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Abstract

Nowadays, debates addressing climate change, fossil fuels depletion and energy security highlight the
need for a more sustainable built environment in order to reduce energy consumption and emission
trends in the buildings sector. Meeting these targets is a challenge that calls for innovative research to
improve the use of renewable energy sources, new technologies, and holistic tools and
methodologies. Such research should integrate the dynamics and main drivers of energy supply and
demand in buildings to support new policies, plans and actions towards lowering the built environment
burdens. This paper brings together ten research topics concerning the energy and environmental
performance of buildings, which can support a shift towards a more sustainable built environment.
Background information and state of the art literature on the covered research topics is briefly
summarized, gaps are identified and guidelines for future research are provided. The selected topics
cover different stages along the lifetime of buildings (from design and operation, to retrofitting and end-
of-life), different scale approaches (from building elements/components, to the building, district and
urban scales), and different methods to assess the energy and environmental performance of
buildings (life-cycle assessment, generative design methods and retrofitting tools). Other topics are
discussed such as: nearly zero-energy buildings, the control of domestic energy resources in smart
grid scenarios, the need to include end-users' behaviors in the dynamics of energy demand, the
advantages of improving thermal storage by using phase change materials, the importance of
reducing heating and cooling energy demand (maintaining indoor thermal comfort), and the

optimization of heating and cooling fluids, and their system control.
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Introduction

The built environment has been in the focus of energy and environmental debates and policies, and
the need to reduce greenhouse gas emissions to meet targets by 2020 [1] and improve energy
security has motivated a large body of literature on energy efficiency and environmental impacts
associated with buildings. The improvement of the energy and environmental performance of buildings
calls for innovative research, new policies and standard regulation, new materials and technologies,
the integration of renewable energy sources and increased outreach and people awareness
(designers, practitioners and end-users). The operation of buildings has been often focused in the
literature: in conventional buildings, this stage dominates energy demand and environmental impacts.

Buildings have a long service life, during which end-users’ expectations should be met, including
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thermal comfort (TC) and indoor environmental quality (IEQ) requirements. As research and policies
succeed in reducing the impacts of buildings’ operation, the relative contribution of other life-cycle
stages has increased, and integrated and holistic approaches are needed to avoid problem-shifting.
Reducing energy and environmental impacts associated with the built environment is a challenging
task, which requires a comprehensive understanding of the dynamics and main drivers of energy

demand and environmental impacts.

This paper addresses ten topical questions towards the improvement of the energy and
environmental performance of buildings, drawing on a focused literature review to provide directions
for future research. Figure 1 illustrates the main topics covered in this paper: life-cycle assessment
(LCA), urban planning, district scale nearly zero energy buildings (NZEBs), smart grid scenarios, IEQ
and TC, assessment of building retrofitting actions, generative building design methods, thermal
storage with phase change materials (PCMs), HVAC fluids (strategies and control), the importance of
improving the use of renewables, the importance of end-users' behaviors and the need to use dynamic

approaches. The topics follow two lines of research:

e the use of integrated and holistic approaches to assess and improve the energy and
environmental performance of buildings, and

¢ the development of new solutions, technologies, materials and dynamic methodologies.

Opportunities for improving the energy and environmental performance of buildings are pointed out,
and an outlook for future developments is presented. This paper covers a diversity of issues that have
been typically addressed individually in the literature, due the complexity and multidisciplinary
character of building systems and their energy and environmental performance. The review aims at
providing a holistic perspective, bringing together fragmented research and highlighting the potential
for multidisciplinary approaches to achieve environmental targets and to improve the sustainability of
the built environment.



RESEARCH GAPS

INTEGRATED NEW SOLUTIONS AND
APPROACHES TECHNOLOGIES
Urban and district m Smart grids

scale

Optimized design

I I and retrofit
‘\\ Thermal storage with phase
4-.._ change materials (PCMs)

Renewable energy sources

Life-cycle assessment
(LCA)

Indoor environmental
quality (IEQ)

End-users’ behaviours

HVAC fluids and
transport fluid movers

Generative design
methods

i . NZEBs
Dynamic modelling

OPPORTUNITIES FOR IMPROVING
ENERGY AND ENVIRONMENTAL
PERFORMANCE OF BUILDINGS

Figurel. Main research topics addressed.

1. How can LCA contribute to an improved environmental performance of buildings?

Many efforts have focused on reducing operational energy demand and developing new low-energy
buildings [2]. However, decreasing operational energy demand often results in an increase of
embodied requirements. LCA is a methodology to calculate potential environmental impacts,
associated to material and energy flows, through different life-cycle phases of a product (or process)
from “cradle to gate” or “from cradle to grave”, and it is usually used in the industrial context to improve
the environmental performance of products [3]. The LCA framework is defined by 1ISO14040 series
[4,5] and includes four iterative steps: goal and scope definition, life-cycle inventory, life-cycle impact
assessment and interpretation of results. Over the last 15 years, LCA has been used in the
construction and building context to address the tradeoffs between different building life-cycle phases

and building components and to help identifying the most effective opportunities for reducing impacts.

LCA studies in the built environment context have rapidly increased in number, covering
different scales, from assessments or comparisons of alternative construction materials [6-9] (e.g.,
wood, brick, concrete, insulation materials [10-14]) and building components (exterior walls [15-22];
roofs [23-25]; structures [6,9,26,27]) to buildings as a whole (offices [27,28]; schools [29]; residential
buildings: either conventional or low-energy [30-37] and refurbishments [25,38-43]. Life-cycle impact
assessment categories selected vary among studies: some cover only primary energy [8,34,44,45]
and greenhouse gas (GHG) emissions [46-48], whereas others include a wider range of environmental
categories [15,33,49,50] (e.g., abiotic depletion, acidification, eutrophication, photochemical oxidation,
ozone layer depletion, land use change) presenting more comprehensive assessments. Review

studies on the topic [51-55] concluded that LCA can provide valuable insights towards selecting



improved construction options and heating systems. Most research articles are based on specific case
studies, and life-cycle modeling assumptions generally vary among studies (building type; shape;
construction; climate; comfort levels; boundary conditions) thus the comparison among different
available studies is not easy to perform [53,54]. Whereas many studies concluded that use phase
dominates the life-cycle burdens of conventional buildings (representing a range of 60-90% of overall
life-cycle in residential buildings [30,31,53,56]), other studies pointed out that in low-energy buildings
construction phase, (including the embodied impacts) can represent up to 50% of the overall life-cycle
impacts [53,57,58]. Neglecting the need for a life-cycle perspective when implementing and assessing
potential impacts of new buildings, might result in problem-shifting: to spend more energy upfront than
the one being saved by energy efficiency measures [38]; problem shifting is likely to occur in new
dwellings focused mainly on optimizing operational energy and costs [59], but also in dwellings with
lower operational patterns, due to the user behavior “prebound” effect [60,61], and in mild climate

conditions [37].

