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Preface to "Buildings Energy Efficiency and
Innovative Energy Systems”

It is well known that energy use in buildings can be greatly reduced by adopting strict energy
efficiency measures at the levels of envelope design, thermal insulation, heat recovery, and ventilation
and by adopting renewable-based heating and cooling. While building codes and practices have
steadily been moving forward, there is still room for more innovation, to achieve both a greater effect
and better cost-efficiency.

Yet, the energy in buildings cannot be decoupled from broader aspects such as cold homes/fuel
poverty, impacts on health/indoor temperature requirements, integrating buildings into cities, or
even how policies for buildings are designed and evaluated. This justifies a comprehensive approach
to the theme of Energy Efficiency and Innovative Energy Systems in Buildings. This approach was
adopted for the Special Issue of the journal Energies, which is adopting a book format.

Vitor Leal
Editor
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Abstract: This paper provides a review of research that addresses the relationship between indoor
temperatures and health outcomes, taking into consideration studies that focus heat or cold
exposure within the household context. It aims to extend previous research by considering both
indoor temperatures from existing housing, and empirical studies that focus on energy efficiency
measures and subsequent health impacts. To achieve this aim, a literature review was undertaken,
combining engineering and health databases. The review established that, overall, inadequate indoor
temperatures are associated with poor health status, whereas energy efficiency measures have been
associated to improved indoor temperatures and occupant’s health namely regarding cardiovascular,
respiratory and mental health disorders. These health conditions are among the most prevalent
non-communicable diseases (NCD). The review also highlighted the need for more empirical studies
with an extended timeframe to deal with climate change challenges. It underlined the potential
advantages of the convergence between health and energy efficiency studies, for better modelling
and planning.

Keywords: indoor environment; indoor temperature; health; buildings; elderly; fuel poverty

1. Introduction

Health has been increasingly recognised as one of the areas that could be most adversely affected
by climate change. It is currently estimated that the impacts of human activity could lead to a loss or
reversal of health benefits conquered over the last five decades [1]. As many if not most of the world’s
households do not have fully functional HVAC systems, the changes in outdoor temperatures are
expected to influence also the indoor temperatures. Among the most susceptible to these variations in
temperature are the elderly. It has been noted that this segment of the population tends to spend a
greater amount of time indoors [2], which emphasises the relevance of studying the health outcomes
in the context of the urban built environment and more specifically within the household.

In Europe, concerns regarding the potential health impact of heatwaves date back to the 2003
heatwave with a reported excess of 30,000 deaths [3] and have drawn attention to the expected increase
in extreme events, which leveraged studies on the potential adverse effects on health. When addressing
mortality and morbidity associated to environmental factors triggered by climate change, Liu et al. [4]
have noted the relevance of indirect health impacts, related to respiratory and cardiovascular causes,
in contrast to direct health impacts, related to hypothermia or hyperthermia [4].

A recent review of temperature-related mortality and morbidity effects, performed by
Bunker et al. [5] reported that a likely rise in ambient temperature, induced by climate change,
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would result in an increased risk of cardiovascular, cerebrovascular and respiratory outcomes among
the ageing population [5].

The upsurge of heatwaves, however, does not mean that winter mortality should be neglected
and neither health impacts linked to non-extreme ambient temperature [6]. In fact, a cross-country
comparison to quantify mortality has attributed the greatest death burden to outdoor cold, mostly
associated with moderate rather than extreme temperature events [7].

Therefore, although studies have reinforced the existing association between temperature and
health outcomes, the previously mentioned background points towards the pertinence of considering
the association between indoor temperature and health outcomes within the building context.

The built environment (with a focus on housing conditions) has been considered a key area
of concern in establishing indicators to assess the population’s health for different stakeholders in
Europe [8]. Furthermore, too high or too low indoor temperatures in the households have been
recently considered by Howden-Chapman, Roebbel, and Chisholm [9] as two key focal areas for
establishing healthy housing guidelines (HHGL). In addition, based on World Health Organisation
(WHO) guidance on housing, energy and thermal comfort, Ormandy and Ezratty [10] have concluded
that health protection from high or low indoor temperatures should be taken into consideration for
the development of policies in an energy context, such as energy efficiency, fuel poverty and climate
change. Recently, Graff and Carley [11] have also emphasised the need for authorities to recognise
and deal with the prevalence of energy insecurity at the household level. The inability of households
to keep comfortable indoor temperatures might result in adverse health outcomes, particularly for
vulnerable groups, such as children and the elderly population [11].

Although a few review studies already addressed the interlinkage between health, energy efficiency
and outdoor temperature, the relation between energy efficiency, indoor environment (i.e., temperature),
and health outcomes still require further research. Therefore, we conducted a review to answer the
two research questions focused on these interlinkages:

- How do indoor temperatures affect health outcomes?
- How does housing energy efficiency improve health outcomes?

Taking into consideration this background, the present work aims to critically review literature
which addresses the link between indoor temperatures and health. The contribution is twofold:
(1) To address the association between indoor temperature and health-related outcomes; (2) to
ascertain how indoor temperature improvements resulting from household energy efficiency measures
impacts health.

The remainder of this paper is organised in the following sections: Section 2 provides a review of
the links between indoor temperature and health outcomes in health and energy efficiency studies.;
Section 3 outlines the main research methodological steps of the current study A critical analysis based
on key indicators and dimensions is described in subsequent Section 4. Main conclusions and further
research needs are presented in Section 5.

2. On the Relevance of Indoor Temperature and Housing Energy Efficiency for Health Outcomes

2.1. Relevance of Indoor Temperature for Health Outcomes

Focus on epidemiological studies has gained relevance in the context of climate change, given that
temperature-related events have also been considered, as one of the main reasons of future concern by
the Intergovernmental Panel on Climate Change (IPCC) [12].

In this section, the importance of indoor temperature for health outcomes is briefly contextualised.
Several aspects of diversified background have been emphasised as being influencing factors in the
association between indoor temperature and a given health outcome.

In the case of heat, the human response to temperature exposure is influenced by external and
internal factors. External factors are related to environmental aspects, such as air temperature and
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humidity level, while internal factors are more linked to physiological and behavioural aspects, such as
gender, ageing, adaptation, fitness, hydration and chronic diseases—diabetes; hypertension and obesity,
among others [13].

Heat and cold exposure, have both been known to increase the risk for adverse health effects
in elderly particularly those suffering from cardiorespiratory conditions, such as chronic obstructive
pulmonary disease (COPD) [14]. Medical conditions such as cardiovascular (e.g., heart attack and
stroke), respiratory diseases (e.g., COPD and asthma) and diabetes are a few examples of long-term
chronic disabilities that have been categorised as non-communicable diseases (NCDs).

According to the World Health Organisation [15], NCD’s have accounted for 70% of premature
deaths for age ranges between 30 and 69 years old, at a worldwide level. In view of their increasing
relevance in developed and developing countries, they have been considered a priority field of
action, influenced by environmental and behavioural risk factors with interlinks to housing and urban
expansion. Among driving forces for NCD are aspects related to sedimentary lifestyles, such as tobacco
use, unhealthy diet and lack of physical activity [15,16].

These driving forces may adversely influence relevant biomarkers for cardiovascular conditions
among for elderly, such as raised blood pressure. However, the relevance of other influencing factors,
such as the built environment, has been increasingly recognised in terms of physiological responses to
temperature [17-20].

2.2. Relevance of Housing Energy Efficiency for Health Outcomes

Recently, higher excess winter mortality has been associated to temperate regions with fewer
energy-efficient houses, such as the Mediterranean countries, emphasising the links to housing, indoor
temperatures and socioeconomic background [21,22]. According to Miguel-bellod, et. al, high rates of
excess winter mortality in Southern European countries are determined, to a great extent, by the high
incidence of poverty rates, energy inefficient building stocks and high energy prices [23].

These aspects give a glimpse of the complexity and multiple causalities that can be associated
with the assessment of health outcomes in the context of variable temperatures, in keeping with the
multifaceted concept of healthy housing. The World Health Organisation has established that healthy
housing is associated not only to physical but also to mental and social wellbeing [24].

In this context, emerging research has looked to identify the explanatory pathways that connect
the urban housing environment features to health outcomes. The need to simultaneously reduce energy
consumption while ensuring comfortable and healthy indoors has led to consider a new integrated
goal (wellbeing), resulting from the convergence of strictu-sensu health and of thermal comfort [25].

Associated to the evaluation of housing energy efficiency programs, Willand et al. [26] have
identified benefits in health outcomes as being related to three main explanatory factors: indoor
warmth; affordability of fuel; and, psycho-social focal areas. These explanatory factors illustrate the
different theoretical ways, or pathways, in which energy efficiency could potentially impact health.

The improvement of indoor temperatures, stipulated within the warmth pathway, also
contemplated effects from warmth on mortality and morbidity (respiratory, cardiovascular and
general health outcomes). Meanwhile, mental health symptoms, as well as energy consumption,
have been comprised within the affordability pathway. Whereas the perception of the householder
regarding its home has been focused on the psychosocial pathway.

More recently, Armstrong et al. [27] have developed an empirical study, also considering the
main pathways. The author’s aim was to determine which sets of energy efficiency measures affect
energy and health outcomes, i.e., how changes in housing energy efficiency measures impact different
categories of health outcomes. This study found that an upscale of energy efficiency measures by the
building stock is required, in order to reach health full potential benefits and climate change reaching
climate change mitigation targets. The building envelope (walls, roofs, floors and windows) insulating
properties; ventilation control, energy efficiency of the heating, lighting and other appliances, as well as
energy sources have been considered the main four energy efficiency categories. While the main health
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outcomes have been associated with cardiorespiratory conditions, winter mortality and morbidity,
thermal comfort, psychosocial wellbeing and nutrition outcomes. Additionally, to be associated to
different efficiency pathways, these outcomes have also been classified according to their time horizon,
as short term /immediate or long-term impacts (timeframe greater than 10 years) [27].

Figure 1 represents an approach which emphasises the need not only to assess health outcomes
associated to already established energy efficiency pathways, as proposed by Willand et al. [26]
but also to study this association throughout time, as suggested by Armstrong et al. [27]. Such a
complementary approach would enable to further understand interactions between pathways through
time while accounting for short term and long-term impacts for all health stages, being compliant with
“healthy household” definition.

Housing Energy Efficiency I

Measures Energy Efficiency Pathways Health Outcomes Temporal Scale
thermal insulation warmth/cool cardiorespiratory symptoms short term time frame
(improved temperatures) ) (physiological health) (cardiorespiratory conditions)
weather proofing indoor air quality respiratory system symptoms short to long term time frame
(improved ventilation) ) (physiological heaith) (air quality and cancer risk)
efficient appliances affordability stress and anxiety short to long term time frame
(lower energy use and cost) ) (psychological health) (overall wellbeing)
use of renewables psychosocial social wellbeing very long term timeframe
(lower energy use and emissions) (social heaith) (chmate change mitigation)

Figure 1. Housing energy efficiency pathways and related health outcomes (based on References [26,27]).

This may imply that for instance, the improvement of the building envelope may be linked to
the improvement of indoor temperatures through housing energy features, as illustrated in Figure 1.
The interaction between pathways is represented by the grey arrows: it shows that theoretically,
a warmer household could positively influence affordability and psychosocial pathways. Based on the
hypothesis posited by Willand [26] and Armstrong [27], improvements at building envelope level should
lead to improvements in indoor temperature that may contribute to reducing energy consumption and
related costs, ergo promoting energy affordability, particularly for low income households.

A recent review by Kolokotsa and Santamouris [28] has considered improvements to the building
envelope as one of most cost-effective and efficient technologies to deal with indoor environmental
quality and energy consumption issues, for low income households in Europe.

Improvements to indoor temperature may also affect the psychosocial pathway, by improving
householder perception of his home, reinforcing social interaction with family and friends, based on
the increasing use of his house. For instance, Poortinga et al. [29] have reported evidence that
improvements to indoor temperatures were associated with increased use of more rooms in the house,
enabling frequent visits from relatives and friends.

If achieved through efficiency, this could be possible by simultaneously requiring less energy
use, expenditures and emissions, contributing to improving health outcomes at different time frames.
For instance, better cardiorespiratory conditions on a short time frame, as well as less stress, anxiety and
overall social health in the longer term. Benefits from improved air quality may imply an almost immediate
reduction in air pollutants, but with long term implications (>10 years), in terms of cancer risk [27].

3. Method

The steps that have led to the identification of key indicators and dimensions to be considered in
the research are illustrated in Figure 2. This figure includes two lines for the literature review (1 and 2)
and another two for critical analysis and results (3 and 4). Level 1 shows the three databases used in the
research, level 2 shows the keywords considered in the search, which have contributed to establishing
the criteria for the analysis, defined in level 3, as key indicators and key dimensions.

Key indicators are defined as general topic areas that are common to studies identified in previous
steps (1 and 2), such as geographic location, focal area and health benefits. Key dimensions more
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specific, such as temperature exposure; health outcome, energy efficiency measures etc. These key
features are at the basis of the critical analysis, identified in Figure 2 as level 4.
1 ScienceDirect PubMed

Keywords: indoor temperature AND mortality / morbidity AND
housing / energy efficiency interventions

(o]

3 key Indicators Key Dimensions
4 Analysis of the results
1 2 Litersture Review 3 4 Critical Analysis

Figure 2. Search and review outline.

The present review has looked to promote a search that encompasses both engineering and health
databases. In addition to keywords in Figure 2, the following exclusion criteria from the critical analysis
was applied in order to select studies from different databases:

1. Studies for which full paper is not available on the database;

2. Studies addressing health outcomes not related to human and other health outcomes
(e.g., vector-borne diseases);

Studies that are duplicated;

Studies that are not written in the English language;

Studies that are not empirical;

AR

Studies that do not monitor indoor the temperature in loco, with the exception of studies that use
empirical indoor temperatures from national surveys;

N

Studies that do not assess concurrently indoor temperatures and health outcomes;
8. Studies for which the focal point is to assess indoor air quality-related health outcomes;
9.  Time restrictions are not applied.

Primary literature research aimed to identify peer-reviewed papers (n = 292), according to the
selected keywords. The aforementioned exclusion criteria were then applied, and an approach based
on Willand et al. [26] was subsequently used. This approach consisted of screening the references
or the ‘cited-by sections’ of the documents found on primary research which enabled to locate new
‘low-profile’ studies that were added to the original selection. From this process resulted the final set of
selected studies (n = 15).

The scarcity of energy efficiency studies comparatively to the topic of indoor temperature and
human health should be seen under the light of the exclusion criteria undertaken and justifies the
pertinence of this study. This is not an uncommon problem, for example, Mauree et al. faced also a
similar issue of shortage of studies when reviewing the future implications of climate change on urban
design and thermal comfort [18]. Although relevant from an energy and thermal comfort perspective,
a more detailed approach to studies that monitor indoor temperature and energy consumption, but
disregard its health implications, goes beyond the scope of this review, since the association to a health
outcome would be lacking.

The use of such systematised guidelines for conducting the current report synthesis has been
considered helpful to deal with validity concerns. Validity concerns have been gaining increasing
importance associated with the growth of systematic reviews in the literature [30]. Following the study
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from Zhou et al. [31], the main threats to validity were considered and mitigation actions included to
minimise their effect, which is reflected in the specified research exclusion criteria.

Literature from trustworthy intergovernmental Organisations, such as the World Health
Organisation (WHO), have also been considered, within this context.

Prior reviews have highlighted relevant issues on the intersection between energy and health.
For instance, Ormandy and Ezratty have emphasised that while thermal comfort and household
energy efficiency are directed towards protecting the health householders, particularly the vulnerable
ones, many challenges lie ahead in integrating strategies for key concerns such as energy efficiency,
fuel poverty and climate change [10]. More recently, reviews by Kolokotsa and Santamouris have
emphasised several energy efficiency alternatives to address the energy and indoor environmental
issues for low-income households in Europe [28].

Meanwhile, Willand et al. have emphasised the complexity of energy efficiency interventions, and
that the interactions between energy efficiency measures, householders and health-related outcomes is
still misunderstood [32]. Liddell and Morris further claim that health impact assessment needs to be
extended to incorporate mental besides physical wellbeing [33].

In this sense, Ortiz et al. have highlighted the concept of wellbeing should be interpreted as the
overlap of health and comfort, which is linked to both environmental and behavioural aspects [25].
Hoof et al. considers that financial constraints may lead older people subject to inadequate indoor
temperatures with adverse health outcomes, go currently undetected [34]. The evidence of the impacts
of cold indoor temperature thresholds on human health has been recently reviewed by Jevons et al.
that showed that despite scarce available evidence, minimum indoor temperature threshold should be
at least 18 °C for the whole population [35].

Compared to existing reviews, namely References [24,26,36], the current study extends prior
research by considering both indoor temperatures from existing housing, and studies that focus on
energy efficiency measures and subsequent health impacts. By integrating these elements we intend
to demonstrate the beneficial association between energy efficiency measures and health conditions.
This should contribute to show the relevance of following a multi-disciplinary research agenda with
approaches that tie health and engineering to support policymaking.

For this study, the housing and energy efficiency pathways of Figure 3 were then taken into
consideration to establish the links between indoor temperature and health outcomes illustrated
Figure 3, which served as the basis for the subsequent critical analysis.

Outdoor temperature | Building envelope  Building HVAC system Socioeconomic factors

@

Indoor Temperature

Direct relation

Health Outcome O Indirect relation

Figure 3. Links between indoor temperatures and health outcomes.

Indoor temperature is considered to be influenced by environmental, technological and
socio-economic aspects (direct relation: links 1 to 4) which then impacts health directly (link 5)
or indirectly (links 6 to 9). The main focus of the literature is on empirical studies that monitor the
indoor temperature and its direct relation to health outcomes. However, four indirect links have also
been identified (links 6 to 9).

For content analysis, particular focus was given to non- communicable diseases (NCD) health
outcomes, namely from the cardiorespiratory system, given their relevance under the Sustainable
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Development Goals (SDG’s) scope ([37,38]) and the increasingly focused contribution of energy
efficiency measures to improve these health outcomes ([27,29]).

4. Results and Critical Analysis

The literature review allowed us to identify relevant links that were used to draw a distinction of
studies based on the type of relationship between indoor temperature and health outcomes.

4.1. Analysis of Direct and Indirect Links between Indoor Temperature and Health Outcomes

Table 1 presents the studies addressing each one of the links described in Figure 3 and summarises
the identified energy efficiency-indoor temperature-health outcomes.

Table 1. Distribution of studies on indoor temperature by link to health outcomes.

Links Studies on Indoor Temperature
outdoor- indoor temperature [27,29,39-50]

@ building envelope- indoor temperature [27,29,40,44,46-48]
HVAC system- indoor temperature [22,27,29,44,46,48]
socioeconomic factor- indoor temperature [27,29,39-50]
indoor temperature- health outcome [27,29,39,40,47-50]
outdoor temperature- health outcome [27]

@) building envelope- health outcome [22,27,45,46]
HVAC system- health outcome [22,27,45,46]

socioeconomic factor- health outcome -

Cause-Effect assessed

energy efficiency upgrade—low indoor temperature—emergency hospital admissions

22 : . i A
221 cardiovascular and respiratory conditions and injuries

energy efficiency upgrade—low indoor temperature—cardiovascular and respiratory
[27] health related conditions

outdoor temperature—cardiovascular and respiratory-related mortality and morbidity

high indoor temperature—emergency hospital admissions cardiovascular and

[29] respiratory conditions; psychosocial impacts

[39] low indoor temperature—emergency care for cardiovascular and respiratory conditions

[40] low indoor temperature—cardiovascular and mental health related biomarkers

[41] low indoor temperature—cardiovascular and mental health related biomarkers

[42] low indoor temperature—cardiovascular and mental health related biomarkers

[43] low indoor temperature—cardiovascular related biomarkers

[44]  high indoor temperature—heat-related health symptoms

[45] low indoor temperature—long term health disabilities

energy efficiency upgrades—low indoor temperature cardiovascular and

461 respiratory-related mortality

[a7] Cner8y efficiency upgrade—low indoor temperature general health; respiratory-related
conditions and general practitioner’s hospital admissions

[4g] enersy efficiency upgrade—low indoor temperature—respiratory related conditions,

general health status hospital admissions

[49] low indoor temperature—cardiovascular related biomarkers

[50] low indoor temperature—cardiovascular related biomarkers
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The most prevalent steps that establish the direct relation between indoor temperature and
health outcomes are links 1 to 5. This means that most studies take into consideration the influence
and interconnection with outdoor temperatures or climate (link 1). The higher relevance assigned
to socioeconomic factors-indoor temperature and indoor temperature-health outcome (links 4 and
5) compared to other direct relations, namely building envelope-indoor temperature and HVAC
system-indoor temperature (links 2 and 3) is clear.

The influence of outdoor temperatures on the indoor environment has been assessed in studies
such as Uejio et al. [39] and Osman et al. [40]. Several studies such as [41-44] have stressed that indoor
temperatures were more significantly related to a given health indicator than the outdoor temperature.

Amongst the reviewed studies, only one study [27] measured the association between temperature
and health outcome indirectly based on outdoor temperature (link 6), without directly monitoring indoor
temperature. However, changes in indoor temperature and health outcomes from energy efficiency
studies have also been considered when resorting to existing empirical datasets. Energy Follow Up
Survey or the English Housing Survey are examples of databases that integrate indoor temperature
and energy efficiency used by studies associated to different links (e.g., References [27,45,46] from the
outdoor temperature-health outcome; building envelope-health outcome and HVAC system-health
outcome—Ilinks 6, 7 and 8). The studies in References [46] and [47] are connected on the other hand,
as they are based on the same empirical fieldwork data. As for, Rodgers et al. [22] their study adopts a
retrospective approach to investigate if empirical improvements to housing standards could lead to
better health in householders.

Conversely, as expected given the empirical nature of the studies, most of the cause-effect
relationships assessed are based on link 5 (indoor temperature-health outcome association). Within this
scope, fewer studies have considered building envelope aspects (link 2), though when considered,
this link is often associated with energy efficiency upgrades. From these, only one study [44] has
accounted for the existence of air conditioning (link 3). Though currently not considered a widespread
feature, some studies forecast the increase of its relevance in the context of climate change [51]. A large
majority of studies in HVAC system-indoor temperature (link 3) (e.g., References [22,27,29,46,48]),
is therefore associated with heating in contrast to cooling systems. Many studies address both
building envelope/HVAC system-indoor temperature (link 2 and link 3) because studies often consider
simultaneously multiple energy efficiency improvements, such as thermal insulation and upgrades to
heating systems. Although the focal point of the present work is indoor temperature, building HVAC
systems (link 3) also contemplates ventilation issues. It should be mentioned that of the abovementioned
studies, only Armstrong et al. [27] take into consideration how insulation improvements may change
ventilation and indoor air quality along with changes in winter indoor temperatures.

The number of studies in socioeconomic factor-indoor temperature (link 4) is indicative that
socioeconomic influence seems to be more accounted for than building envelope aspects (link 2).
The difference between these two links could be attributed to the fact that studies with health as a
focal area tend to account for sociodemographic while largely disregarding building envelope aspects.
Whereas studies focusing on energy efficiency take into consideration building variables from the
upgrades or alterations to building envelopes, such as wall insulation or double glazing. This issue is
consistent with existing literature, which has emphasised the relevance of household characteristics for
health outcomes and energy efficiency contexts and how it has often been overlooked and considered
a drawback from a health perspective ([34-36]).

Nevertheless, a significant amount of studies from link 2 are also featured in link 4, being associated
to social housing or the lower income segment of the population, where the probability of occurrence
of worst housing quality is higher [22,29,47,48]. Yet, the highlight goes to one study [29] that assessed
relevant issues for both energy and health, such as fuel poverty status, financial difficulties and stress,
food security, social interaction, thermal satisfaction and self-reported housing conditions.

These results show the segmentation between these focal study areas and denote the need to
consider both socioeconomic and building aspects, in order to promote a better understanding of
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the association between indoor temperatures and health outcomes to contribute towards identifying
potential energy efficiency measures to improve the characterisation of indoor temperature-health
outcome (link 5), building envelope—indoor temperature (link 2) and socioeconomic—indoor temperature
(link 4). The consideration of both latter links and fields of knowledge is desirable and could contribute
to shifting health sector’s perception regarding the need for energy efficiency measures for healthcare
reasons. In this sense, Jonathan Wilson et al. [52] claims that a shift towards a more opened and
receptive attitude from health sector would require more empirical evidence.

This insight is also in keeping with a key challenge pointed out by Haines et al. [53], which consists on
the need for the public health sector to establish partnerships with other relevant areas (e.g., city planners)
and various stakeholders (research institutions, governmental and non-governmental bodies, public and
private), in order to provide decision makers with well-grounded research evidence.

Meanwhile, studies that circumvent in loco monitoring of indoor temperatures have been
categorised in HVC system-health outcomes and socioeconomic-health outcomes (links 7 and 8),
as favouring less direct relationships to health outcomes.

No identified studies featured the interconnection between building HVAC system and health
outcomes (link 9). The low number and/or absence of studies from HVAC system-indoor temperature
(links 3) and HVAC system-health outcome (link 9) might be related to the fact that in Europe, in contrast
to the United States, there is not a widespread adoption of air conditioning in the residential building
stock [51].

However, a recent review by Willand et al. has also cautioned that the householder’s response
may also undermine the outcome of residential energy efficiency interventions, among which limited
technical knowledge to deal with energy efficiency measures is highlighted [32]. The relevance of the
impact of technical aspects such as filtration on residential energy use has been further explored by
Alavy et al. [54]. While the integration of human dynamics in the control of HVAC systems has been
studied by Jung and Jazizadeh [55].

Yet the use of air conditioning is also closely linked to socioeconomic status, namely to household
income. The Howden-Chapman [56] study on energy poverty and health emphasised the increased
vulnerability of low-income households with elderly. This segment of the population spends a high
share of their income on energy. They are also more likely to be hospitalised for respiratory and
cardiovascular conditions [56]. Furthermore, Xu and Chen concluded that low income households
have fewer energy efficiency appliances and less access to energy efficiency programs and require
tailored policy measures to make energy more affordable and accessible [57].

The strong association between income and household energy may also play a relevant role in
a household’s adaptation to climate change and the choice between air conditioning and thermal
insulation choices. De Cian et al. [58] found that the future adoption of thermal insulation might be
more difficult given that the adoption of air conditioning is promoted by income, urbanisation and
demographic trends.

These studies anticipate the relevance of the interconnection between socioeconomic variables
(link 4) to building envelope/HVAC system/indoor temperature and health (links 2, 3 and 9) with
climate change. They also reinforce the need for conceptual frameworks to consider a time scale
in the assessment of the relationship between household energy efficiency, indoor temperature,
and health outcomes.

4.2. Analysis of the Relevance of Climate Change Timeframe for Health and Energy Efficiency

Moreover, though cardiovascular and respiratory health outcomes seem to prevail in the
cause-effect column, different conditions and biomarkers are specific to each study. A more detailed
perspective of these aspects is provided below.

The assessment of cause-effect relations on Table 1 has enabled us to emphasise the high number
of studies that focus health outcomes from exposure to low indoor temperatures (12 out of 15 studies)
in contrast to Uejio et al. [39] and Loenhout et al. [44] that feature outcomes related to exposure to high
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indoor temperatures (2 out of 15 studies). Only one study reviewed (Armstrong et al. [27]) considers
both cold indoor and overheating exposures. The geographical distribution of these studies and
indoor temperature, focus on overheating (in orange) versus cold indoors (in blue) or both (in yellow),
is illustrated in Figure 4.
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Figure 4. Geographic distribution and indoor temperature focus of the studies reviewed.

Armstrong et al. [27] present a longer timeframe than all others, contemplating winter and summer
seasons, that is aligned with the nature of the health indicators used. This timeframe (of 10 years)
is consistent with climate change concerns, and this is the only study that has looked to assess the
perception of householders regarding home energy efficiency and climate change.

In addition, it is noticeable that studies focused mainly on developed countries. Noteworthy is
the considerable amount of research developed in the United Kingdom (UK), which might result from
the available national datasets with empirical indoor temperature measurements, as emphasised by
Huebner et al. [45].

Even within developed countries, results show that there is a considerable lack of empirical
research in countries that have been greatly affected by cold homes and excess winter mortality such as
Portugal, Malta, Spain or Greece. A recent body of research has emphasised that these countries are at
the top rate of excess winter mortality out of a total of 30 European countries [59]. These and other mild
climate counties have been targeted as experiencing unacceptably low indoor temperatures [60,61].

Another observation is the scarcity of studies featuring indoor temperature monitoring during
summertime, as emphasised in Figure 4. This field of research has been considered scarce, despite
the growing interest and concern within academic and local communities, as well as overall society.
This argument has been supported by recent studies developed within either the health or more energy
efficiency and indoor temperature oriented scopes [27,29,39].

Departing from previously identified cause-effects in Table 1, it is also possible to establish that a
greater number of studies features morbidity outcomes comparatively to mortality. Figure 5 illustrates
the relation between the number of studies by health outcomes and study timeframe (in years). It is
possible to see that there is a large diversity in study period considered for morbidity outcomes,
that constitute 87% the of total number of studies. Yet, mortality outcomes (13% of total studies) are
only associated with studies with longer timeframes (>5 years). Once more, this result is in accordance
with prior studies [27,46].

Given that longer timeframes in the research of indoor temperatures are also compatible with
climate change research, results might suggest that mortality and morbidity outcomes could be

10
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considered in the context of climate change pathway if studies consider very long-term implications.
However, in the current review, only one study, Armstrong et al. [27], has a time frame beyond 10 years.

From a householder perspective, health has been considered a more relevant issue for the
implementation of energy efficiency measures than climate change [27]. Despite this, there is not much
research to understand the impacts on health on longer timeframes, compatible with climate change
issues, as illustrated by Figure 5. Therefore, it is possible to imply that currently, householders might
be misinformed and unaware of the real impact of the exposure to inadequate indoor temperatures on
health and the relevance of energy efficiency in the context of climate change.
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Figure 5. Mortality and morbidity health outcomes by study timeframe.

Consequently, there is an opportunity to leverage on the interest of people for health and promote
studies with longer timeframes, that may lead to a better understanding of the impact of heatwaves on
indoor temperature and health outcomes. Studies with very long timeframes would also contribute to
understanding which energy efficiency measures could help improve health outcomes while mitigating
climate change.

This result is aligned with Rodgers et al. findings, that emphasised that some of the co-benefits of
energy efficiency may not be immediately perceived and that currently there is a scarcity of existing
research in these terms, of the lack of long-term period studies [22].

Armstrong et al. also claim that small sample sizes of empirical indoor temperature monitoring
and lack of pre and post-intervention monitoring, make it difficult to determine accurately the impact
of energy efficiency on indoor temperature and upon health outcomes [27]. This may have implications
in appropriately conveying health co-benefits from energy efficiency to decision and policymakers
or even local communities. The consideration of longer timeframes could be crucial to address these
issues and provide the scientific community with a more accurate and reliable empirical database to
study the impacts of climate change.

Thus, very long-term studies could contribute to increased public awareness about climate change
and its impacts and inform, based on empirical data, policymakers towards best available energy
efficient solutions to mitigate them.

These results are in line with Willand et al. that have emphasised the need to integrate health
goals into low carbon energy transition as a crucial aspect to develop an effective strategy for the
housing sector [62].

4.3. Analysis of Health Outcomes by Study

Four main categories of health indicators have been identified as being related to mental health
disorders, cardiovascular or respiratory conditions, or other health outcomes. A more detailed listing
of health indicators, specific for each study, is provided in Table 2.

11
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Table 2. Summary of health indicators by study.

Health Indicators Mentioned Direct Assessment (Measured)
Mental health disorders [42] [22,29,39,45]
Altered mental health status - [39]
Depression [42] -
Long term mental disability (LTD) - [45]
Common mental health disorders - [22,29]
Cardiovascular [27,42,43,48,50] [22,29,39,45,46]
Cardiac condition - [39]
Cardiac arrest - [39]
Cardiovascular condition - [22,29,39,46]
Myocardial infarction [41,43] -
Coronary heart disease [27,42,43] -
Heart attacks [43,50,51] -
Stroke/Cerebrovascular disease [27,43,48,50] -
Long term heart disability (LTD) - [45]
Respiratory [44,46,47,50] [22,29,39,40,45-49]
Difficulty breathing [39] [39,45]
Asthma [46,47] [22,39]
Respiratory conditions - [22,29,39,45-49]
Pneumonia [39] [39]
Insufficient cardiac blood flow - [39]
Lung disease - [39]
Emphysema/Chronic Obstructive Pulmonary Disease (COPD) - [22,39,40,48]
Lung function - [49]
long term breathing disability (LTD) - [45]
Other health indicators [27,39,41-44,48] [22,27,29,40-45,47-50]
Hypertension [39,42-44] -
Diabetes [39,41-43] -
Unconscious [39] -
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Table 2. Cont.

Health Indicators Mentioned Direct Assessment (Measured)
Epileptic status [39]
Annoyance - [44]
Thirst - [44]
Sleep disturbance - [44]
Excessive sweating - [44]
Dehydration [44] -
Hyperthermia [44] -
Malaise [44] -
Hyponatremia [44] -
Renal colic and renal failure [44] -
Dry mouth [44] -
Impaired endurance [44] -
Fatigue [44] -
Sleep onset latency (SOL) - [41]
All-cause mortality [27,44,47] -
Excess winter mortality - [27]
Nocturia - [43]
Reduced quality of life [43] [29]
Falls and fractures/injuries [43] [22]
Blood pressure - [50,52,63]
Mean arterial pressure - [50]
Handgrip - [50]
Blood low-density lipoprotein level - [50]
Vitamin D level - [50]
Blood insulin-like growth factor - [50]
Blood haemoglobin level - [50]
White Blood cell count - [50]
Increased Blood viscosity [52] -
Platelet count (PTL) - [44]
General health status - [40,51,52]
Long term vision disability (LTD) - [46]
Long term hearing disability (LTD) - [46]
Long term mobility disability (LTD) - [46]
Long term learning disability (LTD) - [46]
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The relationship between the identified health outcomes, energy efficiency pathways (from Figure 1)
and indoor temperature is summarised by the Sankey diagram in Figure 6.
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Figure 6. Sankey diagram between energy efficiency pathways, health outcomes and indoor temperature
(elaboration using SankeyMATIC [64]).

The Sankey diagram represents fluxes between nodes. These fluxes show the transition from one
node to another, here displaying possible energy efficiency pathways, health outcomes and indoor
temperature identified in the reviewed studies. It is possible to see the extreme nodes (EE pathways
and indoor temperature) are intermediated by a set of common health outcome nodes. The fluxes in a
Sankey diagram are representative of the relevance of each health outcome as well as of the associated
energy efficiency pathway. This relevance is estimated by the number of studies addressing each of the
nodes. For instance, amongst the health outcomes, the least focused category is that of mental health
disorders, with a thinner flux. However, its increasing relevance is recognised, as it is mentioned in
studies that address diverse health outcomes, such as nocturia health indicator directly assessed by
Saeki et al. [42] or sleep onset latency (SOL) or difficulty in falling asleep assessed by Saeki et al. [41].

In contrast to mental health outcomes, respiratory and cardiovascular conditions were the second
and third most assessed health indicators, with wider fluxes compared to mental health.
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Within cardiovascular and respiratory nodes relevant chronic conditions have been reported.
According to the WHO [15], the top positions of deadliest NCD at the worldwide level are occupied
by cardiovascular disorders (e.g., heart attack and stroke) in the first place followed by cancer in
second place and respiratory conditions (e.g., asthma and COPD) and diabetes in the third and fourth
places. These four major NCD disease groups have currently affected approximately 17.9 million and
3.9 million people annually, with cardiovascular and respiratory conditions, respectfully [15].

Yet the node for “other health” indicators category seems to be most representative, from indoor
temperature to health outcome and from health outcomes to efficiency pathways, as illustrated in
Figure 6. This result is indicative of both the diversity and complexity of direct assessment of health
impacts. A few examples of the complex interconnection between different health outcome nodes are
given below and are detailed in Table 2.

Most of the indicators categorised as “other health indicators” seem to be interconnected to other
categories, namely for cardiovascular health conditions. For example, hypertension, mean arterial or
blood pressure, and platelet count have been either mentioned or used as different health biomarkers
in studies that aim to associate low indoor temperatures to health biomarkers for cardiovascular
conditions (e.g., References [41,43,49,50]). Whereas respiratory cases have been in terms of relevance the
second most assessed health condition with the least amount links to “other health indicator” categories.
Its relevance comes from being directly assessed in empirical studies (e.g., References [33,45,51]).

Since exposure to inadequate indoor temperatures (too cold or too hot) may imply adverse
health impacts, some studies have suggested that through the improvement of indoor temperatures,
health gains for householders could be achieved (e.g., References [41-43]). Therefore in Figure 6,
health outcomes departing from inadequate indoor temperature are related to warmth/cool EE pathway.
However, the fluxes are not directly connected, given that the studies tend to focus on each of the
extreme nodes. This lack of connection between studies reinforces, once more, the need for a more
holistic approach to address the relationship between energy efficiency-health-indoor temperature that
better supports policy-making for efficient and healthy households.

The improvement of indoor temperatures on existing building stock is often, as previously shown
in References [22,27,46-48], linked to building envelope aspects (link 2 and link 3), associated to the
adoption of energy efficiency measures.

4.4. Analysis of Housing Energy Efficiency and Health

In this section, the relationship between indoor temperature and health outcomes linked to the
building envelope is assessed.

A total of 6 out of the 15 studies in Table 2 are household energy efficiency related. A more
detailed examination of energy efficiency measures adopted or mentioned is provided in Table 3.

Based on Table 3, it is possible to establish that thermal insulation measures were featured
in all studied energy efficiency interventions, with wall insulation being the most adopted one.
Improvements in household appliances namely heating systems and to windows and doors were also
widely implemented. Other energy efficiency measures are residual comparatively to the previous
categories for the studies considered in this review.

Wall insulation and heating systems contributed to increase the indoor temperature but not always
to decrease relative humidity (RH), as shown in Table 3.

15
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Table 3. Summary of energy efficiency measures and their effects by study.

EE Measures Studies Observation Summary
[22] 65.8% of installed wall insulation met housing quality standard; changes in indoor temperature not specified; [21]
) 31.8% of installed loft insulation met housing quality standard, changes in indoor temperature not specified [27] loft
Insulation insulation associated to lower increases in temperature than increases associated to cavity and wall insulation; overall
modest change in standard indoor temperature, averaging *0.09 °C [29] external wall insulation was the EE alternative
that most contributed to increase indoor temperature (1.12 °C, 95% CI); overall indoor temperature increased on average
wall [22,27,29,48] by *0.84 °C; did not change indoor RH levels (-0.60% RH, 95% CI) [46]; [47] insulation retrofits increased on average
floor [46-48] bedroom temperatures by 0.5 °C, reduced time exposed to temperatures below 10 °C by 1.7 h per day and decreased
ceilling/roof [46,47] relative humidity by 2.3% @ [48] no adoption of EE alternatives implied lower baseline rating P than EE adoption (4.8 vs.
loft [22,27,48] 5.6); fewer hours of baseline hours of warmth above 21 °C in living rooms (48 h vs. 69 h) *
[22] 52.4% of new windows and doors met housing quality standard; changes in indoor temperature not specified [27]
double glazing was adopted and not associated with appreciable energy savings; overall modest change in standard
Windows & doors indoor temperature, averaging *0.09 °C [29] new windows and doors did not increase indoor air temperatures
[22,27,29,A7] significantly on average by —0.02 °C, 95% CI); new windows and doors increased indoor relative humidity (RH) on
average by (5.15% RH, 95% CI) [47] EE adoption included draught stopping around windows and doors; changes in
indoor temperature not specified by this measure
[22] 77 4% of new heating systems met housing quality standard; changes in indoor temperature not specified [29] new
Appliances boiler or heating system did not increase indoor air temperatures significantly on average by (-0.19 °C, 95% CI); did not
change indoor RH levels (-1.59% RH, 95% CI) [46] heating retrofits with baseline underfloor and ceiling insulation
heating systems [22,29,46,48] ;icgﬁiicli;r; ti;ncreased average living room temperature by1.1°C 2 [48] EE adoption implied improvements in EE rating
Others
fuel switching [29] [29] gas network connection significantly increased indoor temperature on average by (0.69 °C, 95% CI); increased indoor
kitchens [22] RH levels by (3.86% RH, 95% CI) [22] 81.1% of kitchen improvements met housing quality standard [22] 81.9% of
bathrooms [22] bathroom improvements met housing quality standards [22] 91.6% of electric system adoption met housing quality
electrical systems © [22] standard [22] 30.2% of garden path improvements met standard housing quality
garden paths [22]

* average value for all interventions; ® empirical data from large scale intervention Warm Up New Zealand: Heat Smart (WUNZ: HS); ® National Home Energy Rating (NHER); © electrical
system upgrades include adding power sockets, and extractor fans in kitchens and bathrooms; RH- Relative Humidity; CI- Confidence Interval; EE- Energy Efficiency.
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Although each energy efficiency alternatives contributed differently for the increase in indoor
temperatures, overall increases—for all intervention (e.g., References [27,29])—have been small,
on average below 1 °C. However, even this slight increase has contributed in certain studies, such as for
Poortinga et al. [29], to reduce the number of hours exposed to very low indoor temperatures (<18 °C
or <16 °C). Osman et al. [52] also claim the adoption of EE alternatives has contributed to have fewer
hours with unwanted temperatures (<21 °C) in the living room of chronically ill patients. It is also
noteworthy that the largest improvements in indoor temperatures have been reached in critical living
spaces in the household, such as the living room and the bedroom, where people spend their daytime
and night time.

Besides the indoor environment, adopted measures have contributed to improving housing
quality and efficiency standards [22,48], namely by reducing energy costs and increasing affordability.
Furthermore, combinations of multiple energy efficiency alternatives, such as cavity wall and loft
insulation with condensing boiler for the heating system, have reached considerable reductions (11.2%)
in gas demand [27]. Taking into consideration information from Tables 2 and 3, regarding health
indicators, it is also possible to say that to a large extent, a large share of studies featuring energy
efficiency measures tend to focus on NCD health outcomes, compared to studies without energy
efficiency measures.

Table 4 displays the most adopted energy efficiency measures vs. the most assessed health outcomes
and impact on indoor temperature. The impact scale definition was inspired by Rodgers et al. [22] and
adapted for this case. The impact level represents, for each energy efficiency alternative undertaken,
if its adoption contributed to improve or worsen a given health outcome. It can range from low to high
impact level, with low level (-) being indicative of an undesirable change like an increase in hospital
admissions. Conversely, a high impact level (++) is associated with a desirable change in the health
outcome, such as a decrease in hospital admissions or medical appointment. Both these conditions
are associated with a level of significance, to the p-value for each study. No change (nil impact
level) in the health outcome implies no association with a specific EE alternative with non-significant
p-value. Most health outcomes reported in Table 4 have been assessed individually for each EE
alternative, with emphasis for insulation and heating systems. However, some results have been
reported aggregately, either as a combination of all health outcomes (e.g., Reference [27]) or as resulting
from all intervention (e.g., References [29,48]).

It should also be noted that some of these studies have resorted to proxies in order to establish
health status. For instance, Rodgers et al. [22] and Armstrong et al. [27] have resorted to hospital
health statistics to assess the impact on health services such as emergency hospital admissions for
COPD, asthma and mental disorders as a proxy for health outcomes. Besides hospital admissions
Viggers et al. [47], also considers self-reported health status and days off school and work, as well as
visits to a general practitioner’s office.

From all studies reviewed, only one reported a negative association while the other eleven
associations reported improvements in health, though with different levels of impact. Yet, the results also
show that a significant number of conducted studies where the association between health indicators,
energy efficiency and indoor temperatures was inconclusive. This is particularly highlighted for mental
health and for cardiovascular health indicators, given the lower number of studies comparatively to
respiratory conditions, as illustrated in Table 4.

Among energy efficiency alternatives, insulation measures have contributed most for the improvement
of respiratory and cardiovascular conditions, followed by alterations to windows and doors.

This beneficial association between energy efficiency measures and identified NCD’s could denote
an effective course of action or opportunity to tackle some of the challenges in the health sector. A more
detailed account of key findings for each study is provided in Table 5.
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Table 4. Changes in health outcomes in studies with energy efficiency measures.

Health Outcome

Cardiovascular Respiratory Mental Health All Health * Indoor
5 2 o2 5 2 o2 5 2 o2 g 2 Temperature
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* All health = combined health outcomes; EE alternatives: insulation: @ wall insulation; ? loft insulation; ¢ floor and ceiling insulation; d a1l intervention (combined EE alternatives).

Table 5. Summary of key findings for EE alternatives upon health outcomes.

Studies Summary of Key Findings
Cardiovascular Condition—Older residents:
[22] - wall insulation was significantly associated with 27% less emergency admissions for cardiovascular conditions
- no changes associated (p-value > 0.01) to upgrades for windows and doors, new kitchens and bathrooms, loft insulation, electric system
upgrades or heating upgrades
- for people aged > 60, all intervention measures were significantly associated (p < 0.009) to an increase in emergency admissions for
[29] cardiovascular conditions

for people aged > 60 and for all intervention measures no changes associated (p-value > 0.10) in emergency admissions for

cardiorespiratory and respiratory conditions
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Table 5. Cont.

Studies Summary of Key Findings
Respiratory Condition—Older residents:
upgrades to windows and doors were significantly associated to 39% less emergency hospital admissions for respiratory conditions
wall insulation associated wit o, electrical system upgrades associated to 0 an arden path improvements to o fewer

[22] 11 insulati iated with 24%, electrical sy pgrad iated to 57% and garden path imp 38% f
emergency hospital admissions for respiratory conditions
no changes associated (p value > 0.01) in emergency admissions for upgrading kitchens and bathrooms, loft insulation or heating

Injuries (falls and burns)—QOlder residents:
upgrades to windows and doors were significantly associated to 39% less emergency hospital admissions for respiratory conditions

[22] wall insulation associated with 24%, electrical system upgrades associated to 57% and garden path improvements to 38% fewer
emergency hospital admissions for respiratory conditions
no changes associated (p value > 0.01) in emergency admissions for upgrading kitchens and bathrooms, loft insulation or heating

All health outcomes—All ages:

[22] or people of all ages, households with electrical system upgrades ha o; upgrade to windows and doors ha o; wall insulation
f le of all h holds with electrical des had 34% d ind dd had 22% 1l insulati
associated with 20% and garden path with 19% less combined emergency admissions than the reference group
no changes associated (p value > 0.01) in emergency admissions from heating upgrades, new kitchen and bathrooms or loft insulation

(27] the gains in winter temperatures by 0.09 °C are associated with an estimated annual reduction of =280 cold-related deaths in England

Respiratory Condition—All ages:

[22] for all ages, prescribed medication for respiratory conditions, such as asthma or COPD have reduced 8% for households with upgrades

for windows and doors; electrical system upgrades were associated with 9% fewer general practice attendance
Cardiovascular and respiratory Condition—All ages:

[46] for all ages and all intervention, no changes (p-value > 0.10) in emergency admissions for cardiovascular, cardiorespiratory and
respiratory conditions

[46] the insulation group relative to the control group, interpretable as a 32.7% reduction in mortality risk during the period studied
no additional health benefit from heating system (not significant, p = 0.122)

[47] insulated homes were significantly associated with less fair or poor self-rated health, self-reports of wheezing, fewer days off of school
and work and visits to a general health practitioner

[22] Mental health—All ages:
no changes associated (p value > 0.01) for any cointervention for prescribed mental health medications

[29] no change in self-reported mental health from energy efficiency improvements

Wellbeing, thermal satisfaction and social interaction:
[29] participants who received intervention reported significant association (p < 0.004) for improved subjective wellbeing; significant

associations were also registered for higher thermal satisfaction (p < 0.003) and increased social interaction (p < 0.012)
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There are also reports of other health outcomes, though less assessed and mentioned than NCD'’s.
This is the case of injuries and falls, that have had significant improvements, translated into less
emergency hospital admissions for elderly householders that received upgrade to windows and
doors [22]. These results seem to indicate that more vulnerable groups have greater sensitivity to
indoor temperatures and that even small readjustments could lead to significant changes regarding
temperature-related diseases. This is true particularly for the elderly population, that tends to spend
more time indoors. Other previous reviews have also highlighted the potential health benefits
associated with even small increases in temperatures [26]. Less objective outcomes such as “wellbeing”
and “improved social interaction” have also been associated with improved indoor temperature from
energy efficiency measures and might contribute indirectly towards better psychological health [29].

5. Conclusions

This paper has described the main key findings of studies that address the relation between indoor
temperature and health outcomes.

It was found that inadequate temperatures (too low or too high) are associated with poor health
status, whereas energy efficiency measures have been associated to improved health biomarkers
for several health outcomes, namely cardiovascular, respiratory and mental health disorders.
The analysis also highlighted that these health conditions are considered among the most prevalent
non-communicable diseases (NCD), further emphasising the relevance of adopting housing energy
efficiency measures for improving the occupant’s health.

Thermal insulation, heating systems and improvements to windows and doors were widely
implemented energy efficiency measures and have contributed to small increases in temperatures
leading to fewer hours of exposure to low indoor temperatures. Among energy efficiency alternatives,
insulation measures have contributed most for the improvement of respiratory and cardiovascular
conditions, followed by alterations to windows and doors.

On the methodological front in assessing the problem, the reviewed studies demonstrate there
is the need for an integrated approach, that conciliates medical and energy efficiency knowledge.
This could promote a better understanding of areas such as mental health and wellbeing, as well as
fostering additional evidence-based research geared towards anticipating impacts of climate change.

Further research should be developed to better understand available energy efficiency alternatives,
to avoid the environmental and economic burden of improving indoor temperatures, particularly for
low income households. Additionally, alonger timeframe should be considered in empirical research, to
better attend to these concerns in a climate change context as this time frame seems to play a major role
in the assessment of health impacts and its relation to energy use and efficiency, indoor temperatures
and climate change. However, this is far from being fully explored in the literature as most studies
seem to focus on immediate to short term health impacts and do not effectively address the challenges
that changes on the climatic conditions will pose to health.

Joint research of health and energy fields would contribute also to improve the quality of data on
housing and health. A recent assessment of available household data databases performed by Alkire and
Samman highlighted that high quality and timely surveys, combining household surveys and lighter
interim surveys, could provide in-depth information about core indicators regarding socioeconomic
conditions such as poverty and deprivation in the household contexts [63]. A multidisciplinary
approach could also be a step forward to improve the issue raised by Wilson et al. [52] of translating
energy efficiency improvements into benefits for healthcare utilisation.

Thus, a shift towards a more interdisciplinary approach is suggested as future research considerations
for policymaking, ultimately contributing to the development of tailored solutions, from promoting the
convergence between housing energy efficiency and potential health outcomes, into the local and national
planning process.
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Abstract: This work presents a review that aims to characterize the policy evaluation practices
regarding the public policies on energy, with a focus on the metrics: concerns, objectives, and indicators.
As key novelty, emphasis was put into finding attributes and metrics that can be used to assess
effectiveness, not only efficacy or efficiency. The concerns and objectives were organized into four
categories: Institutional, Environmental, Economic, and Social. For every category, detailed and
condensed concerns were identified. It was attempted to find indicators for every condensed concern,
which resulted in 15 core indicators.

