considered the thermal inputs given by internal gains. The same building
model (geometry, thermophysics, internal gains, etc.) was used for the simulation purpose, but each
simulation was associated to its own weather data file (1958, 2017, 2100) of the set climatic zone:
New York Central Park (*.fwt or *.epw file). The increase of temperature due to climate change
influences the energy consumption of the building, leading to worsening of comfort conditions.

3.4. Thermal Comfort and Clothes Insulation

The reference model about thermal comfort is still the one developed by Fanger [47] that focuses on
two indices: predicted mean vote (PMV) and percentage people dissatisfied (PPD), which respectively
refer to occupants’ mean thermal sensation vote and the percent of people voting. The PMV-PPD
model is a widely used design tool incorporated in thermal comfort standards [48,49] that can be
equally applied to different building typologies and climate conditions. Nevertheless, the accuracy of
the PMV-PPD model in predicting thermal comfort has been questioned through field studies in real
buildings [50] as well as in laboratory studies [51].

With this reference, the reported study focused on the relevance of occupants’ clothing with
relation to their thermal sensations inside the building. Statistical analyses were performed with the
aim to better understand how building occupants can achieve thermal comfort by adjusting their
clothing level of insulation [52]. This is quite relevant, assuming the poor insulation characteristics
of the building envelope and the low-income condition of most of the residents which limit the
opportunity to reach adequate comfort levels.

The proposed neutral clothing model can be used to determine whether clothing adjustment
can sufficiently offset indoor temperatures in naturally ventilated building contexts [53]. The driving
question was therefore: which clothing allows to perceive a good comfort condition comparable to a
PMV = 0 (neutral) in the scenario without HVAC? To provide an answer for each scenario (1958, 2017,
2010) PMV was imposed = 0 and the calculation was repeated by setting different clothing insulation
values Icl (clo).

The HVAC system was turned off in order to create a neutral condition, otherwise the system
operates to achieve satisfactory comfort conditions.

7



Energies 2020, 13, 3160

Clothing insulation (Icl) is an input variable for thermal comfort calculations, and appropriate
clothing adjustment can widen the comfort range and reduce building energy consumption [54].
For people in sedentary activities (a metabolic rate of approximately 1.2 met), the effect of changing
clothing insulation on the optimum operative temperature is approximately 6 ◦C per clo, which is
much relevant.

3.5. Thermo-Economic Retrofitting Solutions for Improving the Building Energy Performance

The thermo-economic analysis combines thermo-physical analysis with economic aspects to
identify factors involved in the generation of energy costs. Highest inefficiencies and costs are related
to the processes in which natural gas is burned, hence in the boilers. The presented analysis can be
extended to other energy systems. The trend for the following years shows a continuous increase in
world population, CO2 emissions, and primary energy consumption. For that reason, in the building
environment, the design of efficient systems has become a primary objective for energy policies in most
countries [55]. The starting assumption of the study is that the investigated solutions are expected
to let the building reaches a lower consumption, according to the major rating systems, meaning a
consumption not exceeding 15–20 kWh/m2 on an annual basis and the fulfilment of a number of
sustainable indicators. Such conditions are achieved through a combination of different design choices
involving several parameters, which are not all under investigation, in a balanced contribution deriving
from the building envelope characteristics and services/installations.

For the case study under investigation, three main retrofit solutions were considered.
Retrofit A solution envisages the replacement of windows, respecting the U-values thresholds,

and adding an insulation layer in the inner side of the wall to maintain the original exposed brick
facing of the building.

Retrofit B solution replaces the original natural gas installation for heating and the single units for
cooling with an electric heat pump and adding a controlled mechanic ventilation in each blind space.

Retrofit C solution adds to the measures included in A and B solutions, the renovation
of the apartments following the guidelines of New York City HPD (Housing Preservation and
Development) Department.

The set includes also coherent values concerning energy consumption for cooling and heating,
which are useful indicators to evaluate the change of building energy performance due to the renovation
process. A first observation of the outcomes, gives the chance to considerer how relevant the installations
replacement may be in terms of energy performance. The main goal is not simply to compare the
energy consumption of each scenario (A,B,C), that would of course reflect the differences due to the
renovation intensity, but to address reflections towards the relation between them and the building
energy performance as a relevant concern to be properly taken into account during the retrofitting
phase for reducing energetic costs of the entire building and following a more sustainable approach.

4. Case Study Description

The case study is part of a social housing development in Brooklyn (NYC) (Figure 2), known as
“Red Hook Houses”, owned by the New York City Housing Authority (NYCHA), the major social
housing developer of North America, who since 1934, provides affordable and qualitatively sufficient
housing for the low-income population of New York. Since 1939, when it was erected, the buildings
were never heavily renovated and only after 2012 Hurricane Sandy, some extraordinary maintenance
activities were done to install new utility systems due to the flooding event. The reference building
(Figure 3) is 14 stories tall and was constructed using a reinforced concrete frame system with an exposed
brick cladding. The building counts 300 apartments respecting the minimum air-illuminating ratio.

New York City has a humid continental climate with mean annual precipitation of 127 mm
(50 inch) [56]. The 2017 mean annual temperature was 13.58 ◦C, with 24.88 ◦C in July and 1.70 ◦C in
December, the hottest and coldest months, respectively. The simulation settings were the same in all
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the three scenarios: each building model had the same internal footprint, window size and glazing
properties, the same HVAC system, internal gains, and infiltration rates, as Table 2 summarizes.

 

Figure 2. New York City—Red Hook Houses in Brooklyn.

 

Figure 3. Zoom on investigated building.

Table 2. Building model details.

Building Model Details Data

Floor Area 1600 m2 × 14 stories = 22,400 m2

Orientation Principal axis running northwest–southeast direction

Windows One glazed window (1.6 × 1.6 m−1.6 × 1.2 m−1 × 1.6 m−0.5 × 1.6 m)

U-Value 1.6 W/m2K

U-Values (W/m2K) Walls = 0.16392

Floor = 0.15853

Ceiling = 0.10866

HVAC system Ideal loads

HVAC Set points 20◦ Heating/27◦ Cooling

HVAC Schedule 24 h (Continuously on)

Internal Gains Fluorescent Lighting

People (max 90 W/person–min 60 W/person)

Infiltration 0.250 ach (max flow)

5. Results

The results of the study are about three different aspects:
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1. BEP of different scenarios (1958, 2017, and 2100);
2. Thermal comfort in different scenarios (1958, 2017, and 2100);
3. Thermo-economics evaluations after retrofitting for improving building energy performance.

5.1. BEP Results for Scenarios of Climate Change (1958, 2017, and 2100)

Indoor temperature is one of the parameters used to assess people’s health and their comfort
level. With the HVAC turned on, the average internal temperature is in a range of 20◦C–27 ◦C all year;
when HVAC is tuned off, the temperature varies from minimum peaks of 3◦C–4 ◦C, up to maximums
of about 30 ◦C.

a. Heating and cooling energy need loads

Figure 4 shows the room heating/cooling loads of all scenarios. In the first scenario (1958), the need
for heating during the winter months is greater than the other two (2017, 2100), since the average
outdoor temperature is lower.

Instead, in summer, the demand for cooling in 1958 was less than the one in 2017 and the one
expected in 2100. Compared to 2017, the projection for the summer period always increases while
consumption is much higher for heating. Figure 4 shows the relation between energy loads for
heating and cooling, by month, compared with outdoor temperature, for each scenario year: 1958,
2017, and 2010. As we can observe, cooling load increase in the 2100 scenario following outdoor
temperature, if we compare 1958 and 2100 scenarios, we observe a swift of energy loads from winter
(250 MWh heating load in 1958) to summer (320 MWh cooling load in 2100), which is depending on
climate change.

b. Energy

Table 3 shows the increase of cooling load despite the decrease of heating loads in all scenarios
due to the climate change. Despite this switch, the total amount of consumption remains unchanged.
Moreover, Table 3 shows the relation between electricity and fuel use: increasing the temperature,
the demand for electricity is higher, while the request for natural gas decreases.

Table 3. Annual average energetic loads (MWh/year).

Energy Data 1958 2017 2100

Heating loads 2220 1825 1475

Cooling loads 1425 1825 2150
Total energy loads 3645 3650 3625

Energy consumption

electricity 790 835 875

natural gas 185 150 120
Primary energy 975 985 995

10
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Figure 4. Building energy loads, for heating and cooling, compared to outdoor temperature (◦C) in
free running.

5.2. Thermal Comfort in the Different Scenarios

The existing clothing models are typically used to estimate a clo-value of a group of building
occupants, which then becomes input data for PMV calculations following ISO 7730 [48] and ASHRAE
55 [49]. PMV-predicted percentage dissatisfied model, thermal neutrality (PMV = 0) is deemed as an
ideal or optimal status where the number of ‘dissatisfied’ building occupants is minimum.

a. Indoor Comfort WITHOUT HVAC system

The effect of climate change without HVAC on indoor comfort perceived by users is also
investigated. Table 4 shows the PMV values (predicted mean vote) of the users when the HVAC
system is OFF, correlated to the average external temperature. The results evidence higher value
of PMV, from −3 (cold) to 3 (hot), meaning that people are dissatisfied. The results prove that
installations/services play a very relevant role in users comfort perception; more than 90% of people
are dissatisfied during summer.
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Table 4. PMV–without HVAC system related to the average outdoor temperature (◦C).

Month 1958 ◦C PMV 1958 2017 ◦C PMV 2017 2100 ◦C PMV 2100

January 0.06 −2.35 3.39 −1.82 4.89 −1.52
February 0.12 −2.13 5.44 −1.33 6.94 −1.02

March 3.97 −1.43 4.18 −1.16 5.68 −0.84
April 11.10 −0.08 13.96 0.49 15.46 0.79
May 15.27 1.26 16.36 1.51 17.86 1.81
June 19.85 2.12 22.20 2.49 23.70 2.66
July 23.03 2.79 24.88 3.00 26.38 3.00

August 23.55 2.89 23.36 2.92 24.86 3.00
September 19.11 2.28 21.45 2.57 22.95 2.82

October 14.06 1.01 17.87 1.87 19.37 2.18
November 8.55 −0.28 8.13 −0.34 9.63 −0.03
December 2.81 −1.59 1.70 −1.64 3.20 −1.33

Annual average 11.79 +0.37 13.58 +0.71 15.08 +0.96

Winter average (Oct–Mar) 4.93 −1.13 6.79 −0.74 8.29 −0.43

Summer average (Apr–Sep) 18.65 +1.88 20.37 +2.16 21.87 +2.35

We can observe in Table 4 the annual average value of thermal comfort index PMV increase from
+0.37 (as “neutral” or “slightly warm” sensation) of 1958 to 0.96 (“slightly warm” nearly “warm”
sensation) of 2100, this is a huge difference.

In detail, during the winter season, from October to March, index PMV change from −1.13 (“cool”
sensation) in 1958, to –0.43 (slightly cool) in 2010, so we suppose a less energy need to heat in the
2100 scenario. During the summer season, from April to September, the index PMV change from
+1.88 (“warm” nearly hot sensation) to +2.35 corresponds with a very hot sensation, nearly a heat
stress value.

These simulations are without HVAC systems, so the sensation depends only by building, so it
is evidenced by the main role of heating and cooling equipment and their energy consumption to
guarantee a neutral thermal comfort sensation (neutral if PMV equal to zero). Following the above
approach, not only does HVAC have a role, but also clothes in indoor, described in the next paragraph,
we would like to discover which dress people put on their body to feel a neutral thermal comfort,
when the PMV index is equal to zero.

b. Relevance of clothing

For ensuring good comfort condition comparable to a PMV = 0 (neutral) and metabolic activity
is equal to 1 met (seated activity) in no operating HVAC scenario, a PMV = 0 was imposed and the
calculation was iterated with different Icl (clo) (clothing resistance) for each case. Table 5 provides
a summary of the outcomes where it is clearly evident that during the summer period, comfort
is acceptable only wearing shorts and a t-shirt (the perception is the one of a clearly overheated
environment), while during winter, a polar equipment would be needed to achieve minimum
livable conditions.

The adopted approach intentionally stresses the focus on the role of clothing and on the perception
of users to remark the dependency of comfort conditions from HVAC and generally from services and
installations. This is strictly connected to the inefficient and low performing condition of the building
envelope which—at the stating conditions—is highly inadequate to meet the energy demand reduction
that is expected in the very near future.

In Table 5, it is possible to observe the annual average value of clothes (or dress thermal resistance)
to guarantee a neutral thermal comfort (PMV = 0) that corresponds to 2.01 clo (Underwear with short
sleeves and legs, shirt, trousers, jacket, heavy quilted outer jacket and overalls, socks, shoes, cap,
and gloves, following ISO 9920 Annex A [57]) in 1958 and 1.58 clo (Underwear with short sleeves and
legs, shirt, trousers, vest, jacket, coat, socks, and shoes, following ISO 9920 Annex A) in 2100, with a
decrease of 0.40 clo of clothes thermal resistance, which corresponds to a sweater or jacket. In detail,
during the winter season, from October to March, clothes thermal resistance (Icl) change from 3.22 to
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2.67 clo with a gap of 0.55 clo, while in the summer season, from April to September, the gap is 0.30 clo,
which corresponds to a t-shirt.

Table 5. Clothes insulation (measured in clo) without HVAC and PMV = 0, related to average
indoor temperature.

Without HVAC 1958 ◦C Icl 1958 2017 ◦C Icl 2017 2100 ◦C Icl 2100
January 3.61 4.3 6.76 3.5 7.89 3.3

February 4.12 4.0 8.96 3.1 9.94 3.0
March 7.98 3.3 8.45 3.1 8.68 3.1
April 15.03 2.1 17.82 1.6 18.46 1.5
May 20.3 1.2 21.03 1.1 20.86 1.1
June 24.3 0.6 26.57 0.3 26.7 0.2
July 27.75 0.2 29.57 0 29.38 0

August 28.2 0.1 28.04 0.1 27.86 0.05
September 23.92 0.6 26.04 0.3 25.95 0.13

October 18.26 1.6 22.22 1 22.37 1
November 12.32 2.6 11.87 2.7 12.63 2.6
December 6.51 3.5 5.86 3.9 6.2 3.

Annual average 16.03 2.01 17.77 1.73 18.08 1.58

Winter average (Oct-Mar) 8.80 3.22 10.69 2.88 11.29 2.67

Summer average (Apr-Sep) 23.25 0.80 24.85 0.57 24.87 0.50

On the other hand, in Table 6, there is a comparison between the PMV index that the users would
have if the indoor temperature would have been 20◦C with the HVAC system OFF. The results of these
simulations are the values of clothes thermal resistance (Icl), which shows how a user might be dressed
for having this PMV index in this environment.

Table 6. Clothes insulation in a T = 20 ◦C ambient with a PMV index of the HVAC system
OFF simulations.

Clothes Insulation
without HVAC System

PMV 1958 Icl 1958 PMV 2017 Icl 2017 PMV IPCC Icl 2100

January −2.35 0.10 −1.82 0.50 −1.52 0.70
February −2.13 0.30 −1.33 0.75 −1.02 0.90

March −1.43 0.70 −1.16 0.90 −0.84 1.00
April −0.08 1.35 0.49 1.55 0.79 1.65
May 1.26 1.80 1.51 1.90 1.81 2.00
June 2.12 2.10 2.49 2.20 2.66 2.25
July 2.79 2.30 3.00 2.40 3.00 2.40

August 2.89 2.35 2.92 2.40 3.00 2.40
September 2.28 2.15 2.57 2.25 2.82 2.35

October 1.01 1.75 1.87 2.00 2.18 2.10
November −0.28 1.15 −0.34 1.15 −0.03 1.35
December −1.59 0.65 −1.64 0.60 −1.33 0.70
AVERAGE 0.37 1.39 0.71 1.55 0.96 1.65

5.3. Thermo-Economics Evaluations Concerning Retrofit Process

Simulation is credited with increasing efficiency and enabling the comparison of a broader range
of design options, leading to a more balanced and optimized design. Simulations provide a better
understanding of the consequences of design decisions, which are supposed to increase the overall
building energy performance. The starting assumption of the study is that the building has to be
renovated to meet a 15–20 kWh/m2 yearly energy demand threshold. Therefore, the renovation work
costs, and the investment needed to support the process were analyzed and compared among the
different solutions.

Table 7 shows the results of the simulations for each scenario. The current energy performance
of the building is 155 kWh/m2 per year, which is a quite high level of energy demand considering
the target.
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Table 7. Results of different scenarios.

Solution 2017 Energy Consumption Energy Savings Energy Cost Renovation Investment

ACTUAL 155 kWh/m2 - 88 $/m2 -

Solution A 94 kWh/m2 −40% 86 $/m2 1600 $/m2

Solution B 15 kWh/m2 −90% 27 $/m2 1800 $/m2

Solution C 13 kWh/m2 −91.5% 26 $/m2 2200 $/m2

Solution A—includes the replacement of windows and the introduction of an additional insulation
layer in the inner side of the wall—lead the energy performance to 94kWh/m2 per year, requiring a
quite relevant investment for renovation.

Solution B—improves solution A and operates replacing the existing heating/cooling system with
an electric heat pump and adding a controlled mechanic ventilation—reduces the energy demand to
15 kWh/m2 with about 90% of energy saving compared to the current status.

Solution C—improves solution B and simply adds the apartments refurbishment according to the
HPD guidelines, achieving an overall energy performance of 13 kWh/m2 per year.

6. Discussion

6.1. BEP of Current Conditions in Different Scenarios (1958, 2017 and 2100)

Looking at the outcomes of the performed analyses of the three scenarios (1958, 2017, 2100) is
evident how loads, consumptions, and comfort are influenced by climate data. The research allowed to
understand the variations correlated to outdoor/indoor temperature dealing with the building behavior
(loads), the energy data (consumption), and the comfort data (PMV/PPD).

Comparing the situation between 1958 and 2100, reported in Figure 4, it can be noticed that there
is an increase in the building’s cooling needs of 50% in the 2100 prediction with respect to 2958 (+14%
in 2017 with respect to 1958), which clearly addresses the design challenge toward the summer period
to find adequate technical answers for reducing the overheating effect. In 1958, energy demand for
heating was 19%, while in 2100, it is expected to decrease to 12% (see Figure 4) with a consequent
increase in the share for cooling, with a radical shift in the energy use and building thermal behavior
compared with a conventional situation. Renovation works will reduce the energy demand for heating
(fuel), replacing the existing boilers), but the request for electrical power will increase exponentially,
impacting on the energy infrastructure. The increase of outdoor temperature will impact on indoor
conditions and consequently on comfort condition for inhabitants and their related perception, which
will be dependent on HVAC and installations.

6.2. Thermal Comfort

To understand how thermal comfort varies if HVAC is not operating, the users’ perception was
investigated with the purpose to better address the solutions dealing with the building envelope main
features and performance. The increase in the share of energy demand for cooling is of particular
interest at the European level where the use of the HVAC during the summer period is a quite recent
need. Historic buildings are usually massive structure with natural ventilation and the wide building
production between the 1960s and the 1980s was not originally air-conditioned. This represents a
relevant cultural difference with the United States where the use of the HVAC is consolidated over a
century. Figure 5 report a infographics about thermal comfort in each scenarios.

The choice to work on the NY case study reflects the will to work on a consolidated situation for
both winter and summer energy demand regimes, assuming that the huge increase in the demand for
cooling will represent a revolving trend in EU for the future.

The scientific literature provides a large production of studies about building thermal behavior
and energy performance as well as about the retrofitting and renovation solution, however, the impacts
of the projections in temperature trends reported by IPCC still represent an open field of research.
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The novelty of the proposed study lies in considering the interrelated factors focusing on the effects
on thermal comfort perception by the users and on the potential deriving changes in life conditions
and styles.

 
Figure 5. Infographic about thermal comfort in each scenario considering the HVAC system ON
and OFF.

6.3. Thermo-Economics Evaluations after Retrofitting for Improving Building Energy Performance

Among the objectives of this study, there is the understanding of the impact of building renovation
on heating/cooling demand with relation to the temperature increase projection. Three building
renovation solutions were developed with relation to the 2017 scenario. Assuming the current status
as the starting point, solution A replaces the existing windows with new ones, respecting the directives
U-value (W/m2K) thresholds and adds a new insulation layer, achieving a savings of 40%.

Solution B replaces the existing boiler for heating with an electrical heat pump for both heating
and cooling, combined with a controlled mechanic ventilation, achieving a savings of 90%. Solution C
adds to B the refurbishment of the apartments according HPD’s guidelines.

The total energy performance shifts from 155 kWh/m2 (of the current status) to 13 kWh/m2

per year. The results are obtained modeling only the basic parameters involved such as insulation,
window glazing and installations, but other key elements like the level of shading, building orientation,
and window size, which were kept constant, can be varied to further improve the outcomes. The study
assumed the limitation of preserving the exposed brick façade of the building, but in different context,
a more performing insulation on the outer skin can be considered for improving the performances of
the building envelope.

7. Conclusions

This research assumes that energy simulation and analysis must be carefully considered and
included during the renovation process aimed at improving building energy performances, to achieve
effective savings and more efficient design solutions in terms of comfort. The proposed methodology
has, as the main objective, the replicability and can be helpful both in the case of renovation and in
case of new construction, aiming to consider IPCC projections and the related effects on people’s
health and wellbeing. The method adopted also allows incremental numerical data to be obtained.
This study evidences the risk of grid collapse and blackouts in case of demand peaks for cooling as
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it happened in NYC in July 1977 and more recently in July 2019, paralyzing the city for more than
3 h. The main answer is, of course, to strengthen the energy infrastructure as the NYC authorities are
already doing, however, a modal shift in approaching renovation and comfort evaluation could be of
help in supporting a cultural change, which will be an unavoidable consequence of IPCC projections.

The outcomes of the case study confirm that climate change will significantly affect the future
improvement of building energy performance and indoor thermal comfort (especially ventilation),
becoming a global challenge that will require to work on thermal insulation and reflectance, but also
on ventilation parameters that have a very relevant role on the demand for cooling.

That climate change and improvement of thermal and ventilation parameters significantly affect
the demand for cooling—in time, it will be a huge global problem.

Further developments of the proposed study are certainly needed to explore the effects on different
building typologies as well as on the inhabitant’s reaction considering different climate contexts and
cultural background.
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Nomenclature

AR5 IPCC Fifth Assessment Report
BEP Building Energy Performance
BEPS Building Energy Performance Simulations
BPS Building Performance Simulations
BLC Building Life-Cycle
CC Climate Change
EPBD Energy Performance of Buildings Directive
EU European Union
GHG Greenhouse Gas
HPD New York City Department of Housing Preservation and Development
HVAC Heating, Ventilation and Air-Conditioning
IES.VE Integrated Environment Virtual Environment software
IPCC Intergovernmental Panel on Climate Change
NPCC New York City Panel on Climate Change
NYCHA New York City Housing Authority
nZEB nearly Zero Energy Building
PMV Predicted Mean Vote
PPD Predicted Percentage Dissatisfied
RES Renewable Energy Sources
RPS Renewable Portfolio Standard
SB100 California Senate Bill 100
TMY Typical Meteorological Year
UNFCCC United Nations Framework Convention on Climate Change
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Abstract: The paper reports a methodology developed to map energy consumption of the building
stock at the urban scale on a GIS environment. Energy consumption has been investigated, focusing
on the shift from the individual building scale to the district one with the purpose of identifying
larger homogenous energy use areas for addressing policies and plans to improve the quality and
the performance levels at the city scale. The urban planning zoning concept was extended to the
energy issue to include the energy behavior of each zone that depends on the performance of its
individual buildings. The methodology generates GIS maps providing a district scale visualization of
energy consumption according to shared criteria. A case study in Bologna city (Italy) is provided.
In the specific case, the last update of Emilia-Romagna regional urban planning regulation required a
mapping action regarding energy efficiency of homogeneous urban portions defined by the General
Urban Plan. The main achieved results are (a) a methodology to identify homogeneous areas for
analyzing energy consumption; (b) an updated energy map of Bologna Municipality.

Keywords: energy efficiency mapping; energy zoning; energy performance certificate; geographic
information system; GIS-based methodology

1. Introduction

During the last ten years, a number of regulations were introduced at national and local levels
across Europe to acknowledge the EU directives concerning energy efficiency [1,2] and to boost energy
savings measures in each member state. In addition to the Italian national regulation, Emilia-Romagna
Region has recently updated the Regional Urban Planning Law (LR 24/2017) that states each city of the
territory is required to perform a mapping action to detect the low quality stock of existing buildings,
particularly the ones not fulfilling the minimum thresholds of energy efficiency and seismic safety
(art. 22, par. 6). The request is not associated with any guidelines for performing the mapping action,
leaving each municipal administration (MA) free to adopt its own methodology and to display the
outcomes accordingly. This makes the possible results often very heterogeneous and hard to compare,
depending not only on the adopted approach but also on the quality and reliability of the data to
be processed.

This paper summarizes the outcomes of a study that was commissioned by the City of Bologna
to define a comprehensive and possibly replicable approach to answer the request while achieving a
useful methodology to address the planning actions of the near future, taking into account the energy
issue as a key priority in the city development. The proposed approach aims to provide a solution for
a quick energy mapping with the purpose of reducing the workload usually needed to face a very
time-consuming activity that deals both with dedicated data collection and processing. The method
therefore considers the use of already available datasets. As evidenced in the literature [3–8], data
processing could take an extremely long time, due to the different data collection criteria and above all
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to the frequent lack of long-term plans for data collection campaigns within the public administrations.
This has led to reflect on how mapping is usually conducted, according to the purpose. In most
cases, mapping actions are generally based on a precise collection of data related to very appropriate
basic units in order to increase the reliability level. However, in this specific case, this would drive
the approach to read phenomena at the building scale, rather than at the city scale (which is the
typical level of planning actions). Consequently, this study approaches the mapping action accepting
some limitations and approximations with the objectives of accelerating the process and providing a
comprehensive picture (which can be appropriately updated) in a timely manner of the energy demand
at a broader scale.

In order to meet the Bologna Municipality requests, this research looks at energy efficiency from a
different perspective, shifting the scale of investigation from the building to the district scale. Energy
efficiency is traditionally surveyed at the building scale by analyzing the building envelope, the
technical installations and the whole-building energy performance. However, this does not reflect the
scope of the Regional Law request, which is basically oriented to understand how energy efficiency is
distributed within the urban fabric and to reveal and the energy consumption trend. Thus, the study
associates energy mapping with the zoning concept that is traditionally used in the urban planning
disciplines [9,10]. This requires relating energy demand level to each city block, identified as the
minimum unit of the mapping action. The scope is to visualize an energy zoning that, reflecting the
current trend of energy demand of the city blocks, will allow MAs to improve their basic knowledge
level and to increase the effectiveness of the possible actions to be taken in the near future through the
urban regulations. According to this scope and general framework, the research initially investigated
input data availability. This was particularly challenging due to the different data sources and related
quality as well as to the different update levels of the datasets produced over time.

The outcomes of the study are (a) the definition of a methodological approach for energy mapping
based on the energy zoning concept and (b) the visualization of energy zoning of the Bologna city case
study via GIS environment.

The study represents a pilot experience that, despite facing several limitations and barriers, tries
to offer an original approach to the topic, focusing on a broader vision to support future planning
actions and defining a methodological backbone that can be refined and integrated with new data to
improve its quality and reliability.

2. Background Knowledge and State of the Art

Despite the scientific literature offering a consolidated knowledge on surveying of energy efficiency
at the building scale, experiences at district or city scales are still limited and are mainly associated—at
least across EU—to wide research projects funded under the umbrella of EU framework programs.
Among them, “STEP-UP Strategies Towards Energy Performance and Urban Planning” is one of the
first outlining the need to focus on large-scale visions connecting initiatives to support renewable
energy source (RES) use with demand trends and player engagement [11]. Dedicated studies operating
at the city scale are provided by Caputo et al. [12], Theodoridou et al. [13] and Heiple et al. [14], among
others [15].

However, any vision at the urban scale requires data regarding energy consumption to be collected,
processed and then displayed with relation to a city map that is typically a georeferenced queryable
graphic representation in a geographic information system (GIS) environment (as happens in many
other sectors, such as mobility and green infrastructure). According to the most shared definitions,
georeferencing is the process of assigning real-world coordinates (i.e., related to an official geographic
or cartographic reference system) to a specific object that can be a pixel of raster data [16] or a vector
entity such as a point, a line or a polygon [17–19]. All possible input data have to include coordinates
or linkable information to available georeferenced geometries, such as cadastral data or street name
and building number [20]. The objects can differ in size or typology, affecting the level of detail of
the investigation (buildings, cadastral parcels, blocks, etc.). The level of detail consequently has to be
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set according to the mapping purpose and based on the available input data, which must be reliable
and accessible. An overall data analysis is needed to set the process and ensure that the outcomes can
be clearly understood by the users [21], while adhering to the current regulations regarding privacy
in terms of data protection (as data can potentially give information on users’ behaviors or living
preferences) [22].

GIS is often used in the energy domain to visualize consumption according to specific parcels
or filtering data by building typologies [23,24], to address retrofitting actions [21,25], to predict the
potential economic and environmental impacts of the adoption of RES use in a specific context [20,26],
to plan specific energy infrastructure initiatives [27] or to obtain a projection of atmospheric emissions
due to energy consumption [28]. Some studies use GIS technologies to provide energy mapping of
built units (individual buildings, blocks, urban fabric portions, etc.) [25,29], offering good evidence of
its effectiveness for the purpose and ensuring a precise data georeferencing, a prompt update over time
and an easy way to visualize complex information. Since the entailed energy flows are the basic input
data needed to draw a GIS map of an area’s energy efficiency [23,30,31], the availability and the level of
detail of data regarding the energy performance of each considered entity affects both the precision of
the model and its reliability [32–34]. According to Lin [25], two main sources can be theoretically used
for the scope: on the one side, real energy consumption data can be gained by the energy supplier
metering system, assuming that real-time metering devices are installed and that there is a cooperation
agreement with the supplier; on the other one, energy consumption can be extracted from energy bills,
assuming that users are able to provide this information [32,35]. Unfortunately, there are at least two
main critical barriers that obstruct the concrete application of this theoretically optimal approach.

(1) Specific or individual information and data about energy consumption are confidential, and
any potential use is regulated by personal data protection [36]. Consequently, they are not easily
accessible without the massive and complex involvement of all users potentially involved in the area
under investigation [22].

(2) Aggregated data can be more often accessible (under request to the responsible entity); however,
the way in which data are aggregated into sets may differ from the physical aggregation of the involved
building unit or may be recorded at a scale which does not fit the purpose of the study [37,38].

According to Tronchin and Fabbri [39], energy consumption can be alternatively obtained from
energy performance certificates (EPCs), which must be associated to any new or renovated building unit,
reflecting the predicted average energy demand based on the technical and constructive characteristics
of the building unit according to an official calculation code [40]. EPC data may not exactly match
real consumption patterns, and eventual deviations have to be verified by sample tests. Despite
being an indirect way to estimate energy consumption, this is a good and more easily accessible
option for gaining input data, even if it might not cover the whole stock included within a territorial
administrative area. Accurate and systematic information regarding the energy behavior of the building
stock including large shares of old and very old buildings is often unavailable in most European
urban areas.

Since comprehensive knowledge about energy demand at the urban scale is a strategic element
for implementing urban policies in many sectors, several indirect estimation methods have been
developed to overcome the lack of direct consumption data. Among them, TABULA—which is the
result of an EU-funded project under the IEE program 2009–2012 [41]—established a harmonized
catalog of building typologies for the European residential building stock, assigning a typical energy
consumption level to each identified category. The typological classification criteria are based on
the age of the building, the number of floors and some constructive features that can be identified
quite easily by a speedy survey, allowing the application of the methodology to a wide number of
cases and keeping the reliability of results within acceptable levels of approximation [42,43]. A good
coverage of the required data concerning the involved building stock is an essential factor in limiting
the unavoidable imprecision rate of this indirect methodology. Since the results typically refer to the
energy demand of a single building, homogeneous coverage is even more relevant when the main
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objective is to analyze the energy consumption at the scale of aggregated buildings, where potential
gaps may seriously affect the reliability of outcomes [44].

3. Data Collection and Methodology

Even though the present research was generated by a specific request at the regional level, the
study was developed within a general theoretical approach with the purpose to offer a “speedy method”
to allow MAs to consider the energy performance of the urban stock at a broader scale that can possibly
be replicated in different contexts. As evidenced by the scientific literature consulted, a shift from the
building to the urban scale in energy consumption analysis is required to better address the future
actions in city development and transition to a low-carbon environment.

The study is based on the idea of translating the energy zoning concept into energy maps—to be
typically displayed at the district scale—with the purpose of obtaining a tool for easily visualizing
energy consumption trends and distribution within the territory under investigation. Accordingly, the
GIS environment is considered a powerful way to correlate data and information under investigation
with georeferenced data. The GIS environment allows the data to be easily updated and enables the
them analysis outcomes on be displayed on the city map.

The methodology was based on two main types of input data strictly related to the building entity
that—being the object to which energy performance/demand is associated with—was assumed as the
basic unit of the process:

(a) The first required input data typology deals with vector files of the geometrical units to which
energy data correspond to. This is a compulsory element needed to locate the basic building unit in
the map and univocally associate the related energy data within a GIS environment.

(b) The second required input data typology regards energy consumption of the basic considered
units. It has to be noted that this unit may differ from the building as a whole, according to the typology
and function.

3.1. Data Collection

Vector files have to possibly cover the whole city administrative territory (or at least the one within
the investigation boundary). The vector files shall refer to the geometric definition of the buildings, the
cadastral parcels, the city blocks, etc., including a set of related topographic information. Generally,
the basic unit is associated to individual buildings. These vector files are typically owned by the City
Technical Offices for many different purposes and created in different phases according to the need
and the scope. It is relevant to note that they frequently present some discrepancies depending on the
way in which geometrical data were collected and the files generated. However, considering the whole
scale of the process, this can be considered a minor issue.

Energy consumption data represent the key variable of the process and, methodologically speaking,
real data are certainly to be preferred, where available, in order to increase the reliability of outcomes.
As Figure 1 shows, the availability or unavailability of real data determines the steps of the methodology.
Unfortunately, real data are not so frequently available and accessible, as the ownership in most cases
is in the hands of the energy supplier, who has to comply with data protection regulations.

Even though specific agreements can solve these limitations (as has happened in some cases), past
experiences and the literature [45–48] suggest considering real data to be unavailable. The present
study aims to face the most recurring situation where many barriers obstruct the use of these data; thus,
keeping in mind the speedy approach of the method, a worst-case scenario is considered. An alternative
source of input data is therefore required. Energy performance certificates (EPCs) represent a viable
solution. When approaching this data source, the distribution within the city administrative territory
has to be carefully checked to make the process feasible. Once input data are secured, the linkage
through coordinates or georeferenced information in the GIS environment must be explored, and the
coverage within the territory under investigation must be quantified.
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Assuming the use of EPCs as primary data source related to energy demand, the linkage to the
vector polygon must be consistent with the administrative entity, usually the cadastral parcel, with
EPCs being administratively associated to the building property (which typically refers to the cadastral
system). It has to be noted that frequently the cadastral parcel does not perfectly match the building
geometrical definition, and the vector files may consequently differ. In the case of more units being
included in one building or cadastral parcel, EPCs can be mediated considering the coverage and the
boundaries of the selected unit. The decision regarding the file to be used depends on quality of the
available files made available by the MA.

Figure 1. Methodology workflow.

3.2. Methodology

The methodology requires obtaining a unique shapefile embedding all original or mediated
energy efficiency values univocally associated to the selected basic unit (buildings, cadastral parcels,
blocks, etc.).

As the main objective is not to provide a picture of a constellation of individual building energy
performance but rather to focus on detecting homogeneous or heterogeneous areas in energy demand
within the city territory, a shift from the building or the cadastral parcel geometry to the one of the city
block is required. An intermediate required step is to properly define the city block. The definition
comes from the urban planning discipline trying to overcome some semantic differences attributed to
the urban basic units country by country. Thus, the city block is intended as an ensemble of buildings
and in-between spaces (courtyards, private passages, gardens, etc.) delimited in the perimeter by the
typical public viability and representing the typical urban unit of larger neighborhoods or districts.

The shift from the basic unit data association to the city block is operated calculating the so-called
K index, which represents an average value obtained from the summation of the energy performance
of all the available EPCs included in the city block (mediated according to the related usable area) over
the city block surface. The K index is initially calculated as the weighted average of the total primary
energy (Eptot) needs of the building units belonging to the same cadastral parcel, with a weight equal
to the useful surface. In the case of generalizing K-values from building level to block level, significant
differences may occur in the building size and typology within the same block, and the area/size of a
building can be used as a weight for calculating the average K-value.

Subsequently, the K-value at the block level is obtained from the simple average of the K index,
previously calculated at the building level (or the cadastral parcel level). Therefore, K is intended to be a
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geometrical correlation factor between the cadastral parcel unit (or the selected basic unit) and the EPC
database (which is also based on a geometrical definition). This allows easily updating the aggregated
index if additional data become available within each city block reflecting the improvements made at
the individual building scale. At the same time, this allows associating an average behavior with a
larger portion of city, providing the MA with a broader picture of the situation sector by sector.

The outcome is a vector map showing the energy efficiency associated to each polygon. The vector
data include an attribute table containing all the information related to the considered geometries,
which allows extracting specific information related to particular conditions. The map may include
some unclassified polygons, due to the eventual lack of input data regarding the EPCs (cadastral
data, geometric data), that appear as neutral but may be updated when the related input data become
available. The energy use intensity can be associated to other maps (typologies, functions, density,
etc.) in order to better define specific improvement and development policies, depending on the
MA programs.

The novelty of the proposed methodology does not deal with data processing—as the intention
was to adopt currently available tools to facilitate the replication and adoption of the process—but lies
in the approach to mapping (from the building level to the block level) considering the urgency of a
broader vision and the need of a less time-consuming process to support decision-makers and planners
in driving measures at the city level. The contributions offered by the proposed methods to those
operating in this sector deal with being a feasible process based on available resources in a quite speedy
way, a viable solution to overcome frequent existing barriers (e.g., limited access to real data, limited
data coverage, limited precision of vector files) and a replicable process in different contexts using
quite comparable input data. The proposed methodology reflects a very flexible approach, designed
to be easily replicated, since both the input data processing and the scale of representation can be
modified, consequently adapting the process to the local framework in order to achieve comparable
maps displaying the available data content [49].

Even though the methodology may suffer from some approximations and loss of data (mainly due
to lack of a complete coverage), it is designed to easily accept adaptations or updates. The increase of data
availability and accuracy can improve the quality of outcomes and mapping process definition, giving
the MAs a tool to quickly monitor the mid- to long-term progress and impacts of the adopted policies.

In order to validate the process and the obtained map, different input data must be assumed [20]
that possibly adhere to real energy consumption. Considering the abovementioned limitations and the
complexity of a large-scale process, the validation step can be performed on sample test sites where
information and input data can be more easily accessible and available. A case study application has
been performed within the city of Bologna.

4. Bologna Case Study Application

According to the request of the MA, the defined methodology has been applied to the case study of
Bologna, a medium-large-size city located in lower northern part of Italy (Figure 2). With approximately
400,000 inhabitants (1 million considering the whole metropolitan area), Bologna is the seventh
most populated Italian city [50]. As the capital city of Emilia-Romagna Region, it has an extent of
approximately 140 km2 and a density of 2780 inhabitant/km2 [50] Bologna is renowned for having one
of Italy’s largest and most well preserved historical city centers.
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Figure 2. Bologna Municipality (Italy) location.

The urban plan adopted in the late nineteenth century drove the expansion of the city outside
the medieval wall ring influencing the city development since the end of the Second World War,
when large portions of urban fabric mixing residential and industrial settlements were newly built on
the north, east and west sides, often creating dense districts [51–53]. A new general urban plan was
adopted in the early 1960s to address further expansions and to mitigate the lack of green and district
infrastructure. During the last twenty years, the city of Bologna was characterized by a less intensive
building activity more oriented to meet the goals and the key elements of sustainable construction and
therefore acknowledging the national regulations that were introduced to adhere to the EU directives.
Furthermore, in 2015 Bologna adopted the so-called Bologna Adaptation Plan as the result of the BLUE
AP project (Bologna Local Urban Environment Adaptation Plan for a Resilient City), funded by the EU
under the umbrella of LIFE+ program (LIFE11 ENV/IT/119), to address future development actions
towards more resilient and less energy-consuming solutions to cope with climate change [54].