Since it is generally recognized that LCA can effectively support decision-making toward the
selection of improved building options, the CEN TC 350 group [62] has been working on defining new
standards to provide common rules for the environmental assessment of buildings [63]. Moreover, as
the use of LCA to support buildings developments is a recent topic, several challenges for further work
have been identified. Different life-cycle inventory approaches have been explored [44] (process
based; input-output; and hybrid). The bottom-up process analysis is the most used at building scale,
because it relies in detailed data at product level allowing the comparison between building
alternatives, but it is known to suffer from a truncation error, underestimating indirect impacts or
excluding processes along the chain due to the need for a system boundary. The top-down input-
output approach is based on different activity sectors, energy intensity and economic data, but it does
not allow to easily disaggregate impacts from products within the same sector. In order to overcome
these limitations, hybrid approaches have been developed [44]. The choice for the most adequate life-

cycle inventory approach should be based on the goal and scope of the LCA study.

Buildings are complex systems, which incorporate multiple construction materials and
processes that can come from different industries and producers. Although extensive international
inventory data is available for energy production systems and construction materials (e.g., ecoinvent
database [64,65]), local construction materials assume a significant share in buildings, and the
implementation of more accurate assessments could benefit from national databases, with data from
local producer [66]. Natural materials, such as wood, seem to have lower impact than other materials
[6,7,9,15,67] (e.g., concrete or brick) but their embodied impact depends on the production chain
including wood growth, harvesting procedures, and forest regeneration, which vary from place to place
and go beyond the building scale. As opposed as standardized/industrialized products, buildings are
usually one of a kind product and, therefore, it is not linear to draw general conclusions: buildings have
a unique location (being exposed to specific local features and climatic conditions) and they are
inhabited by different end-users (different occupation and operational patterns), that highly influence
operational energy use. To compare the life-cycle performance of different buildings, ranges of similar

assumptions can be used to draw conclusions. For instance, to compare buildings under similar
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weather conditions (for a climatic region), with alternative occupational/operational patterns framing
possible/typical user variation through scenarios (prebound effect [60], and rebound effect [61]), and
using regional energy mixes [37,50,68]. Thus, life-cycle studies of buildings should cover regional
contexts instead of claiming broad generalizations, because the specifics of regional aspects can shift
the conclusions of a study [37,50,68].

LCA studies of buildings often use a static approach (assuming the same conditions over the
building life span). But as long lasting products, such assumption may incorporate high uncertainty
over time. Predicting and modeling future changes is challenging and requires further research efforts,

namely for the following reasons:

e the total building service life is uncertain (50-100 years) and the schedule and nature of
maintenance activities (corrective, preventive or predictive) can highly influence the life span;

¢ the service life of active systems is shorter than that of most building components and thus,
they will likely be replaced by more efficient systems, which is hardly predictable;

e the electricity production mix changes over time, affecting operational phase impacts [50];
and,

e buildings will eventually be demolished or dismantled, but their end-of-life and future

construction waste treatment scenarios are uncertain.

2. Why should the urban scale be addressed in the environmental assessment of buildings?

While the environmental assessment of buildings has had significant developments in the last
decades, there is an important opportunity in integrating the urban scale in environmental research
and policies. Urban design is directly and inherently linked to the environmental performance of an
individual building, as it is often determinant for its typology and orientation, for example [69].
However, less straightforward linkages play a crucial role and research is needed to better understand
and explore the specific influence of urban form on energy and environmental requirements and
emissions [70]. Here, we address the linkages between urban form and environmental impacts
associated with buildings, focusing on the following issues: accounting for urban microclimate effects,
understanding how land use planning variables affect environmental performance of urban areas and
how they affect travel demand. We discuss the need to integrate the urban scale in environmental
assessment and policies, and the potential of urban design and planning to contribute for a more
sustainable development.

Previous literature has addressed the relationship between buildings’ environmental
performance and the urban scale. Rickwood et al. [69] provided a comprehensive review on the
relationship between urban structure, energy demand and greenhouse gas emissions, covering the
linkages between urban design, buildings' performance and travel demand. The authors concluded
that two links should be further explored to understand and use urban planning potential for reducing
energy demand: the linkage between dwelling type and in-dwelling energy use, and the linkage

between urban structure and transport-related energy use. Heinonen and Junnila [71] compared the
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energy consumption requirements of urban and rural households in Finland for apartment buildings,
row/terrace houses, and detached houses, separately. The authors explored the differences between
urban and rural living, and between housing types, and found that behavioral differences were
significant between different housing typologies and that across all typologies rural households had

lower energy requirements.

Most debate on the influence of urban form on environmental performance of urban areas has
focused on density, in particular dwelling or resident population densities, and its influence in the
performance of residential buildings or passenger transportation, separately [69]. In general, low
density in urban areas has been associated with increased energy requirements and environmental
impacts [69-73], while high-density living (based on apartment buildings) has been often considered to
be a more sustainable living model [71]. For buildings, however, occupancy issues are likely to explain
a large share of such evidence, in particular the current rapid increase in living space per person [71-
73]. In addition, although apartment buildings might be expected to generally have a better
environmental performance (because they have a lower ratio of external envelope per square meter of
living area [71]), different operating requirements associated with common areas and infrastructure,
such as lifts, might narrow the difference between these and lower density housing typologies [74].
Regarding transport demand, the lower energy requirements and environmental impacts associated
with dense areas have been mainly related to better accessibility, shorter trips and higher efficiency of
transit [69]. However, density might increase congestion problems and commuting time, in particular
due to the centralization of jobs, and thus smart growth strategies have generally supported the
development of higher density clusters linked by public transport networks. Other variables that
characterize urban form have been addressed, although less explored, such as accessibility and land
use mix [75,76].

At the design stage, considering the urban context is crucial to address urban microclimate
effects, as well as public, street space and accessibility, such as day lighting width and building height
ratios, which strongly influence the environmental performance of buildings [77,78]. As an example,
Niemasz et al. [79] explored daylight and shading of buildings and public space, showing that
oversized buildings offsets do not necessarily translate in significant decrease of energy use in
dwellings, but they are likely to compromise walkability and lead to higher transportation requirements.
For the environmental assessment of new and existing buildings, addressing the urban scale is crucial
to account for urban microclimate effects, such as considering urban form variables (e.g., building

types and vegetation) to consider urban heat island effects [77,80].