Keywords: energy policy evaluation; energy policy effectiveness; energy policy indicators;
energy planning; sustainability

1. Introduction

Differences among the policy objectives and the policy results are often found. This situation can be
intensified if the energy policies (EP) are formulated or implemented, without considering the particular
characteristics and capabilities of different countries or regions. EP evaluation has previously been
proposed as a tool not only to compare the policy achievements with their objectives but also to assess
the “goodness” of policy programs. This is becoming increasingly important as countries, regions,
and even municipalities are pressed to develop carbon neutrality plans. Regardless of the jurisdiction,
authorities are organizing to face the challenge of climate change mitigation. The efforts can be seen
from top-level international agreements, as the Paris Agreement [1], and the Sendai Framework [2],
to city-level climate-neutral plans (e.g., the plans developed in Berlin, Germany [3], Ann Arbor, USA [4],
Bayside, Australia [5] or Freiburg, Germany [6]). Additionally, the United Nations 2030 Agenda [7]
has established the Sustainable Development Goals (SDGs) as crosscutting international alignment
principles. They represent a set of universal goals that meet the urgent environmental, political,
and economic challenges facing the world. To meet these goals, Governments will need better planning
tools and to monitor progress towards the targets; more specifically, tools that enable evaluating
policies in multidisciplinary ways, allowing decision makers to analyze the policies in an integral way.

As an intended contribution to the planning and management of climate action plans, this work
addresses the problem of EP evaluation, with a focus on effectiveness [8]. It starts with the conceptual
differences between effectiveness, efficiency, and efficacy, and then moves on to find specific indicators
for a comprehensive assessment. Such a set would be useful for ex-post evaluations, but in some cases,
it could also be useful for ex-ante evaluation and thus assist the design of better policy programs.
Therefore the main motivations of this work have been to create a support document that enables
a more structured and comprehensive planning process (and that does not leave important aspects
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forgotten); planning programs that have a higher chance of succeeding, in practice; and supporting the
good use of resources (public and/or private).

With the aim of evaluating EP and provide information that facilitates their adjustment to distinctive
characteristics, a set of concerns was intended to be identified through this review. Concerns that were
organized under the different proposed categories and subcategories. These concerns were organized
under condensed concerns by identifying their final objective.

An indicator identification process was followed. Indicators were selected as the assessment
metrics that can provide a comparison between the policies defined objectives and their achievement,
therefore selected as an effectiveness measurement tool. The identification of concerns ends objectives
has also been done through this report, serving as cornerstones for the identification of indicators.

The objective of this work was to review and systematize with a scientific-based methodology;,
the available information regarding EP effectiveness and its assessment indicators. The review led to
the identification of trends in the subject. The main contribution of the document is the identification
of the multidisciplinary attributes to assess energy policy effectiveness. No other review has been
found available in the literature in which EP effectiveness is characterized holistically.

The paper is structured into 6 sections. Section 2 addresses the concepts of policy success: efficacy,
efficiency, and effectiveness. The different EP effectiveness categories reported through the selected
documents are presented in Section 3. Section 4 focuses on the systematization of energy policy
concerns and objectives. Section 5 presents energy policy indicators, where the concerns of Section 4
have been matched with corresponding indicators. Section 6 includes a Discussion, and finally,
the conclusions are presented in Section 7.

2. Policy Success: Efficacy, Efficiency and Effectiveness

A sensible goal of policy evaluation is to assess whether or not they are “successful”. “Success” is
defined as “the accomplishment of an aim or purpose” [9]. This is very much in line with the definition
of “efficacy”, which is defined as “the ability, especially of a medicine or a method of achieving
something, to produce the intended result” [10].

A strict or “hard” approach to the evaluation of “success” or “efficacy” could therefore rely on the
comparison between what is achieved and what was the target or goal; e.g., a program that has the
target of promoting the installation of 80,000 solar collectors would be “successful” or “efficacious” if it
achieves 80,000 or more installations, while it would be “unsuccessful” if it achieves equal or less than
79,999 installations.

The example above illustrates as well that such a “hard” approach to success evaluation is probably
too strict. Under this approach, failing by a large amount or by a small amount is put under the same
label. It could also serve as a stimulus to establish artificial and sometimes counter-productive low
targets, to increase the probability of achieving the results.

Therefore, more flexible and comprehensive metrics are needed to assess policy success. This is
where the concept of “effectiveness” may come into play. Although, sometimes seen as equivalent
to “success”, it is formally defined as “the degree to which something is successful in producing a
desired result” [11]. The word “degree” opens room for a more gradual evaluation, clearly allowing
for differentiation between failing by a large amount vs. failing by a small amount, as well as for
succeeding by a small amount vs succeeding by a large amount.

Furthermore, “effective” has already been used, e.g., in the field of medicine as different from
“effective” in the sense that it is something that is evaluated from the real-world use or implementation,
including informal feedback from doctors and patients, rather than from controlled experiments
alone [12].

It may be of interest to bring into consideration also the concept of “efficiency”. This is clearly
distinct from both efficacy as from effectiveness, assessing what was achieved concerning the means
that were put into the program. While of course being efficacious is more important than being efficient,
being efficient is also important. It implies that resources (e.g., funding to invest), which typically
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are limited, are being well used. By being efficient, more effect can be achieved from a given amount
of resources.

As a more nuanced concept than efficacy, effectiveness thus has the potential to encompass the
components of taking into consideration contextual variables and of assessing “success” in a quite
modulated manner. It can even be advocated that, while privileging the evaluation of the achievement
of results, a truly effective program should assess those results concerning the contextual variables
(geographical, economic, and cultural) rather than by just comparing it to the initial goals of the
program. This is so because these often are not declared and, even when they are, their choice is
inherently somewhat arbitrary. Effectiveness can thus incorporate some dimension of efficiency into
the assessment.

3. Materials and Methods

The academic databases Sciencedirect, Google Scholar, and JSTOR, together with the web
browser Google were used for gathering documents. All the sources were useful to identify
documents that characterize energy policy effectiveness. The expressions under which the search was
done were “Energy policy evaluation” (academic and open-source); “Energy policy effectiveness”
(academic source); “Energy policy assessment” (academic source); “Energy policy efficiency”
(academic source). The selection of the documents to be reviewed was done by their title, abstract
content, and keywords. After doing so, the criteria for the document selection for the analysis was
having at least one concern that assesses energy policies. A summary of this process is presented in

Table 1.

7

Table 1. Search terms by source and documents reviewed and adopted by each.

Search Term Source Documents Reviewed  Documents Adopted
Energy Policy Evaluation Sciencedirect 18 9
Energy Policy Evaluation Google 17 10
Energy Policy Assessment Sciencedirect 16 10
Energy Policy Effectiveness Sciencedirect 9 5
Energy Policy Effectiveness Google Scholar 20 (3 repeated) 15
Energy Policy Effectiveness JSTOR 5 3
Energy Policy Evaluation Google Scholar 19 (3 repeated) 13
Energy Policy Evaluation JSTOR 5 (1 repeated) 1

The detail of each search source is presented in Appendix A, for which reference and order
numbers have been provided and that have been used for the organization and analysis of the
documents presented in the document.

Analysis: Geographical Scope

When analyzing the scope or level of application of the energy policies evaluations (local, regional,
national, international, or a combination among them), it is noted in Table 2 that the highest number of
the reviewed documents regards the national level (with 40 documents), with a considerable difference
above the other alternatives. The national scope is followed by the international scope (with eleven
documents). Some documents regard all the levels of application or a combination of more than one
level. Another observation is that only three locally focused documents were found.

Concerning the time frame shown in Table 3, almost all of the retrieved documents state or
enabled us to infer the period of the evaluation (summing 53 documents), against 13 documents where
that was not possible. The time framing of the process, according to the reviewed documents, can be
ex ante, in progress, or ex post. The ex post energy policy evaluation approach was the most often
found (34 documents), followed by the ex ante approach (10 documents). It can be noticed that only
two of the reviewed documents (“Moving Toward Energy Efficiency: A Results-Driven Analysis of
Utility-Based Energy Efficiency Policies”, Theel and Westgaard, 2017 [13] and “Evaluating Consistency
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in Environmental Policy Mixes through Policy, Stakeholder, and Contextual Interactions Lieu et al.,,
2018 [14] declared a combined approach (with more than one possible timing period).

Table 2. Energy policy evaluation documents found per geographical level of analysis.

Level Quantity Document Numbers (from Tables in Appendix A)
1-4; 6-11; 13; 16-18; 20; 21; 24-26; 28; 30-32; 34; 35; 45; 46; 50; 52;

National 40 53-55; 58-64; 66.
Regional (State) 9 14; 15; 19; 27, 36; 38; 39; 47; 56.
International 11 29; 33; 37; 40; 41; 43; 44, 49; 51; 57; 65.
Combined 3 12; 23; 22.
Local 3 5;42; 48.

Table 3. Energy policy evaluation documents found per time-frame.

Time Framing of the Process Quantity Documents Numbers (from Tables in Appendix A)
Ex ante 10 1, 5; 15; 22; 23; 29; 31; 40; 47, 51.
Ex post 34 4, 8-10; 18; 21; 27; 32; 33; 35; 36; 38; 39; 41-63; 65; 66.
In progress 7 19; 28; 30; 34; 46; 48; 64.
Combined 2 14;17.
Not inferred 13 2;3;6;7;11-13; 16; 20; 24-26; 37.

Table 4 shows the participation of stakeholders in the EP evaluation. Stakeholder participation is
related to the involvement of actors along the evaluation process. Less than one-third of the documents
retrieved report some form of participation from stakeholders (19 out of 66 documents).

Table 4. Energy policy evaluation documents found per stakeholder participation.

Stakeholder Participation Quantity Documents Numbers (from Tables in Appendix A)
Yes 19 3-6; 13; 14; 17; 20; 23; 29; 30; 37; 40; 53; 54; 58; 59, 64.
1; 2; 5-12; 16; 18; 19; 21; 22; 24-28; 31-36; 38; 39; 41-52; 55-57;
No 47

60-63; 65; 66.

The methodological approaches for evaluation were also reviewed and are presented in Table 5.
As expected, very diverse approaches were found from document to document. The qualitative-based
methodology was found as the most popular approach (19 documents). Descriptive and qualitative
analysis methods have been considered as qualitative-based. The second more frequent approach is
statistical (17 documents). Scenario and modeling techniques have also been identified (12 documents).
The category others include the approaches that were found only once e.g., cost-benefit analysis (CBA),
return on assets (ROA), etc.

Table 5. Energy policy evaluation documents found per methodological approach.

Methodology Quantity Documents Numbers (from Tables in Appendix A)
Statistical 17 10; 14; 20; 27; 32; 33; 36; 38; 39; 42-44; 48; 52; 56; 61; 63.
Scenario 12 1, 5;9; 16; 18; 21; 22; 34; 53; 60; 65; 66.
Qualitative-based approach 19 2-4;11;13; 17; 23-25; 28; 31; 37; 40; 41; 45, 46, 57; 58; 64.
Indicators 4 8; 12; 35; 59.
Others 14 6;7;15;19; 26; 29; 30; 47; 49-51; 54; 56; 63.

In Table 6, it can be seen that when analyzing the motivation stated in the reviewed documents,
the most common one is to conduct a policy evaluation itself, observed in 34 documents. Four documents
clearly defined their interest in supporting policymakers, while 16 documents target the evaluation of
policy success. It can be noted the interrelation between the identified motivations.
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Table 6. Energy policy evaluation documents found per expressed objectives.

Motivation Quantity Documents Numbers (from Tables in Appendix A)
Policy evaluation 34 6-8; 13-16; 18-22; 27; 30; 32-34; 37; 39; 40; 45, 46, 49,
Y 53-55; 57-62; 64-66.
Policy review 7 23; 24; 26; 29; 35; 36; 51.
Support policy makers 4 3;5;17; 20.
Evaluate policy success 16 1;9-12; 38; 41-44; 47, 48; 50; 52; 56; 63.
Creation of a methodology/framework 5 2;4;25;28; 31.
4. Results

4.1. Energy Policy Concerns and Objectives

The identification of the concerns most frequently included in the literature and how they are
defined led to forming a list of more than 60 concerns. They have been classified into four broader
categories, and some subcategories have been formed.

4.1.1. Environmental Concerns

As shown in Table 7, two subcategories were defined: greenhouse gas (GHG) and other
environmental impacts. The burden among the categories could be very thin, as some concerns are
related to both, as renewable energy (RE) sources related concerns (e.g., RE standards, RE Deployment
and RE Tech Efficiency).

Table 7. Energy Policy Environmental concerns found.

Document GHG Other Impacts
Lieu et al., 2018 [14]. - Environmental stakeholders
Abotah, 2015 [15]. Low carbon economy Environmental protection
Chapman et al., 2016a [16]. GHG emissions RE Deployment, RE Tech Efficiency
Chapman et al, 2016b [17]. GHG emissions -
Chen, 2011 [18]. - Eco-label system
Alyamani et al., 2016 [19]. GHG emissions -
Lee & Shih, 2010 [20]. - Environmental protection
Nikolaev & Konidari, 2017 [21]. GHG emissions -
Hafeznia, Aslani, Anwar, & Yousefjamali, 2017 [22]. - Climate information
S.J. Lietal., 2017 [23]. - RE energy production
Yu et al., 2015 [24]. CO2 emissions Energy savings
Aized et al., 2018 [25]. GHG emissions -
Arababadi et al., 2017 [26]. GHG emissions -
Burke & Stephens, 2017 [27]. - RE minimum requirements
Chang & Fang, 2017 [28]. - Sustainability in energy supply
Garcia-Alvarez et al., 2018 [29]. - General environmental awareness
Mirjat et al., 2017 [30]. - General environmental awareness
Atalla et al., 2018 [31]. Climate change mitigation -
Delmas & Montes-sancho, 2011 [32]. GHG emissions Renewable resources
Menz & Vachon, 2006 [33]. - Resources capacity and quality
Arbolino et al., 2019 [34]. GHG emissions Renewable share
Thornley & Cooper, 2008 [35]. - Resource capacity
Jenner et al. 2013 [36] - Resources share
Dong, 2012 [37]. GHG emissions -
Sancho, 2010 [38]. GHG emissions -
Bersalli, et al., 2020 [39]. GHG emissions -
Stagl, 2006 [40]. Global warming and climate change Renewable energy use;.Less—pollutant
transportation
Hoffman et al., 1977 [41]. GHG emissions Environmental impact, energy resources
Carley, 2009 [42]. - Natural resource endowments, RE share
Kilinc-Ata, 2016 [43]. GHG emissions -

Greenhouse gas (GHG) emissions reduction was found as the predominant concern for
evaluating energy policies under an environmental perspective and gathered under the subcategory
Environmental-GHG. The GHG emissions concern consideration has been incentivized by
the continuous and reinforced influence produced by the definition of international agendas,
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national targets, agreements, and other international efforts to reduce GHG emissions and minimize
climate change.

Other impacts include the concerns that assess the conservation and improvement of the
environment, excepting GHG. RE related concerns (e.g., RE standards, RE Deployment and RE
Tech Efficiency) have been included in this subcategory.

4.1.2. Economic Concerns

A large set of concerns was found under the economic category, as shown in Table 8. It should
be noticed that almost all the reviewed documents included at least one aspect under this category.
The economic dimension regards all the concerns that assess policies in monetary terms, from which
two subcategories were formed.

Table 8. Energy Policy Economic concerns found.

Document

Cost

Competitiveness

Chapman et al., 2016a [16].
Theel & Westgaard, 2017 [13].
Abotah, 2015 [15].
Qiang et al., 2016 [44].

Lieu et al., 2018 [14].

Chapman et al., 2016b [17].

Energy and Environmental Economics, 2014 [45].

Chen, 2011 [18].
Bukarica & Tomsi¢, 2017 [46].
Alyamani et al., 2016 [19].
Lee & Shih, 2010 [20].
Collado & Diaz, 2017 [47].
Nikolaev & Konidari, 2017 [21].
A'J. Chapman [48].

X. Zhao et al., 2016 [49].

S.J. Lietal., 2017 [23].

S. Ma et al., 2020 [50].
Shrimali et al., 2017 [51].
Aized et al., 2018 [25].
Burke & Stephens, 2017 [27].
Chang & Fang, 2017 [28].
Liu et al., 2018 [52].

Garcia-Alvarez et al., 2018 [29].

Mirjat et al., 2017 [30].
Atalla et al., 2018 [31].
Lund, 2007 [53].

Dong, 2012 [37].

Agnolucci, 2007 [54].
Mitchell et al., 2006 [55].
Sancho, 2010 [38].
Qiu et al., 2019 [56].

Bersalli et al., 2020 [39].

Economics, 2011 [45].
Yuan et al., 2011 [57].
Rosenow 2016 [58].

Nicholson-crotty & Carley, 2016 [59].

Stagl, 2006 [40].
Zhang et al., 2014 [60].

Hoffman et al., 1977 [41].
Carley, 2009 [42].

Neij & Kerstin, 2006 [61].

J. Zhao et al., 2011, [62].
Kilinc-Ata, 2016 [43].
Verbruggen, 2009 [63].
Banerjee & Solomon, 2003 [64].

Kim & Lee, 2012 [65].

Energy price performance
Energy price and demand
Economic feasibility
Cost-Effectiveness
Supply chain Stakeholders and
Service providers
Generation Cost, Electricity Price
Impact, Levelized cost of electricity
(LCOE)

Net Cost
Energy demand, energy price

Energy demand, cost, and price
Energy savings
Internalized total cost
Generation Cost, Electricity Price
Power demand, energy substitution,
technological change
Economic data
Carrier price, demand
Cost-effectiveness potential
Costs, supply, and demand
Financial measures
Economic context
Costs and profits
Electricity price trends, economic
situation, security of supply
Economic efficiency
Welfare and Economic impact
Cost-effectiveness
GDP per capita, Oil imports,
electricity consumption
Financial support
Risk reduction
GDP
City Infrastructure
Energy Production, Energy
dependence rate
Cost-effectiveness
Cost-effectiveness
Energy Savings
Energy generation
Energy efficiency; energy costs
Energy costs, renewable energy costs
(and subsidies), Carbon prices
Cost, generation, dependence on
imports
Gross state product per capita,
electricity use, electricity price
Technology characteristics, electricity
costs
Technology payback period
Carrier prices, imports, GDP growth,
electricity consumption
Cost-effectiveness

Market growth and maturity
GDP

GDP Impact and Market Impact

Market barriers
Utility profits and revenue
Macroeconomic parameters
Attractiveness in RES investment
GDP Impact and Market Impact

Patents
Investment incentives

Market State

Access to domestic credit, Income per capita

Consumer response and
manufacturer/marketer response
Consumer choice, technology,
and location characteristics
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The Economic-cost subcategory includes the concerns related to direct monetary influence,
particularly related to costs and expenses. Both levels, macroeconomic and microeconomic, have been
assessed; e.g., the energy price is included, referring to the economic aspects in a micro economical view.
The gross domestic product (GDP) impacts of energy decisions refer to the macro level of an economy:.

Regarding Economic-competitiveness, this subcategory brings together market orientation concerns
(e.g., attractiveness of investment, market growth and market maturity aspects). The market characteristics
provide information that allows the comparison among different markets, informing about their national
and international competitiveness.

4.1.3. Social Concerns

Regarding the Social category, all concerns with a social orientation have been gathered in
Table 9, including the concerns in which equity is recognized. Two sub-categories were defined.
Firstly, Social-equity include concerns related to social sustainability factors, as the acceptance of certain
energy technologies and the impacts of subsidies on energy bills. It can be noticed how equity has been
considered in several documents, being a key component of distributive energy justice, and that should
contribute to new policy initiatives. Some other concerns include energy democracy, energy equity
and consumer surplus. This last is an important reference to measure the welfare of consumers [29].

Table 9. Energy Policy Social concerns found.

Document Equity Employment
Andrew J. Chapman et al., 2016a [16]. Health, suk’)suiy a.lll.oca"non, Employment
costumer’s participation

Rogge et al., 2017 [66]. Distribution of energy costs (equity) -
IRENA et al., 2014 [67]. Equity (Consumer’s impact) -
Abotah, 2015 [15]. Customer interaction and satisfaction -

Andre John Chapman, 2016b [17]. In;ﬁ:;;;ﬁ tsiggs(;?ﬁ)ssirsl aezgrggn}; Etc:s’ Employment
(W. Lietal., 2016) [68]. Perceptions of importance and satisfaction -

Nikolaev & Konidari, 2017 [21]. Energy equity Employment

Consumers’ preferences, vehicle acceptance,
Wang et al., 2017 [69]. and WTP -
Hafeznia et al. [22]. Social acceptance of RE technologies Knowledge and Sk{ll of workforce
(expertise)
Enzensberger [70]. Stakeholder’s consideration -
Edwards, 2018 [71]. Social acceptance -
Burke & Stephens, 2017 [27]. Energy democracy -
Chang & Fang, 2017 [28]. Equity among households: Energy elasticity -
Liu et al., 2018 [52]. Consumer surplus -
Mirjat et al., 2017 [30]. Social context -
Atalla et al., 2018 [31]. Electricity price elas?icity (Household }
behavior)
Delmas & Montes-sancho, 2011 [32]. Customers, Renewable preferences Unemployment
Arbolino et al., 2019 [34]. Health -
Harmelink et al., 2006 [72]. Acceptance by the actors -
Yao et al., 2014 [73]. Demographic Information -
Sancho, 2010 [38]. - Unemployment

Qiu et al., 2019 [56].
Ling-yun & Jia-jia, 2016 [74].
Delmas & Montes-sancho, 2011 [32].
Biirer & Rolf, 2009 [75].

J. Zhao et al., 2011 [62].

Stagl, 2006 [40].

Neij & Kerstin, 2006 [61].

Demographic information
Public Health and people’s welfare
Customers’ preferences, Investors
Investors
Household income; neighborhood
Warm spaces
Participation and Commitment of actors

The second subcategory, Social-employment, as can be inferred from its name, is the subcategory to
account for the employment rates affected by the energy policies. The knowledge and skills (expertise)
of the workforce have also been included in this subcategory.
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4.1.4. Institutional Concerns

Finally, under the institutional concerns assessment (Table 10), the variety of concerns found
through the reviewed papers was larger than in the previous categories; however, no subcategories
were created, due to a lack of a clear structure. The identified concerns describe the policy institutional
framework, including concerns as flexibility with policy instruments, actors, and institutional
environment, among others.

Table 10. Energy Policy Institutional concerns found.

Document

Concern

Rogge et al., 2017 [66].
IRENA et al., 2014 [67].

Andrew J. Chapman et al., 2016¢ [76].

Theel & Westgaard, 2017 [13].
Abotah, 2015 [15].

Bukarica & Tomsi¢, 2017 [46].

Yoon & Sim, 2015 [77].
Nikolaev & Konidari, 2017 [21].
Arababadi et al., 2017 [26].
Burke & Stephens, 2017 [27].
Liu et al., 2018 [52].
Garcia-Alvarez et al., 2018 [29].
Mirjat et al., 2017 [30].
Delmas & Montes-sancho, 2011 [32].
Menz & Vachon, 2006 [33].
Dong, 2012 [37].
Agnolucci, 2007 [54].

Qiu et al., 2019 [56].
Rosenow et al., 2016 [58].
Carley, 2009 [42].
Harmelink et al., 2008 [78].

J. Zhao et al., 2011 [62].

S. Ma et al., 2020 [50].

Actor’s and institution’s participation
Political accountability, source of finance and regulatory simplicity
Governance, policy processes and priorities
Policy Environment
Institutional and Government support
Political will, public participation, public dialogue,
regulatory framework
Policy framework (policy environment and policy process)
Administrative and financial capacity, Feasibility of implementation
Policy budget
Policy implementation mechanisms
Government fiscal revenue
Policy Environment
Policy Environment
Type of Governor
Policy regime
Other policies (number)
Policy certainty and planning constraints

Policy options

Policy characteristics

Political institutions, other policies (presence)
Policy process
Advertisement
Subsidies

Verbruggen, 2009 [63]. Robustness, efficiency

There is a recent recognition of the importance of the institutional context. Concerns like political
commitment, policy choice, and citizen engagement characterize policies from an institutional perspective.

Even if the institutional performance does not measure policy success itself, it contributes to
explain the policy environment. Institutional context tends to be assessed qualitatively rather than
quantitatively. The lack of quantitative procedures to evaluate some dimensions of the institutional
context provides the opportunity to develop scientific-based methodology proposals that enable to
evaluate the concerns found under this category.

Table 11 shows the number of appearances per concern by subcategory. It is noted that
Economic-cost is the subcategory that was found more often in the reviewed documents, reflecting the
importance given to it by the consulted sources. The second most popular subcategories are Governance
and Social equity, which regards the energy impacts on society and energy distributional impacts.

Table 12 shows an analysis of the categories. It was noted that most documents mention more
than one category (42 documents). From the remaining 24 documents (single category approach),
12 documents report an Economic orientation, being the largest one.

4.2. Identification of Gaps

After the review of the concerns that have been used to characterize the effectiveness of the energy
policies, some areas have been identified as not fully covered regarding an integral review of EP
effectiveness characterization.
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Table 11. Number of appearances per concern by subcategory.

Category Quantity of Documents Documents Numbers (from Tables in Appendix A)
Environmental-others 14 2,7,15,17,18, 21, 24, 25-29, 31, 33
Environmental GHG 14 1,5,9,15,18,21-23, 36, 38, 39, 44, 47, 49
. 1,2,5,8-10, 14-19, 22, 24-29, 31, 32-36, 39, 40, 42-49,
Economic-cost 36 60
Economic-competitiveness 15 1,3,5,7,9,10, 14, 18, 31, 34-37,49, 62

1,6,9,11,12, 15, 18, 20, 24-26, 28, 29, 31, 36, 37, 39, 40,

Social Equity 2 42, 48,52, 53, 58, 60, 66
Social-Employment 7 1,9,10,18,31,36,47
Governance 2% 3,4,9-15, 23, 24, 26-28, 36, 38, 40, 44, 45, 48, 51, 56, 57,
60, 62, 63, 65

Table 12. Single vs. multi-category orientation.

Category Quantity of Documents Documents numbers (from Tables in Appendix A)
Single o 4,6-8,13,16,19-21, 30, 32, 34, 37, 41, 42, 46, 50, 52, 54, 57, 58,
61, 64, 66
Multi-category 0 1-3,5,9,10-12, 14, 15,17, 18, 22, 23, 24-29, 31, 33, 35, 36,
38-40, 43-45, 47-49, 51-53, 55, 56, 59, 60, 62, 63, 65
Environmental 2 21,41
Economic 12 7,8,16,19, 32, 34, 46, 50, 52, 54, 61, 64
Social 7 6,20, 30,37, 42, 58, 66
Institutional 3 4,13,57

A list of missing concerns has been elaborated (Table 13) in which additional concerns have been
included. The criterion followed to add concerns was if the outcomes of the concern could be modified
by a policy and their relevance for the ep effectiveness characterization.

Table 13. Additional concerns by category.

Environmental Concerns Economic Concern Institutional Concern
Water resources Externalities pricing Amount and quality of Staff
Land resources Grid state -

Waste Management - -

Not all the subcategories needed extra concerns, e.g., the Social subcategories (Social-Equity and
Social-Employment) have been considered as complete, as the concerns identified through the review
do provide a wide perspective of the social approach.

Under the environmental category, the concern of environmental protection has been often found
through the revised documents. However, it has been considered relevant to detail it through more
specific concerns (as water and land resources) to be able to better measure them. They are relevant
concerns for the environmental evaluation of policy and closely related to the impacts of energy on
the environment.

The externalities pricing is a concern that can be reported under the environmental or economic
category, due to their interrelationship in the concern itself. For the monetarization process that
externalities involve, it has been decided to keep this concern under the economic category.

It was found a lack of consideration of some aspects that may be relevant for the policy appraisal,
as available funds (for technology, innovation, and infrastructure investment), the economic situation of
the private sector, and the economic situation by regions, economic and fiscal parameters (like inflation,
escalation, exchange rates, and taxes). All these concerns can be gathered as economic background.
Additionally, the grid state is a relevant concern for its relation to the energy service provision.

Finally, the concern under the institutional category (Amount and quality of Staff) intends to
involve a relevant aspect of the institutional framework: the governing human resources. They differ
from Knowledge and skill of the workforce (reported in the Social concerns), as this last regards
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the technical workforce involved in the policy implementation, while the second one, regards the
governance-related workforce.

4.3. Inferred Energy Policy Objectives and Condensed Concerns

With the intention of better organizing the concerns and facilitating the identification of their
evaluation metrics, a condensation process was taken to eliminate redundancies, conglomerating them
into condensed concerns. The condensed concerns have been identified after questioning where there
could be an impact if the extracted concern does not comply. In addition, for every condensed concern,
its end objective has been identified (as shown in Figure 1). The identification of the ends objective
aims to put the review more in line with the typical multi-criteria decision making (MCDM) language
and to ease the further identification of indicators.

Affordability

EMD OBJECTIVE: Maximize
the capability of energy payment

Energy Price,

Elasticity,

Cost-Effectiveness,

Generation Cost,

Net Cost,

Levelised cost af electricity (LCOE),
Technological change,
Technaological characteristics and
payback Carrier Price

ECONOMIC

Accessibility

END OBJECTIVE: Maximize the accese
Lo enangy

Energy dermand,

Security of energy supply,
Incorporation of climatic data,

Grid Expansion,

Electricity/Resources Imports/Exports,
Geopolitical situatian,

Energy substitution

END OBJECTIVE: Maximize economic
compelitiveness

Market grewth and maturity,
Market barriers,
Aftractiveness in RES investment,
Investment incentives,
Market Impact,

Utility profits and revenue,
Frofit Ratios

Ecanamic feasibility,
Economic data,

Financial data,

Energy savings,

INSTITUTIONAL

EMD OBJECTIVE: Maximize the policy
effectiveness

Actors and institutions parlicipation,
Institutional and Government Support,
Public participation,

Public dialogue

Political accountability,

Regulatory simplicity,

Gavernance (Type of Governor)
Policy processes and priodilies,
Policy Environment,

Administrative capacity,

Feasibility of implermentaticn,

GODP Impact, Policy instruments,

Patent Source of finance,
Economic climate,
Gavernment fiscal revenue,
Policy budget,

Policy subsidies

Amount and quality of Staff.
‘Other policies
Advertisement,
Robustness,

Efficiency

ENVIRONMENTAL

END OBJECTIVE: Maximize social equit

END OBJECTIVE: Minimize the

END OBJECTIVE: Minimize the climate

impacts . . p g
o change impact environmental impact/maximize the
[Ell slnhultlun of energy costs, Health environmental sustainability
ner impact, ime iti i
. bsg; Slfl il Warm spaces Climate \.:ha.nge rrnlllga.llnn, o
ubsidies allocation, GHG emissions reduction Sustainability in energy supply,

Energy Democracy,

Consurmer surplus,

Welfare and Economic impact
Employment, Demagraphic information
Knowledge and skill of

warkfores (expertise )

Consumer’'s acceptance,

Consumer’s preferences,

Social acceptance of RE technologies,
Customer satisfaction,

Perceptions of impartance,
Externalities pricing,

Ecanomic background

Eco-label systems,
Renewable energy minimum
requirements,

Environmental protection,

RE Deployrment,

RE Tech Efficiency,

RE energy production.

Water and land resources,
Waste Management

Matural resources endowment

Figure 1. Extracted and condensed concerns per ends objective.

The economic extracted concerns are the largest in number when compared with other categories.
It was possible to narrow down the initial list to three condensed concerns: affordability, accessibility,
and economic competitiveness.

Affordability includes all the concerns that may affect the state of being cheap enough for people
to be able to pay for electricity or other forms of energy [79]. Accessibility refers to the fact of energy or
electricity being able to be reached or obtained easily [80].

Competitiveness brings together the concerns that relate to being able to compete successfully
with other companies, countries, organizations, etc. [81].
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The concerns under the environmental spectrum have been condensed through two concerns.
The first one reflects the policy’s impact on the environment. Its ends objective relates to environmental
sustainability, defined as the quality of causing little or no damage to the environment and therefore able
to continue for a long time [82]. The second condensed concern denotes the impacts on climate change.

In the social category, Equity, as the situation in which everyone is treated fairly and equally [83],
gathers the majority of the social concerns. Health is however kept as a separated condensed concern.

Governance effectiveness and efficacy as a single condensed concern included all the concerns
under the institutional perspective. Governance is defined as how an organization is managed at the
highest level and the systems for doing so [84] and assessed through its effectiveness and efficacy.

The organization of the extracted and condensed concerns is documented in Figure 1 The economic,
environmental, and social categories include more than one condensed concern.

5. Indicators for Energy Policy Effectiveness

5.1. Indicators’ Relevance and Types

The relevance of indicators has been recognized in the energy field [85-89]. Agents have created
ways to assess different dimensions of the energy industry through indicators, giving them several
functions and purposes [90-93]. They can be used as assessment metrics, providing a comparison
between the defined objectives and their achievement, therefore assessing the effectiveness of the state
of systems, which can be applied to assess the success of policies.

Indicators can be differentiated by function, serving as monitoring, guideline, or communication
instrument. With a monitoring purpose, indicators evaluate the policy progress towards their objective’s
achievement. When indicators are used to monitor the status of an energy policy, they can be helpful
for the improvement of the policy. An in progress evaluation enables the identification of the need for
modifying the track to achieve the settled objectives in case the progress is not fully satisfactory.

At the beginning of the policy cycle, indicators can provide a deeper orientation of where to add
more resources or where to focus while designing a policy. They may allow a deeper understanding
of some elements and even help to identify relations that may not be shown through basic statistics
or data. Indicators, as communication instruments, can be useful tools for policymakers to express
elaborated ideas or concepts to other relevant stakeholders of the sector or out of it; e.g., the indicators
issued by national governments to inform regional or local authorities.

Indicators can also be differentiated by whether they are individual or composite (also known as
aggregated). The first ones are commonly used to show the presence or state of a situation or condition
individually for a topic [94]. Despite the usefulness of individual indicators, sometimes the information
provided may not be enough for the purposes of the evaluation or an integrative assessment of more
than one element. Hence, the condition of the state of a topic may require the evaluation of more than
one criterion, requiring the use of composite indicators. For some interrelated information, composite
indicators are a feasible alternative. They are the result of individual indicators being compiled into a
single index to summarize complex and multi-dimensional situations [95]. Some well-known examples
of composite indicators in the energy field are the energy poverty and energy access indicators.
For energy deployment decisions, policymakers require to know the state of the energy sources,
which involves different concerns. That may require an aggregated indicator. For this example,
aggregated and individual indicators may be required to contribute to providing information about
the energy sources, including why and how they were successful, the social perceptions around them,
together with the economic details and other relevant concerns [24].

5.2. Indicators Review Methodology

The indicators” documents search was initially done in the open browser Google. The first
50 results of the search under energy policy indicators were reviewed in detail. Many of them were
about energy or indicators, however, they either analyze or propose indicators related to buildings,
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utilities or other very specific topics of the energy sector or are not related to energy policies. Therefore,
only the documents with general energy policy goals were considered, resulting in 23 documents
presented in Appendix B.

Subsequently, a complementary search was done on the academic database Sciencedirect. From the
first 50 documents retrieved under Energy Policy Indicators, most of the documents retrieved, do not
propose new sets of indicators (from the ones previously identified). The majority of the related documents
focus on analyzing the indicators proposals done by international organizations or governments (identified
through the open sources search) or documents that focus on the analysis of the implementation of the
indicators in a particular country or region.

When searching the corresponding indicators for every condensed concern through the retrieved
documents, some concerns could not be matched through the recovered documents. A detailed search
was done to find at least one indicator for the concerns. This led to finding additional documents listed
in Appendix B. For this search, the concerns themselves were used as keywords, together with the

7

term “indicator”, “assessment” and “evaluation”.

5.3. Indicator Identification

In Section 4 all the extracted concerns were organized into condensed concerns, for which the
indicator identification process was followed, identifying, at least one indicator for every condensed
concern. The end objective of each concern has been enlisted, and at least one indicator as an assessment
metric of each objective has been identified.

Table 14 shows the indicators for the condensed concerns with an economic orientation. For all
the concerns, more than one indicator has been identified.

Table 14. Identified indicators for the condensed concerns—Economic.

Concern End Objective Indicator Units Source Definition
Indicator of how much
Numerical Measuring personal satisfaction or
Willingness to Pay value Willingness to Pay well-being individuals
for Electricity [96] derive from
Max. The diff t out
Affordability capability of 1ierent outcomes
energy payment Assessing the
Spending on energy as a performance of Percentage of income
. renewable energy .
proportion of the Percentage support policies destined to pay
household income pport poiict electric energy
with quantitative
indicators [97].
Aggregated Energy Access Aggregated indicator of
Energy access value Score [98]. eight subindicators
s Max: The Indicator part of the
Accessibility capability of E .
. . nergy Trilemma Index,
energy provision . Vary by Energy Trilemma .
Energy security subindicator Index [99] assessment of Security of
’ Supply and
Energy Delivery
. . Harmonised Indicators that include
Harmonized Numerical i R
Competitiveness value competitiveness price and cost
P indicators [100]. competitiveness
The Global Index that analyzes
Competitiveness Index Index Competitiveness competitiveness along
Economic Max. The economic Report [101]. 12 pillars by country
competitiveness ~ competitiveness Part of the Energy
Trilemma Index.
Includes Investability,
Country Context Vary by Energy Trilemma en\?itj(])jrﬁnIZi%ulAaitrlend
¥ subindicator Index [99]. T

and water impact,
RD&D and innovation,
Coherent and
predictable framework.
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Table 15 shows the proposed indicators for the condensed concern with environmental orientation,
environmental sustainability, for which three alternatives were identified; the proposed indicators
for the two condensed concerns with social orientation are shown in Table 16; the indicators for the
Governance effectiveness and efficacy condensed concern are shown in Table 17.

Table 15. Condensed Environmental Energy Policy Effectiveness concerns and identified indicators.

Concern End Objective Indicator Units Source Definition
. Environmental Indicators on air, climate,
Environmental Vary by . .
Sustainability Indicator indicator Sustainability water, nature,
Y Indicator [102]. and human influence.

Ranks 180 countries on
24 performance

. Environmental o
Environmental indicators across ten
. Index Performance . . R
. Min. The Performance Index issue categories covering
Environmental . Index [103]. .
o environmental environmental health
sustainability . -
impacts and ecosystem vitality
Part of the Energy
Trilemma Index.
Environmental Vary by Energy Trilemma Includes the
o L7 assessment of Energy
Sustainability subindicator Index [99]. s
resource productivity,
GHG Emission and
C02 emissions
. Minimize the GHG emissions from GHG/GDP Indicators for Com},')os'ed by
Impact on climate . . . . . GHG emissions from
impact on climate energy production per (C02/economic Energy Sustainable X
change ; . energy production
change unit of GDP unit) Development [89]. over GDP

Table 16. Condensed Social Energy Policy Effectiveness concerns and identified indicators.

Concern End Objective Indicator Units Source Definition
Enerey Equit Set of indicators that

Energy Equity Indicators ~ Vary by subindicator In dicagt}(;rsc{ 1 O-f] evaluates Access,

’ investment and Resilience
Equity Max. the

consumer’s welfare Includes the assessment of
. L. Energy Trilemma Access, Quality of Supply

Energy Equity Vary by subindicator Index [99]. and Affordability

and competitiveness

Number of fatalities
by fuel chains per
energy or electricity
produced annually

Accident fatalities per
energy produced by
fuel chain

Energy indicators for
sustainable
development [87].

Min. The energy

Annual fatalities by
impact on health

Health’s impacts fuel chain

Table 17. Condensed Governance Energy Policy Effectiveness concerns and identified indicators.

Concern End Objective Indicator Units Source Definition
Institutional Institutional . 'A'ggreg'ate'd and
R s P individual indicators for
Feasibility Vary by subindicator Feasibility R .
Governance h " indicators indicators [24] six dimensions
effectiveness Max. t_ € policy ’ of governance
and efficac effectiveness
y Worldwide Worldwide Indicators that Summarize
Governance Percentile Rank (0 to 100) Governance dataset of the quality
Indicators Indicators [105]. of governance

6. Discussion

6.1. Contributions of the Review

Wide variety of documents (66 documents) that meet the eligibility criteria have been analyzed.
Each of them presents an alternative to characterize energy policies. The data gathered derives
from multiple sources that attempt to give a solution to the same question: how to evaluate energy
policy effectiveness?

The results generated a wider perspective on the different concerns that assess energy policy
effectiveness. Four core categories (Economic, Environmental, Social, and Institutional) were organized
and synthesized through more specific categories (eight condensed concerns organized by their ends
objective), presented in Figure 2.
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Figure 2. Effectiveness characterizing condensed concerns.
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It was found that five documents of the review [21,27,30,32,52] consider at least one extracted
concern under each of the four core categories, being the most complete documents presented in this
review. Nevertheless, no single document covered the seven condensed concerns that have been
identified. Therefore, our results are an expansion of those approaches, giving the possibility to apply
a more integral evaluation.

The identification of the core metrics of the concerns was also done, leading to the exploration
of the energy policy indicators spectrum. The main contribution of this review is the organization
of attributes focused on assessing energy policy effectiveness in a more detailed way. The Energy
Trilemma [99] metrics have been very useful to identify options to assess some of the identified
condensed concerns; however, the Trilemma lacks the consideration of one of the core categories
resulting from this review, the Institutional one.

The potential of the data from this review gives the possibility to construct more complete and
integral assessment procedures and to reframe already existing energy policy evaluation methodologies
with the addition of new attributes (and its metrics).

This review can be directly useful for the national and international current governance situation,
in which different levels of authority are implementing approaches for climate change mitigation,
whereas EP evaluation is required, e.g., for the SDGs achievement assessment, a set of indicators
currently exists [106]. However, a policy effectiveness evaluation tool or methodology (in coherence
with the SDGs) may contribute to assess in more detail every policy. Therefore, this report contributes
to establishing a base for the future development of a policy effectiveness evaluation methodology
that supports the alignment of policies to achieve the SDGs or any other international, national,
or local frameworks.

6.2. Limitations of the Review

The search considered the key search engines Elservier, Google, Google scholar, and JSTOR,
so in principle, all major publications obeying the criteria were covered. However, theoretically,
it could happen that the consideration of additional databases (e.g.,CORE, Bielefeld Academic Search
Engine (BASE), Directory of Open Access Journals (DOAJ), Social Science Research Network (SSRN),
World Wide Science, Semantic Scholar, etc.) could provide some additional results. In addition,
the non-published documents (studies non-accepted for publication) have not been reviewed; however,
this situation does not pose a serious threat to the validity of the review [107]. The search protocol
applied has a reasonable degree of easiness and reachability, resulting in a sound number of documents
that could be gathered.

The data generated is suitable to be analyzed with statistical methods or other quantitative
techniques as HOMA [108] or MASEM [109]. Meta-analysis techniques have not been applied in this
study, which has a qualitative nature. However, useful information may be retrieved in the future by
such kind of analysis.

7. Conclusions

This review aimed to characterize the policy evaluation practices in the Energy field, with a focus
on the metrics: concerns, objectives, and indicators. In addition to efficacy and efficiency, an emphasis
was put into trying to find indicators that can assess effectiveness. Effectiveness enables a more holistic,
field-tested, and modulated assessment of the achievements.

It was found that from the different categories (Environmental, Economic, Social, and Institutional),
the Economic category is the one most often included, being present in nearly all documents
(36 out of 66). Ex post is the most frequent evaluation type in terms of the moment (34 out of
66). Regarding the level of disaggregation reported for EP evaluations, local studies were found in three
documents, while the national ones had the lead (40 out of 66). Considerations like the stakeholder’s
participation, evaluation motivation, and methodological approach varied with less focus across the
gathered documents.
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The extracted concerns were condensed in a more compact list that eliminated redundancies,
organizing them by their end objective. This resulted in seven condensed concerns: accessibility;
affordability; competitiveness; impact on climate change; other impacts on the environment; equity;
and health.

A total of 15 indicators were identified as possible alternatives to fully characterize the concerns:
2 for affordability, 2 for accessibility, 3 for economic competitiveness, 3 for environmental impacts, 2 for
equity, 1 for health, and 2 for governance effectiveness and efficacy. This list is a considerable expansion
from what could be found in any single previous document. It is proposed as a holistic assessment of
the effectiveness of energy policies. The information organized through this review could be the object
of further future works, e.g., on the computation of every single indicator—either ex ante or ex post,
but with the goal of enabling ex ante estimation as much as possible. This would further support the
elaboration of solid policies, adapted to the local institutional and geographical contexts.
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GHG Greenhouse Effect Gases
CBA Cost-Benefit Analysis
ROA Return on Assets

RE Renewable Energy

GDP Gross Domestic Product

MCDM Multi-criteria Decision Making

Appendix A Identification of Documents by Search Terms

Table Al. Energy policy evaluation documents adopted (Sciencedirect).

# Name of Document Authors

Proposing an evaluation framework for energy policy making

! incorporating equity: Applications in Australia (Chapman etal, 2016) [16]
2 An analytical framework for energy policy evaluation (Chen, 2011) [18].
3 Energy efficiency policy evaluatlgn by moving (Bukarica & Tomsi¢, 2017) [46].
from techno-economic
. p . e
4 Why is South Korea’s Fen.ewable energy policy failing? (Yoon & Sim, 2015) [77].
A qualitative evaluation
5 A multiple perspective modeling and simulation approach for ~ (Alyamani, Damgacioglu, Celik,

renewable energy policy evaluation Asfour, & Feiock, 2016) [19].

Consumers’ evaluation of national new energy vehicle policy
6 in China: An analysis based on a four paradigm model (W.Li, Long, & Chen, 2016) [68].
perceptions of importance and satisfaction

Renewable energy policy evaluation using real option

7 model—The case of Taiwan (Lee & Shih, 2010) [20]
8 Analysis of energy end-use efficiency policy in Spain (Collado & Diaz, 2017) [47].
9 Development and assessment of renewable energy policy (Nikolaev & Konidari, 2017) [21].

scenarios by 2030 for Bulgaria
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Table A2. Energy policy evaluation documents adopted (Google).

# Number of Document Number of Document
10 Reside.ntial sF)lar PV policy: An analysis of impacts, successes, (Chapman et al., 2016b) [17].
and failures in the Australian case
1 irical . lvsi i -
1 Conceptual and empirical advances in analysing policy mixes (Rogge, Kern, & Howlett, 2017) [66].
for energy
12 IRENA: Evaluating Renewable Energy Policy: A Review of (IRENA, Nicholls, Mawhood, Gross, &
Criteria and Indicators for Assessment Castillo-Castillo, 2014) [67].
Strengthening the Energy Policy Making Process and
13 D s . . . Ch t al, 2016c) [76].
Sustainability Outcomes in the OECD through Policy Design (Chapman eta <) [76]
14 Movipg Toward Energy Eff‘ic_iency: A Rgsults—Driven Analysis (Theel & Westgaard, 2017) [13].
of Utility Based Energy Efficiency Policies
Evaluation of Energy Policy Instruments for the Adoption of
15 Renewable Energy: Case of Wind Energy in the Pacific (Abotah, 2015) [15].
Northwest U.S.
16 Climate and energy policy solutions for China (Qiang et al., 2016) [44].
Evaluating Consistency in Environmental Policy Mixes .
17 . . L t al., 2018) [14].
through Policy, Stakeholder, and Contextual Interactions (Lieueta ) [14]
18 A Framewgrk for Eru_er_gy Poli.cy Eva¥uation and Improvement (A.J. Chapman, 2016) [48].
Incorporating Quantified Social Equity
19 Evaluation of Hawaii’s Renewable Energy Policy (Energy and Environmental
and Procurement Economics, 2014) [45].
Table A3. Energy Policy Assessment documents adopted (Sciencedirect).
# Name of Document Authors
20 Pubhc.p.erceptlons of energy P011c1es: Predicting support, (Edwards, 2018) [71].
opposition, and non-substantive responses
Ex-post assessment of China’s industrial energy efficiency policies oA )
21 during the 11th Five-Year Plan (Yu, Wang, Li, Qi, & Tamura, 2015) [24]
22 Energy security and renewable energy policy analysis of Pakistan (2%;?;(:[1’2__?]}1 ahid, Bhatti, Saleem, & Anandarajah,
23 Energy policy assessment at strategic, tactical, and operational (Arababadi, Moslehi, El Asmar, Haavaldsen, &
levels: Case studies of EU 20-20-20 and U.S. Executive Order 13514  Parrish, 2017) [26].
o4 Ene.rgy democracy: I(?oals and policy instruments for (Matthew J. Burke & Stephens, 2017) [27].
sociotechnical transitions
o5 Efficient, equitable and sustainable energy policy in a small open (Chang & Fang, 2017) [28].
economy Concepts and assessments
2% Comprghenswg effectlver}ess ass'e.ssr.nent of rent.evs./able energy (Liu et al., 2018) [52].
generation policy: A partial equilibrium analysis in China
o7 Assessment of energy policies to promote photovoltaic generation (Garcia-Alvarez, Garcia, & Soares, 2018) [29].
in the European Union
28 A review of energy and power planning and policies of Pakistan (Mirjat et al., 2017) [30].
29 An Alternative Assessment of Global Climate Policies (Atalla, Bigerna, Bollino, & Polinori, 2018) [31].
Table A4. Energy Policy Effectiveness documents adopted (Sciencedirect).
# Name of Document Authors
Effectiveness of policy incentives on electric vehicle acceptance in
30 China: A discrete choice analysis (Wang, Tang, & Pan, 2017) [69].
31 Analysis of the effecthlveneiss. of national renewable energy policies: (Hafeznia, Aslani, Anwar, & Yousefjamali, 2017) [22].
A case of photovoltaic policies
o The effeFt‘lveness of Chma s wind power policy: (X. Zhao, Li, Zhang, Yang, & Liu, 2016) [49].
An empirical analysis
The policy effectiveness of economic instruments for the .
3 photovoltaic and wind power development in the European Union (5.J. Li, Chang, & Chang, 2017) [23]
34 The effectiveness of federal renewable policies in India (Shrimali, Srinivasan, Goel, & Nelson, 2017) [51].
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Table A5. Energy Policy Effectiveness documents adopted (Google scholar).

# Name of Document Authors

Effectiveness of policy measures in transforming the energy

35
system

(Lund, 2007) [53].

U.S. state policies for renewable energy: Context and

36 effectiveness

(Delmas & Montes-sancho, 2011) [32].

Which renewable energy policy is a venture capitalist’s best
37 friend? Empirical evidence from a survey of international (B & Rolf, 2009) [75].
cleantech investors

The effectiveness of different policy regimes for promoting

38 wind power: Experiences from the states

(Menz & Vachon, 2006) [33].

The effectiveness of European energy policy on the Italian
39 system: Regional evidences from a hierarchical cluster (Arbolino, Boffardi, & Ioppolo, 2019) [34].
analysis approach

Analysing the effectiveness of renewable energy supporting

40 policies in the European Union

(Harmelink, Voogt, & Creme,2006) [72].