The update of the Regional Law on Urban Planning (LR 24/2017) therefore represents the last step
of a process deeply focused on properly facing the challenge of greatly decreasing energy demand in
the coming decades. The study reported in this paper represents the outcome of an intense dialogue
with the Bologna administration during the last year and a half.

4.1. Preliminary Phases

During the preliminary phase, the research team and the MA discussed the possible data sources
according to availability and accessibility. Real energy consumption data were assumed as unavailable,
as this data typology is not owned by the MA and there is no specific agreement with the energy
supplier to access it. The initial request of the MA was to estimate the energy performance level
considering the year of building construction and both the surface (S) and the volume (V) of each
building. The first attempt of association using the TABULA database [55] gave unsatisfactory results,
demonstrating that the proposed methodology requires input data regarding energy consumption.
Once this was clarified and the MA commitment in this direction was obtained, some key priorities
were defined: (a) the level of knowledge about energy performance had to be explicitly related to the
basic unit in terms of input data to be made available; (b) a stable and possibly univocal definition of
the polygon, corresponding to the building unit, had to be achieved.

Thus, EPCs were assumed as input data regarding energy consumption, being aware that they
could not completely cover the whole building stock but having in mind that they are continuously
updated and implemented, allowing the methodology to be constantly refined and increased in
coverage when new input data become available.
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The MA agreed to provide the most updated vector files, regarding both the buildings and the
blocks, as well as the EPCs concerning the buildings located within the city’s administrative boundaries.

The EPCs files were collected in separate sets, organized according their issuing period, namely
2009–2015 (EPCs from 2009 to 1 October 2015—81,350 records), 2015 (EPCs from 1 October 2015 to 31
December 2015—3265 records), 2016 (full year—11,649 records), 2017 (full year—9973 records) and 2018
(full year—5624 records). The distinction within 2015 is due to the introduction of a new regulation in
force from 1 October 2015 (Ministerial Decree 26/06/2015) concerning [56] (a) new elements (such us
aeration, air-conditioning, artificial lighting) to be included within the Global Energy Performance
index calculation (later called Eptot) and (b) the use of kWh/m2 * year as energy performance unit of
measurement for all building typologies (while before 1 October 2015, the index was referred to as the
volume unit (KWh/m3 * year) for nonresidential buildings (called E1, including several subclasses)).
Due to data protection regulations, EPCs were provided without including the building address and
street number, only including cadastral data for GIS linkage purpose.

An EPC database, with cadaster and full location files, was provided to the Municipality by the
Emilia-Romagna Region (who is the subject in charge of collecting these data) for validation purpose
in sample areas only and with a strict nondisclosure agreement. Thus, the entire first stage of the study
was carried out referring to cadastral data only.

4.2. First Stage

The first stage of the process aimed at computing the energy efficiency K indexes to be associated
with the map geometries. This index refers to the Eptot values and the total usable area belonging to
each individual cadastral parcel. The index is thought to mediate the potential lack of some EPCs in
the same cadastral parcel (the lack could be amended in the future when the missing data become
available). The calculation process allows monitoring the loss of data in each cadastral parcel. The K
indexes were calculated based on EPC data and using Microsoft Excel and QuantumGIS, according to
the following steps:

(1) Each EPC dataset was filtered to delete records (almost 3%) including errors (i.e., zero or
missing value for heated volume field, usable area field, cadastral parcel field, or formally incorrect
values, etc.)

(2) The EPC datasets were merged into a single file (111,861 records), detecting and erasing EPC
duplicates (almost 1%) associated to the same building unit to keep the most updated one.

(3) Eptot values determined before 1 October 2015 for E1 building class were converted to express
the unit measure in usable floor area instead of heated volume (this is to amend the change in the
regulation that occurred).

(4) Eptot values (almost 1.5%) over the thresholds of 500 KWh/m2 * year for residential buildings
and 800 KWh/m2 * year for nonresidential buildings were excluded, assumed to be out of scale based
on regional guidelines and the literature [57]. At this stage, the total number of EPCs suitable for K
index calculation shrunk to 106,469.

(5) As reported in the literature [58–63], most of energy efficiency indexes take into account the
building envelope characteristics, the heating/cooling and services systems and the concurrent features
in order to determine the energy demand. EPCs comply with calculation standards, and the proposed
K index aims to mediate the sum of energy performance of the basic units within each cadastral parcel.
The energy efficiency K index was calculated as follows (Equation (1)):

K =

∑(
Eptot ×Usable area

)
∑

usable area
(1)

where K (KWh/(m2·year)) is the energy efficiency index, Eptot (KWh/(m2·year)) is the energy efficiency
value for single unit with EPC,

∑
usable area is the total usable area (m2) or the sum of all the useful
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surfaces with available EPCs within the same cadastral parcel and Usable area (m2) is the single unit
floor surface.

(6) K index values were checked to delete eventual errors (less than 1%).
The obtained K indexes computed for each cadastral parcel were then ready to be transferred to the

GIS environment. For this purpose, the merged EPCs file (steps 2–4) with 106,469 records, the cadastral
parcel vector data (73,984 polygons) and the building vector data (41,010 polygons) were used.

The obtained K index can be consequently associated directly to the cadastral parcel or to all the
buildings included in it.

In the first case, a one-to-many relationship was established between the cadastral parcel attribute
table (A—father) and the EPC table (B—sons). As the primary key is a unique identifier, the foreign key
can reliably reference it as one record [64]. The A primary key was obtained by joining the cadastral
sheet and the cadastral parcel fields.

In the second case, a new one-to-many relationship was added. It was established between
upgraded cadastral parcels vector (A) and building vector (B). All entities to which an EPC is not
associated (such as churches, historic monuments, kiosks, etc.) were previously excluded.

Finally, to add the K index field to building vector, the join function was applied between the
building attribute table and the cadastral parcels attribute table.

4.3. Second Stage

In order to adapt the model for urban planning purposes, the energy consumption trends were
projected at the urban fabric level in a second stage. The coefficient K was mediated at the block scale.
The block is defined as a portion of urban fabric surrounded by public streets whose boundaries are
classified from an administrative point of view [65]. However, other scale options might be considered
in different contexts according to specific characteristics and goals. The decision was discussed and
agreed upon with Bologna MA. This does not limit the replication elsewhere nor the validity, as both
are mainly dependent on the selected data source availability. The file containing the geometrical
definition of the blocks was provided by Bologna MA. The process was managed by QuantumGIS
software according to the following steps:

(a) The block identification code was associated to each building by using the position tool.
(b) For each block, the mean K-value (starting from K-values of buildings included of the same

block) was calculated (KBLOCK index).
(c) The new one-to-many relationship was accordingly applied. It was established between block

vector (A) and building vector (B), so that a single record of the block attribute table (A) matched many
rows in building attribute table. Then, the join function was applied between the block attribute table
and the building attribute table to add the KBLOCK index field to the block vector.

(d) Finally, the EPC number used in the calculation of the KBLOCK index for each individual block
was calculated. Consequently, the information was transferred to the map using the centroids of the
polygons corresponding to the blocks.

As explained in the methodology paragraph, the area/size of a building can be used as a weight
for calculating the average K-value, and the option to calculate a weighted average K-value was indeed
considered in an early stage. A test in a sample portion leading to a difference of less than 5% was
discussed with Bologna MA who explicitly required not to weight the K-value, keeping it directly
linked to the EPC values of the units included in the block. Even though the EPC availability may not
cover all buildings in the block at the moment, Bologna MA and Emilia-Romagna Region are boosting
the update of EPCs; therefore, the integration of new certificates will certainly increase the accuracy in
the future. Thus the EPC coverage can quickly reach 100% in the coming years, reflecting the situation
within the block and the buildings and allowing the MA to monitor the progress in this direction. After
a long discussion with the MA about which option would better fit the specific case, the proposed
methodology was confirmed.
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4.4. Validation

In order to validate the energy maps generated by the described methodology, a sample area was
selected to apply the assessment procedure. The site is named “Bolognina” and is made of large blocks,
mostly arranged according to a very regular grid of plots, located in the north side of Bologna, near
the railway station. As real data on energy consumption are unavailable (typically owned by energy
suppliers and strongly covered by data protection regulation), the validation used a new set of EPCs
that were provided for this stage only with the full location address (street name and the street number)
for each individual building unit. Similar to the previous stage, data are organized in the following
separate files: 2009–2011 (full years), 2012–2013 (full years), 2014–2015 (EPCs until 30 September
2015), 2015–2019 (EPCs from the 1 October 2015). Consequently, the following preprocessing steps
were needed:

(1) Each EPC dataset was filtered to delete records (almost 4%) including errors (i.e., incorrectly
written values in the Eptot field and in address or street number field, etc.)

(2) The EPC datasets were merged into a single file (126,383 records), detecting and erasing EPC
duplicates (almost 1%) associated to the same building unit to keep the most updated one.

(3) Eptot values determined before 1 October 2015 for E1 building class were converted to express
the unit measure in usable floor area instead of heated volume.

(4) Eptot values (almost 1.5%) over the thresholds of 500 KWh/m2 * year for residential buildings
and 800 KWh/m2 * year for nonresidential buildings were excluded, assumed to be out of scale based
on regional guidelines.

Then, the validation procedure for the Bolognina sample area was performed, including the
following steps:

(1) The specific EPC records were extracted according to Bolognina street locations. The address
line was corrected using semi-automatic procedures to make the addresses consistent with those
reported in the street number vector file. Address duplications within the street number vector file
were deleted to obtain unique values for this field.

(2) The Eptot mean value was calculated starting from EPCs having the same complete address.
This step makes the validation comparable with the procedure used in the calculation of the K indicator.

(3) A new one-to-many relationship was created between street number vector (A) and EPC table
(B) to match a single record of the street number attribute table (A) with many rows in EPC table. The
join function was then applied between the street number attribute table and the EPC table to add the
Eptot mean field to the street number vectors.

(4) The Eptot mean value between the street numbers included in the same block was calculated
within the upgraded street number vector.

(5) The Eptot mean block value, representing all the street numbers included in the same block,
was associated to the block polygons through the attribution for position tool.

5. Case Study Results

The described methodology and related procedures produced vector files containing all the
necessary information to represent the estimated energy consumption values on a GIS-based map.
Graphical representation can be displayed according to three different scales: buildings, cadastral
parcels and blocks. In order to improve map readability, a color palette that varies from green to
red—associated to the best and the worst conditions, respectively—was applied. The color scale
was divided into six classes from 0–100 KWh/(m2·year) to greater than 300 KWh/(m2·year) (Table 1).
The cartographic reference system of all maps is ETRS89/UTM 32N. The original building vector file
contained 41,010 buildings and represents the whole city territory at building scale definition.
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Table 1. Consumption classes according to the energy map visualization.

Class K (kWh/m2·Year)

1 0–100

2 100–150

3 150–200

4 200–250

5 250–300

6 > 300

The uncolored buildings are those not useful for the scope (such as canopies, abandoned or
dismissed buildings, kiosks, barracks, etc.) or belonging to specific categories like historical monuments
or those not included due to data unavailability or errors. The final file considers 37,651 buildings of
which 19,311 (51.3%) are properly classified according to the EPC criteria (Table 2). Figure 3 provides a
detailed portion of K index energy map at cadastral parcels scale.

Table 2. Summary of resulting data.

Number of buildings included in the vector file 41,010

Number of buildings/parcels considered for the scope 37,651

Number of buildings/parcels related to K index values 19,311

Figure 3. K index map at cadastral parcel scale. Bing aerial imagery is used as the base map.

Figure 4 offers an overview of the K index map at block scale (KBLOCK index) considering the
entire extent of Bologna city. Approximately 12% of the blocks (283) resulted as not being classified.
The fourth class (orange 200–250 KWh/(m2·year)) includes the highest number of polygons (960).
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Figure 4. K index map at block scale (KBLOCK index). Bing aerial imagery is used as the base map.

Figure 5 provides the portion of the map at the block scale corresponding with the sample site
used for validation purpose. The same color palette used for the K index maps was applied. For each
block, the number of EPCs with complete address, available for the Eptot mean value calculation,
is reported.

Figure 5. Eptot mean value map corresponding to the validation area (Bolognina) at block scale. Bing
aerial imagery is used as the base map.

Figure 6 provides a detailed map of the K index (KWh/(m2·year)) in Bolognina district sample site.
The blocks requiring further refinement to be classified through validation procedure are highlighted
with a cyan line. The K index classification corresponds in 64 out of 80 blocks, while in the other ones
the difference never exceeds one class.
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Figure 6. The KBLOCK index map corresponding to the validation area (Bolognina) at block scale. Bing
aerial imagery is used as the base map.

6. Discussion

The structure and the stages of the proposed methodological approach clearly reflect the constraints
regarding the input data availability, particularly the need to properly set the basic unit on which the
study focuses. Within the energy efficiency field, this typically refers to the building scale, which may be
coherent with the initial request to obtain a picture of the stock that does not meet the minimum energy
efficiency requirements but does not fit well with the scope that instead clearly aims to easily visualize
and process data about energy consumption distribution at the district/city scales. The building level is
a consolidated basic unit adopted both in GIS and building information modeling (BIM) environments
for modeling purposes, as clearly evidenced by the literature [66,67]. However, the limitations of EPCs,
due to data protection regulations that require treating data without a full address line (street and
street number), obliged us to work at cadastral parcel scale and not at the building scale (the ownership
of data may differ according to the context, and in other experiences full data were used according to
specific agreements). The complete address and the street number code link each cadastral unit with
the corresponding vector geometric element [68].

The MA and the research team took the sensitive data issue seriously from the very beginning,
assuming that the methodology has to comply with the Legislative Decree 101, 10/08/2018 [36], that
acknowledges the European General Data Protection Regulation 2016/679 [69] within the Italian
territory. This is the reason why full address data were made available only for validation purpose on
a sample area with limited extent, while the methods developed for using nonsensitive data have been
instead applied [70,71], complying with the strict nondisclosure agreement for data processing and
considering that the generated outcome would display only aggregated data on the map.

The use of EPCs evidenced some other issues concerning the collection methodology and the data
storage organization. EPCs were introduced by the Decree Law n.63 (04/06/2013) [72] and following
updates, providing a specific template for all new and existing buildings to be rented or sold within
the market. In 2015, some new standards were included in the template in order to make the energy
performance classification more homogeneous, partially changing the recorded data structure or the
data writing formats. Even though this aspect is not part of the present study, it seriously affected the
way in which data have to be processed. Some differences were detected in datasets from 2009 to 2015
and those from 2015 to 2018, requiring additional steps for harmonization [73] during the preparation
phase for GIS processing. A recurrent detected error regards the address writing format (names and
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numbers). The mismatch of the address formulation criteria between the EPC files used for validation
and the available vector files obstructs a simultaneous analysis of the entire municipal territory. The
frequent typo errors made it impossible to apply an automatic correction procedure, and most of the
errors had to be manually amended. This was possible for the sample area (Bolognina), considering its
limited extent, but could significantly impact the entire process if applied to the whole city.

As already evidenced by Hohmann [74], these problems suggest a reflection on data collection
methods and organization within the MA, especially considering the new three-year plan for information
technology in the Public Administration aiming to achieve the digital transformation of the Italian PAs
in accordance with the European Digital Agenda programming [75].

Among the detected errors within the EPC files, the one regarding the lack of cadastral data or
addresses can be very critical causing the loss of records (which in the specific case study was limited
to 5%) and related visualization in the energy map. The lack of geometric congruence between some
vector files (such as between building vector and block boundaries vector) can be instead solved by the
application of some spatial GIS tools [76].

Taking into account all these limitations, the developed methodology tried to find adequate
solutions to generate the energy maps: the K index map was initially obtained at the building scale
and then obtained at the cadastral parcel scale, with more than 50% of total geometric units classified.

The number of EPCs used to calculate the K index (referring to the individual cadastral parcel)
may vary in each cadastral parcel, consequently the K index of a cadastral parcel can be calculated
only as a part of all of the urban units or a part of all buildings included within it. The progressive
increase of EPC availability will definitely improve the map reliability until a total coverage is finally
achieved. Considering that the available EPCs (covering the time period up to 2018) represent 50% of
the urban units (assuming a relevant part of the residual 50% belongs to a building typology that does
not require an EPC, as already explained), the developed methodology could be positively refined and
implemented during the coming years in order to increase its levels of precision and efficiency.

If the results are observed at the block scale, the K index improves in terms of quality: 88% of
the blocks have an associated K-value. Since this scale is more aligned with the planning purposes
discussed with the PA, the validation process was performed at the block scale: 80% of the blocks have
an associated class corresponding to the K index classification range. Regarding the gap between the
two results (conventional methodology and validation), the following considerations can be reported:

• Despite both the conventional and the validation processes using EPCs as input data, the validation
does not consider the building step, instead only considering the cadastral parcels in a single step.

• The EPC dataset made available during the validation included 20,000 more records (referring to
part of 2018 and 2019), which produced some differences as highlighted in Figures 5 and 6.

• The limited extent of the sample area during the validation process allowed to manually amend
some detected errors which otherwise would become a very time-consuming activity if the whole
city territory would be involved.

Based on the overall outcomes and these observations, the achieved result was considered to be
satisfactory by the MA and the team with relation to the initial research brief.

7. Conclusions

Considering all the premises as well as the limitations and barriers that arose during the study
with relation to input data, it has to be honestly said that the outcome confirms the constraints and
difficulties already mentioned by the scientific literature. However, the result can be considered a
step forward in shifting the perspective from the individual building energy performance to a wider
urban energy consumption observation, which was the main requirement of the regional regulation
update. This will allow the MA to focus on specific measures where energy intensity concentration
requires greater attention or to customize solutions with relation to specific situations. It is also very
relevant for launching initiatives (such as incentives or bonus) able to boost a diffuse improvement
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linked to specific typologies. Much more relevantly, it will be very helpful in monitoring the overall
situation detecting where lack of data and information are concentrated as well as in obtaining updated
maps which will provide easy-to-visualize feedback of the impact derived by the decisions and energy
policies adopted over a time period.

The methodological approach used for generating the K index map can be considered a valid
and effective starting point for further detailed elaboration of energy performance maps, taking into
account data reliability as an open issue to be further investigated. This can be considered a feasible
and realistic goal, assuming that the continuous update of EPCs will make new input data available to
feed the methodology, improving its precision and reliability. This will help in taking into account the
evolution of energy consumption of buildings over time, keeping the focus on the overall demand and
distribution at the city level and supporting reflections on the influence of local and external conditions
(such as the effects of climate change). The main benefit deriving from this study lies in the opportunity
of using maps to represent a systemic and easy-to-visualize picture of energy consumption at the
city level that policy-makers and designers can use to support the decision-making process as well
as to easily communicate the outcomes to citizens and end-users, improving the collective level of
awareness towards this topic.

It also has to be noted that the described methodology can be generalized and easily replicated
in other contexts without its main structure changing, even if the outcomes can be of course affected
by the quality of available data and resources. With that being said, this methodology represents an
opportunity to explore the energy consumption trends at the city/district scales and consequently
address future measures and initiatives to foster energy savings.
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Abstract: The paper analyses the indoor environment in two modern intelligent buildings located
in Poland. Measurements of air and globe temperatures, relative humidity and carbon dioxide
concentration in 117 rooms carried out in the space of 1.5 years were presented. Thermal comfort
of the occupants has been investigated using a questionnaire survey. Based on 1369 questionnaires,
thermal sensation, acceptability and preference votes were analysed in view of their interdependency
as well as their dependency on operative temperature, which proved to be very strong. It has been
found that the respondents did not completely rate thermal comfort and indoor environment quality
as very high, although the overwhelming sensations were positive. Apart from the operation of
heating, ventilation and air conditioning (HVAC) systems, this might have also been the cause of
individual human factors, such as body mass index, as tested in the study, or the finding that people
were generally in favour of a warmer environment. Moreover, thermal environment proved to be the
most important element for ensuring the well-being of the occupants.

Keywords: indoor environment; intelligent buildings; thermal comfort; thermal sensation

1. Introduction

Energy consumption throughout the world constantly rises. Much of it is related to the use
in the building sector, especially for the development and daily operation of sophisticated modern
buildings such as large-scale intelligent buildings for office and public use. Those types of buildings
are equipped with services and installations such as heating, ventilation and air conditioning (HVAC)
systems, whose energy consumption might be significant. In commercial facilities the main electrical
loads are typically related to HVAC systems and lighting [1], in office buildings heating, ventilation
and air conditioning systems may account for over 60% of energy consumption [2], while data from
three years of final energy consumption in a modern educational building in France indicate over 80%
energy use for heating and ventilation [3]. Thus, even a small reduction in indoor air temperature
during the heating season and a small increase in indoor temperature during the summer (reducing
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the required cooling load) might result in both economic and environmental benefits due to reduced
operational costs and lower emission of carbon dioxide if energy is generated from fossil fuels. The only
question is to which extend the temperatures could be reduced/increased, so that the residents would
still experience thermal comfort conditions.

Modern buildings have been considered and designed with the view to provide their occupants
with comfort conditions—both in terms of indoor air quality and thermal comfort. However, these
requirements might not be satisfied and people complain about the indoor air condition despite the high
investment and operational costs of the buildings. Moreover, the long-term policy and development
strategy of the European Union states that buildings in member states should be characterised, among
other things, by reduced energy consumption and improved indoor air quality [4]. In view of these
reasons, much more effort needs to be made to target the problems currently prevalent in the area
of civil engineering such as sick building syndrome and, in particular, provide more knowledge on
thermal comfort and indoor air quality in modern buildings.

Thermal comfort can be defined as the feeling of neither cold nor warm. It is affected by a number
of parameters such as indoor air and radiant temperatures, relative humidity, air movement as well
clothing thermal resistance and metabolism rate. They are incorporated in the Fanger model, which
predicts collective occupants’ satisfaction taking into account six environmental and physiological
parameters [5]. The author proposed the Predicted Mean Vote (PMV) and Percentage of People
Dissatisfied (PPD) indices, which are now part of the commonly used building standards: EN-ISO
7730 [6] and ASHRAE-55 [7]. The PMV is a seven-point scale ranging from cold (−3) to hot (+3) and
describes the thermal sensation of a large number of people in the room. The generally preferred
value is 0 (neutral thermal environment) with deviations into the positive and negative area, whose
acceptable level depends on the building category and is given in the standard [8].

Thermal comfort has recently attracted a lot of scientific interest, as evidenced by a growing
number of experimental papers and reviews [9,10]. This phenomenon is tested in all types of buildings
such as residential [11], public utility buildings [12,13] or even means of transport [14]. In terms of
public utility buildings, where people tend to spend more and more time and are less able to control the
indoor environment than at their homes, educational facilities and various kinds of offices should be of
particular interest both in terms of ensuring optimal thermal sensation and reducing heating/cooling
costs of HVAC systems (for example a rise in indoor temperature set-point of ca. 1–2 ◦C in the summer
can save ca. 6–10% of the electric energy for air conditioning [15]). Moreover, much attention has
recently been paid to combining the issue of providing thermal comfort conditions to room users and
the energy performance of buildings [16–18].

Almeida et al. [19] performed 32 measurements in ten spaces in six educational buildings in
Portugal and obtained 490 questionnaires. PMV index was determined for each room. Air and mean
radiant temperatures as well as air velocity and relative humidity were recorded using a measuring
device. The questionnaire covered questions regarding thermal perception, thermal evaluation, thermal
preference and thermal tolerance. High acceptability of the indoor conditions was observed. Over half
of the respondents intended to keep the thermal environment unchanged. The relationship between
PMV and mean thermal sensation vs. operative temperature turned out to have a moderate correlation.
Krawczyk et al. [20] presented research results of temperature and relative humidity measurements in
Polish and Spanish universities as well as surveys on the comfort perception. It was found that the
optimal indoor air temperature differs depending on location (for students in Poland range from 21.7
to 22.3 ◦C, while in Spain from 23.3 to 24.8 ◦C). However, both indoor air temperature and humidity in
both buildings are within the recommended range. Most Spanish students felt that is was cold or too
cold for them, despite the fact that the temperature was within the recommended range and ca. 2 ◦C
higher than in Poland (which was explained by adaptive models for the comfort temperature (higher
values for Spain than for Poland for this month). The respondents proved to have good acceptability of
dry conditions. Vilcekova et al. [21] carried out tests of indoor air quality and thermal comfort in five
classrooms located in a school in Slovakia. The following parameters were measured: temperature,
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relative humidity, solid particles, CO2 concentration, sound level as well as lighting conditions.
The number of people tested was 34 students of 6–15 years old and five teachers. Thermal sensations
were overwhelmingly acceptable and perceived as good. A concern was the relatively high CO2 level
(in the range from 577 to 1787 ppm) despite the fact that windows were open. The concentration
of carbon dioxide fluctuated during the school hours. Fang et al. [22] analysed thermal comfort in
air-conditioned classrooms located in Hong Kong. The research programme consisted of measurements
of environmental parameters as well as thermal responses from 982 students. The authors found out
that there was an insignificant difference between the temperature preferred by the respondents and the
neutral temperature. Besides, there was a strong linear relation between the mean thermal sensation
vote and the operative temperature. Buratti and Ricciardi [23] used direct measurements of the indoor
microclimate parameters and the questionnaires during autumn, winter and spring in classrooms at
the University of Perugia, Terni and Pavia in Italy. The internal air temperatures ranged from 20.9 to
26.4 ◦C, mean radiant temperatures from 20.1 to 25.1 ◦C, while relative humidity from 25% to 63.7%.
Air movement was low, with maximal air velocity of 0.085 m/s. Thermal sensations experienced by the
respondents in the considered classrooms proved to be very satisfactory (mostly falling within the
acceptable range of −0.5–0.5, except for two surveys that produced the results of thermal sensation vote
of 0.6 and 0.78). A later work by these authors [24] provided more diversified results. It also focused on
other parameters affecting the human well-being, namely: acoustic and lightning conditions. The tests
were conducted in classrooms at the University of Pavia in Italy. The tests covered measurements
of physical parameters (indoor and external air temperature and relative humidity, mean radiant
temperature and air velocity) and questionnaires for respondents’ responses (whose total number
was 331). It was observed that the average values of PMV and PPD for women and men can differ
from each other (maximally by 0.45% and 11.57%, respectively). Generally, thermal comfort could be
considered as very good for three classrooms (mean thermal sensation vote ranged from 0.08 to 0.36)
and unsatisfactory for two (where mean sensation vote reached 1.15 and −1.10). Aghniaey et al. [25]
provided data on thermal comfort at the University of Georgia’a campus in US. The results were
obtained in 11 classrooms where the number of students ranged from 18 to 54 persons. The operative
temperature was between 21 and 27 ◦C. The study showed that the thermal environment in the
analysed classrooms was overwhelmingly acceptable. The average thermal preference vote was “no
change” if the indoor operative temperature was ca. 23.5 ◦C (thus, this temperature value can be
considered optimal at the considered location). For this temperature the actual mean vote was almost
neutral. Women typically preferred warmer thermal environments and on average female thermal
sensation votes were lower than those for men.

It needs to be noted that the optimal human thermal conditions are subjective and depend on the
climate. Experimental results on thermal comfort tests conducted in the summer season in India [26]
reveal that the mean comfort temperature (determined by Griffiths’ method) was 29.8 ◦C. In this paper
thermal comfort of 900 students (mostly males) in naturally ventilated classrooms during the summer
in India was analysed. The study covered thermal sensations, preferences and acceptability as well as
measurements of environmental parameters. The mean indoor air temperature was 30.4 ◦C (from the
range of ca. 26.6 to ca. 36 ◦C), while mean relative humidity was 39.4% and clothing thermal resistance
ranged from ca. 0.41% to ca. 59% of votes which indicated the neutral thermal sensation and 69%
chose “no change” as their thermal preference. About 81% of the responses were in the comfort band.
Thus, the research shows that the overwhelming majority was satisfied with the conditions that might
be considered unsatisfactory for the European respondents.

One of the relatively few works on thermal comfort in intelligent educational buildings has been
presented by Merabtine et al. [3]. The authors investigated indoor air quality and thermal comfort
in a low energy consumption building in France. The authors tested 41 students between the ages
of 17 and 22 years using questionnaires in the foyer of the building. The indoor air parameters were
measured. The obtained results indicate a dissatisfaction with the thermal conditions in the considered
space (beyond the 10% acceptance level of PPD). Thermal sensation votes were also outside of the
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acceptable range and fell below −1. When the occupancy in the building was high the CO2 levels
exceeded the limit of 820 ppm, but it was rare (1–5% of occupancy hours). In the tested three teacher
rooms, the indoor air temperature ranged from ca. 20.3 to 24.7 ◦C, while CO2 concentration from
ca. over 300 up to over 1300 ppm. Based on these data, it can be concluded that even such modern
buildings might not offer comfortable conditions to their users. Carbon dioxide concentration proved
to exceed the upper limit at times, while thermal sensation votes of the respondents indicated the
feeling of dissatisfaction.

Apart from schools and university campuses, office buildings are also locations where people
spend a great deal of time, either as employees or clients. Thus, the energy performance and thermal
comfort of the occupants are a crucial issue.

Moujalled et al. [2] conducted thermal comfort measurement in five naturally ventilated office
buildings in the south of France. The indoor air temperatures ranged from 21.1 to 32.9 ◦C. In total
120 people took part in the survey, generating 374 data sets. It was concluded that during the warm
season over half of the respondents were dissatisfied with the indoor microclimate. During the cold
season over 90% were comfortable. The thermal sensation votes proved to be well correlated with the
operative temperature. The room users turned out to be less sensitive to an increase in temperature
during the warm season.

Hens [27] performed questionnaire and direct measurement surveys in two air-conditioned office
buildings in Belgium. It was reported that the number of the dissatisfied at the mean vote of 0 was
greater than 5% (as given in the standard based on the Fanger model). A relatively high number of
health complaints was reported by the occupants, who suffered from headache (ca. 44% of respondents),
dry throat or blocked nose (over 30%). This might influence the subjective thermal sensation votes
expressed by the people.

Kuchen and Fisch [28] conducted tests in 148 work spaces in 25 office buildings at different
locations in Germany. The total number of measurements was 345 and all took place during winter
(not older than ten years). The most preferred operative temperature value was within the range
of 21–22 ◦C (here, the average thermal sensation vote was 0.08 and 0.12, respectively). The authors
observed a relatively good linear relation between the operative temperature and neutral temperature.

Ricciardi and Buratti [29] experimentally analysed thermal comfort in nine open space offices
in Italy. Indoor environmental parameters were measured and 588 questionnaires were statistically
considered. Indoor air temperature ranged from 22.1 to 26.2 ◦C. Thermal sensation proved to be
generally fine with PMV values ranging from −1.38 to +2.00 and a high mean thermal dissatisfaction
of 60% was observed. The correlation between operative temperature vs. PMV was considered good
and between neutral and operative temperatures relatively good.

Indraganti et al. [30] conducted tests in four office buildings in Japan during the summer. Four
environmental as well as two personal variables were measured together with CO2 concentration, while
435 occupants were surveyed (which produced 2402 questionnaires). The mean indoor air temperature
was 28.2 ◦C, while mean CO2 concentration 1055 ppm. The comfort temperature turned out to be
27.1 ◦C. The majority of people voted in the comfort band of −1 to +1, thus thermal acceptability from
the questionnaires proved to be high. The authors observed that the mean sensation vote in buildings
with natural ventilation was always higher than in air conditioned buildings. This finding was partly
confirmed in another paper by the same authors [31], who performed tests in 25 office buildings in
India. However, in this case—having analysed 2612 questionnaires from 1658 volunteers—they found
that thermal acceptability was generally low (62.5%), especially in buildings with natural ventilation.

The results of the experimental work of Jazizadeh et al. [32] on thermal comfort in office buildings
reveal that ambient temperature is the most important parameter in terms of the thermal sensation of
users. However, other factors (not often investigated) such as carbon dioxide concentration and light
intensity also play a role—in some rooms their impact in smaller and in some larger in comparison
to humidity. Szabo and Kajtar [33] investigated the influence on the type HVAC system on thermal
comfort in three office buildings. The best results were obtained for the ducted fan-coil with suspended
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ceiling installation. The indoor air quality measured with the CO2 concentration proved to be high in
all the buildings. Fedorczak-Cisak et al. [34] considered the impact of external shading equipment in
office rooms with large glazed areas on indoor thermal comfort. It was observed that the application of
external Venetian blinds reduced the ambient air temperatures and the number of discomfort hours by
92%. However, the tests did not cover the actual thermal sensation measurements based on human
responses—only calculated results of PMV and PPD were provided according to the standard.

Due to the fact that heating, ventilation and air conditioning systems in buildings consume much
thermal and electrical energy, any reduction in heating during the cold season (linked with decreased
indoor temperatures) and in cooling requirements in summer (leading to elevated indoor temperatures)
may provide significant economic and environmental savings. However, such adjustments should
not have an unfavourable impact on the thermal comfort of the occupants. Thus, more information
is needed as to the acceptable levels of indoor microclimate parameters. Moreover, the indoor
environment might have an impact on work productivity [35] and learning performance [36,37]. Thus,
the issue of ensuring thermal comfort conditions needs to be considered already at an early design
stage of public utility buildings.

The paper analyses thermal comfort and general sensation experienced by people in two intelligent
buildings located in Poland, seventy kilometers apart from each other. Based on the literature review,
it needs to be noted that such a comprehensive study focused on the eastern European region, as
presented in this paper, has not been found in literature.

2. Materials and Methods

The analysis covered two modern intelligent buildings in Poland. The first one is an educational
facility “Energis” housing the Faculty of Environmental, Geomatic and Energy Engineering of Kielce
University of Technology (Figure 1), while the second is the courthouse in Radom (Figure 2).

 

Figure 1. “Energis” building of Kielce University of Technology (Western façade).

 

Figure 2. Courthouse in Radom (Northern façade).

Definitions of “intelligent buildings” have changed and evolved over time as pointed out
in the review paper [38], however according to the classic definition proposed by Leifer [39] the
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fundamental constituents of such buildings are, among others: automation, building management
systems, information communication networks.

Both the considered buildings are equipped with heating, ventilation and air conditioning as
well as building management systems. The air processing units filter the outside air and preheat it
(if necessary) before it is supplied via the ductwork to individual rooms. In those units, moisture and
heat are recovered with the rotary heat exchangers. However, radiators and floor heating (only in
the Energis building) are the main sources of heat. Cooling is provided with fan-coil devices in the
courthouse and with 4-way ceiling-mounted indoor units in Energis. The cooling liquid (solution of
ethylene glycol) is cooled with chillers located on the rooftops and circulated to indoor units if there
is such a need. Each room is equipped with temperature control panel that enables occupants to set
the required temperature value. However, this parameter can also be set by the building operator
using the building management system (BMS) interface. This system also enables full monitoring
of the buildings’ parameters, including energy consumption and generation (only in Energis, where
electricity is produced from photovoltaic panels, while heat is provided using heat pumps and solar
collectors), lighting, access to rooms as well as weather data. Apart from that, it integrates visual
anti-theft monitoring, fire protection systems and other functions. BMS can be accessed via internet
and the operators can maintain constant remote control over the buildings. Thus, such a complete
integration of the HVAC and monitoring systems with BMS as well as the use of automation and
control in order to provide the occupants with the adequate indoor conditions can be considered as
building “intelligence”. Individual occupants of rooms can also consider the building as intelligent,
because it can maintain the pre-set indoor conditions despite changes occurring outdoors or indoors.

Both these buildings are fairly new and are located about seventy kilometers from one another.
The Energis building was completed in the year 2012, while the courthouse in 2017. Table 1 summarises
their main technical data.

Table 1. The main technical data of the analysed intelligent buildings.

No. Parameter
Energis Building

in Kielce
Courthouse
in Radom

1 Building area 925 m2 3239.30 m2

2 Total floor area 6288.92 m2 14,822.48 m2

3 Usable floor area 5121.24 m2 5640.17 m2

4 Cubature 21,211 m3 61,661.48 m3

5 External wall (construction
material/thickness)

Ceramic hollow trick/25 cm,
30 cm

Reinforced concrete/15 cm,
25 cm, 30 cm

6 U value of the external wall 0.17 W/(m2K) 0.28 W/(m2K)

The buildings have been properly insulated to ensure low heat losses to the environment, which
is particularly important in Poland, where winters can be severe with outside air temperatures falling
to ca. −25 ◦C. The thermographic analysis conduced in both buildings revealed no major problems or
defects. Figures 3 and 4 present the investigation results of thermal fields observed from the outside
and in selected rooms.

  

Figure 3. Cont.
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Figure 3. Energis: thermal images of the Northern (a) and Southern (b) façades as well as lecture rooms
on the fourth (c) and first floor (d).

Figure 4. The courthouse: thermal images of the Northern (a) and Eastern (b) façades as well as room
2007 on the second floor (c,d).

It needs to be noted that Energis is close to the passive building standard. It utilises a number
of renewable energy sources such as ground and air source heat pumps, solar panels as well as
photovoltaic systems.

The tests were conducted in the space of 1.5 years, between February 2017 and July 2018, which
enabled us to cover all the seasons. They consisted of simultaneous measurement of environmental
physical parameters in rooms, namely: air temperature, globe temperature, air velocity, relative
humidity and carbon dioxide concentration. The tests have been performed with two devices, first of
all with BABUC-A data logger (by the Italian company Lsi-Lastem) as well as a microclimate meter
Sensotron PS32 (by the Polish company Sensotron). Additionally, the infrared images were obtained
with FLIR E5 thermovision camera in order to determine possible presence of thermal bridges. Table 2
presents the details of the testing equipment.

Table 2. Technical details of the measuring system.

Number Parameter Measuring Range Resolution Accuracy

1 Air temperature 10–45 ◦C 0.1 ◦C 0.5 ◦C
2 Relative humidity 0–100% 0.1% 3%
3 Globe temperature −50–70 ◦C 0.1 ◦C 1 ◦C
4 CO2 concentration 0–5000 ppm 1 ppm 20 ppm + 3% of the measured value
5 Air velocity 0–30 m/s 0.01 m/s 3 % (at 25 ◦C)
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The measuring device was located on the tripod in the central part of the analysed rooms. Figure 5a
and b present the experimental set-up in a lecture room in the Energis building and in an office in the
courthouse, respectively.

  
Figure 5. Experimental set-up: microclimate meter in the lecture room in Energis building (a) and in
the office room in the courthouse (b).

The tests were carried out in 47 different rooms in both buildings. The largest number of people
in one room (a lecture theater in the Energis building) was 65. The data obtained in the course of the
experiment were recorded and stored for further processing. At the same time as the measurements
were taken, the occupants of a given room were provided with questionnaires. These volunteers
were asked to answer 36 questions regarding their thermal sensation, preference and acceptability as
well as humidity, air quality, activity level before coming to the room, and clothing etc. In total, 118
measurements were taken in different rooms (some were used more than once)—77 comprised of rooms
with at least 5 people while 41 in rooms of fewer than 5 users. The total number of questionnaires was
1501, while 1369 of these related to rooms containing at least 5 people. The database consisted of votes
from healthy people only (questionnaires, in which the respondent expressed that he/she was ill were
not considered). It results from the fact that thermal sensation of people who are unwell might not be
objective. The measurements and the questionnaire survey were performed after at least 30 min of the
occupants entering the room. This time is enough to adopt to the new environment, as pointed out by
Mishra et al. [40].

The monitoring activities in each room lasted up to 1–1.2 h. Upon switching on, the measuring
system required a certain amount of time to stabilise and the respondents needed to accommodate to
the environment and its conditions (up to 30–40 min). After that time the volunteers were asked to fill
in the questionnaires. The sampling rate was set at 1 min. The measurement results of the physical
parameters taken during and shortly before the respondents filled in the questionnaires indicate that
the levels of all the parameters, except for the carbon dioxide concentration, were quite stable (with
standard deviation values not exceeding the measurement error, as given in Table 2). In terms of the
CO2 concentration, it is significantly dependent on the number of people in each room. Generally,
room occupancy was high for the office rooms in the courthouse and varied considerably during
lectures in the Energis building (Table S1 in the Supplementary material provides details on room
occupancy, while Table S2 shows carbon dioxide concentration). Generally, almost all the lecture rooms
and classrooms in the building were occupied at the time of measurements. However, sometimes the
attendance was low and/or a relatively small group occupied a large room.