Generally, research has either focused on transport or in-dwelling energy and environmental
impacts, but not both [69]. However, the location of a building determines the transportation demand
of its inhabitants and, in order to support decision-making at the urban scale and avoid trade-offs, it is
important that the two are also addressed together, in integrated approaches [69,81,82]. Few
assessments have addressed both transport and buildings energy and environmental performance
despite the fact that they are both strongly affected by urban design and planning policies [69]. Bastos

et al. [81], which comprised a comparative life-cycle study for dwellings considering building



construction, building use and user transportation, included a brief review on nine previous life-cycle
studies that integrated transportation and buildings [44,70,72,73,83-87].

Two issues that strongly affect research and comparative environmental assessments of
buildings and urban areas should be highlighted: self-selection biases and functional units. Although a
large body of research has proved strong correlation linkages between urban form and energy use or
environmental performance (especially focusing on density), it is important to stress that it does not
establish a causal link. The linkages between buildings and transportation environmental performance
and urban form are complex and selection bias can hardly be controlled for [69]. As an example, it is
difficult to distinguish demographic from urban form effects on buildings’ energy use and
environmental performance (e.g., denser areas in many cities are likely to have lower income
residents) [69]. In addition, the results depend on the unit of analysis, most often being per floor area

(square meter) or per capita [71].

In the last decades, significant progress was made in monitoring, assessing and managing
energy requirements and environmental performance of buildings [77]; however, research has focused
on isolated buildings and aspects, such as operational energy use, and there is an opportunity to
expand to the urban scale, to support decision-making and guidelines for regional planning, urban and
architectural design, which has great potential to achieve more sustainable growth and development
[77,88]. The design, location and local urban characteristics affect the environmental performance of a
building, and focusing on the individual building, neglecting potential interactions with the urban scale,
might shift impacts, have counterintuitive results and overlook improvement opportunities for a more
sustainable urban development [69,77,81,82]. Future research should thus address the linkages of
urban form, buildings and transportation environmental performance with integrated and holistic

approaches, to support design and decision-making and managing the building stock.

3. Why should NZEB take into account the urban context in the energy performance
assessment?

The European growth strategy for the present decade, known as Europe 2020 [89], lead to the Recast
of the EPBD (Energy Performance of Buildings Directive) in 2010, which brought the concept of NZEB
[2] to the forefront. This has been seen as a promising approach to minimize the energy consumption
and CO, emissions in the building sector and, at the same time, to increase the penetration of
renewable sources in energy production. However, and although relevant work can be found in
literature on the proposal of definitions and requirements [90-96], there is still missing a
comprehensive framework to characterize NZEB, namely in the urban context. Knowing that the
buildings’ sector accounts for the largest energy consumption [97], and that the world’s population
tends to concentrate in cities [98], it can be assumed that energy consumption intensity in urban

buildings will continue to increase, and further efforts are needed to counteract such tendency.

The recent interest on the district as an intermediate scale has brought a new emphasis to the

study of both buildings and cities, whose energy efficiency has been studied distinctly, based on the



premise that buildings behave as isolated units that encapsulate all the requirements, neglecting the
need to have shared resources and, particularly, the influence of urban scale phenomena [99]. On the
other hand, urban forms have been studied, for instance, on the design of a city as a whole, and a
major attention has been given to the sustainability in urban development [100], with the emergence of
several assessment methodologies [101-106]. As a recent approach in the literature, the boundaries
of this intermediate scale are not yet well defined; block, district, neighborhood or community are
terms that reveal an attempt of understanding how buildings interact with near surroundings and how

these affect their energy performance.

The challenging mission of NZEB concept lies in aiming to reach a clear balance between
energy consumption and production. For that, the elements that feature the design of these buildings
are:

e from the demand side — efficient opaque envelopes and glazing areas, efficient heating and
cooling systems, good ventilation methodologies, efficient water heating systems, efficient
lighting systems and appliances, etc.;

o from the supply side — technologies based on renewable energy sources and efficient building
energy management systems [107,108].

These are very important and unquestionable factors; however, in the urban context, buildings’
performance cannot be assessed individually. There are factors intrinsic to neighborhood patterns that
may play an important role in buildings performance, such as airflows and heat island effect generated
by urban environment [109,110], buildings’ shape [111-113], or even occupants' behavior [99,114].

Amongst these factors, the urban morphology, namely through geometry, should be also
considered in the energy performance assessment [115] and, in this topic, urban form and density
assume an essential role, mainly due to the shading effect that buildings produce on each other, which
can make unfeasible some design strategies related to solar availability. In literature, the key solution
for the energy efficiency of urban buildings and for achieving an NZEB at a district scale is related to
the solar potential of urban areas, and how buildings’ shape can affect solar availability, energy

demand and energy supply [116-124].

The main advantage of studying the behavior of buildings as a part of a quarter or a district is
the possibility of sharing resources and systems, in order to optimize efficiency and cost investments,
and this brings a special attention to the heating and cooling systems, as well as the energy
production at a district scale. Some studies have shown that district heating and cooling systems are
advantageous when compared to individual ones, in terms of environmental impact, investment costs
and services demand, depending on the urban density [125-129]. Moreover, they are referred as
helping NZEB to have an important role in the construction of smart cities [130]. Therefore, density
can help to delimitate this boundary of efficiency, and although several studies recognize this

importance [113,131-134], a broad and consensual definition is still missing.

In this sense, it can be concluded that few studies have focused in an approach to the study of
NZEB at a neighborhood scale, and have concentrated in specific objectives [135]. Taking into

consideration that, for all European Member States, new private buildings must meet NZEB goals from
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2020, it becomes increasingly important to enrich this field of studies, contributing to a consensual
definition and congregation of all the referred influencing requirements in NZEB at the district scale, as
well as several ways and methodologies to put them into practice. In this way, it will be possible to rule

effective urban policies guided by environmental and energy concerns, reflecting Europe 2020 targets.

4. How should domestic energy resources be controlled in a smart grid scenario?

As mentioned before, the buildings sector is one of the largest energy consumers representing 32% of
the global energy use [136], and special attention should be paid to this sector. Sustainable energy
consumption comprises making a more conscientious use of electricity, including producing electricity

locally based on renewables, and using it with the ultimate goal of reducing overall consumption.

In the context of smart grids, power systems will be endowed with bidirectional
communication, computing, control and information technologies enabling the end-user to react in a
near real time environment to dynamic tariffs. Several studies have already shown that feedback on
household electricity consumption can by itself act as stimuli for a more efficient behavior and
originate savings [137,138]. Therefore, with the right incentives and technology, end-users may adopt
a more active role, namely through the adjustment of energy demand aiming to reduce the electricity
bill. Nevertheless, the adjustment of demand is not an easy task since it requires continuously
monitoring demand and kWh prices, and simultaneously deciding when to decrease or even increase
demand and how. The adjustment of demand should be done through the implementation of demand
response actions. The range of demand response actions varies according to the type of load and
includes deciding:

e when to turn on laundry machines, tumble dryers, dishwashers;

¢ the temperature to be set and/or the curtailments to be applied over thermostatically controlled
loads, such as air conditioners and electric water heaters or even refrigerators and freezers;

e what to do with the energy produced locally (store/use/sell back to the grid); and,

¢ how to manage electricity storage devices, including an electric vehicle which may be used in
both grid-to-vehicle (G2V) and vehicle-to-grid (V2G) modes [139].