41 The effectiveness of policy instruments in promoting bioenergy  (Thornley & Cooper, 2008) [35].

A quantile approach to assess the effectiveness of the subsidy
42 policy for energy-efficient home appliances: Evidence from (Yao, Liu, & Yan, 2014) [73].
Rizhao, China

Assessing the strength and effectiveness of renewable

3 electricity feed-in tariffs in European Union countries (Jenner, Groba, & Indvik, 2013) [36]
Feed-in tariff vs. renewable portfolio standard: An empirical

44 test of their relative effectiveness in promoting wind capacity ~ (Dong, 2012) [37].
development

45 Wind electricity in Denmark: A survey of policies, their (Agnolucci, 2007) [54].

effectiveness and factors motivating their introduction

Effectiveness through risk reduction: a comparison of the
46 renewable obligation in England and Wales and the feed-in (Mitchell, Bauknecht, & Connor, 2006) [55].
system in Germany

Double dividend effectiveness of energy tax policies and the

47 elasticity of substitution: A CGE appraisal (Sancho, 2010) [38].
48 Asses.smg the effectiveness of city-level electric vehicle policies (Qiu, Zhou, & Sun, 2019) [56].
in China
49 Renewable energy pol%cy effect.lveness. A panel data analysis (Menanteau & El-methni, 2020) [39].
across Europe and Latin America
Table A6. Energy Policy Effectiveness documents adopted (JSTOR).
# Name of Document Authors
50 Poh'cy‘ Effectlven?ss in Energy Conservation and (Yuan et al, 2011) [57].
Emission Reduction
An ex-ante evaluation of the EU Energy Efficiency .
51 Directive—Article 7 (Rosenow, Leguijt, Pato, & Eyre, 2016) [58].
Effectiveness, Implementation, and Policy Diffusion: Or “Can .
52 We Make That Work for Us? (Nicholson-crotty & Carley, 2016) [59].
Table A7. Energy Policy Evaluation documents adopted (Google Scholar).
# Name of Document Authors
53 Multicriteria eYaluatlon and public participation: the case of (Stag], 2006) [40].
UK energy policy
A real option model for renewable energy policy evaluation
> with application to solar PV power generation in China (Zhang, Zhou, & Zhou, 2014) [60]
55 Economic and Technological Models for Evaluation of Energy (Hoffman et al., 1977) [41].

Policy
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Table A7. Cont.

# Name of Document

Authors

State renewable energy electricity policies: An empirical

56 evaluation of effectiveness

(Carley, 2009) [42].

Theory-based policy evaluation of 20 energy efficiency

57 . (Harmelink, Nilsson, & Harmsen, 2008) [76].
instruments

58 Pohcy lnstrumgnts fosterlpg wind energy projects (Enzensberger, Wietschel, & Rentz, 2002) [70].
multi-perspective evaluation approach

59 Qutcome indicators f01.' the evaluation of energy policy (Neij & Kerstin, 2006) [61].
instruments and technical change

60 Hybrid agent—l?ased simulation for policy evaluation of solar (Zhao, Mazhari, Celik, & Son, 2011) [62].
power generation systems
The evaluation of renewable energy policies across EU e

61 countries and US states: An econometric approach (Kilinc-ata, 2016) [43].
An evaluation of government incentives for new energy

62 vehicles in China focusing on vehicle purchasing restrictions (Ma, Fan, & Feng, 2020) [72].
Performance evaluation of renewable energy support policies,

63 applied on Flanders’ tradable certificates system (Verbruggen, 2009) [63]:

64 Eco-labeling for energy efficiency and sustainability: a (Banerjee & Solomon, 2003) [64].
meta-evaluation of US programs

65 Evaluation and optimization of feed-in tariffs (Kim & Lee, 2012) [65].

Table A8. Energy Policy Evaluation documents adopted (JSTOR).

# Name of Document Authors
Taxing sulphur dioxide emissions: A policy evaluation from . o )

66 public health perspective in China (Ling-yun & Jiajia, 2016) [74].

Appendix B

The indicators’ documents with general energy policy goals from which the indicator identification analysis
was initially done is presented in Table 1. The additional energy policy indicators’ documents are registered in

Table 2.

Table A9. List of documents for the Energy Policy Indicators analysis.

Name

Issued by

Source

Energy Indicators

Sustainable Energy Authority of Ireland

(Statistics, 2012) [85].

Energy Indicators for Sustainable
Development: Country Studies

International Atomic Energy Agency &

United Nations Department of Economic and

Social Affairs

(IAEA et al., 2007) [86].

Indicators for Energy Sustainable
Development Guidelines and Methodologies

International Atomic Energy Agency & World

Bank and Sustainable Energy for All

(IAEA et al., 2007) [87].

Eurostat Energy indicators

Eurostat

(Eurostat, 2017) [88].

Energy Indicators

Organization of the Petroleum
Exporting Countries

(OPEC, 2017) [89].

Energy indicators for electricity production

Centre for Environmental Design of
Renewable Energy

(CEDREN, 2012) [90].

Renewable energy indicators 2013

The Global Carbon Capture and
Storage Institute

(Global CCS Institute, 2013) [91].

Energy Efficiency Indicators

World Energy Council

(World Energy Council, 2016) [92].

Energy Efficiency Indicators: Fundamentals
on Statistics

International Energy Agency

(International Energy Agency, 2014) [93].

India Energy Indicators Index

Ycharts, cloud-based investment
decision-making platform.

(Ycharts, 2018) [94].

New Zealand Energy Indicators

Ministry of Business,
Innovation and Employment

(Business & Employment, 2016) [95].

EEA energy and environment indicators

European Environmental Agency

(European Environmental Agency, 2005) [110].

UK Energy Sector Indicators 2015

Department of Energy and Climate change

(DECC, 2015) [111].
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Table A9. Cont.

Name

Issued by

Source

Canada Energy Statistics

Statistics Canada

(Government of Canada, 2016) [112].

Odysee Project Database(Indicators)

Enerdata

(Enerdata, 2016) [113].

Indicators and potentials in buildings,
communities, and energy systems

Consultancy Group

(Forsstrom et al., 2011) [114].

MENA-Energy Indicators (2017)

World Bank Group

(World Bank Group, 2017) [115].

Sweden Energy Indicators

Sweden Energy Agency

(Swedish Energy Agency, 2016) [116].

Regulatory Indicators for Sustainable Energy

Energy Sector Management
Assistance Program, World Bank

(World Bank Group, 2018) [117].

Nordic Countries Energy Indicators

Nordic Energy Research

(Nordic Energy Research, 2017) [118].

Evaluating Renewable Energy
Policy: Indicators

International Renewable Energy Agency

(IRENA et al. 2014) [24].

Energy efficiency and conservation indicators
in Yemen

Ali M. Al-Ashwal

(Al-Ashwal, 2016) [119].

Measuring Economic Policy Uncertainty

Baker et al.

(Scott R. Baker, Nicholas Bloom, 2016) [120].

Table A10. Additional Energy Policy Indicators Documents list.

Name

Issued by

Source

Government at a Glance—2017 edition

Organisation for Economic Co-operation and
Development

(OECD, 2017) [105].

Indicators of Effective Policy Development &
Implementation

Schoolwide Integrated Framework for
Transformation

(Stonemeier, Trader, Kaloi, & Williams, 2016) [121].

Indicators for policy management

Interagency (leaded by the United Nations
Development Programme)

(UNDP, 2005) [122].

Climate policy confidence indicator

Grantham Research Institute on Climate
Change and indicators

(Mcdowall, Zenghelis, & Drummond, 2016) [123].

Measuring Willingness to Pay for Electricity

Asian Development Bank

(Choynowski, 2002) [96].

World Energy Trilemma Index 2018

World Energy Council

(World Energy Council, &Wyman 2018) [99].

World Bank Data

The World Bank

(The World Bank, 2019) [124].

Harmonized Competitiveness Indicators (HCIs)

European Central Bank

(European Central Bank, 2019) [100].

Global Competitiveness Index

World Economic Forum

(World Economic Forum, 2018) [101].

Environmental Sustainability Indicator

Government of Canada

(Government of Canada, 2019) [102].

Electricity Access Data

World Bank

(The World Bank, 2019) [98].

Environmental Performance Index (EPI)

Yale, Center for Environmental Law and
Policy and other int. organizations

(Yale, 2019) [103].

Energy Equity Indicators

California Energy Commission

(California Energy Commission, 2019) [125].

Greenhouse gas inventories

European Commission

(Maria, Dg, & Eea, 2018) [126].

Mitigation Goal Standard

World Resource Institute

(Levin, Owen-, Dickinson, & Barth, 2014) [127].

Policy and Action Standard

World Resource Institute

(Rich et al., 2015) [128].

Climate Action Tracker

New Climate Institute, Ecofys and Climate
Analytic

(Climate Action Tracker, 2019) [129].

Baseline Emission Inventory

Covenant of Mayors

(Covenant of Mayors, 2010) [130].

Environmental Protection Indicators for California
(EPIC)

California Environmental Protection Agency,
the Resources Agency, the Department of

(California Environmental Protection Agency
(Cal/EPA), the Resources Agency, 2004) [131].

Health Services
Renewables 2018 global status report REN21 (a multi-stakeholder network) (Hales, 2018) [132].
Cost-Effectiveness and Productivity KPIs KPI Drafting Group (KPI Drafting Group, 2001) [133].

New and Renewable Technologies for Sustainable
Development Book

Naim Hamdia Afgan and Maria Cristina
Ramos de Carvalho

(Afgan & Carvalho, 2002) [134].

New Energy Externalities Developments for
Sustainability

Paul Scherrer Institut

(Stefan Hirschberg, Christian Bauer, Peter Burgherr,
Roberto Dones, Andrew Simons, 2008) [135].

Sustainability and Financial Performance of
Companies in the Energy Sector in Romania

Dragos Paun

(Paun, 2017) [136].

Consumers’ willingness to pay for renewable
energy: A meta-regression analysis

Chunbo Ma et al.

(C. Ma, Rogers, Kragt, & Zhang, 2016) [137].

Assessing the performance of renewable energy
support policies with quantitative indicators

DIA-CORE Project

(Held et al., 2014) [97].

Energy Intensity Indicator

U.S. Department of Energy’s Office of Energy
Efficiency and Renewable Energy

(Office of Energy Efficiency & Renewable Energy,
2019) [138].

Worldwide Governance Indicators

Kaufmann et al.

(Kaufmann et al., 2010) [104].
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Abstract: In Saudi Arabia, residential buildings are one of the major contributors to total energy
consumption. Even though there are abundant natural resources, it is somewhat difficult to apply
them to building designs, as design variables, due to slow progress and private issues in Saudi
Arabia. Thus, the present study demonstrated the development of sustainable residential building
design by examining the daylighting and energy performance with design variables. Focusing on
the daylighting system, the design variables were chosen, including window-to-wall ratios (WWR),
external shading devices, and types of glazing. The illuminance level by these design variables in a
building was evaluated by using daylight metrics, such as spatial daylight autonomy and annual
sunlight exposure. Moreover, the building energy consumption with these design variables was
analyzed by using energy simulation. As a result, the daylighting was improved with the increase
in WWRs and the tinted double glazing, while these design options can cause overheating in a
residential building. Among types of glazing, the double pane windows with a low-E coating showed
better energy performance. Based on the results, it is necessary to find the proper design variables
that can balance the daylighting and energy performance in residential buildings in hot climates.

Keywords: daylighting; energy consumption; design variables; residential building; hot climates

1. Introduction

Energy has become a global concern in developed, as well as developing, countries.
The International Energy Agency (IEA) indicated that 81% of the world’s total energy was primarily
supplied by fossil fuels, which are depletable resources [1]. Buildings have consumed a large share of
global energy and they have contributed to about 33% of the greenhouse gas (GHG) emissions [2].
The GHGs emitted by buildings have a detrimental impact on the environment. Subsequently, this issue
has attracted the attention of scientists as well as public attention [3,4]. Energy conservation has also
received great attention in Saudi Arabia. The building industry in Saudi Arabia has experienced major
developments with a rapidly escalating population [5]. In addition, a high level of economic growth in
Saudi Arabia has caused a vigorous expansion of infrastructure, in that buildings, including residential,
commercial, and governmental buildings over the last two decades, were highly demanded [6].
Eventually, Saudi Arabia needs to pay more attention to energy, both in terms of energy resources and
energy usage in buildings.

In Saudi Arabia, the building sector comprised 79% of the total electricity consumption [7].
Specifically, about 50% of the total building energy was consumed by residential sectors [8]. As the
main contributor to the total energy consumption in Saudi Arabia, the energy efficiency in residential
buildings has become a main concern. Several studies have been conducted to improve energy efficiency
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in buildings, in that a number of strategies have proposed. These strategies have mainly dealt with the
different building systems, including envelope, HVAC (Heating, ventilation, and air- conditioning),
and lighting. These were: (1) improvement of thermal resistance in building envelopes [9-11];
(2) application of advanced window systems [12,13]; (3) application of more efficient lighting
bulbs [14,15]; (4) and the use of energy-efficient mechanical systems [16]. Other strategies included
the utilization of renewable energy technology [17], daylight systems [18,19], and natural ventilation
techniques [20]. Since most buildings in Saudi Arabia are heavily dependent on mechanical systems to
maintain thermal comfort, as well as to provide lighting, it is necessary to find a proper strategy to
reduce building energy consumption.

In addition to the strategies above, several studies have performed investigations to improve
energy efficiency in residential buildings in Saudi Arabia. In a study by Taleb and Sharples, energy use
patterns in apartment buildings were analyzed, and energy efficiency was improved by applying
various measures, such as improved building thermal insulation and external shading devices [5].
In the case of the retrofitting project for villas by Mejjaouli and Alzahrani, they applied various types of
mechanical systems and building envelope components as retrofitting measures to improve the energy
efficiency of villas [21]. In addition, Waleed et al. performed experiments and simulations to investigate
the thermal performance of building materials for walls of residential buildings [22]. A similar study
was conducted by Alaidroos and Krarti [23]. In their study, the impact on energy consumption by
various components of building envelopes, including thermal insulation, window shading, and glazing
types, was investigated to develop an optimum building envelope system for residential buildings.
Moreover, the advanced air-conditioning system was applied to residential buildings to reduce
the energy consumed by mechanical systems [24]. As can be shown, most studies focused on the
improvement of building envelopes or high energy-efficient mechanical systems for energy-efficient
residential buildings. Considering the reduction of greenhouse gas emission, passive design solutions
should be implemented more than active design strategies.

Among passive design strategies, daylighting is one of the effective design solutions for improving
building energy efficiency. According to the study by Li and Liam, daylighting in a building can
satisfy the human visual response, and it can make a more attractive and pleasing environment [25].
By installing daylight responsive control systems in an office building, considerable energy savings
were achieved [26]. Furthermore, Do et al. proposed the use of semi-transparent solar cell window
systems with daylight dimming systems for residential buildings to obtain the opportunity of energy
saving [27]. A similar study for utilizing daylighting systems was conducted by Reffat and Ahmad [28].
In their study, energy performance by various daylighting systems in an office building was extensively
investigated to reduce energy consumption for cooling. To summarize, the use of a daylighting
system in buildings can provide benefits regarding visual comfort as well as potential for energy
consumption reduction.

Daylighting is one of the most abundant natural resources in Saudi Arabia. If the admitted
daylighting in the building is well-controlled, it can provide great potential for energy-saving by
reducing energy consumption for artificial lighting, heating, etc., while uncontrolled daylighting can
cause overheating and glare [29-31]. Considering the substantial advantage of daylighting, there were
a few studies for the investigation of both daylighting and energy performance in residential buildings
in Saudi Arabia. For the present study, the daylighting and energy performance by the design variables
of residential buildings were investigated. The outcomes of the study were used to develop an
energy-efficient residential building design considering daylighting performance.

2. Principal Design Variables for Daylighting in a Residential Building

There have been many design factors influencing daylighting performance in buildings.
The daylighting performance is highly influenced by the geometries of buildings and rooms. One of
the most important parameters is a window-to-wall ratio (WWR) that is designed to increase daylight
admission. In general, higher WWRs can increase the quantity of daylight in the buildings, while it
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can cause unwanted heat gains. According to the study by Abel et al., WWRs should be properly
designed in the early design stage to prevent overheating in buildings [32]. In addition to their study,
the function of WWRs can be varied by the shading design. A similar point was observed in the
study of Lietal [33]. In their study, daylighting and energy performance of key design variables,
including shading devices, window areas, and glass types in a residential building, were investigated.
Another study for the daylighting performance with a shading device, such as a solar screen,
was conducted by Sherif et al. [30]. The illuminance levels by the solar screen were measured and
some design suggestions were proposed. Based on the literature, the design variables, such as
WWRs, shading devices, and windows, are the most influential key features of the daylighting system.
Moreover, they can play a significant role in thermal behaviors in buildings. To prevent overheating
through the daylighting system, as well as improve energy efficiency in a residential building under hot
climate conditions, it was suggested to conduct both daylighting and energy simulations to optimize
the design of WWRs, shadings, and the glazing types [34,35]. Thus, the daylighting and energy
performance by design variables for the present study were evaluated by the simulation tools.

As mentioned above, it is imperative to mention the importance of the selection of glazing
since the quality of daylighting and thermal behaviors in a building can be significantly altered by
glazing types of window systems. In general, the application of energy-efficient glazing, such as
double-pane windows, has been used in buildings under hot climate conditions, to reduce heat gain
by about 15-20% [36]. In addition, a higher reduction for heat gain can be achieved by low-E coated
glass. Focusing on daylighting and thermal performance, several glazing types were tested by Taleb
and Antony [37]. Based on their results, tinted glazing can lower the cooling load by about 20%.
Special gases, such as krypton and xenon between the layers of double glazing, can also lower the
additional cooling load. In case of the study of Liu et al., thermal and daylight performance of triple
glazing was also investigated [38]. Even though the energy consumption by triple pane windows is
always lower than that by double glazing units, the triple-pane windows are not practically used due to
the high initial costs. Thus, it is crucial to select the proper glazing for window systems, considering a
balance between daylighting and energy aspects [12]. Based on the previous studies, various types of
glazing were selected for the present study.

3. Methodology

3.1. Building Description

In Saudi Arabia, there are three types of residential buildings: apartments, villas, and traditional
houses. Among these buildings, apartment buildings and villas have become the most popular
residential buildings, accounting for about 80% of total residential buildings. For the present study,
a typical villa was chosen as a reference building in the eastern region of Saud Arabia, in which the
latitude and longitude are 26.2361° N and 50.0393° E, respectively. The highest temperature was
observed in July (about 44 °C). In addition, the average global horizontal irradiance in the eastern area
was 5874 W/mZ2. For the reference building, the total floor area was 590 m? and the window-to-wall
area ratio (WWR) was 15%. The floor to floor height was 3.5 m and the building area for the ground
floor and the first floor were 300 m? and 290 m?, respectively. Moreover, the reference building had
14 rooms and two kitchens. This reference building was occupied for a whole year, from 8 a.m. to
6 p.m. on all weekdays. The specification of the building envelopes is presented in Table 1. For the
air conditioning system, a single packaged rooftop electric cooling unit was used to provide 15 tons
of nominal cooling. For the building envelopes system, the lower thermal transmittance value was
considered for the roof system than the wall system to reduce heat gain by the sun.
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Table 1. The specification of building envelopes and the systems for the reference building.

Component and System
Walls
Roof

Specification

U-value: 0.54 W/m2K

U-value: 0.24 W/m?K

Single clear glazing (U-value: 6.08 W/m2K, SHGC:0.8, visible transmittance: 0.9)

Window systems
Shading

Air infiltration

No external shading
0.57 ACH @ 50 PA

8 occupants
Lighting: fluorescent lamps (lighting power density: 27.3 W/m?)
Equipment: 13 W/m?

19 °C for cooling and 20 °C for heating

Internal heat gain

Design temperature

Packaged unit air-conditioning system

HVAC (Capacity: 15 tons, COP: 3.28)

3.2. Design Variables

Since the admitted sunlight is highly influenced by the design features of window systems,
the design variables of window systems were chosen for the analysis of daylighting and energy
performance in a residential building. Table 2 presents three different design variables of window
systems. The first variable is the WWR. Since the WWR of the reference building was about 15%,
three different WWRs (25%, 50%, and 70%) were used to assess the daylighting and energy performance.
Another important design variable is a shading device. To admit sunlight effectively, it is imperative to
use external shading devices. Focusing on external shadings, the impact on the daylighting and energy
performance by overhangs and fins were investigated. As can be shown in Table 2, two different
projection lengths of overhangs, and overhangs with fins, were designed for the analysis. For the
reference building, a single clear glazing was used and the basic properties of the single clear glazing
are presented in Table 1. The third design variable was the glazing types To figure out the improvement
of daylighting and energy use in a residential building, four different types of glazing were selected.

Table 2. The design variables.

Design Variable Specification
WWR (1) 25%, (2) 50%, (3) 70%
0.3 0.5m
I< 1.6 m > ‘ 1 >
Overhang a. Type A b. Type B
External shading device (Projection length:0.3 m) (Projection length:0.5 m)
| 1.6 m o 0.3 0.5m
|« >| |<—> «—p
02m ¢c. Type C d. Type D

Overhang + Fin

(Projection length:0.3 m) (Projection length:0.5 m)
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Table 2. Cont.

) Tinted single glazing
Glazi (2) Air-filled double glazing
azing ) Air-filled double glazing with a low-E coating
)

Tinted double glazing

3.3. Assessment of Daylighting and Energy Performance

For the present study, the design variables were tested by using the building performance analysis
software provided by AUTODESK (Version 2019, New York, NY, USA) for a residential building
satisfying both daylighting and energy performance [39]. This software is a plug-in module for Revit,
enabling the assessment of both daylighting and energy consumption in a building [39]. Figure 1
shows a model of the reference building created by Revit.

Figure 1. The reference building created by Revit.

To evaluate the daylighting performance, two daylighting metrics were implemented:
annual Sunlight Exposure (aSE) and spatial Daylight Autonomy (sDA). Specifically, aSE is the
percentage of the area in the space where the direct sunlight illuminance is greater than a specified
level, while sDA is the percentage of the area in the space where the daylight illuminance is greater
than the target level for more than a specified number of occupied hours in a year [40]. The illuminance
threshold for the aSE was set to 1000 lux, while the number of annual operation hours exceeding
1000 lux should be lower than 250 h to prevent glare [41]. For the sDA metrics, the target illuminance
was set to 300 lux, in which the value should be retained about 50% of the occupied hours (8 a.m. to
6 p.m.) from January 1 to December 31 [40]. For the present study, the simulation for the daylighting
performance was evaluated by using these two measures. In addition, the suggested values for these
two measures were presented in Table 3.

Table 3. The suggested values for aSE1gn0 250n and sDAzpo/500%.

Metrics Value Ref.
<10%: Accepted
aSE1000,250h <7%: Neutrality [40-42]

<3%: Preferred

>75%: Preferred
55-74%: Nominally accepted

sDA300/50% [40,42,43]
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For the evaluation of the energy performance by design variables, the energy analysis module of
the Revit was employed. Before the analysis, it is essential to validate the computational conditions of
energy simulation. Using the weather file of Saudi Arabia provided by EnergyPlus and the specified
building condition in Table 1 [44], the energy simulation with the reference villa was conducted
through the energy analysis module of Revit. The monthly energy consumption obtained from
the simulation was compared with the energy consumption of the reference building by using the
coefficient of variation of the root mean squared error (CV(RMSE)) provided by ASHRAE Guideline
14 [45]. The models will be declared calibrated if they produce CV(RMSE)s within + 15% with monthly
energy data.

n (M —S:)?
RMSE = # (1)
Cy(RMSE) = RMSE 100 @
avg

where M; is the energy consumption of the residential building, while S; is the monthly energy
consumption by energy simulation. N is the period and My, is the average for the energy consumption
of the residential building. After the validation, the annual and artificial lighting energy consumption
of each design variable was compared.

4. Result

4.1. Assessment of Daylighting Performance

Using the values for aSEjggo 250n and sDAzpg509%, the daylighting performance of design variables
was assessed. For this assessment, three WWRs, four different external shading designs, and four
different types of glazing were applied.

4.1.1. WWRs

The reference building had a WWR of 15% with a sing pane glass. As with the WWR (15%) of the
reference case, it was difficult to reach the preferred or accepted levels of daylight metrics, in which
sDA3p509% was less than 20%, while the value of aSEqgp250n was about 5% (Figure 2). When the
WWR was increase by 25%, 50%, and 70%, the values of sDAgzqg509, were increased to 38%, 58%,
and 75%, respectively. Among them, only the WWR of 70% reached the preferred range of sDA3zg0/50%
In addition, the WWR of 50% reached the nominally accepted range of sDA3zyy/500,. For the values of
aSEj(g0,250n, it increased gradually, as with the increase in the WWRs. However, the WWR of 70%
exceeded 10% of the value of aSE1gng 250n. Even though the WWR of 70% can provide a reliable daylight
level, there is also a risk of glare or overheat due to the excessive admitted daylight in a building.
Considering the results, the WWR of 50% can thus provide reliable daylight by preventing glare.
While the increase in the WWRs showed improvement by satisfying with the accepted or preferred
ranges of sSDA3n509., it also has potential for glare.
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. SDAz00/50% - aSE 000250

100

sDA: Preferred (>75 %)

80
55 %
A

sDA: Nominally accepted

oL 749
P (55 % ~ 74 %) 38%

Percentage (%)

}aSE: Accepted (<10 %)

WWR: 15 % WWR: 25 % WWR: 50 % WWR: 70 %

Figure 2. Daylighting performance by WWRs.
4.1.2. External Shadings

Generally, shading devices have been used to control daylighting in a building to prevent glare
and overheat by blocking direct sunlight. It is designed externally for building design in the early
design stage as an essential design variable. In this view, the daylighting performance of four different
designs of external shading devices was evaluated, as shown in Figure 3. For this analysis, the WWR
of 50% with a single pane glass was used as a reference case to figure out whether the daylighting
level by the shading device was satisfied with the accepted values of sDA3zgo50% and aSE1000,250h-
Largely, the values of sDA3zgg/50%, were decreased when applying four shading devices. Consequently,
all the cases were not satisfied with the accepted range of sDAzgg509. Specifically, about 8% to 10%
of the decrease in sDA3zyy50% Was observed when two horizontal overhang designs were applied
(Type A and Type B). When the overhang with fins was used, more than 15% of the sDA3p500, was
decreased compared with the reference case. For the aSE1gg 250, all external shading designs showed
that the illuminance level was within the accepted ranges. Moreover, the best performance regarding
the aSE1ggo,250n Was observed with the shading designs of Type C and Type D. Even though the use
of external shading devices can decrease the illuminance level, it can prevent glare and overheat.
Considering the results, Type A showed the best overall performance.

. sDAz00/50% . aSE 0001250n
100

sDA: Preferred (>75 %)
80

sDA: Nominally accepted
60 | (55 % ~T74 %) 18%

Percentage (%)

} aSE: Accepted (<10 %)

No shading Type A Type B Type C Type D
(WWR: 50 %)

Figure 3. Daylighting performance by different designs of overhangs and overhangs with fins.
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4.1.3. Types of Glazing

In general, the double-glazed windows with low-E coating have been applied to buildings to
reject heat in buildings. However, most residential buildings in Saudi Arabia have equipped with
a single pane of glass. For the present study, the daylighting performance of four different types of
glazing was compared with that of a single pane glass in the reference villa, where the WWR was 50%.

As shown in Figure 4, each glazing showed different values of sDA3nys50% and aSEjggo,250n-
Among them, about 5% of the decrease in sDA 3502, Was observed, when a tinted single glazing was
used. In addition, a similar trend was observed, when a low-E coated double glazing was used. In the
case of the air-filled double-glazed clear windows, there was a little impact on sDA3zgg/50%. The lowest
illuminance level was observed by the air-filled tinted double glazing among all the cases, which was
about 10% decrease in sSDA3zp500,. A similar trend was observed among all the cases regarding the
values of aSE1pg 250n. In sum, a single tinted glass and the double-glazed clear windows provided a
somewhat accepted illuminance level for the sDAgzgg/509, while the illuminance by all the cases was
within the accepted range of the aSE1000 250h-

- SDA300150% - aSE 900250

100

sDA: Preferred (>75 %)
80

sDA: Nominally accepted
(55 % ~74 %)

60

Percentage (%)

} aSE: Accepted (<10 % )

Single clear Tinted Air-filled Air-filled Air-filled
glazing Single glazing Double glazing  Double glazing Tinted
(No shading, Low-E coating  Double glazing
WWR: 50 %)

Figure 4. Daylighting performance by different types of glazing.

4.2. Energy Performance Assessment of Design Variables

4.2.1. The Monthly Energy Consumption Comparison between the Data of the Reference Villa and
Energy Simulation

Before the energy performance assessment of the design variables, the computational conditions
of energy simulation should be validated. For the validation, the monthly energy consumption of the
reference villa was compared with the energy consumption prediction by the simulation. The total
energy consumption of the residential building was about 76.2 MWh, while about 84 MWh of the
energy consumption was predicted by the energy simulation, in which the difference between them
was about 9%. As shown in Table 4, the largest difference was observed in the winter from November
to February, and the root-mean-squared errors (CV(RMSEs) ranged from 0.46 to 3.64. Since these
results were within the acceptable range, the predicted results by the simulation met the requirement
by ASHRAE Guideline 14 [45].
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Table 4. The monthly energy consumption comparison.

Energy Consumption (MWh)

Month The Reference Energy Diff CV(RMSE) (%)
Villa, 2019 Simulation Hierence

January 4.1 5.0 -0.9 2.05
February 3.9 5.5 -1.6 3.64
March 4.9 5.7 -0.8 1.82
April 6.0 6.5 -0.5 1.14
May 7.6 74 0.2 0.46
June 7.7 7.9 -0.2 0.46
July 8.6 8.3 0.3 0.68
August 8.9 8.6 0.3 0.68
September 7.8 8.4 -0.6 1.46
October 7.2 7.9 -0.7 1.59
November 51 6.5 -14 3.19
December 4.4 6.0 -1.6 3.64

4.2.2. The Energy Performance of Design Variables

One of the most important considerations for the design features of the daylighting system is to
control thermal performance in buildings. Considering this point, energy consumption for the annual
energy consumption, artificial lighting, and the HVAC system were presented.

As shown in Figure 5, the energy consumption in the reference residential building for each WWR
was presented. The reference building was equipped with a single pane window without external
shading devices and the WWR was 15%. The other conditions were specified in Table 1. As the WWR
increased, the energy consumption for the HVAC system operation increased due to the increase
in cooling demand. With the WWR of 75%, about 30% of energy for the HVAC system increased
compared with the energy consumption of the reference building. Consequently, the total energy
consumption also increased with the WWR increase. However, some energy consumption was offset
by the energy consumption reduction of artificial lighting due to daylight. Comparing the artificial
lighting energy consumption for the reference case, the energy consumption for artificial lighting was
decreased to 30% and 40% for the WWR of 50% and 70%, respectively. Even though the annual energy
consumption increased with the increase of the WWRs, the smallest increase in the annual energy
consumption was about 5% with the WWR of 25%. In addition, only a 2% difference in the annual
energy consumption was observed between the WWR of 25% and 50%.

Figure 6 showed the energy consumption comparisons in the reference building with the
application of four different shading devices. For the reference building, no shading device was
equipped. As can be shown, the annual energy consumption and energy consumed by artificial lighting
and HVAC systems were reduced as the projection lengths of the overhang was increased. In addition,
better energy performance was observed when the overhang with fins was applied (Type C and Type
D), which was about a 30% decrease in annual energy consumption. Among the cases, Type D showed
the best overall energy performance, in which about 25% of the HVAC system load was reduced,
compared with the reference case. Moreover, the highest reduction for the annual energy consumption
was observed. For all of the cases, a slight energy consumption difference was observed for artificial
lighting energy consumption.

Moreover, the energy performance by the different types of glazing was also investigated as
shown in Figure 7. For this analysis, the reference building equipped a single pane glass with a
WWR of 15%. With the use of the double-glazed windows with low-E coating, the annual energy
consumption decreased by about 35%, which was the lowest annual energy consumption among the
cases. The second-lowest annual energy consumption was observed when the tinted double glazing
was used (about 27% decrease). However, only a 5% difference in the annual energy consumption was
observed between the tinted double glazing and the air-filled double glazing. Considering this point,
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it can be seen that the low-E coating has a significant impact on thermal performance. A similar trend
was observed for HVAC energy consumption by different types of glazing. In addition, there was little
difference in artificial lighting energy consumption among the cases.

[ Reference [l WWR:25% ] WWR:50% [ | WWR: 70 %

100

80

60

30 % increase

MWh

40

20

Annual energy consumption Artificial lighting HVAC system

Figure 5. The energy consumption by different WWRs.

- Reference - Type A - Type B |:| Type C |:| Type D

MWh

Annual energy consumption Artificial lighting HVAC system

Figure 6. The energy consumption by different designs of external shadings.

In sum, more than 30% of the annual energy consumption was reduced by applying the overhang
with fins and the air-filled double low-E glazing. For the WWRs, the annual energy consumption
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was increased as with the increase in the WWRs. Based on the result of the daylighting performance
analysis, the WWR of 50% provided the acceptable range of both sDA and aSE. Thus, the WWR of 50%
was chosen. By applying the selected design variables, the energy consumption was compared with
that of the reference building (Figure 8). As a result, about 35% of annual energy consumption was
reduced compared with that of the reference villa. In addition, 17-20% of the energy consumption was
reduced for the artificial lighting and HVAC system.

Tinted Air-filled Air-filled Tinted
- Reference - single - double - double - double
glazing glazing glazing, low-e glazing

80

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, S

MWh

Annual energy consumption Artificial lighting HVAC system

Figure 7. The energy consumption by different types of glazing.

- Reference - All the energy-efficient design strategies
80
35 % decrease
60
20 % decrease
z
2 40 \
17 % decrease
20 / ’
0

Annual energy consumption Artificial lighting HVAC system

Figure 8. The energy consumption comparison between the reference villa and the villa with
energy-efficient design strategies.
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5. Discussion

For the present study, the daylighting and energy performance of design variables for residential
buildings under hot climates were investigated. Contrary to typical residential buildings in other
countries, the residential buildings in Saudi Arabia have relatively small WWRs to reduce cooling
loads, and for other reasons, such as cultural characteristics [46]. Subsequently, it is, thus, difficult to
find out daylighting systems in current residential buildings. As mentioned previously, the important
functions of daylighting systems are to control the quality of admitted daylight as well as reduce heat
gain in buildings. In this view, the daylighting performance of various sizes of WWRs, shading devices,
and types of glazing was examined by using daylighting metrics. In addition, the energy performance
of these design variables was evaluated. Among these design variables, windows with higher WWR
can provide more illuminance and more daylighting distribution in the room [47]. Thus, higher WWRs
have shown more acceptable daylighting performance, while the potential for glare or overheating
was also increased. Similarly, the result of the present study showed that the daylighting performance
was improved as the WWR increased. However, the energy consumption also increased. A similar
result was observed in the study of Alghoul [48] et al. An increase in WWRs can cause significant
cooling loads. In the case of the study of Xue et al., they investigated the cooling energy performance
by increasing WWRs [49]. Their result showed that the cooling load was increased as with the increase
in WWRs. According to the study of Mangkuto et al., larger WWR can cause increasing cooling loads
and rising glare in a building [50]. They pointed out that different energy consumption and daylighting
performance can be caused by the same WWR through different window configurations. For the
present study, a similar trend was observed that there was a difference in daylighting and energy
performance by same design variables. For example, the annual energy consumption increased as
the WWR increased, while the increased WWR can provide better daylighting performance. It can be
seen that the evaluation result of either daylighting or energy performance can cause visual or thermal
discomfort for occupants. The daylighting performance in the current study was only analyzed by
two daylighting metrics: sDA and aSE. Due to insufficient information on daylighting performance, it
is difficult to find the proper design variables satisfying both energy and daylighting performance.
Moreover, the other difficulty was from the limitation of the range of design variables. Based on
the obtained results, the daylighting and energy performance was sensitive to the design variables.
Therefore, it is necessary to apply various daylighting metrics into the daylighting analysis. It also
requires to have more configurations of design variables for further study to design more proper
daylight systems.

Regarding the assessment results for various types of glazing, the windows with low-E coating
showed better performance for preventing heat gain than other windows. This was also investigated
by the study of Huang et al. [36]. In their study, low-E glazing was the best design option for reducing
cooling loads, while maintaining a satisfactory daylighting level compared with double-pane clear
glazing. According to the study of Leung et al., the aerogel glazing showed better performance than
the windows with low-E coating regarding the thermal performance in buildings [51]. Moreover,
krypton or xenon gas-filled double-glazing systems can improve lighting performance in building
under hot climate conditions [37]. Some studies mentioned the importance of the selection of the color
of the glazing since it affects significantly overall comfort in buildings [52]. According to the study
by Chen et al., the color of the tinted glazing had an impact on occupant behavior and green glazing
can improve working performance [53]. For the present study, only bronze glazing and double low-E
glazing were used. Considering the current building industry in Saudi Arabia, it is still difficult to
apply advanced glazing systems for residential buildings. Based on the obtained results, the tinted
double glazing has shown the second-best performance in energy consumption. For more accurate
analysis, it is thus imperative to analyze the economic impact of the tinted and the low-E coated
double glazing.
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6. Conclusions

In Saudi Arabia, residential buildings account for more than half of total buildings, and the energy
consumed by residential buildings has become one of the most significant concerns. To improve
energy efficiency in residential buildings, several studies have mainly investigated the performance of
mechanical systems, because of high cooling demand due to hot climates in Saudi Arabia. In addition,
privacy issues in Saudi Arabia have caused small WWRs in residential buildings. Even though there
are abundant natural resources in Saudi Arabia, it is still difficult to apply passive design strategies for
residential buildings. Focusing on the use of natural resources, such as daylight, the present study has
investigated the daylight and energy performance of design variables for developing energy-efficient
residential buildings.

For the design variables, three different WWRs, four designs of the external shading device,
and four types of glazing were selected. By using two different simulations, the daylighting and
energy performance of these design variables in a typical villa were examined. Moreover, two daylight
metrics—sDA and aSE—were used to evaluate the daylighting performance of design variables.
As a result, the daylighting performance was satisfied with the accepted ranges of sDA3zy500, and
aSEjg0,250n, when the WWR of 50% and the double-glazed clear windows were applied into the
reference building. The illuminance levels by two overhang designs (Type A and B) were somewhat
satisfied with the accepted values of sDA and aSE, while the other shading designs were not.

For the energy performance assessment, the annual, artificial, and HVAC energy consumption
were analyzed. While the daylighting performance was improved with the increased WWRs, the energy
consumption also increased as the WWR increased. This was caused by the increase in cooling demand
by the excessive sunlight through the increased WWRs. Similar to the daylighting performance,
the energy consumption decreased, as with the increase of the projection lengths and fins for the
external shading devices. A villa with the double-pane windows with a low-E coating showed a better
energy performance. In summary, the lowest energy consumption was achieved by using the external
shading device.

Based on the results, the energy-saving potential for residential buildings under hot climates
with the implementation of daylighting was observed. In addition, the daylighting performance can
be improved by using the proper design variables. However, the design variables for the present
study seemed to be insufficient to draw out more valuable outcomes. Thus, it is necessary to examine
the performance of more various design variables, such as triple-glazed windows with various inert
gases, and various types of internal/external shading devices for further study. For the present
study, the daylighting performance by design variables was evaluated by only using simulation tools.
To figure out the illuminance level practically, it requires further field measurements.
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Abstract: Accounting for more than half of buildings in South Korea, the energy consumed by
residential buildings has become a main concern and the cooing demand has rapidly increased.
To reduce energy consumption, several passive and active design strategies have generally been
applied. However, there has been an increasing demand for high window-to-wall ratios in residential
buildings, it is imperative to block sunlight into a building effectively. Focusing on the reduction of
cooling energy consumption in a residential building, the present study assessed the daylight and
energy performance of shading devices. Among various types of shading devices, the Venetian blind,
horizontal louver, light shelf, and egg-crate were selected. The illuminance levels in three different
areas in a building were measured. In addition, the annual cooling energy consumption by these
shading devices was investigated. As a result, both daylight and energy performance varied with
different design options of these shading devices. Because of the slight performance difference among
shading devices, the artificial loads of two best shading devices were compared. In sum, the egg-crate
shading was the most proper shading device to block sunlight as well as reduce the cooling energy
consumption effectively.

Keywords: daylight; cooling energy; shading device; residential building

1. Introduction

Accounting for more than half of buildings in South Korea (hereafter Korea), residential buildings
have consumed a significant amount of energy and it has rapidly increased [1]. Specifically, more than
half of the total building energy consumption was used by residential buildings, which was about
60% [2,3]. Focusing on energy consumption by the residential sector, many studies have been conducted
to improve energy efficiency and develop energy conservation measures [4-7]. Considering the effort
to reduce greenhouse gas emissions, it is necessary to find ways of reducing energy consumption by
residential buildings.

Generally, most of the energy in the residential building has been used for heating and cooling to
maintain thermal comfort. Thus, it is necessary to reduce the heating and cooling demand in residential
buildings in that the total energy consumption in buildings can be reduced. To reduce the energy for
heating and cooling, building envelope-enhancement is initially considered. In general, advanced
materials have been used to improve thermal resistance in building envelopes such as phase change
materials, vacuum insulation panels, various types of double pane glazing, etc. [8-12]. In addition,
the use of shading devices and airtightness improvement can be also effective strategies to reduce
heating or cooling in buildings [13,14].
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Among components of building envelopes, window systems are the main contributor to the
heat loss and their energy performance generally depends on thermal properties of glazing and
frames [15]. Even though the use of advanced glazing can improve the thermal performance of window
systems, there are still issues about the poor thermal performance of window systems compared to other
components of building envelopes [16,17]. As mentioned above, another way of reducing heating and
cooling demand is the use of internal and external shading devices that can control sunlight through
window systems [13]. According to the study of Cho et al. [18], external shading devices for high-rise
residential buildings reduced cooling energy demand effectively by minimizing solar heat gain during
the summer. Similar studies about the energy-saving potential by using external shadings were
performed [19-22]. By absorbing or reflecting the sun’s radiation, shading devices play a significant
role to maintain thermal comfort in buildings.

Since daylighting highly influences not only the energy performance of buildings but also
occupant satisfaction, productivity, and health, it is one of the most important factors that need to be
considered from the architectural design stage. In addition, daylighting should be well-controlled and
appropriately used to avoid a further increase in heat gains including internal heat gains such as from
artificial lighting and home appliances. Regarding the recent design trend of residential buildings,
the demand for high window-to-wall ratios in residential buildings in Korea is rapidly increasing.
Moreover, the cooling demand has been consistently increasing [18,23,24]. While most studies have
focused on the energy performance of in buildings, the present study assesses the daylighting and
cooling energy performance of both internal and external shading devices. In addition, the relationship
between the daylighting of shading devices with cooling energy demand was also investigated.

2. The Control of Building Energy Consumption by Shading Devices

As essential factors influencing thermal conditions in a building via thermal gains/losses, solar
radiation has been controlled with shading devices [25]. Since the solar shadings were initially
introduced, the interest of this area has been growing rapidly. Researchers are focusing on diverse
methods that can maximize the performance of shading devices. Marrero and Oliviera [26] showed
that the installation of louver shading devices in buildings can lead to more comfortable indoor thermal
conditions for the residents as well as significant savings in building energy consumption. A similar
result was also obtained by Lim et al. [27]. Their result showed that window glazing coupled with
shading devices enhanced tropical daylighting quantity as well as visual comfort. Solar shading devices
can also provide an energy saving of 8% and 20% during the winter and summer, respectively [28].

Many types of shading devices have been developed by designers and building scientists over
the years. They vary in several aspects such as shape, size, and overall performance. Several shading
types were investigated by Nedhal and Fadzil [29]. Among various types, the egg-crate shading had
the most significant impact on the indoor air temperature decrease in high-rise residential buildings.
In addition, locations, size, and color of the internal blinds can significantly influence building energy
consumption and the proper design of internal blinds can save energy about 14% of total building
cooling consumption during the summer season [30]. According to the study of Uribe [31], the optimum
design of shading devices can influence annual energy consumption in buildings and the design
variables of the shading devices should consider the time of day and seasonal differences. Focusing on
the design of shading devices, window glass types, seasonal and daily temperature change, and the
operation of mechanical systems for heating and cooling should be also considered [32]. Previous
studies have revealed that the use of shading devices play an important role in reducing electric
lighting, while it provides a required amount of light for visual tasks.

According to the study of Datta [33], externally fixed horizontal louvers with different slat lengths
and tilts on buildings have a different impact on thermal conditions in buildings. Therefore, shading
strategies were developed to control daylight quantities. One of the strategies brought by Tzempelikos
and Athienitis [34] was the control of building cooling and lighting demand by exterior roller shades.
As aresult, the shading devices reduced the energy demand for cooling and lighting by limiting 20% of
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solar transmittance. Horizontally installed shading devices in buildings in tropical regions controlled
solar heat gains as well as reduced HVAC (Heating, Ventilation, and Air Conditioning) loads [35].
In the case of the internal blinds, the automated Venetian blind was used to limit direct sunlight while
admitting diffused sunlight for visual comfort [36]. Similarly, absorptive blinds in an office building
can also reduce the indoor air temperature by 1 °C during the summer [37].

3. Methodology

3.1. Building Description

To evaluate the daylighting and energy performance of a residential building with shading devices,
a typical apartment building in Seoul in Korea was chosen, in which the latitude and longitude are
37.5665° N and 126.9780° E, respectively. The annual mean air temperature in Seoul is 12.5 °C, and the
highest and lowest mean air temperatures are —2 °C and 26 °C, respectively [38]. In addition, the mean
annual insolation is 4125 MJ/m? [39]. The total area of the unit space was 145 m? with a ceiling height
of 2.3 m and located on the eighth floor of an apartment building with 17 floors. All bedrooms and the
living room were headed to the south (Figure 1). Due to a high WWR of 90% of the southern wall, a
large quantity of solar radiation was expected. Thermal properties and other conditions for the energy
simulation were presented in Table 1. In addition, the energy model was created by SketchUp.

e e
1’1
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| Bathroom UMipurpose
room Bathroom Entranace
L L [ 1]
—
““““““ /|t
2m: Back
[ Bedroom | [ Bedroom |
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%:-:3; ' — — — —

Window area

Figure 1. The plan of the selected unit of the reference residential building.

Table 1. The specification for the energy simulation.

Building System Design Value
Walls 0.397 W/m?K
Window systems 1.46 W/m?K
Shading coefficient 0.6
Air infiltration 2.1 ecm?/m? (3.5 ACH @ 50 PA)
4 occupants
Internal heat gain Lighting: 5.4 W/m?
Equipment: 7.0 W/m?
HVAC system setpoint temperature 26 °C for cooling and 20 °C for heating

3.2. The Selection of Shading Devices

The main role of a shading device is to block direct sunlight as well as diffuse sunlight and
reflective sunlight. Direct sunlight can be controlled simply with external shading devices, while
diffuse sunlight is usually controlled with internal shading devices. For the present study, 4 different
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shading devices were selected as shown in Figure 2 the design variables of these shading devices were
presented in Table 2.
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Figure 2. Design variables of the shading devices.

Table 2. The design variables of shading devices.

Shading Device Design Variable

Venetian blind Slat angles: —45°, —=30°, 0°, 30°, and 45°.

Overhang-shaped louver Projection length: 0.7 m, 1.1 m, 1.5 m, and 1.9 m.

Light shelf Internal shelf angles: 0°, 10°, 20°, and 30°.

Egg-crate Vertical and horizontal slat height: 0.2 m, 0.3 m, 0.4 m, and 0.5 m.
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The first shading device is the Venetian blind. The Venetian blind is generally used to control
both direct and diffuse sunlight. Slat angle adjustment is the most important variable and these slats
are adjusted negatively or positively when there is a need to reduce incoming light. To assess the
daylighting and cooling energy performance of the Venetian blind, 5 different slat angles were set.
The second shading device was an overhang-shaped horizontal louver. Since the admitted sunlight
quantity can be highly influenced by the projection lengths of the louver [26], 4 different projection
lengths with 0.4 m intervals were created for the present study. The third shading device was the
light-shelf modeled based on the design guideline provided by BRE [40]. To figure out the daylighting
and energy performance of an angle of the internal shelf, 4 different angles were considered. The last
shading device was an egg-crate shading device that refers to a shape formed by combining the
vertical and horizontal shading types. The horizontal shade functions to control direct solar radiation
depending on the solar altitude, while the vertical shade functions to block or control side light
depending on the change of azimuth. The plan size of each egg-crate was 0.5 m by 0.5 m. For the
present study, 4 different heights of a vertical and horizontal slat were considered for the assessment
since the solar radiation differs by the heights of the egg-crate.

3.3. Simulation for the Assessment of Daylighting and Cooling Energy

To evaluate the daylighting and energy performance of a residential building with various types
of shading devices, two simulation tools were used. For the analysis of daylighting through shading
devices, the Radiance was used, which was developed by the lighting research team of the LBNL
(Lawrence Berkeley National Laboratory) in the US [41]. By verifying and visualizing light rays from
the light source, illuminance through shading devices was calculated. The simulation conditions were
based on IES (Illuminating Engineering Society) guidelines as presented in Table 3 [42].

Table 3. Input parameters for the Radiance.

Input Parameters Value
Orientation South-facing window
Time June and December 21 (noon)
Sky condition CIE Clear sky for direct sunlight
Glazing visual Transmittance 70%: Glazing double pane Low E

20%: A standard floor made by an opaque material

Material properties 70%: A standard ceiling
(Reflectance) 50%: A standard wall

50%: A standard external shadings and curtain wall frames

Based on the building description above and the specifications of the building envelopes (Table 1),
the energy simulation was performed. In addition, hot water and space heating was assumed to be
provided by the central heating systems fueled by natural gas. Compact Fluorescent lamps were
mainly used as a lighting system. For the weather condition, the “Seoul” EPW (Energy Plus Weather
format) file in South Korea was used. The energy model was created by using the SketchUp program
(Figure 3). The design variables of shading devices were also modeled by using SketchUp for energy
simulation. For the evaluation of the cooling energy, IES VE was selected as a building energy simulation
program [43].
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Figure 3. The energy model created by SketchUp.

Since the energy performance of shading devices in a building can be varied by the degree of
indoor temperature in the space, the design temperature in the cooling season was set to 20 °C. For the
energy consumption comparison, the annual energy consumption operated by each shading device
was compared. By using the coefficient of variation of the root mean squared error (CV(RMSE))
provided by ASHRAE Guideline 14, the monthly energy consumption of the reference residential
building without any shading devices was compared with the energy simulation [44]. The models will
be declared to be calibrated if they produce CV(RMSE)s within + 15% with monthly energy data

nL (M= S;)?
RMSE = M 1)
n
Cy(RMSE) = SE % 100 2)
avg

where M; is the energy consumption of the residential building, while S; is the monthly energy
consumption by energy simulation. N is the period and Mgy, is the average for the energy consumption
of the residential building.

4. Result

4.1. Daylighting Performance

Since the solar azimuth changes depending on the changes of time and seasons, to evaluate by
season, the daylighting performance in the front, middle, and back areas were assessed for the standard
time of noon during the spring and autumn equinoxes, the summer solstice, and the winter solstice.