The largest number of respondents were full-time students in the Energis building. Their age
typically ranged from 19 to 24 years old, while the age of office workers employed at the courthouse
varied significantly and was up to 63 years old. Generally, the average age of all the respondents was
25.1 (standard deviation 8.5), while the median age was 22. The body mass index (BMI) ranged from
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15.1 to 43.9, with a mean value of 22.8 (standard deviation 3.5) and a median of 22.2. Women made up
55.7% of the population in the survey, while men accounted for 44.3%.

3. Results and Discussion

3.1. Indoor Air Parameters in the Intelligent Buildings

Both Energis and Courthouse intelligent buildings have been designed and built to ensure proper
indoor air conditions for people, who are currently there. However, despite much investment cost,
the indoor air parameters determined in the course of the experimental programme sometimes proved
to be less then satisfactory. Figure 6 presents the test results of relative humidity and operative
temperature for 118 rooms (some tested more than once). The operative temperature has been
calculated as the arithmetic mean of indoor air and mean radiant temperatures (as in [25]) due to the
low values of air velocity.

Figure 6. Operative temperature and relative humidity values in selected rooms between February
2017 and July 2018.

For some rooms the test results indicate that the indoor microclimate can be considered
unsatisfactory. Operative temperature exceeds the maximal value of 26 ◦C as given in the standard [8]
for eleven measurement sets (ca. 9% of cases). Although, it needs to be noted that this might have
happened due to the preference of the room occupants, who might have liked such warm environments
and were unwilling to switch on air cooling. In terms of relative humidity, its optimal value depends
on a number of parameters, however some data points in Figure 6 fall below the 25% level (almost 7%
of cases). Consequently, a sensation of discomfort might be generated, if solid particles or other air
contaminants are present in the air.

During the surveys carbon dioxide concentration was also determined. Its required value, like in
the case of operative temperature, depends on the building category. For the buildings within category
II (to which both analysed buildings belong) the upper limit is 800 ppm plus the outside air CO2

level [8]. Figure 7 presents the data of indoor air temperature and carbon dioxide concentration from
118 measurement sets. The analysis of the figure indicate that some measurements are characterised by
elevated levels of carbon dioxide concentration.

Undoubtedly, the indoor air parameters can be improved in order to provide more comfort to the
occupants. Another issue is the subjective assessment and responses of room users to such indoor
conditions. It was reflected in the questionnaires filled in at the same time as the measurements of the
physical parameters were taken. The following sections discuss this problem in detail.
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Figure 7. Indoor air temperature and carbon dioxide concentration in selected rooms between February
2017 and July 2018.

3.2. Thermal Sensation, Acceptability and Preference of the Occupants

The individuals expressed their responses to the thermal environment in the questionnaire survey.
The average value for each room was calculated based on the answers. Thus, only rooms with at least
five people were considered to generate the average (arithmetic mean) value of a given parameter.
The first question in the questionnaire was: “How do you assess your current thermal sensation”.
The possible responses to choose from were: “too hot” (+3), “too warm” (+2), “pleasantly warm” (+1),
“neutral” (0), “pleasantly cool” (−1), “too cool” (−2), “too cold” (−3). The comfort area ranged from −1
to +1. Other responses indicate unsatisfactory thermal comfort of the respondents. Figure 8 presents
the combined results of 1369 responses as measured in 77 rooms (some were used more than once).
Male and female votes were calculated separately, but placed in the same graph for comparison.

Figure 8. Thermal sensation vote of the room occupants in both intelligent buildings based on 1369
questionnaires (description in the text).

The research has shown that 66.3% of women and 76.4% of men felt comfortable (votes in the
range of −1 to +1), while the rest felt uncomfortable (those defined as the total number of votes:
+3, +2, −2, −3). The standards [6,8] stipulate that the percentage of people dissatisfied (PPD) with
the microclimate should not exceed 10% for the buildings registered as category II. Thus, it can
be concluded that generally the analysed modern intelligent buildings did not offer the proposed
level of microclimate comfort conditions at the considered time span, during which the tests were
performed. This phenomenon will be further considered in Figures 9 and 10, which present the thermal
acceptability and thermal preference votes.
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Figure 9. Thermal acceptability of the room occupants in both intelligent buildings based on 1369
questionnaires (description in the text).

Figure 10. Thermal preference of the room occupants in both intelligent buildings based on 1369
questionnaires (description in the text).

The acceptability of room users was determined by them in the questionnaires as the answer to
the question: “How do you rate your thermal environment?” The possible answers were: “absolutely
acceptable” (+2), “still acceptable” (+1), “already unacceptable” (−1), “absolutely unacceptable” (−2).
Figure 9 presents the combined results of 1369 responses.

Although Figure 8 suggested a large number of people dissatisfied, the acceptability vote (Figure 9)
does not reflect that assumption completely. It has been determined that ca. 17% of women rated
the environment as unacceptable (votes: −2 and −1) and only almost 12% of men. It has also been
revealed that almost 28% of women and over 32% of men were absolutely pleased with the indoor
environment conditions.

The questionnaire also contained the question about thermal preference. The occupants were
asked to express their opinion on the following issue: “I would like in this room to be: “much warmer”
(+2), “warmer” (+1), “no change” (0), “cooler” (−1), “much cooler” (−2). Figure 10 presents the
combined results of 1369 responses as in the previous figures. The greatest number of respondents
(ca. 46% of women and 57% of men) opted for “no change” answer. The others wanted a smaller or
larger change. Many room users would like the environment to be cooler (ca. 24% for both men and
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women) or warmer (20.5% for women and 11.5% for men). The other votes, namely those of “much
warmer” and “much cooler” did not exceed 5.5%.

The analysis of the data on thermal sensation, acceptability and preference indicate that the
buildings, despite their sophistication and energy input, did not offer the highest level of thermal
comfort. Since this parameter is considered to be mostly influenced by indoor thermal parameters, the
following figures present the relationships between the operative temperature and thermal sensation
(Figure 11), acceptability (Figure 12) and preference (Figure 13) in order to investigate the impact of
operative temperature in detail. Here, average votes of thermal sensation, acceptability and preference
have been considered for 77 groups of respondents in the considered rooms. Each group consisted of
between 5 and 65 people.

Figure 11. Relationship between average thermal sensation and operative temperature based on
1369 questionnaires.

Figure 12. Relationship between average thermal acceptability and operative temperature based on
1369 questionnaires.
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Figure 13. Relationship between average thermal preference and operative temperature based on
1369 questionnaires.

Based on the test results of a large number of people, it has been found that the relationship between
the operative temperature and thermal sensation vote of the respondents is linear. The correlation
takes the form of:

TSV = 0.4063Top − 9.5123, (1)

and is relatively strong for this type of research (R2 = 0.74). It shows a significant influence of both air
and radiant temperatures on thermal comfort. Other parameters, as will be discussed later, have a much
lower impact. It is worth noting that Aghniaey et al. [25] has recently proposed a non-linear formula:

TSV = 0.055T2
op − 2.25Top + 22.26, (2)

However, the R2 value was much lower (0.51).
The analysis of the acceptability of indoor conditions reveals that occupants voted overwhelmingly

in favour of the thermal environment (over 80% of cases) when the operative temperature was in the
range of 22–26.5 ◦C. The 90% level of acceptability was generally achieved for 22.5–25.5 ◦C (Figure 12),
albeit with some exceptions.

The obtained fitting curve is characterised by the following formula:

TAV = −1.7782T2
op + 87.6605Top − 989.92, (3)

the research performed in [25] produced a correlation in the form of:

TAV = −0.06T2
op + 2.66Top − 29.7, (4)

however, only 15 measurement points were considered in [25].
The relationship between the thermal preference of the occupants and the operative temperature

has been given in Figure 13. A strong linear correlation can be observed, indicating a crucial influence
of air and radiant temperatures on this parameter.

The linear fitting procedure generated the following equation:

TPV = −0.2108Top+4.972, (5)
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whose R2 was 0.71. In [25] a much lower value of R2 was obtained (0.52) for considerably fewer
measurement data points, while the formula took the form of:

TPV = −0.05T2
op + 1.99Top − 19.55. (6)

A study on human thermal perceptions reveal other interesting facts. A relationship between
thermal acceptability and thermal sensation votes has been presented in Figure 14. A strong correlation
between these two parameters exists.

Figure 14. Relationship between average thermal acceptability and average thermal sensation vote
based on 1369 questionnaires.

Based on the figure above, it can be concluded that the range of thermal sensation vote of −0.5–0.5,
as proposed in the standards [6,8] for buildings category II, might not be the most preferable range.
The large experimental data gathered in the project indicate that the respondents in the investigated
intelligent buildings were in favour of a warmer environment. The most optimal range of thermal
sensation vote proved to be −0.5–1.0.

It is also worth noting that people’s preference vote—namely, the will to increase, decrease or
maintain the temperature in the room—should be absolutely correlated with their thermal sensation
vote. If the occupants consider the indoor environment to be “too hot” (+3) then their thermal
preference should be: “much cooler” (−2). Similarly, if they rate the environment to be “too warm”
(+2), their preference response should be: “cooler” (−1). If their thermal sensation is fine, they would
require “no change” (0). The same situation would occur in the “cold” range of thermal sensation
votes. Such a theoretical correlation has been presented in Figure 15 as the blue line. The figure also
contains experimental data obtained during the study and their linear fit.

As can be seen in the figure both lines are in almost identical alignment, although the research was
carried out in different buildings and throughout all the seasons. It proves that the testing procedure
was performed correctly and that the proposed methodology of combining physical measurements
and a questionnaire survey is very effective. Moreover, it can be concluded that the key element in
thermal comfort analysis is the impact of air and radiant temperatures.
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Figure 15. Relationship between average thermal sensation vote and average thermal preference vote
based on 1369 questionnaires.

3.3. Thermal Comfort in the Lecture Theater

The largest lecture theater with 200 seats was selected for the analysis. At the time of the test
65 students were present there (39 women and 26 men). During the measurements, the indoor air
temperature amounted to 26.8 ◦C, relative humidity 46.6% and the carbon dioxide concentration
1375 ppm. The occupants indicated their thermal sensation votes during the questionnaire survey.
The mean value of TSV (thermal sensation vote) was 0.02. Thus, it can be concluded that the conditions
in the room, despite quite a high air temperature, are optimal according to the standards [6,8], namely
in the range of −0.5–0.5. Figure 16 presents the distribution of individual TSV values of the occupants.

Figure 16. Thermal sensation votes in the lecture theater.

As can be seen the largest number of women (ca. 55%) and men (36%) rated the indoor conditions
as very good (a neutral “0”). Generally, almost 85% of occupants expressed positive opinions (from “−1”
do “+1”) about their thermal sensations, which almost meets the requirements of the standards [6,8]
of 90%.

Although, the mean thermal sensation was 0.02 the calculated results according to the standard [6]
generated the PMV value of−0.09. The explanation of the discrepancy between the actual and predicted
values might be linked with the influence of other parameters, not included in the methodology
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presented in the standard such as carbon dioxide concentration or BMI (body mass index) of individual
respondents. Figure 17 presents the relationship between thermal sensation votes of the students in
the lecture room 4.09 of the Energis building and their BMI values for the largest group of 65 people
(1a) as well as two other groups, consisting of 60 (2a) and 57 people (3a).

Figure 17. Relationship between thermal sensation votes and body mass index (BMI) for 3 different
groups of people; 1a: survey on 65 people, 2a: survey on 60 people, 3a: survey on 57 people; 1b, 2b, 3b:
linear fits of 1a, 2a and 3a, respectively.

There seems to be a weak dependence of BMI on thermal sensation of the respondents. People of
large body mass index would generally consider the environmental conditions as warmer than those
of low BMI. However, this issue needs further studies and clarification, especially considering that this
problem is hardly ever considered in the literature.

3.4. General Sensation Vote

Apart from the thermal environment in the intelligent buildings, other factors such as noise, smell,
and light intensity etc. might have an impact on the well-being of the occupants. It should also be
considered as part of the study, since the analysed buildings ought to provide the overall positive
sensations. Thus, a final question in the survey dealt with a general sensation of a respondent. Here,
the volunteers were asked to provide the answer to the question on how they felt at the moment of
filling in the questionnaire. The possible answers to choose from were: “very good” (+2), “good” (+1),
“neutral” (0), “bad” (−1), “very bad” (−2). Figure 18 presents the distribution of the votes as taken
from 1369 questionnaires.

The majority of both women and men were either satisfied with the environment (“+1”) or had a
natural feeling towards it (“0”). Some men and few women felt very good (“+2”). The rest, however,
did not share those positive or neutral sensations. The negative feelings were expressed by ca. 18.5%
of women and ca. 12% of men. Naturally, it might be related to various factors, other than thermal
environment. In order to clarify the relationship between the general sensation and thermal sensation
votes, a graph has been constructed (Figure 19) based on average data from 77 rooms to investigate the
interdependence of these two parameters.
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Figure 18. General sensation vote of the room occupants in both intelligent buildings based on 1369
questionnaires (description in the text).

Figure 19. Average general sensation and thermal sensation votes based on 1369 questionnaires.

General sensation vote above 0 indicates the positive assessment of the environmental conditions.
It occurs mostly in the range of thermal sensation votes from −0.75 to +1.25. It further proves the idea
already mentioned in Section 3.2. that people tend to like warmer environments. At the same time,
the respondents tend to assess the environment as negative (general sensation vote below 0), if the
thermal conditions are perceived to be too hot or too cold, albeit with some exceptions. A deviation
from this trend might be attributed to the influence of other factors, such as air humidity, carbon
dioxide concentration as well as other individual factors such as BMI.

4. Conclusions

The tests performed in two modern intelligent buildings in the space of 1.5 years have generally
shown that despite their sophistication and energy input, they did not offer the highest level of thermal
comfort as evidenced by the data on thermal sensation, acceptability and preference of the respondents.
General sensation vote, which is directly related to the quality of the indoor environment experienced
by the occupants, has also proved to reveal that a number of people were unsatisfied.

The measurements of indoor air parameters showed that operative temperature sometimes
exceeded the required value, although this might be caused by the occupants themselves and their
thermal preferences. A similar situation occurred with relative humidity, whose value fell below 25%
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during some measurements. Based on the thermal sensation vote it turned out that only 66.3% of
women and 76.4% of men felt comfortable throughout the whole study. This is especially important,
since thermal environment proved to be the most important element for ensuring the well-being of the
occupants, as expressed by the general sensation vote of the occupants.

The obtained data have shown that people are generally in favour of a warmer environment.
It might, to some extent, explain the number of people dissatisfied. Thus, the building operators
might consider this fact for the settings of the HVAC systems. Actually, the role of the HVAC systems
combined with BMS (building management system) is very important in ensuring high quality
conditions. Their operation should be monitored constantly, so that comfort conditions are provided
to the occupants at all times.

Broadening the experimental database will enable the development of control algorithms for the
building management system that will be optimised to provide maximal thermal comfort conditions
for building occupants while minimizing the energy consumption of modern and intelligent buildings.
Such papers are rare and are usually based on computer simulations only [41], without backing the
findings with real life research results. Thus, the future experimental work of the authors might have a
scientific, but also a significant practical value.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1073/13/8/1973/s1.
Table S1: Data on room occupancy during the study in 77 rooms, Table S2: Data on carbon dioxide concentration
measurements in 77 rooms, Table S3: Data on thermal sensation, thermal acceptability, thermal preference and
general sensation votes in 77 rooms according to 1369 questionnaires.
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Abstract: The Directive 2010/31/EU on the energy performance of buildings has introduced the
standard of “nearly zero-energy buildings” (NZEBs). European requirements place the obligation
to reduce energy consumption on all European Union Member States, particularly in sectors with
significant energy consumption indicators. Construction is one such sector, as it is responsible for
around 40% of overall energy consumption. Apart from a building’s mass and its material and
installation solutions, its energy consumption is also affected by its placement relative to other
buildings. A proper urban layout can also lead to a reduction in project development and occupancy
costs. The goal of this article is to present a method of optimising single-family house complexes
that takes elements such as direct construction costs, construction site organisation, urban layout and
occupancy costs into consideration in the context of sustainability. Its authors have analysed different
proposals of the placement of 40 NZEBs relative to each other and have carried out a multi-criteria
analysis of the complex, determining optimal solutions that are compliant with the precepts of
sustainability. The results indicated that the layout composed of semi-detached houses scored the
highest among the proposed layouts under the parameter weights set by the developer. This layout
also scored the highest when parameter weights were uniformly distributed during a test simulation.

Keywords: sustainable building; energy efficiency; NZEB; sustainable development

1. Introduction

Designing and building a complex of single-family houses, with a holistic focus on sustainable
development, and construction and occupancy costs, is a problem that is very difficult to solve. It is
a multi-aspect problem, in which decision variables include, among others: selecting construction
materials, building services, the parameters of the shape of the buildings, their placement on the site,
the sequence in which individual buildings are to be constructed and the completion deadlines for
individual tasks. During the occupancy stage, one should add an analysis of the impact of the change
in energy costs. When considering the entire life-cycle of the buildings, renovation and repair costs
should also be included, in addition to any remodelling and demolition expenses. In recent years,
the focus on the energy efficiency and pollution emission of buildings has grown exponentially and
has had an immense impact on the real estate market and property values. The paper [1] presents
an analysis of the profitability of investing in a selection of three systems based on renewable energy
sources, using a semi-detached house as an example.
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One of the components of designing a complex of single-family houses is establishing its urban
layout. Multi-criteria methods are proposed by scholars who specialise in the optimisation of spatial
planning, urban and architectural design, as well as construction project organisation and management
increasingly often. In practice, general urban layout planning decisions are typically made as a result
of many different approaches and factors, as well as under the influence of numerous stakeholders
who may have different goals and hierarchies of values. Decision-making at this level should be
supported by decision-making support methods during various stages and at different scales of design
and planning. This should particularly apply to land use management and planning, which has been
widely discussed in [2]. The authors of [3] have discussed the problem of uncertainty mapping using
Monte Carlo analysis plugged into the Analytic Hierarchy Process (AHP) method, using the case of
Howth, Dublin, in this context. However, this approach primarily focused on allowing decision-makers
to gain insight into how much expert opinions can be trusted, specifically focusing on the AHP method,
which can be considered a limitation.

The use of multi-criteria decision-making methods to support the planning of complexes of
buildings of various sizes—ranging from entire districts to smaller compounds—is a field that can
be considered to be fragmented in terms of research focus. However, such methods have been used
to analyse various aspects of designing building complexes, ranging from those of placement within
the wider urban fabric, the layout of buildings within complexes themselves, construction costs,
the sequence of constructing individual buildings, as well as matters related to sustainability. Therefore,
the authors are of the opinion that a broad characterisation of this use is justified. In the field of spatial
planning, numerous authors have discussed the use of geographic information system (GIS) tools in
combination with multi-criteria analysis methods. The authors of [4] analysed the problem of the
optimal placement of housing estates within the structure of the city. In [5], a fuzzy version of the
Decision Making Trial and Evaluation Laboratory (DEMATEL) method, coupled with Covariance
Matrix Adaptation Evolutionary Strategy (CMA-ES) and Weighted Linear Combination (WLC) was
used to model the suitability of sites for specific forms of use. The authors of [6], in turn, performed a
comprehensive and cross-sectional review of the use of multi-criteria analysis methods in the field
in question. In [7], the Ordered Weighted Averaging method (OWA) was used in conjunction with
GIS tools to analyse the suitability of the territory of the Shavur Plain in Iran for various forms of use.
It can therefore be concluded that GIS tools offer considerable potential for application in conjunction
with multi-criteria analysis methods and that this field merits further study, particularly in light of the
constant development of said tools. However, the utility of GIS tools appears to largely be confined to
their role as information repositories and many of the proposals remain vague on whether or not they
intend to automate data collection from these systems in any way. Multi-criteria methods have also
been used to determine and investigate various indicators associated with sustainability and resilience.

The authors of [8] investigated potential use of multi-criteria methods in assessing sustainability,
noting that new alternatives constantly become available, which can make method choice and weight
setting difficult. In [9], the authors proposed a process of selecting multi-criteria analysis methods
for renewable energy projects, thereby highlighting the immense variety and complexity of decision
problems in the field and that there is no single best method that can be applied to them all. The authors
of [10] used an expert system based on multi-criteria decision-making support to assess the impact of
climate change, proposing a new method called MCDM-based expert system for adaptation analysis
under changing climate, abbreviated as MAEAC. The authors applied it to a large territory and
primarily focused on policy analysis and its impact on climate change. A model of selecting a method
of assessing sustainable urban revitalisation strategies was proposed in [11], while the authors of [12]
discussed the use of multi-criteria methods in environmental planning and management, similarly as
in [13], where the objective was to arrive at a decision-making process associated with a sustainable
approach to energy. The authors of [14] used the Discrete Linear Programming method (DLP) to
analyse development projects associated with urban revitalisation. A comprehensive overview of
the suitability of the use of multi-criteria methods to assess building-integrated green technologies,
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ultimately using the AHP method, was featured in [15]. The same method was also used by the authors
of [16] to investigate construction project management in which sustainability was deemed a key factor.

Multi-criteria methods have also found use in studies of urban and architectural design. In [17],
the AHP method was used to organise an architectural competition held in Italy. The authors
of [18] used the Evaluation Based on Distance from Average Solution (EDAS) and Step-wise Weight
Assessment Ratio Analysis (SWARA) methods to assess the shape of the floor plan of a newly-designed
building, while in [19] a hybrid model was proposed—based on game theory, the AHP method,
the Simple Additive Weighting method (SAW), Multiplicative Exponential Weighting, the Technique
for Order of Preference by Similarity to Ideal Solution method (TOPSIS), EDAS, New Additive Ratio
Assessment (ARAS), Full Multiplicative Form, as well as the rules of Laplace and Bayes. This approach
is particularly noteworthy as it explores the simultaneous use of numerous (six) multi-criteria analysis
methods in a single problem, thereby highlighting the importance of experts’ opinions. The author
of [20] studied the suitability of land for infill development using multi-criteria methods supported
by GIS tools. In [21], the authors holistically investigated the problem of decision-making during the
pre-design stage of an architectural design project. The impact of the shape of the building on its energy
efficiency and the costs of its construction was analysed in [22], while [23] found use in architectural
and urban design. The authors of [24] used the TODIM method (a Portuguese acronym for Interactive
Multi-criteria Decision Making) to conduct a multi-criteria analysis of housing properties.

In summary, it can be stated that very few approaches that enhanced existing methods that had
specifically been used to address problems in the field of spatial planning, urban and architectural
design can be found, particularly as the range of problems said methods are applied to varies greatly
between each case.

The works of Tawfik et al. [25], as well as Koenig etal. [26] merit particular attention, as they
directly explore the problem of the multi-criteria selection of an urban layout or its determination.
The proposals by Koenig et al. concerning the automated generation of pre-defined urban layouts for
various plots currently occupied by informal settlements is also highly interesting [27–29].

1.1. The Scale of the Problem

According to the Eurostat Agency [30], in 2017, as much as 33.6% of the population of the European
Union resided in detached single-family houses, while 24.0% of the population lived in semi-detached
single-family houses. According to data provided by the Polish General Construction Inspector’s
Office [31], in 2018, a total of 98,915 building permit applications were filed for residential buildings,
out of which 93,714 building permits were issued for single-family houses (almost 94.8%), which
constituted a 3% increase from the previous year [31]. The results of statistical studies presented by
BPD Europe BV [32] indicate that 12% of respondents from The Netherlands, 16% of respondents from
France and 17% of respondents from Germany who had been searching for a new place of residence
pointed to a single-family house as a preferred option in a situation in which they would have to move
to a different dwelling. This proves that single-family buildings remain popular in many developed
countries, while in countries such as Poland they continue to enjoy very high popularity. The design of
single-family building complexes can therefore be considered an important field, both to planners who
design urban layouts for individual projects, as well as designers who work on projects composed of
many such buildings.

The necessity of considering parameters associated with energy efficiency is dictated by, among
other things, the current energy policy vector of the European Union, expressed by such documents
as Directive 2010/31/EU on the energy performance of buildings [33]. This EU document introduced
the following definition of nearly-zero energy buildings (NZEB): nearly zero-energy building’ means
a building that has a very high energy performance, as determined in accordance with Annex I.
The nearly zero or very low amount of energy required should be covered to a very significant extent
by energy from renewable sources, including energy from renewable sources produced on-site or
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nearby”. However, every European Union Member State has adopted its own NZEB parameters,
which are adapted to local conditions.

The implementation of the Directive into Polish state law has introduced a new standard of
near zero-energy buildings (NZEBs). The document that has been amended to include the standard,
as stipulated in the Directive, is the Ordinance on the Technical Conditions that Must be Met by
Buildings and their Placement [34]. In the Polish definition of NZEBs there are two criteria. The first
criterion is ensuring proper building envelope thermal insulation. The second criterion for NZEB
buildings in Poland applies to Primary Energy (PE), which cannot exceed a set value for different
types of buildings. For single-family residential buildings without cooling installations, the maximum
PE value is 70 kWh/(m2/annum). The buildings analysed in the article meet both criteria, thus being
compliant with NZEB standards as stipulated in Polish regulations.

Selecting the appropriate orientation of buildings, their shape, construction materials, building
services and shading system solutions leads to lower energy demand and costs and affects the comfort
of use of the buildings themselves, reducing overheating. This subject has been discussed in, among
others, [35–42]. It can therefore be argued that the application of research findings in the field of
energy efficiency and thermal comfort optimisation in the design of buildings and complexes that
enjoy significant popularity on the real estate market should be incorporated into current design
methodology. It can also be argued that by increasing the energy efficiency of buildings forming
market-preferred layouts one can contribute to increasing the popularity of such solutions in areas
where detached or semi-detached houses are the most popular.

1.2. Cost Estimation Methods

Calculating the overall costs of construction is a difficult task. Typically, the overall costs of
construction are divided into indirect and direct costs. However, this is a major oversimplification.
Situations that can significantly affect the expenditures of the contractor can take place over the course
of working on a construction project. Some of these are difficult to predict (e.g., natural disasters,
economic and social changes), while others can be prepared for during a project’s planning stage.
The predicted additional costs can include penalties for failing to meet planned deadlines or penalties
for failing to maintain the continuity of construction crew operation.

Furthermore, every project is subjected to certain technological and organisational constraints,
such as the time during which construction crews or buildings are available, or technological and
organisational requirements concerning ongoing work performed by a given crew on a specific building.
Numerous cost estimation or total construction project cost optimisation methods have been developed.
They usually utilise metaheuristic methods, such as simulated annealing, hybrid algorithms [43] and
genetic algorithms [44]. Mathematical programming methods are also used, such as the Decision
model for planning material supply channels in construction [45]. In [46], an innovative approach
was proposed, in the form of a stochastic decision network. It enables the integration of random
and decision-based aspects of planned projects. This approach allows the decision-maker to obtain
a solution that is optimal in terms of the expected time and cost. They can do so by defining their
preferences as to the results of the planned project and setting their risk aversion accordingly. In the
case of multi-criteria analysis of time and cost, the decision-maker can also define weight values for the
expected project time and cost. The methods listed above do not incorporate all of the essential costs
of carrying out construction projects, such as direct costs, indirect costs, penalties for failing to meet
contractual deadlines, as well as the costs of discontinuities in the work of construction crews. They also
do not take into account technological and organisational constraints. Furthermore, metaheuristic
methods involve lengthy calculations when compared to linear programming.

1.3. Previously Used Methods

Multi-criteria decision-making analysis methods that have been applied in urban design and spatial
planning have been predominantly focused on large-scale planning. As Afshari and Vatanparast [6]
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have indicated, such proposals utilised the Preference Ranking Organisational method for Enrichment
Evaluation (PROMETHEE and PROMETHEE-2) methods in combination with Hasse Diagram Technique
(HDT), the AHP method, Fuzzy AHP, Weighted Linear Combination (WLC), a combination of the
AHP and TOPSIS methods, the ELECTRE-2 method (ELimination Et Choix Traduisant la REalité),
the EXPROM-2 method (an extended version of the PROMETHEE method), as well as evolutionary
algorithms. Guarini, Battisti and Chiovitti [23] also pointed to the possible use of Multi-attribute Utility
Theory (MAUT) and Measuring Attractiveness by a Categorical Based Evaluation methods (MACBETH).

The selection of the multi-criteria analysis method depends on the specificity of the decision
problem at hand. For instance, in [47] the author referred to studies in which they used the ELECTRE III
and AHP methods to analyse the possibility of using an alternative version of the BIPOLAR method to
solve the problem of selecting a construction company for partnering cooperation during a construction
project. The study included a calculation example and verified the results of previous studies by
applying an alternative BIPOLAR method version. Ultimately, its use produced the same end result as
when using two other methods.

Multi-criteria methods that incorporate co-dependencies between decision-making criteria and
alternatives have seen considerable development in recent years. In [48] the authors analysed a
multi-criteria problem of selecting a new function for historical buildings in light of the proposed
selection criteria. Apart from the economic aspect and cultural heritage, these criteria also included
sustainability. The Weighted Influence Non-linear Gauge System method (WINGS), which was
extended to incorporate the uncertainty of expert opinions and their aggregation, was applied to
model the structure of the problem and analyse the dependencies between alternatives and criteria.
The method had to be extended because of the specificity of the problem discussed in the paper.
The majority of previously used methods did not analyse interdependencies between decision-making
criteria despite such interdependencies actually existing, as proven by the authors. Similarly, the
authors of [49] proposed a multi-criteria hybrid model, using the Decision Making Trial and Evaluation
Laboratory method (DEMATEL) and the Analytic Network Process (ANP) to select a utility function
for the purpose of adapting the building of ‘Stara Polana’, located in Zakopane. Both in this publication
and in [50], a group of experts and specialists used a questionnaire to assess dependencies between
factors that affect the criterion of societal benefits and the benefits associated with preserving cultural
heritage. These were some of the parameters selected for analysis and rating in association with
the investigated alternative forms of adaptive reuse of the Stara Polana heritage site in Zakopane.
The remaining parameters, associated with, among others, acoustics, vibrations or thermal comfort,
were studied using specialist technical instruments. These interdisciplinary studies became a basis for
a multi-criteria analysis performed using a proposed hybrid model of selecting a form of use for a
heritage site adaptation project.

1.4. The Significance of the Method Proposed in the Article

The innovative method proposed in this paper is an important contribution to the professional
toolkit of designers and can significantly aid real estate developers in tailoring their offering. The method
presented by the authors includes elements and criteria that are important during many stages of
the design process: the conceptual urban design and site plan stage, the conceptual and technical
architectural stage, as well as the structural system design and building services design stages. It also
pertains to project cost assessment in the context of building single-family residential NZEBs, which
are an important part of the housing sector. This approach can be considered a holistic perspective
of the design task and the project as a whole, which is both necessary and desirable from the point
of view of sustainable design. The necessity of this approach has been confirmed by, among others,
Garau and Pavan [51] in a broader context.

The method developed by authors assumes a multi-criteria analysis that includes aspects of
sustainability, as well as the costs of the construction and occupancy of a complex of single-family
houses. Sustainability parameters, such as the energy demand of the buildings and greenhouse gas
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emissions (depending on the given building variants and their siting) have been determined through
analyses using the EnergyPlus tool [52]. The energy analysis took the life-cycle stages of the buildings
into consideration. The cost parameter was determined by including direct and indirect costs, the costs
of construction (taking technological and organisational constraints into consideration), as well as the
costs of building occupancy—the authors performed calculations for different building types and urban
layout alternatives. Indirect and direct costs, as well as construction costs, were determined using a
specifically-tailored optimisation model and the concept of priority scheduling. Occupancy costs were
calculated using energy demand and the discount rate. Using previously selected parameters as a basis,
the authors carried out a multi-criteria analysis using the Weighted Aggregated Sum Product Assessment
method (WASPAS). This made it possible to determine the optimal solution for the problem in question.

2. Methods

2.1. Method Overview

The design optimisation task analysed by the authors is an actual design problem. The analysed
complex of forty experimental buildings was, at the time of the writing of thepaper, planned to be
constructed in the municipality of Mogilany near Krakow, Poland. The developer must select one
of several urban layout alternatives, which is to be optimal in terms of cost and energy demand
minimisation, in addition to being compliant with the precepts of sustainable development and
real estate market preferences. The urban layouts under analysis can differ in terms of building
siting, as well as the size or type of buildings (detached, semi-detached, terraced). Criteria values were
determined for these layouts. The criteria adopted for the analysis included: overall construction cost,
building energy demand, greenhouse gas emissions associated with building occupancy, building thermal
comfort and an assessment of the urban layout by potential buyers. After setting parameter values for all
alternatives, the decision-maker (developer) can set the weights of each parameter. After preparing the
data in the listed manner, the authors conducted a multi-criteria optimisation using the WASPAS method.
A block scheme of the proposed method will be presented in Figure 1. The method of setting the values of
individual criteria will be presented in the following sections of the article.

 

Figure 1. Method of selecting the urban layout of a complex of single-family houses.
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2.2. Setting Parameters

2.2.1. Overall Construction Cost

Despite the contribution of the aforementioned methods, the approach prepared by the authors of
this paper features numerous advantages. Its greatest advantage is that it describes all of the included
cost dependencies (direct costs, indirect costs, penalties for failing to meet contractual deadlines,
penalties for failing to ensure continuity in the work of construction crews) and constraints in the
form of a linear programming model. This allows one to quickly find the optimal solution (e.g., using
the Simplex method). If we allow the possibility of altering the sequence of building the structures,
the rapid calculation of the goal function in the discrete optimisation algorithm can be considered a
significant advantage. The proposed model permits the overlap of the work of construction crews
on different plots, which is a good reflection of the working conditions of an actual construction site.
Furthermore, the model allows for flexible adherence to technological and organisational constraints.
This means that the model permits certain departures from the constraints defined by the designer.
However, these departures are optimal (minimal). This is of particular significance in the case of
projects with a large (even exceedingly large) number of constraints, as one can encounter a situation
where it is impossible to meet all of them. The model’s disadvantage is that it describes time-cost
dependencies in linear form, which is a considerable simplification. Furthermore, the sequence of
building the structures cannot be changed in the model. Both of these disadvantages will be studied
further by the authors. The individual sections of the model have been discussed in [53,54].

The model has been defined as follows:
Given:

tgri, j, kgri, j, tni, j, kni, j, kindir, kpi, kcj, Tdi, TSO
i , TFO

i , TSB
j , TFB

j , CO
i, j, CB

i, j (1)

where:
CO

i, j =
(
CTOL

i, j , CWOL
i, j , CTOU

i, j , CWOU
i, j

)
(2)

CB
i, j =

(
CTBL

i, j , CWBL
i, j , CTBU

i, j , CWBU
i, j

)
(3)

with decision variables:
ti, j, Ri, jZi, j, CKOL

i, j , CKOU
i, j , CKBL

i, j , CKBU
i, j , pi, ni (4)

Goal function:
K = Kdir + Kindir + Kp + Kc + KCO + KCB → min (5)

where:

Kdir =
n∑

i=1

m∑
j=1

(
ti, j·ai, j + bi, j

)
(6)

Kindir = Zn,m·kindir (7)

Kp =
n∑

i=1

pi·kpi (8)

Kc =
m∑

j=1

⎛⎜⎜⎜⎜⎜⎝Zn, j −R1, j −
n∑

i=1

ti, j

⎞⎟⎟⎟⎟⎟⎠kcj (9)

KCO =
n∑

i=1

(
CWOL

i, j ·CKOL
i, j + CWOU

i, j ·CKOU
i, j

)
(10)

KCB =
m∑

j=1

(
CWBL

i, j ·CKBL
i, j + CWBU
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)
(11)
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Constraints:
ti, j ≥ tgri, j (12)

ti, j ≤ tni, j (13)

Zi, j = Ri, j + ti, j (14)

Ri+1, j ≥ Zi, j + CTOL
i, j −CKOL

i, j (15)

Ri+1, j ≤ Zi, j + CTOU
i, j + CKOU

i, j (16)

Ri, j+1 ≥ Zi, j + CTBL
i, j −CKBL

i, j (17)

Ri, j+1 ≤ Zi, j + CTBU
i, j + CKBU

i, j (18)

Zi,m − pi ≤ Tdi (19)

Ri,1 ≥ TSO
i (20)

Zi,m ≤ TFO
i (21)

R1, j ≥ TSB
j (22)

Zn, j ≤ TFB
j (23)

ti, j, di, j,s, Ri, j, Zi, j, CKOL
i, j , CKOU

i, j , CKBL
i, j , CKBU

i, j , pi ≥ 0 (24)

In order for the presented model to be applied, the following data is required(1)–(3):

• tgri,j–limit completion time for task performed on building i by crew j;
• kgri,j—limit costs of task performed on building i by crew j;
• tni,j—standard completion time for task performed on building i by crew j;
• kni,j—standard completion cost of task performed on building i by crew j;
• kindir—indirect per unit cost of a multiple-structure project;
• kpi—per unit cost of failing to meet a planned deadline for building i;
• kcj—per unit cost of failing to maintain continuity of operation for crew j;
• Tdi—planned deadline for completing work on building i;
• TSO

i —earliest availability window of building i;

• TFO
i —latest availability window of building i;

• TSB
j —earliest availability window of crew j;

• TFB
j —latest availability window of crew j;

The parameters CO
i, j =

(
CTOL

i, j , CWOL
i, j , CTOU

i, j , CWOU
i, j

)
and CB

i, j =
(
CTBL

i, j , CWBL
i, j , CTBU

i, j , CWBU
i, j

)
are

additional given data in the model, enabling the establishment of technological and organisational
constraints. They have been described in the article at length [52].

The model’s decision variables (4) are as follows:

• ti,j—task duration (i,j);
• Ri,j—task initiation time (i,j);
• Zi,j. —task completion time (i,j);
• pi—delay value relative to the planned deadline for building i;
• in addition to variables that make it possible to establish technological and organisational

constraints: CKOL
i,j , CKOU

i,j , CKBL
i,j , CKBU

i,j .

The goal function (5) is the sum of all essential project costs. Direct cost Kdir (6) is the sum of the
costs of all works performed by all crews on all buildings, depending on the completion time of a given
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task. Direct cost includes the cost of labour, materials and equipment. It is assumed that a reduction in
the task completion time, from a standard completion time to a limit time, is possible, but requires
additional expenses. The dependency between the cost of completing a given task depends on the
set standard and limit costs and is assumed to be linear. Therefore, the popular Critical Path Method
Cost (CPM-COST) approach was incorporated into the model [55].The CPM-COST method enables the
calculation of minimum direct costs, assuming the ability to shorten task completion time by incurring
additional expenses when a fixed contractual deadline is imposed. Element (6) of the goal function and
constraints (12)–(18) apply the assumptions of the CPM-COST method, extended to include flexible
time couplings. Had the model included only (6) and (12)–(18), with parameters CT and CK removed,
with the addition of the condition of meeting a contractual deadline, it would have been a classical
CPM-COST model. The values ai,j and bi,j can be calculated using equations (25) and (26).

ai, j =
kgri, j − kni, j

tgri, j − tni, j
(25)

bi, j = kgri, j − ai, jtgri, j (26)

Indirect cost Kindir (7) depends on the value of indirect per unit cost or the completion time of
the entire multiple-structure project. Indirect per unit cost can be assessed using either a detailed or
indicator-based method.

Costs associated with failing to meet planned deadlines Kp (8) are set as the sum of the products
of the per unit cost of failing to meet a deadline and the length of the delay for all buildings. the per
unit cost of failing to meet a planned deadline can vary between buildings. The penalties for such are
defined in the contract between the developer and the buyer and typically range between 0.05 and 1%
of the contract value for every day of delay. For instance, in [56] the authors define the cost of failing
to meet contractual deadlines as ca. 0.1% of contract value per day of delay. Additional conditions
depend on the country and its legal environment.

Costs associated with pauses in the operation of crews Kc (9) are calculated as the sum of the
products of the per unit cost of pauses in crew operation and the length of the pause for all crews.
The pause length is calculated on the basis of the earliest time the crew can complete its tasks on all
buildings, the earliest time of initiation of work on the first building and the task completion times of
the crew on all buildings.

In addition, the goal function includes the costs associated with failing to meet flexible couplings
between tasks performed on successive buildings performed by the same crew KCO (10) as well
as flexible time couplings between tasks performed by successive crews on each building KCB (11).
The impact value of these couplings on the goal function for both types of couplings is calculated as
the sum of the product of failing to meet the lower value of the flexible time coupling and the unit
value for coupling failure, as well as the product of failing to meet the upper value of the flexible time
coupling and the per unit value for coupling failure.