These decisions are not straightforward to the end-user due to all the inputs that have to be
checked and the consequences directly arising from the demand response actions, which directly
impact on the electricity consumption but also on the end-user perceived dissatisfaction [140,141].
Also, there is the possibility of combining demand response actions depending on the targeted load.
For instance, one or more of the previous decisions may be assigned to thermostatically controlled
loads, such as cold appliances, air conditioners and electric water heaters, depending on end-users’
preferences, flexibility and level of comfort desired. Temperature settings can be re-set, the working
cycle can be delayed or anticipated and short interruptions can be implemented. Therefore, taking into
account the level of difficulty associated with domestic energy resources control, the adequate choice
of demand response actions to be implemented over each manageable load can be done in an

automated way through decision support systems. These systems are supposed to simultaneously
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monitor demand, energy prices and local generation and triggering solutions which minimize the

electricity bill and end-user’s dissatisfaction.

The control of domestic energy resources has been a topic of research for already several
years and the methodology selected depends on the targeted loads and on the final aim of the control
[142]. Also the potential existent flexibility has been assessed and some pilot studies have already
been conducted [143-145]. Evolutionary computation is one of the methodologies which can be used
in this context to optimize the use of domestic energy resources through the selection of demand
response actions specifically tailored to the end-user profile [146]. It is important to enhance that the
cost of operation of a specific load may vary along the day due to a variable tariff structure although
the energy requested to the grid might be the same. Therefore, if the end-user has some flexibility
regarding loads operation and temperature settings and he/she is willing to accept a small degradation
of the quality of the energy service provided if needed, then a decrease in the electricity bill can be
obtained either by using electricity in periods of time in which the kWh price is cheaper or because
less energy is needed (for the case of thermostatically controlled loads) or even by coordinating the
use of storage systems [140].

Although the economic savings for each household may seem reduced, the aggregation of
several houses can drive to substantial benefits at national level impacting in the electrical energy
chain and contributing to increase the system’s overall efficiency, reliability, flexibility and

sustainability.

5. How much energy saving potential in buildings can be achieved by end-use energy
behaviors?

Energy behaviors are recognized as a key factor in promoting end-use energy efficiency in the
residential sector, and are also gaining special relevance during the on-going transition to smart grids.
However, energy behaviors are still an underexploited resource due to the lack of adequate

approaches to address their complexity and difficulty of quantifying behavioral savings [147].

Energy behaviors are people’s acts that lead to energy consumption, and include investment,
maintenance, and usage behaviors as well as the management and provision of energy resources
[148-150]. While investment behaviors comprise the acquisition of new energy consuming equipment,
maintenance behaviors include actions to repair, maintain and improve the equipment or the building.
Usage behaviors are end-users’ daily actions of using buildings and equipment therein installed.
Particularly in smart grid contexts, energy behaviors also comprise actions required to manage energy
resources [149,151].

Generally, energy behaviors are influenced by personal and contextual factors and different
research disciplines address them through distinct, yet complementary, approaches [148,152]. While
the social sciences and humanities are focused on exploring the personal and contextual factors
leading to the activation of energy behaviors, engineering explores energy consumption as a result of

the technical characteristics of equipment and buildings. Economics considers individuals to be

12



rational, minimizing cost and maximizing utility in their daily actions, but the stream of behavioral
economics recognizes that individuals use heuristics to simplify information processing. Psychology
usually addresses the individual perspective, identifying personal determinants and contextual
influences to explain or predict energy behaviors. Sociology and other social sciences see energy
behaviors as the result of the social context and not a consequence of individual decisions,
considering energy behaviors as the outcome of the social organization in which individuals live, such
as social rules and lifestyles.

End-users’ behavior may significantly impact energy consumption in residential buildings.
Modeling techniques such as building energy performance simulation tools have estimated significant
savings potential depending on the behavioral dimensions addressed [153]. While adjusting
occupancy schedules may originate savings up to 21%, the combination of other behavioral
dimensions related with TC (e.g., occupancy, set points, heated area schedule, ventilation and lighting
practices, and use of blinds) may increase the savings potential up to 88% [154-159]. When
considering, in addition to the previous dimensions, other energy services utilized within the residential
environment (e.g., powering appliances, water heating), the savings potential may even increase. In
general, investment energy behaviors have a higher savings potential than usage behaviors, and the
behavioral savings potential per energy service is proportional to the energy consumption breakdown
[153].

Although a significant behavioral savings potential has been estimated through modeling
approaches, these savings are known to be difficult to materialize through the implementation of
behavioral change interventions. Overall, behavioral change interventions usually originate savings up
to 20%, but this value varies significantly depending on the strategies utilized to promote behavioral
changes and on the social, political and economic context [152]. Taking Europe as an example, the
most effective interventions include feedback, energy audits, community-based initiatives and the
combination of multiple strategies, all originating savings from 5% to 20% [160]. However, these
results may not be transferable since they have been achieved in the context of interventions with

different characteristics (e.g., location, typology, scope, scale and energy policy context).

Furthermore, behavioral savings may also be partially cancelled by rebound effects such as
savings being potentially used by the household for increasing consumption of goods and services,
including of energy, and to a reduction of energy demand and lowering fuel prices which, in turn, could
increase households’ energy consumption [161]. Rebound effects have been estimated around 5-13%
for electricity efficiency improvements [162], 6% for lighting improvements [163], 15-25% for space
cooling and heating improvements [164], and 9% and 14% for behavioral changes using electric
appliances and heating, respectively [161]. Rebound effects also differ among geographic areas. For
example, while in the USA rebound effect was estimated around 56-80% [165], in Europe this value is
only 18.3% [166].

In summary, end-use energy behaviors may significantly impact residential energy
consumption therefore playing an important role in energy efficiency in buildings, although behavioral

savings may be limited by real-world constraints and rebound effects.
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6. Why should indoor environmental quality be integrated in buildings' energy performance
assessment?

As people spend 60-90% of their time indoors [167,168], Indoor Air Quality (IAQ) is one of the major
environmental health concerns in Europe [169,170], and it plays a determining impact on the health of
buildings occupants worldwide [171-174], mainly of children and elderly people as they are the most

sensitive groups [167].