4.1.1. The Venetian Blind

As shown in Figure 4, the illuminance was decreased when the slats of the blind were parallel to
the X-axis of the window (0°) about 90% in the front area during the summer. When the slat angles
were set to —30° and —45°, the illuminance was also significantly decreased in the front area, while the
positive slat angles of the blind exceeded 12,000 lux during the summer. According to the lighting
handbook of IESNA, the recommended light level ranges 200-300 lux for residential buildings [45].
The observed illuminance levels in the front area during the summer through the slat angles of —30°
and —45° were satisfied with the recommendation of IESNA. While the illuminance with the slat angle
of 0° was somewhat higher than the recommendation of IESNA, this slat angle can be applied to the
summer season because the illuminance level was decreased in the middle and back areas. The other
two positive slat angles may cause discomfort such as glare. During the winter, the positive angles
of the blind admitted more illuminance than the negative angles of the blind in the middle area of
the space. Considering the obtained results, it can be seen that the illuminance level can be highly
influenced by the slat angles of the blind.
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Figure 4. Daylighting performance through the Venetian blind.
4.1.2. The Overhang-Shaped Louver

When the projection length was ranged from 0.7 m to 1.1 m, about 50% of the illuminance was
reduced compared to the building without a shading device in the front area during the summer as
shown in Figure 5. As the projection length was increased from 1.1 m to 1.9 m, the illuminance was
significantly reduced to below 1000 lux. Even though this illuminance level was somewhat higher
than the IESNA recommendation, the projection length from 1.1 m to 1.9 m can be applied because
the illuminance level in the middle and back areas was close to the recommendation. During the
winter, there was a slight illuminance difference among the cases with various projection lengths in the
front area.

. No shading device . Projection: 0.7 m . Projection: 1.1 m D Projection: 1.5 m - Projection: 1.9 m
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4,000

2,000

0
Front | Middle | Back

Figure 5. Daylighting performance through the overhang-shaped louver.

4.1.3. The Light Shelf

In the case of the light shelf, the illuminance level was measured when applying four different
internal shelf angles in a building (Figure 6). Comparing the illuminance in the reference building
without a shading device, the illuminance of all the cases was significantly reduced to below 1000 lux
in the front area during the summer. In addition, there was a little illuminance difference among the
cases with the angles of the internal shelf from 0° to 30°. A similar trend was also observed in the front
area during the winter. Thus, it can be seen that the angle of the internal shelf had little impact on the
illuminance in a building.

73



Energies 2020, 13, 4749

. No shading device - Internal shelf: 0 ° - Internal shelf: 10 ° D Internal shelf: 20 ° - Internal shelf: 30 °
16,000

Summer Winter Summer Winter Summer Winter

14,000

12,000

10,000

lux

6,000

4,000

2,000

I
I
I
I
I
|
I
8,000 |
I
I
!
I
i
I

0

Front | Middle | Back
Figure 6. Daylighting performance through the light shelf.
4.1.4. The Egg-Crate

During the summer, the illuminance was reduced to below 2000 lux in the front area when the
egg-crate shading was applied (Shown in Figure 7). While there was a little illuminance increase about
10% from with the vertical and horizontal slat height increase from 0.2 m to 0.3 m, the illuminance
was significantly reduced as with the increase in the vertical and horizontal slat height during the
summer in the front area. During the winter, 30% of the illuminance was reduced from the building
without a shading device to the cases with the vertical and horizontal slat heights of 0.2 m ~0.3 m in
the front area. As the vertical and horizontal slat height was increased, about 45% of the illuminance
was additionally decreased. Based on the result, the use of the egg-crate shading can effectively reduce
the illuminance in a building during the summer while admitting sunlight during the winter.

Il No shading device [Jli] Siat height: 0.2 m [BB Slat height: 0.3 m [| Slat height: 0.4 m [l Slat height: 0.5 m
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Figure 7. Daylighting performance through the egg-crate.

4.2. The Analysis of Annual Cooling Energy Consumption by Shading Devices

4.2.1. The Comparison between Energy Simulation and the Monthly Energy Consumption

To validate the energy simulation, the monthly energy consumption of the reference residential
building was compared with the energy prediction by the simulation. The total energy consumption
of the residential building was about 76.4 MWh, while there was a 5% decrease for the energy use
predicted by the energy simulation. As shown in Figure 8, the largest difference was observed in
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April, which about 30%. Specifically, the root-mean-squared errors (CV(RMSEs) were calculated and
these were ranged from 0.16 to 3.5 (Table 4). Since these results were within the acceptable range,
the predicted results by the simulation met the requirement by ASHRAE Guideline 14 [44].

Energy use of the . . .
E residential building Energy simulation

10

MWh

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Months

Figure 8. Energy consumption comparison between the reference residential building and the

energy simulation.

Table 4. The monthly energy consumption comparison for the reference case.

Energy Consumption (MWh)

Month The Reference Residential Energy . CV(IﬁMSE)
Building, 2017 Simulation Difference )
January 8.1 8.8 -0.7 1.59
February 6.9 5.8 1.1 2.54
March 6.2 5.1 1.1 2.46
April 4.8 3.3 15 3.50
May 59 48 1.1 2.61
June 6.0 5.4 0.6 1.46
July 6.7 6.1 0.6 1.34
August 7.4 8.2 -0.8 1.85
September 5.8 5.9 -0.1 0.16
October 5.6 5.8 -0.2 0.48
November 4.2 45 -0.3 0.72
December 8.6 7.3 14 3.10

4.2.2. The Cooling Energy Comparison by Shading Devices

To find the most effective shading device for reducing cooling demand in a residential building,
the annual cooling energy consumption by four shading devices was compared (Figure 9). When
applying the Venetian blind in a building, about 14% of the annual cooling energy was reduced. Among
five different slat angles, the largest cooling energy was reduced by about 18%, when the slat angle
was set to 45°. Conversely, the smallest amount of cooling energy was reduced, which was about 8%,
when a slat angle was set to —45°. It can be seen that the reduction of cooling energy consumption was
varied with the different slat angles of the blind. In the case of the overhang-shaped louver, the annual

75



Energies 2020, 13, 4749

cooling energy was reduced as the projection length was increased. When the projection length was
1.9 m, the largest energy consumption reduction was observed, which was about 51% of the total
annual cooling energy consumption. The average cooling energy reduction was about 32% with the
louver. When the projection length was 0.7 m, only 6% of the cooling energy was reduced. As can be
shown, the cooling energy in a building with the overhang-shaped louver was highly influenced by
the projection lengths of the louver. Moreover, about 30% of annual cooling energy saving was made
when the light shelf was used. However, there was little difference in the cooling energy consumption
reduction among the cases with different angles of the internal shelf. Therefore, the angles of the
internal shelf have a less impact on cooling energy consumption in a building. Lastly, about 50% of the
annual cooling energy consumption was reduced with the egg-crate shading in a building. As the
length of vertical and horizontal slats was increased, the cooling energy consumption reduction was
also increased. The largest energy-saving was obtained, when the vertical and horizontal slats were
0.5 m, which was about 54%.
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Figure 9. The reduction of annual cooling energy consumption by shading devices.

In sum, the use of an overhang-shaped louver with a projection length of 1.9 m and the egg-crate
shading with a vertical and horizontal slat height of 0.5 m can effectively reduce the annual cooling
energy consumption in a residential building among various shading devices.

5. Discussion

For the present study, the daylighting and energy performance of shading devices in a residential
building was assessed. As can be shown above, each design variable had a different impact on the
illuminance level and cooling energy demand in the building. Considering the daylighting performance,
the light shelf, and the egg-crate effectively blocked sunlight in the front area during the summer more
effectively than the others, while the overhang-shaped louver and the egg-crate shading had more
impact on reducing the cooling energy consumption than the others. A similar result was obtained
through the study of Alhuwayil et al. [20]. According to their result, the energy-saving was increased
as the fin widths and the projection lengths of the overhang were increased. This was also mentioned
in the present study. In addition, Alzoubi and Al-Zoubi [46] have investigated the energy performance
of three types of external shadings including vertical, horizontal, and horizontal 45°. They concluded
that the most effective shading for the reduction of energy consumption was the vertical shading
device. This showed a similar result to the present study. Even though the egg-crate in the present
study is not the vertical shading device, it showed the best overall performance among other shading
devices by blocking the sun both horizontally and vertically.

In the present study, the annual energy consumption was calculated for the IES VE simulation.
However, the time and date for the Radiance simulation program were set on only two days such as
June and December 21st at noon to find the most effective shading devices during the summer and
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winter as well as reduce the computational resources, while other studies have considered the annual
daylighting performance [20,47-49]. Considering the outcome of the present study, the obtained
illuminance levels can be overestimated or underestimated. Thus, it is necessary to consider annual
daylighting performance for further study.

Moreover, it can be seen that the performance difference between daylighting and cooling energy
consumption was caused by the illuminance in the middle and back areas. This can influence other
loads in buildings. Thus, it is necessary to evaluate other building energy use such as artificial lighting.
As mentioned previously, the best shading device for reducing the cooling energy consumption was
the egg-crate shading with a vertical and horizontal slat height of 0.5 m, and the second one was the
overhang-shaped louver with a projection length of 1.9 m. However, there was only a 3% difference
in annual cooling energy consumption between the two strategies. To find out the shading device
with the best overall performance, the artificial lighting loads by these strategies were compared.
As can be shown in Figure 10, about 15% of energy saving for the artificial load was obtained by
using the egg-crate shading with a vertical and horizontal slat height of 0.5 m, while 5% of artificial
lighting energy was reduced by the overhang-shaped louver. Therefore, the use of the eff-crate was a
more effective shading device for blocking sunlight as well as reducing cooling energy demand in a
residential building than the overhang-shaped louver.
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Figure 10. The reduction of artificial lighting energy consumption by two shading devices.

6. Conclusions

As one of the main contributors to energy consumption in South Korea, the number of residential
building has gradually increased and the energy consumed by residential buildings has become the
main concern. Thus, many studies have been conducted to reduce energy consumption in residential
buildings by applying passive and active design solutions. In addition, several renewable energy
systems were used to improve energy efficiency in residential buildings. In South Korea, the energy
demand for cooling in residential buildings has been increasing rapidly. Focusing on possible passive
design strategies, the present study investigated the daylight and cooling performance of several
shading devices in a residential building.

Among various types of shading devices, four shading devices were selected including the Venetian
blind, horizontal louver, light shelf, and egg-crate. Using two different simulations, the illuminance
level and annual cooling energy reduction by various design variables of these shading devices were
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analyzed. For both assessments, the illuminance and cooling energy performance were varied by the
design options of shading devices. For the daylight assessment, all the shading devices blocked the
sunlight effectively. Specifically, the light shelf and egg-crate were able to block a significant amount
of sunlight in a building during the summer, while admitting sunlight during the winter. Regarding
the cooling energy consumption, the overhang-shaped louver and egg-crate were able to reduce the
cooling demand more effectively than the other shading devices. Among various design options of
these two devices, the overhang-shaped louver with a projection length of 1.9 m and the egg-crate
shading with a vertical and horizontal slat height of 0.5 m reduced about 51% to 54% of the annual
cooling energy consumption. Because of only a 3% difference in the cooling energy consumption,
the artificial lighting loads of these two design options were compared. As a result, about 15% of the
artificial lighting load was reduced by the use of the egg-crate shading with a vertical and horizontal
slat height of 0.5 m, while the overhang-shaped louver only reduced 5% of the load. Therefore, it is
necessary to consider both daylight and energy performance for developing energy reduction strategies
by using shading devices.

Considering the outcome of the present study, the proper use of shading devices has the potential
for energy saving by reducing the cooling and artificial lighting loads in a building. Moreover,
the obtained result can be used for the development of energy-efficient building design. Finally, it can
reduce greenhouse gas emissions. For further study, more various design options and shading devices
will be included in the analysis of energy efficiency and daylighting performance. In addition, it is
necessary to consider the annual daylighting performance for more accurate analysis.
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Abstract: This work addresses the effect of the total solar reflectance (TSR) value of paints applied in
residential buildings upon their thermal performance. A semi-detached residential building was
modeled in the ESP-r software, and taken as the basis for parametric studies which assessed the
effects of variations in (i) the TSR values; (ii) the thermal characteristics of the building envelope;
(iii) the location/climate; and: (iv) the way how the indoor temperature is controlled. The parametric
studies were used to find optimal TSR values for each combination of Location + Building envelope
characteristics (mainly the existence of thermal insulation). It was concluded that paints having
a carefully chosen TSR value lead to better indoor thermal temperatures if the buildings have no
mechanical heating or cooling, or to energy savings of up to 32% if they do.

Keywords: energy efficiency; solar reflectance; building simulation; thermal comfort;
passive architecture

1. Introduction

Climate change refers to a statistically significant variation, persisting for an extended period,
in either the mean state of the climate or in its variability [1]. Climate change can be caused by
anthropogenic actions, particularly by the increase of greenhouse gases (GHG) emissions in the
atmosphere. The climate change has serious and severe consequences, direct and/or indirectly related
with human’s life, such as: extreme weather events [2], mass movements [3], temperature rises in
mainland’s [4] and ocean’s surface [5], melting ice of the polar ice caps, rising sea level, among others [1].

According to the European Commission, the Mediterranean area “is becoming drier, making it
even more vulnerable to drought and wildfires” [6]. Residential demand will be impacted by climate
change due to the increase in average temperature, weather extremes, and the consequent change on
space heating and cooling needs [7]. In 2017, in the EU-28, the residential sector accounted for 27.2%
of the final end-use of energy [8]. The increase in GHG is mainly related to the increase in energy
consumption. To decrease the amount of GHG realized to the atmosphere, the new and existing building
stock needs the implementation of both renewable energy supply and energy efficiency measures.

The thermal insulation of buildings has been applied since the earliest civilizations, which used
soil as an insulator. During the Industrial Revolution, mineral fibers were introduced as pipe insulation
and later adapted for buildings as fiberboards [9]. In the 1910s, with the introduction of the first
HVAC (heating, ventilation, and air-conditioning) systems in buildings [10], major concerns about the
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thermal insulation of buildings have emerged. Several approaches were considered, namely ETICS
(external thermal insulation composite systems) with numerical [11], and experimental studies [12],
which confirms its benefits in terms of thermal comfort and reduction of initial and operative costs in
air conditioning [13]. Also, multilayer fagades can be considered [14], such as a double-wall fagade
with and without thermal insulation [15], or a ventilated facade able to reverse the heat flux through
the building envelope and reduce the indoor heating demand [16], among others. More recently,
an innovative thermal comfort passive strategy became commercially available: the use of phase
change materials (PCM). Contrary to the common thermal insulation (such as ETICS), PCM allows
obtaining indoor thermal comfort with thinner building envelopes, because they do not require high
volume, which is normally a limitation in the building sector [17].

Studies concerning thermal comfort are not limited to the vertical opaque envelope of buildings;
the heat transfer through the building’s roof has also been assessed. A good example was reported by
Pisello et al. [18], that studied the thermal and energy performance of a historic residential building with
a green roof. The simulation results showed that green roofs could decrease the indoor temperature
during the summer period up to 3 °C compared to a concrete roof (CR) and up to 6 °C compared to
a bitumen roof (BR); in winter, green roofs allowed to increase the indoor temperature up to 2 °C
compared to CR and ca. 3 °C compared to BR, due to the high thermal insulation produced by the
vegetation layer. Assuming a comfort temperature range between 20 °C-26 °C, these researchers
concluded that the green roof with green grass reduced the annual primary energy requirements of
about 29.4% compared to CR and approximately 42.1% compared to BR.

Although glazed areas have an important role to obtain thermal comfort, opaque fagades often
occupy most of the building envelope, especially in old buildings, and could account for a great part of
the total heat gain or loss. For instance, it is more likely for a high-absorptivity opaque wall to achieve
60-70 °C, under strong solar radiation, rather than a transparent window with high transmissivity [19].

Solar reflectance is the ratio of solar energy reflected by a surface [20]. The reflectance of a building’s
coating is normally characterized by the percentage of total solar reflectance (TSR). Low values of
TSR are associated with darker colors, while light colors typically have a high TSR [21]. High or low
values of a surface’s solar reflectance may lead, respectively, to lower or higher heat gains [22] and
surface temperatures [23]. Consequently, the buildings’ coating color choice is often considered a solar
radiation control strategy [24]. Paints may be designed to retain the solar heat (hot paints) or to reflect
most of the solar radiation (cool paints) to prevent the treated surface from heating [25].

Cool paints are high solar-reflective coatings, and a passive thermal comfort strategy easy to
apply, with a short period of investment cost recovery, which can be applied to any type of building
(either residential or office or industrial, either with old or new construction, either single-story or
high-rise) [26]. Their application is especially useful in hot climates: with no heating needs, and without
considerable winter drawbacks; and in warm climates: when no cooling system has been installed,
and cool paints account for the reduction of cooling needs [27].

The Lawrence Berkeley National Laboratory (LBNL) had been conducting an extensive researcher
concerning the development and the use of cool paints. Researchers of this laboratory identified
and characterized cool pigments with high reflective properties and created a free access pigment
database [28]. Cool pigments, similarly to hot pigments, are pigments that display a much different
reflectance in the infrared IR spectrum compared with the visible one [29]. In the case of the cool
pigments, they display a very high reflectance in the IR spectrum while displaying a lower reflectance
in the visible spectrum.

Following, LBNL developed experimental and simulation works to study the impact of coating
with cool paints residential [30] or non-residential roofs [31,32] in terms of thermal comfort and
energy saving [33], and improvement of air quality in urban areas [34]. Weathering tests and studies
including paint coating soiling and cleaning effects were also performed [35,36]. In one of these
studies [32,37], researchers of LBNL performed an experimental test, on six California commercial
buildings located in Sacramento, San Marcos, and Reedley. The energy performance and the environment
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parameters of each building were recorded considering a cool roof application (TSR value of about
70%). These authors observed reductions between 15.6 °C and 23.9 °C on the maximum roof surface
temperature. The experimental values allowed them to calibrate a simulation model used to estimate
the energy savings of similar buildings located in all sixteen California climate zones. These authors
concluded that energy savings up to 6.6 W-m~2 could be achieved on the average peak demand.

Despite the beneficial effect of using cool paints, some studies depict that these paints may also
harm the thermal comfort of a building. Namely, Dias et al. [26] simulated the impact of altering the
value of TSR from 50% to 92% both on the external walls and roof of a residential building located
in three different cities of Portugal. They observed a summer maximum indoor temperature drop of
ca. 4 °C, and cooling energy savings up to 1.9 MWh-y~!. Nonetheless, these authors also observed a
noteworthy increase in the heating demand of up to 2.9 MWh-y~! (a penalty of about 25.9%); the overall
effect was then a significant upsurge in energy consumption for reaching indoor thermal comfort.

To compensate for the heating penalty of using cool materials, thermochromic materials have been
investigated for their great potential in reducing, simultaneously, the cooling and heating demand in
buildings. Thermochromic paints can change the absorption of solar radiation dynamically according
to external temperature [38]. Granadeiro et al. [21] performed thermal and energy simulations with
thermochromic paints applied in the residential building facade located in Porto, Madrid, and Abu
Dhabi. For all the climates, the application of the optimized thermochromic paint always leads to
annual energy savings, up to 51% when compared with black paint and 48% when compared with
white paint. However, the cost of thermochromic materials are still very expensive [39,40], and further
developments on the chemical formulation of such paints to ensure longevity and cost-reductions
should be encouraged. Another advanced option for adaptive facade response to the weather
is the use of dynamic facades, capable of rotation and folding motion according to the external
conditions. Xuepeng et al. [41] depicted energy consumption reductions by 14 21% with dynamic
fagades implemented, nonetheless, they also emphasized the high initial investment and maintenance
cost that dynamic fagades require compared to pristine fagades.

As seen from the review, cool paints are cost-effective and easy to apply, while thermochromic
paints and dynamic fagades are costly and emergent techniques, even though their great potential.
Nevertheless, cool paints typically improve performance related to summer but slightly worsen
performance related to winter. There must, therefore, exist a trade-off that has an optimum for
some TSR value. This work focuses precisely on the optimization of the TSR value of paints to
obtain the maximum energy savings when applied both on the exterior fagades and on the roof of a
residential building. The study considers different cities of the Mediterranean European area: Braganca,
Porto, Coimbra, Lisbon, Evora, Beja, Faro, Lajes and Funchal, in Portugal; Madrid, Barcelona, Seville,
and Tenerife, in Spain; Paris and Nice, in France; Rome, in Italy; and Athens, in Greece.

Previous studies were focused on the optimization of solar reflectance to be applied to roof
coatings or building exterior walls. For example, Yuan et al. [42] studied the combined optimum
values of reflectivity and insulation thickness of building exterior walls for different regions of Japan,
while Piselli et al. [43] reported optimum values of roof solar reflectance for six different Italian climatic
zones. As far as the authors are aware, this work focuses, for the first time, on the optimization of the
total solar reflectance value of paints, applied on both the external walls and the roof, to decrease the
space heating and cooling needs. This article tackles the case of the European Mediterranean climate,
which differs from most of the central and northern European climate zones, and shows appropriate
solutions for this region, taking also into account the presence or absence of thermal insulation, as well
as, the presence or absence of a thermal control system in residential buildings.
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2. Case Study Description and Simulation Scenarios

2.1. Building Description

This study considers a single villa, with two floors and a not inhabited attic, with 90 m? of floor
area per story, as shown in Figure 1. Briefly, the ground floor has a living room, a dining room, a kitchen,
a toilet, a hall, and stairs. The first floor has three bedrooms, a suite, a toilet, a bathroom, a corridor,
and stairs. The attic is an open space, as mentioned before not inhabited.
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Figure 1. Plans of the residential building: (a) ground floor and (b) first floor, and (c) building sections.

The residential building has a total area of 26.3 m? of windows with a single clear glass. It was
considered the existence of venetian blinds on windows that cover 50% of each window. The zones
considered to obtain the building indoor temperature were the living room, dining room, and the
kitchen on the ground floor and the three bedrooms and the suite on the first floor. The internal gains
of the zones previously mentioned were settled to 4 W-m~2. On the remaining zones, it was assumed
1 W-m~2 of internal gains (except for the uninhabited attic that was assumed to have no internal gains).
A constant value of 0.6 air changes per hour was considered.

The dynamic thermal behavior and energy demand of this residential building were simulated
using the open-source software ESP-r [44]. ESP-r is a building performance tool based on finite
volume formulation, in which a problem specified in terms of geometry, construction, operation,
leakage distribution, is converted into a set of discretized conservation equations—energy, mass,
and momentum—which are then solved at successive time-steps in response to climate, occupant
and control system influences—boundary conditions. ESP-r can model thermal, visual, and acoustic
performance of buildings as well as estimate heat, moisture, and electrical power needs [44-46].
ESP-r has been extensively validated [47-49].

Two building construction types were considered: (i) a building with no thermal insulation,
neither on the fagades nor on the roof (named case BD1); and (ii) a building with thermal insulation
both on external walls and on the roof slab (named case BD2).

The construction details of BD1 and BD2 are shown in Tables 1 and 2. The specifications of each
layer of the construction (e.g., conductivity, density, specific heat, emissivity, and absorption) follow
the recommendations by the Portuguese national legislation [50].
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Table 1. Construction details of the building with a single wall fagade (BD1).

Construction Layer Thickness/mm U/W-m~2.K1
Coating 0.2
External wall Péiisctle(r 13900 1.3
Plaster 10
Plaster 10
Internal wall Brick 110 2.1
Plaster 10
Common earth 300
Gravel 300
Ground floor Cg:;;;ff 31000 0.7
Concrete 20
Wood floor 20
Window Clear glass 8 5.6
Plaster 10
Slab Concrete 240 2.0
Plaster 10
Clay tile 5
Air 3
Roof slab Plaster 5 1.6
Brick 110
Plaster 5

Table 2. Construction details of BD2—in bold the differences from BD1.

Construction Layer Thickness /mm U/W-m—2.K-1
Coating 0.2
Plaster 30
External wall Insulation 60 0.5
Brick 190
Plaster 10
Clay tile 5
Air 3
Plaster 5
Roof slab Insulation 60 0.5
Brick 110
Plaster 5

2.2. Simulation Scenarios

The study considers different cities of the Mediterranean European area (except Paris): Braganga,
Porto, Coimbra, Lisbon, Evora, Beja, Faro, Lajes, and Funchal, in Portugal; Madrid, Barcelona, Seville,
and Tenerife, in Spain; Paris and Nice, in France; Rome, in Italy; and Athens, in Greece. To characterize
the different climates, values of minimum and maximum outdoor air temperatures—during the coldest
and hottest months, are shown in Figure 2, while values of sunshine hours—during the coldest and
warmest months, and rainfall—during the wettest and driest months, are shown in Figure 3.
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Figure 2. Average minimum and maximum outdoor air temperature during the coldest and hottest
months, for all the cities under study, according to [51].

14 - - 200
- 150
< €
~ €
e =
= = 100.._‘2
e £
=] [}
a o
- 50
. 0
—&— Average Sunshine hours in coldest month Average Sunshine hours in warmest month

—+— Average rainfall in driest month —+— Average rainfall in wettest month

Figure 3. Daily sunshine hours during the coldest and warmest months, and rainfall during the wettest
and driest months, for all the cities under study, according to [51].

There are cities in which the outdoor air temperature variation between the average minimum and
maximum values can differ approximately 30 °C, such as Seville, Madrid, and Braganca. Cities with
lower temperature variation are mostly islands, such as Tenerife, Funchal, and Lajes, in which the
average minimum outdoor temperature during the coldest months is above 10 °C. Most of the
Mediterranean cities display ca. 10 h of sunshine during the warmest months and 5 h during the
coldest ones. Paris, the only non-Mediterranean city, differs from the others by displaying lower values
of sunshine hours and a smaller rainfall range. Coastal cities such as Porto, Lajes, and Nice display
higher rainfall values during the wettest months than inland cities, such as Madrid, Evora, and Beja.
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2.2.1. Case A (Conditioned Mode)

The energy demand needed to keep the indoor temperature within the recommended range of the
Portuguese legislation at the time of the calculations (between 20 °C and 25 °C, [52]) was assessed by a
full year simulation. The climatized room area is shown in Figure 1, totaling 105 m?. The cooling and
heating thermal energy needs were converted into final electrical energy demand by considering as air
conditioning system a reference heat pump with an average coefficient of performance (COP) of 4 for
heating and 3 for cooling (also called EER instead of COP, in some literature). While practice the COP
values do depend on the values of the outdoor temperature, this approach avoids having to choose a
specific machine for the COP variation, which would introduce some level of arbitrariness. Given that
the final heating and cooling energy demand (Egemand) are presented in the following chapter for both
building simulation cases (BD1 and BD2).

2.2.2. Case B (Free-Floating Mode)

In this case, only a free-floating simulation (building having no mechanical cooling nor heating)
was performed to evaluate the indoor temperature over the year. The weekly average daily maximum
temperature (Tmax) and the weekly average daily minimum temperature (Tri,) were determined.
Besides assessing the maximum and minimum temperatures, an indicator of time-integrated indoor
temperature deviation from the comfort zone was also considered. The indicator fg was introduced,
and defined as given by Equation (1):

0,T e [20,25
— 365 ____ _ 365 _ N 1
fo Y (Ty-25Y ATy >25+ % (20= Tp) A T < 20 @
i=1 i=1

where T} is the average maximum temperature of each day of the year (in °C) and T, is the average
minimum temperature of each day of the year (in °C).

To determine the optimized TSR value for each city and each type of building (BD1 and BD2),
in cases A and B, several dynamic simulations were performed with an increment of 5% of the TSR
value between simulations, from 5% to 90%. The optimized TSR value corresponds to the smallest
value of annual energy consumption, in case A, and to the minimization of objective functions f3
(described above), for case B. All the weather data used were obtained from the US Department of
Energy/Energy Plus database [53]. Simulations were run with 10-min time-step, with results integrated
over each hour.

The reference used for assessing the optimized external coating TSR was always the corresponding
building coated with 50% TSR paint, both on the fagades and the roof.

3. Results and Discussion

The TSR values that achieved higher energy savings (in case A) and higher f reductions (in case
B) are presented in Table 3 for several Mediterranean cities, and in Table 4 for Portuguese cities.
The maximum and minimum indoor temperatures (Tmax and Tin) are also compared between the
reference case (50% TSR) and the optimized TSR value.
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Table 3. Energy demand in case A (conditioned mode) and Indoor temperature indicators for case B (free-floating), as function of the Optimized TSR values for several

Mediterranean cities.

Case A Case B
City Building TSR TSR Value  Egemana/kWhm=2y1  Egemang Reduction ~ TSR Value Tyinl°C Tinax/°C fB fB Reduction

Reference 50% 90.78 o 50% 1.2 37.1 48,462 o

Madsid BDI Optimal 25% 87.74 3.3% 35% 15 39 47,783 14%
adn D2 Reference 50% 45.90 399, 50% 2.6 32.1 39,790 5 4
Optimal 5% 4445 e 25% 32 342 37,634 Sl

Reference 50% 67.90 o 50% 4.6 31.8 27,447 o

Barcel BDI Optimal 15% 64.85 4.5% 30% 5 33.7 26,668 2.8%
arcelona BDo Reference 50% 33.68 3.4 50% 56 28.4 22,561 8.3
Optimal 10% 3252 Al 10% 6.4 31.1 20,699 2%

Reference 50% 59.61 ) 50% 49 38.9 25,599 .

el BD1 Optimal 60% 59.22 0.7% 70% 45 36.4 23,883 6.7%
cviie D2 Reference 50% 29.13 Lo 50% 7.1 337 15,708 0.2
Optimal 65% 28.84 0 55% 7 333 15,670 e

Reference 50% 18.01 s 50% 148 33.4 8733 .
Tenerife BD1 Optimal 85% 13.97 22.4% 90% 143 31 5107 41.5%
Reference 50% 11.09 s 50% 154 29.9 4697 .
BD2 Optimal 90% 7.51 32.2% 90% 149 285 3358 28.5%

Reference 50% 123.66 o 50% -3 28.7 71,881 o

P BD1 Optimal 5% 11429 7:6% 5% 25 333 66,982 6.8%
ans D2 Reference 50% 62.30 6.3 50% -0.7 27.3 64,454 7o,
Optimal 5% 58.36 2% 5% -02 28.9 59,946 °

Reference 50% 71.90 . 50% 6.1 323 28,663 .

N BD1 Optimal 20% 69.90 2.8% 35% 6.5 33.9 28,189 1.7%
1ce BD2 Reference 50% 35.19 L 50% 7.1 287 23,933 6.0%
Optimal 20% 3459 S 15% 7.8 316 22,487 0h

Reference 50% 72.14 s 50% 47 321 30,392 s

N BD1 Optimal 20% 70.41 2:4% 25% 52 346 29,065 4.4%
ome BD2 Reference 50% 35.34 51 50% 6.3 287 24,338 0.7
Optimal 15% 34.60 e 5% 7 314 21,987 e

Reference 50% 69.04 o 50% 6.4 36.8 27,220 o

A BDI Optimal 55% 68.94 0-1% 55% 63 36.4 27,144 0.3%
thens D2 Reference 50% 34.04 0.3 50% 7.7 32.8 18,890 0.4
Optimal 60% 33.92 2% 45% 7.8 33 18,817 S
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Table 4. Energy demand, in case A (conditioned mode), and indoor temperature indicators for case B (free-floating), as function of the Optimized TSR values for
several Portuguese Cities.

Case A Case B
City Building TSR TSR Value  Egemana/kWhm=2y1  Egemang Reduction ~ TSR Value Tyinl°C Tinax [°C fB fB Reduction

Reference 50% 98.01 ] 50% 04 326 53,678 ]

Brasanca BDI Optimal 5% 88.86 9.3% 20% 03 36.6 49,812 7:2%
ganc B2 Reference 50% 4934 - 50% 18 299 46,619 L
Optimal 5% 45.10 6% 5% 258 31.9 41,327 A%

Reference 50% 59.31 o 50% 6.2 29.6 24,304 o

Porto BDI Optimal 5% 5245 11.6% 25% 7.0 325 22,743 6:4%
Reference 50% 28.81 . 50% 7.6 283 20,539 .
BD2 Optimal 5% 25.82 10-4% 5% 8.8 29.9 18,354 10.6%

Reference 50% 54.07 o 50% 5.9 324 22,265 o

Coinb BD1 Optimal 25% 51.21 5.3% 35% 63 33.8 21,676 2.6%
ormbra D2 Reference 50% 26.42 56 50% 7.1 28.9 18,195 8.7
Optimal 20% 2493 6% 5% 82 31.2 16,610 7%

Reference 50% 52.50 ) 50% 8.0 321 20,337 .

L BD1 Optimal 30% 51.07 2.7% 40% 8.2 326 20,051 14%
1sbon BD2 Reference 50% 24.94 L8 50% 8.8 30.7 16,405 5 g
Optimal 30% 24.49 o 25% 9.1 31.7 15,942 e

Reference 50% 63.02 . 50% 6.7 33.8 24,676 .

‘ BD1 Optimal 25% 60.99 3.2% 40% 6.9 34.6 24,401 1.1%
vora Reference 50% 30.08 ) 50% 7.7 30.4 19,565 )
BD2 Optimal 25% 29.50 19% 20% 8.2 31.6 18,583 5.0%

Reference 50% 63.40 . 50% 7.8 363 26,282 .

Beia BDI Optimal 40% 63.05 0.6% 45% 7.9 36.8 26,262 0-1%

) 52 Reference 50% 30.82 0 50% 85 32.3 20,251 Lo
Optimal 40% 30.74 2% 35% 8.8 33.1 20,042 0%

BD1 Reference 50% 47.30 _ 50% 9.2 34.4 18,508 0.9

. Optimal 50% 47.30 55% 9.2 34 18477 2%
are BD2 Reference 50% 22.50 0.2 50% 102 31 13,670 00
Optimal 40% 22.46 2% 45% 10.3 312 13,668 ~0%

Reference 50% 3131 . 50% 10.8 28.9 9882 .

Lues BD1 Optimal 20% 29.36 6-2% 30% 111 30.3 9361 5.3%
) D2 Reference 50% 14.94 3.4 50% 122 27.3 7665 14
Optimal 25% 14.44 e 5% 12.6 28.7 6712 e

Reference 50% 29.57 . 50% 113 315 11,186 .

Funchal BDI Optimal 45% 29.42 0.5% 55% 11.2 30.8 11,129 0.5%
D2 Reference 50% 13.73 o1 50% 124 30.2 8792 Lo

Optimal 45% 13.71 40% 12.6 30.7 8695
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Additionally, Figures 4-7 display examples of coating colors with the optimized TSR value for
each location, for cases A and B and building constructions BD1 and BD2, according to the color catalog
reported by Resines Company [54].
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Figure 4. Optimized total solar reflectance (TSR) and pseudo-color, for regions of the Mediterranean
cities under study, in case A (with heating, ventilation, and air-conditioning (HVAC) system) and type
BD1 (without insulation).
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Figure 5. Optimized TSR and pseudo-color, for regions of the Mediterranean cities under study, in case
A (with HVAC system) and type BD2 (with insulation).

For Case A, energy savings of up to 32.2% (in BD2, in Tenerife) are observed when the TSR
coating is optimized from 50% (reference) to 90%. Since Portugal is a country with heating needs
higher than cooling, the optimized TSR values obtained are mostly low, for maximizing the sunlight
absorption. The Portuguese city that would take the most advantage from this TSR optimization
is Porto, with 11.6% energy savings when coated with 5% TSR paint; and 9.6% if coated with the
minimum established value of 25% TSR. The optimized TSR value for BD1 is mostly equal or superior
to that of BD2, exceptions are Tenerife, Athens, Seville, Faro, and Lajes—Figures 4 and 5.

In Case B, the indicator fp decreases by up to 41.5% (in BD1, in Tenerife) when the optimized TSR
coatings are used. Building configuration BD2, coated with an optimized TSR paint, always displays
the best indoor temperatures, which corresponds to darker paint colors, compared to BD1. Figures 6

90



Energies 2020, 13, 2729

and 7 show that generally the mainland region displays lighter colors as one moves from the inland to
the coast region, as expected due to the decrease of heating needs.

Considering the studied cases, the optimized TSR values obtained in Case A are similar to those
obtained in Case B. Results show that building BD2 coated with the optimized TSR paints, both on the
external walls and the roof, always display the best indoor temperatures.
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Figure 6. Optimized TSR and pseudo-color, for regions of the Mediterranean cities under study, in case
B (without air conditioning) and type BD1 (without insulation).
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Figure 7. Optimized TSR and pseudo-color, for regions of the Mediterranean cities under study, in case
B (without air conditioning) and type BD2 (with insulation).

Table 5 condenses all the optimal values of TSR, and correspondent example of pseudo-colors
according to the color catalog reported by Resines Company [54], for each simulation scenario.

Tenerife is the city with the highest optimal values of TSR (85-90%) which led to greater energy
savings (32%). This fact confirms the known benefits of high reflective paints when applied in hot
climates with cooling needs higher than heating needs, reported elsewhere [27]. However, among the
seventeen cities studied, only five (Athens, Faro, Funchal, Seville, and Tenerife) achieved optimized
TSR values superior to 50%, showing that the majority of the considered cities display better overall
year-round thermal behavior if hot paints (low TSR) are used.
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Table 5. Summary of Optimal TSR values achieved for each scenario studied, colored with an example
of suitable paint color.

BD1 BD2
City/Climate Without Thermal Insulation With Thermal Insulation

Case A Case B Case A Case B
Madrid 25% 35‘% 5% 25%
Barcelona 15% 30% 10% 10%
Seville 60% 70% 65% 55%
Tenerife 85% 90% 90% 90%
Paris
Nice
Rome
Athens
Braganga
Porto
Coimbra
Lisbon
Evora
Beja
Faro
Lajes
Funchal

Dias et al. [26] performed similar simulations to study the performance of cool paints (92% TSR)
on residential buildings. Their results for Porto showed an overall annual energy demand upsurge
of 28%, when compared to a reference coating (50% TSR), due to the winter penalty on the building
heating demand. On the other hand, the results reported here for Porto show that the annual energy
demand for heating and cooling, instead of increasing, decreases c.a. 11% when optimized TSR paints
are applied.

Hybrid solutions with differential winter-summer behavior thus seem necessary to grasp the
most of TSR properties/properties of paints. Granadeiro et al. [21] showed the performance of
thermochromic paints compared to common black (5% TSR) and common white (90% TSR) paints,
using the same building for energy simulations in three different climates. By comparing their
results with the energy demand reported here with optimal TSR paints for Porto (52.5 kWh-m™2-y~!)
and Madrid (87.7 kWh-m~2-y~1), in non-insulated buildings (BD1), it is noticeable the lower energy
demand when thermochromic paints are used: 52.4 kWh-m~2-y~! for Porto and 42.1 kWh-m~2.y~! for
Madrid. Similar differences also occur if the building is thermally insulated, less 10 kWh-m~2-y~! and
5 kWh-m~2.y~! are required with thermochromics, respectively in Porto and Madrid.

For climates where cold is dominant over warmth, such as Paris (optimal 5% TSR), the impact of
using thermochromic paints instead of an optimized TSR coating is not that large. Wang et al. [19]
depicts ca. 7% of energy savings when a thermally responsive coating is applied in Paris, which is in
line with the results of this paper that, for Paris show energy savings of 7.6% and 6.3% for cases BD1
and BD2, respectively. The use of thermochromic external paints in typically cold or hot climates would
likely not justify the higher investment in such technology if an optimized TSR coating could produce
almost the same benefits. Therefore, the reported TSR optimization can be considered a valuable
contribution to match the best external paint coating characteristics with the building environment.

It must also be pointed out that buildings displaying an external coating with a TSR value lower
than 25% become very dark and can, therefore, be considered by the public opinion not aesthetic.
For the cases where the optimum value is lower than 25%, simulations results including the 25% TSR
value, are shown in Appendix A, (Tables A1 and A2). To make very low TSR values compatible with
the aesthetic value, the use of hot pigments is suggested [29]. The relation between the optimum TSR
and the correspondent pseudo-color is merely indicative: there are numerous different colors for the
same TSR value [54], and the solar reflectance also depends upon the material chosen, the presence
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of impurities and the surface roughness [55]. Nevertheless, the matching between the TSR values
and the pseudo-colors helps to visualize the effect of increasing/decreasing the TSR in terms of
lightening/darkening the external color of buildings.

For the purpose of this study, some assumptions were made to avoid unnecessary arbitrariness,
and keep an overall frame sufficiently focused on clear conclusions. However, these can be interpreted,
in some perspectives, as study limitations, which must be acknowledged. For example, the thermal
assessment was performed based on the building’s indoor temperature variations. Analyses of the
operative and indoor surface temperatures could lead to a more accurate thermal comfort assessment;
COP values while differing from summer to winter, were not changed when changing climates.
Although we acknowledge that seasonal averaged COP values vary with the climate, presenting
different COPs for each climate would require decisions such as which specific machine and variation
to be considered (since some equipment has larger variations than others). Also, the thermal insulation
impact is limited for the two different cases studied: the absence of thermal insulation (BD1) and
60 mm of insulation applied to the external wall and roof (BD2). Different insulation thicknesses could
hypothetically lead to different optimal envelope reflectivity values, and such dependence is reported
elsewhere [42]. Finally, for future developments, physical tests would be important to validate the
simulation results and understand to what extent the simplifications mentioned affect the outcomes.

4. Conclusions

This article discusses the impact of using total solar reflectance (TSR) optimized paints on residential
buildings, in terms of energy savings and indoor temperatures. Residential buildings with different
thermal characteristics (BD1—non-insulated building and BD2—insulated building) were considered.
Two different scenarios of active comfort systems were taken into account: case A—building with
an HVAC system that keeps the indoor temperature between 20 °C and 25 °C; and case B—building
with no HVAC system. The dynamic thermal behavior and energy demand were simulated using the
ESP-r software. The cities under study were located in different Mediterranean countries: Braganga,
Porto, Coimbra, Lisbon, Evora, Beja, Faro, Lajes and Funchal, in Portugal; Madrid, Barcelona, Seville,
and Tenerife, in Spain; Paris and Nice, in France; Rome, in Italy; and Athens, in Greece.

The results enabled conclusions on two main aspects: The dependence of the optimal TSR values
on the location/climate and the influence of the optimized paints upon the thermal performance of
the buildings.

In what regards the dependence of the optimal TSR values on the location/climate, as expected,
the results show that warmer climates favor higher TSR values/light colors, while cold climates require
lower TSR values/dark colors. The range of optimal TSR values identified goes from 5% (e.g., Braganga
and Paris) to 90% (Tenerife).

Climates with both cold winter and hot summer require intermediate values (e.g., around 30% for
Madrid). The optimal TSR values are fairly similar whether or not thermal insulation is considered,
as well as whether the building is considered as being in conditioned mode (case A) or full free-floating
mode (case B).

In what concerns the energy savings in conditioned mode, the benefits seem to be clearer in
climates that are either predominantly warm (e.g., Tenerife) or predominantly cold (e.g., Paris),
with savings going up to just over 30% in the best case. For climates that have both a cold winter and a
warm summer (e.g., Madrid and Rome) the savings due to TSR optimization are smaller, often lower
than 5%. A similar trend was obtained when analyzing the results in terms of indoor temperature
benefits in free-floating mode. Nevertheless, these outcomes require future confirmation by physical
tests in a real scenario.

Overall, while these results confirm the benefits of tailored TSR optimization, they also point
towards the convenience of developing paints that can perform well both in summer as in winter
modes, e.g., thermochromic paints or other concepts with similar effects.
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List of Acronyms

BD1 Building without thermal insulation

BD2 Insulated Building

BR Bitumen Roof

cor Coefficient of performance

EER Energy efficiency ratio

ETICS External Thermal Insulation Composite Systems

GHG Green House Gases

GR Green Roof

HVAC Heating, ventilation and air conditioning

IR Infrared

PCM Phase Chasing Materials

TSR Total Solar Reflectance

Notation and Glossary

Edemand Energy demand to keep the indoor temperature between 20 and 25 °C
fB Indoor temperature deviation indicator for case B

T Indoor temperature (°C)

T'min Week average daily minimum indoor temperature (°C)
Tmax Week average daily maximum indoor temperature (°C)

Tm Average maximum temperature of each day of the year (°C)
T Average minimum temperature of each day of the year (°C)
u Heat transfer coefficient (W-m2-K™1)

Appendix A

Table Al. Cases with optimal TSR value lower than 25%: Energy demand as function of TSR in
conditioned mode (case A).

City Building TSR TSR Value Edemand/MWh-y™ 1 Egemand Reduction

Reference 50% 4.82 -

Madrid BD2 Optimal 5% 4.67 3.2%

Minimum 25% 4.68 2.9%
Reference 50% 7.13 -

BD1 Optimal 15% 6.81 4.5%

Barcelona Minimum 25% 6.84 4.1%
Reference 50% 3.54 -

BD2 Optimal 10% 342 3.4%

Minimum 25% 3.43 3%
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Table A1l. Cont.

City Building TSR TSR Value Edemand/MWh-y™1  Egemanda Reduction
Reference 50% 12.98 -
BD1 Optimal 5% 12.00 7.6%
. Minimum 25% 12.32 5.1%
Paris Reference 50% 6.54 -
BD2 Optimal 5% 6.13 6.3%
Minimum 25% 6.27 4.1%
Reference 50% 7.55 -
BD1 Optimal 20% 7.34 2.8%
. Minimum 25% 7.34 2.8%
Nice Reference 50% 3.70 -
BD2 Optimal 20% 3.63 1.7%
Minimum 25% 3.63 1.7%
Reference 50% 7.58 -
BD1 Optimal 20% 7.39 2.4%
Minimum 25% 7.40 2.4%
Rome Reference 50% 3.71 -
BD2 Optimal 15% 3.63 21%
Minimum 25% 3.64 2%
Reference 50% 10.29 -
BD1 Optimal 5% 9.33 9.3%
Braganca Minimum 25% 9.57 7.0%
Reference 50% 5.18 -
BD2 Optimal 5% 4.74 8.6%
Minimum 25% 4.87 5.9%
Reference 50% 6.23 -
BD1 Optimal 5% 5.51 11.6%
Minimum 25% 5.63 9.6%
Porto Reference 50% 3.03 -
BD2 Optimal 5% 2.71 10.4%
Minimum 25% 2.78 8.1%
Reference 50% 2.77 -
Coimbra BD2 Optimal 20% 2.62 5.6%
Minimum 25% 2.62 5.5%
Reference 50% 3.29 -
Lajes BD1 Optimal 20% 3.08 6.2%
Minimum 25% 3.08 6.2%

Table A2. Cases with optimal TSR value lower than 25%: Indoor temperature indicators as function of

TSR values in free-floating mode (case B).

City Building TSR TSR Value Tmin/°C Tmax/°C fB fB Reduction
Reference 50% 5.6 28.4 22561 -
Barcelona BD2 Optimal 10% 6.4 31.1 20699 8.3%
Minimum 25% 6.1 30 21010 6.9%
Reference 50% -3 28.7 71881 -
BD1 Optimal 5% -25 33.3 66982 6.8%
. Minimum 25% -2.7 31.1 68566 4.6%
Paris Reference 50% -0.7 27.3 64454 -
BD2 Optimal 5% -0.2 28.9 59946 7.0%
Minimum 25% -0.4 28.1 61725 4.2%
Reference 50% 7.1 28.7 23933 -
Nice BD2 Optimal 15% 7.8 31.6 22487 6%
Minimum 25% 7.6 30.7 22621 5.5%
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Table A2. Cont.

City Building TSR TSR Value Tmin/°C Tmax/°C fB fB Reduction
Reference 50% 6.3 28.7 24338 -
Rome BD2 Optimal 5% 7 31.4 21987 9.7%
Minimum 25% 6.7 29.9 22547 7.4%
Reference 50% -04 32.6 53 678 -
BD1 Optimal 20% 0.3 36.6 49 812 7.2%
Braganca Minimum 25% 0.2 35.8 49991 6.9%
8 Reference 50% 1.8 29.9 46 619 -
BD2 Optimal 5% 2.8 319 41 327 11.4%
Minimum 25% 2.3 30.9 43157 7.4%
Reference 50% 7.6 28.3 20539 -
Porto BD2 Optimal 5% 8.8 29.9 18354 10.6%
Minimum 25% 8.3 29.2 18916 7.9%
Reference 50% 7.1 28.9 18195 -
Coimbra BD2 Optimal 5% 8.2 31.2 16610 8.7%
Minimum 25% 7.7 30.1 16869 7.3%
Reference 50% 7.7 30.4 19565 -
Evora BD2 Optimal 20% 8.2 31.6 18583 5%
Minimum 25% 8.2 314 18620 4.8%
Reference 50% 12.2 27.3 7665 -
Lajes BD2 Optimal 5% 12.6 28.7 6712 12.4%
Minimum 25% 12.4 28 6940 9.5%
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Abstract: This work addresses the effect of using thermochromic paints in residential buildings. Two
different thermochromic paint types were considered: One that changes properties through a step
transition at a certain temperature, and another that changes properties in a gradual/linear manner
throughout a temperature range. The studied building was a two-floor villa, virtually simulated
through a digital model with and without thermal insulation, and considering thermochromic paints
applied both on external walls and on the roof. The performance assessment was done through
the energy use for heating and cooling (in conditioned mode), as well as in terms of the indoor
temperature (in free-floating mode). Three different cities/climates were considered: Porto, Madrid,
and Abu Dhabi. Results showed that energy savings up to 50.6% could be reached if the building is
operated in conditioned mode. Conversely, when operated in free-floating mode, optimally selected
thermochromic paints enable reductions up to 11.0 °C, during summertime, and an increase up to
2.7 °C, during wintertime. These results point out the great benefits of using optimally selected
thermochromic paints for obtaining thermal comfort, and also the need to further develop stable and
cost-effective thermochromic pigments for outdoor applications, as well as to test physical models in
a real environment.

Keywords: thermochromic paints; residential buildings; thermal comfort; energy demand; energy
efficiency; building simulation

1. Introduction

Several policy initiatives around the world are boosting efforts to decarbonize the building stock.
In the European Union, 50% of the final energy consumption is used for heating and cooling, of
which about 80% is used in buildings [1]. Greenhouse gas (GHG) emissions are mainly related to the
consumption of fossil energy. A combination of energy efficiency measures and a renewable energy
supply are therefore key to achieve the decarburization goals.

To mitigate the rise in energy demand, passive building strategies should be considered to
obtain indoor thermal comfort. The American Society of Heating Refrigerating and Air-Conditioning
Engineers, Inc. (ASHRAE) defines thermal comfort as “that condition of mind that expresses satisfaction
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with the thermal” [2]. Different factors, such as air temperature, humidity, air speed, physical activity,
and clothing, contribute to the thermal comfort sensation. In most buildings, the heat transfer through
the building envelope is the most important factor to obtain indoor thermal comfort if the building
does not have mechanical heating or cooling (and thus is operated in a so-called free-floating mode) [3]

Solar reflectance is the fraction of the solar irradiance reflected by a surface [4]. There is a linear
correlation between the increase of solar reflectance of a surface and the decrease of its daily peak
temperature [5]. A paint may be designed to absorb the solar irradiance (thus called hot paint) and
then contribute to warming up a building. Alternatively, a high solar reflectance paint (thus called cool
paint) should be applied to prevent solar irradiance absorption and then to avoid overheating of the
building [6]. The building surface can reject (reflect) or absorb the heat of its surroundings, leading to
less or more heat retention in the building envelope through its construction materials. The reflectance
of the building surface is normally characterized by the so-called total solar reflectance value (TSR).
High values of TSR are associated with light colors (cool paints) while dark colors (hot paints) have a
low TSR.