The following constraints have been included in the model. Constraints (12) and (13) constrain
the task completion time to the limits between limit time and normal time. Constraint (14) enables the
calculation of task completion times. Constraints (15)–(18) make it possible to determine the value of
failing to meet appropriate flexible time couplings. Constraint (19) makes it possible to calculate the
value of failing to meet the deadline of completing a given building. Constraints (20)–(23) implement
the assumptions concerning the availability of every building and every crew. All decision variables
used in the model are to take on non-negative values (24).

The goal function and all constraints are linear, which makes this a linear programming model.
The Simplex method was used to solve the model [57].

The model described above is used to optimise a pre-set sequence of constructing buildings.
In general, this sequence can be modifiable. Changing the building completion sequence affects the
time and cost of completing the project. The authors plan to expand the model so that it will be able to
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optimise the sequence of constructing buildings. The proposed model was implemented using the
Python programming language. The program can be obtained from the authors.

2.2.2. Energy Consumption

One of the criteria of assessing near-zero energy buildings (NZEBs) that are applicable in Poland
is Primary Energy (PE), which cannot exceed the values stipulated in [34], and which differ depending
on building type. For single-family residential buildings without cooling installations, the maximum
PE value is 70 kWh/(m2/annum). The Primary Energy (PE) values for the analysed buildings are lower
than the maximum values allowed by Polish law. Primary Energy values predominantly refer to the
building’s sources of heating and electric power. Final Energy (FE) is a more precise indicator of material
and building services solutions, as it results from a building’s overall energy performance balance. This is
why this indicator was incorporated into the multi-criteria analysis presented in the article.

The energy consumption simulation for all of the analysed alternatives was performed using
DesignBuilder, a program enabling dynamic simulations. It is based on an hourly calculation method.
The calculation engine of the program is based on EnergyPlus. DesignBuilder uses EnergyPlus format
hourly weather data to define external conditions during simulations. These hourly weather data sets
are data derived from hourly observations at the chosen location—in this case, Krakow, Poland.

2.2.3. CO2 Emissions

A building consumes various natural resources, including water, materials and energy, and releases
many pollutants and emissions during its life-cycle, i.e., from the raw material extraction to the final
treatment of waste from the building’s demolition [58]. The authors assume that emissions generated
by construction material production, the construction of the buildings or their demolition, will be highly
similar for both building variants (detached, semi-detached). This is why only occupancy-related CO2

emissions were incorporated into the analysis, particularly as it is concordant with building energy
performance calculations stipulated in Polish law [34].

The CO2 emission in EnergyPlus is calculated from Fuel Totals using a locally published CO2

emission factor for the specific region—in this case, Krakow. The consumed fuel (electricity for lighting
and gas for DHW and Heating) is multiplied by the carbon emission factor. Based on emissions factors
entered for a specific location, EnergyPlus calculates the mass or volume of CO2 (carbon dioxide) [52]
The amount of CO2 produced depends on the carbon content of the fuel, and the amount of heat
produced depends on its carbon and hydrogen content. Because natural gas, which is mostly methane
(CH4), has a high hydrogen content, combustion of natural gas produces less CO2 for the same amount
of heat produced from burning other fossil fuels [59].

2.2.4. Thermal Comfort

The methodology for determining thermal comfort is based on PN-EN ISO 7730 [60]. The thermal
insulation of clothing was determined based on the PN-EN ISO 9920:2009 standard [61].

According to the ANSI/ASHRAE Standard 55-2010, Thermal comfort analyses were processed
for indoor winter clothing (Icl = 1 clo) for a typical winter week period, and summer clothing (Icl =

0.5 clo) for a typical summer period. The lclo value of 0.7 is assumed for transitional periods over the
year. The insulation of clothing was determined as the value for the transitional season of clothing
worn indoors Iclo = 0.7 (clo). Determining the PMV (Predicted Mean Vote) indicator requires the
calculation of the physical parameters of the analysed space, while considering energy expenditure
and the thermal insulation properties of the clothes of the persons working inside. The calculated
PMV value is compared with a seven-point psychophysical scale of thermal sensation which has been
developed by Fanger [62] (Table 1). A comfortable environment in terms of microclimate (thermally
neutral) can be considered to be within the 0.5 < PMV < +0.5 range [63]. Thermal comfort sensations
on the Fanger scale have been presented in Table 1.
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Table 1. The seven-point PMV scale by Fanger.

+3 hot
0 neutral (thermal comfort)

−1 slightly cool
+2 warm −2 cool
+1 slightly warm −3 cold

Thermal comfort evaluation analysis was performed for two periods:

• A typical summer week—a week identified by the weather data translator software as being
typical of summer.

• A typical winter week—a week identified by the weather data translator software as being typical
of winter.

The authors assumed that these periods will be suitable for the purpose of this paper as they
represent weather conditions that are repeatable and most likely to happen every year. The Polish
thermal comfort standard [60] does not indicate specific periods of the year for measurements.

Design Builder uses three different mathematical models to calculate Thermal Comfort: the one by
Fanger (the Fanger Comfort Model), the Pierce Foundation model (the Pierce Two-Node Model), and the
model developed by researchers from Kansas State University (the KSU Two-Node Model). For the
purpose of this paper, the Fanger model was chosen and implemented for thermal comfort analysis based
on the equation from ISO 7730. All PMV values are taken from dynamic simulation outputs.

The results of the thermal comfort simulation analysis will be compared with in-situ measurements
when similar conditions occur once all of the buildings have been completed. One of the hottest days
of the year was selected for the comparative analysis, i.e., 12.07.2018. The simulation was performed
for the living rooms of each building.

2.2.5. Urban Layout

The selection of the urban layout of a housing complex must take the preferences of future
residents into consideration. In order to determine the optimal layout, a survey was conducted among
the potential users of the housing complex’s buildings. The respondents were presented with three
urban layouts (Layout A, Layout B and Layout C) and asked to select the optimal urban layout in terms
of housing comfort, their preferences and convenience. The survey was filled out by 31 middle-aged
persons (30–50 years of age). The survey featured a three-point scale: a rating of 1; a rating of 2; a rating
of 3. A rating 1 was given to the layout considered to be the most desirable by the respondent, a rating
of 2 was given to the next-to-best layout and a rating of 3 was given to the least desirable of the layouts
from the point of view the adopted assessment criteria.

2.3. MCDM Analysis—The WASPAS Method

The parameter sets selected by the authors (construction cost, energy demand, CO2 emission,
thermal comfort, urban layout assessment) are diverse and cannot be directly compared. This is
why the authors decided to utilise a multi-criteria decision-making approach. There are numerous
MCDM methods, such as AHP, ANP, ELECTRE, BIPOLAR, TOPSIS and many others [64,65]. For this
specific problem, the authors selected the WASPAS method. It is a method that combines two other
methods: the Weighted Sum Model (WSM) and the Weighted Product Model methods (WPM) [66–68].
The WASPAS method was selected because of its mathematical simplicity and capacity to provide
highly precise results when compared to the WSM and WPM methods. The WASPAS method is
currently widely accepted as an effective decision-making support tool [68]. It is continuously being
developed (e.g., by integrating a fuzzy approach) [69,70].
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The WASPAS method requires a decision matrix to be prepared: X =
[
xi,j
]
m×n

where xi,j is the
value of alternative i in relation to criterion j, m is the number of alternatives and n is the number of
criteria. Afterwards, matrix X is to be standardised according to the following formulae:

xi,j =
xi,j

maxi xi,j
for criteria which are stimulants

xi,j =
mini xi,j

xi,j
for criteria which are inhibitors

In order to calculate the importance of alternative i, the following formula is to be used:

Qi = λ
n∑

j=1

xi,jwj + (1− λ)
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j=1

(
xi,j
)wj

The optimal value of parameter λ can be calculated based on the formula below:

λ =
σ2
(
Q(2)

i

)

σ2
(
Q(1)

i

)
+ σ2

(
Q(2)

i

)

where the values σ2
(
Q(1)

i

)
and σ2

(
Q(2)

i

)
can be calculated from the following formulae:

σ2
(
Q(1)

i

)
=

n∑
j=1

w2
j σ

2
(
xi,j
)

σ2
(
Q(2)

i

)
=

n∑
j=1

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎝
∏n

j=1

(
xi,j
)wj wj(

xi,j
)wj
(
xi,j
)(1−wj)

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎠
2

σ2
(
xi,j
)

The approximate variance value for the standardised criteria is calculated using the formula:

σ2
(
xi,j
)
=
(
0.05xi,j

)2

The criteria adopted for the analysis using the WASPAS method have been presented in Figure 2.
Of note is the weight selection process in the WASPAS method. The proposed method has been
formulated with the developer in mind and it is they who make autonomous decisions concerning
weight values, based on their own preferences. The method is a decision-making support tool for use
by the developer and models their preferences.

 

Figure 2. Criteria adopted for the WASPAS analysis.
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In specific cases, the developer can use a different method of setting weights, e.g., using experts’
opinions. The WASPAS method was applied by the authors using a Microsoft Excel spreadsheet. It is a
simple solution that can be helpful to the developer. All that needs to be done is to set the weights and
individual numerical values for parameters. The spreadsheet will calculate a score for each layout and
produce a ranking of said layouts. The Excel file can be obtained from the authors.

3. Case Study—Housing Complex in Mogilany near Krakow, Poland

The planned housing complex which is the subject of the case study in this article is planned to
be built on a 3-hectare plot in Libertów, in the municipality of Mogilany near Krakow, in the Lesser
Poland Voivodship (Poland). The site is adjacent to an expressway which leads in the direction of
Zakopane, a popular tourist destination located in the mountains. There is a lot of traffic along this
road, particularly during weekends and holidays. The location of the experimental housing complex
has been shown in Figure 3.

(a) 

 
(b) 

 
(c) 

Figure 3. (a): Location of the experimental housing complex relative to the Krakow agglomeration;
(b): Zoning plan of the plot assigned for the construction of the experimental housing complex;
(c): View of the plot assigned for the construction of the experimental housing complex, as seen from a
birds-eye view.
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The site plan for the plot (MU1) has been shown in Figure 3b. Figure 3c shows an aerial view of
the plot. The housing complex was assumed to be composed of 40 single-family residential buildings,
with various building layouts (detached and/or semi-detached buildings).

Three proposals of the urban layout of the complex’s buildings were analysed (Layout A, B
and C). They will be presented in Figure 4. The expressway runs near the plot, to its south-east
(SE). To the north of the plot is the direction towards Krakow, while from the south, to the holiday
resort—Zakopane. The urban layouts that were analysed are a reflection of the preferences of persons
who buy single-family houses in Poland in terms of their view of property desirability. Their selection
is the result of the actual housing market situation in Poland. The proposed urban layouts are options
that the developer offers for sale to their clients on the open market. The authors are aware of the
precepts of sustainable design concerning the planning of small-scale urban complexes, but in this case
the intent is to provide an iteration of the method for a more market-oriented approach. The authors
do not rule out preparing a modification of the method that would feature other sustainability metrics
in the future.

 

(a) 

 
(b) 

 
(c) 

Figure 4. (a): Urban layout for alternative A; (b): Urban layout for alternative B; (c): Urban layout for
alternative C.

Table 2 features a listing of the number of detached and semi-detached buildings for each
layout alternative.

The housing complex will be composed of buildings with different floor areas and layouts.
The types of individual buildings will be presented in Figure 5.
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Table 2. List of buildings of each type for layout alternatives A, B and C.

Building Version/Description Number of Buildings

Layout alternative A B C
W1/110m2 detached 20 0 40

B1/110m2 semi-detached 20 40 0

(a) (b) 

Figure 5. (a): Ground floor plan of a detached building with a usable floor area of 110 m2 (variant W1);
(b): semi-detached building (variant B1).

The buildings under analysis were assumed to be built using timber framing technology with
thermal insulation composed of wood wool. The ground floor plan, assumed to have a usable floor
area of 110 m2, in a detached building, is to be presented in Figure 5a, and in a semi-detached
building—in Figure 5b. The geometric models of the buildings subjected to the analysis have been
presented in Table 3. B1 type buildings are linked with a common wall that separates the bathrooms of
both buildings.

The cost of individual buildings was calculated based on “Biuletyn cen obiektów budowlanych
(BCO) część I a—obiekty kubaturowe” (in English: Construction price bulletin, Part Ia—buildings) [71].
It is a cost bulletin that lists the mean prices of buildings in Poland. The BCO can be used to estimate
the cost of constructing buildings or their fragments for the purposes of cost assessment or preparing
financial schedules for construction projects. Direct cost was assessed using the construction price
bulletin and includes labour, construction materials and machinery. The completion time for individual
works was estimated on the basis of available material costs catalogues. The values for completion
times and costs were assessed for both types of buildings featured in the case under analysis. Table 4
includes the values for a detached building with a usable floor area of 110 m2.
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Table 3. Geometric models of the analysed buildings.

Type Usable Floor Area [m2] Geometric Model

W1 110

 

B1 110 × 2

Table 4. Standard and limit costs of construction work and standard and limit construction work
completion times, listed for individual works for a detached building with a floor area of 110 m2.

Crew Number Task Description
Standard Work

Cost [Euro]
Total Limit
Cost [Euro]

Standard
Completion
Time [Days]

Limit Time
[Days]

1 2 3 4 5 6
1 Excavation 1100 1250 3 2

2 Footing, foundation wall
and damp proof course 9150 10,150 12 8

3 Load-bearing walls, decks,
roof and roofing 23,150 25,400 25 16

4 Building services assembly 16,100 17,400 17 11

5

Interior finishes (plasters,
painting, door and window

fitting, partition wall
construction)

14,600 16,000 20 13

6 External finishes 3450 3850 10 6

In order to determine the overall construction costs, the following parameter values were assumed:

• indirect construction costs, estimated at 400 €/day; Indirect costs include the general costs of
construction (wages for the site director, works managers, construction site infrastructure costs),
as well as management costs (the cost of maintaining the project, company offices, costs of office
work, etc.). Indirect costs were assessed as per the construction price bulletin. The bulletin lists
the value of indirect costs at a level of ca. 15% of the total cost. The cost per day was calculated
using an estimate of the project’s duration.

• costs of failing to meet planned deadlines, estimated at 150 €/per day of delay; Penalties for failing
to meet planned deadlines are defined in contracts between the developer and the buyer of the
building. There is no official data on this subject and in the experience of the authors such penalties
in Poland can range from 0.05% to even 1% of a contract’s value per day of delay. It should be
noted that penalties amounting to 0.5% of a contract’s value per day are not considered unjustified
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by Polish courts of law. Furthermore, it should be noted that the penalty is not applied when
the developer cannot be held responsible for the cause of the delay. It is impossible to factor in
unforeseen events that can cause delays and for which the developer is not responsible during the
construction planning stage, which is why this aspect was ignored in the paper. A penalty value
of 0.2% per day per individual building was assumed in the paper.

• it was assumed that agreements with some contractors specified penalties for failing to ensure the
continuity of crew operation. For the third crew, a 150 € penalty for each day of pause in the work
was assumed, with 200 € per day assumed for the fourth crew. The penalty value for failing to
ensure crew work continuity is a direct result of contracts with specific contractors. If a contractor
performs a highly specialised section of the work, these penalties will be higher. This is why the
third crew, which was assumed to assemble the innovative roof structure, and the fourth crew,
which was assumed to handle building services installation, were assigned such high penalties
for work discontinuity.

• it was determined that the first building is to be completed within 90 days. Every subsequent
building was to be completed 14 days after the completion of the previous one. Planned deadlines
are a direct consequence of contracts or agreements between potential buyers and the developer.

In addition, it was assumed that technological continuity was to be maintained between footing,
foundation wall construction and insulation application, as well as the construction of load-bearing
walls, decks, roof structure and roofing.

Table 4 includes the standard and limit costs of construction work, as well as the standard and
limit completion times for individual works.

The optimisation process produced schedules for each of the analysed layouts that were optimal
in terms of cost. For layout A, an overall cost of 3034 thousand euro was obtained, along with an
overall completion time of 629 days. For layout B, the costs amounted to 2928 thousand euro, while
the overall completion time was 629 days. For layout C, the costs amounted to 3233 thousand euro and
the overall completion time was 680 days. The completion time was taken into consideration when
calculating the costs of failing to meet planned deadlines for each building.

The buildings under analysis were designed to have a timber frame structure. The external
partitions of the analysed buildings were assumed to be built using timber framing technology.
The technology selection was primarily dictated by the developer’s guidelines, who had the technical
infrastructure enabling them to manufacture prefabricated timber elements. Figure 6 is to show a
cross-section of the external wall.

 

Figure 6. Cross-section through the external walls of the analysed buildings.
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U heat transfer coefficients [W/(m2K)] for elements of the buildings’ envelope were calculated in
accordance with the methodology outlined in [72,73]. The U heat transfer coefficients have been listed
in Table 5, along with the standard requirements for NZEBs applicable in Poland [34].

Table 5. Heat transfer coefficients for elements of the buildings’ envelope.

Item No. Envelope Element
U Coefficient (Analysed

Building) [W/(m2K)]

U Coefficient
(Requirements for
NZEBs in Poland)

[W/(m2K)]

1 External wall 0.12 0.20
2 Roof 0.13 0.15
3 Slab on grade 0.10 0.30
4 External doors 1.3 1.3
6 Windows 0.8 (g = 0.64) 0.9
7 Roof windows 1.1 (g = 0.64) 1.1

The windows of the buildings meet Polish requirements for NZEBs. They were partially fitted
with external blinds. The geometry of the buildings was also subjected to optimisation. Their massing
is simple and thermal bridges were minimised. Their orientation relative to the cardinal directions is
determined by local development guidelines. The structure of the buildings, material choices and their
mass were determined by the developer. The air-tightness of the external envelope of the buildings
was assumed to be n50 = 1.5 [1/h]. In Polish regulations concerning building design [34] there are
two requirements concerning building air-tightness. For buildings with gravitational ventilation
it is a value of 3.5 air exchanges per hour [1/h], while for buildings with mechanical ventilation,
the number of air exchanges per hour is 1.5 [1/h]. This is why the authors assumed a value of 1.5 [1/h].
The analysis was performed during the buildings’ design stage. At present, the first buildings have
already been built. Air-tightness inspections performed on site indicate that the precise construction of
the buildings has ensured a much greater air-tightness than initially assumed during the design stage.
The air-tightness achieved during construction has a value of n50 = 0.6 [1/h], and is at a level expected
of passive buildings [34]. The internal temperatures were assumed in accordance with the PN-EN
12831 standard [74].

Occupancy-related (metabolic) gains were defined in accordance with the ASHRAE 140/BESTEST
standard [75], depending on the form of use of the spaces.

The buildings were assumed to be equipped with mechanical supply and exhaust ventilation
with heat recovery. Supply air streams were assumed as in [76].

The Central Heating installation was designed in the form of gas-powered heating using a dual
purpose gas-powered condensation boiler with a total efficiency rating of 0.95.

The indoor air temperature was assumed per PN-EN 12831:2006. Instalacje ogrzewcze w
budynkach—Metoda obliczania projektowego obciążenia cieplnego—a Polish standard for heating
installations governing methods of calculating heat loads during the design stage [74]. Per this
standard, spaces for permanent occupancy by persons without outdoor clothing should be designed
to have a temperature of +20 ◦C, while spaces meant for occupancy by persons potentially without
clothing (such as bathrooms), should have a temperature of +24 ◦C. This temperature difference can be
obtained by properly setting a building’s thermostats or by using BMS installations. Concerning the
schedule, it was assumed that such temperatures should be kept 24 h per day throughout the entire
year. In residential buildings with building automatics systems it is much easier to assume periods of
lowered temperature (e.g., at night) or when residents leave the building to work. However, most
buildings in Poland do not feature elaborate BMS installations. The analyses assumed the buildings to
have such systems, which is why no temperature drops were accounted for.
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Design Builder Software uses Occupancy model data which defines the number of people in a
space and occupancy times according to a set schedule. The Occupancy schedule setting is also used to
control internal gains and/or HVAC systems. In DesignBuilder, schedules can be used to define:

• Occupancy times
• Equipment, lighting HVAC operation
• Heating and Cooling temperature setpoints

For the purpose of the simulation, the authors used a slightly modified Design Builder template
with default data for residential buildings occupancy was used, to better reflect Polish living conditions,
hours of work etc.

Lighting was designed in compliance with the PN-EN 12464-1:2012 standard [77]. Lighting was
assumed to be energy-efficient, with a value of 3.3 [W/m2] per 100 [lux]. The lighting intensity level
was assumed as in [78].

The remaining parameters were assumed in accordance with the principles of construction,
technical knowledge and applicable standards.

4. Results

4.1. Energy Consumption of Central Heating and Domestic Hot Water Preparation

The yearly final energy consumption for the purposes of heating, ventilation, domestic hot water
preparation and lighting is to be presented in Figure 7. The yearly final energy consumption for the
analysed buildings has been presented in Table 6.

 

Figure 7. Yearly energy consumption for heating, domestic hot water preparation and lighting in the
analysed buildings. B1 (semi-detached building), W1 (detached building).

Table 6. Yearly final energy consumption for the analysed buildings.

Building
Type/Characteristic

Final Energy (FE)
for Heating

[KWh/(m2annum)]

FE Domestic Hot Water
[KWh/(m2annum)]

Total FE
[KWh/(m2annum)]

W1/110 m2 detached 32.0 14.9 46.9
B1/110 m2 semi-detached 28.7 14.9 43.6

In the case of the 110 m2 house (B1/110), its external wall touches its “twin”, which results in an
adiabatic zone and a heat transfer value of zero for these walls. This results in a lower final energy
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consumption for each pair of semi-detached buildings. Table 7 presents the yearly energy consumption
for heating, ventilation and domestic hot water preparation for the entire complex.

Table 7. Summary for Layouts A, B and C, comprised of 40 buildings each.

Building
Type/Characteristic

Layout A

Number of Buildings in
the Layout

Energy Consumption
for Heating

[kWh/(m2annum)]

Total Energy
Consumption

[kWh/(m2annum)]

W1/110 m2 detached 20 46.9 20 × 46.9 = 938.00
B1/110 m2 semi-detached 20 43.6 20 × 43.6 = 872.00

TOTAL 1810.00

Layout B

W1/110 m2 detached 0 46.9 0.00
B1/110 m2 semi-detached 40 43.6 40 × 43.6 = 1 744.00

TOTAL 1744.00

Layout C

W1/110 m2 detached 40 46.9 40 × 46.9 = 1 876.00
B1/110 m2 semi-detached 0 43.6 0.00

TOTAL 1876.00

The high operational energy demand has its source in the Polish definition of NZEBs. The general
definition of nearly-zero energy buildings is provided in the Energy performance of buildings directive
2010/31/UE as “‘nearly zero-energy building’ means a building that has a very high energy performance,
as determined in accordance with Annex I. The nearly zero or very low amount of energy required
should be covered to a very significant extent by energy from renewable sources, including energy from
renewable sources produced on-site or nearby”. However, every European Union Member State has
adopted its own NZEB parameters, adapted to local conditions. In Poland, NZEBs are defined by the
Ordinance on the Technical Conditions that Must be Met by Buildings and their Placement [34]. In the
Polish definition of NZEBs there are two criteria. The first criterion is ensuring the proper building
envelope thermal insulation. The heat transfer coefficients for external partitions in the analysed
buildings are compliant with the values for NZEB buildings in Poland. The second criterion is for
NZEBs in Poland pertains to Primary Energy value (PE), which cannot exceed a value set for different
types of buildings. For single-family residential buildings without cooling, the maximum PE value
is 70 kWh/(m2annum). In the article, the authors based their analyses on operational energy (OE),
even though it is not listed in the requirements of the Polish NZEB definition. However, operational
energy is more useful for the analyses performed by the authors than primary energy, which is a
criterion for NZEBs in Poland. A definition of near-zero energy buildings for Poland has been included
in the article. PE values were compared with maximum values for the Polish standard for NZEBs.
The PE values for the analysed buildings are lower than the maximum values stipulated in Polish law,
despite the fact that they are not fitted with renewable energy sources. This is why the authors define
the buildings under analysis as NZEBs in their discussion. Table 8 shows the energy demand values
for type A and type B buildings.
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Table 8. Demand for different types of energy for type A and type B buildings

Building A Building B
Requirements for
NZEBs in Poland

Building floor area [m2] 114.2 114.2 -
FEH +W [kWh/(m2annum)] 46.9 43.6 -
FEpom [kWh/(m2annum)] 5.9 5.9 -

wi (gas) 1.1 1.1 -
wi (electric power) 3.0 3.0 -

PEH +W + pom [kWh/(m2annum)] 46.9 × 1.1 + 5.9 × 3.0 = 69.3 43.6 × 1.1 + 5.9 × 3.0 = 65.7 70

4.2. CO2 Emission in the Analysed Building Types

Calculation of CO2 emissions was based on [52,59]. The calculation of CO2 emissions is shown
in Table 9.

Table 9. CO2 emission calculations.

Building W1 Building B1

Gas

QKH +W [kWh/annum] 5355.98 4979.12
QKH +W [GJ/annum] 19.28 17.92

WE kg [CO2/GJ] 55.41 55.41
ECO2, H +W [kg CO2/annum] 1068.39 993.21

Electric Power

QKpom [kWh/annum] 675.67 675.67
QKpom [GJ/annum] 2.43 2.43

WE [kg CO2/GJ] 217 217
ECO2, pom [kg CO2/annum] 527.70 527.70

ECO2 [kg CO2/annum] 1596.09 1520.91

The yearly CO2 emission for the entire complex (40 buildings) has been presented in Table 10.

Table 10. Summary of CO2 emissions per building type and for each layout alternative.

Building
Type/Characteristic

CO2 Emission per
Building [kg/annum]

Number of Buildings
Within the Complex

Total CO2 Emission
[kg/annum]

Layout A

W1/110 m2 detached 1596.09 20 31,921.80
B1/110 m2 semi-detached 1520.91 20 30,418.20

Total 62,349.00

Layout B

W1/110 m2 detached 1596.09 0 0
B1/110 m2 semi-detached 1520.91 40 60,836.40

Total 60,836.40

Layout C

W1/110 m2 detached 1596.09 40 63,843.60
B1/110 m2 semi-detached 1520.91 0 0

Total: 6843.60

CO2 emissions are associated with the amount of fuel consumed for heating, as well as other types
of fuel, such as electric power associated with, among other things, lighting. The low CO2 emission of
the buildings is also a product of their structural system. A reinforced concrete structure is associated
with greater CO2 emissions relative to a timber structure [78].
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4.3. Thermal Comfort in the Analysed Building Layouts

The thermal comfort assessment analysis was carried out in a typical summer week, characteristic
of climate data considered in this article (Southern Poland, around Krakow). The authors assumed
that this period would be appropriate for the purposes of this paper, because it represents weather
conditions that are repetitive and will most likely occur every year at a given location (this is also an
option resulting from the software). The thermal comfort analysis includes building use schedules and
HVAC system operation, which are discussed in the article. Graph 11 shows the daily average PMV
values that are used for comparison between the buildings analyzed. Figure 8 presents the average
values of thermal comfort for the analysed buildings.

 

Figure 8. Thermal comfort for building B1/110.

The buildings were designed as low energy and have a high degree of air tightness. In addition,
they are not equipped with external solar screens, so they receive high solar heat gains thanks to
large glazed surfaces. The PMV value of 0.7—1.27 during a sunny and warm summer week can be
considered a predictable result [79].

Overheating in buildings, as simulations show, is a real problem in heavily insulated, airtight
buildings with windows facing south. It was assumed that no shading elements, such as blinds,
venetian blinds or brise-soleils would be installed on buildings. Such assumptions were intentional
and are part of another research project, which aims to determine the extent to which solar barriers
improve the comfort of using buildings with almost zero energy consumption. The buildings analysed
in the article did not have solar barriers, which is why their interiors were overheated.

In order to improve the thermal comfort of the analysed buildings, additional shading mechanisms
should be added (external louvers, blinds, etc.). The shape of greenery around the buildings should be
adjusted to increase the amount of air supplied to the mechanical ventilation or air conditioning installations.
The authors calculated the average value of thermal comfort for each system to compare different urban
layouts. The thermal comfort value for system A is 1.075, 1.21 for system B and 0.94 for system C.

4.4. Assessment of the Analysed Urban Layouts

The results of the survey performed among the potential residents of the experimental housing
complex have been presented in Figure 9. The number of persons listing a given layout as the most
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desirable one is indicated by the blue column (no. 1), the red column shows the number of persons
who rated the given layout as the second-most desirable (no. 2), while the number of persons who
rated the layout as the least desirable has been shown in green (no. 3).

 

Figure 9. Survey results concerning the preferences of potential residents of the housing complex in Libertów.

The mean result of the surveys and the ranking of each layout has been presented in Table 11.

Table 11. Mean layout ratings as reported in the survey.

Layout A Layout B Layout C

Mean value as reported in the survey 1.87 2.35 1.84
Rank 2 3 1

The respondents who selected Layout C as the most desirable reported that it was the layout that
provided the most privacy (no adjacent neighbour). This layout was ranked as the most desirable by
the greatest amount of respondents (16). Layout B was reported to be the least desirable by the largest
amount of respondents (19). The respondents who rated this layout as the most desirable (rank 1)
stressed their opinion as to lower construction and occupancy costs in semi-detached buildings when
compared to other alternatives.

5. Results of the Multi-Criteria Analysis

Table 12 will present all of the results for each layout. As mentioned previously, the weights for
each criterion, as included in the analysis, were set by the developer. They reflect the developer’s
preferences concerning each criterion. The developer decided that the most important criterion was
total construction cost (a weight of 0.55). As the buildings will be sold to individual clients, their price
was a key factor. The developer also took thermal comfort (a weight of 0.2) and energy consumption
(0.15) into consideration, as this was intended to encourage potential clients and raise the price of
buildings. The developer saw CO2 emissions and urban layout assessment (each with a weight of 0.05)
as the least important. Other weight values would produce different multi-criteria analysis results,
which is why the authors also performed an analysis of the impact that weights can have on scores,
as presented later in the paper.
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Table 12. The numerical values entered into the WASPAS method for all layouts.

Weight 0.55 0.2 0.15 0.05 0.05

P1 P2 P3 P4 P5

Construction
Cost [Thousand

Euro]

Thermal
Comfort [-]

Overall Energy
Consumption

[kWh/(m2annum)]

CO2

Emission
[kg/annum]

Urban Layout
Assessment [-]

Alternative
A 3034 1.075 1810 89,230.8 1.87
B 2928 1.210 1744 87,750.0 2.35
C 3223 0.940 1876 90,711.6 1.84

Max 3223 1.21 1876 90,711.6 2.35
Min 2928 0.94 1744 87,750 1.84

The scores for each urban layout produced by the analysis have been presented in Table 13.
The scores have been presented on the scale of the entire complex (40 buildings). The authors used the
WASPAS method to obtain the results. This made it possible to determine the optimal solution in light
of the analysed factors (assessment criteria).

Table 13. Results of the multi-criteria analysis using the WASPAS method.

Standardised Values

Construction
Cost

[thousand
Euro]

Thermal
Comfort

[-]

Overall Energy
Consumption

[kWh/m2annum]

CO2

Emission
[kg/annum]

Urban
Layout

Assessment
[-]

n∑
j=1

¯
xi,jwj

n∏
j=1

(
¯
xi,j)

wj

σ2(Q(1)
i ) σ2(Q(2)

i ) λ Qi Rank

Alternative
A 0.965 0.874 0.964 0.983 0.796 0.939 0.938 0.000843 0.000604 0.418 0.938 2
B 1.000 0.777 1.000 1.000 1.000 0.955 0.951 0.000885 0.000727 0.451 0.953 1
C 0.908 1.000 0.930 0.967 0.783 0.927 0.925 0.000782 0.000607 0.437 0.926 3

Wj 0.55 0.2 0.15 0.05 0.05

We also performed a simulation for different criteria weight values using the WASPAS method.
The randomly generated weights and their respective results are presented in Table 14.

Table 14. Simulation showing scores for different weight values.

Score Place

lp P1 P2 P3 P4 P5 A B C A B C

1 0.303 0.258 0.248 0.139 0.052 0.934 0.940 0.938 3 1 2
2 0.325 0.062 0.158 0.234 0.220 0.925 0.985 0.902 wj 1 3
3 0.098 0.069 0.273 0.284 0.276 0.915 0.984 0.901 2 1 3
4 0.160 0.175 0.239 0.187 0.239 0.910 0.959 0.909 2 1 3
5 0.203 0.380 0.146 0.089 0.184 0.900 0.912 0.927 3 2 1
6 0.103 0.370 0.140 0.210 0.177 0.904 0.914 0.934 3 2 1
7 0.295 0.041 0.116 0.342 0.205 0.931 0.990 0.908 2 1 3
8 0.043 0.253 0.361 0.130 0.213 0.906 0.941 0.918 3 1 2
9 0.127 0.259 0.277 0.151 0.187 0.911 0.939 0.922 3 1 2
10 0.163 0.245 0.236 0.223 0.133 0.923 0.943 0.931 3 1 2
11 0.383 0.155 0.269 0.161 0.031 0.948 0.963 0.933 2 1 3
12 0.203 0.335 0.264 0.062 0.137 0.911 0.922 0.930 3 2 1
13 0.076 0.233 0.260 0.279 0.153 0.921 0.945 0.931 3 1 2
14 0.211 0.019 0.348 0.341 0.081 0.955 0.996 0.927 2 1 3
15 0.265 0.334 0.164 0.209 0.028 0.933 0.922 0.951 2 3 1
16 0.281 0.266 0.169 0.183 0.101 0.926 0.938 0.933 3 1 2
17 0.234 0.216 0.130 0.189 0.231 0.908 0.949 0.911 3 1 2
18 0.342 0.105 0.320 0.075 0.158 0.928 0.975 0.908 2 1 3
19 0.197 0.146 0.059 0.224 0.374 0.891 0.966 0.887 2 1 3
20 0.194 0.201 0.178 0.215 0.213 0.913 0.953 0.915 3 1 2
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Table 14. Cont.

Score Place

lp P1 P2 P3 P4 P5 A B C A B C

21 0.458 0.048 0.310 0.048 0.137 0.937 0.989 0.904 2 1 3
22 0.234 0.211 0.214 0.308 0.032 0.945 0.950 0.946 3 1 2
23 0.315 0.073 0.273 0.080 0.260 0.914 0.983 0.892 2 1 3
24 0.142 0.279 0.131 0.259 0.188 0.911 0.935 0.927 3 1 2
25 0.320 0.197 0.022 0.353 0.108 0.934 0.954 0.933 2 1 3
26 0.296 0.263 0.021 0.233 0.188 0.912 0.939 0.921 3 1 2
27 0.321 0.274 0.137 0.239 0.030 0.939 0.936 0.946 2 3 1
28 0.109 0.295 0.091 0.214 0.291 0.891 0.931 0.911 3 1 2
29 0.176 0.035 0.145 0.242 0.401 0.896 0.992 0.877 2 1 3
30 0.149 0.127 0.295 0.299 0.130 0.935 0.970 0.926 2 1 3
31 0.317 0.143 0.097 0.124 0.320 0.898 0.966 0.889 2 1 3
32 0.356 0.037 0.362 0.110 0.135 0.939 0.991 0.908 2 1 3
33 0.228 0.216 0.152 0.289 0.114 0.930 0.949 0.933 3 1 2
34 0.305 0.019 0.151 0.193 0.332 0.908 0.995 0.882 2 1 3
35 0.164 0.089 0.311 0.116 0.321 0.903 0.979 0.888 2 1 3
36 0.060 0.163 0.311 0.124 0.343 0.892 0.962 0.892 2 1 3
37 0.231 0.185 0.250 0.282 0.052 0.943 0.956 0.940 2 1 3
38 0.091 0.197 0.091 0.242 0.379 0.886 0.954 0.893 3 1 2
39 0.112 0.290 0.257 0.158 0.182 0.909 0.932 0.925 3 1 2
40 0.129 0.063 0.259 0.297 0.252 0.920 0.985 0.904 2 1 3
41 0.048 0.056 0.152 0.377 0.368 0.902 0.987 0.891 2 1 3
42 0.080 0.418 0.045 0.368 0.090 0.918 0.903 0.957 2 3 1
43 0.187 0.204 0.191 0.213 0.204 0.914 0.952 0.916 3 1 2
44 0.223 0.311 0.353 0.046 0.067 0.925 0.928 0.938 3 2 1
45 0.204 0.325 0.141 0.262 0.068 0.928 0.925 0.947 2 3 1
46 0.047 0.331 0.208 0.081 0.335 0.878 0.923 0.903 3 1 2
47 0.459 0.331 0.110 0.033 0.066 0.923 0.923 0.934 2 3 1
48 0.385 0.117 0.029 0.205 0.264 0.912 0.972 0.897 2 1 3
49 0.176 0.314 0.096 0.226 0.188 0.907 0.927 0.927 3 2 1
50 0.144 0.293 0.063 0.072 0.428 0.866 0.932 0.885 3 1 2

Sum of first ranks 0 40 10
Sum of second ranks 27 5 18
Sum of third ranks 23 5 22

6. Discussion and Conclusions

The results presented in Table 13 can aid the decision-maker in making decisions in selecting an
architectural design alternative. The results were obtained for weights as defined by the developer
and formulated to their individual preferences. An initial analysis of standardised values can provide
valuable information about each alternative. Alternative B appears to clearly outrank the two other
alternatives (highest value in four parameters). It also appears that alternative A is better than
alternative C, as it has higher Qi scores in all parameters except thermal comfort. The WASPAS
method confirms this analysis. Alternative B was selected as the best, followed by alternative A,
with alternative C ranked the lowest. The differences in Qi scores were not significant (a difference of
1.5% and 2.8% relative to alternative B, for alternatives A and C, respectively).

An analysis of different weight values on the final results of the overall analysis was also performed
(see Table 14). Generated with a uniform distribution, the weights and values from the Case Study
were used to calculate Qi score values in the WASPAS method. Statistically, alternative B was indicated
to be the best (it ranked first in 80% of cases). Of note is that alternative C (ranked first in 20% of cases)
was shown to be markedly better than alternative A (no first ranks). Therefore, it can be concluded
that alternative A was dominated by alternatives B and C, which indicates that it can be excluded from
the decision-making process. Alternative C outranked alternative B when a sufficiently high value
(ca. 0.3) was assigned to the weight associated with thermal comfort. It is interesting that alternative
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B received the lowest rank in 10% of cases. It was even outranked by alternative A when thermal
comfort was assigned a weight with an appropriately high value (ca. 0.3) and urban layout assessment
was assigned a low value (ca. 0.05). However, alternative C was shown to outrank the remaining
alternatives each time when this was the case.

In the presented Case Study, only three alternatives of the design of the housing complex were
formulated. The proposed model can be used to support decision-making problems with a greater
number of alternatives. The method can also support the decision-maker in rejecting dominated
alternatives, reducing the number of analysed alternatives.

It should be noted that analysing such complex cases, which incorporate parameters with different
units, value ranges and significance, is impossible without using multi-criteria analysis methods.
Despite the significant contribution of these methods to analysis, the decision-maker is irreplaceable.
It is up to the individual to quantify their preferences and expectations and it is they who make the
final decision. The method presented in the paper can only support them in this.

The work presents pioneering research associated with formulating a method of determining
the optimal urban layout of a complex of single-family houses. The study took various cost factors
into consideration. The method presented in the article is compliant with the concept of sustainable
development. The article does not refer to the results of the work of other scholars as no direct
counterparts were found in the literature. The discussion presented in the article covers the results of a
multi-criteria assessment meant to aid in the selection of an optimal urban layout of timber single-family
houses while taking different types of building layouts into account. The discussion concerning the
results of the study took into consideration energy demand, the direct costs of construction and its
organisation, occupancy costs, thermal comfort, energy consumption, greenhouse gas emissions and
the results of a survey concerning preferences as to the proposed architectural and urban layouts
conducted among potential home buyers. The authors assumed a goal function in the form of a sum of
all essential costs, which, along with the constraints, is linear. The Simplex method was used to solve
the linear model. Sustainability parameters were determined through analyses employing EnergyPlus
code. Afterwards, using the procured data, a multi-criteria optimisation was performed, using the
WASPAS method. The results of this optimisation made it possible to report a solution that can be
considered optimal in light of the adopted assessment criteria.