IEQ is related to IAQ and it is defined in ref. [175] as the complex of thermal, visual, acoustic,
vibration and ergonomic comfort and indoor air quality. TC is also a decisive factor for health, comfort
and work/study proficiency of people [171,175-178] and significant economic and social costs may
arise when it is neglected. TC is defined as the condition of mind which expresses satisfaction with the
thermal environment [179]. It can assessed by objective evaluation, and the main factors to be
considered are the indoor air temperature, mean radiant temperature, humidity and air velocity [175].
Healy [180] established a relationship between cold indoor environments (related to low construction
insulation) and high season mortality in Southern and Western Europe. It is suggested that improved
indoor conditions and socioeconomic protection might lead to a decrease in winter mortality in mild
winter climates. A good illuminance level also contributes to a suitable indoor environment. In fact, the
payback of daylighting goes beyond energy savings. It has been suggested that daylighting improves
learning up to 21% [181]. Besides, from a psychological perspective, it effectively stimulates the
human visual and circadian systems as suggested in ref. [170]. For the mentioned reasons, it is

mandatory that buildings ensure good IEQ to occupants.

The EE-TC-IAQ Dilemma [182] (Energy Efficiency (EE) along with TC and I1AQ) embodies a
great task in the buildings’ operation and management field. Until recently, the IEQ issues have been
approached separately from the EE issues in buildings. This is why many different case-studies are
found in literature for each field, but few integrated studies are found. In [183], the authors presented
an integrated approach to reduce the energy consumption in school buildings while providing good
indoor environmental conditions, and in [184], the IAQ of homes is evaluated considering EE. In fact, it
is proposed a reflection on the evolution of the reduction of useful floor space in dwellings and the air
tightness and restricted air infiltration, which may lead to internal air change rates reduced by almost
90% [185]. It is also stated that reducing ventilation rates to improve EE and reduce carbon emissions,
without incorporating an effective ventilation strategy, results in a more toxic indoor environment,
which is expected to have a long-term impact on public health [184]. Although this issue was mainly
addressed towards housing, the same reasoning might be addressed towards spaces were people
spend most of their daily time, as offices and schools [186], where poor ventilation rates in classrooms

may significantly impair children’s attention and vigilance [174].

Within this “dilemma”, end-users' behaviors should not be disregarded, as they are
determinant for the use of energy. As expressed by Janda [168], buildings do not use energy, people
do. Relating TC, besides environmental factors, end-users' behaviors (such as the activity and clothing
insulation) also take part of the equation. For example, if the metabolic rate is somehow conditioned

by the activity (e.g., seated in an office — sedentary activity, 1.2 met [187]) and it cannot be easily
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altered, the clothing layers may correspond to a significant individual adjustment, i.e. adaptation
[188,189]. Human adaptation should be one of the main drivers to EE. Lately, due to the increase of
mechanical ventilated systems use in buildings, people seem to have tightened their comfort levels. In
fact, in countries where HVAC systems are still not so imbedded, or where outdoor conditions go
beside the “typical” European ranges, people feel more comfortable (i.e. people state to feel neutral or
to accept the experienced conditions) besides the current comfort standards [190-193], such as ISO
7730 [187], ASHRAE 55 [179], EN 15251 [194] or the forthcoming EN 16798. The effort that the
standards have been doing to incorporate TC adaptive models in a more sustainable building
performance perspective is noteworthy. By enlarging the comfort boundaries, it has been unveiled that
it is possible to reach comfort levels in non-mechanical ventilated buildings. Going beyond the 70’s
approach on energy conservation through building tightness (that led to some of the problems formerly
presented, such as increased concentration of pollutants indoors [195]), a different attitude is needed.
Besides adaptation, energy unenlightenment seems to be one of the main agents driving against EE

in buildings.

Dias Pereira [193] draws attention to “technological illiteracy or sins of emission”, relating the
miss-control of building management systems in secondary schools, e.g. recalling the need for post-
occupancy evaluation actions [196], vital analyses to identify opportunities for fine tuning of the
systems operation. Basically, better building management systems operation and scheduling are
suggested, along with passive measures towards IEQ when systems are turned off (e.g., due to
energy constraints). Herein again, adaptive actions such as windows and/or doors opening are
determinant, aiming at raising the ventilation rates and lowering CO, concentration levels. Chenari et
al. [197] reinforced the importance of different ventilation methods and control strategies on energy
consumption. Aste et al. [198] also reinforced the importance of proper management of ‘Building

Automation and Control Systems (BACS) for performance optimization’.

Finally, we recall the suggestion of including energy public education on building literacy (e.g.,
reinforcing curricula of non-engineering subjects addressing the energy issue) [168,199,200]. The
author also suggested that such education (on energy) could start in school [168,199,200]. Examples
of Living labs, such as the 12L — being developed at the Mechanical Engineering Department of the
University of Coimbra [201], represent significant strategies headed for “research and technology
demonstration in IEQ”, which allow improving EE through testing of different types of behavioral
strategies as recommended by Janda [168]. Soares et al. [202] highlighted the importance of
engaging students, faculty and office staff for working together on the assessment of the EE of higher
education buildings. The authors also pointed out that the higher education sector holds important

functions in educating the next generation of professionals for a sustainable culture.
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7. How can generative design methods contribute to the improvement of buildings’
performance?

Generative design methods have been increasingly used in building design, namely in areas such as
engineering design, urban planning and architectural design. Such methods consist in automatic
procedures to create alternative design solutions that satisfy a set of criteria, or to fit given parts into a
coherent whole [203,204]. These comprise algorithmic approaches that take advantage of the
immense working capability of computers to create a large number of solutions that would otherwise
be impossible to obtain [205]. The most common methods are shape grammars, evolutionary
computation, and local search techniques, which can be used at different scales of design, for
instance urban design [206,207], building design [208-210], facade design [211,212], space planning
[213,214], structural design [215], construction element design [216], and furniture arrangement
[217,218].

With the change of the building design paradigm from “form follows function” to “performance-
based” design [219-221], simulation programs have been used together with these methods to assess
the energy consumption, TC, visual comfort and indoor air quality of the generated solutions. The
basic idea is that, for the same building function there are several different possible performances,
each with a corresponding building design. Therefore, if alternative solutions are generated, these can
be assessed to find the best possible performance by using certain estimation mechanisms such as
dynamic simulation. Furthermore, we can explore each solution’s potential for improvement by using

some sort of optimization technique (i.e. the fine tuning of the design solution) [222-224].