The color, alongside the roughness and construction material (chemical composition), is one of
the main physical characteristics that affect the thermal performance of a surface [7,8]. Bansal et al. [9]
studied the influence of the external surface color on the thermal performance of a building. It was
concluded that a white painted building, when compared with a black one, can reduce the indoor
temperature by 6 °C during winter and 8 °C in summer months, if no ventilation is considered. This
difference can be decreased to 4 and 6 °C, respectively, when a rate of three air exchanges is taken into
account. Cool paints are a passive thermal comfort strategy, easy to apply as passive cooling, which
can be used in any type of building with a short period of investment cost recovery [5,10]. For example,
the application of cool roofs is reported to produce an 18%-93% decrease in cooling loads and 11%-27%
decrease in terms of the peak cooling demand in air-conditioned buildings, leading to energy savings
between 2% and 44% with an average of 20%, in both residential and nonresidential buildings [11,12].
Such figures vary significantly with the local climate, direct solar gain, building envelope type, and the
use or not of a heating, ventilation and air-conditioning (HVAC) system [5,8].

Despite the positive impact of using cool paints, some studies show that these paints may also
have a detrimental effect on the thermal comfort of a building. Dias et al. [10] simulated the impact of
increasing the TSR value of a paint, from 50% to 92%, both at the external walls and on the roof of a
residential building located in three different cities of Portugal. They observed a summer maximum
indoor temperature reduction of ca. 4 °C, and cooling energy savings of up to 1.9 MWh-y~!. However,
these authors also observed a significant increase on the heating demand of up to 2.9 MWh-y~! (a penalty
of about 25.9%). The observed overall effect was then a significant increase in the energy consumption
for obtaining indoor thermal comfort. The winter penalties of cool paints triggered the development of
coatings that change reversibly their color as a thermal response to the environment [13].

Thermochromic paints contain thermochromic pigments or compounds that reversibly change
color and optical properties according to the surface temperature [14,15]. The thermochromic effect is
triggered by the temperature that produces: i) Changes of pH; ii) conversion of the crystalline type; iii)
loss of crystalline water by heating; iv) a shift in the electron equilibrium between an electron donor and
electron acceptor and; v) a ring-opening reaction of molecules by heating [16]. The temperature at which
the reversible color-changing of thermochromic pigments occurs is named the transition temperature.

Thermochromic pigments or compounds can be used directly to formulate paints or can be first
microencapsulated. The first reporting of thermochromic paints as coatings to a building’s facade
was by Ma et al. [17], in 2000. These authors added microencapsulated thermochromic dyes to a
white interior and exterior facade coatings and used them to paint cubes. They showed that below
the transition temperature (paint is colorful), the temperature of the cube was close to that of a cube
painted with an ordinary paint, and above the transition temperature (paint is white), the temperature
of the cube was 4 °C cooler. The accelerated aging tests for 400 h showed a fast color fading rate.
In 2001, Ma et al. [16] repeated the reversible color-changing process more than 1000 times in an indoor
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environment and the pigments kept their color. Later, in 2002, the same researchers [18] studied the
reversible effect, the energy-absorbing and energy-reflecting states of thermochromic building coatings,
when exposed to solar radiation. Results showed that below the transition temperature, 18 °C in this
case, the addition of thermochromic pigments to a white paint led to the same absorption amount of
solar energy as an ordinary colored coating. On the other hand, the absorption of solar irradiance was
minimized above the transition temperature since the paint turned white.

In 2009, Karlessi et al. [19] developed and tested thermochromic paints intended to be applied in
buildings. These authors used thermochromic pigments, colored below 30 °C, and translucent above
this temperature. During the experimental period, August-mid-September 2007 in Athens, Greece, the
temperatures of the thermochromic paint coatings were lower, ranging from 23.8 to 38.4 °C, than the
temperatures of color-matched cool paints, from 28.1 to 44.6 °C; and common samples, from 29.8 to
48.5 °C. In 2012, Ye et al. [20] designed and evaluated a thermochromic roof coat for energy savings.
These authors used an aqueous solution of a thermosensitive polymer with a transition temperature
of 32 °C; below the transition temperature, the solution was transparent and above the solution it
became opaque and the paint appeared white, reflecting most of the light. It was demonstrated that
this transition between light-absorbing and light-reflecting states as triggered by the temperature
was spontaneous and reversible. When the concentration of the thermosensitive polymer reached
0.05 g/mL, and above 32 °C, the paint coat reached the maximum reflectance of 33%, which led to a
6 °C decrease of the surface temperature compared to when it was coated with the absence of the
thermochromic polymer.

More recently, in 2019, Ascione et al. [21] investigated the ideal radiative characteristics of a
thermochromic paint to obtain optimized thermal comfort in both winter and summer seasons in
Naples, Italy. The simulation results showed that a thermal absorptivity («) between 0.90 and 0.95, and
a thermal emissivity (¢) between 0.65 and 0.75 would be the ideal values for a thermochromic paint
applied in that climate. Such a high absorptivity is expected to produce an increase of the cooling needs
during summer. However, its effect on the reduction of the heating load surpasses the small penalties
on the cooling ones. Globally, a reduction of the thermal energy demand of around 21.1 Wh-m~2 is
expected (from 138.8 Wh-m~2, when using a common white paint @ = 0.7 and ¢ = 0.9, to 117.7 Wh-m~2)

The combination of the thermochromic properties with phase change materials (PCMs) has
also been studied, with the aim of reaching better passive thermal comfort. Soudian, S. and U.
Berardi [22] introduced thermochromic pigments into a PCM-finish plaster to achieve a dynamic
response of the facade to different surface temperatures and solar radiation. The results supported an
expected variation of the emissivity according to the seasons. However, the emissivity values showed
a non-linear relation between PCM melting temperatures and the different thermochromic colors.

Overall, improved thermochromic pigments are required to ensure paints that do not change over
time due to aging and photo-degradation problems. Karlessi and Santamouris [23] performed tests
with thermochromic coatings protected with filters that only allowed visible radiation to reach the
coatings’ surface. These researchers concluded that the optical properties of the thermochromic paints
used were not only affected by the ultraviolet radiation but also by the 400 to 480 nm spectrum. It is
crucial to develop stable and cost-effective thermochromic pigments [13,19] with proven stability not
only to radiation but also to temperature and weathering.

Several thermochromic paints are already available in the market in the field of art, design,
and indoor architecture [24], but no outdoor applications are available yet [13,24]. Since the cost of
thermochromic materials is still high [13,19], real exposure tests to study the thermochromic paints’
application in buildings are difficult to perform. The present study intends to overcome this difficulty
by assessing the potential benefits of these paints and simulating a residential building considering
three cities/climates: Porto in Portugal (41°09” N 8°37" W), Madrid in Spain (40°25" N 3°42’ O), and
Abu Dhabi in the United Arab Emirates (24°28’ N 54°22" E).

The assessment was performed through dynamic building simulation with an open source ESP-r
software [25,26]. ESP-r is an integrated energy modeling tool and has been extensively used for the
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simulation of buildings’ performance and assessment of their energy use related to environmental
control systems.

The thermal behavior and energy demand was assessed for two different thermochromic paints:
i) A paint using a single thermochromic pigment that changes color (and then the TSR) at a given
temperature and ii) a paint containing various pigments that allow a continuum and linear change of
the color and TSR value as a function of the temperature.

The present work intends to further assess the potential of thermochromic paints for residential
buildings, by trying to identify the optimal transition temperature and their impact upon the energy
demand (building conditioned mode) or indoor temperature (building in free-floating mode).

2. Simulation Scenarios and Alternatives

This study assessed a single villa with two living floors, with a floor area of 90 m? each, and an
uninhabited attic. The residential building is represented in Figures 1 and 2 and also fully described
elsewhere [10]. Briefly, the ground floor has a living room, a dining room, a kitchen, a toilet, a hall, and
stairs. The first floor has three bedrooms, a suite, a toilet, a bathroom, a corridor, and stairs. The attic is
an open space, as mentioned before it is not inhabited.
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Figure 1. Plans of the building: (a) ground floor, (b) first floor, and (c) attic.
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Figure 2. (a) Building sections, and (b) a 3D model of the simulated building.

All zones of the building were modelled explicitly in ESP-r. The air changes per hour and
internal gains of each zone of the building were taken from the Portuguese legislation at the time of
calculations [27]: A constant value of 0.6 air changes per hour in each zone. Internal gains of 4 W-m~2
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on the living room, dining room, kitchen, three bedrooms, and suite were considered; on the remaining
zones, 1 W-m~2 of internal gains was assumed (except for the attic, where no internal gains were
assumed). The residential building has a total area of 26.3 m? of windows with a single clear glass.
The existence of venetian blinds covering 50% of each window was considered.

Full-year simulations were performed, with an hourly time step. Two building alternatives with
different construction types were considered:

i) A building with no thermal insulation, neither on the fagades nor on the roof (named building
configuration BD1); and

ii) A building with 60 mm of expanded polystyrene (EPS) insulation, both on external walls and
on the roof slab (named building configuration BD2). The conductivity value of this insulation
material was considered to be 0.042 W-m~1.K~1.

The construction details of BD1 and BD2 are shown in Tables 1 and 2. The specifications of each
layer of the construction (e.g., conductivity, density, specific heat, emissivity, and absorption) follow
the recommendations by the Portuguese national legislation [28].

The performance of the buildings was assessed in two complementary ways:

e  Through the energy needed to maintain the rooms between 20 and 25 °C during the whole year,
assuming that there is an air-conditioning system (conditioned mode); and

e  Through an analysis of the indoor temperatures in summer and in winter if there was no mechanical
heating nor cooling available (free-floating mode).

Table 1. Construction details of the building with a single wall facade (BD1).

Construction Layer Thickness/mm U/W-m~2.K-1
Coating 0.2
Plaster 30
External wall Brick 190 1.3
Plaster 10
Plaster 10
Internal wall Brick 110 2.1
Plaster 10
Common earth 300
Gravel 300
Concrete 300
Ground floor Asphalt 10 0.7
Concrete 20
Wood floor 20
Window Clear glass 8 5.6
Plaster 10
Slab Concrete 240 2.0
Plaster 10
Clay tile 5
Air 3
Roof slab Plaster 5 1.6
Brick 110
Plaster 5
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Table 2. Construction details of case BD2—differences from BD1 in bold.

Construction Layer Thickness/mm U/W-m~2.K1
Coating 0.2
Plaster 30
External wall Insulation 60 0.5
Brick 190
Plaster 10
Clay tile 5
Air 3
Plaster 5
Roof slab Insulation 60 0.5
Brick 110
Plaster 5

All the weather data used in this article were obtained from the US Department of Energy/Energy
Plus database. For the free-floating simulation, BD1 and BD2 were compared in the hottest and the
coldest weeks of the year: The week’s average daily maximum and minimum temperatures were
determined and are presented in the following chapter.

The energy demand needed to keep the indoor temperature between 20 and 25 °C was assessed
by a full-year simulation. The cooling and heating thermal energy needs were converted into the final
electrical energy demand by considering as the air conditioning system a reference heat pump with an
average coefficient of performance (COP) of 4 for heating and 3 for cooling (also called EER instead of
COP, in some of the literature). The final heating and cooling energy demand are presented in the
following chapter for both building simulation cases (BD1 and BD2).

In terms of paints, four different alternatives were considered:

e A conventional white paint with a TSR value of 90%, named WP (white paint);

e A conventional dark paint with 5% of TSR, named BP (black paint);

e A thermochromic paint with a specific transition temperature, named case ST (step transition) and;
e A thermochromic paint with a linear transition temperature, named case LT (linear transition).

Regarding the thermochromic step transition paints (ST), the thermochromic paint has a TSR of
5% below the transition temperature and a TSR of 90% above it. A parametric study on the transition
temperature was performed to identify the nearly optimal value (Section 3).

A thermochromic linear transition (LT) paint was also considered. Below the linear transition
temperature zone, the thermochromic paint has a TSR value of 5%, and above the linear transition
temperature zone, the thermochromic paint is assumed to have a TSR value of 90%. The TSR value
over the linear transition temperature zone depends linearly on the temperature and ranges between
TSR values of 5% and 90%. A parametric study on the initial and final temperatures of the linear
transition zone was also performed to find the optimum (Section 3).

3. Results and Discussion

The residential building cases, BD1 and BD2, were compared for each of the three reference
locations. In the conditioned mode (i.e., building with heating and cooling), the results were expressed
in terms of the electricity demand for heating, Epeating, and electricity demand for cooling, Ecooling,
over one year, taking into account the COP and EER stated in Section 2. In the free-floating mode (i.e.,
building without active heating or cooling), the results were expressed in terms of the weekly average
daily maximum temperature, Ty, and the weekly average daily minimum temperature, Ty,, over the
hottest and coldest week of the year, respectively.
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3.1. Porto, Portugal

3.1.1. Case ST—Thermochromic Paint with a Specific Transition Temperature

Concerning the residential building configurations BD1 and BD2, a set of parametric simulations
varying the value of the transition temperature were performed to determine its optimal value—the

one that minimizes the energy use required to maintain the indoor temperature between 20 and
25 °C—Figure 3.

BDI
—e—BD2
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Energy Demand / MWh-y"!

0 T T T T T 1
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Temperature of transition / °C

Figure 3. Annual energy demand, for building configurations BD1 and BD2, located in Porto, Portugal,
considering different transition temperatures for the thermochromic paint.

As it can be seen from Figure 3, for Porto, the optimum transition temperature of the thermochromic
paint is 24 °C for both BD1 and BD2. For this transition temperature, the annual energy demand is ca.
44and 2.2 MWh-y‘l, respectively, for building configurations BD1 and BD2.

The thermal behavior of the residential buildings painted with the optimized thermochromic coat
is given in Tables 3 and 4. Table 3 shows T« over the hottest week of the year and Ty, over the
coldest week of the year, in each of the three floors of each building case (BD1 and BD2). The annual
energy demand, in terms of the electricity used by the reference system, for cooling, for heating, and in
total are shown in Table 4 for both building configurations.

Table 3. Average maximum indoor temperature (Tp.x) Over the hottest week of the year and average
minimum indoor temperature (Ty,i,) over the coldest week of the year, for a building painted with an
optimized thermochromic step transition paint (ST), located in Porto, Portugal.

e TMax/OC Tmin/OC
Building
Configuration Case Ground First Floor Second Ground First Floor Second

Floor Floor Floor Floor

BP 30.5 32.3 359 8.3 8.9 7.2

WP 24.8 27.0 244 6.4 6.4 49

BD1 ST 26.2 27.7 26.5 8.3 8.9 7.1
ST - BP! -4.3 -5.3 -9.4 0 0 -0.1
ST — WP 2 +14 +0.7 +2.1 +1.9 +2.5 +2.2

BP 28.7 29.9 294 9.3 94 8.8

WP 25.0 26.4 24.2 7.8 7.7 6.5

BD2 ST 25.7 26.9 254 9.3 9.4 8.8

ST - BP! =3.0 =3.0 -4.0 0.0 0.0 0.0

ST — WP ?2 +0.7 +0.5 +1.2 +15 +1.7 +2.3

1 ST — BP: saving between a thermochromic step transition paint (ST) and a black paint (BP). 2 ST — WP: saving

between a thermochromic step transition paint (ST) and a white paint (WP).
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Table 4. Final energy demand for heating (Efeating), and cooling (Ecooling), total final energy demand
(ETota1), and energy savings over the year, for a building painted with an optimized thermochromic
step transition paint (ST), located in Porto, Portugal.

Energy/MWh-y~1

Building C Energy
. > ase !
Configuration EHeating Ecooling Etotal Savings/%
BP 4.17 1.34 5.51
WP 8.51 0.02 8.53
BD1 ST 4.33 0.09 442
ST-BP! +0.16 -1.25 -1.09 19.8
ST - WP?2 —4.18 +0.08 —-4.11 48.2
BP 2.14 0.57 2.71
WP 3.83 0.01 3.85
BD2 ST 220 0.04 2.23
ST-BP! +0.06 -0.53 -0.48 17.6
ST — WP? -1.63 +0.03 -1.61 41.9

1 ST — BP: saving between a thermochromic step transition paint (ST) and a black paint (BP). 2 ST — WP: saving
between a thermochromic step transition paint (ST) and a white paint (WP).

Results with the free-floating mode show that, for Porto, a thermochromic paint with an optimized
transition temperature leads to significant reductions in the weekly average maximum temperature
indoors. Tpay decreased by 9.4 and 4.0 °C in the upper floor, and about 5 and 3 °C in the inhabited
floors, respectively, for building configurations BD1 and BD2, when compared with a common black
paint. During winter, Tj,,;,, increased on average by 2 °C, when using thermochromic paints instead of
common white paints. These results show a positive thermal effect in summer and winter seasons,
leading to indoor temperatures closer to the thermal comfort range.

Regarding the analysis in the conditioned mode (indoors kept between 20 and 25 °C), the
thermochromic paint with an optimized transition temperature originates annual energy savings
up to 4.1 MWh-y~! for building configuration BD1 and 1.6 MWh-y—1 for configuration BD2. These
correspond to about 48.2% and 41.9% for BD1 and BD2, respectively. Since the climate in Porto leads
to EHeating higher than Ecooling, the impact of thermochromics” application is more expressive when
compared with common white than black plaints—energy savings of around 18%.

3.1.2. Case LT—Thermochromic Paint with a Linear Transition Temperature

The use of a hypothetic thermochromic paint with a linear transition behavior was also assessed.
This thermochromic paint was assumed to have a TSR value of 5% when the surface temperature of
the paint is below the transition temperature range, a TSR value of 90% when the surface temperature
is above this range, and a TSR value with a linear variation between 5% and 90% in the transition
temperature range. Additionally, in this case, the optimal transition temperature range (defined by the
low transition limit and by a high transition limit) was sought to minimize the annual energy demand
required to maintain the indoor temperature between 20 and 25 °C. For an optimization process
using 1 °C steps, the best result was obtained when both the low and high transition points were
24 °C, see Figure 4, which means that for this building and in the Porto climate, the best performing
thermochromic paint is a step transition temperature.

Although a single transition temperature provides better energy savings, its energy demand is
only 7% and 10% lower for BD1 and BD2, respectively, than the wider transition temperature range
considered (18-30 °C). This slight variation allows a gradual color transition for a thermochromic paint
without compromising its performance significantly.
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Figure 4. Annual final energy demand for building configurations BD1 and BD2 located in Porto,
Portugal, considering different transition temperature ranges.

3.2. Madrid, Spain

3.2.1. Case ST—Thermochromic Paint with a Specific Transition Temperature

A similar study was performed for Madrid. Different transition temperatures were also studied,
and the optimum transition temperature was selected taking into account the minimum annual energy
demand of both residential building configurations, BD1 and BD2, as shown in Figure 5.
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Figure 5. Annual energy demand for building configurations BD1 and BD2 located in Madrid, Spain,
considering different transition temperatures for the thermochromic paint.

For Madrid, the optimum transition temperature of the thermochromic coating is 23 °C, for both
building configurations BD1 and BD2. This transition temperature corresponds to annual energy
demands of about 6.9 and 3.6 MWh-y~! for BD1 and BD2, respectively.

The curves from Figure 5 present a similar tendency to the ones from Figure 6 (Porto case). In both
climates, a transition temperature lower than the optimal value (e.g., 15 °C) would have a more
detrimental impact on the energy savings than choosing higher temperatures (e.g., 35 °C). It is also
visible that the changes in the transition temperature lead to smoother variations in the energy demand
for insulated buildings (BD2) than buildings without insulation (BD1).
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Tables 5 and 6 show the indoor thermal behavior and the annual energy demand of buildings
BD1 and BD2 using a thermochromic paint with a transition temperature of 23 °C. Additionally, for
Madrid, values of T\, over the hottest week of the year, Ty,i, over the coldest week of the year, and
the annual energy demand for cooling, for heating, and in total are presented.

Table 5. Average maximum indoor temperature (Tp,x) Over the hottest week of the year and average
minimum indoor temperature (T;,) over the coldest week of the year, for a building painted with an
optimized thermochromic step transition paint (ST), located in Madrid, Spain.

e TMax/OC Tmin/OC
Building
Configuration Case Ground First Floor Second Ground First Floor Second
Floor Floor Floor Floor
BP 35.5 38.4 43.1 4.2 4.1 2.2
WP 30.4 32.6 32.1 2.6 1.7 0.2
BD1 ST 30.4 32.6 32.1 4.2 4.1 22
ST — BP! -5.1 -5.8 -11.0 0 0 0
ST - WP? 0 0 0 +1.6 +2.4 +2.0
BP 30.9 33.1 36.3 55 4.7 3.7
WP 28.3 299 29.9 4.2 29 15
BD2 ST 28.3 299 299 5.5 4.7 3.7
ST - BP! -2.6 -3.2 —-6.4 0 0 0
ST - WP? 0 0 0 +1.3 +1.8 +2.2

1 ST — BP: saving between a thermochromic step transition paint (ST) and a black paint (BP). 2 ST — WP: saving
between a thermochromic step transition paint (5T) and a white paint (WP).

Table 6. Final energy demand for heating (Efeating), and cooling (Ecooling), total final energy demand
(ETotal), and energy savings over the year, for a building painted with an optimized thermochromic
step transition paint (ST), located in Madrid, Spain.

Energy/MWh-y—1

Building C Energy
. S ase .
Configuration EHeating Ecooling Etotal Savings/%
BP 5.95 3.35 9.30
WP 10.74 0.52 11.26
BD1 ST 6.28 0.58 6.86
ST -BP! +0.32 -2.77 —245 26.3
ST - Wp?2 —4.46 +0.06 —4.40 39.1
BP 3.18 1.49 4.67
WP 5.15 0.32 5.47
BD2 ST 3.29 0.33 3.62
ST - BP! +0.13 -1.16 -1.05 22.4
ST - Wp?2 -1.85 +0.01 -1.84 33.7

1 ST — BP: saving between a thermochromic step transition paint (ST) and a black paint (BP). 2 ST — WP: saving
between a thermochromic step transition paint (ST) and a white paint (WP).

For Madrid, residential buildings with a thermochromic paint with a transition temperature
of 23 °C could have reductions of Thax of up to 11.0 °C and rises of Tpin of up to 2.4 °C, when
compared with common black and white paints, respectively. During the coldest week of the year, this
thermochromic paint has the same behavior of a common black paint, while during the hottest week of
the year, it has the same behavior of a common white paint. The near 6 °C decrease in Ty« for the first
floor in case BD1 endorses the estimation predicted (6-8 °C) by Bansal et al. [9] for the surface color
effect when comparing a white surface color to a black one.

Additionally, for Madrid, thermochromic paint with an optimized transition temperature always
leads to annual energy savings. Maximum reductions of about 4.4 and 1.8 MWh-y~! are observed
for BD1 and BD2, respectively, corresponding to maximum energy savings of 39.1% and 33.7%.
Ascione et al.’s [21] simulations reported energy savings of ca. 15% with an optimized thermochromic
coating in Naples, Italy. That value is considerably lower than those obtained for Madrid and Porto in
case BD1 and BD2. In fact, their comparison was made with a 30% TSR paint, while this study used
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white (90% TSR) and black paints (5% TSR) as references, which can, alongside climate variations,
explain this difference.

3.2.2. Case LT—Thermochromic Paint with a Linear Transition Temperature

A hypothetic thermochromic paint with a linear transition temperature was also assessed for
Madrid in Spain. Similar to Porto, a TSR value of 5% below the transition temperature range, a TSR
value of 90% above this range, and a linear variation between 5% and 90% in the transition temperature
range were assumed The transition temperature range was selected taking into account the minimum
annual energy demand needed to keep the inside temperature of the residential buildings between 20
and 25 °C, as shown in Figure 6.
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Figure 6. Annual final energy demand, for building configurations BD1 and BD2 located in Madrid,
Spain, considering different transition temperature ranges.

As one can see, the same conclusion from Porto can be drawn for Madrid. Additionally, for Madrid,
higher energy savings could be achieved with a thermochromic paint with the specific transition
temperature of 23 °C, applied both on external walls and on the roof of residential buildings. If the
larger transition temperature range is considered, 18-30 °C, the energy demand can increase of up to
8% and 12% in case BD1 and BD2, respectively. Widening the thermochromic transition seems to lead
to higher penalties in insulated buildings than buildings without thermal insulation.

3.3. Abu Dhabi, United Arab Emirates

3.3.1. Case ST—Thermochromic Paint with a Specific Transition Temperature

Additionally, for Abu Dhabi in the United Arab Emirates, a similar study was performed and the
optimum transition temperature was also selected taking into account the minimum annual energy
demand of both residential building configurations, BD1 and BD2, as shown in Figure 7.

For Abu Dhabi, the optimum transition temperature of the thermochromic coating is also 23 °C,
both for BD1 and BD2. This transition temperature corresponds to annual energy demands of about
6.0 and 3.4 MWh-y~! for BD1 and BD2, respectively. The very small variations in energy demand for
transition temperatures lower than 23 °C are a consequence of dealing with a warm and dry climate.
The annual energy demand is not significantly affected by color changes in the building surface when
the temperature is low because the outdoor temperature rarely achieves low values.
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Figure 7. Annual energy demand, for building configurations BD1 and BD2 located in Abu Dhabi,
United Arab Emirates, considering different transition temperatures for the thermochromic paint.

Tables 7 and 8 show the indoor thermal behavior and the annual energy demand of building
configurations BD1 and BD2 using a thermochromic paint with a transition temperature of 23 °C,
where values of Tp,x Over the hottest week of the year, Ty over the coldest week of the year, and the
annual energy demand for cooling for heating and total are presented.

The residential buildings located in Abu Dhabi, United Arab Emirates, having a thermochromic
paint with a transition temperature of 23 °C, could have reductions of T,y of up to 7.7 °C and rises of
T'min of up to 2.7 °C, when compared with common black and white paints, respectively.

For the three locations studied in this article, the indoor maximum temperature was reduced
on average by 5 °C in Abu Dhabi, 6 °C in Porto, and 7 °C in Madrid, without considering thermal
insulation. In the literature, Ma et al. [17], Karlessi et al. [19], and Ye et al. [20] reported maximum
surface temperature reductions from 4 to 10 °C with the use of thermochromic paints.

Table 7. Average maximum indoor temperature (Tp,x) Over the hottest week of the year and average
minimum indoor temperature (T;,) over the coldest week of the year, for a building painted with an
optimized thermochromic step transition paint (ST), in Abu Dhabi, United Arab Emirates.

e TMax /OC Tmin/OC
Building
Configuration Case Ground First Floor Second Ground First Floor Second

Floor Floor Floor Floor

BP 40.5 449 47.2 16.5 17.5 17.5

WP 37.5 41.0 39.5 13.6 16.0 14.7

BD1 ST 37.4 41.0 39.5 16.1 17.5 17.4
ST — BP! -3.1 -39 -7.7 —-0.4 0 —-0.1

ST — WP? -0.1 0 0 +2.5 +2.5 +2.7

BP 36.3 40.1 419 16.5 17.5 18.1

WP 34.1 373 36.9 14.2 16.7 15.5

BD2 ST 34.1 374 36.9 16.0 17.5 18.0
ST - BP! =22 =2.7 =5.0 -0.5 0 -0.1

ST - WP? 0 -0.1 0 -1.8 +0.8 +2.5

1 ST — BP: saving between a thermochromic step transition paint (ST) and a black paint (BP). 2 ST — WP: saving
between a thermochromic step transition paint (5T) and a white paint (WP).
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Table 8. Final energy demand for heating (Efeating), and cooling (Ecooling), total final energy demand
(ETota1), and energy savings over the year, for a building painted with an optimized thermochromic
step transition paint (ST), located in Abu Dhabi, United Arab Emirates.

Energy/MWh-y~1

Building C Energy
. A ase ;
Configuration EHeating Ecooling Etotal Savings /%
BP 0.04 12.23 12.27
WP 0.46 6.11 6.57
BD1 ST 0.07 6.00 6.06
ST - BP! +0.03 —6.23 —-6.21 50.6
ST — WP 2 —0.40 —0.11 —0.51 7.7
BP 0.02 597 5.99
WP 0.17 3.38 3.54
BD2 ST 0.03 3.39 3.42
ST-BP! +0.01 —-2.58 —-2.56 42.8
ST - WP2 —0.14 +0.01 —-0.12 34

1 ST — BP: saving between a thermochromic step transition paint (ST) and a black paint (BP). 2 ST — WP: saving
between a thermochromic step transition paint (ST) and a white paint (WP).

For Abu Dhabi, a thermochromic paint with a transition temperature of 23 °C always leads to
annual energy savings. Maximum reductions of about 6.2 and 2.6 MWh-y~! are observed for building
configurations BD1 and BD2, respectively, corresponding to maximum energy savings of about 50.6%
and 42.8%, when compared to dark coatings. However, the energy savings are less meaningful when
the comparison is made with white paints—7.7% to BD1 and 3.4% to BD2. Since this climate has
negligible heating needs (Egeating ~ 0), the use of cool paints (high TSR value) would contribute
substantially to a decrease of the energy demand of the building, with winter penalties of around
3%-8%. A similar response would be expected from a typically cold climate, with negligible cooling
needs (Ecooling ~ 0). A thermochromic paint application would have a very small positive impact when
compared to a dark coating. Nonetheless, the overall energy performance is expected to be always
better with thermochromic paints, with a more or less notable effect, because the paint is expected to
respond thermally to its environment, independently of the climate.

3.3.2. Case LT—Thermochromic Paint with a Linear Transition Temperature

The use of a hypothetic thermochromic paint with a linear transition temperature was also
assessed for Abu Dhabi in the United Arab Emirates. A thermochromic paint with a TSR value of 5%
below the transition temperature range, a TSR value of 90% above this range, and a linear variation
between 5% and 90% in the transition temperature range were assumed. The transition temperature
range was selected taking into account the minimum annual energy demand needed to keep the indoor
temperature between 20 and 25 °C, as shown in Figure 8.

As observed in Figure 8, only the transition temperature range of 22 to 24 °C has, for case BD1,
a slightly lower annual energy demand compared with case ST (23 °C). This small difference is not
sufficient to consider the use of a thermochromic paint with a linear transitional temperature instead of
a thermochromic paint with a step transition one beneficial.
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Figure 8. Annual final energy demand for building configurations BD1 and BD2, located in Abu Dhabi,
the United Arab Emirates, considering different transition temperature ranges.

4. Conclusions

The thermal behavior of a residential building was simulated, assessing the impact of using
thermochromic paints with a step transition or with linear transition, applied both on external walls
and on the roof. This simulation study was performed using the open source software ESP-r, for
building configurations with and without thermal insulation, and virtually located in three different
cities/climates: Porto in Portugal, Madrid in Spain, and Abu Dhabi in the United Arab Emirates.

For the three different locations, the optimized step transition temperatures were determined; the
results indicated that these temperatures are 24 °C for Porto and 23 °C for Madrid and Abu Dhabi.
Considering the thermochromic paint with a linear transition, it was found that the optimal transition
range was very narrow and around the optimal transition temperature of the step transition case.

Regarding the assessment in free-floating mode, i.e., without any active mechanical heating or
cooling, the highest indoor temperature reduction in summer was achieved in Madrid, from 43.1 to
32.1 °C, in the upper floor of the detached house. The highest indoor temperature increment during
the winter was observed for Abu Dhabi, from 14.7 to 17.4 °C, also in the upper floor. In general, the use
of thermochromic paints allowed maximum indoor temperature reductions from 2.2 to 11 °C, when
compared to dark coatings. Additionally, minimum indoor temperature increments from 0.8 to 2.7 °C
were achieved, when compared to white paints.

In terms of energy use, when operating the building in the conditioned mode to keep the indoor
temperature between 20 and 25 °C, thermochromic paints led to energy savings of up to 48%, 39%, and
8%, comparably to common white paints, and up to 20%, 26%, and 50.6% when compared to common
black paints, for Porto, Madrid, and Abu Dhabi, respectively.

Regarding the effect of thermal insulation, it decreased ca. 50% of the building energy demand.
The impact of thermochromic paints in terms of energy savings is 2%-8% higher in buildings without
thermal insulation than insulated buildings.

It was also possible to conclude that the use of thermochromic paints has a more evident impact
in temperate climates. The seasonal temperature variation must be significant to justify the need for a
dynamic response of the surface by changing its optical properties and color.

Overall, these virtual simulation results confirmed that thermochromic paints can deliver benefits
both in summer mode as in winter, unlike cool paints, which provide summer benefits but have a
penalty in winter. Nevertheless, these outcomes require future confirmation by physical tests in a real
scenario. Additionally, the chemical composition of the paint/coating is essential for understanding
the final performance of these materials. Further developments on the chemical formulation of such
paints to ensure longevity and cost reductions should thus be encouraged.
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Glossary/Nomenclature/Abbreviations

List of Acronyms

BD1 Building configuration without thermal insulation

BD2 Thermal insulated building configuration

BP Black paint

cor Coefficient of performance

EER Energy efficiency ratio

EPS Expanded Polystyrene

GHG Greenhouse gases

HVAC Heating, ventilation and air-conditioning

LT Linear transition

ST Step transition

TSR Total solar reflectance

WP White paint

Notation and Glossary

EHeating final energy demand for heating (MWh-y_l)

Ecooling final energy demand for cooling (MWh-y~1)

Etotal total final energy demand for air conditioning (MWh-y™1)
TMax week average daily maximum indoor temperature, (°C)
T 'min week average daily minimum indoor temperature (°C)
[od absorptivity

€ emissivity
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Abstract: In South Korea, radiant floor heating has been used from old housing to the recently
constructed residential buildings, which is called “Ondol”. The Ondol system is generally a
water-based system and it uses hot water as a heat medium provided by boilers fueled by natural gas.
With great effort to reduce greenhouse gas emissions, electric Ondol panels have been increasingly
applied to the recent residential buildings for floor heating. While the prefab electric Ondol panels
were developed with the demand for dry construction method, the information about the prefab
electric Ondol system is not sufficient. For the present study, the thermal performance of the prefab
electric Ondol panels was investigated through field measurement. In addition, the heating energy
and economic performance of the electric panel were compared with the conventional Ondol system.
As a result, a significant surface temperature difference was observed. Moreover, the heating cost for
the prefab electric Ondol system was more expensive than the conventional system, even though a
heat loss was observed by the operation of the conventional system.

Keywords: prefab electric Ondol system; thermal performance; heating energy; heating cost;
residential building

1. Introduction

As one of the main contributors to building energy consumption in South Korea, a residential
building sector has accounted for more than 65% of total buildings in 2017 [1]. According to the report
provided by the Korea Energy Economics, about 10% of the total energy was used for residential
buildings [2]. Specifically, natural gas and electricity accounted for 46% and 28% of household
end-use energy consumption in 2015, respectively, which were the most-used energy sources for
residential buildings [2]. In addition, more than half of the annual energy consumption for residential
buildings was used for space heating and cooling, and others were used for water heating, lighting,
and miscellaneous equipment [3,4].

While the energy consumption for cooling has been recently increased, a significant amount of
energy still has used for heating in residential buildings [5,6]. Accordingly, there are several types of
heating methods available including central gas heating, district heating, and individual gas heating.
As an individual gas boiler has become available with the development of infrastructures since 2000,
the individual gas heating method has been dominantly used for residential buildings [7]. Traditionally,
most residential buildings in South Korea have preferred to use radiant floor heating. According to the
sample data of housing units in the study of Park et al., all housing units have equipped a hydronic
radiant floor heating system [8]. For a radiant heating method, it is imperative to use fossil fuels for a
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domestic boiler, district, or central heating in South Korea in that the greenhouse gas emissions are still
increased. Therefore, it is necessary to find alternative heat sources for radiant heating in residential
buildings for the goal of reducing greenhouse gas emissions [9].

The use of radiant heating enables to provide more thermal comfort to occupants in houses as
well as an opportunity for the energy-saving more than the conventional air heating systems [10,11].
Many studies have performed investigations for the performance of the radiant heating method.
According to the study of Lin et al., the thermal performance of a water-based radiant heating system
was compared with a convective heating system in residential buildings. Even though there was little
difference between the two systems, the convective heating system might cause local discomfort based
on the occupants’ surveys [12]. Sun et al. also investigated the thermal performance of a radiant
heating system using a heat pipe [13]. In addition, the capillary tube was employed for the radiant
floor heating system [14]. While water has been generally used for radiant heating systems as a heat
source, radiant heating systems using electric cables have been recently adapted. Lodi et al. analyzed
the efficiency of electric radiant heating systems regarding thermal comfort in old buildings [15].
As another type of electric panel, thermoelectric heating panels are used consisting of a radiant plate
and several thermoelectric modules [16]. In the case of the study of Fang et al., phase change materials
as a thermal storage medium were used for the electric radiant floor heating [17].

For the present study, the energy and economic performance of the electric radiant floor heating
system in a residential building were assessed through the measurement and energy simulation.
According to the Act on the Promotion of the Development, Use, and Diffusion of New and Renewable
Energy, Korea Ministry of Trade, renewable energy systems should be designed for newly constructed
residential buildings in South Korea [18]. Therefore, the electricity consumption for electric radiant
floor heating systems can be offset by renewable energy systems such as electricity generated by solar
PV panels. Moreover, this electric-based radiant heating system can contribute to reducing greenhouse
gas emissions. However, there were a few studies for the investigation of the performance of the
electric Ondol panels. Thus, this study will evaluate the thermal performance and the economic
impact of the electric Ondol systems and discuss the results obtained through the measurement and
the simulation. Moreover, the outcomes of the present study will be used to develop more energy and
thermally efficient electric Ondol panels.

2. Prefab Electric Ondol System

Traditionally, Ondol has been used for an underfloor heating system in residential buildings,
which meant a warm stone [19,20]. From the early nineteenth century to the recent construction,
the Ondol system has been used in residential buildings as a representative floor heating method
because of the advantage of the radiant heating [19,21,22]. By using hot water as a heating medium, hot
water provided by a boiler system circulates pipes embedded in the concrete slab in that the circulation
of hot water within the Ondol system can provide radiant heating. Comparing with the conventional
air heating method, the Ondol system is more environmentally sustainable and cheaper regarding the
life cycle cost [23-25].

In general, the Ondol system was constructed by the wet construction method on site. Nowadays,
the modular construction method with prefab Ondol panels is increasingly adapted in residential
buildings to enhance the construction quality and shorten the construction period [26]. The use of
prefab Ondol panels can make buildings lighter than those made by the wet construction method as
well as provide an opportunity to reduce construction waste [27]. While most prefab Ondol panels
have used hot water from boilers fueled by natural gas or oil, another type of Ondol panel system
using electricity was proposed as shown in Figure 1. According to the study of Jeong, about 10% of
total energy-saving was achieved by using the prefab electric Ondol system [28]. However, there are a
few studies about the performance of the prefab electric Ondol panels. To assess the performance of
the prefab electric Ondol panels more accurately, the present study compared the performance of the
prefab electric Ondol panels with the conventional Ondol systems in residential buildings.
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Figure 1. Prefab electric Ondol panel.

3. Methodology

To assess the thermal performance of the prefab electric Ondol panels, thermal performance
measurement was conducted in a residential building. In addition, energy performance, especially
heating was analyzed by using energy simulation.

3.1. Building Description

For the present study, an apartment building located in Seoul in South Korea was selected.
The apartment building has 56 units with 16 floors. On the 8th floor of the apartment building, the unit
was selected with a total area of 125 m?. The measurement was conducted in the living room of the unit
facing the southeast. The specification of the building envelops of the unit was presented in Table 1.

Table 1. The specification of the envelope systems of the reference building.

U-value of walls 0.62 W/m2K
U-value of ceiling 0.69 W/m?K
U-value of window systems 2.8 W/m?K
Shading coefficient 0.6
Air infiltration 2.1 cm?/m?
3 occupants
Internal heat gain Lighting: 5.4 W/m?
Equipment: 7.0 W/m?
Design temperature 26 °C for cooling and 20 °C for heating

3.2. Thermal Measurement

As shown in Figure 2, 9 K-type thermocouples were located on the floor with 50 cm intervals
to figure out the surface temperature of the floor heated by using the prefab electric Ondol panels.
To monitor the indoor air temperature, a thermocouple was located at 1.5 m from the floor. In addition,
a thermocouple was also located outdoor. The measurement was conducted from April 27th to May
4th in 2018 and the temperature data were recorded with 10 min intervals by the datalogger. Moreover,
a surface temperature on the floor was visualized by using a thermal imaging camera. The energy
consumption was also monitored to compare with the energy simulation. The equipment used for the
measurement was presented in Table 2.
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Figure 2.  Thermal measurement: (a) The locations of thermocouples, (b) monitoring

electricity consumption.

Table 2. Specifications of the equipment.

- Voltage: 150 V to 600 V
Power meter - Frequency range: 45 Hz to 66 Hz

(3166 Clamp on Power HiTESTER, US) - ;A(ilcuralcy: AC Voltage: +0.2% reading. +0.1%
ull scale

AC Current: +0.2% reading. +0.1% full scale

- Operation range: Temperature —40 °C to +85 °C
- Accuracy: Temperature: +0.3 °C
- Response time: <0.7 s (start-up 3 s)

Datalogger
(1250 series Remote Squirrel meter/logger, UK)

- IR resolution of 160 x 120 pixels
Thermal imaging camera - Measuring range: —20 °C to 280 °C

(testo 865, Germany) - Accuracy of +2 °C
- Emissivity: 0.01 to 1

3.3. Energy Simulation

To assess the energy performance of the prefab electric Ondol panels, the energy simulation was
performed by using eQuest 3.61, which is the comprehensive energy simulation tool to evaluate design
parameters of energy conservation measures as well as provide detailed information of building energy
use [29]. Using this software, the reference apartment building was modeled as shown in Figure 3.
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In addition, the energy simulation was performed by using the specification of the reference building
in Table 1. The residential building was operated for 24 hours and the HVAC system ran between
5 pm to 7 am. Moreover, the design temperatures for heating and cooling were set at 20 °C and 26 °C,
respectively. For the conventional Ondol system, a central water-to-water heat pump system was
modeled for providing hot water, while the data obtained from the measurement were used for the
prefab electric ondol model. The annual energy consumption of the unit by using the conventional
Ondol system fueled by natural gas was compared with that operated by the prefab electric Ondol
panels. For the simulation, the TMY weather data of Seoul in South Korea was utilized. The mean air
temperature in Seoul was about 13 °C. The lowest and highest air temperatures were —12.6 °C and
35.4 °C, respectively. The mean wind speed was 2.2 m/s.

Figure 3. Computational model of the apartment building.

By using the coefficient of variation of the root mean squared error (CV(RMSE)) provided by
ASHRAE Guideline 14, the monthly energy consumption of the reference residential building with
the conventional Ondol system was compared with the energy simulation [30]. The models will be
declared to be calibrated if they produce CV(RMSE)s within +£15% with monthly energy data.

" (M- S;)?
RMSE = % 1)
Cv(RMSE) = RMSE 100 @)
avg

where M; is the energy consumption of the residential building, while S; is the monthly energy
consumption by energy simulation. n is the period and Mg, is the average for the energy consumption
of the residential building.

4. Result

4.1. Thermal Performance of the Prefab Electric Ondol Panels

Figure 4 shows the air temperature distributions of the surface on the floor and the indoor and
outdoor on May 2nd and 3rd. From 0 to 19:30 h on May 2nd, the heating was off and the indoor
air temperature and the surface temperature on the floor were maintained at about 19.5 °C because
of the thermal capacity of the building envelopes. From 19:30 h on May 2nd to 24 h on May 3rd,
heating was provided by using the prefab electric Ondol panels. While the setpoint temperature for
the Ondol panels was set at 60 °C at full-load, the maximum surface temperature on the floor was
maintained at about 50 °C. In addition, the minimum surface temperature on the floor was about
28 °C. Even though the surface temperature on the floor was increased about 7 °C by the operation of

119



Energies 2020, 13, 5723

the Ondol panels, the increase in the indoor air temperature was only about 4 °C with/without the
Ondol panels. Thus, the indoor air temperature was about 24 °C. The operation of the Ondol panels
took 1.4 kWh of electricity. Moreover, the surface temperature on the floor was visualized by using
the thermal imaging camera (Figure 5). As shown in Figure 4, the maximum and minimum surface
temperature difference was more than 20 °C and the surface temperature was higher than the indoor
air temperature. It can be seen that water from conventional Ondol systems can transfer radiant and
convective heat into the indoor fully because of higher heat capacity of water than that of air, while the
electric Ondol panels only heated the floor directly. This caused the lower indoor air temperature than
the surface temperature on the floor.
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Figure 4. Temperature distribution and the electricity consumption.
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Figure 5. Temperature distribution by the thermal imaging camera.
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4.2. The Analysis of the Energy Consumption

4.2.1. The Comparison between Energy Simulation and the Monthly Energy Consumption

To confirm the validity of the energy model, the monthly energy consumption of the selected
unit of the apartment building was compared with the energy consumption prediction. The energy
simulation modeled the conventional Ondol system fueled by natural gas. As can be shown in Table 3,
the total energy consumption of the selected unit and the energy simulation were 7862 kWh and
8611 kWh, respectively. In addition, the root mean squared errors (CV(RMSEs) ranged from 0.18 to
7.77. Even though there was much difference between the data and the prediction in December, all the
values were within the acceptable range, the predicted results by the simulation met the requirement
by ASHRAE Guideline 14 [30].

Table 3. The monthly energy consumption comparison.

Energy Consumption (kWh)

Month The Selected Unit of Energy Di CV(RMSE) (%)
the Apartment Building Simulation ifference

January 769.3 860.0 -90.7 4.00
February 664.5 779.0 -114.5 5.04
March 640.2 745.0 -104.8 4.62
April 576.0 580.0 -4.0 0.18
May 589.2 512.0 772 3.40
June 607.7 648.0 —40.3 1.78
July 748.4 799.0 -50.6 2.23
August 792.5 823.0 -30.5 1.34
September 612.2 786.0 -173.8 7.66
October 564.4 644.0 -79.6 3.51
November 578.5 680.0 -101.5 4.47
December 719.3 755.0 -35.7 1.57

4.2.2. The Heating Cost Analysis

Considering the heating energy consumption, the annual heating cost for the conventional Ondol
system and the prefab electric Ondol panel system was analyzed for 8 months (October to May)
(Figure 6). Tables 4 and 5 show the heating energy consumption and the cost of these two heating
methods. The total heating cost for the conventional Ondol system and the prefab electric Ondol
system were $140.5 (US dollar) and $313.2 (US dollar), respectively. As a result, the prefab electric
Ondol system requires about 53% of the additional heating cost.

- Conventional Ondol system - Prefab electric Ondol System

100

$ (US Dollar)

25

0 ™ |
Jan  Feb Mar Apr May Jun Jul Aug  Sep  Oct Nov  Dec

Months

Figure 6. The heating cost comparison between the conventional Ondol system and the prefab electric
Ondol system.
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Table 4. The conventional Ondol system.

Month Jan Feb Mar Apr May Jun July Aug Sep Oct Nov Dec Total
Heating e“e(f(%{’[ﬁ;’nsumpt“’“ 624.7 488 3744 1758 663 0 0 0 0 119 348.6 559.4 2756
Demand
Heating cost charge 1.13 1.13 1.13 1.13 1.13 0 0 0 0 1.13 1.13 1.13 -
& ($US dollar)
Energy charge -
($US dollar) 32 25 18 8.6 3.2 0 0 0 0 5.8 17 28.6
Monthly total heating cost
($US dollar) 33 19.4 19.4 9.7 44 0 0 0 0 6.9 18 29.7 $140.5/year
Table 5. The prefab electric Ondol panel system.
Month Jan Feb Mar Apr May Jun July Aug Sep Oct Nov Dec Total
Heating energy 571 446 342 161 61 0 0 0 0 109 319 511 2520
consumption (kWh)
Demand
Heating charge 8.2 4.5 24 0.6 0.03 0 0 0 0 0.6 24 8.2 -
cost ($US dollar)
Energy
charge 95 50.3 30 9 2.7 0 0 0 0 5.1 26 68.4 -
($US dollar)
Monthly total heating cost
&, US dollar) 103 55 32 9.5 27 0 0 0 0 5.6 28.4 77 $313.2/year
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5. Discussion

The present study assessed the thermal and energy performance of the prefab electric Ondol panel
comparing with the conventional Ondol system. Considering the result of the thermal measurement,
a notable surface temperature difference was observed when the prefab electric Ondol system was
applied. In addition, the increase in the surface temperature on the floor was about 30 °C, while about
a 4 °C increase in the indoor air temperature was observed. This can cause thermal stratification,
as well as occupants, can be dissatisfied thermally. Finally, it may require a significant amount of
energy for thermal comfort. Considering the balance point temperature and the heat gain/loss by
building envelopes. Thus, it is also necessary to conduct thermal measurement in a chamber by varying
climate conditions.

As shown in Figure 7, the use of the prefab electric Ondol panels cost 50% more than that of the
conventional Ondol system, while the heating energy consumption of the prefab electric Ondol system
was about 8.6% lower than that of the conventional Ondol system. This was caused by the progressive
electricity billing during the winter period (December to February) in South Korea, while the price of
natural gas was the flat rate. Therefore, it requires to find out the criteria for assessing the performance
of the prefab electric Ondol panel system more accurately.

53% difference in the
heafing energy cost 320

2,800

2,500 80

A —N
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= 2,700 7 _— 20
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g in the heating =
=} / =
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P
=
=

T

2,400

Conventional Prefab electric
Ondol system Ondol System

Figure 7. The heating energy and cost comparison.

Another important design consideration for the use of the electric Ondol panel system is
electromagnetic waves. According to the National Radio Research Agency in South Korea, the
permissible exposure limit is 833 mG, which is quite bigger than the permissible limit of the United
States (2 mG) and Swiss (10 mG) [31,32]. Even though the electromagnetic wave of the prefab
electric Ondol panel system ranges generally 0.4-0.5 mG, it requires further investigation for the
electromagnetic waves from this electric Ondol panels and re-assessment with the permissible limit of
other countries.

6. Conclusions

With an increasing demand for the dry construction method, the use of prefab Ondol panels has
simplified building construction methods and shortened construction periods, where Ondol floor
systems have been dominant. In addition, the electric Ondol panel system has become attractive due
to its simplicity and electricity provided by the solar PV panels. The newly constructed residential
buildings in South Korea should equip renewable energy systems. Even though the use of the prefab
electric Ondol panel system has been rapidly increased, there were a few studies about the performance
of this panel system.

For the present study, the thermal performance of the prefab electric Ondol system was investigated
through the on-site measurement. In a unit of an apartment building, the surface temperature on the
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floor and the indoor and outdoor air temperatures were measured. As a result, a significant surface
temperature difference was observed. In addition, the use of the prefab electric Ondol system rarely
influenced indoor air temperature. The increase in the indoor air temperatures was quite lower than
the increase in surface temperature on the floor with/without the use of the electric panels. This was
also visualized by using a thermal imaging camera. Moreover, the heating cost for these two systems
were evaluated by using energy simulation. The heating energy consumption in the unit with the
prefab electric Ondol panel was about 10% lower than that by the conventional Ondol system fueled
by natural gas. However, more than 50% of the heating cost was required for the electric Ondol system
than the conventional one. It was caused by different energy sources.