Future Research Directions

Future analyses should automatically include the possibility of selecting construction materials,
the shape of the buildings themselves and their placement. The user would define permissible
alternatives and a computer program would, through discrete optimisation, set parameters that could
prove useful in multi-criteria optimisation.
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Abstract: In recent years, the energy performance of public buildings has attracted substantial
attention due to the significant energy-saving potential. As a semi-open high-space building, the
high-speed railway station is obviously different from other public buildings and even traditional
stations in terms of energy consumption and internal environment. This paper investigates the current
energy consumption situation and environmental quality of 15 high-speed railway passenger stations
in China. Results show that the energy consumption of the high-speed railway station is between
117–470 kWh/(m2·a). The energy consumption of the station is related to the area and the passenger
flow. The energy use of the station using district heating is higher than that of the station without
district heating in the same region. The higher glazing ratio induces good natural lighting in the
station, but the uniformity of the lighting in the station is not good. The acceptable temperature range
of passengers in winter is larger than that in summer. The average air change rate of the high-speed
railway station is 3.2 h−1 in winter and 1.8 h−1 in summer, which is the main reason of high energy
consumption of the HVAC (Heating Ventilation Air Conditioning) system in this kind of building.

Keywords: high-speed railway station; energy consumption; lighting environment; thermal
environment; air infiltration

1. Introduction

Buildings are responsible for approximately 40% of the total world annual energy consumption,
most of which is used for the lighting and the HVAC (Heating Ventilation Air Conditioning) systems [1].
In China, building energy consumption has doubled in the past 20 years, with an annual growth
rate of 3.7% [2]. Among them, energy consumption of public buildings accounts for 30% of energy
consumed by all kinds of buildings [3]. Energy consumption of urban office buildings in China
is about 33.6–107 kWh/(m2·a), while the average energy consumption of commercial buildings is
55 kWh/(m2·a) [4]. Due to the remarkable energy-saving potential, many studies [5–9] have focused
on the energy-saving evaluation of public buildings. As an important and special branch of public
buildings, traffic transportation buildings like railway stations have characteristics of large space span,
various functions, high density of people, and long operation time of air conditioning system. Energy
consumption and energy-saving approaches of these kind of buildings are also quite different from
those of common public buildings [10].

Energy consumption of traditional railway stations in China is about 101–423 kWh/(m2·a).
Calculation results showed that the energy consumption of the HVAC system accounted for 30–60% of
the total energy consumption of the station, while the lighting system and the elevator system had a
percentage of 10–20% and 5–10% [10,11], respectively. Li et al. [12] studied the energy-saving potential
of a single railway station by simulations. Results showed that the energy consumption of the waiting
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lounge of the railway station can be saved by 17–30% by changing the design temperature or the
operation mode of HVAC systems. Because of the large amount of unorganized ventilation caused
by the opening of the station building, the installation of the air curtain to organize the infiltration
air can reduce 12% of the cooling load [13]. Relevant research on the elevator suggested that 30% of
energy consumed by the elevator system can be saved in theory for typical stations through reasonable
operations of the elevator system [14]. For the lighting system, as a kind of low power equipment,
LED (Light Emitting Diode) light is widely used for lighting. Energy efficiency can be improved by
controlling the lighting intensity reasonably according to the intensity of natural light as well as the
arrival and the departure of vehicles [15–18].

Indoor thermal environment research has mainly focused on office buildings [19]. Tests showed
that the acceptable comfort temperature in the building was a temperature range rather than a single
temperature value [9]. A wider control temperature range can save energy, and it will not significantly
decrease the indoor thermal comfort [20]. Expanding the temperature range of the thermostat can
save the cooling system energy consumption by 31% and the heating energy consumption by 12% [21].
By using natural ventilation in different cities, the cooling energy consumption can be reduced by
8–78% [22]. By studying the thermal environment of railway stations, Japanese scholars have concluded
that the temperature and the wind speed are main factors determining the thermal environment of the
station where passengers stay for a short time. Furthermore, they put forward that ventilation is the
most effective method to improve the thermal environment of the station. They even considered that a
high wind speed can control the temperature between 18 ◦C and 32 ◦C in summer to ensure the same
thermal comfort [23]. Thermal comfort ranges of buildings are very different from climates. Manual
adjustments such as natural ventilation (opening windows in summer, ventilation, etc.) are more
comfortable and energy-saving than mechanical methods [24–26]. In addition to objective analysis,
people’s subjective perception of the environment will also affect the evaluation of indoor comfort. For
example, for wooden buildings, the use of environmental materials will increase the good impression
of the internal environment [27,28]. Railway station buildings have a wider acceptable temperature
range due to a shorter stay time than office buildings, but the design parameters of public buildings
are still used in domestic design codes, which will cause energy waste [29].

Most studies of the light environment relied on subjective surveys. Light environment is influenced
by the parameters including human activity, light intensity, and lighting design of buildings [30,31].
Results showed that the visual clarity, the color authenticity, the light and the shade contrast were
the main factors influencing the light environment comfort in offices, and the corresponding weights
were 29.55%, 17.59%, 16.77%, and 14.44%, respectively [32]. For the lighting environment of railway
stations, the balance between natural lighting and energy consumption was studied. Glazing ratio was
parabolic in relation to the load [33]. However, the high-speed railway station is much higher than the
traditional railway station, with a larger glass enclosure structure to meet a better visual effect. From
the perspective of energy saving and emission reduction, it is necessary to understand the current
situation of the light environment in such buildings and to analyze its energy-saving potential.

Concentration of CO2 in the building reflects the effect of ventilation. Many studies have shown
that natural ventilation is able to meet the demand of indoor fresh air [34,35]. Natural ventilation
was successfully used in some small office buildings [21,36,37]. While, for tall buildings, passive air
infiltration will bring excessive energy consumption and damage the indoor thermal environment.
Huang et al. [38–40] found that the thermal stratification in large single buildings such as gymnasiums
was significantly higher than that in other public buildings due to a higher ceiling height (9–17 m)
and multiple openings. This phenomenon is more serious in winter than in summer, and the load
caused by the air infiltration accounts for 40–60% of the total load. Test results of CO2 concentration in
the waiting lounge of the station is about 900 ppm, which is higher than the 700 ppm stipulated in
ASHARE (American Society of Heating Refrigerating and Airconditioning Engineer), but passengers
still can accept it [14]. Compared to the former, the high-speed railway station with more openings
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and a higher ceiling height will have more obvious chimney effect in winter, which may increase the
heating load in winter.

Current research results show that there is a huge difference between railway stations and other
public buildings, and it is not suitable to use the evaluation method of public buildings for the railway
stations. With the rapid development of the high-speed railway in China, a large amount of high-speed
railway station buildings will be built in the future. However, designers and operational staff do
not pay enough attention to the energy consumption and the indoor environment of such buildings.
The main purpose of this study is to investigate the characteristics of energy consumption and the
indoor environment of high-speed railway stations in China. Energy consumption is related to the
design parameters of the station and the scale of the station building. Problems and suggestions of
the high-speed railway station are proposed by comparing the previous results with the measured
results. Studies of energy consumption characteristics and light-thermal environment characteristics of
high-speed railway stations are beneficial to understand the energy consumption and environmental
status of high-speed railway stations in China, to formulate relevant design specifications and to
further improve thermal comfort of the station environment and to save energy.

2. Description of Energy Use Characteristics

2.1. Description of Data Source

In order to discover the current situation and characteristics of the energy consumption of
high-speed railway stations, it is necessary to investigate the energy consumption data of high-speed
railway stations of different scales in different climate regions for analysis and collation. According to
the Design Standard for Energy Efficiency of Public Buildings (GB50189-2015) [41], five climates are
considered, including severe cold (A), cold (B), cold winter and hot summer (C), warm winter and
hot summer (D,) and temperate (E) (Figure 1). According to the Code for Design of Railway Station
(TB-10100-2018) [42], of stations with a number of passengers dispatched during the peak hour, more
than 5000 are large ones and within that, between 1000 and 5000 are medium-sized ones. In this paper,
a total of 15 large and medium-sized stations are selected for measurements. The basic information for
the selected railway stations is shown in Table 1. In this paper, the annual energy consumption, the
passenger flow and the equipment load list of 15 high-speed railway stations in 2018 are provided by
the operation department of the station, and the building information of the station is provided by the
corresponding design company.

Figure 1. Five climates in China.
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Table 1. General situation of stations.

Climate
Zone

Station
Number

Construction
Area (104 m2)

Annual
Passenger
Flow (104)

Station
Scale

Area of Waiting
Lounge (104 m2)

Maximum
Height (m)

A
A1 12.0 2675 Large 2.7 30
A2 6.2 1500 Medium 1.7 18

B

B1 10.7 2500 Large 6.0 21
B2 25.8 8546 Large 5.0 18
B3 10.4 892 Medium 4.1 37
B4 6.9 649 Medium 2.5 30

C

C1 24.0 4486 Large 7.8 21
C2 28.2 6667 Large 8.1 33
C3 10.8 4564 Large 4.0 25
C4 11.0 2448 Large 3.4 18

D
D1 16.8 6796 Large 7.6 20
D2 9.0 3650 Medium 4.3 20
D3 6.9 680 Medium NA a NA

E
E1 12.0 858 Large 5.4 18.5
E2 11.0 2448 Large 4.0 21

a NA, not available.

Energy sources used in railway station buildings mainly include electricity and natural gas. In
order to facilitate the comparison, all kinds of energy are converted into electricity consumption.
Energy consumption of the high-speed railway station comes from the data statistics of the station
operation department. Annual and monthly building energy consumption of 2018 is read out by the
meters of the distribution station. Energy consumption of items (including lighting, elevator, HVAC
system, etc.) is separated by the equipment number and the energy use recorded. During the heating
period, energy consumption is calculated by reading the boiler gas meter (Figure 2) or by heating costs.

Figure 2. Gas use record of E2 station.

Most of the investigated high-speed railway stations are not equipped with the sub-item energy
consumption measurement system. Annual energy consumptions of the building HVAC system
and the heating system are obtained by the energy splitting method [43]. Monthly average power
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consumption in the transition period, annual energy consumption of the cooling system, and annual
energy consumption of the heating system are calculated by Equations (1)–(3) [44,45], respectively:

Egd, j =

∑M
i=1 Egd,i

M
, (1)

Ec = Ecz − Egd, j ×Nc, (2)

En = Enz − Egd, j ×Nn, (3)

where Egd, j is monthly average consumption in the transition period, kWh/month. Egd,i is the monthly
energy consumption in the transition period, kWh. M is total number of months during the transition
period. Ec is annual energy consumption of the air conditioning system, kWh. Ecz is total energy
consumption in the cooling period, kWh. Nc is cooling month number. En is annual energy consumption
of the heating system, kWh. Enz is total energy consumption in the cooling period, kWh. Nn is heating
month number.

Energy consumption of lighting system is calculated by Equation (4) through statistics of lights in
each station:

EL =
m∑
i

Ni × Pi × Ti ×Di × ki × 10−3, (4)

where EL is lighting energy consumption, kWh. Ni is number of lights. Pi is power of light, W. Ti is
average daily running time of lights, hour. Di is number of days of light operation throughout the year.
ki is opening coefficient of lighting, the ratio of the actual number of lights to the total number. m is
number of rooms.

2.2. Energy Consumption Characteristics of High-Speed Railway Stations

All types of energy are converted into equivalent power consumption according to the Classification
and Presentation of Civil Building Energy Use (GB/T 34913-2017) [46]. Energy consumption of the
high-speed railway station is different from that of the previous stations [29,42]. The annual total
energy consumption of the high-speed railway stations ranges from 20 × 106 to 60 × 106 kWh. Figure 3
shows the annual energy use intensity (EUI) of different high-speed railway stations is between 115
and 470 kWh/(m2·a). Results are 10–20% higher than the traditional railway stations [10,47], as the
comparison in Table 2. EUI of different stations is related to the climate region and area of the station.

The total energy consumption of smaller stations (B3, D2) is lower, but the EUI is larger. The
average EUI of the cooling system in each station is 35.12 kWh/(m2·a), and the heating system is
56.93 kWh/(m2·a). For the overall energy consumption of station buildings, the energy consumption in
each station is quite different, but the change of energy consumption proportion in the same climate is
very close. Most stations in regions D and E where the climate is warmer in winter do not have the
heating system. Regions A and B mainly rely on gas boilers or municipal centralized heat for district
heating. With a lower outside air temperature, the energy consumption of the heating system in cold
the region accounts for 30–50%. In summer, the energy consumption of the cooling system in regions
C and D accounts for 15–35% because of the large moisture load and the high outdoor temperature.

Table 2. Energy consumption data of different buildings.

Annual Cooling Heating Lighting Others

High-speed station (kWh/(m2·a)) 117–450 25% 39% 13% 23%
Traditional station (kWh/(m2·a)) 101–269 20% 44% 18% 18%
Urban office building (kWh/(m2·a)) 30–107 35% 40% 15% 10%
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(a) Annual energy consumption. 

 
(b) The energy consumption proportion of each part of the system. 

Figure 3. Statistical results of energy consumption of high-speed railway stations.

EUI in regions A and B is the largest, while EUI in regions C and E is the smallest. EUI in
medium-sized stations is higher than that in large stations. As can be seen from the boxplot (Figure 4)
made from the sample results in accordance with the climatic zone, EUI values can be roughly divided
into high and low ranges. The main reason for the difference in climate interval is the heating
method in winter. According to the classification of EUI of heating, the energy consumption in winter
(111.5 kWh/(m2·a)) using the district heating is much higher than that of the station using non-district
heating (Figure 5) (18.7 kWh/(m2·a)). Figure 6 shows the relation between EUI and station area by
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dividing the sample into two types, district heating and non-district heating. EUI of both stations is
related to the number of the area, but the gap of EUI will increase with the area.

 
(a) The total energy consumption. 

 
(b) HVAC (Heating Ventilation Air Conditioning), lighting, elevator system energy consumption. 

Figure 4. Box plot of EUI (energy use intensity) of high-speed railway stations.
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Figure 5. EUI of heating of high-speed railway stations.

 
Figure 6. The relation between station area and EUI of different heating methods.

3. Environment Measurements

Energy consumption and passenger comfort are related to the quality of the environment. It
mainly includes light comfort and lighting energy consumption, thermal comfort and HVAC system
energy consumption, air quality and mechanical ventilation and infiltration air volume. Although
people’s subjective perception of the environment, such as the material of the structure and the design
style of the building, can also affect the comfort of the building, it is not taken into account in this
paper because there is almost no difference in the construction of the high-speed railway station. In
this work, the indoor illumination, the thermal comfort, and the air infiltration of selected high-speed
railway stations are measured. All the analyzes of the environmental quality of high-speed railway
stations are based on the test results.
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3.1. Error Analysis

As errors are often accompanied in the process of testing, in order to determine the accuracy of
measurement results, error analysis of test data is needed. In the measurements, the errors of direct
and indirect measurements of physical quantities are calculated by Equations (5) and (6), respectively
40. Parameters of the instrument required are shown in Table 3.

γi =

(
wi

2

3

)0.5

, (5)

γR =

⎛⎜⎜⎜⎜⎜⎝
n∑

n=1

γi
2

⎞⎟⎟⎟⎟⎟⎠
0.5

=

⎛⎜⎜⎜⎜⎜⎝13
n∑

n=1

wi
2

⎞⎟⎟⎟⎟⎟⎠
0.5

, (6)

where γi is the ith direct measurement error of physical quantity. wi is the ith direct measurement of
physical quantity. γR errors in indirect measurements of physical quantities. n is the number of the direct
measurement of physical quantities which is related to indirect measurement of physical quantities.

Table 3. Parameters of the instrument.

Name Type Parameter Accuracy
Measurement

Error

Hot wire
anemometer Testo-425 Wind speed ±0.03 m/s 0.017 m/s

Range finder BS-GLM80 Distance ±0.002 m 0.001 m

Multifunctional
Tester Testo-435 Temperature,

humidity and CO2

±0.2 ◦C, ±1%,
±10 ppm

0.115 ◦C, 0.57%,
5.7 ppm

Luminometer TES-1335 Illumination ±0.01 Lux 0.0057 Lux

Black-bulb
thermometer AZ8758 Black-bulb

temperature ±0.2 ◦C 0.115 ◦C

3.2. Measurement Method

The high-speed railway station is mainly composed of the arrival hall, waiting lounge, offices,
toilets, and equipment rooms. Among them, the waiting lounge and the arrival hall are the public
areas for passengers, and in the waiting lounge, passengers stay for the longest time. At present, the
glass enclosure structure is widely used in newly-built high-speed railway station buildings, which
fully shows the advantages of natural lighting, whereas the building load may be increased [45]. Light
environment is tested in the waiting lounge. The testing time starts from 8:00 to 18:00 during each
day, with 2–3 days for each station. According to the space characteristics of the waiting lounge, the
measuring points are evenly distributed. Take the station B3 for example, 15 test points as depicted
in Figure 7 are placed to record the data every two hours using the luminometer TES-1335. The
illuminance value of each measuring point in the waiting lounge is tested every two hours to calculate
the variation rule of the average illuminance value in the high-speed railway station.

Measurements of thermal environment mainly focus on the waiting lounge and the entrance
hall. Parameters including air temperature, humidity, wind speed, and average radiation temperature
(black globe temperature) are tested. Thermal sensation is also affected by the outdoor temperature, so
the outdoor temperature is tested at the same time. The activity intensity and the personnel density of
passengers in different functional areas vary, and the thermal environment is different from each other.
To measure the air temperature difference between the inside and the outside, four measuring points
are placed outside the station and four in the entrance hall. Measuring points in the waiting lounge are
the same as those in the light environment test. Wind speed measurements are placed at 1.5 m above
the floor, as shown in Figure 8. All data are recorded every two hours. In addition, a questionnaire
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survey is conducted among passengers, including age, waiting time, thermal comfort, light comfort,
and so on. Each station receives 100 questionnaires per day.

Figure 7. Layout of measuring points for B3.

 

Figure 8. Tests of waiting lounge for B3.

The air infiltration is measured by CO2 concentration method, and the air change rate of the
station is calculated by the difference of the CO2 concentration between indoor and outdoor. CO2

concentrations both in the waiting lounge and outside the station are measured by the Multifunctional
Tester, and the location of the measuring point is the same as that in the thermal environment test.
Each measuring point is tested every two hours. To ensure the accuracy of the data, each test lasts five
minutes until the reading is stable.

3.3. Results

3.3.1. Light Environment

A large amount of glass enclosure is used as the enclosure structure of the high-speed railway
station, as shown in Figure 9. The station glazing ratio is between 50–70%. Average illumination in
most stations is much higher than the standard requirement of 100 Lux [48]. However, this does not
mean that the good lighting effect is obtained, and the homogeneity needs to be considered. The use of
natural lighting makes the illumination in the station vary greatly during the day. Figure 10 shows the
change of illumination average value of different depth positions in B2 station during a summer day. It
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can be seen that the area affected by the natural lighting in B2 station accounts for 4/7 of the waiting
room space of the station. The illumination in the middle of the station is relatively stable, which
leads to the poor uniformity of illumination in the station. The main reason may be related to the
regional radiation amount, the height of the station building, and the length of the lighting direction.
Considering the maximum period of natural lighting (12:00), comparing the lighting homogeneity
and the ratio of height to depth in different stations, it is found that there is a logarithmic relationship
between them (Figure 11). Increasing the height can achieve better homogeneity but with the increasing
energy consumption of HVAC. It is more feasible to use the shading or reduce the proportion of glass
maintenance structure to alleviate the problem of uneven illumination.

 
(a) Waiting lounge of B3. 

 
(b) Arrival hall of B1. 

Figure 9. Glass curtain wall of high-speed railway station.

Passengers reflect that the daytime is brighter and the appropriate shading should be considered
to improve the light comfort. The lighting control mode in the station is relatively simple and the
response is slow with a certain time lag, which is also proved by the station staff. Normally, the glass
curtain wall has poor thermal insulation and low air tightness. It is necessary to balance the relationship
between natural lighting and energy consumption of the HVAC system to optimize the design.
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Figure 10. Mean of illumination of different depth position of B2 station.

 
Figure 11. The relationship between illumination uniformity and station shape. H/L: The ratio between
the height of the station and the length of the lighting direction. Illumination uniformity: The ratio of
the lowest value of illumination to the average value.

3.3.2. Thermal Comfort and Thermal Environment

The measured indoor temperature, humidity, radiation temperature, wind speed, and outdoor
temperature are shown in Tables 4 and 5. During the test, air conditioning systems are closed in
the stations D1, D2, D3, and E1. Two hundred valid questionnaires are carried out in each station,
including passenger age, gender, waiting habits, comfort, and other information.
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PMV (Predicted Mean Vote) ranges from hot (+3) to cold (−3) according to the ASHARE 7
scale [49].Through the survey of passenger thermal comfort satisfaction in winter, it is found that the
majority of PMV are within −1~+1 as depicted in Figure 12a, indicating that the temperature in the
waiting lounge can be accepted by most passengers. Most uncomfortable passengers feel that the
station environment is cold in winter. Moreover, the thermal sensation of passengers in regions C
and D is much colder than that in regions A and B, and the average temperature measured is lower
as well. Main reasons are the high humidity in these climatic regions, the large opening of buildings
and the lack of cold wind protection measures in winter. Because there is no need to consider the
dehumidification in regions A and B, the windshield curtain wall and the glass house are installed in
the entrance and the exit, where the insulation effect is improved.

 
(a) PMV (Predicted Mean Vote) proportion of stations 

 
(b) Waiting time proportion of stations 

Figure 12. PMV and waiting time proportion of stations.
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Thermal sensation in the waiting lounge changes with the stay time. When passengers enter into
the station, there is a kind of warm comfort due to the temperature difference between the indoor and
the outdoor. As they stay longer, the comfort decreases. The average waiting time for passengers at
traditional passenger stations is 68 min [50]. Questionnaire survey shows that the waiting time of
passengers in high speed railway stations is shorter within 60 min. Very few passengers wait more
than an hour. Figure 12b shows the proportion of passenger waiting time at different stations. The
average passenger waiting time at all stations is about 40% within 20–40 min. As A2, B3, and B4 are
medium stations, they have more short-distance trains, so the waiting time of passengers is shorter,
accounting for 38% of passengers in 20 min. However, A1, B1, B2, D1, E1, and E2 are large stations
with a high passenger flow, so the waiting time of passengers in 40–60 min reaches 25.4%. Therefore,
passengers feel colder. The difference in sensation increases with the temperature difference between
the indoor and the outdoor, and the thermal sensation tends to stabilize after about 40 min. Smaller
stations have a higher proportion of passengers feeling comfortable due to the shorter waiting time.
Regions A and B have a higher acceptance of the environment because the temperature difference
between indoor and outdoor in winter is much greater than that in other regions.

According to ASHARE Standard 55-2017, the operative temperature based on Equation (7) is
used for the analysis of thermal comfort in the waiting lounge, which considers the influence of air
temperature and average radiation temperature on the human thermal sensation [51,52]:

t0 = αta + (1− α)tr, (7)

where t0 is operative temperature, ◦C ta is indoor air temperature, ◦C. tr is average indoor radiation
temperature, ◦C. α is factor related to the wind speed. When the indoor wind speed is 0–0.2 m/s, take
0.5, when the indoor wind speed is 0.2–0.6 m/s, take 0.6; when the indoor wind speed is 0.6–1.0 m/s,
take 0.7.

According to the Reference [53], the mean number of thermal sensory votes (MTSV) is linearly
regressed with the operative temperature (t0). Thermal neutral temperature (T0) is obtained when
MTVS is 0. Table 6 gives the calculated thermal neutral temperature (T0). In winter, passengers at
station B4 feel comfortable and warm in the waiting area, and T0 in the waiting lounges of other
passenger stations is 0.3–3.2 ◦C higher than the average operative temperature, indicating that the
thermal sensation in the waiting area is cold. This is consistent with the results of the thermal
environment test.

Table 6. Thermal neutral temperature of high-speed railway stations.

Station Number A1 A2 B1 B2 B3 B4 C4 D1 E1 E2

Winter
T0 (◦C) 18.9 20.3 17.9 19.9 18.3 18.8 17.1 16.5 17.0 16.6

Test temperature (◦C) 18.5 18.6 15.1 17.3 17.5 19 13.9 16.8 16.2 15.2

Summer
T0 (◦C) 25.4 26.0 26.4 25.5 25.6 25.8 25.1 NA 26.0 26.3

Test temperature (◦C) 24.6 24.2 26.5 26.6 23.9 24.9 25.1 NA 25.0 25.2

The thermal neutral temperature of the waiting lounge varies greatly in different climate regions
in winter. Although the temperature in the waiting lounge of most high-speed railway stations is lower
than the design value (18 ◦C) in the code, most passengers can accept it. In winter, the thermal neutral
temperature increases with the waiting time but decreases with the outdoor temperature. The highest
thermal neutral temperature of 20.3 ◦C is found in region A, while the lowest value of 16.5 ◦C is found
in region E. In addition, the waiting time of passengers at stations B3 and B4 is shorter than that at
station B2, so the thermal neutral temperature is lower than that at station B2. The situation in summer
is similar to that in winter. Therefore, when determining the design temperature, both the climate
and the station scale should be considered. A single design parameter will cause the unnecessary
energy waste.
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According to ASHRAE [52] standard and ISO7730 [54], the regression equation is obtained by
the polynomial regression with the operative temperature and the acceptable percentage. Taking the
thermal environment with 80% of the passengers satisfied as the comfortable environment 36, the
acceptable temperature range of passengers in waiting lounges of each station is concluded in Table 7.

Table 7. Acceptable temperature range in winter for waiting lounge (Unit: ◦C).

A1 A2 B1 B2 B3 B4 C4 D1 E1 E2

Winter 17.9–19.8 18.1–21.5 16.4–20.0 17.4–21.7 17.5–19.9 17.9–20.9 15.1–18.8 15.4–18.5 15.2–18.6 15.6–18.0

Summer 24.6–26.5 25.5–26.5 25.0–26.5 25.4–26.4 24.5–26.5 25.3–26.5 25.0–26.3 25.5–27.0 25.6–26.7 25.7–26.9

Compared with other types of public buildings, the indoor acceptable operative temperature
range of railway station is larger [55]. The acceptable temperature range in high-speed rail passenger
stations is larger in winter than in summer. The average operative temperatures measured in stations
B1, B2, C4, and E2 are lower than the acceptable range, so the passengers generally feel cold. The
main reason is that the air conditioning system is not well maintained and a higher temperature in the
station is needed. The average operative temperature measured by station B4 is close to the upper limit
of the acceptable range, therefore, the station temperature appropriately can be reduced and energy
use is saved.

3.3.3. Air Infiltration

Due to the high ceiling height (18–40 m) and the large number of openings in the ground floor, the
air infiltration of the high-speed railway station is much larger than that of other public buildings. CO2

concentration can be used as an index to evaluate the fresh air volume and the air quality in buildings.
The permeable air volume of the stations is determined by measuring the average values of indoor and
outdoor CO2 concentrations in stations both in winter and in summer.

Ventilation standard proposed by ASHARE requires that the difference between the indoor and the
outdoor CO2 concentration should be less than 700 ppm, equivalent to the indoor CO2 concentration
of less than 1000 ppm [50], In this standard, the minimum fresh air volume for personnel is stipulated
as well. The passenger flow of high-speed railway station is larger and it has more openings than
other types of buildings. Test results show that the number of openings in winter in regions A and B
is 4~8, and that in regions C and D it is 12~20. Table 8 shows the air change rate and the proportion
of air infiltration to the load during typical days in winter and in summer for each station. Through
interviews with staff, the introduction of mechanical fresh air in regions A and B in winter will do
damage to the equipment because of very low outdoor temperature (−20~10 ◦C). Heating capacity
of the heat pump in region C is insufficient in winter, and it cannot meet the fresh air load caused
by plenty of mechanical fresh air. The main reason is the low temperature in stations in this area.
Therefore, mechanical fresh air in winter is not used in these areas, while in regions D and E, the
mechanical ventilation is opened.

Table 8. Test results of infiltration air.

A1 A2 B1 B2 B3 B4 C1 C2 C4 D1 D2 E1 E2

Winter
Air change (h−1) 0.9 6.2 1.9 1.8 5.0 2.9 1.2 4.2 5.1 5.6 2.3 2.2 5.6

Percent (%) 10 36 25 21 63 24 18 34 NA NA NA 22 NA

Summer
Air change (h−1) 0.7 2.0 1.9 1.2 1.3 2.9 0.5 3.0 2.7 1.3 1.2 4.1 2.8

Percent (%) 10 19 10 29 22 34 48 39 40 NA 20 51 33

The measured CO2 concentration in the waiting lounge of each station is very close to the outdoor
value. Results show that the infiltration air volume in the station can meet or even exceed the indoor
fresh air demand. Therefore, if the infiltration air volume cannot be controlled in the design, the
mechanical fresh air can be adjusted to save energy. There is a logarithmic relationship between air
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infiltration volume and EUI (Figure 13), and the influence of osmotic wind on the station energy
consumption in winter is greater than that in summer. Since the fresh air volume in the station is
sufficient to meet the human body’s needs (the number of ventilations in the specification is 1 h−1),
reducing the permeable air volume has become the most feasible energy saving method, and it is very
effective to reduce the ceiling height or increase the resistance at the opening.

 
(a) Test results in the typical summer day. 

 
(b) Test results in the typical winter day. 

Figure 13. The relationship between air infiltration and energy consumption.

4. Conclusions

This paper carries out some field measurements in 15 high-speed railway stations in five climatic
regions in China. Some important findings are concluded as follows:
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• The EUI of different high-speed railway stations is between 115 and 470 kWh/(m2·a), which is
related to the climate region and the area of the station. The average energy consumption of a
station using district heating is 11.5 kWh/(m2·a), while that of a station without district heating
is 18.5 kWh/(m2·a). EUI in stations decreases with the increase of area, and this trend is more
obvious in stations using central heating.

• The use of a large number of glass maintenance structures makes the illumination in the station
vary greatly during the day. The average illumination in most stations is much higher than the
standard requirement of 100 Lux. However, this does not mean that the good lighting effect is
obtained, and the distribution needs to be considered. The lighting evenness and the height of the
station are related to the depth of the lighting direction. Increasing the height can achieve better
evenness but with the increasing energy consumption of HVAC.

• The thermal neutral temperature of the waiting lounge varies greatly in different climate regions.
Most passengers can accept the indoor temperatures below 18 ◦C or lower, which is related to the
outdoor temperature. The main reason is that the short waiting time (40–60 min) of passengers
and the requirements of thermal environment are different from those of office buildings. The
acceptable temperature range in high-speed railway stations is larger in winter than in summer.

• The measured CO2 concentration in the waiting lounge of each station is very close to the outdoor
value. Results show that the infiltration air volume in the station can meet or even exceed the
indoor fresh air demand. Maybe the mechanical fresh air can be canceled to save energy. There
is a logarithmic relationship between the infiltration air volume and the energy consumption of
the station and influence of infiltration air on energy consumption in winter is greater than that
in summer.

In summary, compared with traditional railway stations, high-speed railway stations have higher
energy consumption due to more openings, higher ceiling height, and a large number of glass
maintenance structures. Passengers in high-speed trains also have different waiting habits, so their
thermal comfort needs are also different. The high-speed railway station has considerable energy saving
potential in the utilization of air infiltration, uniform lighting, and indoor temperature control. In
addition, an efficient energy management platform is very important for the construction of high-speed
railway stations.
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Abstract: Improving the energy efficiency of buildings is among the most urgent social development
tasks due to the scale of energy consumption in this industry. At the same time, it is essential to meet
high requirements for indoor environmental quality and thermal comfort. The issue of overheating is
most often analysed in summer but it also occurs in transition seasons, when the cooling systems do
not operate. The paper attempts to evaluate the effectiveness of external mobile shading elements
on the microclimate of rooms with large glazed areas in the transition season. Passive solutions,
such as shading elements, which limit the increase of indoor temperature, do not always allow the
acquisition and maintenance of comfortable solutions for the duration of the season, as demonstrated
by the authors. Temporary cooling of the rooms may be necessary to maintain comfortable conditions
for the users, or other solutions should be devised to improve comfort (e.g., reduction of clothing
insulation characteristics). The novelty of the study consists in the analysis of comfort in a “nearly
zero energy consumption” building (NZEB) during a period not analyzed by other scientists. This is
a transition period during which heating/cooling systems do not operate. The research task set by the
authors involved the assessment of the possibility to reduce office space overheating in the transition
season (spring) by using external shading equipment in rooms with large glazed areas. An additional
research task aimed at checking the extent to which user behaviour, such as reduction in clothing
insulation characteristics, can improve comfort in overheated rooms. The results of the tests reveal
that the difference in the ambient air temperature between a room with external venetian blinds and
an identical room with no venetian blinds in the transition season, i.e., from 27 March to 6 April 2017,
ranged from 12.3 to 2.1 ◦C. The use of a shading system (external venetian blinds positioned at an
angle of 45◦) reduced the number of discomfort hours by 92% (during working hours) compared to
the room without external venetian blinds. A reduction in the thermal insulation of the clothes worn
by people working in the room with no venetian blinds helped to reduce the number of discomfort
hours by 31%.

Keywords: thermal comfort; overheating; transition seasons

1. Introduction

The policy of the European Union obliges member states to introduce a new standard of nearly
zero energy buildings [1,2]. The implementation of the directive on the energy characteristics of
buildings translates onto requirements for buildings set out in the Technical and Building Conditions [3].
Passive buildings have also become more popular in Europe [4,5]. Both standards of buildings are
characterised by very low energy demand. Designing such buildings requires wide knowledge of the
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discipline [6]. A number of newly designed office and public buildings are characterised by large
glazed areas. Despite selecting the correct insulation characteristics for the building structure elements,
excess glazing generates large and undesired solar gain especially in summer. As a result of such design
solutions, uncomfortable working conditions are created. Therefore, it seems necessary to estimate
thermal comfort conditions at each work station in the period of time when overheating occurs in the
building. Proposals for system (need for cooling), architectural and building solutions aimed at the
reduction of overheating should result from such analyses. The issue of creating and maintaining indoor
conditions comfortable for users has already been described in the literature [7,8]. Fanger proposed
that the subjective thermal comfort sensation of the users of rooms should be identified with PMV
(predicted mean vote) and PPD (predicted percentage of dissatisfied) assessment indices. The method
developed by Fanger was incorporated into European standards concerning the thermal comfort of
rooms [9–11]. The need to reduce energy consumption for heating and cooling purposes, which has
been increasing recently, encourages designers and researchers to carry out more exact analyses for
ensuring thermal comfort. Studies are directed towards improving the comfort model [12,13] through
a number of experimental tests in laboratories, as well as in real-life objects [14,15]. Many researchers
include thermal comfort into indoor environment quality models, additionally taking into account
acoustic and lighting comfort and proposing modifications [16–19].

Summing up, low energy consumption must not be the only design criterion. The indoor
microclimate is a combined effect of design, building and use of specific rooms. Human activity,
clothing insulation and environmental parameters, such as ambient air temperature, mean radiation
temperature, air flow rate and relative humidity, affect thermal comfort. Thermal comfort assessment
is based on such indices as PMV and PPD.

The paper describes the influence of external shading elements on thermal comfort in premises
with large glazed areas. Energy-efficient windows, which are nowadays regularly installed in
buildings, are reaching the point where, on an annual basis, heat gains through a window exceed
losses. The architecture of contemporary public and office buildings is characterised by highly glazed
facades. Even in temperate climate zones, which is where Poland is situated, the solution generates
intensive solar gain in the rooms, especially in the southern and western façades. The study of indoor
comfort and air quality has been undertaken by a number of research teams in different climate
zones [20–22]. The studies have covered different categories of buildings: residential, office, exhibition
and entertainment facilities [23–25]. The scope of the studies analysed in the paper has been limited
to office premises in buildings with glazed facades. Overheating is a major problem, which occurs
in this type of premises. A number of papers [26–28] quote algorithms and guidelines pertaining to
the glazing area size depending on material and construction solutions, and location. Creative vision
and visual effect tend to be more important for architecture designs. Designers and investors often
neglect researchers’ recommendations to include glazed elements in small areas of the façades. That is
why the purpose of this paper is to evaluate the effectiveness of external mobile shading elements for
rooms with large glazed areas. The results presented in [29] showed that the use of shading devices is
of great importance in cities, where temperatures and the intensity of solar radiation are high, but it
also helps to reduce the demand for cooling in locations of temperate maritime climate. The authors of
papers [30,31] analysed the impact of selected shading devices on the heat and lighting characteristics
of rooms. Many of the studies are purely simulations. They are usually carried out for the summer or
winter periods [32]. In transition seasons in temperate climates there are more cloudless days with a
high value of direct solar radiation intensity. The issue of the overheating of rooms in these seasons is
not often analysed in the literature.

In Poland’s climate zone, energy for heating purposes in buildings with well-insulated structure
is supplied from mid-October to mid-March. This is the period when it may be necessary to cool rooms
on sunny days. Typically, the cooling system operates from May to September. Simulation analyses
and design calculations for the period are used as the basis for selecting the parameters of the outer
casing of building partitions and installation systems.
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Researchers studying thermal comfort in buildings typically focus on the summer and winter
periods when heating and cooling systems are turned on. The novelty of the authors of this article
is the analysis of the transition period when the heating or cooling systems of the room do not
work. An additional value is the analysis of thermal comfort in a building with “almost zero energy
consumption” (NZEB). NZEB buildings comply with the requirements of Directive 2010/31/EU and
will be a standard in Europe from 1 January 2021. The article makes a valuable contribution to the
design and use of this type of buildings, so that, in addition to the low energy consumption required
by regulations, also achieving comfort of use.

Studies on thermal comfort in this article are connected with a transition period in the climate in
Poland (spring). The analyzed time is the turn of March and April. At this time, at noon, the solar
altitude of the Sun is 38.04◦ to 49◦. This not-too-large angle of the Sun’s height allows for intense
penetration of solar radiation into the interior of the room. During this period, heating and cooling
systems usually do not work. Most solar energy for the analyzed location is generated in July, June and
May. Most thermal comfort tests in buildings are related to summer (cooling) or winter (heating)
periods. In the transition periods (spring, autumn) it is assumed for a standard construction to avoid
heating or cooling the rooms.

The NZEB building was used for analysis, which by definition should be characterized by good
insulation of external partitions, adequate protection against overheating, and a correspondingly low
value of energy used for heating and cooling. The authors wanted to show that with modern buildings,
with a well-insulated block, strongly glazed passive solutions, limiting the temperature increase in
the room, such as shading elements, even for a transitional period may not be sufficient to obtain
and maintain comfortable conditions throughout the period, which the article showed the authors.
The rooms analyzed were characterized by a large ratio of the glazed area to the floor area of 5.63.
The tested rooms are an example of the current solutions of office buildings, characterized by high heat
capacity of ceilings, light internal walls and large glazed surfaces.

Avoiding the use of external shading devices due to investment costs results in obtaining thermal
conditions uncomfortable for users or the necessity to cool rooms by up to 10 K.

An additional goal of the research presented in the article was to indicate that in the case of
objects with a large area of external glazing, the need for cooling should be included in the calculation
of energy demand also for spring months. This, of course, is associated with an increase in energy
demand indicators for the building and an increase in operating costs.

Tests were carried out in an experimental laboratory building, which serves a public function.
The building in which the tests were carried out is situated in the centre of Cracow, among city centre
structures. It is a passive technology building, which meets the requirements for nearly zero energy
buildings (NZEB) in Poland. It is also an experimental building, designed for performing energy
efficiency tests.

The research questions posed by the authors for the studied case are the following:

• How can solar gain affect thermal comfort conditions in highly glazed rooms in the transition
season of temperate climates?

• Will the use of external shading devices in highly glazed rooms help to maintain conditions
comfortable for users?

• What is the degree of thermal comfort improvement owing to user behaviour involving reduction
in clothing insulation characteristics?