The ideal approach would be to have performance estimation incorporated in the generation
process that includes all scales and energy systems in a holistic manner; however, certain issues
arise such as:

e design procedural problem - the current building design process is essentially a sequential
approach where the level of detail increases right up to the end. This kind of approach limits the
possibility of major changes in the building design in the final stages of the process. The order in
which these changes are carried out also contributes to the effectiveness of the final solution. At
this point in time, generative design methods tackle specific stages of the building design
process. For example, this means that the choice of determining the building form before knowing
the arrangement of the interior space may result in the discarding of other potential solutions
[225]. However, if generative methods simultaneously include several tasks criteria, the optimum
global design solution would be closer to being found,;

e designer’s preferences - architectural design is a creative process where preferences are
difficult to quantify and formulate. Design preferences also vary in time and among practitioners.
In other words, the main obstacle to a holistic automated procedure is the ability to correctly
capture a number of minimal designer’s preferences [226];

e combinatorial problem - buildings are complex systems with competing aspects that contribute
to their performance. Basically, it is very hard — if not impossible — to find a solution that satisfies

all the initial design criteria. The best design, known as the optimum solution, is not found by
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determining the ideal value of each parameter but instead by finding a compromise between all
parameters. With the increase in the complexity of the problem the results grow exponentially and
therefore these are more computationally demanding. Population-based methods are the most
promising methods [227], as these can globally search the solution space, thus reducing the
possibility of becoming entrenched in a local minimum;

e model accuracy - despite dynamic simulation being a powerful tool, accurate estimation of the
building behavior depends on detailed simulation models and their validation. However, in the
initial design phase, practitioners only have a vague idea of the different building aspects such as
the final design program, constructive system, materials, building geometry, equipment, and so
on [228]. Therefore, the way to overcome this problem would be to use databases of typified
spaces, occupancies, activities, equipment levels, and other performance-related information that
could be invoked by the generative method; and,

e computation intensity — the more complex and detailed the dynamic simulation model, the more
computation time will be required to perform accurate performance estimations. The problem
increases due to the cyclic nature of generative methods and optimization procedures. However,

this issue can be mitigated by using surrogate methods (e.g., artificial neural networks) [229,230].

The contribution of generative design methods to the improvement of the building performance
depends on the appropriateness and reliability of the generated solutions. More integrated and
comprehensive methods deal with more robust and efficient building solutions. In addition to helping
building practitioners in overcoming specific design tasks, these methods can also contribute indirectly
to the understanding of a building’s performance by creating large synthetic datasets that may be used
to either statistically deduce particular building phenomena [231,232], or develop surrogate methods
for the dynamic simulation programs.

8. What are the different methodologies for the assessment of building retrofit actions?

The works involved in retrofit are usually of complex and heterogeneous nature that require various
specialties to be integrated in highly variable conditions. Furthermore, a thorough building's retrofit
evaluation is quite difficult to undertake, because a building and its environment are complex systems
regarding technical, technological, ecological, social, comfort, esthetical, and other aspects, where
every sub-system influences the total efficiency performance and the interdependence between sub-
systems plays a critical role [233]. There are a number of models and methods developed to assess
conditions and support decisions pertaining to building retrofit. These methodologies can be
categorized into two main approaches: the models in which alternative retrofit solutions are explicitly
known a priori (e.g., see [234-237]) and the models in which alternative retrofit solutions are implicitly

defined in the setting of an optimization model (e.g., see [238-241]).

The most common a priori approach is one in which the decision maker assigns weights to
each criterion, the weighted sum of the criteria then forming a single design criterion. It is then

possible to find the single design solution that optimizes the weighted sum of the criteria. Gero et al.
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[234] were among the first to propose a multi-criteria analysis model to be used at the process of
building design in order to explore the trade-offs between the building thermal performance and other
criteria such as capital cost and usable area. More recently, other researchers have also employed
multi-criteria analysis techniques to similar problems. Jaggs and Palmer [235], Flourentzou and Roulet
[236], and Rey [237] proposed approaches for the evaluation of retrofitting scenarios. Kaklauskas et
al. [233] developed a multivariate design method and multi-criteria analysis for building retrofit,
determining the significance, priorities and utility degree of building retrofit alternatives and selecting
the most recommended variant. These lines of research have allowed addressing many problems as
far as buildings retrofit is concerned. However, most of them consider that a list of predefined and pre-
evaluated alternative variants of the building retrofit options is given. In case a small number of such
solutions have been defined, there is no guarantee that the solution finally reached is the best one
(from the decision maker’s perspective). On the opposite case, when a large number of solutions are
defined the required evaluation and selection process may become extremely difficult to handle.
Moreover, multi-criteria analysis-based methodologies do not provide the designer with information

about how sensitive each criterion is to changes of the other criteria [242].

The second approach, based on multi-objective optimization, enables to consider a large set
of building retrofit options implicitly defined by the constraints defining the search space and grasp the
trade-offs between the objective functions helping to reach a satisfactory compromise solution.
However, so far, relatively little attention has been paid to tackling building retrofit decision support
with multiple objective optimization [243]. Diakaki et al. [239] investigated the feasibility of applying
multi-objective optimization techniques to the problem of improving energy efficiency in buildings,
considering a simplified model for building thermal simulation. Asadi et al. [240] proposed a multi-
objective optimization model that supports the definition of retrofit actions aimed at minimizing energy
use in a cost effective manner. Following this work, they developed a multi-objective optimization
model combined with TRNSYS (building performance simulation program) and GenOpt (an
optimization program). The proposed model was used for the optimization of retrofit cost, energy

savings, and TC of a residential building, in a framework of a multi-objective optimization model [238].

Considering all the possibilities that the decision maker has available for building retrofit (e.g.,
HVAC systems and renewable energy sources), as well as all the objectives that one may wish to
optimize (CO, emissions, social objectives, etc.), it may lead to the combinatorial explosion of the
decision problem, thus making the solving procedure extremely difficult and time-consuming. In such
case, other optimization techniques, namely multi-objective genetic algorithms are necessary for
tackling the problem. Wright et al. [244] used a multi-objective genetic algorithms to find the trade-offs
between the energy cost and TC for the design of a single zone HVAC system. Hamdy et al. [245]
proposed a multi-objective optimization approach based on genetic algorithms to tackle the problem of
designing low-emission cost-effective dwellings, minimizing the carbon dioxide emissions and the

investment cost for a two-story house and its HVAC system.

A main drawback of genetic algorithms is the high burden whenever it is necessary to make a

large number of calls to an evaluation function involving a high computational cost. In building
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applications, these evaluations are generally estimated by an external simulation program such as
Computational Fluids Dynamics or other simulation packages. If accurate results are required, each
evaluation can be time consuming, and thus the complete computational process becomes extremely
unattractive [229]. Accordingly, building optimization studies using genetic algorithms generally tend to
reduce the computational time by using two methods. The first method consists in using very
simplified models instead of complex simulation software [246]. However, this method presents a risk
of over-simplification and inaccurate modeling of building phenomena. The second method commonly
used is to select very small genetic algorithms populations and/or relatively small number of
generations [247]. Again, the optimization can be significantly affected and may lead to narrow or non-
optimal solution sets [248].