Regarding the views of thermal and heating cost performance, the advantage for the use of the
prefab electric Ondol panel system is not clear, even though this system has several advantages in terms
of construction. For further study, it is necessary to investigate electromagnetic waves from the electric
Ondol panels for occupants’ safety in buildings. In addition, it requires to conduct measurements with
various types of Ondol panels during the winter. To figure out the surface temperature distribution, it
is also necessary to employ computational fluid dynamics simulation. Moreover, the life cycle cost
analysis is required for the complete investigation of the economic impact of the electric Ondol system.
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Abstract: As one of the main businesses in Jeju-do in South Korea, specialized local products are grown
in greenhouses. For greenhouse farming, it is preferable to use geothermal heat pump systems for energy
conservation because of the stable temperature of the ground. In the same manner, heat pumps using
underground air is recommended for greenhouse farming since underground air can easily be obtained
from porous volcanic rocks in Jeju-do. However, direct usage of the underground air is not feasible for
planting in the greenhouse or livestock care because the underground air is relatively humid and its
temperature is low. For the present study, the heating performance of an air-to-water heat pump which
used underground air as a heat source for greenhouse farming during the winter was assessed through
measurements. In addition, the economic impact of the air-to-water heat pump (AWHP) was compared
with a conventional air heater. According to the results, an AWHP can save more than 70% of the total
heating costs compared with a conventional air heater. In sum, the utilization of the air-to-water heat
pump using underground air can have a positive impact on reducing energy consumption as well as
provide direct economic benefits.

Keywords: air-to-water heat pump; greenhouse; heating load; underground air

1. Introduction

While facing significant global warming, a lot of concerns have focused on energy use by buildings,
which accounts for more than half of the total energy consumption [1,2]. Thus, a reduction in building energy
consumption can lead to a reduction in CO; emissions. According to previous studies, energy savings
can be achieved by applying appropriate thermal insulation to building envelopes and the use of
advanced mechanical systems [3-7]. As building occupants spend more time in an indoor environment,
the importance of the selection of proper mechanical systems has become a main concern for building
stakeholders regarding thermal comfort and energy conservation [8].

Among current technologies for providing both heating and cooling, heat pumps have generally
applied for residential and commercial buildings by implementing demand response measures which
enable one to shift building energy loads [9-11]. These systems can maintain indoor thermal comfort
as well as provide a potential for energy savings in buildings by extracting energy from the air, water,
and soil [12-15]. Even though heat pumps often have excessive system complexity, they have increasingly
been used to building applications [14,16]. Among the broad range of heat pump applications, heat pump
technology can also be utilized in the area of agriculture.
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According to a review article of Daghigh et al., heat pumps can be used to dry agricultural and
forest products even under low-temperature conditions [17]. In addition, Kosan et al. have analyzed the
efficiency of photovoltaic-thermal assisted heat pump drying systems [18]. Kumar et al. have used a
closed-loop heat pump system for drying herbal leaves [19]. Besides, several studies have proposed drying
methods based on heat pump technology for preserving agricultural products [20-24]. Among other
applications, heat pump technology has been utilized to control the thermal performance in greenhouses.
According to a study by Yang et al., the temperature in a greenhouse could be controlled by using an
earth-air heat exchanger system [25]. Moreover, Ozgener and Hepbasli have studied the performance
of a solar-assisted geothermal heat pump system for greenhouse heating under the climatic conditions
in Turkey, where the night temperature drops to 14 °C while the day temperature is about 31 °C [26-28].
Ozgener has also proposed the use of a hybrid solar-assisted geothermal heat pump technology with a
small wind turbine system for greenhouse heating [29].

For agricultural applications in South Korea, heat pumps have also applied to greenhouse space
heating. In the case of Jeju-do in South Korea, where about 20% of the people work in agriculture cultivating
local specialties like tangerines and mandarins. In the winter, these local specialties and others such
as livestock and flowers are generally raised or planted in greenhouses where heating is provided by
air-source heat pumps. Since the ground temperature is stable at a depth of 3 m-50 m, it is preferable
to use the ground as a heat source for both heating and cooling (i.e., geothermal heat pumps) [25,30].
Like geothermal heat pumps, air source heat pump systems using underground air are recommended
for greenhouse farming. Since Jeju-do is a dormant volcano in which the geographical features consist of
volcanic and sedimentary rocks, basanites, and so on, it can form underground air and water tables between
rocks and sediment [31]. Thus, it is easy to obtain underground air from porous volcanic rocks, in which
the underground air temperature ranges around 15 °C-18 °C. However, the use of this underground
air for planting or livestock care is not feasible because the underground air is relatively humid and its
temperature is low. Most studies have investigated the performance of the air-source heat pumps and there
have been few studies about air-to-water heat pumps using heat transferred from underground air. For the
present study, the heating performance of an air-to-water heat pump (AWHP) system intended for use in
greenhouse farming was assessed. To analyze the performance of the AWHP, the heating capacity and
COP were analyzed through measurements. In addition, the economic impact of the heating performance
of the AWHP for greenhouse farming was compared with a conventional air heater.

2. Heat Transfer from Underground Air to Heat Pumps

Figure 1 shows the schematic diagram of the AWHP. Temperature sensors were located at the
underground air intake of the air/water direct contact heat exchanger, the compressor and evaporator,
the fan-coil unit, and the heat storage tank. In addition, water flow meters were located at each unit of
the AWHP. For the specification, the air/water direct contact heat exchanger is a cylinder of 1 m diameter
with a height of 2.5 m. From a borehole, underground air is drawn by the turbo blower to the air/water
direct contact heat exchanger through a cylinder of 0.3 m diameter. Similar to the process of cooling
towers, the airflow at the lower part of the heat exchanger is mixed with water sprayed from the top.
In addition, this heat exchanger utilizes plastic splash type fill to enhance the contact between air and water.
During the process, the heat is transferred from the humid underground air at 16 °C to water. Therefore,
as a heat source, the water flow is sent to the AWHP to provide further greenhouse heating. In the
AWHP, heat transferred from the air/water direct contact heat exchanger is delivered to the evaporator.
Passing the compressor, water is heated at the condenser. The control system uses a Programmable Logic
Controller (PLC).
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Figure 1. A schematic diagram of the AWHP.

3. Method

3.1. The AWHP at the Greenhouse

To analyze the heating performance of the AWHP, the AWHP was installed at the greenhouse for flower
production located in Jeju-do in South Korea. The size of the greenhouse was 330 m?. The specifications of
the AWHP are presented in Table 1.

3.2. COP of the AWHP

For the control of the AWHDP, a blower, an air/water direct contact heat exchanger, water pumps were
operated to heat or cool the water in the heat storage tank to reach the setpoint temperature. In the case
that the setpoint temperature of the AWHP does not reach the heating or cooling set temperatures in the
greenhouse, water pumps of the heat storage tank and the fan of the fan-coil unit were operated. To measure
the Coefficient of Performance (COP) for the AWHP in a heating application, T-type thermocouples and
ultrasonic flowmeters (PT868, Panametrics, Boston, MA, USA) were located at the condenser, the evaporator,
and the heat storage tank. In addition, the power usage of the AWHP was measured by using a power
meter (CW240, Yokogawa, Tokyo, Japan). The specifications of the equipment are presented in Table 2.
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Table 1. Specifications of the AWHP.

Component Specification

Material Stainless steel
. . Diameter (mm) 1000
Air/water direct contact heat exchanger Height (mm) 2500

Heat transfer fluid Normal water

Type High-temperature scroll type
Compressor Capacity 35 kW (10 RT)
Heat pump Voltage 380 V (3 Phase)
Condenser/Evaporator Flat type heat exchanger

Refrigerant R22
Diameter (mm) 2000
Heat storage tank Height (mm) 2000

Heat storage fluid Normal water

Capacity 7.5 kW
Turbo blower Airflow rate 102 m3/min

Table 2. Specifications of the equipment.

- Non-Intrusive Liquid Flowmeter
Velocity range: —12.2 m/s to 12.2 m/s

PT868
- Accuracy: 2%
- Fluid temperature: —40 °C to 150 °C
- Voltage: 150 V to 1000 V

CW240 Frequency range: 45 Hz to 65 Hz

- Accuracy: £0.2% reading
- Display interval: Approx. 0.5s

Before calculating the COP, the heating capacity was calculated using Equation (1) below:
Qn = Pw'Vw'Cw'<Tw,o - Tw,i) (1)

where Qj, is the heating capacity of the AWHP (kcal/h, 1 keal/h = 0.0012 kW). In addition, py, Vi, and ¢y
are water density (kg/m?), water flow (m3/s), and the specific heat capacity of water (kJ/kg °C), respectively.
Tw,e and Ty, ; are the water temperatures at the outlet and inlet of the condenser (°C). Using Equation (2) [32],
the COP was calculated for open-loop and closed-loop systems. In an open-loop system, heated water
from the condenser is dumped directly to the outside, while water at the heat storage tank circulates and is
reheated at the condenser and returns to the heat storage tank for a closed-loop system:

cop, = O 2)

Ppp

where COPj, is the COP of the AWHP for the heating application. Moreover, Pyp is the power usage
of the AWHP (kW). To compare the heating energy consumption and temperature distributions in the
greenhouse, a conventional heat pump system was also installed in the same size of the greenhouse.
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4. Results

4.1. The Temperature Profiles of the System During the Condenser Operation

It is important to figure out the relationship between the temperature changes of each component
of the AWHP and the outdoor temperature conditions. The measurement results are shown in Figure 2.
For the open-loop system, the heating performance was observed for 7 min until the water was drawn off,
while it took 3 h to heat 6 tons of water from 18 °C to 50 °C for the closed-loop system on 24 March 2015.
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Figure 2. Temperature profiles of the system for open-loop and closed-loop application.

When measuring the water temperature of the open-loop system, the outdoor air temperature was
about 13.8 °C, while the underground air temperature at the inlet of the air/water direct contact heat
exchanger was maintained at 15 °C. Because of the short observation, there were a little temperature
changes at both inlet and outlet of the condenser. In the case of the evaporator, about a 5 °C decrease in
water temperature was observed at both inlet and outlet due to the rapid water runoff. For the closed-loop
system, the outdoor air temperature was slightly decreased from 10 °C to 8 °C, while the underground
air temperature was also maintained at 15 °C during the measurement. In the case of the evaporator,
both water temperatures at the inlet and outlet were dropped from about 15 °C to 5 °C after 10 min
from the beginning of the measurement. It was caused by the low temperature in the condenser at the
early operation, which required a large amount of heat transfer. After the temperature in the condenser
was increased, the amount of heat transfer was decreased. Therefore, the temperatures at the inlet and
outlet of the evaporator were slightly increased to 8 °C after the temperature was slightly increased in the
condenser. Simultaneously, the underground air temperature at the outlet of the air/water direct contact
heat exchanger was also increased.

4.2. Heating Capacity for the Heating Application

Figure 3 shows the heating capacity for the open-loop and closed-loop applications. The observed
heating capacity for the open-loop and closed-loop systems was ranged from 35,000 to 41,000 kcal/h and
27,000 to 40,000 kcal/h, respectively. In addition, the heat extracted by the air/water direct contact heat
exchanger for the open-loop system was about 28,000 kcal/h. For the closed-loop system, the extracted
heat was decreased from 30,000 kcal/h to 18,000 kcal/h.
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Figure 3. The heating capacity for the open-loop and closed-loop systems.

Based on the values of the heating capacity and electricity consumption, the COP values were
calculated using Equation (2). As can be seen in Figure 4, the COP values were ranged from 4.3 to 5.5 for
the open-loop system, while the COP value was decreased from 5.0 to 2.5 for the closed-loop system as the
inlet water temperature of the condenser was increased to 50 °C. For energy consumption, the electricity
usage for the open-loop system was decreased, while it was increased for the closed-loop system. It can be
seen that the continuous operation of the AWHP for increasing the water temperature in the heat storage
tank caused an increase in electricity consumption.
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Figure 4. The COP and energy consumption for the open-loop and closed-loop systems.

Figure 5 shows the comparison of air temperature in the greenhouse operated by the AWHP and a
conventional air heater. When the outdoor air temperature varied from 7 °C to 12 °C on 19 April 2015,
the air temperature in the greenhouse heated by the conventional air heater was ranged from 19 °C to
26 °C, while the greenhouse heated by the AWHP showed a small air temperature fluctuation which
ranged from 20 °C to 22 °C. Based on the results, the AWHP can provide more stable heating than the
conventional air heater.
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Figure 5. Comparison of heating performance between the AWHP and a conventional air heater.

4.3. Economic Assessment of the AWHP

To analyze the economic impact of the AWHP, the heating cost was compared with that of a
conventional air heater (Table 3). Since each system used different energy sources, the total heating cost for
these two systems was compared. From February to June in 2016, the AWHP consumed 4064 kWh/m? of
electricity at a cost of W45.5/kWh (South Korea Won, i.e., $0.04 (US Dollar)). In the case of the conventional
air heater, about 889.8 liters of diesel/m? were consumed at ¥840 per liter (South Korea Won, i.e., $0.70
(US Dollar)). As a result, the AWHP only consumed about 25% of the total heating cost of the conventional
air heater.

Table 3. Heating cost comparison for the AWHP and a conventional air heater.

Total Heating Cost
System Energy Consumption Comparison (%)
South Korea Won US Dollar
AWHP 4064 kWh/m? (Electricity) 184,912 $154 24.7
Conventional air heater 889.8 liters of diesel/m2 W747,432 $621 100

5. Discussion and Conclusions

As one of the main businesses in Jeje-do in South Korea, agriculture is supported by the South Korean
Government. Heat pump systems using underground air are recommended for greenhouse farming,
however, the direct use of underground air may harm greenhouse products because of the high humidity
and low temperature of the underground air. The present study assessed the heating performance of an
AWHP for greenhouses in Jeju-do through measurements. Specifically, the AWHP used the heat extracted
from water in which the heat was transferred from underground air through an air/water direct contact
heat exchanger.

During the measurement period, the outdoor air temperature was in the range of 7 °C to 12 °C,
while the underground air temperature was maintained at 15 °C. When the water temperature of the heat
storage tank ranged 40 °C—45 °C, the COP was 2.1 to 2.7 and the heating capacity was 34.9 kW—44.2 kW.
Comparing the heating cost with the conventional air heater from February to June, the AWHP consumes
about 25% of the total heating cost.
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When delivering underground air at a rate of 102 m3/min, the underground air temperature dropped
from 15 °C to 10 °C and 32.6 kW of thermal energy was obtained. This was slightly lower than that
generated by conventional heat pumps since the heat energy was transferred twice through the air/water
direct contact heat exchanger and the evaporator. In addition, the COP for the closed-loop system decreased
from 5.0 to 2.5. Thus, it can be seen that an increase in water temperature in the heat storage tank during the
early AWHP operation reduced the amount of heat absorbed by the condenser and evaporator. The heat
reduction ultimately caused the AWHP to operate continuously leading to an increase in the electricity
consumption of the AWHP.

Considering the outcome of the present study, the AWHP system is more energy and cost-efficient
than a conventional mechanical system. Moreover, the utilization of the AWHP for greenhouse farming
can reduce greenhouse gas emissions. For further study, it is necessary to find a feasible solution to increase
the COP for the closed-loop application. In addition, energy-advanced or more sophisticated controlled
conventional air heaters could be used for more accurate comparison with the AWHP. Furthermore,
life cycle cost analysis will be conducted considering factors such as capital investments.
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Abstract: This work introduces the concept of a new Portable Device for Indoor Temperature
Stabilization (PoDIT), to be considered as a low-cost, quick and easy to implement remediation
strategy when, for social, economic, or technical reasons, the improvement of the building envelope
and/or the adoption of air conditioning are not possible. The main goal is to attenuate the maximum
indoor temperature during summer and/or heat waves. The system, which is modular, consists of a
certain mass of encaged phase change material (PCM) that stays indoors during the daytime and is
transported to the outdoors (e.g., a balcony) during the night to discharge the heat accumulated during
the daytime. Both natural convection and forced convection variants were considered. The results
showed that, in the configurations and for the reference room and weather considered, the adopting
4 modules of the device can lead to reductions in the maximum room air temperature close to 3 °C,
with natural convection. Adopting a fan to impose forced convection at the surfaces of the device
can lead to temperature attenuations in excess of 4 °C, as it ensures full solid-liquid commuting and
therefore optimal use of the PCM thermal storage capability.

Keywords: passive cooling; low energy cooling; heat waves; climate adaptation; social housing;
nearly zero energy buildings

1. Introduction

There is growing evidence that, even in developed countries, many households do not
have comfortable and/or healthy indoor environmental conditions, especially in what regards to
indoor temperature. The evidence comes from direct measurements [1,2], but also indirectly from an
observed correlation between extreme cold and hot spots and the mortality rates [3-5].

For example, in Figure 1, it can be observed that the daily mortality in Portugal was actually
considerably higher in some days of 2013 and 2018 than in March and April of 2020, during the first
peak of the COVID-19 pandemic in Europe [6].

Theoretically, a possible solution for the problem would to deploy air conditioning to all most
residential buildings, or at least to those with lower energy-efficient envelopes. However, this would
present several problems:

(i) Because of how electric systems are operated, in the short term the growth in electricity demand
caused by AC systems would cause an increase in the operation of thermal power plants.
This would increase the greenhouse gas emissions. In the medium or long term, the electricity
could come from additional renewable sources, but there is competition for the use of electricity
from other more urgent purposes (e.g., mobility). Likely, it would have additional costs also;
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(i) When not properly selected and installed, AC systems often lead to discomfort and health issues
themselves [7,8];

(iii) Many households cannot afford to pay for the cost of installing the AC systems and/or the
electricity that they would consume.
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Figure 1. Daily mortality in Portugal from 2009 to April 2020 [6].

In this framework, it is of outmost importance to devise ways of improving the indoor temperatures,
especially in summer, without requiring the installation of AC systems in every residential building.

A possibility to achieve this goal is to use the so-called “thermal flush” technique [9,10] in a way
that can be easily adopted in existing buildings. This technique has traditionally made use of the
storage of heat in the thermal mass of the building (thermal inertia), and then promote night ventilation
to discharge the stored heat into the outdoor air. While still a valid concept, there are many cases
where its effect in practice is limited by factors such as:

(i) Impossibility to ventilate during the night, for safety or noise reasons;

(i) Low effectiveness of the ventilation, due to the location of the building and/or absence of wind
and/or existence of obstacles surrounding the building;

(iii) Low thermal mass in the building—a trend in many countries due to the adoption of cheaper
and/or modular materials e.g., in the interior walls [11,12].

Trying to overcome the limitations above, and to make a more effective use of the thermal
flush concept, this paper presents and analyses the predicted performance of an innovative phase-change
portable device that is intended to be indoors during the day, and moved outside (e.g., to a terrace,
veranda or window hanger) during the night.

The idea of using phase change materials (PCMs) to assist cooling of buildings has been introduced
since at least the early 2000s. The applications have been reviewed in recent papers such as those by
Ostermann et al. [13], Pomianowski et al. [14], Iten et al. [15], Souayfane et al. [16], and Faraj et al. [17].

Faraj et al. [17] divide the applications between the Passive and the Active technologies.
Passive ones include uses in Walls, and Trombe walls, glazing windows, floors and tiles,
shutters and blinds, ceilings and roofs, sola facades, and solar chimneys Active ones include integration
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into evaporative and radiative cooling systems, ventilated fagades, ice storage, thermally activated
building structures (TABS), AC systems, and ventilated Trombe walls. No systems similar to the one
proposed here were found.

Garcia [18] stresses that one of the main weaknesses of PCMs employed in passive cooling systems
is that, though the peak cooling load is delayed, it still ends up discharged indoors. He then proposed
an innovative concept for a dynamic building envelope with PCM, which however is likely to be
difficult to be adopted at existing buildings without significant retrofit work—one of the intended key
advantages of the system now proposed.

2. Device Description and Specifications

2.1. Concept and Shape

The device consists of a certain mass of PCM (phase change material) embodied in a container,
with a shape that promotes an easy heat exchange with the surrounding environment (air and surfaces).

Besides ensuring mechanical robustness, the portability specification implies two main technical
requirements: both weight and dimensions must both be low enough ensure that it can be carried
frequently between the indoors and the outdoors (and vice-versa) by any person who is healthy but
not necessarily athletic.

For this proof-of-concept study, a mass limit value of around 20 kg per device was considered.
Given the mass specifications, the selection of PCM device shell (box) material led to the choice of
a lightweight but resistant material with a high thermal conductivity: an aluminum sheet with a
thickness of 2 mm was selected as the box material.

Regarding dimensions, the maximization of surface area was used as a criterion, thus adopting a
geometry of thin quadrangular plates. The dimensions adopted in the PCM envelope box took into
account the maximization of the surface area, but also the volumetric expansion verified in the phase
change materials considered in this study. Thin plates were adopted to improve the spread of heat
inside the devices.

Figure 2 presents a schematic representation with the overall dimensions of the PCM device.
The shape may nevertheless be the object of optimization at a later stage of product development. It is
also possible to consider the deployment of several independent modules into room.

PCM

650

46

Aluminum Box

(mm)
50

Figure 2. Schematic representation of the device for this proof-of-concept study (1 module).
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2.2. PCM Characteristics

Suitable PCM were searched among those that are commercially available as technically
developed/mature products. The key criteria was the phase change temperature. For an initial
scenario under “normal summer weather”, a PCM with phase change at 24 °C was selected [19],
which therefore implies that the device will work to “try” to limit the indoor temperature to 24 °C,
as is somewhat in line with conventional HVAC comfort requirements. An alternative PCM with a
transition temperature of 29 °C was also considered [19], for sensitivity assessment (Table 1).

For the scenario under heat wave conditions, it proved that the 24 °C transition temperature was too
low (among other things this temperature is too low for an efficient discharge outdoors during the night),
and the C19H40 Nonadecane parafine, which has a transition temperature of 32 °C, was considered
instead [20]. This type of material is widely used in buildings thermal applications and has advantageous
properties in the context of the proposed application: congruent melting, good nucleating properties,
chemically stable, non-toxic, non-corrosive, and metal casing compatibility [21]. The 32 °C transition
temperature is high when compared with the conventional HVAC setpoints around 24-25 °C, but it
is nevertheless representative of the more extreme conditions that may happen during heat waves.
In these cases, the device will work to “try” to limit the indoor temperature to 32 °C, which despite
being high in terms of comfort avoids the most dangerous temperatures regarding health. The PCM
with a transition temperature of 29 °C was also considered, for sensitivity assessment.

Asignificant limitation of the phase change materials is their low thermal conductivity, which slows
their ability to store and release thermal energy in time periods compatible with the requirements, thus
decreasing the overall system performance.

A technique to enhance the thermal conductivity of phase change materials was proposed by X.
Py [22] where the PCM is embedded inside a porous graphite matrix. The main advantage of this new
composite material (PCM and graphite) is the increase in heat conductivity without much reduction in
energy storage and the decrease of volume change in paraffins [23].

A parametric study showed that a thermal conductivity greater than 5 Wm™'K~! did not
significantly decrease PCM liquefaction or solidification time, representing the best compromise
between increased thermal conductivity and decreased thermal storage capacity [24]. This thermal
conductivity can be achieved with a graphite volumetric fraction of only 3%.

Table 1 summarizes the key physical characteristics of the PCM materials, already considering the
effect of doping with graphite, calculated according to the correlation by Py et al. [22]. Table 2 shows
the resulting key physical characteristics of the device, considering both the casing and the PCM.

Table 1. Key physical characteristics of the three composite materials considered, computed according
to the method proposed by Py et al. [22].

PCM—Graphite Composite Paraffine C19Hyg PureTemp 24 PureTemp 29
Graphlt.e volume ) 3% 3% 3%
fraction, ¢
Volumetric mass of the matrix (kg m™3) 64.6 64.6 64.6
Phase change °O) 32 24 29
Fusion latent heat A (K kg™ 204 171 187
Specific heat in solid phase Jkg 1K) 1713 2696 1693
Specific heat in liquid phase Jkg 'K 2081 2873 1851
Volumetric mass of the composite in (kg m~3) 8115 8020 890.2
liquid phase
Volumetric mass of the composite in 950.4 9873 9772
solid phase
Heat conduct}Vlt}l of the composite in (Wm-1 K1) 5 5 5
liquid phase
Heat conducthl’Fy of the composite in (Wm-1 K1) 5 5 5
solid phase
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Table 2. Key physical characteristics of the device, considering the casing and the phase change material

(PCM) composite.

Height 0.65 m

Length 0.65 m

Width 0.05 m

Box Thickness 0.002 m

Heat Transfer Area 0.845 m?

Aluminum Box Mass 5.2 kg

PCM Composite Mass 15.6 kg

Total Mass (Box + PCM) 20.8 kg
Box Material Aluminum Plate 1050A H24 [25]

Volumetric Mass Density 2700 kgm™3

Specific Heat 900 Jkg ! K1
Thermal Conductivity 229 Wm™! K1

3. Test Room and Study Scenarios

In order to assess the expectable order of magnitude of the effect of the device in the indoor
temperature, a reference room realistically representative of a room in a real building was considered.
Figure 3 shows a schematic representation of the reference room with the respective dimensions.
The reference compartment is a small room with 14 m? of floor area and 2.7 m in height, with two
exterior walls facing south and east, both with a 2 m? window, a horizontal roof terrace, two interior
walls and interior floor. There is also a 2 m? door in the interior wall (D). It is considered that the
adjacent rooms have similar thermal behavior. These characteristics, especially those related to the
solar orientation and aperture, imply that the room is prone to some overheating—therefore among
those that are the primary target of the system being developed.

Figure 3. Schematic representation of the reference room for assessment of the impact upon indoor
temperature.

Regarding the building materials, two variants were considered: one using high-density materials
such as concrete and bricks (high thermal inertia variant), and another using low density materials such
as plasterboard (low thermal inertia variant). The high thermal inertia solution was based in typical
Portuguese single-family buildings, with ceramic bricks and expanded polystyrene EPS insulation
on the outside. The low thermal inertia solution uses plasterboard at the interior walls, and the EPS
isolation is located on the inside of the structuring elements. Table 3 shows the details the constructions,
while Table 4 shows the properties of the materials.
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Table 3. Room constructions considered in the High and Low thermal inertia variants.

Hight Thermal Inertia Low Thermal Inertia
Element Material Thickness (m) Material Thickness (m)
Interior Plaster 0.02 Interior Plaster 0.02
Exterior Wall Ceramic Brick 0.15 EPS Insulation 0.03
A,B EPS Insulation 0.03 Ceramic Brick 0.15
Exterior Plaster 0.02 Exterior Plaster 0.02
Interior Wall Plaster 0.02 Plasterboard 0.018
n erclog a Ceramic Brick 0.11 Air Gap 0.12
! Plaster 0.02 Plasterboard 0.018
Exterior Protection 0.05 Exterior Protection 0.03
(Inert) (Inert)
Roof EPS Insulation 0.03 Shape Layer 0.04
E Shape Layer 0.05 Light Slab 0.15
Light Slab 0.15 EPS Insulation 0.03
Interior Plaster 0.02 Interior Plaster 0.02
Wood floor 0.01 Wood floor 0.01
Fl Screed 0.04 EPS Insulation 0.03
‘;"r Light Slab 0.15 Screed 0.04
Light Slab 0.15
Plaster 0.02 Plaster 0.02
Table 4. Materials properties considered in the room constructions.
Material Thermal Conductivity Volumetric Density, p Specific Heat, cp
x (Wm~1K-1) (kg m™3) (Jkg 1K1
Plaster 1.3 1900 837
Holed Ceramic Brick 15 0.38 800 936
Holed Ceramic Brick 11 0.41 900 936
nghtwelght Slab 0.85 1320 965
(with form layer)
Cavernous Concrete 0.25 700 1000
Inert 2 2000 500
Screed 1.3 1800 880
Plasterboard 0.25 750 1000
Wood Floor 0.17 750 2400

4. Heat Transfer Modelling

The modeling approach followed the classic analogy of thermal systems with electrical
Resistance-Capacitance (RC) circuits applied to buildings [26]. This approach has been used with very
good results as long as the discretization of the system is adequate [27-29].

Figure 4 shows the RC circuit representing the heat transfer inside the device and between the
device and the room air (T7).

Besides the device itself, it is important to model the room and the interaction between the device
and the surrounding environment (room during the day, and the outdoor environment during the night).
Figure 5 shows the model representation for this integrated room + device system. The model was
implemented by own coding in the MATLAB software (MATLAB. 9.7. The MathWorks Inc.; Natick, MA,
USA, 2018.)

For this work two weather conditions were considered: Typical Summer and Heat Wave. For the
Typical Summer weather profile, hourly climatic data from the database of Portugal’s National Energy
and Geology Laboratory (LNEG) was used. The reference location of Torre de Moncorvo, inner Portugal,
was selected as representative of a location prone to overheating—though not the warmest within
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the country. It is characterized by a summer/cooling season lasting 2.7 months, typical maximum
temperatures above 37 °C, and high incidence of solar radiation.

This weather profile adopted is show in Figure 6, with a maximum temperature of 37.8 °C, and a
minimum of 15.9 °C. A sequence of similar days was considered.

The Heat Wave weather profile represents a hypothetical extreme scenario during heat waves
and characterized by very high maximum temperatures and tropical nights, where the minimum
temperature does not drop below 20 °C. This weather profile was based in historical record temperatures
observed in Portugal and was developed considering a maximum temperature of 45 °C and a minimum
of 25 °C. The hourly profile was built according to a procedure for generating 24 h temperature data
sequences recommended by ASHRAE, adopting the normalized daily temperature profile as fractions
of the daily temperature range [29]. The solar radiation data for the Heat Wave weather was kept the
same as for the normal summer weather, which was already quite high as can be seen in Figure 6.

T| Te(aixa Ti(aixa

Re(aixa R:Eixa RPEH

Ei Coon

l l

TiPCM

Figure 4. RC circuit representing the heat transfer inside the device and between the device and the
room air. Ti represents the room air temperature; TiPCM is the PCM temperature [24].

Tn . )
Floor (F) *— ;ﬁ,-»'t.-‘.? Lo ey e * Windows

w  Fe R

Figure 5. RC model of the room + Portable Device for Indoor Temperature Stabilization (PoDIT)
device [24]. Q,; represent solar incidence on the floor and external walls, Qg the internal gains and Qg
the heat gains or losses due to ventilation/air renovation.
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Figure 6. Temperature and solar radiation (Horizontal, South, and East) hourly profiles considered in
the typical summer and in the heat wave conditions/scenarios.

5. Results

5.1. Results for Normal Summer Conditions and Natural Convection

The thermal behavior of the device and its impact upon the indoor air temperature was initially
characterized for the normal summer condition, and considering natural convection at the surfaces of
the device (both when placed indoors, during the day, and when placed outdoors during the night).

Figures 7 and 8 show the indoor air temperature of the room, for the low and high room
inertia scenarios, considering none, one or four Portable Device for Indoor Temperature Stabilization
(PoDIT) modules. The peak temperature attenuation observed in the low inertia room is about 0.8 °C
with one PoDIT module (1 plate), and about 2.7 °C if four modules (4 plates) are used. For the high
inertia room, the observed attenuation is about 0.5 °C with one PoDIT module (1 plate), and about
2 °C with four modules (4 plates).

Time [days)

36

Temperature ( °C)

23

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48
Time (Hours)

NoPCM  ====- TT24 -1 Plate = « =TT24 -4 Plates seeeeeess TT29 -1 Plate = « =TT29-4 Plates

Figure 7. Indoor temperatures for the room with low thermal inertia, for the cases of no PCM, PCM with
transition/melting temperature of 24 °C, and transition/melting temperature at 29 °C.
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Figure 8. Indoor temperatures for the room with high thermal inertia, for the cases of no PCM,
PCM with transition/melting temperature of 24 °C, and transition/melting temperature at 29 °C.

Figure 9 shows the temperature of the PCM and its liquid fraction in the same period of Figure 7,
for low thermal inertia case. It can be seen that the PCM never becomes fully liquid. Thus, it does not
make use of its maximum thermal storage capability, which hinders its performance/contribution to
indoor temperature attenuation.

Time [(hours)

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48
31 T T T T T T T T T T T T T T T T T T T T T T T 1

Temperature (°C)
Liquid Fraction
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Time (days)
----- PCM Temperature - 4 Plates TT24 = = = PCM Temperature - 4 Plates TT29

Liquid Fraction - 4 Plates TT24 =+ = Liquid Fraction - 4 Plates TT29

Figure 9. PCM temperature and liquid fraction for the room in low inertia configuration, during normal
summer conditions, with natural convection.

5.2. Results for Normal Summer Conditions and Forced Convection

In order to overcome the shortcoming illustrated in Figure 9 (PCM never becoming fully liquid),
it was decided to consider a design variant with a fan blowing air at 5 m/s through the external surfaces
of the device, triggering forced convection and thus intensifying the heat transfer to and from the PCM.
Figure 10 shows the results of the PCM and its liquid fraction with these new conditions. They clearly
show that in this circumstance the PCM transition temperature of 24 °C does become fully liquid,
thus making full use of its thermal storage capability. The PCM with a transition temperature of 29 °C
improves considerably compared to Figure 9, but still does not become fully liquid.
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Figure 10. PCM temperature and liquid fraction for the room in low inertia configuration, during
normal summer conditions, with forced convection.

Figures 11 and 12 show the indoor temperatures for 2 days in different building inertia and device
alternatives, for the case with forced convection at the place surfaces. With one PoDIT module (1 plate),
the observed peak temperature attenuation is about 1.1 °C for the low inertia room, and about 0.9 °C
for the high inertia room. If four modules are used, then the peak temperature attenuation becomes
slightly above 4 °C in the low thermal inertia building and close to 3 °C in the high thermal inertia room.
Table 5 summarizes the impact of the device in the indoor temperature, showing reductions vs the “no
device case” for the maximum room air temperature and for the room air temperature at 2 AM.

Time (days)
7 7.25 75 7.75 8 8.25 8.5 8.75 9
36

Temperature ( °C)

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48
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NoPCM  ====- TT24 -1 Plate — - =TT24-4Plates seeeeees TT29 -1 Plate — - =TT29-4Plates

Figure 11. Indoor temperatures for the low inertia room and normal climate, with forced convection at
the place surfaces.
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Figure 12. Indoor temperatures for the high inertia room and normal climate, with forced convection
at the place surfaces.

Table 5. Impact of the PoDIT system upon indoor air temperature of the reference room, for several
configurations and conditions, considering the reference normal weather.

Natural Convection Forced Convection
TT24 TT29 TT24 TT29

Trax AT Trax AT TMax AT TMax AT
O (W@ O O O Q0 €O Q)

No PCM 35.1 - 35.1 - 35.1 - 35.1 -

Low 1 PCM Plate 34.3 0.8 34.6 0.4 33.8 1.2 34.3 0.8
Inertia room 4 PCM Plates 32.4 26 337 14 30.8 43 32.8 23
i No PCM 31.9 - 31.9 - 31.9 - 31.9 -

High 1 PCM Plate 315 0.5 31.8 0.2 31.1 0.9 316 0.4
Inertia room 4 PCM Plates 30.3 1.6 31.3 0.7 29.2 2.7 30.8 1.1

5.3. Heat Wave Conditions

Figures 13 and 14 show the indoor temperatures during the heat wave conditions (as defined in
Figure 6/Section 4), for the cases of natural or forced convection upon the system device respectively.
Table 6 summarizes the impact of the PoDIT device in terms of reduction on the maximum
indoor temperature. It can be seen that, for the reference room studied, the device with the TT32
PCM enables reductions in the maximum indoor temperature between 1.8 and 2.9 °C for the high
thermal inertia room, and between 2.9 and 4.6 °C for the low inertia room. The PCM with a transition
temperature of 29 °C yields lower temperature attenuations.

These results show that, at least in the harsh conditions considered for this study, the PoDIT
device cannot be seen as a general substitute of air conditioning—the indoor temperatures are too high
under any of the scenarios. It can nevertheless provide a valuable contribution for the attenuation of
discomfort and health consequences.
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Temperature ( °C)
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NoPCM ====- TT32 -1 Plate = « =TT32 -4 Plates TT29 -1 Plate = + =TT29-4 Plates

Figure 13. Indoor temperatures, for the low inertia case with natural convection at the place surfaces,
under heat wave conditions.

Time (days)

Temperature ( °C)

Time (hours)

NoPCM ====- TT32 -1 Plate = + = TT32 -4 Plates TT29 -1 Plate = « =TT29 -4 Plates

Figure 14. Indoor temperatures, for the low inertia case with forced convection at the place surfaces.

Table 6. Impact of the PoDIT system upon indoor air temperature of the reference room, for several
configurations and conditions, considering the weather under heat wave conditions.

Natural Convection Forced Convection
TT24 TT29 TT24 TT29

Trax AT Thax AT Thax AT Thax AT
©Q) O Q) 0 (Y @) Q) O O

Low Tnerti No PCM 438 - 4338 - 438 - 438 -
ow Inertia 1 PCM Plate 429 0.9 432 0.6 424 14 432 0.6
room 4 PCM Plates 40.9 29 415 23 39.2 46 415 2.3

Hioh Inerti No PCM 40.6 - 40.6 - 40.6 - 40.6 -
igh Inertia 1 PCM Plate 40.1 0.5 402 0.4 39.7 0.9 402 04
room 4 PCM Plates 389 1.8 39.0 1.7 37.7 29 39.0 1.6

6. Conclusions

This work introduces the concept of a new Portable Device for Indoor Temperature Stabilization (PoDIT),
to be considered as a low-cost, quick and easy to implement remediation strategy when, for social,
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economic, or technical reasons, the improvement of the building envelope and/or the adoption of air
conditioning are not possible.

The system, which is modular, consists of a certain mass of engaged PCM that stays indoors
during the daytime and is transported to the outdoors (e.g., a balcony) during the night to discharge the
heat accumulated during the daytime. Both natural convection and forced convection (requiring a fan,
in this case) variants were considered.

The results showed that, in the configurations and for the reference room and weather considered,
adopting 4 modules of the device can lead to reductions in the maximum room air temperature close
to 3 °C with natural convection, and more than 4 °C if a fan imposing forced convection is adopted.
Adopting a fan proved important to ensure full solid-liquid commuting and therefore optimal use of
the PCM thermal storage capability.

For the room studied, which has high solar aperture, and in the inner Iberian peninsula
climate considered, the reduction achieved alone is not sufficient to ensure thermal comfort, as indoor
air temperatures in excess of 30 °C were still obtained. Nevertheless, under stress conditions as is the
case of heat waves, any attenuation of 3 or 4 °C may be important to avoid critical consequences in
terms of health. Furthermore, the reference room considered has very high solar aperture.

Among the limitations of the system are the need for the existence for a terrace or balcony close to
the room so that it can be placed outdoors during the night and the occupation of internal space when
placed indoors.

As for future work, there is room for studying alternative/more complex system configurations, both
with forced and with natural convection options, that could eventually lead to improved performance.
Experimental measurements may assist a definitive validation of the models too and/or assist exploring
alternative configurations. It could also address the performance of such system in other combinations
of room and climate and room characteristics—e.g., to see how it operates in central and northern
European cases, for example, where it may have the potential to avoid the usage of air conditioning.
It would also be of interest to assess its potential use in some small commercial stores that have no
air-conditioning, as well as to assess potential contribution to retain solar gains in winter. A more
complete assessment of impact of the impact upon comfort, considering radiant and operative
temperatures, may also be of interest at some point.
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Abstract: This paper identifies and characterizes the technical measures and policy instruments
that can be used to promote energy efficiency and the use of renewable sources for domestic hot
water (DHW). DHW presents a considerable potential for abatement of greenhouse gas emissions
around the world. Measures were characterized in terms of level of transformation, impact and
scope, among others. Policy instruments were characterized in terms of target groups, competences
required for implementation, major challenges and nature of the instruments. A matrix showing the
applicability of policy instruments per technical measure was derived, enabling policy makersto
better choose articulated measures and policy instruments for their policy packs.

Keywords: domestic hot water; water heating; energy efficiency; climate change mitigation;
climate policy; policy making; policy instruments

1. Introduction

The residential sector constitutes one of the greatest sources of untapped potential for energy
efficiency improvements and reduction of GHG emissions. The CO, emissions reduction potential for
the building stock in 2020 is estimated at 21-54% in developed economies, 26—46% in economies in
transition and 18-41% in developing countries [1,2].

Water heating is one of the most basic energy services. It is the second largest energy use segment
in the residential sector, accounting for 4% to 10% of the total energy used in developed economies [3].
Heating water for domestic activities comprises approximately 25% of households” energy use in
Australia [4], 20% in Canada [5], 14% in the European Union [6], and 13.2% in US [7]. The importance
of guaranteeing access to hot water and the weight of this service in the overall energy use in the
residential sector make the achievement of more efficient and sustainable production and use of
domestic hot water a global policy objective.

The socio-economic benefits of energy efficiency improvements associated with DHW are widely
recognized, including the reduction of energy costs and the increase of wellbeing. Over the last decades,
several governments have aimed for a better management of hot water use and promoted the use of
renewable sources and/or more energy efficient systems.

Currently, the main challenge is to fulfill the sector needs with the most sustainable alternatives.
Despite the large untapped potential for reduction of GHG emissions associated with DHW and the
demonstrated political will to achieve it, there is still a lack of scaling-up of both technological and
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non-technological opportunities for improvement [1]. Among the existing works, a thorough review
on possible technical measures that may lead to the reduction of GHG emissions associated with
DHW (through increase energy efficiency and/or the use of renewable energy sources) and the policy
instruments that are more adequate for the respective implementation is still lacking and this gap may
be hampering policy makers from taking informed decisions. Indeed, the identification of the technical
measures to be promoted and the choice of policy instruments with which the later are promoted are
key for a successful policy-making process (Figure 1).

1. Problem 6. oy 7. Policy

identification Instrument(s implementation
selection

2. Policy 5. Technical 8. Policy

objective(s) measure(s) assessment and

definition selection evaluation

RIANENEL NENELE
technologies resources
identification identification

Figure 1. Water Heating System (WHS) Policy Process.

This paper aims to support WHS policy decision makers, with a focus on steps 5 and 6 as the
steps where technical measures and policy instruments are to be selected, considering the WHS policy
process described in Figure 1. The identification of their characteristics will allow the decision maker
to better suit their selection criteria (preferences, resources and objectives) with the available options.

Regarding the organization of the paper, Section 2 provides an overview of the current and
projected use of DHW around the world, including the associated energy use and GHG emissions.
Section 3 describes the methodology followed to identify and characterize both the technical measures
and the policy instruments. Section 4 presents the results of the review and proposes a classification
scheme for the technical measures and for the policy instruments. Section 5 provides a discussion
around the findings of the review, including on the relationship between technical measures and the
policy instruments that are used for their implementation. Finally, Section 6 presents the conclusions.

2. Domestic Hot Water Situation Across the World

Water heating energy use varies across countries and regions, but, in general, it is associated
with a high share of energy use. More than 50% of the residential energy use corresponds to thermal
use, with a considerable contribution from water heating [2]. For the year 2000, the energy use
associated with water heating in the residential sector corresponded to 480 Mtoe and reached 580 Mtoe
in 2017 [8]. The increase in energy use can be associated with the increased use of hot water, which is
not sufficiently counteracted by energy efficiency improvements. Moreover, future projections point
to a significant increase of the associated energy use in the following years, especially in developing
countries. Indeed, the growth in hot water use may imply a significant increase in the associated
energy use or, on the other hand, reducing the hot water use would result in direct energy savings
with their associated CO; reductions. For example, reducing the use of hot water in approximately
20% in the United States could lead to a reduction of 41 million MWh of electricity consumption and
240 billion cubic feet in the use of natural gas, corresponding to a reduction of about 38.3 million tons
of CO, emissions [9].
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Nowadays, the dominant technologies in the production of domestic hot water in buildings are
either fossil fuels based or low-efficiency electrical technologies, with the exception of some developing
economies where the traditional use of solid biomass is predominant [8].

Given the low-efficiency carbon-intensive technologies and the projected increase in the use of
hot water, DWH comprises a large potential for energy efficiency improvements, and the reduction of
GHG emissions [7]. The average level of emissions associated with the production of hot water varies
significantly among the different DHW technologies, ranging from 0.02 mtCO; ¢q./Yr with a heat pump
to 0.06 mtCO; ¢q./Yr with an electric water heater and to 0.87 mtCO; ¢q/Yr with a gas water heater [10].

Currently, the promotion of both energy efficiency and renewable energy use for water heating
within the residential sector is already one of the priorities in energy policy at different governance
levels. The set of solutions that can be promoted is large, given the wide variety of technologies
available. The potential for reducing the CO, emissions associated with the production of hot water
with the use of natural gas is estimated to be around 25.8 million tons of CO,, while the adoption of
electrical SWH technologies could lead to a reduction from 20.9 to 45.0 million tons [11].

3. Materials and Methods

In this paper, the identification and characterization of both technical measures and policy
instruments used to promote energy efficiency and renewable energy use in DHW is based on an
extensive literature review, identifying the WHS-related policies across the world.

To ensure the coherence of the review process, it was first necessary to define these concepts:
“technical measures” and “policy instruments”. Herein, technical measures refer to the actions
that imply an actual change in the energy system and are implemented with the goal of achieving
the established policy objectives. Policy instruments are tools of governance to influence targeted
individuals or a group’s behavior in order to achieve strategic public objectives [12]. Policy instruments
can be considered as mechanisms that promote or support the implementation of the technical measures.
Policies are normally executed through instruments or mechanisms that enable the implementation
of the technical measures. Most of the instruments have been gathered from the policies where the
technical measures were identified.

For the review, two databases on energy efficiency policies were taken as the starting point:

e The energy efficiency policies and programs database published by the International Energy
Agency and retrieved from IEA (https://www.iea.org/policies) [13]. The list of policies was
obtained by selecting the following filters: “heating and cooling” as sector and “Renewable Energy
and Energy Efficiency” as topic.

e The solar thermal incentive database organized by and retrieved from Solarthermalworld
(https://www.solarthermalworld.org/incentive) [14].

The selection of the two databases was based on the fact that these comprise a collection of
several DHW policies, gathered from different national and international studies. They gather detailed
information concerning several DHW policies, including location, timeframe, responsible authority;,
etc. More than 20 WHS policies across the world were retrieved from this review, including their
correspondent technical measures and policy instruments.

To guarantee a more comprehensive review, an additional search was performed in the open
browser google, under the expression “water heating efficiency technical measures”. The first 50 sources
displayed under this search were reviewed. This number was considered as a reasonable compromise
between comprehensiveness and feasibility. The search lead to the identification of additional measures
and consequently to the identification of additional policy instruments.

Finally, additional measures and instruments not found in the reviewed documents (e.g., prizes and
awards, fines and tax increase, technology phase-out) were added to the list, supported by specific
search based on personal experience and experts’ opinions.
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The review resulted in the identification of individual technical measures and policy instruments
previously adopted in the promotion of energy efficiency and renewable energy use for domestic hot
water. The identification of the combination of technical measures the policy instrument(s) used for
their implementation was also performed. The results were organized in a table and are presented in
Appendix A.

4. Results
4.1. Technical Measures

4.1.1. Identification of Technical Measures

The review of the energy efficiency policies led to the identification of a wide variety of technical
measures, which were organized by type. Most of the reviewed policies promote a single technical
measure, with only a few opting for the combination of several measures.

Measure 1: Adjusting the scale of the water heating system
1.1. Replacing collective system with individual WHS

Independent water heating systems (as opposed to collective) provide individuals with the
possibility of controlling the devices” maintenance and operation, allowing them to make technical
improvements when required. Moreover, individual metering allows for a detailed monitoring of
the consumption pattern of each user, leading to a better identification of inefficiencies (technical or
behavioral).

1.2. Installation of a collective WHS (building or district systems) in substitution of individual systems

Moving from individual to collective WHS is also feasible and may have advantages, depending on
the context. The most adequate solution may vary depending on the characteristics of each building,
but also criterion like the geographical location and the energy sources. A collective system could
refer to a WHS which provides several dwellings in the same building or even several buildings.
District heating is an example of a collective heating system (WHS included). The choice for a collective
system may allow for the transition to more efficient and less carbon-intensive technologies that can
only be effective in large-scale system. This could include the incorporation of renewable energy or
excess heat.

Measure 2: Replacement of water heating technologies for more efficient or less-carbon
intensive ones

Technology replacement is one of the most straightforward measures, as the replacement will
normally imply the installation of a “better” technology (more efficient or cleaner technology).
Differences in fuels, together with technical characteristics can be seen among the wide spectrum
of options, varying from renewable energy systems, to electrical input devices and hybrid systems,
existing in various configurations. The replacement trends vary from country to country, probably due
to the context specificities as the benefits of the different technologies depend on the local conditions.
The most common technology replacements identified through the revision of the different WHS
energy efficiency policies are presented in Table 1. In general, electric and gas-based devices are
replaced by cleaner source-powered technologies, as solar-powered devices.

Measure 3: Installation of solar thermal technologies (to complement WHS)

This measure corresponds to the installation of solar thermal panels to be combined with the
already existing water heating device. This is an alternative to the replacement of the whole system,
comprising the addition of the solar thermal system to the WHS already installed, reducing the use of
energy by the later.
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Table 1. Most common technology replacements.
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* Renewable water heater includes district heating and cooling networks (DHC) and small-scale combined heat and
power (CHP) units. It does not include solar water heaters (Source: own elaboration).

Measure 4: Insulation of boilers

Adding new or improving existing boilers” insulation can lead to energy savings. The insulation
of already installed boilers can reduce the heat losses, and it may be a cheaper option than replacing
the whole device.

Measure 5: Insulation of heating pipes

The piping system that is used in the distribution of the hot water by the different usage points
can also be insulated, leading to a decrease in the heat losses of the whole WHS. The impact of this
measure may depend on several factors, ranging from the outdoor temperature to the material of the
pipes and the length of the distribution system.

Measure 6: Installation of (or replacement for) efficient water appliances

Water heating systems are combined with other appliances to provide end-use service, as could be
the showerheads or the bathroom and kitchen taps. Thus, the installation of efficient (water saving or
energy saving) devices may lead to a better use of the hot water. For instance, the installation of devices
that reduce the water flow may lead to significant reductions of the total water use and, consequently,
of the associated energy use.

Measure 7: Regular maintenance of Water Heating Systems

The performance of regular inspections may improve the daily operation of the hot water system
and accelerate the identification and correction of malfunctions, and even the replacement of the
devices (when necessary). The benefits of performing regular maintenance of the heating devices are
numerous, including: to prevent system irregularities and cope with them opportunely, to guarantee
that the energy performance does not get degraded faster than it should and to increase lifetime of
the equipment.

Measure 8: Installation of smart systems

Nowadays, smart systems are available to improve the management of WHS at different scales
(both individual and collective systems). These systems can include wireless monitoring and data
collection systems. They could improve the monitoring of the heaters’ operation status, allow for
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automatic temperature control and to program schedules and other timing functionalities (tele control).
In addition, monitoring functionalities can also comprise performance and malfunctions identification.
Furthermore, some of the smart systems currently available allow for the automation of the WHS to
turn on and off according to the individuals” preferences, as the hourly energy price or the availability
of renewable energy sources (solar and wind).

Measure 9: Reduction in the use of hot water

Aiming to lower the water and energy consumption, actions like taking shorter showers or cleaning
(dishes or clothes) with cold water can directly decrease DHW demand. The technical measures
retrieved from the literature are shown in Table 2 and briefly described in the previous paragraphs.