2. Materials and Methods

Tests on thermal comfort were carried out in an experimental building of the Krakow University of
Technology—Małopolskie Laboratorium Budownictwa Energooszczędnego (MLBE—Energy-Efficient
Building Laboratory of Lesser Poland). The MLBE building is dedicated to such experiments. The tests
were performed in rooms with the same area 37.2 m2, on the second and third floors. The location
of rooms P1.06 and P2.04 is shown in Figure 1. The external façade of the selected MLBE rooms was
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southward and westward-oriented. This is a glazed façade with a total area of 26.20 m2 in each room.
Room P2.04 had external mobile shading venetian blinds fitted. Room P1.06 had no shading system
(Figure 1).

Figure 1. Location of test room P2.04 (with external venetian blinds) and P1.06 (with no venetian
blinds).

The rooms selected for the tests represent typical office premises in office buildings of
contemporary design.

The MLBE building was designed to meet the requirements of thermal protection for passive
buildings [4]. The experimental MLBE building fulfils the Polish requirements for NZEBs presented
in [3]. The thermal insulation parameters of the MLBE building and of the external partitions of passive
buildings, and the Polish thermal insulation requirements included in [3] are presented in Table 1.

Table 1. Heat-transfer coefficient U W/(m2·K) for Energy-Efficient Building Laboratory of Lesser
Poland (MLBE) building, requirements according to Polish regulations [3] and requirements for passive
buildings [4].

Type of Partition
MLBE Building U

Parameters
W/m2K

Effective
Requirements in
Poland WT2017

Requirements for
NZEB Buildings in
Poland (Since 2021)

WT2021

Requirements
for Passive
Buildings

External walls: 0.11 0.23 0.20 0.15
Roofs and floors: 0.12 0.18 0.15 0.15

Floor on the ground 0.11 0.30 0.30 0.15

Windows
0.8

1.10 0.90 0.80g = 0.6 [-]

The experimental MLBE building, where tests were performed for the purpose of the study,
was divided into 14 independent heating and cooling zones. This means that every zone can be heated
or cooled independently. The MLBE building’s control system was used to stabilise the conditions in
the rooms adjacent to the test rooms. During the experiment, the control system was designed so that a
temperature of +20 ◦C was maintained in the rooms adjacent to the test rooms.
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The thermal comfort test presented in the paper was carried out for the transition season when
the heating/cooling systems in the rooms were not in operation. The representative period lasted for 11
representative days, between 27 March and 6 April 2017. The representative period was selected with
regard to the greatest number of cloudless days with direct solar radiation.

The air was supplied by an Air Handling Unit (AHU) with a recuperator with 90% heat recovery
(Figure 2a). The quantity of the air supplied by a system of intake ventilators (Figure 2b) was constant
and amounted to 25 m3 per hour (assuming that only one user was present). The supplied air
temperature was +18 ◦C.

 
(a) (b) 

Figure 2. (a) View of the Air Handling Unit (AHU) with a recuperator with 90% efficiency. (b) The
view of the intake vent grille in room P1.06; the grille is located in the central part of the ceiling.

The test was carried out using two sets of sensors for thermal comfort tests. The set of sensors
placed in room P2.04 is shown in Figure 3a,b. The analyzed building is an office building. The building
in which the tests were carried out is a building that meets the requirements of the building “with
almost zero energy demand” (NZEB). Buildings of this type will be standard in European Union
countries from 2021. NZEB buildings are characterized by high wall insulation and high tightness
of the building envelope. The building is equipped with a heating and cooling system, the power
of which has been calculated assuming that the system works in the summer and winter season.
The system was not expected to work during the transition period. Most charts present round the
clock measurements, but the detailed analysis focuses on working hours. The rooms analyzed are
small office rooms with an area of about 37 m2. The research assumed that each room is used by one
person between 8.00 a.m. and 8.00 p.m.

The parameters of the sensors are presented in Table 2.
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(a) (b) 

Figure 3. (a) View of microclimate meter. (b) Description of sensors.

Table 2. Sensors’ specifications.

Type of Sensor Measurement Range Scale Accuracy

Temperature Sensors
−20 ◦C + 50 ◦C

(wet thermometer
0 ◦C + 50 ◦C)

0.01 ◦C ±0.4 ◦C

Humidity Sensors 0–100% 0.1 RH
(relative humidity) ±2% RH (relative humidity)

Air Velocity Sensors 0–5 m/s 0.01 m/s for 0–1 m/s +/0.05 + 0.05 × Va m/s,
for 1–5 m/s ± 5%

Figure 4 presents the arrangement of the test equipment in rooms P1.06 and P2.04. The microclimate
meter is placed at the intended workstation.

Figure 4. Arrangement of sensors in rooms P1.06 and P2.04.
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The tests were carried out using measuring equipment that meets the requirements of the PN–EN
7726 [33] standard. The measuring equipment (Figure 3) is a microclimate meter.

The measured parameters included:

ta ambient air temperature;
tg temperature of blackened sphere (heat radiation meter)—the black sphere, according to the

standards, should have a diameter of 15 cm;
tnw natural wet-bulb temperature;
RH relative air humidity;
Va air flow rate.

The data were collected every 10 min.
The data from the sensors are given in Table 2.
On the basis of measurements, thermal comfort parameters PMV and PPD were calculated from

formulas [9,34,35].
External environmental parameters were collected from weather stations located at the laboratory’s

south elevation (Figure 5). The weather station recorded the following data (Figure 6):

• Outdoor temperature Te
◦C

• Relative humidity (outdoor) RHe %
• Outdoor air velocity ae m/s
• Total outdoor radiation intensity Ie W/m2

 
Figure 5. Weather station on the southern façade.

 
Figure 6. Description of sensors in the weather station.
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The scope of measurement and accuracy of the sensors in the weather station are presented in
Table 3.

Table 3. Data of weather station sensors.

No. Location Measured Parameter Measurement Scope Accuracy

1

Weather station on
the southern façade

Wind speed ae m/s 0.00–50.00 m/s
(possible max. = 60) +/−1.0 m/s or +/−5%

2 Relative humidity
(outdoor) RHe % 0 ÷ 90% +/−3%

3 Relative humidity
(outdoor) RHe % 90 ÷ 100% +/−4%

4 Outdoor temperature Te
◦C −40 ÷ 60 ◦C +/−0.5 ◦C

5 Total solar radiation intensity
ie W/m2

0 ÷ 1500 W/m2

(possible max. = 2000)
+/−5%

3. Results

Sunny days with minor cloud cover dominated in the period selected for the analysis, i.e., from
27 March to 6 April 2017. As a result of minor cloud cover, the air temperature during the day was
fairly high but low during the night. Figure 7 presents the waveform of locally measured values
(weather station on the southern façade) of outdoor air temperature and total solar radiation intensity.
In Figures 7–17 the hours of use of the rooms (8 a.m.–8 p.m.) are marked with a rectangle.

 

Figure 7. Waveform of outdoor air temperature and total solar radiation between 27 March and 6 April
2017. Measurements were carried out by means of a weather station on the southern façade.

No heating or cooling systems were operated in the test rooms, as was described in the “Materials
and Methods” section. The rooms were not used in the reference period and, as such, no internal heat
gains were generated. The only external façade of rooms P1.06 and P2.04 is glazed. Other walls were
adjacent to the rooms, where there were constant temperature conditions (+20 ◦C).

3.1. Room P1.06

Figure 8 presents the wavelength of outdoor and indoor temperatures in room P1.06—with no
venetian blinds installed.
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Figure 8. Waveform of outdoor and indoor temperatures in room P1.06—with no venetian blinds installed.

The duration of maximum and minimum air temperature values in room P1.06 corresponds to
the wavelength of the maximum and minimum outdoor temperatures. This is shifted by about two
hours against the maximum values of solar light intensity for the southern façade.

The ambient air temperature in the analysed room reaches very high values. From 23.25 ◦C
at night, to 35.13 ◦C in the early afternoon. Despite low outdoor temperatures at night (decreasing
to ca. 5 ◦C), intensive solar radiation during the day (max. value 672 W/m2) contributes to such a
temperature wavelength. Another factor which affects temperature distribution in the room is the
continuous air supply at a constant temperature of 18◦C and the stabilised temperature conditions in
the adjacent rooms (P1.04, P1.07 and P1.10).

Figure 9 presents indoor temperature (Ti), mean radiation temperature (Tr) and operating
temperature To in room P1.06. The Tr value was identified based on the recorded temperature
measurements of a blackened sphere. Significant differences, which sometimes exceed 20%,
can be observed.

 

Figure 9. Ambient air temperature (Ti
◦C) and infrared radiation temperature (TR ◦C) in room P1.06.
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Differences between Ti, TR and, consequently, the operating temperature To are clearly noticeable
during the hours of intensive solar radiation. Sample wavelengths of the temperature values for
the selected day are presented in Figure 10. At high indoor temperature that day in room P1.06
(26.9 ◦C–35.6 ◦C), the operating temperature reached the maximum value of 38.3 ◦C.

 

Figure 10. Values of ambient air temperature Ti, mean temperature of a blackened sphere TR and
resultant operating temperature To (Room P1.06) on 2 April 2017.

3.2. Room P2.04

Room P2.04 is equipped with a system of external sun shading devices—venetian blinds—with
panels that can be positioned at any angle. For the entire period of the experiment, the venetian blinds
were positioned at an angle of 45◦. Figure 11 shows the values of total solar radiation on the southern
façade, indoor air temperature in rooms P1.05 and P2.04 and external temperature.

 

Figure 11. Wavelength of external radiation and indoor temperature in room P2.04—with external sun
shading devices.

Figure 12 presents a wavelength of outdoor and ambient air temperatures in room P2.04.
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Figure 12. Wavelength of outdoor and indoor temperatures in room P2.04—with external
sun-shading devices.

Ambient air temperature in room P2.04 was highly stabilised and ranged from 20.13 ◦C to 23.80
◦C in the analysed period. This result is mainly caused by the significant reduction in solar gain owing
to the system of external venetian blinds. The external panels were positioned at a 45◦ angle towards
the windowpane. The nearly unchanged temperature values in room P2.04 were also related to the
constant air supply temperature (18 ◦C) and the stabilised temperature conditions in the adjacent
rooms (P2.03, P2.05 and P2.08). Solid reinforced concrete floors with a high heat capacity, limiting the
room at the top and bottom, were another factor which alleviated temperature fluctuations.

The maximum temperature in room P2.04 was normally recorded in late afternoon hours. The time
difference between the value of the greatest solar radiation intensity and the highest temperature in
room P2.04 was up to six hours. This resulted from the position (inclination) of the panels of the
external venetian blinds, which protected the room from direct solar radiation gain contrary to room
P1.06, which was not equipped with a system of sun shading devices.

As a result of using external sun shading devices in room P2.04, the ambient air temperature
distribution and the value of the mean radiation temperature were stable, which contributed to a
favourable distribution of operating temperature (Figure 13).

 

Figure 13. Wavelength of indoor air temperature changes in room P2.04 (Ti) and mean radiation
temperature (TR).
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In this case, contrary to room P1.06, the values of ambient air temperature Ti, radiation TR and To

were similar, even during intensive solar radiation hours. The recorded differences do not exceed 0.25
◦C.

The identified mean radiation temperature value for the room with external venetian blinds is
lower than the ambient air temperature recorded during that time. The opposite occurs in room
P1.06 (Figures 9 and 10), where solar radiation penetration was strong. The mean surface radiation
temperature reaches much higher values than ambient air temperature.

Figure 14 presents a wavelength of outdoor and ambient air temperatures in rooms P1.06 (with
no venetian blinds) and P2.04 (with external shading devices).

 

Figure 14. Wavelength of outdoor and ambient air temperatures in rooms P1.06 (with no venetian
blinds) and P2.04 (with external shading devices). Visible data gaps are caused by technical problems
with the measuring equipment. The sensors had to be submitted for technical inspection.

3.3. Comparison of Results

When identifying thermal comfort indices PMV and PPD, it was assumed for both rooms that
their users worked in clothes characteristic for the winter/spring season. The thermal insulation values
of the clothing, Clo, were adopted based on standard [9], which applies to people doing office work.

The Clo and Met values adopted for analysis are shown in Table 4.

Table 4. Clo and Met values adopted for thermal comfort analyses for the transition season between 27
March and 6 April 2017.

Room Clothing Insulation Properties Clo Metabolism Met

P1.06 1.0 1.21
P2.04 1.0 1.21

The results of analysis and measurements of PMV and PPD comfort indices for both rooms are
presented in Figures 15 and 16.
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Figure 15. Values of predicted mean vote (PMV) index in rooms P1.06 and P2.04. Visible data gaps are
caused by technical problems with the measuring equipment. The sensors had to be submitted for
technical inspection.

 

Figure 16. Values of predicted percentage of dissatisfied (PPD) index in rooms P1.06 and P2.04.
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(a) (b) 

(c) (d) 

Figure 17. (a) PMV relationship (assumed value: +0.5 [-]) P1.06. (27.03.2017); (b) P1.06. (28.03.2017);
(c) P1.06. (29.03.2017); (d) P1.06. (30.03.2017).

4. Discussion

The wavelengths of the values of the PMV and PPD indices are presented in Figures 15 and 16.
They clearly suggest the high efficiency of the external shading devices. The values of the PMV index
in the room with closed venetian blinds ranged from −0.75 to +0.17. The percentage of dissatisfied
people amounted to 5–17%. This means that the conditions in the room both during the day and at
night were nearly perfect. The number of thermal comfort hours in room P2.04 (external venetian
blinds installed) in the analysed period was 23, with only nine hours between 8.00 a.m. and 10.00 p.m.
These hours can be treated as the office hours, which means that users do not stay in the building
beyond them. A large part of the energy consumed by office buildings is used for cooling. This energy
can be significantly reduced owing to shading devices. Many researchers have demonstrated the
efficiency of such measures through simulations [32,36]. A simulation study in southern Italy, presented
in [37], showed the possibility of reducing energy consumption for cooling purposes in highly glazed
office rooms with external roller blinds by nearly 50%, compared to rooms with no external roller
blinds installed. In the room marked as P1.06 (with no external sun-shading devices), conditions
regarded as comfortable lasted for only 16 h. For the rest of the time, temperatures in the range of
27 ◦C and 35 ◦C were unacceptable for the users. The maximum PMV value amounts to 3.48 at 100%
of dissatisfied people (PPD = 100%). A number of researchers has studied the behaviour of users of
rooms in order to improve ambient air quality, thermal comfort and building performance efficiency
(performance improvement). The opening of windows is among such behaviours [38] and [39]. Studies
of thermal comfort [40], presented by the team from Harbin, covered transition seasons, in addition to
the winter heating season. The behaviours of people aimed at adjusting their thermal comfort were
analysed for the spring season, also when heat distribution systems were not in operation. The users of
office and residential premises improved their comfort by opening windows, changing the insulation
characteristics of their clothing and by drinking more water. Windows were not opened in the rooms
of the MLBE building analysed in the paper. The authors analysed the extent to which a change in
the insulation characteristics of clothes (Clo = 1.0 assumed in the tests) may contribute to the thermal
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comfort experience of the users under the conditions that occurred in room P1.06. The Clo value at
which the thermal comfort of users would become neutral was calculated. The results are presented in
Figure 17a–d. For selected days (27–30 March), the figures present the Clo value (blue bars) at which
the users of the room would have to reduce the insulation characteristics of their clothes to reach an
acceptable level of thermal comfort experience. For the analysed office building, the PMV should range
from −0.5 to +0.5.

Analysing the results presented for sunny days (Figure 17a–c), it can be concluded that despite
highly uncomfortable (unfavourable) thermal conditions in the room, user behaviour can improve the
comfort experienced. Such improvement is possible in the pre-noon and afternoon hours. At noon and
in the early afternoon, no clothing reduction helped to reach comfortable conditions.

On a cloudy day (30 March) with lower solar radiation intensity, comfortable conditions can be
reached by slightly changing the insulation characteristics of clothing (clo) to the values of 0.62–0.92
(Figure 17d). Only the calculations for the period between 14:00 and 16:00 revealed a significant
decrease in the clothing insulation characteristics due to the momentary operation of the sun (Figure 11).

An analysis of the selected period between 27 March and 6 April 2017 revealed that when the
users of the rooms with no external venetian blinds changed their clothing insulation characteristics,
the number of discomfort hours reduced from 117 to 81 (during the hours of use of the rooms).

5. Conclusions

The building in which the tests were carried out meets the requirements of the building “with
almost zero energy demand” (NZEB). Buildings of this type will be standard in European Union
countries from 2021. NZEB buildings are characterized by high wall insulation and high tightness of
the building envelope. The building is equipped with a heating and cooling system, the power of which
has been calculated assuming that the system works in the summer and winter season. The system
was not expected to work during the transition period. Studies have shown that in the case of large
glazed facades, overheating also occurs during the transition period, especially during cloudless sunny
days. Such a building’s response in the analyzed time may contribute to the need to cool the rooms,
and thus to increase operating costs.

Highly glazed façades in office rooms may generate significant internal thermal gains even in the
transition season (spring). External venetian blinds used in the reference room helped to maintain
comfortable thermal conditions (−0.5 < PMV < +0.5). This means that the implementation of such
systems helps to reduce or even eliminate energy consumption for cooling purposes.

The aforementioned thesis is confirmed by the thermal comfort conditions observed during
the test in the room with no venetian blinds. Despite the same geometry, orientation, use and
equivalent schedule of ventilation equipment operation, the thermal comfort conditions obtained
(0.20 < PMV < 3.70) varied significantly from those in the room with venetian blinds.

Another conclusion drawn based on the experiment conducted concerns the possibility of the
users improving their own thermal comfort experience. Replacing clothes recommended for the
heating season (Clo = 1.0) with summer office clothes (0.25 < Clo < 1.0) helped to reduce the number
of thermal discomfort hours of employees by 30%. Such actions can reduce the number of operating
hours of the cooling system from 12 h to even less than 4 h a day. This was a case study carried out on
chilly but sunny days of the transition season.
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Energooszczędnych; Cracow University of Technology Publisher: Kraków, Poland, 2008; ISSN 0860-097X.

27. Alwetaishi, M. Impact of glazing to wall ratio in various climatic regions: A case study. J. King Saud Univ.
Eng. Sci. 2019, 31, 6–18. [CrossRef]

28. Lin, Y.; Zhou, S.; Yang, W.; Li, C.Q. Design optimization considering variable thermal mass, insulation,
absorptance of solar radiation, and glazing ratio using a prediction model and genetic algorithm. Sustainability
2018, 10, 336. [CrossRef]

29. Palmero-Marrero, A.I.; Oliveira, A.C. Effect of louver shading devices on building energy requirements.
Appl. Energy 2010, 87, 2040–2049. [CrossRef]

30. Bellia, L.; Marino, C.; Minichiello, F.; Pedace, A. An overview on solar shading systems for buildings.
Energy Procedia 2014, 62, 309–317. [CrossRef]

31. Atzeri, A.; Cappelletti, F.; Gasparella, A. Internal versus external shading devices performance in office
buildings. Energy Procedia 2014, 45, 463–472. [CrossRef]

32. Nowak, K.; Nowak-Dzieszko, K.; Rojewska-Warchal, M. Thermal comfort of the rooms in the
designing of commercial buildings. In Research and Applications in Structural Engineering, Mechanics and
Computation—Proceedings of the 5th International Conference on Structural Engineering, Mechanics and Computation
(SEMC) 2013, Cape Town, South Africa, 2–4 September 2013; CRC Press Taylor&Francis Group: Boca Raton, FL,
USA, 2013; pp. 1819–1824.

33. PN-EN ISO 7726:2002 Ergonomics of the Thermal Environment—Instruments for Measuring Physical
Quantities (ISO 7726:1998). Available online: https://www.sis.se/api/document/preview/615884/ (accessed on
19 December 2019).

34. DIN EN 15251—European Standards. Indoor Environmental Input Parameters for Design and Assessment
of Energy Performance of Buildings Addressing Indoor Air Quality, Thermal Environment, Lighting
and Acoustics. Available online: https://www.en-standard.eu/din-en-15251-indoor-environmental-
input-parameters-for-design-and-assessment-of-energy-performance-of-buildings-addressing-indoor-
air-quality-thermal-environment-lighting-and-acoustics/ (accessed on 19 December 2019).

35. PN-EN 16798-1:2019-06 Energy Performance of Buildings—Ventilation for Buildings—Part 1: Indoor
Environmental Input Parameters for Design and Assessment of Energy Performance of Buildings Addressing
Indoor Air Quality, Thermal Environment, Lighting a. 2019. Available online: https://shop.bsigroup.com/
ProductDetail/?pid=000000000030297474 (accessed on 19 December 2019).

36. Al-Tamimi, N.A.; Fadzil, S.F.S. The potential of shading devices for temperature reduction in high-rise
residential buildings in the tropics. Procedia Eng. 2011, 21, 273–282. [CrossRef]

37. Evola, G.; Gullo, F.; Marletta, L. The role of shading devices to improve thermal and visual comfort in existing
glazed buildings. Procedia Eng. 2017, 134, 346–355. [CrossRef]

38. Li, N.; Li, J.; Fan, R.; Jia, H. Probability of occupant operation of windows during transition seasons in office
buildings. Renew. Energy 2015, 73, 84–91. [CrossRef]

129



Energies 2020, 13, 81

39. Tanner, R.A.; Henze, G.P. Stochastic control optimization for a mixed mode building considering occupant
window opening behaviour. J. Build. Perform. Simul. 2014, 7, 427–444. [CrossRef]

40. Ning, H.; Wang, Z.; Ren, J.; Ji, Y. Thermal comfort and thermal adaptation between residential and office
buildings in severe cold area of China. Procedia Eng. 2015, 121, 365–373. [CrossRef]

© 2019 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 (http://creativecommons.org/licenses/by/4.0/).

130



energies

Review

Future Design Approaches for Energy Poverty: Users
Profiling and Services for No-Vulnerable Condition

Andrea Boeri *, Valentina Gianfrate, Saveria Olga Murielle Boulanger and Martina Massari

Architecture Department, University of Bologna, 40136 Bologna, Italy; valentina.gianfrate@unibo.it (V.G.);
saveria.boulanger@unibo.it (S.O.M.B.); m.massari@unibo.it (M.M)
* Correspondence: andrea.boeri@unibo.it

Received: 30 January 2020; Accepted: 21 April 2020; Published: 24 April 2020

Abstract: Analyzing data from the Energy Poverty Observatory in Europe, it emerges that more
than 50 million households in the EU live in energy poverty (people that cannot heat their homes
during winter; cannot make their homes comfortable during the summer; pay their energy bills late).
Research studies realized in the last 20 years highlight that making energy demand efficient and
effective is the more significant and socially important the more it is able to involve users who are
unable to sustain energy demand. The evolution of the research sees a narrowing of the field of
investigation by focusing on the user dimension of energy poverty, stressing the role of citizens not
only as consumer but also as producers of solutions to tackle energy poverty, real energy communities
of agents. The paper aims to provide a systematic literature review highlighting the major findings of
the topic, investigating the relationship between spatial and social issues, and looking at the state of
energy poverty by addressing the profiling of users and consequently of services useful to overcome
their current vulnerable condition. The paper is structured in two core sections. The first one gives the
results of a systematic literature review on the energy/fuel poverty topic, the second one deepens the
role of communities and individuals need, crucial in defining new design approaches for supportive
solutions to tackle energy poverty.

Keywords: energy poverty; vulnerable users; energy communities; energy poverty metrics

1. Introduction

Energy poverty is gaining attention from European [1,2] global [3,4] policies and research paths [5,6]
for more than a decade. The concept identifies a situation where a family or individual does not
achieve an adequate level of essential energy services often due to a cascade of conditions, including
low income and high energy expenditure caused by poor energy efficiency of housing [7].

It is a complex and often fragmented problem crossing several disciplines [8,9] affecting from 50
to 150 million people who are unable to pay for the primary energy services—such as heating, cooling,
lighting, travel, and electricity—that are needed to ensure a decent standard of living [10].

Based on pioneering studies [11,12], a household could be affected by energy poverty due to
low income, high energy costs, and energy inefficient dwellings. In concrete terms, this means that
vulnerable citizens [13] do not have access to energy services or that the use of these energy services
compromises their ability to access other basic services. The Covenant of Mayors 2018 highlights that
energy poverty can have serious consequences for health, well-being, social inclusion, and quality of
life [14]. According to the report conducted by the International Energy Agency [15], energy poverty
includes not only lack of access to modern energy services, but also the reliability of these services and
concerns in the affordability of access. Households affected by energy poverty, experience inadequate
levels of some essential energy services such as lighting, heating/cooling, use of household appliances,
transport, and much more.
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Energies 2020, 13, 2115

Data from the Energy Poverty Observatory show that, in Europe, more than 50 million households
alone live in energy poverty conditions, and in particular:

• 57 million people are unable to heat their homes during winter;
• 104 million people are unable to access a minimum level of comfort during summer;
• 52 million people pay their energy bills late.

In Italy, the various existing indicators estimate that Italian households in energy poverty are
between 2.2 and 4.3 million. About 9.4 million individuals [16–18] can be considered energy poor
and vulnerable, as they are unable to sustain energy costs to maintain an adequate level of comfort.
For this reason, energy poverty has been seriously taken into account by several policy areas and
agendas concerning social, economic, political, environmental, health [19], and climate. In particular,
the European Commission’s “Clean Energy for All European Citizens” [20] legislative package is
providing measures to strengthen the position of the consumers, by providing rules that will give
them more flexibility while also protecting them. The package focuses also on self-determination
of the consumer, who is allowed to take its own decisions on “how to produce, store, sell or share
energy” [20].

The European Commission (EC) has long been committed in tackling the problem, reinforcing
its engagement with the establishment of the EU Energy Poverty Observatory in January 2018—to
measure, monitor, and share knowledge and good practices to manage energy poverty—and the
growing number of initiatives funded and promoted on the subject. The Covenant of Mayors for 2030,
in addition to “taking action to mitigate climate change and adapt to its inevitable effects, requires
signatories to commit to providing access to secure, sustainable and affordable energy for all. Covenant
signatories can improve the quality of life of their citizens and create a fairer and more inclusive society
through the reduction of energy poverty” [14].

The challenge of energy poverty has also been included in the United Nations’ Agenda 2030 as
one of the actions foreseen in Sustainable Development Objective 7 “Ensuring access to affordable,
reliable, sustainable, and modern energy systems for all”. These are just the last global orientation
tackling a phenomenon that is emerging as a consequence of long-lasting macro-level [21] trends,
such as the economic crisis, the obsolescence of the building stocks, the lack of qualitative data and
knowledge about fuel poverty penetration, the heterogeneity of the phenomenon.

In 2009, EU GDP fell by 4.2% compared to 2008 and there was a sharp increase in unemployment.
The economic and financial crisis that started in 2007 occurred against a background of falling wages
for European workers. In addition, there was an increase in domestic energy prices, due to the EU’s
dependence on imported sources. From the end-user perspective, evidence suggest that the price
of domestic energy in the EU has steadily increased since the mid-1990s, gradually reducing the
purchasing power of households [22]. In the case of Italy for example, the increase in prices, while
consumption was substantially stable, has led to an increase in energy expenditure, whose incidence
on the total rose from 4.7% in 2007 to 5.1% in 2017. This created a worrying prospect for the most
vulnerable households.

Furthermore, most Southern Europe buildings were built in the last century without (or with
few) wall insulation, leading to inadequate winter performances. Not to mention the general low
thermal transmittance values of surfaces, influencing thermal lag and, consequently, building summer
performances. In fact, as assessed by researchers [23,24], fuel poverty is strongly linked with the
thermal characteristics of buildings and fuel poor people are not only income poor. Thus, the topic is
complex as it involves not only the necessity to create and boost national or local policies, but also the
need to find methods for target identification, data sharing, and profiled services.

Energy transition and the resulting emergence of energy poverty take place against the background
of marked differences between EU Member States. The geographical-spatial component is becoming
increasingly important [25,26], together with the political-programmatic characterization of each state,
and within them. For example, Italy is reducing its national energy-clean measures due to recent
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austerity policies but also to its political instability; this leaves room for the individual regions or even
municipality to take over and produce operative but fragmented policies; Germany, on the other hand,
is proposing a transformation of the energy sector with large-scale measures of energy efficiency and
renewable energy solutions.

A growing amount of studies [13,27–29] highlight that making energy demand more efficient is
all the more significant and socially important the more it is able to involve users who are unable to
sustain energy demand. Therefore, contemporary research paths and European policy documents are
narrowing the field of investigation by focusing on the user dimension of energy poverty, stressing the
role of citizens not only as consumer, but also as producers of solutions to tackle energy poverty and
real energy communities of agents.

Following these premises, the paper aims to read the concept in a European dimension not only
by providing a five-years systematic literature review highlighting the most recent findings of the topic
but also providing a qualitative analysis related to methods of measurement, mitigation measures, and
users and vulnerabilities. In particular, the decision to focus mainly on the last five years was led by
the intention to detect the most innovative and recent approaches to fuel poverty and to discover if the
scientific debate is proceeding toward the inclusion of profiling studies.

In fact, the point of view of the relationship between the state of buildings and the state of poverty
is investigated by addressing one of the determinants in the resolution of energy poverty: the profiling
of users and consequently of services useful to overcome their current condition of poverty.

In order to answer to those research questions, the paper is structured in two core sections.
The first one gives the results of a systematic literature review on the energy/fuel poverty topic having
the objective to understand the main and more recent lines of development in the last five years;
the second one performs a research aiming to deepens the role of communities, of vulnerabilities,
and the potentialities of profiling services to address the problem. Finally, the conclusion recalls the
main findings of the paper, assess some field limitations of the papers, and draft future research paths.

2. Research Methodology

The research underlying this paper is twofold, and it follows the structure of the paper. The first
part of the paper follows in fact the methodology of the systematic literature review, implying the
selection of a database, a timeframe, and specific queries, with the objective to analyze the most recent
lines of development on the fuel and energy poverty topic.

The second part follows the methodology of a literature review of papers appeared in the most
important international journal, without covering a specific timeframe and including both open access
and not-open access papers. This review included the concepts of energy poverty measures, users and
vulnerabilities and measures of mitigation. This second part of the research has the objective to give a
more qualitative analysis of some of the main interesting aspects of the topic.

The systematic literature review has been performed in December 2019–January 2020 by using the
Web of Science (WOS) database and by selecting open access and papers accessible from university
libraries and online databases [30]. As a limitation to the field of investigation, the literature review has
been done only considering papers written in English, as it is commonly recognized as the scientific
international language and belonging to the European context. The results of this systematic review
are showed in paragraph 3.

In the repositories, we searched works of the last five years (2015–2020) and we entered the
following queries:

• “energy citizenship” on WOS, with a research in the entire paper text, 11 results
• “energy poverty”, on WOS, entire paper text, 129 results
• “fuel poverty”, on WOS, entire paper text, 150 results
• “energy vulnerability”, on WOS, entire paper text, 32 results
• “energy poverty” AND “participation”, on WOS, 12 results
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• “fuel poverty” AND “participation”, on WOS, 13 results
• “energy vulnerability” AND “participation”, on WOS, entire paper text, 1 result.

The totality of the previous papers has been browsed and filtered following some rules as follows:

• unique entries (duplicate papers have been deleted);
• thematic relevance (for example papers focusing on media analysis such as TV channels and

newspaper, or papers on transportation poverty, or on technical solutions not specifically linked
with energy or fuel poverty were not considered);

• geographical relevance (only European fuel and energy poverty has been taken into account).

From these filters, 118 paper remained and were analyzed in depth. The analysis covered the
following aspects:

• diffusion of the research and the related main themes in the last five years;
• thematic subdivision of papers;
• geographical distribution of case studies;
• identification of research red lines.

3. Analysis of Articles on European Energy Poverty: A Systematic Literature Review of the Most
Recent Approaches

As introduced, energy and fuel poverty is a growing theme for European researchers. In the past
years, in particular, the topic sees an increase in interest from several research fields. Not only the
social science is interested in the topic but also architecture, medicine, and policies studies. On the one
hand, in fact, the problem is more and more highlighted by policy-makers and professionals, and, on
the other, more knowledge is produced, allowing more people searching innovative solutions.

On the semantic point of view, it is possible to observe how the two locutions of “fuel poverty”
and “energy poverty” are generally considered as synonyms. Both, in fact, tend to include water,
electricity, gas, and other fuels. A third locution appears frequently in the search: “energy justice”
which can be considered a more general topic, not only working on technical solutions, but also
including socio-political aspects.

On the chronological point of view, the systematic literature review (Figure 1) shows that almost
the 35% of the total number of analyzed papers was written in 2019. Even with this predominance, the
topic has been quite well investigated homogeneously in the last five years, with a small increase in
2017. An additional query on the WOS database about the keyword “energy poverty”—starting from
1995—showed how the topic has increased year by year since 1999, with a boost starting from 2010
(Figure 2), when the awareness on climate change and the role of building retrofitting in improving
households conditions increased.

It is during these years that one of the first policies has been developed in the UK. In particular,
the first UK policy is relevant as it sets a threshold below which a household can be considered fuel
poor according to Boardman studies [31] (to spend more than 10% of the household income on energy
in the home). Additionally, as described by Dubois and Meier [21], in 2009, a European project (EPEE)
analyzed that, in the EU, fuel poverty involved between 50 and 125 millions of people and they put the
attention to the connection between people vulnerability (especially in relation with elderly, disabled
people and single-parent families) and the quality of buildings, highlighting how fuel poverty is more
likely to happen in cold damp properties with insufficient heating system and insulation.
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Figure 1. The image shows the distribution of the papers in the last few years.

 

Figure 2. The image shows the growth of the number of papers from 2000 to 2019.

Considering the last five years, the selected papers can be clustered according to major recurring
themes. In fact, 10 major categories have been found, as follows:

• welfare;
• theory (including also papers about semantic and definition);
• technical solutions (papers focusing on solving fuel/energy poverty on the technical point of view);
• stakeholders (papers focusing on the role of urban actors in mitigating fuel/energy poverty);
• profiling (papers focusing on specific targets);
• policies;
• participation (papers focusing on the role of participation and citizen engagement as a way to

mitigate fuel/energy poverty);
• methods (papers proposing new methodologies to analyze the topic, also including indexes

and indicators);
• health (papers specifically targeted to analyze the effect of fuel/energy poverty on health);
• behavioral studies (papers focusing on the role of people behaviors).
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Before going deep into the identification of the main trends per each theme, it is important to
notice that the majority of the selected paper apply their research and analysis on specific case studies.
In fact, only a few papers, mainly related to the theory and method category, are untied from a specific
case study. Furthermore, 3.58% of papers are related to a specific application. This finding is interesting
as it shows how the topic is strictly linked with local contexts. As, in fact, argued by Dubois, “fuel
poverty is strongly linked to the characteristics of housing [ . . . ] indeed fuel poverty often results from
a combination of low incomes and high energy needs” ([23], p. 107).

Among 58% of research applied to case studies, the high majority (51%) is referred to UK case
studies, as visible in Figure 3. In fact, in Europe, the United Kingdom has been one of the first countries
implementing specific national policies to solve it [2]. Thus, despite most part of the research seeming
to come from the UK, several countries are strengthening their effort in addressing the topic, according
to their individual policy framework. Secondly, in Spain (19%), there is a growing attention for the
topic, while the rest of applications are mostly equally spread across Europe, with few highlights in
Greece, Hungary, Ireland, Poland, and Portugal. Excluding the UK, most applications are concentrated
on Southern Europe (39% of papers). This might be related to the effects of the economic crisis
hitting harder in Southern Europe countries, provoking cascade negative effects on the construction
industry—in charge of the management and improvement of the building’s performances—and on
the economic possibilities of the most fragile sector of the population. Furthermore, most Southern
European buildings were built in the last century without (or with few) wall insulation, leading to
inadequate winter performances. Not to mention the general low thermal transmittance values of
surfaces, influencing thermal lag and, consequently, building summer performances In fact, data
provided by the European Energy Poverty Observatory, in 2018, about the share of population not able
to keep their home adequately warm, confirm how the worst situations are mainly concentrated in
Southern and Eastern Europe with Bulgaria recording 33.7% of population in this situation, followed
by Lithuania with the 27.9%, Greece (22.7%), Cyprus (21.9%), Italy 14.0%. In addition, data about
arrears on utility bills seem to confirm this evidence: Spain 35.8%, Bulgaria 30.1%, Croatia 17.5%,
Romania 14.4%, and Slovenia 12.5%. Even if these indicators are not sufficient to completely show
the fuel poverty situation in Europe [32], they still seem interesting as they confirm the presence of
emergencies in those regions and thus the necessity of increasing a knowledge and service creation
effort for mitigating it.

 

Figure 3. The graphic in the image represents the geographic distribution of the papers analyzed.
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Assuming that a significant part of papers relies on local analysis, the thematic point of view
is also interesting for the objectives of this research. In fact, given the 10 categories identified, it is
interesting to note that most of them are spread in three major topics: methods and indicators (26%),
theory (18%), and policies (16%) (Figure 4). This fact shows that the European debate about the topic
seems to still be concentrated on answering research questions such as: “how can we measure the
phenomenon?”, “what is the extent of it?”, “how can the fuel/energy poverty be defined?”, “what
does energy/fuel poverty mean?”, “how can we increase our knowledge about it?”. In particular, the
identification of methods and indicators seems to be the most explored theme.

 

Figure 4. The graphic in the image represents the thematic distribution of the papers analyzed.

As described in several research works [33–35], the most used methodology for understanding the
extension of the topic and for analyzing its characteristics in a specific context is to combine quantitative
data from statistics (local, national, and European) with qualitative data. If the first category is more
easy to find, the second one entails a deeper and closer relation with the local context. In fact, qualitative
data are almost always collected through interviews and focus groups or with forms of participation
usually adopted in social science disciplines. An increasing amount of studies is then focusing on
the spatial aspects of the phenomenon, linking the role of the urban space with the poverty [36–39].
In fact, there are several aspects linked with the spatial approach: on the one hand, there are social
connections at the neighborhood dimension that can mitigate energy poverty by creating chains of
solidarity and support; on the other hand, the homogeneous district often has similar characteristics in
terms of building performance and energy necessities. Thus, implementing a spatial approach into the
analysis of energy poverty can give new insights both on the design/technical and social perspectives.

Finally, another interesting method for improving knowledge on energy poverty and, together,
studying new strategies is strictly connected with BIM innovations. As described in Zhang et al. [40], in
fact, the Building Information Technology can be successfully used also for energy poverty by adding
socio-economic information to the model. This allows for investigating retrofitting solutions, among a
panel of interventions, also considering poverty-related information.

Among the papers centered on methodologies, an important number of them proposes new
metrics of measurement in terms of indicators or indexes. A deeper analysis of these is provided in the
following paragraphs.
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The second category where papers are concentrated is the theoretical one. As a matter of fact, the
topic is still under analysis especially for what concerns the link between energy poverty and energy
justice. Attention is in fact related to the ethical aspects of energy and to the necessity to guarantee its
access to everybody [40]. However, the majority of theory-related papers are concentrated between
2015 and 2017, with less development in the last two years, where, instead, the new topic of energy
citizenship arises. With energy citizenship intended, there is participation of customers in energy
production not only as passive actors of the market but as prosumers and active participants [41].
However, the link between energy poverty and energy citizenship is still under-explored, and it
constitutes an interesting line of research for the future of the topic.

The systematic literature review showed some red lines and some current trends of the international
debate about fuel and energy poverty. The two core themes that seem to be highly relevant for the
extent of this research are mainly two: metrics for increasing knowledge on the phenomenon, which
is the base for then addressing the problem with efficient solutions, and profiling as a way to study
solutions (products and services) specifically targeted to different categories of people.

4. A Qualitative Analysis on Three Core Aspects of Energy Poverty: Methods of Measurement,
Users and Vulnerabilities, Mitigation Measures

4.1. Measuring Energy Poverty: Critiques to Standard Methods

The current multiplicity of measurement methods and the growing research interest in providing
alternative metrics is a critical point. Data incompatibility, different database and data sources,
different measurement units, and different scales of reference are only some of the limitations to a
national/international metric for the phenomena.

A review of the most recent proposals of metrics for energy poverty highlights clearly the fragilities
of the current metrics while providing possible solutions. The UK is a pioneer in research into assessing
the extent of fuel poverty, but France and Germany have also developed a considerable amount of
research [42,43] into the issue of assessing and identifying who is most vulnerable.