One very efficient, yet not widely exploited, solution to reduce the computational time
associated with genetic algorithms is to use a response surface approximation model to first mimic the
behavior of the base building model, and then use this response surface approximation inside the
genetic algorithms for the evaluation of individuals [229]. By doing so, the computational time
associated with each evaluation becomes negligible, while a good accuracy is maintained in the
results. While several response surface approximation methods exist, there is no common agreement

regarding which technique is best [249].

9. How can thermal energy storage systems with PCMs improve buildings' energy
performance?

Thermal energy storage (TES) systems with PCMs can be used to: reduce buildings' dependency on
fossil fuels; make use of renewable energy sources; improve the thermal resistance and heat capacity
of building's envelope; improve indoor TC; reduce the energy demand for heating and cooling; and to
reduce the air-conditioning power needed and heating/cooling peak-loads. Compared to traditional
materials used in construction, PCMs provide a large heat capacity over a limited temperature range
(due to high energy quantities involved in the solid-liquid phase-change processes) and they could act
like an almost-isothermal reservoir of heat. As the temperature increases and reaches the melting-
temperature, PCMs change phase from solid to liquid absorbing heat. When the temperature
decreases and reaches the solidifying-temperature, PCMs change phase from liquid to solid releasing
the stored heat. The PCM-based systems are commonly pooled into two main groups: passive and
active systems. Here, "passive" means that the phase-change processes occur without resorting to

mechanical equipments.

Regarding the problem of liquid leakage, several ways of containment and different techniques
for incorporating PCMs in construction materials have been studied. Two of the most well-known
techniques are the microencapsulation and the macroencapsulation techniques. In the former, the
PCM is encapsulated within a micropolymeric capsule. The final result is a powder-like material that
can be mixed with other materials (e.g., gypsum and cement mortars). In the latter, the macrocapsule

may be the only way of confinement. These macrocapsules are typically made of high-conductivity
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materials in order to enhance the heat transfer to the PCM-bulk, as PCMs have typically low thermal
conductivity [250].

The principles of PCMs' use are simple; however, optimizing the incorporation of PCMs within
passive TES systems and evaluating the energy performance of the building with these elements is
very complex and challenging. This entails including the use of the building and the typology of
construction (high or low thermal inertia) and the major design parameters, namely the phase-change
temperature of the PCM and its quantity. Moreover, such parameters need to be specified for given
indoor loads and also for specific climatic conditions. Regarding the incorporation of PCMs in active
systems, similar challenges are expected. However, in this case, the heat supply control may allow

better control of phase-change processes.

The number of articles concerning the integration of PCMs in buildings has been increasing
during the last decade. The research topics range from the most general to very specific ones,
covering issues such as: the kind of PCMs and the main criteria for their selection [251-266]; the
thermophysical properties of different PCMs [253,255-260,263,265,267,268] and the main techniques
for their measurement [251,256,269-273]; the long-term stability of PCMs [257,259,271,274]; the
hysteresis and subcooling problems [259,273,275]; the different techniques for encapsulation and
containment [262,264,265,271,276-281], including microencapsulation [282-286]; the description of
PCM emulsions [287] and PCM slurries [284,287,288]; the description of several impregnation
methods [251]; the main properties of shape-stabilized PCMs [289]; the combination of thermal
insulation and TES properties [290]; the description of some heat transfer enhancement techniques
[251,259,268,276,291-293]; the mathematical and numerical modeling of phase-change problems
[276,294-299]; the description of several applications for buildings and their thermal performance
analysis [251,254,258,261,264,267,271,272,279,286,291,300-311]; the dynamic simulation of energy
in buildings with PCMs [251,295,312-314]; the free-cooling of buildings with PCM-based systems
[277,303,315-317]; the design of ventilation and air-conditioning systems with PCMs
[291,316,318,319] and other active systems for buildings [267,271,301,303,320]; the integration of
PCMs in domestic hot water systems [321,322]; the latent heat storage in solar collectors [323,324]
and other solar systems [254,268,324-326]; the thermal management of photovoltaics [327-333]; the
thermal control of electronic devices [254,292]; the exergy assessment [334] of PCM-based systems;
the use of PCMs for cold storage applications [335] and other TES applications [266,336,337].

Many of these papers pointed out that the study of solid-liquid phase-change of PCMs is of
great interest from the theoretical point of view and for the development of new TES systems.
Moreover, several research gaps were identified and some recommendations for future work were

noted, such as:

e the design of new passive/active TES systems to take advantage of solar energy or other
renewable sources;

e the assessment of the stability and convergence of numerical results, and the importance of
validating the numerical predictions using appropriated experimental data (together with a

suitable uncertainty analysis);
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e the importance of the effects of hysteresis, subcooling and natural convection phenomena in
the simulations and the challenging assessment of the thermophysical properties of PCMs
and PCM-based elements in small, medium and large samples;

e the economic and the environmental life-cycle assessment of PCM-based systems; and,

e the development of methodologies to couple dynamic simulation of energy in buildings
techniques with multi-dimensional, multi-criteria and/or multi-objective optimization analysis to
help decision-making in the optimization of the configuration of TES systems, their functioning

and their location within the building.

10. How can HVAC fluids and transport fluid movers improve buildings' overall energy
efficiency?

During the last decades, significant advances in HVAC transport and working fluids have been
emerging to overcome environmental issues, despite other major concerns on their thermophysical
and safety properties, chemical stability, working pressure range, availability, cost and toxicity
[338,339]. Indeed, restrictions on both ozone depletion and global warming potentials, respectively
ODP and GWP, have been tracing guidelines for the development of new refrigerants [338-344]. As
suggested by Kilicarslan and Muller [345], water holds a prominent place in HVAC applications. It is an
adequate candidate for energy carriage or storage because of its reliability, stability, low cost, high
latent capacity, specific heat and density, safety and appropriate fusion temperature [346]. However,
its thermal conductivity is much lower than that of the most metals or metal oxides. The addition of
solid particles into a liquid-water base has been a current practice, but the early versions of colloidal
fluids tend to sediment and cause erosion of the fluid mover [347,348]. The overall energy transport
capability of the fluid can also be enhanced by using nanofluids [349], an engineered colloidal mixture
of the base fluids and nano-sized metallic particles [347,350]. Many pure metal and metal oxide
nanoparticles have been tested, using water, pure or mixed with ethylene glycol (an aqueous freezing
point depressant) [347,351,352]. Experiments have shown promising results when using nanofluids as
transport fluids, namely on the reduction of the volume and mass flow rates, and on the reduction of
the heat surface area and heat exchanger material volume, although the proportional increment of
viscosity on the nanoparticles volume concentration [349,351,353-356]. Applications of Al,O3;, CuO,
TiO, and silver nanofluids as working fluids, evidence an enormous potential in HVAC
dehumidification processes, when coupled with thermosiphon heat exchangers [356]. On the other
hand, from the energy consumption point of view, SiO, mixtures are more adequate for heating

processes [354].