Table 2. List of technical measures, type and source of identification.

Source Policy Description Technical Measure(s) Type of Technical
] Implementation Promoted Measure(s)
Name Country/Region Timeframe
(Saskenergy, Energy Star Loan Canada 2015 Device change (from
2019) [15] Program
- fuel to gas) Replacement of water
British Columbia heating technologies
Energy Star Water for more efficient ones
(FortisBC, 2019)  Heater Program + Installation of solar
[16] Furnace and Boiler Canada 2014 thermal technologies
Replacement
Program
(Energywise, Warm Up New
201 9gy 17 ’ Zealand: Heat New Zealand 2009 Device change (from
) [17] Smart oil boiler; Gas or
Insulation propane furnace/boiler
. tfici
(Ezréelrgg)y[‘;v;]se, Programmes New Zealand 2009 to more efficient ones)
2009-2018
Installation of
Slovakian Green renewable-based
(Domécnostiam, Homes incentive Slovakia 2019 systems (SWH,
2019) [18] rogramme photovoltaics, heat
pProg pumps, small
wind-mills)
Installation of solar
(Enova, 2016) “Enovatilskuddet” water heaters, pellet
[19] (Enova grants) Norway 2015 boilers and heat
pumps
Installation of SWH
(BAFA, 2019) Market Rebate systems, heat pumps,
Programme for Germany 2012
[20] pellets tanks,
Renewable Energy . .
woodchip equipment
(I;ig;lat(;;?r Installation of solar
Wa te§y201 9) Solar water heaters Malta 2010 water heaters and heat
[2’1 ] pumps
Eco Fund, Installation of Solar
(Sklad, 2019) Slovenian . water heating systems
[22] Environmental Slovenia 2009 and other renewable
Public Fund technologies
Installation Solar
(Bydleni, 2019) Nova Zelena . thermal systems,
[23] Usporam Czech Republic 2013 biomass boilers and
heat pumps
(Klima- und .
Energiefonds, Desr(r)llc; Fr) :gji(te Austria 2017
2019) [24]
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Table 2. Cont.

Policy Description Technical Measure(s) Type of Technical
Source P ted Measure(s)
N C try/Regi Implementation romote
ame ountry/Region . @ me
Western Balkan
(Facility, 2014) ~ Sustainable Energy The Western
. . o Balkan 2013
[25] Financing Facility .
I countries
(Ministerio de
Industria, 2014) Tax Rebate Chile 2016
[26]
(ANI\EIZE;] 2019) Prosol 11 Tunisia 2005
Installation of solar
The National Solar thi;nal SyStems  thermal technologies
i i addition
(Conservation, Fman.cmg (to complement WHS)
2019) [28] Mechanism for Lebanon 2010
Solar Water
Heaters
(Ministerio de
Industria, 2014) Solar Plan Uruguay 2012
[26]
Programme for
ooy ol subsdiing
Ministery, 2019) P Macedonia 2017
[29] installed solar
water heaters for
households
(Residential
Energy Residential Energy
Efficiency Efficiency Credit Bulgaria 2016
Credit Line, Line 3
2019) [30]
(California Califo.im? Solar
Solar Initiative, nuhative California 2017
(CSI)-Thermal
2019) [31]
Program
(Agencia Andalusia:
An daﬁl a de la Sustainable Installation of solar
. Construction Andalusia 2017 WHS (for new
Energia, 2019) I . . i1di
(32] ncentive construction buildings)
g Programme
(Arctic Energy Terrﬁ(?z?:,];rir Electric hot water
Alliance, 2019) - 24 Canada 2014 cylinder wraps Insulation of boilers
Efficiency Incentive . .
[33] installation
Program
Analysis of energy
efficiency measures
and retrofitting Installation of (or
(Arandaetal.  solutions for social Spain 2017 Installation of efficient replacement by)
2017) [34] housing buildings P taps and showerheads efficient water
in Spain as a way appliances
to mitigate energy
poverty
Independent heat
Technical measures substation for heat and
to decrease heat hot water preparation;
(Savickas & energy Hot water system Indlylc}ual./collectlve
. consumption of balancing; Hot water optimization of the
Bielskus - . . . . . .
L final customer in Lithuania 2015 metering for each final ~ water heating system.
Directive, 2015) . -
[35] multi-apartment customer of the Installation of smart
: buildings building; Smart systems
according to intelligent wireless
Energy Efficiency monitoring and data
collection system
Viable behavioural Rinsing dishes with Lo
. . Reduction in the use of
(Poortingaand  and technological The 2002 cold water; shorter hot water. Insulation
Steg, 2002) [36] energy-saving Netherlands showers; Insulation of ;

measures

heating pipes

of heating pipes
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4.1.2. Characterization of Technical Measures

In order to facilitate the assessment of the technical measures identified in the review process,
these were characterized according to the following features: level of transformation; level of energy
savings; scope (single vs. multi-apartment solution) and need for technical/specialized intervention
(organized in Table 3).

Table 3. Characterization of the technical measures.

Requirement of

Technical Measure Level of . Level Of. Energy Scope Trained
Transformation Savings Technician

1. Adjusting t'he scale of the water Transformative High Impact Multl—apartment Yes
heating system. /Single apartment
2. Replacement of water heating Multi-apartment

technologies by more efficient or Transformative High Impact /Single ap artment No

less-carbon intensive ones geap

3. Installation of solar thermal . . Multi-apartment

technologies (to complement WHS) Transformative High Impact /Single apartment Yes

4. Insulation of boilers Marginal Low Impact g?i;g?;f:?neer:t No

5. Heating pipes insulation Marginal Low Impact /glil;létl:aa%?:?n ee?ltt No

6. Instal}ajnon of (or reple?cement by) Marginal Low Impact Multl—apartment Yes
efficient water appliances /Single apartment

7. Regulﬁt(; :tl;mtenetmce of water Marginal Low Impact g/!ultll-apartment Yes
g systems /Single apartment

8. Installation of smart systems Marginal Low Impact /g/i[rl:gl:?;?:tr?n eer:t Yes

9. Reduction in the use of hot water Marginal Low Impact Single apartment No

e Level of transformation refers to the degree of change in the WHS due to the technical measure
implementation. “Marginal” refers to small changes in the WHS, while “transformative” refers to
significant interventions or changes. For example, the installation of more efficient appliances,
as showerheads, can be considered a marginal transformation, while the installation of a solar
thermal system to complement already existing WHS is a transformative measure. The analysis of
this feature is important to understand if the measure can be implemented without a significant
burden for the users, and without significant changes in the WHS system.

e Level of energy savings measures the energy efficiency improvements and it is classified as high
or low, referring to the degree of energy-saving potential behind each measure, implying a change
or considerable reduction in the fuel used, e.g., changing the shower head for more efficient
ones saves up to 30% (low level of energy savings), while replacing technologies for efficient
technologies can reach up to 90% (high level of energy savings) [37].

e  Scope assesses if the measure can be applied to a single apartment and/or in a multi-apartment.
This is important as it allows to identify the adequacy of the measures according to the
dwelling typology.

e Need for technical/specialized intervention refers to how the measure implementation requires
technical assistance or can be implemented directly by the final user. Its relevance relies on
understanding if the measure requires specific workforce or skills for it to be implemented.
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4.2. Policy Instruments

4.2.1. Identification of Policy Instruments

The policy instruments retrieved from the literature were organized by type. The different types
of policy instruments identified are briefly described in the following paragraphs and also presented
in Table 4.

Policy Instrument 1: Minimum Energy Performance Standard (MEPS)

As a well developed energy efficiency standard, MEPS establishes the minimum level of
performance that a device must have to be sold in the market. With the aim of defining the
required performance levels, standby losses are generally considered, for which testing procedures
including standing loss tests are carried out [38]. MEPS normally lead consecutively to selling and
installing products that are at least as efficient as defined in the standards. The use of energy standards
is widely spread, whereas international agencies have participated through the creation of international
references. The definition of standards can also happen by geographical areas, as has happened in
North America (Canada, USA and Mexico) and in Australia and New Zealand [39]. The first standard
creation for WHS in the EU was established in 1998 for gas boilers [40]. International standards
have served as tools for national governments to base some regulations and achieve objectives [41].
Depending on the objectives, standards can be mandatory or voluntary.

Policy Instrument 2: Mandatory Standards

They are set as the obligatory requirements to be fulfilled by certain technologies. The obligation
behind the mandatory standards provide support to policy makers to fasten the outcomes behind the
supported policies.

2a: Voluntary Standards

Out coming as best practice from industry guidelines, voluntary standards can address a diversity
of products. Standards may benefit final consumers by raising the quality or any other product
characteristic. The application of voluntary standards is not exclusive to the industrial sector.

2b: Technology phase-out

Prohibit the installation of certain technologies represents another measure to cope with the
energy-inefficient technologies, leading to ban the production and/or distribution of certain devices or
systems with certain characteristics [42].

Policy Instrument 3: Rating System/Building Index

Rating systems as evaluation tools, can serve to create a benchmark among buildings, providing an
alternative for evaluating and comparing criteria (e.g., efficiency, use, costs). Different scales can be
used through the ratings; the National Energy Performance rating system in the US uses a 1 to 100 scale,
whereas the higher the score, the better energy performer the evaluated facility is [43]. One of the
purposes of rating systems is to provide practical information to stakeholders and decision makers
about the efficiency and inefficiency of buildings [44]. Building index is an organized form of building
evaluation, whereas a score is given to every evaluated facility. They both can serve as a basis to
building certification. More specifically, building certification is one way to certificate the energy
performance. Buildings are required to guarantee the energy characteristics defined in the regulation.
A framing option to certificate a building in some countries is the Nearly Zero Energy Buildings
(NZEB). This approach helps to reduce the building footprints (carbon emissions), improving the
energy efficiency. The scope of terms and categories under the concept of NZEBs embraces a wide
variety. Under the scope of a NZEBs high energy performance buildings are included, but can also
refer to the production of the energy consumed in the building by renewable sources produced on-site
or nearby [45].
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Policy Instrument 4: Labelling

Energy labelling, as the way to categorize products under certain characteristics,
provide information regarding the product technical data (e.g., efficiency). By labelling, the energy
efficiency requirements in the manufacture of the product is promoted, leading to impulse market
take-up of certain products or technologies.

Policy Instrument 5: Certification

Certificating certain type(s) of equipment (boilers and WHS) may include the compliance of MEPS,
minimum device age or any other characteristic validated under the regulation or market criteria.
For WHS, some examples include minimum efficiency levels. It is closely related to Labelling.

Policy Instrument 6: Information, education and awareness campaigns

Education and awareness campaigns provide information to consumers, service providers and/or
any other targeted stakeholders. Information aimed to be communicated to the targeted audience
may comprise the potential for energy savings, available WHS devices and appliances. It is frequent,
through this instrument, to inform the final consumer on the benefits and drawbacks associated with
the different WHS technologies available in the market and advise them on how to improve their
own performance. The provision of more specific information through training or workshops is
another option, usually targeting a more specific audience as technicians and other service providers.
In general, this type of instrument is relatively easy to implement and does not require significant
investments [46].

Policy Instrument 7: Grants and Subsidies

Subsidies, as a financial support, aim to reduce the capital cost of a technology, enabling the
market growth of the technology. These instruments have widely been used across the countries,
and most of the times, the incentives become unnecessary, after the market has been developed [47].

Policy Instrument 8: Tax credits/tax incentives

This type of instruments corresponds to a positive financial incentive, meaning that incentivizes
consumers (or other stakeholders) with actions that benefit the final user as tax rebates or tax exemptions.
These aim to reduce the total investment of the WHS acquisition.

Policy Instrument 9: Fines and tax increases

As a negative form of incentive, fines and tax increase, are used to penalize the non-compliance or
abuse of certain actions [48].

Policy Instrument 10: Low-interest loans/third-party financing

Another financial aid suitable for the acquisition of solar water heater (SWH) is to facilitate the
access to credit. This option can be complemented with other policy instruments.

Policy Instrument 11: Prizes and Awards

This corresponds to the identification and recognition of best practices or any desired parameters
through a prize or award. The prize could be economic or not [49].

All these types of instruments can be used alone or combined. The combinations of instruments is
worth mentioning, whereas more than one instrument is applied, and it has been identified in different
documents of this review.
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Table 4. Policy Instruments list.

. . Policy
Reference Policy Country Year Detailed Policy Instruments
Instrument
Type
(Saskenergy, 2019) E(g;i}éi:r L/%erlkl;rg‘;gvr;: Canada 2015
8y Fiscal incentives Tax credits/tax
British Columbia Energy Star incentives
(FortisBC, 2019) Water Heater Program + Furnace Canada 2014
and Boiler Replacement Program
(Arctic Energy Northwest Territories Energy
Alliance, 2019) Efficiency Incentive Program Canada 2014
I;l\é[;r;&t;n; 06112) Tax Rebate Chile 2016 Tax relief
(Energywise, 2019) Warm Up Ngmazrfaland: Heat New Zealand 2009 Grants and Grants and
subsidies Subsidies
nergywise, nsulation Programmes - ew Zealan
Energywise, 2019 Insulation Prog 2009-2018 New Zealand 2009
(California Solar California Solar Initiative California 2017
Initiative, 2019) (CSI)—Thermal Program Rebate
(RZilgi/t\Zrts(r)Zng)r 8y Solar water heaters Malta 2010
. Grant or
(ANME, 2019) Prosol I Tunisia 2005 reimbursable credit
. Andalusia: Sustainable
(A%:r]lgcriggdgloulzgj de Construction Incentive Andalusia 2017
Programme Economic Subsidy
(Enova, 2016) “Enovatilskuddet” (Enova grants) Norway 2015
Market Rebate Programme for
(BAFA, 2019) Renewable Energy Germany 2012
Nova Zelena Usporam (New
(Bydleni, 2019) Green Savings/New Greenlight to ~ Czech Republic 2013
Savings)
.. Programme for partial subsidising
(Econor;gllg/;mlstery, of purchased and installed solar Macedonia 2017 Subsidy f
water heaters for households .u sidy for
investment
(Domécnostiam, 2019)  lovakian incentive programme Slovakia 2019
Green Homes
(Klima-und Demoprojekte Solarhaus (Demo .
Energiefonds, 2019) Projects Solar House) Austria 2017
(Residential Energy . . -
- e Residential Energy Efficiency . Loan and
Eff1c1enc%/0§;§d1t Line, Credit Line 3 (REECL 3) Bulgaria 2016 investment grants
(LOI]?e A{I;SEI;;I:VW Energy Saving programme for
A dmingis tration, 2019) residents of the Lviv region for the Ukraine 2013 Low-interest loans
[50] ! year 2013-2016
. . . Information,
(Csobod et al. 2009) Overview and' .Analy51s of.Pubhc Central and Informative education and
- Awareness Raising Strategies and ~ Eastern Europe 2009 -
[51] . . campaigns awareness
action on energy savings (CEECQ) .
campaigns
A roadmap for creating building
(IMT), 2009) energy rating systems in Central Central Asia 2009 Rating systems Rating systems
Asia
What is a Nearly zero energy
(D’Agostino and building? Overview, . o
Mazzarella, 2019) implementation and comparison Europe 2018 Building Index Building Index
of definitions
Energy Performance Standards Minimum Energy
Dungen, 2011 How does New Zealand compare New Zealand 2011 Performance
g p
with other countries? Standard (MEPS)
Standards
An International Survey of Minimum Energy
ohnson et al., 2013 Electric Storage Tank Water New Zealand 2013 Performance
g
Heater Efficiency and Standards Standard (MEPS)
Present status of residential
(Turiel, 2000) appliance energy efﬁcu‘ency International 2000 Other Standards
standards—an international
review
. Voluntary Energy Standards: ISO
(Pus;)(l)(lasr)uil;;/]lorns, 50001 and the superior energy International 2018 Other Standards

standards
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Table 4. Cont.

. . Policy
Reference Policy Country Year Detailed Policy Instruments
Instrument
Type
(Reed, 2002) Na“"“al;fgr‘:;ggyzferrfr‘l’rma““" USA 2002 Rating System Rating System
Mapping of Existing Energy B:;éi?%igf;%y
(UNECE, 2018) [53] Efficiency Standards and UNECE Region 2018 Performance
Technologies in Buildings in the e
UNECE Region Certification;
Labelling
- . . Combined
Energy Efficiency Policies around . Labelling, Codes &
(WEC, 2016) the World: Review and Evaluation International 2008 Standards (rr}r(:;te thagncgle
instrums
(Government of . . . Labelling, Codes &
Australia, 2019) Water Heating Energy Rating International 2019 Standards

Nordsyn—energy labelling

(Norden, 2015) requirements for packages of International 2015 Labelling, Codes &

water heaters and solar devices Standards
(National Housing i:gltlzltls;: sc}lfd s);lsg fkr:;frf?arl India 2014
Bank, 2015) [54] tem Soft Loans +
( . systems Subsidy
Ministerio de
Industria, 2014) Solar Plan Uruguay 2012
The National Financing
(Conservation, 2019) Mechanism for Solar Water Lebanon 2010
Heaters
Western Balkan Sustainable The Western
(Facility, 2014) Energy Financing Facility I . 2013
(WeBSEFF IT) Balkan countries Loans and Grants
(SKlad, 2019) Eco Fund, Slovenian Slovenia 2009

Environmental Public Fund

The instruments have been organized in Table 4 by the details of the policy or document where

they were identified, their detailed instrument and type. Most of the instruments have been gathered
from the same policies where the technical measures were identified.

4.2.2. Characterization of Policy Instruments

The identified instruments have been characterized regarding five major aspects and presented in

Table 5:

(i) Required competences refers to the regulatory competences required to policy makers for the
instrument implementation (buildings, technology development, market development and
taxation definition).

(ii) Target group refers to the actors that are most commonly targeted by the different policy
instruments (e.g., installers, construction sector and final consumer, technology developers or
industry, etc.).

(iii) Most common levels of implementation correspond to the governance level(s) the different policy
instruments are commonly implemented, including local, national and international approach.

(iv) Major or key challenges and barriers related to each policy instrument.

(v) The policy instruments retrieved have also been classified in three categories: (a) regulating;

(b) informative; and (c) incentivizing. By “regulating” it is meant those instruments that are
normally used to formally implement an action, normally through a binding status, compared
with informative, whose aim is to provide information to different stakeholders. The instruments
enlisted as incentivizing relate to the provision of stimulus (commonly economically) for the
measure to be implemented.
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Table 5. Policy instruments characterization/relation between technical measures and policy instruments.

Most Common

Policy Instruments Required Target Group Levels of Challenges/Barr.lers to  Categorization
Competences . Implementation of Instrument
Implementation
Industry (manufacturers)
1. Minimum Energy .. . Technology capability (Johnson et al.,
Communication with developers . . . .
Performance customers (industry), final Regional/National 2013 [38]); clients or Regulating
Standard (MEPS) Y)r other stakeholders’
consumers -
disapproval
L Industry and other
2. Technology Market orgam'zatlon Final Consumers Local, National stakeholders’ Regulating
Phase-out and regulation X
disapproval
Info availability Public’s
general environmental
ignorance and low
3. Rating Expert qualification awareness of social and
System/Building pertq . Construction sector National economic benefits of Informative
& planning .
Index energy efficiency ((IMT),
2009) Financial costs
(D’Agostino and
Mazzarella, 2019 [45])
4. Labelling Inforrr}a.tlon Final Consumers Regional/National Lack of understa'ndlng Informative
provision by targeted audience
Technology
5. Certification Planning developer§ National High demand volume Informative
(Industry), Final
Consumers
6. Information, Installers,
N R / Communication with Construction National, Regional, Lack of interest from .
Education and . . Informative
customers Sector and Final Local targeted audience
awareness
Consumers
Attraction of wrong
7. Grants and Communication with  Installers and Final =~ National, Regional, audience Fiscal Costs -
L1 (IMF, 2015) Incentivizing
Subsidies customers Consumers Local .
private-sector
under-investment,
. Attraction of wrong
Regulation; audience Market failure
8. Tax credits/tax Proximity and Installers and Final . . R L
. . e . National/Regional and negative effects Incentivizing
incentives communication with Consumers .
private-sector
customers .
under-investment,
9. Fines and tax Regulation and Installers and Final ~ National, Regional, = Not achievement of the .
. . . Incentivizing
increase. planning Consumers Local policy targets
. Attraction of wrong
. Regulation; . .
10. Low-interest . . audience Supporting the
. Proximity and Installers and Final . . . o
loans/third-party L . National/Regional wrong industry Incentivizing
X - communication with Consumers
financing development (e.g.,
customers .
foreign vs local)
Regulation, planning . . .
11. Prize and Awards and economic Installers and Final  National, Regional, Expensiveness Incentivizing

resources

Consumers

Local

4.3. Relation Between Technical Measures and Policy Instruments

The relation between technical measures and policy instruments was assessed in this review by
identifying the policy instruments that were adopted to foster the implementation of the different
technical measures. This analysis is systematized in Table 6. The detailed technical measures have
been enlisted with a corresponding policy instrument. This identification allows for the analysis of
which instruments are more often used to promote the implementation of certain measures.
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Table 6. Combination of technical measures and policy instruments identified in the literature review.

Policy Instruments
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1. Individual/collect-ive optimization of the WHS X X
2. Replacement of WH technologies for more X X
efficient or less-carbon intensive ones
$ 3. Installation of solar thermal technologies
] X X X X X
2 (to complement WHS)
(]
g 4. Insulation of boilers X
E 5. Heating pipes insulation
‘s : -
< 6. Installation of (or replacement for) efficient X X X
& water appliances
7. Regular maintenance of Water Heating Systems
8. Installation of Smart systems X X
9. Reduction in the use of hot water X

5. Discussion

The review resulted in the identification of a wide set of technical measures, that go from the
installation of devices that improve the system’s performance to the replacement of the whole existing
system by a new one (more efficient, with a technology shift). The great majority of the technical
measures found within the policies and programs reviewed refers to the replacement of the WHS
technology or to the installation of devices or equipment that improves the system’s performance.

When analyzing the identified measures, it was noted substantial differences and a wide spectrum
of possibilities. When assessing the scope of the measures by their applicability in a single vs.
multi-apartment, it was found that most measures are not constrained by the type of dwelling,
being applicable to both, single and multi-apartment buildings. The installation of solar thermal
and photovoltaic systems could be an exception, depending on the roof area available, together
with the change from an individual to a collective WHS (Individual/collective optimization of the
system). Moreover, when characterizing the measures according to the need for technical or specialized
intervention, most of the identified measures require technical expertise to be implemented. There are
still a few measures that can be directly implemented by the final user, as the reduction in the use of
hot water.

By identifying the policy instruments used to support the implementation of the reviewed WHS
policies, it was possible to observe that the instruments mostly used are either economic instruments,
education and awareness campaigns or labelling and standards. For instance, regulatory instruments
are not commonly adopted in the implementation of policies associated with DHW.
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When characterizing the policy instruments under the selected variables, it was found that the
competences required for the implementation of each instrument are considerably different. Even so,
the competences required for the implementation of instruments under the incentivizing category are
relatively similar. This coincidence can be explained by the similarity in their main activities, even if
different instruments may require different specific actions for their implementation.

The two most common levels of implementation found are national and regional; not many
instruments have been found to explicitly apply a local or international geographical scope.

Regarding the possible challenges or barriers faced by policy makers throughout the instruments
implementation, market-related problems are the most common, whereas the state of the market may
be determinant for the instrument choice, e.g., the existing market (or institutional) barriers that are
currently hampering the distribution and commercialization of certain technologies.

The large and diverse set of stakeholders that interact with the WHS-related markets may
imply a difficulty in choosing the most effective policy instrument(s), as the impact on different
stakeholders will vary substantially. Nevertheless, the selection of some instruments may lead to
positive externalities, as the economic effect on certain technologies (price decrease), as a consequence
of the market development and spread of those technologies (after the use of incentivizing instruments);

7

or the innovation boost derived from the technological research encouragement behind the economic
support of certain technologies.

Another important finding of this review refers to the features that need to be taken into
account when choosing the technical measures to the promoted and the respective policy instruments.
By classifying the instruments and relating them with the technical measures, it was possible to identify
how the informative instruments are widely used, both directly and indirectly. Providing information,
educating the consumer and other stakeholders and raising the awareness of different actors may be
used to demonstrate the benefits and relevance of energy efficiency, help and assist a consumer with
the installation of a more efficient device, and even incentivize regular inspections and maintenance
work. Informative instruments could also lead to measures that require behavioral changes from final
users, as using less hot water.

Moreover, it was also noted that economic instruments are often used to promote the
implementation of measures that require engaging consumers, to commit to the policy objectives
(partially or totally). Economic instruments are considered to be effective for consumer engagement,
probably due to the positive response of consumers to financial rewards, and their willingness to
change their energy use in exchange for a monetary compensation [55].

Even so, there are situations where the financial reward may not be enough. For instance, for
gauging the attention and commitment of the targeted group, economic stimulus could be insufficient
(as when a lack of interest from targeted audience can be experienced). These cases may be overcome
by the combination of several policy instruments. For instance, when experiencing a low participation
level to initiatives that are based on economic instruments, education and awareness initiatives may be
used to foster participation and adhesion to the economic incentives. Therefore, the combination of
the instruments should be seen as a possibility, which may have advantages depending on the policy
objectives and characteristics of the target group as well as on the available resources.

6. Conclusions

This work led to the identification and classification of nine types of WHS technical measures.
These were characterized in terms of scope, level of transformation, level of energy savings and the
requirements for training for their implementation. By classifying the measures, it was also possible to
understand and systematize the differences among them. After this, decision makers can evaluate
their alternatives, taking into consideration the different features.

Moreover, eleven types of policy instruments were also identified and characterized according to
the required competences for implementation, the most common levels in which they are implemented,
and the challenges that may hamper their implementation. The characterization of policy instruments
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according to their main features has been performed, enabling policy makers to compare them against
the available resources and context characteristics, and to select the most suitable instruments.

Lastly, an identification and assessment of the most common combinations between technical
measures and policy instruments was also included in this work. Results show that there has
been a preference of using economic instruments to support DHW technologies. A notable
relevance and applicability of the “education and awareness campaigns instruments was identified”.
Complementarity among instruments has been observed, leading to the policy instruments combination
with other policy instruments, providing a wider set of alternatives.

e Considering the policy characterization performed in this work, some of the context specificities
that should be assessed in order to choose the most adequate measure/instruments include:

e  Policy objective (e.g., reduce GHG emissions, energy savings, reduced costs, etc.);

e  Main type of dwellings covered by the policy;

e  Availability of skilled/trained technical staff;

e Regulatory competences of the entity responsible for the policy implementation;

e Budget/resources availability;

e  Policy target group (e.g., end-user, technology provider, technology developer, etc.).

Future work in this topic could include analyzing in detail the cost structure of the measures and
instruments (average costs and who pays for it), and identifying/recommending regional differences
regarding the choice of instruments to be adopted, based on the local specificities found. In this field
there is ongoing work regarding the correlation of policy results with the contextual variables. Starting
at the identification of suitable, criteria and indicators to characterize the results [56]. The development
of this work should eventually lead to the possibility of adapting policies to the local geography.
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Abbreviations

DHW Domestic Hot Water

GHG Greenhouse Effect Gases
RES Renewable Energy Sources
SWH Solar Water Heater

WHS Water Heating Systems
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Appendix A

The identified technical measures have been enlisted with the policy instrument used to implement the policies.

Table Al. Technical measure with policy instrument.

Detailed Technical Measure Technical Measure Type

Detailed Policy

Policy Instruments Type

Policy or Document

Instrument
Energy Star Loan Program (SaskEnergy/SaskPower)
Device change (from fuel to gas) Fiscal/financial British Columbia Energy Star Water Heater Program +
incentives Furnace and Boiler Replacement Program
Device change (from oil boiler; Gas or propane Warm Up New Zealand: Heat Smart
furnace/boiler to more efficient ones) Insulation Programmes 2009-2018
Installation of renewable-based systems (SWH, . . . Slovakian incentive programme Green Homes
photovoltaics, heat pumps, small windmills) Rebate Tax credits/tax incentives prog
Installati ol tor heat llet boil A heat Installation/Replacement of
nstallation of solar water heaters, pellet boilers and hea heating technologies with more “Enovatilskuddet” (Enova grants)
pumps efficient ones
Installation of SWH systems, heat pumps, pellets tanks, Tax relief Market Rebate Programme for Renewable Energy

woodchips equipment

Installation of solar water heaters and heat pumps

Installation of Solar water heating systems and other
renewable technologies

Addition Solar thermal systems, biomass boilers and heat
pumps

Tax credits

Solar water heaters

Grant or reimbursable
credit

Eco Fund, Slovenian Environmental Public Fund

Nova Zelena Usporam (New Green Savings/New
Greenlight to Savings)

Addition/installation of solar
thermal technologies (to
complement WHS)

Solar thermal systems addition

Economic Subsidy

Demoprojekte Solarhaus(Demo Projects Solar House)

Industrial and Institutional solar thermal collector
systems for water heating needs

Western Balkan Sustainable Energy Financing Facility
II (WeBSEFF II)

Montesol

Energy Saving programme for residents of the Lviv
region for the year 2013-2016

Prosol 1T

Capital subsidy scheme for installation of solar
thermal systems
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Table Al. Cont.

Detailed Technical Measure

Technical Measure Type

Detailed Policy
Instrument

Policy Instruments Type

Policy or Document

Interest-free loans

Loan and investment
grants

Low-interest loans

Low-interest loans/third-party
financing

The National Financing Mechanism for Solar Water
Heaters

Mechanism of Renewable Heating Systems and
Energy Efficient Measures “Conto termico 2.0”

Solar Plan

Programme for partial subsidising of purchased and
installed solar water heaters for households

Informative
campaigns

Information, education and
awareness campaigns

Residential Energy Efficiency Credit Line 3 (REECL 3)

Rating systems

Rating systems

Energy Efficient Homes Package and Solar Hot Water

Rebate
Installation of solar WHS (for new construction buildings) Other Standards Andalusia: Sustainable Construction Incentive
Programme
Electric hot water cylinder wraps installation Insullation Insulation of boilers Rating System Rating System Northwest Terrltorle;f)r;;%;/ Efficiency Incentive
Building energy codes; Analysis of Energy Efficiency Measures and

Installation of efficient taps and showerheads

Installation of (or replacement
for) efficient water appliances

Energy Performance
Certification; Labelling

Independent heat substation for heat and hot water
preparation; Hot water system balancing; Hot water

Optimization of scale of the
system; smart systems

Labelling, Codes &

metering for each final customer of the building; Smart . . Standards

. . . o . installation

intelligent wireless monitoring and data collection system

Rinsing dishes with cold water; shorter showers; Insulation Reduction in Fhe use of hOt .
water; Insulation of heating Soft Loans + Subsidy

of heating pipes

pipes

Combined (more than one
instrument)

Retrofitting Solutions for Social Housing Buildings in
Spain as a Way to Mitigate Energy Poverty Aranda et
al., 2017 [34]

Technical measures to decrease heat energy
consumption of final customer in multi-apartment
buildings according to Energy Efficiency (Savickas

and Bielskus Directive, 2015 [35])

Viable behavioural and technological energy-saving
measures (Poortinga and Steg, 2002 [36]
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Abstract: This paper proposes the use of decomposition analysis to assess the effect of local energy-
related actions towards climate change mitigation, and thus improve policy evaluation and planning
at the local level. The assessment of the impact of local actions has been a challenge, even from
a strictly technical perspective. This happens because the total change observed is the result of
multiple factors influencing local energy-related greenhouse gas (GHG) emissions, many of them not
even influenced by local authorities. A methodology was developed, based on a recently developed
decomposition model, that disaggregates the total observed changes in the local energy system into
multiple causes/effects (including local socio-economic evolution, technology evolution, higher-level
governance frame and local actions). The proposed methodology, including the quantification of the
specific effect associated with local actions, is demonstrated with the case study of the municipality
of Malmoé (Sweden) in the timeframe between 1990 and 2015.

Keywords: energy and climate policy; local energy planning; policy evaluation; local authorities

1. Introduction

The role of local actions towards the achievement of global targets on climate change
mitigation is widely recognized by academics and policy makers. The physical charac-
teristics of local energy systems added to the regulatory competences of local authorities,
prompt the local level as an appropriate level of action [1]. The call for a paradigm shift
towards more decentralized energy management and use (production/consumption),
mentioned in several EU publications (including the Clean Energy Package [2]) and
in worldwide discussions, reinforces this relevance of local actions. Local authorities,
as the regulatory bodies closest to the citizens, are in a strategic position to promote
this transition towards decentralization, including lifestyle changes and local sustainable
energy investments.

The recognition of local actions’ contribution towards climate change mitigation has
been accompanied by an increasingly active role of local actors—including local authorities
as well as other local stakeholders, such as local businesses, municipal utilities, citizens
associations and individual citizens [3]. For instance, more than 10,000 European munici-
palities have committed to reduce their GHG emissions level by at least 20%, becoming
signatories of the Covenant of Mayors initiative [4,5]. There are also several initiatives
promoted at national and EU level with the objective of levering sustainable energy plan-
ning and climate change mitigation at the local level, such as the European Energy Award,
CIVITAS, Managenergy and others.

While local actions become more and more common, it is necessary to properly assess
their impact on greenhouse gas (GHG) emissions, i.e., their contribution towards climate
change mitigation. Nonetheless, a thorough assessment of local actions and respective
effects is still challenging, given the technical difficulty in properly quantifying the effects of
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climate related policies. The evaluation of climate policies, in general, is already a challenge
given the large interaction with other policies (including economic and demographic associ-
ated policies). For instance, ref. [6] illustrates the difficulty in assessing policy effectiveness,
focusing on national energy efficiency policies. This difficulty is amplified when dealing
with policies implemented at the local level by the fact that they are implemented as a part
of a complex multilevel governance framework, which also includes policies implemented
at regional, national and international levels. The local energy system is part of a much
larger system, influenced by several external factors, and the total change observed is
the consequence of all of them. In [7], the authors demonstrate the importance of local
characteristics in the definition and implementation of climate change mitigation policies.

Current practice regarding the assessment of local actions for climate change mit-
igation consists mostly of the comparison of the local energy system before and after
the policies” implementation, without taking into account external factors, or taking into
account, at most, the changes in the national or regional electricity systems [8]. A more
complex and rigorous analysis is still not common practice within local policy making,
which is a limitation for the evaluation of local actions.

This paper consists of a demonstration of how a more detailed assessment of local
actions, taking into account the effects associated external factors by decomposition analysis,
can improve current practice on the evaluation of local actions. Herein, local actions refer
to energy-related actions implemented in urban environments, i.e., aimed at the reduction
of energy-related GHG emissions at the local level (i.e., scope 1 and 2 emissions). The
work presented here includes a short review on the state of the art for the evaluation of
local actions. The review is then followed by an explanation of how the decomposition of
observed changes into the individual effects of the different factors of change, combined
with the analysis of the actions taken by local actors, can be used to improve the assessment
of local actions. Due to the nature of the urban nature of the most populated areas, and
because the paper is energy-related, the emissions model accounts for CO, but not for
methane. The evaluation methodology is applied to one case study, Malmg, in order to
demonstrate its applicability.

The paper is composed by this introduction and four additional sections. The follow-
ing section is dedicated to a review of the current practice for evaluation of local actions
towards climate change mitigation. Then, Section 3 presents an analysis of how the dis-
aggregation of observed changes can improve current evaluation practice, including a
summarized description of the disaggregation model that is used and the discussion on
how the model can be used as a tool for the assessment of the evolution of local energy sys-
tems. Section 4 presents the case study of Malmo (Sweden). Finally, Section 5 summarizes
the main findings resulting from this work.

2. Review on the Evaluation of Local Actions for Climate Change Mitigation

The importance of assessing effectiveness, efficiency and relevance of different policies
is globally recognized. Policy evaluation is key for the identification and transfer of good
practices, as well as for the adjustment of ongoing and development of new policies. There
have been several studies focusing on the assessment of energy, climate and environmental
policies at different levels, which resulted on the development of a vast set of methodologies
to quantify the effects of different policy actions.

Nonetheless, the specific methods for evaluation have not been a recurrent subject for
study, at least not as much as would be expected. This might be due to the difficulty in
properly assessing their effects. Given the unavoidable interaction with other policies, their
contribution to climate change mitigation depends on factors that are not fully controlled
by local authorities, and whose disaggregation is neither obvious nor immediate.

Current practice on the evaluation of local actions also reflects this difficulty. The
most common assessment of the effects of the Sustainable Energy Action Plans (SEAPs)
in the context of the Covenant of Mayors initiative corresponds to the comparison of
the energy and emissions inventories before and after the actions’” implementation [9,10].
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This comparison is relevant, as it provides an insight on the overall evolution of the local
energy system, both in terms of energy use and in terms of GHG emissions [11]. However,
this is not sufficient to assess the specific impacts or merits of local actions for climate
change mitigation.

There are already some studies that go beyond the analysis of observed changes,
which provide more detailed analyses of specific actions [12,13]. Such studies use bottom-
up models, where the effects are estimated according to the changes caused to the system
by the specific policy actions that were implemented at the local level. This alternative
approach requires a deep knowledge of the energy system and of the implemented actions,
including the changes incurred in the system in physical units (e.g., number of photovoltaic
(PV) panels installed, number of persons per kilometer shifted from diesel to electric car,
number of appliances/lamps replaced)). Here, the major shortcoming is the difficulty in
having the necessary data to establish a reliable and detailed baseline, and to perform a
robust bottom-up analysis, especially when assessing the effect of a set of actions covering
different sectors.

Thus, in practice, there is still a gap in the assessment of local policy actions, as state-
of-the-art practices do not provide methodology for the evaluation of local actions and/or
plans which: (1) can be used in a systematic manner with commonly available data and
(2) provide an estimate of the real impact of local actions (disaggregated from the effects
associated with external factors).

Therefore, taking into account existing limitations from current evaluation practices
and considering recent advances in the understanding and representation of the local
energy system and respective evolution over time, this paper proposes a new methodol-
ogy for the assessment of local climate change related actions built upon the top-down
decomposition model recently developed and published in [14].

3. Assessing Local Actions Using a Decomposition Analysis of the Evolution of the
Energy System

This section describes how the disaggregation of observed changes of a specific local
energy system into the individual effects of the different factors of change can contribute to
an improved assessment of local actions. First, there is a short description of the model
published in [14] and used in the quantification of the individual effects (including the
methodology and the main inputs and outputs). Then, an explanation on how this model
may be used as an assessment tool for local actions is presented, highlighting innovation
compared to current practice.

3.1. Model for the Quantification of Local Actions Effects—Brief Description

The factors of change that are considered include the natural evolution of the local
energy system, the higher-level governance framework and local climate change mitigation
actions. The natural evolution of the system corresponds to the changes in local population
and local economy which are not directly associated with energy and climate policies. Fac-
tors associated with higher-level governance framework refer to the energy-related policies
implemented at international, national and regional level within the studied timeframe.
Finally, local actions comprehend all local energy-related policy actions implemented with
the aim of reducing local GHG emissions, including both actions taken under a formal plan
and isolated actions. In total, the model disaggregates the observed changes into the effects
of 18 individual factors, as identified in Table 1.
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Table 1. List of factors of change considered by the disaggregation model for the decomposition of
the observed changes in local greenhouse gas (GHG) emissions.

Explanatory Factor

Climate
Overall population
Population activeness
Urbanization
Household conditions
Transportation habits
Local economy (scale and structure)
Private consumption
Energy prices
Autonomous savings private consumers
Energy intensity of economic sectors
Energy supply sector
Energy taxes
Building regulations
Transports regulation (Biofuel incorporation)
Energy efficiency requirements
Other policies
Local Actions

ZH0ZEZCATF~IOM@HUNS >

The model itself corresponds to a decomposition analysis that, starting from the
energy matrices from the base year, sequentially constructs new energy matrices that
result from introducing the changes caused by the different factors of change into the local
energy system (Equation (1)). Local actions effects are assumed to be the remaining gap
between observed changes and the sum of all the effects from the external factors of change
(Equation (2)).

[

AGHGP " = ZEtO%tl, for x = municipality andi = factors of change 1)
i

EtLOo:;?CC Acta = ODGH Gh=h _ Z Efg:tl, fori’ = external factors of change ()
i/

where AGHG is the variation in local GHG emissions between the base year (¢p) and the
reporting year (t;) for the municipality &, and E; is the effect of factor of change 7 in local
GHG emissions between the base year (tp) and the reporting year (t) for the municipality «.

The individual effects for the different factors of change are estimated by using already
known relations (theoretical or empirically proven), taken from the literature, between
those factors and the local energy system. These known relations are translated into
mathematical formulas that reflect the changes caused by each individual factor of change
to the local energy system. Assumptions have been made to adjust the formulas to the
existing data and to allow for their applicability in different contexts. Figure 1 presents
a schematic representation of the decomposition process and the quantification of the

different effects.
Matrix BY Matrix A Matrix B Matrix P
Real Constructed Constructed Constructed
Base-Year Base-Year + Mx A + Mx O +
Factor a Factor b ] Factorp |
Effect factor a = Effect factor b = EFFECT LOCAL ACTIONS
Mx A— Mx BY Mx B—Mx A =MxRY - MxP

Figure 1. Schematic representation of the decomposition analysis (based on [14]).
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The model output consists of the quantification of the individual effects associated
with each of the 17 external factors and the overall effect of local climate change mitigation
actions in terms of final energy and GHG emissions.

Acknowledging the impossibility of guaranteeing the consideration of all the relevant
factors (given the diversity of local contexts) and the risks of assuming the remaining
effect as an estimation of the effect of local actions, the methodology includes a set of
procedures that improve the robustness of the model results. These correspond to (1) the
implementation of the model to municipalities that are within the same (or in a similar)
context than the municipality being studied and (2) the comparison between obtained
results and reported actions.

A more detailed description of the model, the governing equations and accompanying
validation procedures can be found in [14].

3.2. How to Use the Model as a Tool for the Assessment of Local Actions for Climate
Change Mitigation

The disaggregation model described in the previous section can be a useful tool for the
assessment of the local path towards a sustainable energy system. It provides an overview
of the observed changes in the local energy system for a specific timeframe, and also a
robust estimation of the effect of local actions per sector.

In what concerns the overall path of the local energy system, the model outputs can
be useful in two distinct ways: first, on the assessment of the evolution of the local energy
system over time and second, by assisting on the identification of external synergies and/or
barriers regarding the achievement of the established sustainability goals. Concerning
the first, the comparison between the energy matrices from the base and the reporting
years may provide important insights regarding the evolution of the local energy system,
regardless of the factors that have led to the observed changes. This analysis, done per
sector and per energy carrier, gives a first overview of the changes that occurred in the
local energy system and may result in a set of indicators regarding the unitary energy
use and respective GHG emissions and their evolution over time. Concerning the second,
as a specific feature of this model, the disaggregation of the observed changes into the
individual effects of each factor of change can be used to have a better understanding what
contributed more significantly to the observed changes. It can provide relevant insights
on the influence of each factor upon the evolution of local GHG emissions, including the
identification of which factors are hampering and which are contributing the local path
towards a sustainable energy system.

In what concerns the quantification of the effects associated with the local actions
towards climate change mitigation, their assessment can be used to evaluate the actual
contribution of local actions (overall and per sector) for the achievement of a sustainable
energy system. The comparison between the results of the disaggregation model and the
targets established by local authorities can be seen as a tool to compare what was achieved
with what was intended. This analysis may inform decision makers on the need to review,
accelerate or simply maintain their actions towards climate change mitigation. On the
other hand, a comparison between the ex-ante projections of the implemented actions with
the estimated effects provides an assessment of the effectiveness of those actions.

4. Application to the Case Study of Malmé (Sweden)

This section is dedicated to the implementation of the evaluation methodology to
the municipality of Malmo (Sweden). This choice was based on the following cumulative
criteria: (1) to be a signatory of the Covenant of Mayors, with an approved SEAP (submitted
in 2011) and with the first monitoring report already published in 2015; (2) being in the
forefront on the availability of data from the local energy system and its evolution over
time and (3) having a long history regarding climate change mitigation.
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4.1. Characterization of the Case-Study

Malmo is a municipality located in the southern region of Sweden, in Skédne County.
In 2015, it had a population of about 323 thousand inhabitants distributed in an area of
157 km?. The municipality has grown over the last years due to its strategic location—
15 min away from Copenhagen (Danish capital) and from Lund (with one of the largest
Swedish universities). This growth has been accompanied by a continuous increase in
local population, which increased almost 50% over the last 30 years. Malmo is mostly an
urban municipality, and the provision of services corresponds to its main economic activity.
A brief characterization of the municipality and its evolution between 1990 and 2015 is
presented in Table 2.

Table 2. Main socioeconomic indicators of the municipality of Malmo for 1990 and 2015 and their variation over time.

Base Year 1990 Reporting Year 2015 1‘;21831001[;

Population 233,887 322,574 +38%

Men 111,089 (47%) 158,955 (49%)

Women 122,798 (53%) 163,619 (51%)

Less than 15 years old 34,849 (150/0) 57,771 (180/0)

Between 15 and 65 years old 149,069 (64%) 215,127 (67%)

Over 65 years old 49,942 (21%) 49,676 (15%)
Population density (inhab/km?) 1491 2056 +38%
Purchase Power per capita * 123.9 184.4 +49%
GVA ** ("000 SEK) 57,612 149,907 +160%

* as a comparison with the national value (i.e., 100 = National average), ** Gross Value-Added, Source: Statistics Central Bureau website

(www.scb.se).

In what concerns energy and climate actions, Malmo has been a pioneer, with con-
certed actions since the 1990s. Its first interventions were done in the context of the Local
Investments Program (LIP), a national investment program that promoted the develop-
ment of local environmental plans and initiatives. Currently, Malmé local administration is
committed to become climate-neutral by 2020. Moreover, in the Sustainable Energy Action
Plan submitted to the Covenant of Mayors, the city set as a target the supply of local energy
use to be exclusively from renewable sources by no later than 2030 [15].

The timeframe considered for this case study is between 1990 and 2015. The choice
of the base year is associated with the fact that 1990 was the year considered for the first
inventory of local GHG emissions for the municipality of Malmo, being also the base year
of the municipality’s SEAP. The reporting year corresponded to the most recent year with
available statistical data for local energy use. The studied timeframe covers the period
when concerted actions taken by the local authority towards climate change mitigation
have been more significant.

4.2. Main Input Data

An important stage of the application of the model refers to the collection of input data.

Regarding the construction of the energy matrices, the main sources of input data were
the official statistics on energy and end-use consumption published yearly by the Statistics
Central Bureau (SCB) [16,17]. Moreover, as there are no empirical data regarding the end-
use efficiency for the different energy uses for the municipality of Malmo, the estimations
provided by the energy matrices for the Metropolitan Area of Porto [18] (complete and
readily available) were used as reference and adapted to the local context. The level of detail
from the information available for the Metropolitan Area of Porto, along with the limited
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impact that the assumptions on end-use efficiency could have on the model results, justify
this choice. The values for end-use efficiency were adapted to local context, taking into
account existing data on technology options and average efficiency of different appliances
in Portugal and Sweden. Table 3 lists the main input data required to build both base and
reporting years’ energy matrices with the respective data sources.

Table 3. Input data to build the energy and emissions matrices for the municipality of Malmo for 1990 and 2015, with the
identification of main sources and data geographical level.

Input Data Main Source Geographical Level
Final energy use per sector SCB (statistics) [16] Municipality
Unander et al. (2004) [19] n.a.
Distribution of sectorial energy use per end-use SEA (Energy in SE 2015) [20] Country
AdEPorto (Matrix 2009) [18] Country
Average end-use efficiency AdEPorto (Matrix 2009) [18] n.a.

Efficiency of energy supply sector

SCB (energy balances) [21] SCB

(hydro and wind corrections) Country/Municipality Country

Carbon content of electricity, heat and oil products

SCB (energy balances) [21] SCB

(hydro and wind corrections) Country/Municipality Country

Carbon content of other energy carriers IPCC [22] n.a.

In what concerns the disaggregation of the individual effects per factor of change, an
effort was made to collect data as accurate as possible (i.e., specific to the municipality and
to the studied timeframe) in order to reduce uncertainty. When data was not available for
the specific geographical context, the collected data corresponded to the closest territorial
level to which the data was available and, if necessary, the values were adapted to the
municipality level using downscaling indicators. Moreover, when specific values for base
and/or reporting years were not found, these were estimated from the existing values
using trend analysis. Table 4 lists the collected input data along with the respective sources
and geographical level.

Table 4. Input data for the decomposition analysis of the municipality of Malmo with the identification of main sources and

data geographical level.

Factor of Change Indicators Sources Data Geographical Level
Climate Heating Degree-Days Eurostat [23] Region
Cooling Degree-Days Eurostat [23] Region
Population Local inhabitants SCB [24] Municipality
Share of active population SCB [25] Municipality
Population activeness Ratio of energy use between
households with active and Eurostat [26] Country

inactive inhabitants per sector

Share of households in rural area - -
Ratio between energy usage of

Urbanization
rural and urban households Eurostat [26] Country
per sector
Number of persons per household SCB [27] Municipality
Household conditions Appliances ownership per capita Unander et al. (2004) [19] Country
Average household size Eurostat [28] Country
Average commuting time (min) National Travel Survey [29] Type of city
Share of travels apd duration National Travel Survey [30] Country
Transportation habits per motive
Car ownership ratio SCB [31] Country
Elasticity of leisure tl.ravel with ESRC * [32] Multi-Country
car ownership
Local economy GVA per sector SCB [33] Region

(scale and structure)
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Table 4. Cont.

Factor of Change Indicators Sources Data Geographical Level
Private consumption Private purchase power per capita SCB [34] Municipality
Elasticity of residential energy use Krishnamurthy and
Country

with private income
Elasticity of passenger

Kristrom (2015) [35]

transportation energy use with ESRC [32] Multi-Country
private income
Elasticity of frglght transportation ESRC [32] Multi-Country
energy use with private income
. Average annual price per
Energy prices enerey vector SEA [20] Country
Elasticity of residential energy use Krishnamurthy and Country

with energy prices
Elasticity of passenger
transportation energy use with
energy prices

Kristrom (2015) [35]

ESRC [32]

Multi-Country

Energy intensity of residential

Autonomous savings sector for EU countries Eurostat [360] EU27
private consumers Energy intensity of passenger
transportation for EU countries Furostat [36] EU27
. . Energy intensity of services,
Energy mntensity of industry and agriculture and Eurostat [36] EU27
economic sectors S .
fisheries sectors for EU countries
Energy supply sector Annual energy balance SCB [21,37] Country/Municipality
Hydro. prqdugtlon SCB Country
normalization index
Eolic PrO(.iUCt.lon SCB Country
normalization index
Energy taxes Energy-policy related taxes SEA [20] Country
per vector
Elasticity of residential energy use Krishnamurthy and Country

with energy prices
Elasticity of passenger
transportation energy use with
energy prices

Kristrém (2015) [35]

ESRC [32]

Multi-Country

Building regulations

Average Nic of residential
dwellings per building
period—before regulation
Average Nic of residential
dwellings per building
period—after regulation
Average IEE *** of services
buildings per building
period—before regulation
Average IEE of services buildings
per building
period—before regulation
Average dwellings area per

Hiller (2003) [38]
[EA

IEA ** (Swedish Building Codes)

Hiller (2003) [38]
[EA

IEA (Swedish Building Codes)

Country

Climatic Zone

Country

Climatic Zone

building type and building period SCB [3] Municipality
Number of dwellings built and AR
rebuilt per building period SCB [3] Municipality
Qbhgahon to introduce Legislation [40] Country
T . biofuels—shares per year
ransports regulations e oy .
Substitution of traditional vehicles P t under Kyoto [41] Count
for other running with biofuels rogress report under fyoto ountry
Average annual consumption of EU (impact assessment reports) EU level
E .. . existing stock per appliance [42-51]
nergy efficiency requirements Iy - .
Minimum requirements of annual EU (impact assessment reports)
! . EU level
consumption per appliance [52-61]
Other policies Progress reports under Kyoto [41,62] Country
Stenqvist and Nilsson (2012) [63] Country
SEA (Energy in Sweden 2015) [20] Country

* ESRC—Economic and Social Research Council, Transport Studies Unit; ** IEA—International Energy Agency; *** IEE—Energy

Efficiency Indicator.
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Recognizing the relevance that assumptions and input data may have on the model
results, the methodology includes a fine-tuning process that, as much as possible, ensures
the adequacy of the assumptions and the reliability of the input data, in order to guarantee
the robustness of the results. The decomposition model was applied to six surrounding
municipalities (Helsingborg, Kristianstad, Landskrona, Lund, Trelleborg and Angelholm)
and the obtained results were assessed individually, and in comparison, with each other.
This exercise provided additional validation of the results obtained for the municipality of
Malmo, by assessing whether plausible results can be obtained for the other municipalities
when using the same inputs’ data sources and assumptions.