Moving forward from the initial indication of less than 10% of income as an indicator of energy
poverty [31], EPOV has been providing and gathering a series of data concerning energy poverty and,
more importantly, it has been collecting different metrics. This data stream has been providing more
evidence-based approaches to energy poverty [12], but also a higher awareness of the multi-dimension
of the problem and of its metrics. Many authors [44,45] recall the critical issues arising from geographical
diversity (different countries require different mixes of policies and measures to address energy poverty)
and of scale (macro level and policies and micro level to implement tailored-based measures). To this
is added the lack of a common definition, one of the main causes of the insufficient policy measures
adopted so far [46]. In the light of this complexity, several attempts have been made to develop a
number of effective measurement strategies, covering not only diversified domestic energy uses, but
also the habits of different segments of the population.

The amount of variables and indicators to be aggregated to measure energy poverty—and
eventually to provide a profile of the consumer—is linked to the different interpretations and definitions
of such topic [44,47]. The indicators provided have a varied nature (e.g., self-reported experiences,
income, energy expenditure, building features) and rely on secondary dimension linked to energy
poverty determinants (e.g., energy market, climate, cost of living). This opens up a criticality in
terms of research on the topic, of political framing (related to welfare or housing or energy), and of
possible actions to tackle it. A further challenge for research entails finding a key for its reading that is
multi-disciplinary, related to specific context, user-cantered but at the same time that provides practical,
economic, and feasible solutions to be applied short-term.

As reviewed by many articles [45,47,48], the European Commission has been suggesting since
2010 a series of consensual indicators deriving from existing data surveys. With a consensual approach
to energy poverty measurement, Pye et al. [28] suggest “a pragmatic approach” tailored according to
each member state according to their best available data. Nevertheless, this attempt seems insufficient
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to deal with the lack of correlation among the definition of energy poverty, the clear identification of the
users and the indicators to monitor it. To address this multiplicity, Rademaekers et al. [49] recommend
using an array of indicators in combination, such as: “high share of energy expenditure in income:
part of population with share of energy expenditure in income more than twice the national median
(EPOV, 2010 HBS); hidden energy poverty: part of population whose absolute energy expenditure
is below half the national median (EPOV, 2010); inability to keep home adequately warm: based on
self-reported thermal discomfort (Eurostat, 2016 SILC); arrears on utility bills: based on households’
self-reported inability to pay utility bills on time in the last 12 months (Eurostat, 2016 SILC)” [8].
This multi-dimension of indicators is enabled by the “Statistics on Income and Living Conditions”
(Eurostat-SILC) that provides a set of proxy indicators used to compare energy poverty within the
EU. A multi-indicators approach is also suggested by Herrero [48] who calls for methods that might
capture as many variables as possible, not only in terms of domestic energy services measurement but
also intersecting social, behavioral, demographic, etc. The author warns that a single-indicator might
reduce the vastity and multi-disciplinarily of the issue and therefore of the possibility to tackle it. He
urges the use of several indicators able “to capture the diversity of experiences and intensities” [48] of
the issue.

These methodologies might be useful to frame energy poverty in a specific moment and place.
Nevertheless, the phenomenon is subject to fluctuations and variations related to primary and secondary
factors. Furthermore, data are referred either to the production sectors or to the type of energy carrier
or source, such as, for example, the production or distribution of electricity, the need for electricity or
heat. Moreover, the data may come from different sources: data collected and managed by institutional
entities, authorities or other public or private research bodies, or open data. The different databases
collect and return the information following their own criteria, in different format and aggregation. This
kind of database on energy needs or consumption for the various sectors are not directly comparable
with other databases, e.g., for the construction and real estate sector or the demographic sector. In other
words, there is no direct correlation between energy needs and consumption and their identification
and location at urban level.

For this reason, Rademaekers et al. [49] provide an additional set of indicators (demographic
factors, energy prices, income, kind of household, heating system, supply choice, building efficiency
and building stock, policy intervention) to be applied to cross-identify it.

This short review of the measurements methodologies shows a large effort in the quantification of
the phenomena, in spite of a discursive and narrative approach, based more on quality. Despite showing
a common denominator in the observation of the individual user, the approaches lack a narrative,
explorative, and descriptive dimension and risk to exclude some categories and variables from the
analysis. The user role remains underexplored; nevertheless, its key importance is widely mentioned,
using different labels and evoking concepts. This reading key is addressed in the following chapter.

4.2. The User Dimension of Energy Poverty

To tackle energy poverty implies a change of paradigm in the everyday lifestyles and a different
configuration of the urban socio-technical systems, linked to energy as a social necessity [50]. These
systems (infrastructural, electric, logistic, waste, etc.), in fact, require a complete review in the way
they are organised, distributed, and managed. Both their technical features and their social roles and
responsibilities [50] need to change in order to provide the basis for the support of the transition towards
a more efficient and sustainable urban system. In the research on energy poverty, the key role of users
has been largely recalled by literature. Energy saving linked to user behavior is deemed as significant
as that deriving from technology [51]. Two main orientations towards the users are highlighted: target
users as “vulnerable customers” and pro-active users indicated as “energy communities” and “energy
citizenship”.

The concept of vulnerable customers can include income levels, the available share of energy
expenditure, energy efficiency of households, dependence on electrical equipment for health reasons,
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age, among other criteria. Pye et al. [28] categorized the different interpretation of the concept according
to each Member State, highlighting the recurrence of a user as a receipt of social welfare, while in France,
Sweden, and Italy, it reflects the relationship between low income and high expenditure. Recent studies
include vulnerable users, low-income families with children, elderly people in nursing homes, rented
persons, and those with an unstable employment situation [52,53]. Directive 2019/944 of 5 June 2019
concerning common rules for the internal market in electricity and amending Directive 2012/27/EU, in
Article 28 identifies users as “vulnerable customers”, stating that “member States shall take appropriate
measures to protect customers and shall in particular ensure that vulnerable customers are adequately
protected”. Around this concept, a working group of the European Commission was created, following
the 2015 Citizen Energy Forum: the Vulnerable Consumer Working Group (VCWG), in charge of
exploring the potential for common approaches across the EU to vulnerability and energy poverty
users’ definitions and policies. This concept, however, seems to narrow the field of application to mere
economic customers’ communities, identifying them with economic/financial indicators and moving
away from the concept of energy as a necessity and a human right [54], but rather towards energy as a
commodity. An attempt to overcome this risk is to face the issue extending the idea of energy to the
concept of citizenship meant as collective ownership and exercise of rights.

Designing a different role for the users, it is possible to imagine a proactive community, including
vulnerable groups, that progressively adopts effective solutions, strategies, and management policies
to face collectively the energy poverty issues.

The concept of energy citizenship [34,55–57] entails an “approach [that] argues for the social
necessity of public engagement and participation in processes of policy-making and planning, driven
by principles of local empowerment” [55]. This definition urges the citizens to be involved not only in a
personal change of their behavior—by reducing their energy consumption expenditures (EU Directive
2018/2012)—but also in being agents and providers of solutions to address (part of) the wider energy
poverty problem. In this view, users are called to “shape new routines and enact system change” [58];
therefore, they seem to be autonomously drawn to behave in order to improve their condition while at
the same time set an example for a deep change toward a more efficient energy consumption and use.
Ultimately, they should be politically influential [56], hence acting as social and political actors [34,35].

Many authors argued that this interpretation of “user as energy citizen” tends to “ignore crucial
questions of unequal agency and access to resources” [50] identifying the citizens only as those who
can purchase and spend in a market regime, causing exclusion issues and failing to include the same
categories affected by energy poverty issues, and the vulnerable customers themselves. Bues and
Gailing [59] stress the significative role of economic power dynamics in citizens’ engagement, which
limit the access to technology and economic/financial resources, as well as to knowledge, information
and data. Lennon et al. [50] propose to “re-conceptualize energy citizenship, moving away from
individualist and economistic perspectives and locating it within collective contexts of engagement”.
This approach seems to recall what has been commonly defined as energy communities, another
evocative label used to frame not only the attention to the user, but its pro-active role in the management
and improvement of sustainable behaviors around energy.

The energy communities are introduced in the Regulation (EU) 2018/1999 (11/12/2018), in particular
in the art. 20 “Integrated Communications on renewable energy” as “the subjects to be promoted
and facilitated for the self-consumption of renewable energy” (letter b paragraph 7). This definition
followed the growing decentralization and distribution energy systems [33,60] as a precondition likely
to produce a new category of actors engaged in the energy system with new active roles.

In the preamble of Regulation 2018/1999, it is pointed out that “[ . . . ] member States should
assess the number of households in energy poverty, taking into account the domestic energy services
needed to ensure a basic standard of living in their national context, existing social policy and other
relevant policies, as well as the Commission’s indicative guidelines on related indicators, including
geographical dispersion, which are based on a common approach to energy poverty”.
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It is clear that the attention to the user (as vulnerable customer) and its pro-active involvement as
agent–energy community, energy citizenship—is key for tackling energy poverty issues in Europe.
Nevertheless, some authors [34] highlight the lack of practical indication of measures or stress the
limitation in these general labels. In fact, these approaches tend to overlook the qualitative identification
criteria of such agents, their behavioral patterns, their possibility to access resources (in terms of
knowledge, information, as well as financial ones) together with the connection with the characteristics
of the buildings in which they live and the correlation with their demographic and financial situation.
This opens up a reflection on accessibility, to information and knowledge. European cities and
metropolis particularly benefit from the presence of knowledge structures, the density and easiness
of connection and access to information and economic sources. The territorial reality in which the
cities fit, however, presents phenomena of increasing social and political polarization, depopulation of
internal territories and the removal of disadvantaged social classes in favor of a few categories that
hold most of the knowledge capital. In this scenario, it appears that the majority of the poorer energy
communities may be left out from the decision-making epicenters, as well as from the possibility of
political participation and representation.

It is widely known that energy poverty emerges as determined by three factors: income, energy
cost, and building characteristics. Following the above-mentioned strategies that focus on the role of
the user as consumer and producers of solutions, the challenge is to adopt a new design approach,
able to combine spatial issues with new services, new enabling technologies, and new supportive
management tools.

4.3. Mitigation Strategies from Literature

Participation is one of the ways in which energy poverty can be mitigated. Some studies indeed
focus on the role of community participation in improving the knowledge on energy and on energy
services. As an example, Martiskainen et al. [61,62] describe the organization of Energy Cafés, a format
for letting communities engaging with energy locally. In particular, the community organize pop-up
temporary events where information and advice on energy are provided to other persons. As assessed
in the conclusion of the paper, “Energy Cafés open up for various forms of advocacy, highlighting a
broken link between the expectations of the energy markets and energy practices in the home” [62].

Participation is also intended as the involvement of other actors besides end-users (which usually
are residents). Several studies [57,63] focus in fact on the benefits of involving in a coordinated analysis
and problem-solving other categories of persons, such as owners and tenants, social workers, and
healthcare practitioners.

Policy-related papers (16% of the total) are mainly focused on the analysis of current policies in
different European countries. Especially addressed to analyze the UK situation, some others compare
different countries among them.

Profiling-related papers (12%) are of particular interest as they recognize how energy poverty can
be different in relation with different people living in a household. In fact, there are several categories of
people potentially more exposed to energy poverty, but also energy poverty can affect them differently
(also with different health effects). In relation with the literature review, actually, the categories of
persons more studied in relation with energy poverty are students, elders and young. However, up to
now, it seems that research is concentrated in identifying the effects of fuel poverty on them instead of
defining solutions specifically designed for these categories. This last point doesn’t seem to be present
in most of the papers, but it constitutes an interesting topic to be further developed.

From a technical point of view, 10% of analyzed papers focus on technical and technological
solutions to fuel and energy poverty. Among them, most are based on finding solutions to produce
more energy from renewable sources [64–68]. In particular, Donaldson et al. [68] propose the use of
urban brownfields for producing energy targeted to poor households. Some research is then focused on
the implementation of storage systems and lithium batteries together with energy production [64,65].
Very few papers focus on retrofitting solutions as a way to reduce and mitigate energy poverty.
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Often, researchers argue that deep retrofitting solutions are costly and they usually need a temporary
relocation of tenants. However, as in Aranda et al. [69], some solutions are proposed, such as working
on the building envelopes, on lighting systems and on energy generation. Nevertheless, less disruptive
and low-cost retrofitting solutions (also not linked to solving energy poverty) have been studied by
architectural and engineering researchers for years, but they do not seem to constitute the unique
response to fuel poverty because, as many authors argue, fuel and energy poverty also involves social,
political, and economic concerns [70–74].

5. Discussion and Conclusions

The systematic literature review showed how currently it is possible to recognize some red lines
in which the European research on fuel and energy poverty is mostly aligned.

At first, most research is still investigating the knowledge about the topic, in terms of definitions,
semantic analysis, and theories, but also in terms of collecting and analyzing data. For the matter of
data collection, it seems that the current research is mostly aligned to merge quantitative data coming
from official sources (local, national, or EU) with qualitative data coming from different forms of
participatory approaches (from interviews, focus groups, and observation).

A high amount of effort is put into defining the most suitable indexes and metrics to describe the
phenomenon. In terms of technical solutions, most of the literature is aligned in working mainly on
RES, storage, and less in retrofitting solutions. However, the role of technical solutions doesn’t seem to
be enough to mitigate the problem, as poverty has deep social, political, and economic roots that need
to be understood.

For that reason, several studies are now proposing the role of urban actors and solidarity chains
at the neighborhood level as a way to complement, with soft solutions, the harder component
of retrofitting.

Most studies, then, are concentrated in the United Kingdom, as one of the first countries highly
engaged in addressing the issue, even if some other countries are showing an increasing amount of
attention, especially Spain and, in general, the Southern European countries.

Despite the presence of a high interest in the topic, some barriers and limitations can still be found,
as well as potentially interesting new lines of research.

The limitations and barriers have been distinguished in three categories: economic, social, and
technic/technological.

Concerning the economic issues, the high cost of the energy mitigation measures of the single
or block of buildings is still one of the major challenges. As, for example, indicated in the Report
on the state of energy poverty in Italy (2018), climate change affects household energy demand,
exerting upward pressure on energy prices, whose incidence on the total rose from 4.7 per cent in
2007 to 5.1 per cent in 2017. The percentage incidence of energy expenditure is higher for less well-off
households (those with a lower than average expenditure). The condition of these households has
worsened over the last decade: in 2007, 20% of the least affluent households spent about 6% of total
spending on lighting, heating, cooking, and cooling domestic environments, and, ten years later, this
share increased by about half a percentage point (while it was stable or even decreasing for other
households). In fact, electricity prices have long been burdened by systemic charges linked to the
support of renewable energy and the mechanism for pricing emissions within the EU; in the future,
the same will happen for other energy sources that will be subject either to some form of carbon tax or
to other forms of restrictions on their use (such as the use of coal in electricity generation).

According to many predictions [22,45], European cost of electricity will rise further in the
coming decades, due to the energy transition, the prosecution of the economic crisis and a serious
de-carbonization struggle that will lead to a further increase in energy prices.

A second economic issue regards the difficulties in systemically eradicating the issue with subsidies
and economic support measure. As pointed out by Bouzarovski [54], in fact, subsidies and measures
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that avoid disruption as a result of repeated arrear payments temporarily alleviate the energy poverty
of households, but do not solve the problem at all.

The social aspects concern understanding and awareness, understood as self-awareness or
understanding of the phenomenon of the population regarding energy and energy efficiency. Certain
conditions such as energy poverty are not understood as emergency conditions by the population.
While people who are in the condition of Absolute Poverty are identified and aware and have access
to social services in the territory (Municipality, Caritas, etc.), the condition of Energy Poverty is
not recognized.

Many financial schemes and social benefits have been developed to support the installation
of measures that reduce energy consumption [36], but they are not well exploited, as low-income
households cannot save the necessary funds to cover their initial expenses and generally have difficulty
in obtaining a loan.

The condition of Energy Poverty involves a series of actions by subjects that can be “measured” in
social/sociological terms, such as:

• difficulty in paying bills;
• management of how to use heating systems (turning the system off and staying in the cold to

spend less);
• tolerating conditions of discomfort, hot/cold, for long periods, particularly in summer (heat

waves, etc.).
• health conditions, pathologies, etc.

Indicators of social aspects should be oriented to the identification of the above-mentioned
conditions. Nevertheless, vulnerable groups of citizens are not easily categorized because their
individual needs, knowledge, culture, or living conditions cannot always be simply labelled. Therefore,
knowledge transfer on energy use and energy efficiency advice should be targeted to people’s specific
social situations. The variety of stress factors and living conditions makes knowledge transfer difficult.

The technical/technological limitations do not specifically concern knowledge or development
limitations, but rather expensive applications of them. Household efficiency measures are particularly
relevant for reducing energy poverty, but much can also be done in the direction of energy savings in
other areas. Low cost solutions [8] might be a temporary answer to tackle emergencies (e.g., monitoring
systems, room control temperature, devices for the production of DHW—Domestic Hot Water, selection
of energy-efficient installations and equipment, electrical storage batteries). Additionally, as the major
signs of energy poverty within people are difficultly detectable (e.g., low indoor temperature), it seems
that the current progressive transition to smart cities, and the use of digital connected devices in
households—such as smart thermostats—can be of great help for gaining a deeper insight also on the
energy poverty topic.

Among the solutions proposed to support the increase of energy efficiency in housing are related to:

• norms and regulations: mandatory construction standards for new constructions (e.g., insulation
materials, windows); mechanisms that provide for the installation of efficient heating
systems/electrical installations by service providers and whose costs are repaid by consumers
over time through the supply contract;

• subsidiary measures: energy efficiency improvements in the home, sometimes with higher
amounts for lower incomes; reduce the costs of the investment (i.e., tax deduction for part of the
expenses for efficiency);

• educational: establishment of "energy tutors" who advise, on a case-by-case basis, what choices to
make to improve the energy efficiency of the home;

• specific actions for homeowners: targeted actions to qualify the investment made (issue of energy
efficiency certificates following the intervention, profits for the rental of the property).

• welfare and policy: including better social tariff, new services, energy audit, investment assistance.
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Another interesting aspect, emerging from the literature, is the necessity to link data with the
spatial dimension by using the technologies of BIM and GIS. The use of such software can in fact be
helpful in understanding the urban dynamics on energy poverty and, thus, in finding specific solutions
to each context. However, it is necessary to understand the availability of qualitative data from the
public and energy providers and to boost their transition to open source aggregated datasets.

In conclusion, it seems that the problem needs an integrated and holistic approach, able to
combine the technical issues about building performances, enabling technologies, with a deeper
understanding of social connections, economic conditions (also in terms of investigating why people
are in economic difficulties). A complete understanding of people behavior and awareness can help in
the characterization of profiles to face the several challenges connected to energy poverty.

Behaviors and local cultural factors can drive basic energy use practices [75]: the factors and
their relationships that influence consumer behavior and practices are dynamic, highly dependent on
human elements, change over time, and influence consumer behavior. For these regions, the process
of consumption practices becomes unpredictable and detached from any recognizable pattern [76].
Investigating the size and value of end-user profiles and behaviors before the design phase [77] helps
to identify the best combination of technical and social measures, through the adoption of user-friendly
energy efficiency systems that could reduce the energy poverty, facilitate the use by tenants and
increase their environmental and energy awareness.

The design challenge is to contribute to the necessary framework made of technical and social
solutions, policies for energy justice, and participatory processes to understand the energy equity
dimension in terms of accessibility and affordability [39].

Limitations and Further Research

The paper has some limitations due to its choices and methodology. At first, the decision to
exclude non-English written papers resulted, obviously, in a limitation in the number of analyzed
findings. Especially for what concern locally specific case studies, some interesting approaches were
probably not included into the analysis for that reason. However, we believe that the general analysis
and the major findings of the paper have not been penalized by this choice.

The paper identified some interesting trends that could be deepened in future research and, in
particular, the following:

• the connection between energy poverty and the spatial approach that use BIM and GIS
software allowing a coordinated approach among technicians and the geo-localization of
vulnerabilities seems to be very interesting in order to deeply understand the phenomenon
and its spatial specificities;

• the necessity to study the presence of potentially different profiles of vulnerable people and thus
to study services more aligned to their specificities.
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Abstract: While indoor comfort represents a widely investigated research topic with relation to
sustainable development and energy-demand reduction in the built environment, outdoor comfort
remains an open field of study, especially with reference to the impacts of climate change and the
quality of life for inhabitants, particularly in urban contexts. Despite the relevant efforts spent in the
last few decades to advance the understanding of phenomena and the knowledge in this specific
field, which obtained much evidence for the topic’s relevance, a comprehensive picture of the studies,
as well as a classification of the interconnected subjects and outcomes, is still lacking. This paper
reports the outcomes of a literature review aimed at screening the available resources dealing with
outdoor thermal comfort, in order to provide a state-of-the-art review that identifies the main topics
focused by the researchers, as well as the barriers in defining suitable indexes for assessing thermal
comfort in outdoor environments. Although several accurate models and software are available to
quantify outdoor human comfort, the evocated state of mind of the final user still remains at the core
of this uncertain process.

Keywords: outdoor thermal comfort; human thermal perception; thermal comfort assessment; quality
of life

1. Introduction

1.1. Review Contest and Boundaries

While indoor conditions have been the main concern for research on user comfort since the second
half of 20th century, assessing outdoor comfort has emerged as a challenging field during the last few
decades. Three main phenomena have pushed towards this change:

• The growth of cities, driven by the increasing movement of people to urban areas, where half of
the world’s population is already living, and a further expansion is expected in the near future [1].

• The consequent exposure of a huge number of people to the effects of extreme weather conditions
due to both climate change and local phenomena, boosted by the high density of settlements, such
as Urban Heat Islands (UHI) (peaks of temperature higher than that of the rural surroundings) [2].
The evidence on the average temperature increase and the related potential impacts are widely
explored in authoritative reports from the Intergovernmental Panel on Climate Change (IPCC) [3]
and the National Oceanic and Atmospheric Administration (NOAA) [4], particularly dealing with
more relevant effects on urban areas [5].

• The change in lifestyles and particularly the increasing amount of time spent by inhabitants inside
buildings pushed the need for high-quality outdoor spaces that provide healthy leisure facilities,
and significantly contribute to the urban environment’s livability and vitality. Thus, encouraging
more people to use outdoor spaces would bring greater benefits into the physical, environmental,
economic and social spheres of the cities [6–9].
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Scientists worldwide have thus focused their attention on this topic, making available a wide
range of tools and methods to assess human thermal outdoor comfort in different climatic contexts.
Over 100 biometeorological and thermal stress indexes [10] have been developed, adopting different
approaches and rationales, aiming at linking the microclimatic conditions to the perceived sensations.

Since the available knowledge on human thermal perception and related evaluation protocols were
mainly the ones previously developed for interior spaces and other confined spaces, the assessment of
outdoor conditions initially refers to these patterns [11].

In fact, human thermal comfort and its assessment were studied since the beginning of
the 20th Century, when the first simplified models were developed [12]. The two node model
applied thermodynamics principles to energy exchanges between the human body and its thermal
environment [13] for the first time during the 1930s, but it is only from the 1960s onwards that
researchers were able to analyze the main climatic parameters connected to the perception of thermal
comfort (e.g., air temperature, radiant temperature, air humidity, air flow velocity) when the first
climate chambers were made available [14]. The cornerstone studies of Givoni [15] and Fanger [16] led
in the following years to the identification of new parameters that are currently considered essential
elements in the contemporary assessment of thermal comfort. The advances in the physics of heat
exchange knowledge gained during the 1980s and the increasing availability of computer tools to
support the research activity allowed relevant progress on the understanding of the human thermal
environment [17–22] and the formulation of indexes based on body heat exchange [11].

In order to model human thermal comfort in outdoor environments, solar radiation was first
added to the set of climatic variables in use for indoor spaces [23,24]. Olgyay assumed that solar
radiation must be combined to the effects of other climatic elements, to draft a “bioclimatic chart” for
the outdoor conditions [23].

Further studies have shown that outdoor thermal comfort is a more complex notion and a
multilayered condition, which is very difficult to properly describe as a whole by considering
biometeorological factors only [25]. Although the thermal state appears as very influential among the
many factors shaping the quality of outdoor spaces, a wide range of additional social and physical
aspects, however, were identified as relevant, especially those linked to behavioral variables [26].

Nonetheless, the issue remains open, especially regarding the assessment of the human variables
influenced—including cultural, behavioral and psychological factors—on the perception of the
environment’s physical conditions [10].

The efforts spent in the last few decades to advance the understanding of these phenomena
provide evidence of the topic’s relevance, even if a comprehensive picture of available studies is still
lacking, as well as a classification of the interconnected subjects and outcomes. A systemic overview of
the available knowledge could be therefore a useful tool for identifying the different research trends
and classifying their objectives, approaches, results and implications.

This paper reports the outcome of a literature review aimed at screening the available resources
dealing with outdoor thermal comfort, in order to provide a state of the art that identifies the main
topics focused on by the researchers, as well as the barriers in defining suitable indexes and approaches
for thermal comfort assessment in outdoor environments.

1.2. Theoretical Background

The International Organization for Standardization (ISO) has released a series of international
regulations for the evaluation of thermal comfort; ISO 13731:2001 defines physical quantities and
provides a reference for terminology and symbols to adopt for standards on ergonomics of the thermal
environment [27], while ISO 7726:1998 identifies the means and instruments for measuring the physical
quantities involved [28]. ISO 7730:2005 provides an analytical determination and interpretation of
thermal comfort using calculation of the Predictive Mean Vote (PMV) and Percentage of Person
Dissatisfied (PPD) indexes and local collected data [29]. Although the model was developed for indoor
comfort assessment, it may be adapted for outdoor spaces by adding the radiative exchange values [30].

150



Energies 2020, 13, 2079

This ISO Standard also includes annexes providing comprehensive databases for the metabolic rates of
different human activities and the thermal insulation values of clothing ensembles. Moreover, ISO
7243:2017 enables the estimation of the worker heat stress by Wet Bulb Globe Temperature Index
(WBGT) [31], which can be applied for both indoor and outdoor work environments.

In addition to ISO standards, other regulations such as American National Standards Institute
(ANSI) / American Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE)
Standard 55-2017 and European Standards (EN) 15251-2017 specify calculation and evaluation methods
for thermal comfort. However, they are mostly addressed to indoor environments, and focused on
those parameters affecting the energy performance of buildings [32].

The awareness of the topic’s broad latitude has prompted some authors to focus on the possible
gaps in criteria and assumptions currently in use to map the factors influencing the perceived outdoor
comfort and wellbeing sensation, starting from the definition of thermal comfort itself.

ASHRAE defines thermal comfort as a state of mind that expresses satisfaction with the thermal
surroundings [33], which means that human thermal comfort refers to a subjective sensation, different
from one subject to another [34]. Some studies argue that this definition may appear rather vague [10]:
it does not specify what that state of mind is (in terms of perception, feeling, etc.) and it does not
provide any indication of how to relate this mental state into something that can be measured, nor
which variables could be involved [35]. Thus, this is still an open issue from different points of
view, although the definition is intended to be the most general as possible, to provide a common
understanding, thus leaving each study the responsibility to state the assumptions (and limitations) in
their own premises.

Additionally, when the assessment of this mental state has to be investigated, referring to the
outdoor environment, the relationship between the human body and a large set of spatial and temporal
variables must be also considered. Theoretically, this gap could be filled by adapting for the outdoor
comfort assessment the same methodologies and indexes developed to evaluate indoor comfort.
However, several authors discussed this position as unsuitable, arguing that the theoretical models
developed for describing thermoregulation functions within the indoor environment are not adequate
to feature the outdoor thermal comfort conditions [34,36]. This is mainly because of the outdoor
environment’s greater complexity, and its temporal and spatial variability [34]. Thus, the need is
acknowledged for empirical data from field surveys on the subjective human perception of outdoor
wellbeing, which should enable investigation of thermal comfort in open spaces from a broader and
more realistic perspective [34].

In order to make the reading easier, Table 1 provides the nomenclature of the main terms and
acronyms reported in the paper, as well as Table 2, which summarizes the main thermal comfort indexes.

Table 1. Nomenclature of main terms used.

Abbreviation Definition

UHI Urban Heat Island
IPCC Intergovernmental Panel on Climate Change

NOAA National Oceanic and Atmospheric Administration
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Table 2. Nomenclature of the main thermal comfort indexes cited.

Abbreviation Index Unit

ASV Actual Sensation Vote -
AT Apparent Temperature ◦C

COMFA COMfort FormulA W·m−2

DI Discomfort Index ◦C
ESI Environmental Stress Index and ◦C
ET Effective Temperature ◦C

ETU Universal Effective Temperature ◦C
H Humidex ◦C
HI Heat Index ◦C
ITS Index of Thermal Stress W

MENEX Man ENvironmental Heat EXchange model W·m−2

OUT_SET* Outdoor Effective Temperature ◦C
PE Cooling Power Index kcal·m−2·h

PET Physiologically Equivalent Temperature ◦C
PMV Predicted Mean Vote -
PSI Physiological Strain Index ◦C
PT Perceived Temperature ◦C
RSI Relative Strain Index -
SET New Standard Effective Temperature ◦C
TS Thermal Sensation -

TSV Thermal Sensation Vote -
UTCI Universal Thermal Climate Index ◦C

WBGT Wet Bulb Globe Temperature Index ◦C
WCI Wind Chill Index ◦C

2. Methodology

Although overall human comfort involves several environmental agents acting simultaneously,
including air quality and thermal, acoustic, and lighting factors [34,37], this study was limited
to the thermal wellbeing, since it plays a crucial role in affecting the comfort perception in
outdoor environments.

The review was based on a systematic search for peer-reviewed papers published within the
last twenty years. The aim of the review was to identify the most relevant trends in studies dealing
with outdoor human thermal comfort. Five main search engines were used: Science Direct, Google
Scholar, Scopus, Web of Science (WOS) and Researchgate. The following keywords were used for the
preliminary retrieval of papers from the sources:

• outdoor thermal comfort;
• thermal perception;
• thermal wellbeing;
• human thermal comfort;
• human thermal index;
• outdoor thermal comfort approaches;
• thermal comfort assessment.

This allowed a first selection based on the paper title and abstract. Additionally, papers referenced
within the selected articles were considered as secondary sources, thus embedded in the second step of
the review process.

Review Process and Outcomes

The outcome of the first search round provided more than 25,000 results, of which 1059 were
retrieved from the Science Direct database, 16,600 from the Google Scholar search engine, 710 from the
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Scopus database, 594 from Web of Science and 6160 from Researchgate. Duplications were deleted in
a second step of the process and the results were also filtered using a combination of the proposed
keywords. The results distribution from Science Direct, reported in Figure 1, indicates a growing
interest in the second decade that can be certainly associated to new drivers, such as the effects
of climate change and related heat waves, but also to the development of web-based solutions to
share knowledge and studies that facilitated the communication and exchange among the scientific
community. Furthermore, it must be noted that the increasing demand for scientific publications on
the topic within the academic circuits, for both research purposes and career advancement, may have
influenced the numeric growth of studies, as well as their availability in scientific journals.

Figure 1. Results retrieved from the ScienceDirect search engine (keys: publication after 1999; text
string “outdoor thermal comfort” in paper abstract and/or title).

The selection results were then refined according to the predefined set of keywords; a total of 855
sources were found at the end of the filtering process, including journal articles, book chapters, reviews
and peer-reviewed conference papers. The sources matching with three or more keywords (out of
six) were considered as having highly relevant contents. They were then shortlisted and their full text
downloaded; 146 significant outputs were identified by selecting those focusing on the relationships
between outdoor thermal comfort and microclimatic variables.

The sources referenced by the selected papers were also explored, thus increasing to 236 the
final number of the surveyed articles. Figure 2 displays the incidence per year (Figure 2a) and the
breakdown by issues addressed (Figure 2b).

Figure 2. Distribution by year (a) and by topic (b) of the final 236 sources considered for the
review purposes.
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The analysis of the 236 final resources, as shown in Figure 2b, pointed out that studies on outdoor
comfort could be divided into four main groups:

• The first group [1–5,11–13,16,19–24,26–29,31–33,38–47] includes papers that provide theoretical
background elements as well as definitions, terminology and regulations (14% of items);

• The second group [8,14,15,17,18,22,30,48–149] collects mathematical models and indexes for the
definition of new approaches in outdoor comfort assessment (45% of selected items);

• The third group [6,7,9,10,25,34–37,150–213] includes investigations of the physical, physiological
and psychological human adaptability as a key for understanding thermal perception in outdoor
environments (31% of items);

• The fourth group [214–236] deals with the use of software and forecasting tools to virtually
reproduce complex environmental contexts, in particular with the aim of supporting the designer
in understanding the effects of changes in the climatic factors that affect people’s external comfort
(10% of articles).

Accordingly, this review adopts the same structure, reporting the findings grouped in three
sections, corresponding to the main topics to which scientific efforts were devoted toward identifying
both effective methodologies and main limitations for the full comprehension of the subject. In addition,
a brief introduction to standards and regulations is provided in the theoretical background paragraph
of the introduction.

From the literature analysis, field studies on outdoor thermal comfort were carried out around
the world in the last 20 years. Givoni et al. discussed methodological issues and deepens problems
in outdoor comfort research based in Japan and Israel [164], as well as in China [74], where
other studies were also conducted [51,54,57]. Other studies were performed with reference to
the following geographical areas: Canada [207], Argentina [138], Sweden [147,175,218], Portugal [131],
United Kingdom [187,209], Italy [214], Morocco [132], Emirates [227], Egypt [118], Malaysia [192],
Bangladesh [141], Australia [142], New Zealand [208]. Among the largest research projects, the
most extensive was RUROS: Rediscovering the Urban Realm and Open Spaces [37], which included
field surveys carried out in seven European cities: Athens, Thessaloniki, Milan, Fribourg, Kassel,
Cambridge, Sheffield.

3. Results

3.1. Mathematical Models and Indexes

Several complex thermal indexes were developed to date, describing and quantifying the thermal
environment of humans and the energy fluxes between the human body and the surrounding
environment. De Freitas and Grigorieva [79,80] carried out a three-stage study, providing a
comprehensive register of 165 indexes suitable for the purpose, which were subsequently grouped
and classified. Thus, they observed that indexes are almost designed for a specific application, so
the choice depends on the context in which the index is used, as well as on the availability of the
data needed to quantify it. They also found that the best performing indexes are those based on the
body/atmosphere energy balance, which, however, are those needing more complicated calculation
routines and more detailed input data. What emerges as an additional and more serious drawback
is that body–atmosphere energy balance indexes are often based on numerical models that were not
validated. This leads to the conclusions that there is not an overall best index [79] and the use of a
standardized human body could introduce errors, since the characteristics of the human body vary
individually [80].

A review about models and standards is provided by Coccolo et al. [157] who analyzed a number
of outdoor human comfort models and the related physical variables as well as the applicability with
reference to the climate, with reference to the research goals, dividing the models in the following
three groups:
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• Indexes based on the human’s energy balance, which show the interrelation between metabolic
activities, clothing and environmental parameters, and humans thermal perception. They include
COMFA (COMfort FormulA), ETU (Universal Effective Temperature), ITS, MENEX, PET, PMV,
PT, OUT_SET*, SET, UTCI;

• Empirical indexes, which are expressed as linear regressions based on field studies (monitoring
and surveys) defining the human comfort for a specific climate or location that are set and validated
for it. They consider Actual Sensation Vote (ASV), Thermal Sensation (TS), Thermal Sensation
Vote (TSV);

• Indexes based on linear equations defining the comfort as function of the thermal environment,
by focusing on air temperature, wind speed and relative humidity parameters, but neglecting the
microclimate and human behaviour. Among these are Apparent Temperature (AT), Discomfort
Index (DI), Environmental Stress Index and (ESI) and Physiological Strain Index (PSI), Effective
Temperature (ET), Humidex (H), Heat Index (HI), Cooling Power Index (PE), Relative Strain Index
(RSI), Wet Bulb Globe Temperature Index (WBGT), Wind Chill Index (WCI).

A selection of case studies about the different models since 2000 is organized in a graph according to
the Köppen climate classification by Coccolo et al [157]. Temperate climate emerges as the most studied
condition, followed by those referring to arid, cold and tropical climates, while very few studies were
performed for polar environments. The outcomes of this research leads to the following conclusions:

• Thermal indexes based on energy balance enable quantification of thermal sensation from the
general climate to the urban microclimate, considering the human variables.

• Empirical indexes reliably describe the thermal perception of humans and the environmental
factors affecting their thermal behavior.

• Indexes based on linear equations do not allow for more comprehensive microclimate analysis,
even if they can be useful for meteorological forecasting or for mapping of thermal comfort trends
over the time [86].

From the literature analysis, it emerges that PMV and PET are the most widely used
indexes [49,50,59,61,62,67,71,75,77,80,85,86,88,89,92,93,95,98,109,110,112,114,118,128,131,133,138,141,
142,148,151,154]. However, PMV was elaborated for indoor environments by observing people
sitting in climate chambers; it does not consider the dynamic adaptive response of the human body
and instead references a punctual static situation. Thus, its use in outdoor environments may often
give misleading results. Cheng et al. [74] clearly demonstrate that PMV generally overestimates the
thermal sensation in summer and underestimates in winter.

Developed for the outdoor environment, PET is a procedure often adopted, with results that are
well correlated with onsite monitoring and questionnaires [49,77,89,114,131,133,141,142,148]. The PET
index can be used as an alternative to PMV; however, the main drawback is that it can underestimate the
effect of latent heat fluxes and overestimate radiant heat flows [74]. By comparing the outdoor thermal
environment and the thermal sensation of pedestrians in two different Chinese cities, and through
the thermal unacceptability percentage and PET indexes, Yang et al. [54] observed that the thermal
unacceptability expressed by people was different according to the city, despite the similar outdoor
thermal conditions.

In arid climates, ITS results show high correlation with field studies [196,200],
while SET [52,142,191] and OUT SET* [133,148] appear to be more applied in and reliable for temperate
climates. Being more scientifically updated, UTCI is instead the only index that was applied to all
climates [59,84,99], ensuring a good matching between onsite measures and simulations [70,133,157].
PE and WCI, describing thermal sensations from comfort to extreme cold stress are preferable in
cold climates. ITS, H, HI and WGBT make available detailed thermal scales for hot sensations, often
neglecting the cold ones [157].
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From the research carried out so far in order to understand the primary models used, it seems
that there are apparently a large number of indexes available for the assessment of outdoor comfort,
despite each of them presenting some drawback with different levels of error or approximation.

Although energy balance based indexes are widely used, the main limitation lies in the
steady-state condition that does not fully reflect people rarely experience thermal equilibrium in
outdoor environments [100].

A positive note is that the scientific community seems to be aware of this limit and much effort
was spent to understand the human adaptation capacity as well [25].

3.2. Human Thermal Perception and Thermal Adaptation

The term adaptation can be broadly defined as the gradual decrease of the organism’s response
under an iterated exposure to a stimulus, thanks to the effects of all the actions deployed by the subject
to make it better suited to survive in such an environment. In the context of thermal comfort, this can
involve all the processes that people perform to reduce the gap between the environmental conditions
and their requirements [194]. In other words, whenever metabolic activity or environmental conditions
change, the human body tends to adapt itself to those changes. According to Nikolopoulou and
Steemers [194], the adaptation basically occurs in three different ways:

• Physical adaptation—namely, the changes that a person makes in order to adjust oneself to the
environment (such as altering clothing layers, posture and position, or drinking) or to conform
the environment to his needs;

• Physiological adaptation—also called physiological acclimatization, which implies changes in the
physiological response mechanisms resulting from repeated exposure to a stimulus;

• Psychological adaptation—which involves the different ways that individual people perceive
the environment, being the human response is not only direct related to the physical stimulus
magnitude, but also to the information that people have regarding that situation. The familiarity
with that climate, the individual expectations, experiences, time of exposure and alleged control
power on the situation, significantly influence the perception of environmental stimuli. Cultural
factors and personal attitudes also affect the thermal perception, thus underlining the need to
connect the thermal comfort indexes to the emotional feeling individually established with the
environment [175].

A large number of studies were done in the last twenty years that aimed to incorporate the human
dimensions into comfort assessment methods, performed both through climate chambers and by direct
field surveys. Some of these studies investigated the possible adaptation from a thermophysiological
perspective [95,174], others focused on the parameters that determine the human perception of
comfort [81,142,194,208].

Some links between human thermoregulation mechanisms and thermal environment conditions
were established by running tests in climate chambers [149,195]. However, whether these results
can be transferred to the behavior of people in external environments is still an open question, since
all the aspects that influence adaptation actions in real contexts are highly complex to reproduce
(providing wide temperature ranges, checking for human physical and behavioral changes, measuring
temperatures of people’ skin and core to evaluate thermoregulation features etc.).