PCMs slurries (with microencapsulated PCMs) can also be used to enhance heat-transfer.
Indeed, this slurries have been identified as a thermal storage media and a heat transfer fluid, having
potential applications in HVAC, refrigeration and heat exchangers [357-362]. When compared to
conventional heat transfer fluids, PCM-based slurries have higher specific heat and TES capacity
[363], with a small temperature difference between storing and releasing heat. Similarly to nanofluids,

and due to phase change, the heat transfer enhancement decreases volume and mass flow rates,
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although the increment on the pressure drop. As discussed in the section above, TES with solid-liquid
phase change has been a major topic in energy-saving research [255,360,364]. In this field, some
problems as the low thermal conductivity (especially in the liquid state) and the solidification and
subcooling times were surpassed gathering nanotechnology techniques; by dispersing the multi wall
carbon nanotubes, in pure water PCM, resulting in 6 to 9% of energy-saving potential in water chiller
system [365]. Encouraging results were also achieved in other direct applications of latent storage in

ventilation and air-conditioning equipment [362,364], such as:

e the integration of PCM in heating storage tanks,

e packed bed PCM storage used in ventilation ductwork for free cooling enhancement,

e storage units for night-cold-air charging and discharging during the day to absorb heat gains;
and,

e ice slurries lowering temperature and reducing cold air distribution systems and energy
consumption.

It should be pointed out that using ice storage in water-based systems may have some
drawbacks, as the cold water supply has to be produced at lower temperatures, reducing the chiller
coefficient of performance (COP). Nevertheless, operating in night-time mode and having a latent heat
storage with a relatively high melting temperature (10 °C), it can improve the theoretical COP by
almost 80%, despite of the impacts on the heat dissipation rate of the terminal units and the

impossibility of using dehumidification by cooling air below the dew point temperature [366].

Regarding energy transport systems, they are frequently classified in two- (e.g., refrigerant)
and single-phase (e.g., water and glycol) fluid/liquid piping, and air duct systems [367]. This
classification distinguishes the effectiveness of the energy transportation, from the most to the least
efficient system [367]. For these systems, energy-efficiency requirements are based on low
distribution losses and reduced energy consumption of fluid movers, such as compressors, pumps
and fans [368]. Their consumption is directly proportional to the volume flow rate, specific consumption
and operating period, expressed in terms of equivalent full load hours [368]. As mentioned, volume
and mass flow rates can be reduced with the inclusion of energy carriage enhancers in transport and
working fluids, as nanofluids and PCMs. Specific consumption requirements are applicable to fans and
pumps power limitation [368], but current technologies and an adequate strategy easily surpass this
problem, such as including equipment with electronic variable speed or frequency drives, defining
adequate setpoint and control strategies for chillers, heat exchangers and pumps, etc. [369-371]. Such
measures, allied to the “peak shifting” or “peak shaving” on thermal loads provided by TES [364],
allows to reduce not only the specific consumption, but also the equipment operating period. Thus, the
combination of all these measures, lowering each factor, reduces the energy consumption of the fluid

maovers.
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Conclusions

This paper reviews ten selected research topics on the improvement of the energy and environmental
performance of buildings. The topics (addressed as research questions) are discussed, drawing on a
summarized background and state of the art literature review for each topic. The selected topics cover
different stages of the lifetime of buildings, scale approaches, and methodologies to evaluate the
energy and environmental performance of buildings, providing a holistic perspective of the complexity
of evaluating the dynamics of buildings. Research gaps and opportunities are also presented. While a
more detailed review within a single topic might be potentially useful, this paper brings together
multidisciplinary research, which is currently fragmented in literature, and in general practice. The
gaps and opportunities identified highlight the potential and need for integrating research and methods

to better support decision-making towards a more sustainable built environment.
Addressing each of the ten research questions, this review highlights that:

e LCA allows identifying the most significant life cycle phase and processes in a building for a
diversity of environmental impacts, which helps focused and efficient improvements in key
processes while preventing problem-shifting. This comprehensive methodology has been widely
applied to buildings; however, due to the complexity and uncertainty associated with these
systems, significant challenges should be addressed in future research, including how to model
unpredictable data, such as: the systems adopted, the end-users behavior (systems operation),
the maintenance and service life and the building dismantling and end-of-life.

e Design, location and local urban characteristics affect the environmental performance of
buildings, and focusing on the individual building alone might neglect potential interactions with
the urban scale, shift impacts and overlook improvement opportunities for a more sustainable
urban development. More research is needed to explore the linkages of urban form, buildings and
transportation environmental performance, in a holistic perspective, to better inform and support
decision-making.

e The NZEB concept has been widely studied; however, slight attention has been given to groups
of buildings in the urban context. District scale approaches aim to gather the study of buildings
and urban characteristics that may influence their energy performance. It is important to better
understand the interaction between buildings and urban context, and to consolidate the potential
benefits of sharing resources and energy systems at this scale.

e The control of energy resources in a smart grid scenario where the existence of dynamic tariffs
(variable in amplitude and along the day) is a reality that can be done in an efficient way through
the use of decision support systems, such as energy management systems endowed with
adequate optimization algorithms.

e Energy behaviors are an important underexploited resource in the context of promoting end-use
energy efficiency in the residential sector, and the potential of energy savings can be as
significant as those from technological solutions.

e As people spend most of their time indoors, IEQ is a key issue on people’s life. Besides human

comfort in general, indoor conditions such as ventilation requirements strongly influence the
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energy consumption in buildings. More education is demanded on the energy subject to improve
the energy performance and the IAQ of buildings.

e When coupled with a performance assessment mechanism, generative design methods can
contribute to the improvement of building’s design by producing a number of alternative solutions
to be compared by the building practitioner, by integrating different design aspects that otherwise
would be assessed individually, and by creating large datasets of synthetic data to analyze the
general buildings behavior in specific contexts.

e The methodologies for assisting decision making in the appraisal of retrofit actions according to
multiple, generally conflicting evaluation aspects may be distinguished into two main approaches:
first, approaches in which alternatives are explicitly known a priori and second, models in which
alternatives are implicitly defined in the setting of an optimization model. More research has to be
carried out to generalize the use of multi-objective methodologies for the assessment of building
retrofit actions.

e Active and passive PCM-based TES systems can be used in buildings to improve the use of
renewables and to reduce the energy demand for heating and cooling. However, there is still a
long way for the generalized use of PCM-based systems in design and retrofitting strategies, and
more research has to be carried out in these research fields.

e Further theoretical and experimental research has to be carried out to optimize HVAC fluids,
transport fluid movers, control strategies and energy management to enhance buildings' overall
energy efficiency.
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