Thus, the assessment of the human thermal sensation must consider the environmental stimuli,
which are dynamic and perceived subjectively. The stimuli are dynamic due to the human adaptation
to external climatic conditions, which is a progressive process influenced by various adaptive factors.
It is subjectively perceived, since the human perception of thermal comfort is not always nor univocally
dependent only on objective biometeorological conditions. This means that the individual attitude
towards outdoor space is not only determined by the state of the body, but also by the state of the mind.
This suggests that the ideal framework for thermal comfort assessment should work on at least four
levels: physical, physiological, psychological and social/behavioral [7].
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Therefore, by considering simultaneously all the factors (whether objective or subjective)
influencing human thermal perception, it is possible to obtain an evaluation of outdoor comfort
as coincident as possible with reality. Each of these factors can be estimated or calculated through
different approaches (measurements, modeling, field interviews and observations). Thus, working on
the four levels of evaluation of human outdoor thermal comfort, it should make it possible to connect
the external microclimatic conditions with the perception of people who use a certain space at a specific
temporal moment.

In other words, this framework should allow a linkage of “climatic knowledge” with “human
knowledge” [7].

“Neuroarchitecture” seems to be opening a new research field that is able to drive some advances
in this direction, combining neuroscience and architecture to better understand how space is perceived
by the human brain [159,160,165]. The outcome from neuroarchitecture studies could thus enhance the
effectiveness of the design of the built environment, providing a better knowledge of the relationship
between the humans and their spatial wellbeing [157].

Coburn et al. [202] investigated how neuroarchitecture could mature into an experimental science
by outlining the related challenges ahead and identifying the priority need for a specific framework to
guide research. To date, however, relatively little work has been done on architecture neuroscience,
and further studies are needed.

Therefore, the final suggestion is to apply a multidisciplinary approach, including both studies on
physical phenomena and human psychology. For this reason, it is highly recommended that shared
principles and definitions be included in the common framework.

3.3. Software and Predictive Tools

Givoni et al. [164] addressed the need for prediction tools in order to support designers in
understanding the effect of a change in a climatic element that influences people’s outdoor comfort.
In fact, the availability of simulation and scenario-testing tools within an assessment framework is
crucial, as they provide a platform for both the integration of knowledge from various perspectives
and the comparisons of different design options.

Currently, tools for simulating virtual scenarios are becoming increasingly available and updated,
allowing reproduction of even complex environmental contexts. The literature review performed
identified the most used software: ENVI-Met, RayMan, SOLWEIG and the UTCI calculator (Figure 3).
While ENVI-Met is based on computational fluid dynamics (CFD) and thermodynamics, RayMan and
SOLWEIG are basically 3D radiation models.

Figure 3. The most used software and tools outlined from the literature review.

ENVI-Met is a tool to simulate outdoor space microclimate by quantifying energy and mass
exchanges, wind turbulence, vegetation effect on the outdoor conditions, bioclimatology data and
pollution scattering. It is based on four interrelated systems: soil, vegetation, atmosphere and buildings.
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Outdoor microclimate is described by air temperature, Mean Radiant Temperature (MRT), wind speed
and direction, short- and long-wave radiation from a single building to an entire city [236]. It was
used by Acero et al. to evaluate the differences in thermal comfort comparison models and onsite
measures in four different locations [58]. The study points out that some deviations may occur in the
ENVI-Met output; however, the tool provides useful and quite reliable outcomes (e.g., comparison of
urban planning scenarios during typical meteorological conditions). Nevertheless, limitations must be
clearly outlined in order to avoid misleading results. ENVI-Met is often used while interacting with
other tools and plugins. Through the postprocessing tool called BioMet, it is possible to determine
thermal comfort according to PMV, PET, UTCI [215] and MRT. Additionally, thanks to a generative
algorithm called ENVI-BUG Software, it is possible to combine ENVI-Met, Rhinoceros, Grasshopper
and LadyBug. Fabbri et al. effectively adapted it to obtain a 3D output, achieving a simplified method
for displaying results and making them easier to read for nonexpert users [230].

Developed at the University of Freiburg, RayMan is a diagnostic microscale radiation model able
to calculate radiation fluxes and thermophysiologically indexes, such as PMV, PET, SET* [222], UTCI,
PT [220] and MRT. It is mainly used to compare the effect of multiple planning scenarios in different
situations from micro to regional scales [220]. It allows the use of several input data such fish-eye
pictures or obstacle files to obtain additional outputs like shade and sunshine duration, as well as
the possibility to run long-term data sets. The major drawback is that the model cannot calculate
air temperature, air humidity and calculate or adjust wind speed. These gaps are often bridged by
preparing the data in the input files or running simulations with different wind speeds [222].

SOLWEIG (SOlar and LongWave Environmental Irradiance Geometry) enables quantification of
PET, UTCI and MRT within complex urban settings as described by Lindberg et al. [218]. It applies
the theory of radiative fluxes and mean radiant temperature, the main limitation is that it takes only
building geometry into account, while vegetation is not considered when mean radiant temperature
is calculated.

The UTCI calculator allows determination of a pedestrian’s thermal comfort according to the
Universal Thermal Climate Index [117]. Abdel-Ghany et al. demonstrated its application in combination
with RayMan to evaluate UTCI index in arid climatic conditions [128], concluding that the model
can be used successfully in arid environments to evaluate the thermal sensation, with the heat stress
outcome very close to the PET index.

These environmental modeling tools can provide a better understanding of climatic conditions
and a mean to effectively assess human thermal comfort outdoors, helping town planners and decision
makers to compare and test several design alternatives in terms of attractiveness and effectiveness [232].
In addition, the development of such tools and software can solve the limitation of the different
methodologies used in research.

4. Discussion

The literature review in this paper lists the main available resources dealing with outdoor thermal
comfort issues. Its aims to provide a state-of-the-art review to identify the main topics on which current
research focuses, and what the main barriers are that limit the identification of successful indexes for
the assessment of thermal comfort in the outdoor environment, especially in urban contexts [150,170].

The main outcome is that thermal comfort in the outdoor environment is a complex issue with
multiple layers and that the human state of the mind plays a key role in influencing peoples’ perception
on space and its utilization.

The literature review performed points out that many indexes and approaches have been
developed, however they are specifically addressed to meet particular contexts with relation to specific
variables. A relevant drawback deals with the limited consideration of the dynamic adaptive response
of the human body, since the most frequently adopted indexes focus on the energy balance between
the human body and the environment. More recent indexes seem to pay more attention to human
perception and behavior, but their application is still limited and therefore a discussion on the potential
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outcomes is still hard and may be somehow misleading. The main suggestion is to focus on a limited
and possibly shared number of procedures that adequately consider the human thermal perception
and thermal adaptation.

It must be noted, despite some attempts to integrate different disciplines on the same topic, that
most studies are organized by adopting a silos approach.

Moreover, many studies reveal that different people experience the environment in a different way.
The human response to a physical stimulus is not in direct relationship to its intensity, but depends on
the "information" that people have for a particular situation, and on the associated psychological factors
influencing the thermal perception of a space and the changes occurring in it [194]. If physiological
acclimatization is not sufficient to meet a comfort status, physical adaptation will be introduced to
adjust oneself to the environment or alter the environment to his needs (such as altering clothing levels,
modifying posture and position, or even changing metabolic heat with the consumption of hot or
cool drinks).

Since the agents acting on this mechanism belong to at least four different but interconnected
patterns (physical, psychological, physiological and social/behavioral), the ideal framework for thermal
comfort assessment should work on all of them.

No effective methods are available today that include the human dependent factors within the
outdoor thermal comfort models. However, the scientific community seems to become increasingly
aware of the importance of the psychological and social/behavioral factors, as indicated by the number
of recent studies exploring these fields. Integrating the physical energy balance and the human
variables would allow for creation of more complete and thus more effective models, drastically
improving the reliability of their results.

Despite the complexity of the above interrelations, these topics should be approached at design
level. More effective simulation and modeling tools could be developed within that framework,
providing designers and decision makers with a means to better achieve the thermal outdoor comfort
target by integrating the factors related to climatic conditions and those belonging to the people’s
sensitivity to environmental stimuli; these tools could be wisely adopted in urban design. In this way,
shopkeepers could be the first group to realize the benefit of such cool oases in a hot environment,
and finally it would be possible to extend the positive impacts not only to the environmental domain
of cities but also to the economic domain.

The highly advisable trend sketched by this scenario cannot hide the fact that shortcomings are
still evident in research, concerning both the tools and the goals. Concerning tools, the systematization
of all knowledge belonging to physical, physiological and psychological studies seems to be the only
way forward today for the identification of an effective and shared method to evaluate the achievement
of thermal comfort in outdoor spaces. Regarding goals, deeper interdisciplinary studies are needed
to support with evidence the assumption that the more intense use of outdoor space will benefit the
economic and social life of the city.

5. Conclusions

The literature review performed points out that many different interrelated issues drive the
research on outdoor thermal comfort. The topic emerges as worthy to be further investigated, especially
in relation to social and behavioral implications, requiring to possibly adopt a transdisciplinary
approach. Despite the effort spent to create accurate models and software to properly assess outdoor
human comfort, the evocated state of mind of the final user still remains at the core of the uncertain
process. The field studies, including surveys and tests with different categories of users, highlight
the need to refine the available indexes to better reflect the real perception of the human body in
different conditions.

Therefore, each user has to clearly understand the basic equations of the software or tool chosen,
in order to select the one that best suits the needs for the research purpose and the application
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context. This often generates some uncertainty that makes a comparative approach among the different
outcomes more difficult.

Some relevant shortcomings can be currently detected and listed as follows, with the aim to address
and prioritize the research efforts for further improving an understanding of outdoor human comfort.

Assuming that an effective assessment requires consideration of physical, physiological,
psychological and behavioral levels, the detected lack of shared principles and definitions within a
common framework reduces the possibility to take into account the multiple and interconnected nature
of phenomena. Accordingly, the definition of a comprehensive and stable framework represents a
top priority:

• The availability of several models and methods is on the one hand a true sign of interest in
assuming outdoor thermal comfort as a relevant field of research, especially when connected to
climate change effects (UHI, heat waves etc.), but each methodology has its own limitations and
the differences make it harder to compare the outcomes. The development or the refinement of
tools and software able to solve these gaps may certainly support the research activity in the future.

• The gap between models and real perception in experimental studies suggests that human sensation
and behavior are central and crucial elements to further improving the quality of research.

• Understanding the outcomes is another relevant issue dealing with a proper communication of
the possible social implications to nonexperts. Even if this is not a top priority, it will certainly
contribute by increasing the attention towards quality of life in outdoor urban spaces.

The use of reliable predictive and simulation tools will support decision makers, designers and
planners to better realize the potential impacts of their decision and strategies when transforming the
built environment. Finally, a multidisciplinary approach, including studies on physical phenomena,
human psychology and architecture, is highly recommended, assuming people’s wellbeing is the
ultimate goal.
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Abstract: Energy poverty—involving a combination of factors, such as low household incomes,
high energy prices, and low levels of residential energy efficiency—is identified as a complex and
increasing issue affecting people’s physical health, well-being, and social inclusion. Even though
a shared identification of energy poverty is not yet agreed, this phenomenon has been recognized as
an EU priority. Several EU legislative documents address the topic, trying to outline its boundaries and
provide a framework for mitigative actions. At the same time, different research and demonstration
projects have been funded to experiment and evaluate innovative approaches, strategies, and solutions
and to promote good practices at national, regional, and local levels. This review paper presents
some results of the “ZOOM” project (“Energy zoning for urban systems. Models and relations
for the built environment”, funded by University of Bologna in the framework of Alma Idea
2017–ongoing), proposing a critical overview of the EU projects directly or indirectly connected to
energy poverty—funded under the 7th Framework Program (FP7) and under Horizon 2020 Program
(H2020). The aim of such a review is to highlight the main objectives, trends, and related topics of
ongoing and concluded projects addressing energy poverty, in order to identify gaps and open issues
and to understand the possible orientation and placement of this subject in the future EU research
and innovation framework project, Horizon Europe.

Keywords: energy poverty; fuel poverty; vulnerable consumers; vulnerable households; energy
vulnerability; energy efficiency; customer engagement; energy citizenship

1. Introduction

In recent years, Energy poverty has been recognized as an extensive and increasing issue that is
impacting on people’s living standards and rights. Consequently, it has attracted growing policy and
academic interest in Europe. The European Union embedded such phenomenon in the framework
of the “Third Energy Package” [1–3], while the European Economic and Social Committee (EESC)
warned about the consequences of the liberalization of energy markets and of the increasing energy
vulnerability [4]. Nevertheless, common pan-EU indicators of energy poverty are not yet agreed upon,
and various definitions of energy poverty are adopted both in literature and across EU countries [5,6].
Current EU legislation does not require Member States to adopt a common identification of energy
poverty, but it does require them to define the concept of ‘vulnerable customers’—who may include
individuals at risk of or in energy poverty—in order to comply with the requirements stemming from
the Third Energy Package.

According to a widely accepted but general description [5,7], energy poverty is a condition
when “individuals or households are not able to adequately heat, cool, or provide other required
energy services in their homes at affordable cost”, where energy services are commonly understood
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as the benefits of using energy in the home [8]. The EU Energy Poverty Observatory (EPOV) defines
energy poverty as the “inability of a household to access socially and materially necessitated levels
of energy services in the home” [9]. In this context, “socially necessary” generally means a standard
of energy service that allows full participation in society, while the material dimension refers to the
health consequences—because inadequately heated or cooled homes have harmful implications for the
respiratory, circulatory, and cardiovascular systems, as well as for mental health and well-being [10].

The European Fuel Poverty and Energy Efficiency (EPEE) project, involving five EU Countries
(Belgium, France, Italy, Spain, and the United Kingdom), laid the basis for an EU-wide shared
definition of energy poverty by proposing to link it to “household’s difficulty, sometimes even inability,
to adequately heat its dwelling at a fair, income indexed price” [11]. Subsequently, the European
Commission defined “energy-poor households” as those with an effective share of energy products
expenditure above a predefined threshold, set at “double the national average ratio number” [12].
The United Kingdom is the only country to have defined the threshold: “a household is in a situation
of fuel poverty when it has to spend more than 10% of its income on all domestic fuel use, including
appliances, to heat the home to a level sufficient for health and comfort” [13]. Given the differences in
climate, heating methods, and income assessment, this percentage is not readily applicable to other
countries. Therefore, the EPEE consortium proposed that each country adapt this general definition to
reflect national characteristics and criteria, while retaining a common view of the problem [11].

This vision is also included in the EU Clean Energy for all Europeans package (CEP),
a comprehensive update of the EU energy policy framework to assist the transition towards cleaner
energy and to meet the commitments under the Paris Agreement [14]. The CEP rules require that
“each EU Country should assess the number of households in energy poverty taking into account
the necessary domestic energy services needed to guarantee basic standards of living in the relevant
national context” [15] and specific national objectives on energy poverty are to be introduced in the
National Energy and Climate Plans (NECPs).

The terms “energy poverty”, “fuel poverty”, “energy deprivation”, “energy vulnerability”,
“energy precariousness”, and “consumer vulnerability” are often used interchangeably in relevant
literature and by the EU institutions. The expression ‘fuel poverty’ has traditionally been used to refer
to people in developed countries suffering from inadequate heating in the home; however, in these
countries, the importance of other services (cooling, lighting, appliances, IT) has increased substantially
in recent years so that heating consumption is no longer a sufficient indicator [16].

According to the latest survey data by the EU Energy Poverty Observatory (EPOV), almost
50 million people in the European Union are affected by energy poverty (source: EU Statistics on
Income and Living Conditions, 2016), 44.5 million people were unable to keep their home warm in
2016, and 41.5 million people fell into arrears with their utility bills in 2016 [8]. The condition itself is
based on a combination of low household incomes, high energy prices, and low levels of residential
energy efficiency. As such, energy poverty does not fully overlap with income poverty, although
many low-income households are also energy poor. Often, households suffering from fuel poverty
combine low income with an additional degree of vulnerability, such as the elderly, the disabled,
and single-parent families.

As pointed out by the European Union Statistics on Income and Living Conditions (EU-SILC) [17],
the highest percentage of energy poor households are concentrated in postsocialist Central and Eastern
Europe (ECE) countries and in the Mediterranean Sea region, with respectively 20.0% and 16.6% of
inadequately heated homes during the winter period against the European average of 12.8% [18].

The number of “vulnerable” households is expected to increase due to rising energy prices [11],
climate change, and the transition to green energy. The increase in the average temperature increases
the demand for cooling. This trend has already manifested in Mediterranean countries: in Italy, since
2010, the peak demand for electricity in summer is higher than the peak in winter, while in the period
2014–2017, the demand for gas in winter was lower than the average of the previous 15 years [19].
Summertime energy poverty and space cooling difficulties are relatively under-explored: a holistic
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approach is thus needed. More specifically, it is necessary to combine the assessment of energy poverty
considering the whole year and by including all energy services in the home [11].

The energy transition exerts upward pressure on energy prices: the EU electricity prices are
affected by the systemic burden of supporting renewable energy and the mechanism for pricing CO2

emissions; therefore, many researchers predict that EU electricity prices, among the highest in the
world, will rise further in the coming decades due to energy transition [20] (European Commission,
2016 [21]). Moreover, the European Economic and Social Committee (EESC) warned of the implications
of the liberalization of energy markets and of the current crisis on energy vulnerability [4].

From the late 2000s, several EU legislative documents address the issue of energy poverty, trying
to outline its boundaries, provide an overall framework, and lay the ground for actions to mitigate the
effects of such phenomenon. Articles 3 of Directive 2009/72/EC (European Parliament and the Council
of the European Union, 2009a) and Directive 2009/73/EC (European Parliament and the Council of the
European Union, 2009b) require Member States to ensure adequate safeguards to protect vulnerable
customers and ask for a definition of the concept of vulnerable customers and appropriate measures to
tackle energy vulnerability and energy poverty. EU Directive 2018/2002 (European Parliament and the
Council of the European Union, 2018a) requires Member States to account for the need to alleviate
energy poverty when designing policy measures to meet their energy saving obligations. Finally,
the EU Directive 2019/944 (European Parliament and of the Council of 5 June 2019 on common rules for
the internal market for electricity and amending (Directive 2012/27/EU)), referring to EU Regulation
2018/1999 of the European Parliament and of the Council of 11 December 2018, asks Member States to
monitor the situation of energy poverty in their countries “taking into account the necessary domestic
energy services needed to guarantee basic standards of living in the relevant national context, existing
social policy and other relevant policies, as well as Commission indicative guidance on relevant
indicators, including geographical dispersion, that are based on a common approach for energy
poverty” [22].

The EU has also supported several research and demonstration projects to experiment and
evaluate innovative approaches, strategies, and solutions aimed at alleviating energy poverty and
promoting good practices at national, regional, and local levels. Nevertheless, the increasing interest
in the topic was not matched with a deep investigation of the actual impacts and efficiency of the
adopted measures [23]: most of the literature on energy poverty and affordability has focused on their
conceptual definition, in particular on the identification of appropriate statistical measures [24].

The review paper presents some results of the ZOOM project (“Energy zoning for urban systems.
Models and relations for the built environment”), funded by University of Bologna in the framework of
Alma Idea; its objective is to give a critical overview of the EU FP7 and Horizon 2020 funded projects,
addressing, directly or indirectly, energy poverty issues, in order to highlight the main goals, trends,
related topics, gaps, and open issues. Moreover, the paper aims to understand the possible orientation
and placement of the energy poverty subject in the future EU research and innovation framework
project, Horizon Europe.

The paper is structured as follows: the “Objective and Methodology” Section 2 outlines the main
aims, clarifying that the analysis and selection of energy poverty related projects do not aspire to cover
the entirety of scientific production, but are focused on FP7 and H2020 ones. In addition, the section
outlines the methodology used to select the projects. In Section 3, dedicated to “Project Results”,
the systematization and comparison research is illustrated. Section 4, “Open Issues and Future Trends”,
highlights the relation between FP7 and H2020 and the Horizon Europe framework. In Section 5,
conclusions are presented.

2. Objectives and Methodology

The EU funding research and innovation programs are highly committed to addressing energy
issues and related topics. This contribution presents a selection of those that are strictly related
to energy poverty and the major amount that addresses it collaterally, within more general energy
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frameworks. The analysis also aims at providing an overview of the possible future placement of the
energy poverty subject within the targets and the key strategic orientations of Horizon Europe—the
European Union Framework Program for Research and Innovation 2021–2027.

As a matter of fact, projects carried out under the framework programs for research and innovation,
including the Intelligent Energy Europe program (IEE) and European Structural and Investment Funds
programs [25], have produced knowledge and best practices at various scales that may serve as
blueprints for similar initiatives to be implemented in the future, enabling further discussion and
uptake in the next research and innovation programs [26].

In this paper, the expression ‘energy poverty’ has been assumed as preferable: according to
Thomson [27], ‘energy poverty’ is to be preferred to ‘fuel poverty’, as the first is used in the vast
majority of the EU policy documents since 2001.

General reports about the state of play of EU-funded innovation projects on energy poverty
in Europe already exist (Joint Research Centre, 2019) [23]; for this reason the present research
will focus exclusively on the Horizon 2020 program (H2020, 2014–2020) and the previous Seventh
Framework Program (FP7, 2007–2013), because of the specific focus of those projects and, consequently,
their high comparability.

During the same period of time, other EU initiatives have been carried out. Those that are mostly
focused on energy poverty are:

• Engager—European energy poverty: agenda cocreation and knowledge innovation
(2017–2022)—funded by the European Cooperation in Science and Technology organization (COST);

• EPOV—the EU Energy Poverty Observatory (2016–2019)—initiative by the European Commission;
• Evaluate—energy vulnerability and urban transitions in Europe (2013–2018)—funded by the

European Research Council;
• EPEE—European fuel poverty and energy efficiency (2006–2009)—IEE funded project.

The list of the projects selected and reported in this paper has been filled in mainly by a keyword
search on CORDIS, the Community Research and Development Information Service. CORDIS is the
European Commission’s primary source for results from the projects funded by the EU’s framework
programs for research and innovation (FP1 to Horizon 2020). The keywords used in the search were
the following (last access 23rd January 2020):

• Energy poverty;
• Fuel poverty;
• Energy vulnerability;
• Vulnerable consumers;
• Vulnerable households.

The keyword search provides hundreds of project results: a multiplicity of project outputs is
included as well, such as reports, events, deliverables, and final research summaries. The H2020 and
FP7 projects were selected according to their pertinence and the availability of information, resources,
documents, and materials, in order to be able to proceed with the knowledge phase and the deepening
of their contents.

3. Projects Results—Systematization and Comparison

3.1. Selected FP7 and H2020 Projects Dealing with Energy Poverty Issues

The 43 projects identified throughout ZOOM research address energy-poor issues and implement
measures to address causes and solutions (see Appendix A, where all projects are listed and organized
in chronological order). At the time of writing, 16 of them are in progress. It must be highlighted that
7 projects, of the total of 16 ongoing projects, are centered on energy poverty, compared to only 5 of
the total of 27 completed projects (Figure 1a). This comparison allows us to state that the interest in,
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and the commitment to, energy poverty from the part of the EU Research and Innovation programs
has been considerably increasing since 2017.

Figure 1. (a) Number of projects ongoing and ended; (b) number of projects per EU Research and
Innovation program. Image elaborated by the authors.

This trend is even more evident observing Figure 1b, where the number of projects under FP7 and
H2020 are represented: only 1 project has been developed under FP7 out of 11 developed under H2020.
Of these, four started in 2019.

As shown in Figure 2, the trend of the number of funded projects over the years is not continuous,
but after 2015 it has grown significantly. Especially in 2015, 2016, and 2017, most of the projects were
not focused on energy poverty, rather the phenomenon was addressed as a secondary issue or among
multiple objectives. In 2019, there is more accentuated attention given to the specific topic.

 
Figure 2. Number of projects per year. Image elaborated by the authors.

3.2. Comparison and Filling Results

After the identification phase, more extensive information on ongoing and completed projects was
gathered through dedicated projects’ websites, EU online databases, scientific contributions, research
outputs and reports, and dissemination and communication materials.

Each selected project has been reported in a factsheet, containing the information set out below
in Table 1.
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Table 1. Project factsheet content example.

ACRONYM—Description

Program(s)
Topic(s)

Call for proposal

Funding scheme
Start date
End date

Coordinator
Partners

Involved countries
Target groups

Objectives
Methodology

Expected results
Outputs application scale

Energy poverty perspective and/or related topics addressed in the project
Energy poverty assumed definition

Indicators

Case study (if present)
Geographic position (country/region/city/district)

Type (private housing/social housing/nonresidential buildings/systems etc.)
Purpose/Outputs

Data Sources Links

As shown in Figure 3, there is a clear prevalence of projects under H2020-EU.3.1.1 “Reducing energy
consumption and carbon footprint by smart and sustainable use” and H2020-EU.3.3.7 “Market uptake
of energy innovation—building on Intelligent Energy Europe” programs. When interpreting the graph,
it should be considered that some projects are financed by two programs and are therefore counted
twice. This is the case of three representative projects that appear both in H2020-EU.3.1.1 and in
H2020-EU.3.3.7 (“STEP—Solutions to tackle energy poverty”, “EmpowerMed—Empowering women
to take action against energy poverty in the Mediterranean”, and “SocialWatt—Connecting Obligated
Parties to Adopt Innovative Schemes towards Energy Poverty”). The three projects are submitted
under the call “LC-SC3-EC-2-2018-2019-2020: Mitigating household energy poverty”, that is the most
specifically addressed at tackling energy poverty. The proposed actions are required to cover at least
one of the following objectives [28]:

• facilitating behavioral change and implementation of low-cost energy efficiency measures tailored
for energy poor households;

• supporting the set-up of financial and nonfinancial support schemes for energy efficiency and/or
small-scale renewable energy investments for energy poor households;

• developing, testing, and disseminating innovative schemes for energy efficiency/renewable
electricity sources (RES) investments established by utilities or other obligated parties under
Article 7 (of Energy Efficiency Directive 2012/27/EU) [29]. New projects are expected in the coming
years, funded by the Calls for Proposals 2019 and 2020.

As shown in Figure 4, the most represented funding scheme is the Coordination and Support
Actions (CSA), dealing with the coordination and networking of research and innovation projects,
programs, and policies whose funds for research and innovation per se are covered by other
funding sources.

Only one project centered on energy poverty is a Research and Innovation Actions (RIA) project,
leading to the development of new knowledge or a new technology. None are Innovation Action (IA)
projects, with a closer focus on market activities, aimed at producing or improving products or services.
Considering the projects that tackle energy poverty as an implication of the measures designed for
other issues, the number of RIA is relevant.
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Figure 3. Number of projects per funding program. Image elaborated by the authors.

Figure 4. (a) Number of projects per funding scheme; (b) number of projects focused on energy
poverty per funding scheme (CSA—coordination and support action; RIA—Research and Innovation
Action; SME—Small and Medium-sized Enterprises instrument phase; IA—innovation action;
MSCA-IF-EF-ST—Marie Sklodowska Curie Actions—Individual Fellowships—Standard European
Fellowships; ERC-SG—European Research Council—Starting Grant; MC-IEF—Intra-European
Fellowships (IEF); CP-SoU—Collaborative Project—Scale of Unit; MSCA-ITN-ETN—Innovative
Training Networks—European Training Networks. Image elaborated by the authors.

The overall budget of allocated funds is 121,275,563 euro and the prevalent amount range is
between 500,000 and 2,000,000 euro.

The geographic distribution of project leaders in EU countries, as well as the distribution of
participants stakeholders, is mainly concentrated in United Kingdom, Italy, Germany, and Spain
(see Figure 5a). The United Kingdom confirms its centrality in the energy poverty debate and has
developed a growing number of national actions and policy frameworks. Although energy poverty
affects more consistently the post-socialist Central and Eastern Europe (ECE) countries, only two related
projects were developed by countries from this area: EnergyKeeper, coordinated in Lithuania and
dealing with the development of an intelligent storage solution to optimize energy demand and supply
of isolated communities, and SOLACE ‘System of production and delivery self-assembly, carbon
neutral, energy positive, and income generating house, which reduces housing overburden declining
inequality gap’, coordinated in Polonia and facing the challenge of rethinking house construction to
allow people in need to live in a decent and sustainable way.
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Figure 5. (a) Project leader distribution (* pointed projects specifically focused on energy poverty);
(b) number of projects per type of coordinator (EE—education establishments; RO—research
organizations; PPE—private for-profit entities; PA—public administrations; and O—others).
Image elaborated by the authors.

The coordination of projects is largely entrusted to universities and research organizations
(see Figure 5b).

As shown in Figure 6, most of the projects are addressed at consumers, but only a few are
specifically tailored to set practical energy efficiency measures helping households at risk or in energy
poverty conditions. A significant percentage of projects also involve public administrations and policy
makers, while a minor percentage comprises energy utilities whose presence is more frequent as
project partners.

 
Figure 6. Percentage of projects per addressed target group. (C—consumers; PA-PM—public
administrations and policy makers; E—entrepreneurs; and EUC—energy utility companies). Image
elaborated by the authors.
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The objectives of the surveyed projects are often multiple and combined. In general, the projects
show a lack of specific attention to the needs of vulnerable consumers and the wider social aspects of
energy poverty (see Figure 7a).

 
Figure 7. (a) Number of projects specifically focused on energy poverty and projects not specifically
focused on it; (b) main issues addressed by projects not specifically focused on energy poverty
(CC-CET—climate change and low carbon transition; EE—energy efficiency; CE—citizens engagement;
SUP-SHD—sustainable urban planning and social housing districts). Image elaborated by the authors.

The significant number of detected pertinent projects has allowed us to split energy
poverty-centered projects from nonenergy poverty centered ones. For the latter category, the main
topics that energy poverty has been coupled to or that feature energy poverty as a related impact were
identified and grouped as follows:

• Citizens engagement—involvement of vulnerable consumers in order to improve their awareness,
to guide them in the adoption of behavioral changes aimed at reducing energy consumption and
to support them in the digitization process;

• Climate change and low-carbon transition—policies and actions to tackle climate change and
its impacts without negative repercussions on vulnerable citizens; initiatives to fulfil the key
objectives of the European Strategic Energy Technology Plan (SET Plan);

• Energy efficiency—developing and monitoring technological solutions for Near Zero Energy
Buildings (NZEB) and building retrofitting. Solutions involve the development of plant
systems, building components, and technological systems to reduce consumption and generate
energy savings;

• Sustainable urban planning and social housing districts—strategies towards urban planning
renovation, regeneration of public spaces, social housing and vulnerable districts, and the pursuit
of nearly zero energy cities.

In Figure 7b, the 31 non-focused projects are divided according to the groups of related
abovementioned topics: those dealing with citizen engagement, climate change, and low-carbon
transition are approximately in equivalent number.

As energy poverty is mainly the product of the energy efficiency of the house, combined with
the cost of heating fuel and the household income, Member States have promoted a range of policy
measures to move the majority of the population out of fuel poverty involving these three factors and
generating the most relevant instruments and practices assessed in the literature [10]. A first category
of measures includes financial support and social tariffs, targeted for groups of vulnerable consumers,
such as low-income citizens, single parents, over-consumer households, large families, the unemployed,
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or the retired. Reducing energy poverty through financial support does not tackle CO2 emissions
as it allows people living in poor quality houses to use more energy to reach a comfortable thermal
level, thereby increasing carbon emissions. A second category includes, on the one hand, household
energy efficiency solutions to improve envelopes, heating/cooling systems, and household appliances,
and on the other, the possibility of obtaining subsidies, grants, or tax reductions for energy efficiency
improvements and investments. Making homes more energy efficient is a long-term sustainable
solution, which allows people to use less energy to heat/cool their homes adequately with a positive
impact on carbon emissions. For this reason, energy efficiency is recognized as an important driver in
tackling energy poverty [30].

The H2020 projects dealing with climate change and low-carbon transition often intersect those
dealing with sustainable urban planning and social housing districts. The common ground is the
Strategic Energy Technology Plan (SET-Plan) that in key-action three focuses on new technologies
and services for consumers and is composed by SET-Plan 3.1 “smart solutions for energy consumers”
and SET-Plan 3.2 “smart cities and communities”. Action 3.1 aims at the creation of a digitalized
eco-system where consumers, companies, or stakeholders can offer or use energy services for houses
and commercial buildings in cities through different sources of data, using real-time monitoring and
control [31]; Action 3.2 aspires to create the conditions for planning, deployment, and replication of
100 Positive Energy District (PED) by 2025 for sustainable urbanization [32].

4. Open Issues and Future Trends

The main open issue and object of debate is still the definition of energy poverty itself, its conceptual
identification, and the detection of appropriate statistical measures (Hills, 2012) [24]. Academics have
different opinions about the need of a common definition: Thomson et al. [33] and Dobbins et al. [34],
argue that a common definition and approach could facilitate the recognition of the problem at EU level,
paving the way for more detailed national definitions and encouraging synergies between Member
States. Others [35], among them Grevisse et al. [36], argue that, given the significant context differences,
a common EU definition is undesirable, and the choice of energy poverty definitions and policies
should rest with Member States [11]. In particular, the identification of an absolute threshold for energy
poverty at the European level has turned out to be very challenging, making it preferable to develop
more regionally specific and targeted settlement-level data [8] (p.34). For this reason, the EU Directive
2019/944 and the EU Regulation 2018/1999 state that energy poverty must be evaluated taking into
account the necessary domestic energy services needed to guarantee basic standards of living in the
relevant national context [22].

In the examined projects, the limited availability of relevant and comparable data, often collected
for other purposes, makes it difficult to get quantitative and measurable results. Moreover, projects
often use different methodologies to estimate or measure results; therefore, shared and standardized
monitoring, evaluation, and reporting is needed in order to identify and provide evidence of successful
solutions and to boost their scaling up and replication [23] (p.53). The STEP-IN project suggests
the adoption of the EU Energy Poverty Observatory (EPOV) indicators, divided into four primary
indicators (arrears on utility bills, low absolute energy expenditure, high share of energy expenditure
in income, and inability to keep home adequately warm) and secondary indicators, related to energy
poverty but not directly addressing energy poverty itself, e.g., energy prices and dwellings-related data.
According to the ASSIST‘Support Network for Household Energy Saving Smart Ventilation Control’
project, the more widespread indicator is the Low Income High Costs indicator (LIHC): low income
high costs, defined by Hills in 2012 [24]. For Belgium, Poland, Spain, Finland, and the UK this indicator
was already available. In Italy, there are data and statistics about income and energy expenses; however,
currently they cannot be correlated, thus, depending on the different goals, different indicators are in
use. Among them, an adapted LIHC indicator has been proposed [37].

Another open issue is the development and implementation of a consumer engagement strategy: in
many selected projects, the engagement of energy-poor/vulnerable households is considered of outmost
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importance to the achievement of the project’s objectives. The social, cultural, and behavioral perspective
of energy poverty is becoming more and more central. Citizen empowerment and engagement is at the
core of the ‘Clean Energy for all Europeans (CEP)’ whose purpose is to ensure a clean and fair energy
transition at all levels of the economy. The CEP attributes a crucial role to citizens and community
activities, introducing the energy community into the regulatory framework. According to the CEP,
the democratization of energy will alleviate energy poverty and protect vulnerable citizens [14] (p.12).
Strategies aimed at supporting consumer awareness, participation, and trust and building confidence
and sense of community emerge as a mainstream and cross-cutting issue, to be integrated into projects,
actions, and policy. An ongoing representative pilot project is the GECO—Green Energy Community,
financed by Climate-KIC, coordinated by the Modena Energy and Sustainable Development Agency
(AESS), ENEA, and the University of Bologna [38]. GECO started in July 2019 and aims to promote the
production and self-consumption of renewable energy in two districts of Bologna through the creation
of a local energy community, involving local inhabitants, commercial activities, and companies [39].

As the H2020 program will expire in the present year, the new European Union Framework
Program for Research and Innovation 2021–2027 is being completed (Horizon Europe). The mapping
of relevant H2020 calls and related projects has been a step of the development construction process of
the strategic plan for Horizon Europe, helping addressing key challenges. Among them, behavioral
factors and participative practices are confirmed crucial issues, in particular those using co-designing
solutions, building on vulnerable consumers’ real needs and expectations.

In the currently available Horizon Europe documents, in particular those discussed within
the ECTP innovative built environment platform—EeB committee, energy poverty is not explicitly
mentioned, but some of the main open issues are included in the draft clusters. According to the
31 October 2019 draft of the orientation document (orientations towards the first strategic plan
for Horizon Europe revised following the co-design process) [40], cluster 1, ‘health’, is devoted to
identifying the environmental and social health determinants in order to improve the understanding of
health drivers and risk factors generated by the social, economic, and physical environment. It aims also
to promote healthy lifestyles and consumption behavior, with special attention to vulnerable and
disadvantaged people. Cluster 2, ‘culture, creativity, and inclusive society’, will support actions to
tackle social, economic, and political inequalities; cluster 4, “digital, industry, and space”, will contribute
to developing a low-carbon, circular, and clean industry and fostering societal engagement in the use
of technologies; and cluster 5, ‘climate, energy, and mobility’, will contribute to the technological,
economic, and societal transformations required to achieve climate neutrality, ensuring at the same
time a socially fair transition.

5. Conclusions

In spite of the European legislation efforts to explicitly recognize the energy poverty issue and
provide a common framework for the protection and improvement of the conditions of vulnerable
consumers, these efforts have not yet been converted into agreed measures, lacking common EU-wide
understanding of the phenomenon, while policies to be adopted to pursue this objective are far from
plain and unambiguous.

The heterogeneity of interventions reflects the terminological uncertainty, motivated also by
the lack of common parameters to define ‘energy poverty’ at EU level and the variety of causes
of energy poverty. These causes can be very different, depending on the various contexts of the
considered countries. Consequently, it is quite difficult to define common indicators and to find
relevant quantitative data to characterize on a same basis the different national situations. Moreover,
as it has already been pointed out, many projects pursue multiple objectives that complement each
other but often compete for priorities and budget.

The JRC report stated that “time-trend data for all project categories suggest that the growing
attention attracted by energy poverty at policy level in recent years has not yet been reflected in the
research and innovation initiatives carried out to date with EU financial support” [23] (p.12), proving
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how more projects with a clearer focus on energy poverty and vulnerable consumers would improve the
understanding of this phenomenon and help identify effective solutions to address it. The recognition
of EU Research and Innovation projects reported in the present paper, only including H2020 and FP7
funded projects, shows that 2019 has been a turning point year: after the JRC publication, three projects
have been funded under the H2020 topic LC-SC3-EC-2-2018-2019-2020—mitigating household energy
poverty” and new projects are further expected in the present year as the call for proposal is still open.

FP7 and H2020 programs leave a considerable number of open issues about energy poverty and
protection of vulnerable consumers. The geographic prevalence of project case studies in the north west
countries and the insufficient theoretical and applicative studies in the north east and Mediterranean
countries, where energy poverty affects a considerable percentage of the population, still remain
a weakness. Only a few funded projects address the issue of energy poverty from a geographical point
of view, focusing on the most vulnerable areas. One is EVALUATE ‘Energy Vulnerability and Urban
Transitions in Europe’, funded in 2013 under FP7 program, operating in the post-socialist countries
of Central and Eastern Europe. A more recent one is EmpowerMed ‘Empowering women to tackle
action against energy poverty in the Mediterranean Sea region’, funded in 2019 and focusing on the
engagement and involvement of women as main operators in the management of households. Both the
behavioral and the gender perspective are worthy of further investigation and Horizon Europe is
expected to head in this direction.

Another interesting and promising result emerging from the project review is the cross cutting and
multidisciplinary approach: many projects address energy poverty in an integrated way by merging
the spatial dimension with social and technological experimentations. However, a significant number
of projects address only technological or energy issues through the development of specific building
components, thus confining their contribution to the building scale.

In conclusion, the review of FP7 and H2020 funded projects demonstrates that the EU Research
and Innovation initiatives are developing a better understanding of the types and needs of energy-poor
households and are demonstrating innovative strategies to address energy poverty. Their piloting
innovative solutions on vulnerable consumers, despite the aforementioned limits and shortcomings,
help to face and anticipate problems, in order to catch the opportunities and build/create inclusive
energy communities.
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