4.3. Model Results for Malmo
4.3.1. Overall Evolution between 1990 and 2015

Figure 2 shows the change in annual final energy per sector (GWh) for the municipality
of Malmg, between 1990 and 2015. In what concerns final energy, the overall energy use
remained fairly constant over the considered timeframe. However, changes were observed
at the sectorial level, with the exception of the transport sector (both passenger and freight)
where the use of energy was kept almost constant. The services sector is the only sector
with a significant increase in energy use (30%). The remaining sectors show a decrease in
energy use over the studied timeframe. The sector with the highest absolute decrease is the
residential sector, reducing about 290 GWh/year, what corresponds to 13% of the sector’s
energy use in the base year. Nonetheless, the agriculture and fisheries sector is the sector
with the highest relative decrease, reducing to 55% of the base year’s energy use by 2015.

2015

1990

0 1000 2000 3000 4000 5000 6000 7000 8000

W Residential ™ Services M Passenger Transp. MFreight Transp. ®Industry ™ Agriculture

Figure 2. Change in annual final energy per sector (GWh) for the municipality of Malmo, between
1990 and 2015.

The evolution of local GHG emissions between 1990 and 2015 shows a downward
trend over all the sectors, as shown in Figure 3. GHG emissions refer to CO,, CH, and
N>O; and the level of emissions in tCO; ¢4, is estimated based on the carbon content of
the different energy carriers and the respective global warming potential, as reported in
the IPCC Guidelines for National Greenhouse Gas Inventories [22]. Overall, the emissions
in the reporting year correspond to 78% of the emissions in the base year. This reduction
seems to be a combination of the shift to less carbon intensive energy carriers with the
reduction of the carbon content of fossil heat distributed through district heating. Indeed, it
is noticeable that, while final energy use in the services sector has increased, the equivalent
GHG emissions decreased (almost 30%), due to the significant weight of district heating on
the sectorial energy use. In addition, the decrease in GHG emissions in the residential and
industry sectors (39% and 30%) is more significant than the decrease in the equivalent final
energy use (13% and 22%).
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Figure 3. Change in annual GHG emissions per sector (ktonCO; ¢q.) for the municipality of Malms,
between 1990 and 2015.

Summarizing, the observed changes in the local energy system between 1990 and
2015 correspond to an almost negligible change in final energy use and a considerable
decrease in the respective GHG emissions. The reduction of GHG emissions (19%) may
be justified by the decarbonization of the heat production sector and by slight shifts of
energy carriers. Despite the significant increase in the number of local inhabitants within
the studied timeframe, the level of final energy use was kept constant and the equivalent
GHG emissions decreased, which implies a decrease in the level of final energy use and
GHG emissions per capita. The average use of final energy per capita decreased almost 30%
between 1990 and 2015, while the observed reduction in GHG emissions per capita (41%)
was considerably higher than the overall reduction (19%). The main energy indicators for
the municipality of Malmo are presented in Table 5, for both base year and reporting year,
in order to provide an overview of the observed evolution of the local energy system.

Table 5. Energy indicators for the base year (1990) and the reporting year (2015) for the municipality of Malmo.

Main Indicators of the Local Energy System 1990 2015 Variation
Total final energy use (GWh) 6992 6962 —0.4%
Final energy use per capita (MWh/cap) 29.9 21.6 —28%
Total GHG emissions (tCO; ¢q.) 1,147,659 929,051 —19%
GHG emissions per capita (tCO; ¢q./cap) 49 29 —41%
Final energy for residential buildings (GWh) 2280 1988 —13%
Final energy for services buildings (GWh) 1606 2084 +30%
Final energy for transports (GWh) 1995 2030 +1.8%
Final energy for industry (GWh) 1074 839 —22%
Final energy for agriculture and fisheries (GWh) 36 20 —45%
Sector responsible for the highest share of energy use Residential Buildings Services Buildings
33% 30%
Sector responsible for the highest share of GHG emissions Residential Buildings Passenger Transport.
34% 39%
Most used energy carrier Qil Prod. Electricity
35% 35%

4.3.2. Disaggregated Effects Associated with the Several Factors of Change

When applying the decomposition analysis to the case study of Malmo, the changes
that occurred in the local energy system between 1990 and 2015 were disaggregated
into 17 external factors plus the effects associated with local climate change mitigation
actions [14]. Figure 4 presents the estimated effects, in terms of GHG emissions, per factor
of change.
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Figure 4. Disaggregation of the observed changes in local GHG emissions, between 1990 and 2015, per factor of change for
the municipality of Malmo, as a percentage of the base year emissions level. (A—Climate; B—Population; C—Activeness;
D—Urbanization;, E—Household conditions; F—Transportation habits; G—Local economy; H—Private consumption;
I—Energy Prices; Ja—Autonomous savings private consumers; Jb—Energy intensity economic sectors; K—Energy supply

sector; L—Energy taxes; M—Building regulations; N—Transport regulations; O—Energy efficiency requirements; P—Other

policies; Local Actions).

From the analysis of the graphic, it is clear that the largest contributions towards the
reduction of local GHG emissions are:

(1) Energy taxes, which are all the taxes applicable to energy products, which are
associated with energy and climate policies. In Malmg, these include the energy tax (with
the goal of improving energy efficiency), the CO; tax (implemented to promote the shift to
less carbon intensive energy carriers) and a special tax (associated with GHG emissions,
other than COy)).

(2) Transport regulations, which in the specific case of Malmé include the incorporation
of biofuels in the traditional fuel mixtures and the incentives implemented to promote the
substitution of traditional fuels light-weight vehicles with vehicles running with biofuels).

(3) Local climate change mitigation actions. Nonetheless, the contribution of local
actions is significantly higher than the ones from the remaining factors. This could be
explained by the long history of Swedish municipalities, in general, and Malmo, specifically,
in having an active role towards climate change mitigation, a role that has been highly
supported by national initiatives.

It was also estimated by the model that a few factors of change had a counteracting
effect towards the reduction of GHG emissions. Here, the demographic evolution and the
changes in activity level and structure of the local economy were the ones with a more
significant effect, corresponding to an increase of 24.1% and 24.5%, respectively, of local
GHG emissions compared to the base year’s level.

Moreover, when looking at Figure 4, it is worth noticing that the first insights on the
overall evolution of the local energy system did not reveal the changes that occurred in
the demographic and socio-economic dynamics of the municipality. Even if the energy
matrices from the base and reporting years did not reveal abrupt changes in the local
energy system, the disaggregation into individual effects showed that there were, in fact,
significant changes in the activity level and structure of the local economy as well as in the
population size, and that these were counteracted by the effects of other factors of change.
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4.4. Assessment of the Local Path towards Climate Change Mitigation
4.4.1. SEAP Malmo—Proposed Actions and Implementation Status

The municipality of Malmo6 was a pioneer in recognizing the importance of local
actions towards climate change mitigation and environmental sustainability. Since the
1990s, the local authority has had an active role on the promotion of climate change
mitigation by acting on their own infrastructure and by prompting others to act. Since then,
there different plans and strategies were developed towards a sustainable future in terms
of energy (but not only).

On the vision and goals established for Malmo’s energy system, the most recent
publication refers to the Covenant of Mayors adhesion, in 2008, where the municipality
established the target to reduce local energy use per capita by 20% (compared to average
annual use during the period 2001 to 2005) and GHG emissions by 40% (compared to the
1990 level) by 2020. In the Sustainable Energy Action Plan submitted to the Covenant
(herein, SEAP Malmd), Malmd’s city authority also committed to at least 50% of the local
authority’s energy use to be from renewable energy sources, with a large proportion being
produced locally [15]. The proposed actions covered the different sectors and focused on
achieving a more effective energy use and switching to renewable energy sources. Table 6
presents a summary of the technical measures proposed by the local authority.

From 1997 up to today, the city authority publishes an annual report on the local
actions towards local environmental sustainability [64—-80]. These documents allowed for
an appropriate understanding of the efforts being done to achieve the vision described
above. Appendix A (Figure A1) presents a summarized timeline of the actions taken by
the local authority towards a more sustainable energy system. Between 2013 and 2015, a
survey on the status of implementation of the actions proposed by the city authority was
performed. The respective activity reports present an overview of the survey outcomes,
concluding that there is still a large number of actions ongoing or not yet implemented that
should have been completed by the end of 2015.

Table 6. Technical measures proposed in the Sustainable Energy Action Plan (SEAP) Malmo.

Technical Measures (as Proposed by the Local Authority)

Decarbonize local electricity production

Decarbonize local heat production

Buildings
Reduce energy needs
Use of energy from renewable energy sources for heat
Microgeneration from renewable energy sources

Municipal buildings
Reduce energy needs
Use of energy from renewable energy sources
Reduce electricity use
Microgeneration from renewable energy sources

Transports
Reduce transportation needs
Use of biofuels in public transports
Shift to soft modes
Shift to public transports
Use of biofuels in private cars
Optimization of transportation flow

Industry
Decrease energy intensity
Increase energy efficiency
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4.4.2. Overall Pathway

Table 7 presents a comparison between the observed changes and the goals established
for 2020 by the local authority in the SEAP Malmo, for the local energy system and
specifically for the local public sector. This comparison shows that the municipality is
indeed moving towards the established goals, especially in what concerns the reduction
of final energy use per capita. The evolution of the final energy use associated with the
infrastructure owned by the municipality is the exception, given that an increase of 13%
in the respective energy use was observed while the established goal was a reduction of
30%. However, this evolution can be justified by the increase in local energy services, due
to the municipality’s population growth. The comparison between observed changes (as
assessed by the model) and the projected evolution of local GHG emissions provides an
insight on the alignment of the actual evolution of the local energy system with the goals
established for the municipality of Malmo (also considering national and international
initiatives). This corresponds to the assessment of the overall distance to the projected
pathway, regardless of the factors of change that have caused such evolution.

Table 7. Comparison of the overall GHG emissions reduction observed (1990-2015) and the goals
established by the municipality of Malmg in the SEAP Malmé (1990-2020).

SEAP Malmé Observed Changes
By 2020 By 2015
Local energy system
Reduction of final energy per capita o o
(2001-2005 level) 20% 17%
Share of energy from renewable sources 50% 24%
Reduction of GHG emissions (1990 level) 40% 19%
Energy use in municipality
owned infrastructure
Reduction of final energy (2001-2005 level) 30% —13%
Share of energy from renewable sources 100% 61%

Regarding the reduction of local GHG emissions, the observed reduction by 2015
corresponds to about half of the reduction target established for 2020. Moreover, as visible
in the plot presented in Figure 5, if a linear evolution over time is considered (dotted line),
it is possible to say that the observed reductions in local GHG emissions are behind what
was projected by the SEAP. However, considering a trajectory where the decrease in GHG
emissions would be smaller up to 2008 (when Malmo adhered to the Covenant of Mayors),
the observed reductions would be in line with the established goal for 2020.
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Figure 5. Projected reduction of local GHG emissions by 2020 as presented in the SEAP Malmo
and the observed reduction in 2015 (compared to 1990 level), and two possible paths to achieve the
desired reduction by 2020.
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-80%

4.4.3. Local Actions” Contribution

The expected contribution of each specific measure (or group of measures) towards
the goals established by the local authority is not specified in the Environmental Program
of Malmo. Thus, as referred previously, it is not possible to compare the projected outcomes
with the estimated effects of local actions. Being so, a comparative analysis between the
estimated effects associated with local actions and the overall goals established by the
municipality is performed instead. This analysis is also useful to understand the level of
contribution of local actions towards the overall targets.

On one hand, it was estimated that the effects associated with local actions between
1990 and 2015 corresponded to a reduction in GHG emissions of over 470 thousand tons of
CO3 q., which is equivalent to 41% of the base year’s level of emissions. On the other hand,
the municipality established the goal of reducing GHG emissions by 40% compared to 1990
level, by 2020. Thus, it could be said that the contribution of local actions already exceeds
the reduction targets established by the local authority, even if the overall reduction of
GHG emissions is still behind.

Indeed, as visible in Figure 6, in the case of Malmo, the sum of the effects associated
with all the external factors (including natural evolution of the local energy system and
higher-level policies) corresponds to an increase in the municipality’s GHG emissions. This
may be justified by the high growth in terms of local demography and economy, which
neutralizes the positive effects of national and international policy actions. Moreover,
the overall effect of external factors partially counteracts the contribution of local actions
towards climate change mitigation. Thus, the mere assessment of the overall change in
GHG emissions would lead to an underestimation of the contribution of local actions
towards climate change mitigation.

SEAP 2020

Observed Changes
2015

Effects of Higher-
level Policies Natural Evolution

Local CC Actions e

-60% -40% -20% 0% 20% 40% 60%

Figure 6. Change in GHG emissions for the municipality of Malmé (ktCO; ¢q. /year) due to local actions and to external fac-
tors and the overall change as estimated by the disaggregation model (1990-2015) and as projected by the SEAP (1990-2020).

This analysis illustrates the importance of disaggregating the observed changes at the
local level in order to properly understand and assess the effect of local actions and the
respective contribution on the overall reduction of local GHG emissions. In this specific
case, the assessment of the overall reduction of GHG emissions could be misleading, as
it would hint that the actions promoted by the municipality of Malmo did not contribute
towards climate change mitigation, while the actual contribution of local actions, even if
behind what was planned and proposed in the SEAP, was still significant.

4.5. Main Findings

From the comparison between the estimated results and the goals defined by local
authority, it was observed that the level of local GHG emissions is still far from what
is targeted by the municipality. Nonetheless, the values per capita seem to be more
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satisfactory. The total level of emissions is not justified by ineffectiveness on action but
rather by the actual population growth, which is higher than what was considered when
developing the SEAP Malma.

Moreover, when disaggregating the observed changes into the effects of local actions
and the ones of external factors of change, the analysis shows that the local contribution
to the reduction of GHG emissions nearly reached the proposed reduction goal. The gap
between the accomplished and desired GHG emissions reduction is due to the effects
associated with external factors, which counteracted the effect associated with local climate
change mitigation actions.

Thus, this comparative analysis showed the importance of properly quantifying the
actual effects of local actions. Indeed, the difference between the two comparative analyses
revealed how the mere assessment of observed total changes can be misleading.

5. Conclusions

This work proposes a methodology for the assessment of the local path towards
climate change mitigation, and of the contribution of local actions towards this path,
based on the disaggregation model presented by Azevedo [14]. The model provides a
decomposition of the observed total changes of a local energy system into the individual
effects of the several factors of change, including external factors and local actions for
climate change mitigation. This may be an important asset for the evaluation of local
energy systems and their evolution over time. The deeper understanding of what is behind
the observed total change in local GHG emissions can help local authorities, as well as
higher-level policy makers, to assess current policies and develop future ones.

The model was applied to the municipality of Malmo, for the timeframe 1990-2015.

On the overall change, an almost negligible change in final energy use and a reduction
of 22% in the level of GHG emissions was observed. Given the large increase in the
number of local inhabitants in the studied timeframe, the changes in energy use and
associated GHG emissions per capita were considerably different, with a reduction of 28%
and 41% respectively.

When disaggregating the observed change into the effects of the different factors of
change, it was estimated that demographic evolution and changes in the local economy
were the main drivers for increase of the GHG emissions. On the opposite trend, local
climate change mitigation actions were the main driver for decrease in GHG emissions
between 1990 and 2015 (41%). Initiatives promoted at the national level, as new energy taxes
and transport regulations, also contributed to the reduction in the local GHG emissions, by
12% and 11% respectively.

The fact that the estimated impact of local actions on GHG emissions was a decrease
of 41%, while the total observed decrease was only 22%, clearly shows the importance
of disaggregating the contribution of local actions from the effects associated with ex-
ternal factors. The assessment of the overall change alone can be misleading, not being
representative of the real contribution of local actions.

Moreover, the disaggregation by sector and energy carrier estimated by the model
can also be used to assess the contribution of specific local actions towards the reduction
of local GHG emissions. The comparison between projected outcomes and the estimated
effects may be seen as a tool to assess whether the effects of already implemented actions
are in line with the respective projections, identifying which mechanisms are effective and
which need to be improved or even replaced.

Overall, this paper, with the implementation of the model to the municipality of
Malmo, shows the importance of going beyond the quantification of the changes in the
local level of GHG emissions over time. The assessment of the contribution of local
policy actions towards climate change mitigation could be significantly improved with the
disaggregation of the overall change in GHG emissions into the individual effects of the
different factors of change.
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Finally, considering that the proposed methodology only provides an estimate of the
overall effect of local actions, further research on the individual contribution of specific
policy instruments is still needed. Indeed, it would be beneficial to estimate the actual
contribution of the different policy mechanisms implemented at a more disaggregated level
to better assess their effectiveness and efficiency. In order to do so, it would be interesting
to develop a bottom-up methodology that would use the overall effects of local actions as
well as detailed information on the actions” implementation to estimate these individual
effects and to assess their contribution in terms of effectiveness and efficiency. Another
area where more work may be useful is the assessment of the precision of input data, and
of the typical impacts of data lack of precision upon the model results.
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Appendix A. Local Actions of the Municipality of Malmé

Technical measures
(as proposed in SEAP M almo)

1990

Timeline of policy instruments already implemented

1995 2000 2005 2010 2015

Electricity from RES

District heating from RES

Development of Renewable Electricity plan

LIP - projects with solar cells
installation, wind power turbines,
electricity from waste

Installation of 515 m” of
solar cells installed in a
technical museum

KLIMP - renewable
electricity projects

Lillgrund offshore
wind farm (0.33 TWh
per year)

Feasibility study for
urban wind power
installations

Gradual increase the share of biofuel in
heating production for local district heating

KLIMP - Improvement of
CHP efficiency

KLIMP - seasonal storage
of heating energy

underoronnd

KLIMP - Extension of
district cooling network (for
industrial use)

Figure A1. Cont.
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Technical measures
(as proposed in SEAP M almo) 1990 1995

Timeline of policy instruments already implemented

2000

2005

2010

2015

Neighborhoods / Pilot projects

Buildings

Bo01 - Neighborhood

supplied by 100%
renewable energy

Western Harbour Neighborhood rehabilitation with the concept of 100% renewable
energy (continuation of BoO1)

Energy savings
project in local ice
stadinm:

savin;

LIP energy projects
to promote energy

gs in buildings

Hyllie - Residential
area with buildings
with high energy
performance

KLIMP - projects to build
urban apartments with
energy use lower than 100
kWh per year

Young stock :
network of young
housing stakeholders

Information to building occupants on average energy use and benchmarking levels
(awareness campaigns)

Technical measures

(as proposed in SEAP M almo)

1990

1995

Timeline of policy instruments already implemented

2000

2005

2010

2015

Municipal buildings

|Wide internal environmental work to reduce energy use and climate change impact

|Green procurement

municipal staff

Education and training of

Implementation of a monitoring sy stem for municipality's own infrastructure and respective
energy consumption

Introduction of Energy Advisor for the municipality infrastructure

EKO-energy -
education and training
of staff

|Improvement of municipal buildings energy performance

Figure Al. Cont.
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Technical measures Timeline of policy instr already impl d
(as proposed in SEAP Malms) 1990 1995 2000 2005 2010 2015
Transport

Electric cars -
substitution of 50
traditional fuel
vehicles for EV

Shift of buses from
traditional fuel to NG

|Gradua] introduction of zoning restricting more pollutant vehicles

|C0ntinuous improvement of public transports services - bus stops and terminals, accessibility ; information |

ICreation of dedicated lanes for public transport |

Car-free zones

IExpansion of bike lanes (300 km to 421 km) |

Promotion of soft modes - safer crossings, betters and safer parking places, installation of
poles to hold while waiting for green light, lighting, information boards

IUrba.n planning to reduce travelling distances and promote centrally located trade |

Instalation of smart
traffic lights

Zoning to restrict access of
heavy vehicles

A ol

Dedicated parking for
environmentally friendly
vehicles

Bike and ride
(intermodality )

IDIOM A - educe energy use in transport of public goods

Gradual improvement of environmental impact of municipal fleet

Technical measures Timeline of policy instr ts already impl d
(as proposed in SEAP Malmo) 1990 1995 2000 2005 2010 2015
Industry

Local promotion of sustainable businesses - change in Malmé business structure
(decrease of large industries for smaller businesses, including industries, trades
and services)

Introducing monitoring and
sanction system for hazardous
activities

Sustainable

business hub

Education and training |Creati0n of courses on environmental issues in Malmé University

|Public library with books and magazines on environmental issues

|Education and awareness campaigns for students and other citizens |
Green pages; green package for students; etc. |

Events to promote
environmentally friendly
commuting

Green tour - brings local citizens to areas with exemplary green projects

Creation of organization to promote sustainable transportation (network for
companies, municipalities, universities and other stakeholders + gathering and
dissemination of knowledge)

Release of periodical newspapers and magazines dedicated to environmental issues
and targeting local population

Figure A1. Timeline of policy instruments implemented by the municipality of Malmo per technical measure, between 1990
and 2015.
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Abstract: Building performance improvement through low-energy renovation traditionally involves
building performance diagnostics of the existing building, technology evaluation, selection and imple-
mentation. Effective building performance diagnostics, post-retrofit assessment and user engagement
are essential to deliver performance as well as achieving socio-economic and environmental benefits
at every stage of the renovation project life cycle. User’s views are often ignored when renovat-
ing a building, causing sub-optimal energy performance, user comfort and wellbeing. This paper
seeks to critically evaluate the low-energy renovation process and the role of user and stakeholder
engagement in the strategic implementation of low-energy retrofit technologies for performance
improvement of higher education buildings. The research focuses on renovation methodology,
innovative materials/systems and end-user engagement throughout the renovation project phases
(pre-renovation, the renovation process and post renovation). A mixed research method was adopted,
which includes building performance modelling, monitoring and user evaluation questionnaires pre
and post-renovation. The research is part of European Union (EU)-funded project, targeting 50%
reduction in energy consumption using innovative materials and technologies in existing public
buildings. The surveys allow comparative analysis of comfort levels and user satisfaction as an
indicator of the efficacy of renovation measures. A new renovation process and user engagement
framework was developed. The findings suggest that there is a direct relationship between retrofit
intervention, improving energy performance of low-carbon buildings and the comfort of occupants.
The technologies and strategies also appear to have different impacts on user satisfaction.

Keywords: low-energy renovation; indoor environmental quality (IEQ); energy efficiency; user
satisfaction; stakeholder engagement

1. Introduction

The function of buildings is to provide a comfortable internal environment that
meets occupant satisfaction and wellbeing with optimum use of energy. Existing building
stock across the European Union is ageing and failing to meet expected energy efficiency
and environmental performance standards. Buildings account for 40% of total energy
consumption in Europe [1]; therefore, improving energy efficiency and occupant comfort in
existing buildings is essential to reduce energy dependency and greenhouse gas emissions.
Indeed, the replacement rate for existing building stock is very low (1-2% per year).
Arguably, one of the most cost-effective measures to meet energy reduction targets is to
address the performance of existing buildings [2]. However, there are several challenges
in the process. Recent building performance evaluation studies highlight the existing gap
between predicted and actual energy consumption. They also reveal failure of buildings to
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meet essential energy, environmental and occupant comfort performance standards [3,4].
One of the reasons for the performance gap is human behaviour during construction and
building use, highlighting the significance of user and stakeholder engagement at every
stage of the project life cycle.

Policy debate seems to be more focused on energy savings and emission reductions,
rather than empirical research regarding end-user perspective and wellbeing [5]. To con-
tribute to energy reduction in the building sector, various green rating systems have been
established globally to evaluate sustainability of construction projects [6]. Buildings cer-
tified by these rating systems are considered to consume less energy, providing a better
living environment and contributing to the overall reputation of the properties [7]. How-
ever, research shows that green building designs do not automatically guarantee occupant
wellbeing and satisfaction [8]. Current sustainability tools tend to focus on technical as-
pects such as energy consumption, water use or materials, prioritising quantitative over
qualitative factors. Yet it is the qualitative factors by which most people judge buildings
and their environments, hence the measure of human satisfaction needs to play a bigger
role when evaluating the performance of buildings.

There is limited research focusing on the process of end-user engagement relative
to indoor comfort levels and general management of buildings before and after build-
ing renovation. Technology Strategy Board retrofit for the future report [9] argues that
“engaging residents from the start can increase their understanding and acceptance of
the works, and this can be a defining factor for success”, highlighting the importance of
continuous refining of the process of user and stakeholder engagement in building retrofit.
This study seeks to determine effectiveness of low-energy renovation technologies and
user engagement methodology in achieving energy performance improvement, indoor
environmental quality and general management of existing higher education buildings.
The study is part of European funded project on retrofitting solutions and services for the
enhancement of energy efficiency in public edifications (RESSEEPE). The project devel-
oped and tested a variety of passive and active technologies to improve the energy and
environmental performance of public buildings in three European cities representative
of the breadth of EU climate conditions: Coventry (United Kingdom), Barcelona (Spain)
and Skelleftea (Sweden). This paper focuses on the research carried out at two demo-sites
buildings located at Coventry University in the United Kingdom.

2. Literature Review
2.1. Low-Energy Renovation in Higher Education Buildings

Further and higher education (FHE) is a fast growing sector, with student numbers
increasing by 44% over in the past ten years; with annual energy costs for the FHE sector
estimated at around GBP 400M, resulting in CO; emissions of around 3.1 million tonnes per
year [10]. Many universities own a considerable number of 1960s and 1970s buildings; as a
result, they are facing problems of out-of-date building stock that are not fit for purpose [11].
Sustainable renovation can be a more viable, practical and potentially affordable solution
compared to complete demolition and reconstruction [12].

A number of strategies have been identified as key to deliver performance in deep
renovation of existing buildings. According to Ma et al. [13] the low-energy renovation of
existing buildings has many stages including: “project setup and pre-renovation survey,
energy auditing and performance assessment, identification of renovation options, site
implementation, commissioning, validation and verification”. The success of each of
these stages has significant impact on the efficacy of the renovation intervention measures.
Other researchers have proposed similar approaches, such as Piaia et al. [14], who have
developed a procedure for deep renovation consisting on four stages (4M): mapping,
modelling, making and monitoring. However, each of these stages will only succeed with
the support and engagement of key stakeholders, relative to their feedback and insights,
that will ensure successful evaluation and implementation of the renovation measures.
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This is arguably one of the most important elements for reducing performance and gap
and unintended consequences of low-energy renovation.

2.2. Users Perception of Indoor Environments

Knowledge about effects, latest advances in low-carbon design, impact of building
technologies on users” health and wellbeing is still limited [15]. Energy consumption of
buildings depends significantly on the criteria used for maintaining indoor environmental
quality (IEQ) (temperature, ventilation and lighting), building design and operation. Kang
and Mak [16] found that thermal comfort, indoor air quality, acoustics and lighting levels
have proven to be important factors that significantly affect building users’ comfort, well-
being and work performance. Giddings et al. [17] found other factors such as the provision
of artwork, personal control of temperature and ventilation to be significant in increasing
stimulation and user satisfaction. They also found that the most significant factors to
consider during design stage are user choice of layout, design and décor and break areas,
suggesting that these factors should be incorporated in pre-renovation diagnostics.

Traditionally, users’ perception about indoor conditions is often measured through
feedback questionnaires. Occupant feedback questionnaires have been used as part of
post-occupancy evaluation protocols (POE), as they provide an understanding of user
satisfaction [18]. Meir et al. [19] categorised the benefits of POE into short, medium and
long term. Short-term benefits include obtaining users’ feedback on problems in buildings
and the identification of solutions; medium-term benefits include feed-forward of the
positive and negative lessons learned into next building life cycle; long-term benefits aim at
the creation of databases, update, upgrade and generation of planning and design protocols
paradigms. Hay et al. [20] argued that the role of POE in systematic learning from previous
projects is critical “to improving building performance, resulting in a built environment
that better fits the needs of clients, end users, wider society and the environment”.

Baird [21] measured user perception in sustainable buildings and found that “refur-
bished buildings can rate very highly and, in some cases, surpass new buildings, and there
are indications that a design process that includes the users can result in better perception
scores”. In renovation projects, there is often change in internal layout mainly for space
optimisation and utilisation purposes. These changes and their impact on the current users
of the building should be of paramount importance. Malkoc and Ozkan [22] argue that
assessing reaction of existing users using post-occupancy evaluation is the most efficient
way to enhance space quality and important for developing future design. This demon-
strates the need to engage the users at different stages of design and construction to achieve
maximum satisfaction and energy performance.

2.3. Occupants’ Satisfaction in Educational Buildings

There is a growing concern about indoor environmental quality in educational premises.
Many research studies show that indoor environment conditions can affect productivity
and learning performance of individuals in non-domestic buildings [23]. Students in
buildings with good environmental conditions earn test scores 5-17 percent higher than
scores for students in substandard buildings [24] and have up to 14 percent lower student
suspension rates [25]. Considering this, internal conditions and user comfort play a critical
role in teaching and learning. Kim et al. [26] used student post-occupancy evaluation to
establish space choice and rejection model. They established three categories of relation-
ships: space-oriented relationship with space environmental performance and spatial form;
user-oriented relationships with capacity and locational accessibility; equipment-oriented
relationships with equipment adequacy and equipment conditions. In every major renova-
tion project, these relationships should be clear to support informed performance improve-
ment and maximise occupant’s satisfaction; otherwise, uncomfortable occupants may take
adaptive actions to improve their comfort, which often leads to sub-optimal performance.

Despite the evidence on the effects of poor indoor environments in productivity and
learning performance, energy refurbishment projects in higher education buildings tend
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to focus on energy savings, giving less attention to occupants’ comfort and engagement.
Existing research in energy refurbishment in higher education buildings present optimized
methodologies for reducing energy consumption [27,28], performance gap [29] and preserv-
ing the historical value and building usability while improving energy savings [30,31]. The
lack of studies incorporating a holistic approach where the views of stakeholders are incor-
porated demonstrates the need of research in the area of user engagement, as a key element
to minimise the energy gap and ensure user comfort and satisfaction. Thus, renovation
of higher education buildings can be used for academic exercise to understand occupants’
satisfaction, behaviour and patterns of use before and after renovation processes.

3. Materials and Methods

Multi-methods research design involving use of case studies and QUAN-QUAL
concept [32] was adopted; meaning that quantitative method is the lead data collection
instrument, while qualitative data are used to support and validate the quantitative find-
ings. The study adopted sequential explanatory type of mixed methods design strategies,
because the research inquiry is designed to explain relationship between end-user engage-
ment, indoor comfort levels and general management of the buildings before and after
renovation. Research ethics approval was sought from Coventry University Research
Ethics Committee, and it was granted.

The research monitors and analyses the implementation of low-energy renovation
technologies, comfort levels and user satisfaction in Coventry University demo sites.
Building performance modelling, monitoring and user evaluation questionnaires have
been used before and after renovation. The surveys are designed to investigate user
perception, develop a strategy for responding to negative changes, improve user comfort,
measure the efficacy of the renovation actions, learning from the process and use the
variables studied for improving future renovations. Integrated Environmental Solution
Virtual Environment (IES-VE) has been used to model and simulate the performance of
the building and several renovation technologies. The renovation technologies have been
implemented in two real case study buildings located at Coventry University.

3.1. Case Study Location and Description

The study location was in Coventry, United Kingdom. Two buildings, namely, Richard
Crossman (RC) and Sir John Laing Building (JL) owned by Coventry University have been
used for the experiments. Coventry University and Coventry City Council own about
70-80% of the built assets within the city centre. Figure 1 shows the location of the case
study buildings and the city centre.

BAR®® Ceorge Eliot building
s Richard Crossman building
me mm w  Sir John Laing building

Figure 1. Location of Coventry and Coventry University.
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Building Physical Properties

The case study buildings are typical 1970s buildings constructed of brick and single
glazed metal frame windows. JL is a two-storey building with net floor area of 3660 m?,
and RC is a five-storey building with a net floor area of 9306 m?. The facade in both
buildings consists of brick masonry cavity wall with 6mm single glazing metal frame
windows and concrete structure. Both buildings have a Display Energy Certificate Rating
of “C”, which is an average energy efficiency rating. Table 1 shows full description of the
case study buildings, pictorial view, year of completion, net area, electricity, gas and water
consumption and carbon footprint. Recent planning approach for Coventry City Council
moving forward is the recognition of a city living lab status, “establishing Coventry as
a test-bed, incubation hub and international showcase for low carbon innovations” [33].
The living lab status is key element to this project. Thus, building selected encompasses a
living lab ethos, acting as a live experimental facility for several innovative technologies.
The heating energy data are based on the net heated floor area using the Display Energy
Certificate calculation methodology. Carbon emission factor provided by UK Government
to support Carbon Reduction Commitment (CRC) reporting has been used to calculate the
total carbon emission (electricity—0.34885 kg CO, /kWh, natural Gas—0.2042 kg CO, /kWh
and water—0.344 kg CO,/ m3.) [34].

Table 1. Building characteristics.

Building John Laing Building Richard Crossman Building

Year of completion 1970
Net area (m?) 3660
Electricity (kWh/ m?/ year) * 94
Gas (kWh/m?2/ year) * (heated 129 129
floor area)
Water (m3/annum) * 957 2462
Carbon Footprint

(tonnes/year) *

* Consumption and emissions per year.

3.2. Decision-Making Process

Due to the complexity of building renovation, many factors influence the selection of
technologies. Figure 2 shows the decision-making criteria that informed the selection of the
technologies and strategies for the demonstration buildings, most of these criteria involve
user and stakeholder engagement. The decision-making criteria includes buildings related
structural and Operation and Maintenance (O&M) requirements, organisational financial
constraints, policy and regulatory limitations. Using this methodology, a decision-making
matrix was developed, as shown in Table 2, to compare different materials and technology
solutions to provide an initial basis for selecting the most efficient, cost effective and most
beneficial solutions for each demo site to achieve the best possible renovation interventions
based on the energy and indoor environmental quality requirement of the client.

201



Energies 2021, 14, 1475

Energy/CO2
savil

Public tender
limitation.

Compatibility
with existing
systems
Decision-
making
criteria

requirements

Construction
timeline
Constr.
requirements.

Structural.
limitation

Financial
limitation.

Architectural
limitation.

national level
regulations

Figure 2. Decision-making criteria.

Table 2. Decision-making matrix.

3.2 Isolation T3.3 Solar Strategies
Strategies for ) & T3.4 Strategies for Thermal T3.6 Efficient
- - for Energy and Heat S
Energy R Energy Storage Lighting
Conservation ecovery
Demo Aerogel- EC/  Venti Ei}:ilcltr PCM Pass  Heat Ind Urb
. Super VvIP Ther- . oor an
s Site PV lated Stor- Solar ive Re-
Criteria Insulat-  Pan- . mal LED LED
Owner . Win- Facade age/ AC Cool-  cov- . .
Weight ng els dow BIPV Solu- Stor- in; e Light-  Light-
& Mortars . age 8 vy ing ing
tions
- Technical Feasibility 10 8 2 2 5 2 2 10
- Certificated? 5 2 2 5 0 5 5 5
Initial cost 4.00 4 1 1 1 2 2 1 3 2 2 2
" -
£ Operating Cost and 400 5 5 4 2 2 2 4 4 2 4 4
_g Maintenance
E Environmental Impact
i (Potential CO2 reduction) 5.00 2 2 3 5 3 5 3 3 4 2 4
]
X Service Lifetime
(Durability) 3.00 5 5 4 3 2 3 4 4 3 4 4
- Construction Works
) (5=Small amount of work, 3.00 3 2 2 1 3 2 3 3 1 2 4
g 1=A lot of work)
2 Specialist contractors
S require ment for 1.00 4 4 4 1 5 4 4 5 5 5 5
installation (Y =1, N = 5)
Aesthetics 4.00 4 4 4 1 3 1 5 4 5 3 4
- Space requirements 3.00 4 3 5 3 2 1 1 2 1 5 5
=
S Air Quality 2.00 3 3 3 3 3 3 3 3 4 3 3
<
< Noise 3.00 2 5 4 3 5 3 5 3 2 3 3
g Control Capability 3.00 5 5 5 3 5 3 2 2 5 5 5
) Environment Friendly
g (Embodied Carbon) 3.00 3 4 4 5 2 5 3 3 4 2 4
Compatibility with the 3.00 4 2 4 1 1 1 2 3 1 1 3
existing systems ’
Total 56 240 168 250 150 164 154 200 185 165 228 280
Weighted Vote 429 3.00 4.46 2.68 2.93 2.75 3.57 3.30 2.95 4.07 5.00
Decision Y N Y N N N Y Y N Y Y
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3.2.1. Decision-Making Matrix

From the decision-making process, a decision-making matrix was derived for compar-
ing different solutions to provide an initial ranking of the selection of the most efficient,
cost effective and most beneficial solutions for each demo site to achieve the best possible
retrofitting interventions. The decision-making matrix includes the different intervention
materials considered for the retrofit, whilst marking it against the decision making. The
matrix provides an overall cumulative score for each technology for each case study site
(taking into consideration location, climatic conditions and use), which contributes towards
selection of the optimum technology selection for the most beneficial renovation. The
decision-making matrix uses both technical and financial feasibility, client and stakeholder
perspectives and energy and environmental performance potentials.

3.2.2. Strategies for Technology Selection

A feasibility study of potential technologies was conducted with a target for reducing
building energy demand. The construction materials and technologies proposed relate to
envelop insulation, building services, passive solutions and renewable energy systems,
ranging from absolute state of the art to market ready materials and technologies. Table 3
shows the list of technologies considered for the two demonstration buildings.

Table 3. Summary of materials and technologies.

Technology

Description

EPS-G Panel

This technology is an improved thermal
insulation panel, which is made from a
self-extinguishing expanded polystyrene,
which is used in the TRADITERM®
external thermal insulation system. This
is a great insulator, with characteristics
being lightweight, workable and a very
low conductivity [35].

Aerogel-Based Insulating Mortar RESSEEPE aims to admix aerogels into

Combines its properties with
cementitious materials to provide low
thermal conductivity at <0.020 W/mK.

cement to design a super-insulating
mortar. The insulation performance of
the aerogel was preserved [36].

Vacuum-Insulated Panels

Vacuum Insulated Panels (VIP)panels
consist of a mesoporous core typically
fumed silica, which is wrapped in a
multilayer laminate foil barrier. They
have a low value of thermal conductivity
(A =0.003-0.004 W/mK) [37].

Solar PV

Solar photovoltaics (PV) allow the
production of electricity from sunlight.
The conversion happens in the PV cell,
where a semiconductor generates a direct
current (DC electricity). This happens
when it is exposed to light and in turn
due to the photovoltaic effect. The
electricity produced can be used on the
spot (off-grid systems also called
stand-alone PV systems) or into the grid
(grid connected systems) or both [38].
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Table 3. Cont.

Technology Description Image

This technology stores and releases
thermal energy during the process of
melting and freezing. When they freeze,

PCM Seasonal Thermal Energy Storage  they release large amounts of energy.
When they melt, energy is absorbed from
the environment when changing from
solid to liquid [39].

Changes the light transmission properties
in a controlled and reversible manner
through a small electric current which
flows through the device. This
technology can reduce energy expenses
by 19 and 48% in cooling and lighting
demand. They are considered smart
windows [40].

EC Windows

This is a construction system consisting
of the attachment of an outer skin of
ventilated cladding to a new or existing
building which avoids thermal bridges
and improves thermal and acoustic
performance of the envelope. The
ventilated facade generates electric power
through the vertical PV [41].

Ventilated Facade

Light-emitting diodes (LEDs) are
semiconductor diodes, which emit light
when a voltage is applied. LEDs are more
efficient, durable, versatile and longer
lasting than incandescent lighting and
compact fluorescent lighting (CFL) [42].

LED Lighting

Trina Solar modules were selected as the
PV panels for a vertical installation. The
selected PV modules TSM-PDGS5 by Trina
Solar have dimensions of 1685 x 997
mm? with a thickness of 6 mm. This
technology was implemented in
combination with the ventilated facade s 1
[43].

Kingspan TR27 insulation bonded in
Sarnacol adhesive with a U value of 0.18
W/m2K was selected as roof insulation
for RC. An adhered system is to be

Roof Insulation installed using Sarnafil G410-18ELF Lead
Grey with integral 300 g/m? polyester
fleece as the main roof sheet and Sarnafil
G410-15EL Lead Grey or S327-15EL Lead
Grey for all detail work flashings [44].

BIPV

After the feasibility analysis, a twin strategy for implementation and testing of these
technologies was developed. The first strategy was based on a whole-building renovation
in RC building. In this strategy, advanced market-ready technologies for low-carbon
renovation were implemented at a large scale. The second strategy was based on the design
and implementation of innovative technologies for low-carbon renovation in selected areas
of the JL building to test their efficacy in a living lab demo site.
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Table 3 summarises all the materials and technologies considered for the renovation
project. The innovative retrofit technologies include those that have been technically
advanced, adapted, within the project; this includes aerogel-based insulating mortar,
vacuum-insulated panels, ventilated fagade and PCM seasonal thermal energy storage.
These new technologies have been combined with other market ready technologies, such as
Solar photovoltaics (PV), Electrochromic (EC) windows, light-emitting diode (LED) lights
and Expanded Polystyrene with Graphite (EPS-G) insulation panels.

3.2.3. Strategic Intervention during Building Renovation

The low-carbon technologies implemented in RC and JL buildings have been sum-
marised in Table 4, which includes LED lighting, solar photovoltaic panels, a building
management system (BMS), double-glazed windows and thermal insulation for RC build-
ing; whereas for JL building, a range of fabric state-of-the-art technologies are included,
such as aerogel-based mortar, vacuum-insulated panels, ventilated facade, EPA-G panels
and passive PCM tube. They have been selected based on the decision-making criteria and
decision-making matrix presented in Figure 2 and Table 2 in response to the key energy
and IEQ challenges identified in the case study buildings.

Table 4. Summary of retrofit technologies.

Demo-Site
Technology (m?)
Richard Crossman Building John Laing Building
EPS-G Panels - 57
Aerogel-Based Insulating 57
Mortar
Vacuum-Insulated Panels - 56
Solar PV 9395 -
Seasonal Thermal Energy
Storage (Water and PCM) ) )
EC Windows - 56
Ventilated Facade - 28
LED Lighting 2600 -
High-Efficiency Windows 9395 28
BIPV - 57
Solar Thermal
Collectors—UPC ) )
Solar Thermal Collectors - -
Roof Insulation 934 -
Total Area of Site Affected 9395 (m?) 3660 (m?)

3.3. Quantitate and Qualitative Data Collection

The research design entails user comfort evaluation exercise and energy evaluation
using both quantitative and qualitative research methods. The data collection instrument
includes questionnaires distributed to occupants before, during and after the renovation
to collect data on perceived comfort, level of user control and level of user engagement
in the renovation process shown in Table 5. The questionnaires have been distributed
using hardcopies and BOS online platform. Population sample includes both students
and staff of Coventry University. All data have been collected from October 2015 to
February 2017. The questionnaires were designed following the standards EN 15251 and
ISO 7730 [45,46]. The indoor environmental parameters included in the survey followed
the recommendations of EN 15251, which identifies parameters for monitoring the indoor
environment as recommended in the Energy Performance of Buildings Directive. These
parameters refer to thermal environment, indoor air quality, humidity, lighting and noise.
ISO 7730 was followed for assessing the general thermal sensation and degree of discomfort
(thermal dissatisfaction) of occupants, through the analysis of the 7-point thermal sensation
scale, based on the heat balance of the human body.
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Table 5. Research method for user comfort evaluation.

Process Followed Parameters Analysed

User characteristics: role, age,
gender, preference, interests
User experience:
Indoor Environmental Quality
(IEQ)

Level of control
General maintenance

Before renovation User satisfaction survey

User characteristics: role, age,
gender, preference, interests
User satisfaction survey of the Evaluation of the renovation
renovation process * process:
Level of engagement
Level of disruption

During renovation

User characteristics: role, age,
gender, preference, interests
User experience:
After renovation User satisfaction survey IEQ
Level of control
General maintenance
Assessment of the IEQ
improvement

* Only in Richard Crossman building.

The questionnaire consists of four parts (Table 6). Part 1 targets user information,
including age, gender, seat position, occupancy hours and the main work activity of
respondents. Parts 2, 3 and 4 include a quantitative set of questions based on a 7-point scale
and open-ended questions to capture qualitative views of users such as their experiences
pre, during and post building renovation. Part 2 involves the perception of respondents’
relating to four key IEQ conditions (air quality, thermal environment, lighting environment
and acoustic environment), rating 1 (very dissatisfied) to 7 (very satisfied). Temperature
and air quality are rated 1 (very hot) to 7 (very cold) and from 1 (fresh) to 7 (stale),
respectively. Part 3 investigates the level of user control of environmental conditions in
the work area. Participants were asked to rate the level of heating, cooling, ventilation and
lighting control from 1 (no control) to 7 (full control). Part 4 assesses the overall building
performance from 1 (unsatisfactory) to 7 (satisfactory). An additional set of questions
(part 5) have been included for RC to evaluate the level of satisfaction with the renovation
process regarding indoor environmental quality improvement, disruption and level of
user engagement during the design and construction stages. The stratified sampling
method was used to target staff participants in RC building. The questionnaire has been
distributed using staff mailing list, after completion of renovation works to assess IEQ
improvement, level of engagement and project disruption (Table 2). The questionnaire
was designed to make participants reflect on the changes between pre and post renovation
environmental conditions.

Table 6. User satisfaction survey structure.

Part1 Part 2 Part 3 Part 4 Part 5 *
Individual Factors IEQ Aspects Personal Control Overall ].31.111d1ng Richard Cro.ssman

Conditions Renovation

Age Temperature Heating Indoor environment
- . . Comfort .
Gender Air quality Cooling Facilities improvement

Seat position Lighting Ventilation Health Level of engagement

Hours in the building Noise Lighting Disruption
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3.4. Energy Modelling

Building performance modelling and simulation has been used for building perfor-
mance diagnosis, selection and optimisation of the different technologies. The building
performance diagnosis methodology includes predicting potential impact of renovation
technologies on the building energy and environmental performance has been assessed
using building energy performance analysis simulations software IES Virtual Environ-
ment (IESVE), whole building modelling and simulation software (Software by Integrated
Environmental Solutions Limited, Glasgow, UK). There are a number of building and
system modelling software tools used within industry and academia for the predictive
analysis of building systems and their impact on energy and environmental performance.
Each program has unique features in terms of modelling resolution, solution algorithms,
intended target audience, modelling options and ease of use vs. flexibility [47]. IES Virtual
Environment (IESVE) is an in-depth suite of integrated analysis tools for the design and
retrofit of buildings, which is widely used for research and industrial applications within
the building services industry. IES-VE software 2018 version [48] has been used for the
analysis. Crawley et al. [49] categorized the IESVE as one of the software that has under-
gone most rigorous validation studies in addition to other software such as EnergyPlus
(Software by Department of Energy’s (DOE) and National Renewable Energy Laboratory
(NREL) USA)., ESP-r (Software by University of Strathclyde, UK), ICE ((Software by Ice
Edge Business Solutions, Ltd., USA) and TRNSY (Software by University of Wisconsin,
USA) after robust critical comparison of their features and capabilities for building energy
simulation programs. The first stage was to establish building information for RC and JL
using legacy data as well as different retrospective surveying methods. The building data
have been used to create an intelligent BIM models using Autodesk REVIT and IESVE dy-
namic energy simulation model with the building geometry, materials, buildings systems
and building occupancy and use profile (Figure 3).

Figure 3. Building simulation IESVE models of John Laing and Richard Crossman.

To maximise accuracy of the building performance prediction, three different sets of
simulations were performed. The first set of simulations for energy savings were carried
out on the pre retrofitting stage where no technologies had been installed to establish
energy performance baseline scenario. The next set of simulations were carried out with
the technologies proposed for each demo site, taking into consideration the exact location
and installation of the technologies. The final set of simulations provided an extrapolation
where the performance of the technologies were extrapolated to the whole building scale.
The simulation results had been collected and analysed and used at different stages of the
renovation project. The results also form the basis recommendations and prioritisation of
technology selection and for the future verification and correct use of these technologies on
the final installation places (demo sites).
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4. Result Analysis

The estimated population in the buildings are 310 and 1378 for JL and RC, respectively,
with staff population considered as stable. Indeed, students’ population are transient and,
therefore, difficult to estimate with certainty, and it was estimated based on the average
student population of the various modules using spaces in the buildings. Table 7 shows
the distribution and characteristics of building users that responded to the questionnaire
both before and after the various renovation actions were implemented, in JL, and after
renovation was completed in RC.

Table 7. Characteristics of respondents.

John Laing
Building Architecture Studio Offices CRlchard
rossman
Before After Before After
Questionnaires distributed 35 35 20 20 -
Number of questionnaires fully completed 32 30 18 13 48
Response % 91.43% 85.71% 90% 65% 48%
Under 30 33 28 0 0 2
Age
Over 30 3 2 19 13 45
Male 21 17 18 12 7
Sex Female 14 13 1 1 41
Days per week in the building 4.93 427 4.71 4.46 3.81
Hours per day 7.53 6.45 7.97 792 7.21
Hours per day at desk 5.96 5.42 5.39 531 5.04

As shown in Table 7, the response rate was higher in the JL Building (between 65
and 91.43%) than in the RC Building (48%). Perhaps, differences in response rate are
because hard copy questionnaires were distributed and collected at JL, whereas online
questionnaires were used in RC Building. The questionnaires in JL were distributed in
person during class time, in the case of the Architecture Studio, or office by office. This
action led to a considerable increase in the response rate.

4.1. Quantitative Data Analysis

SPSS version 25 and MS Excel have been used to analyse questionnaire data. The data
analysis revealed Cronbach’s alpha sigma value of 0.71; meaning that the internal reliability
of the quantitative data is very good. For emphasis and better understanding of the study;,
data collected were classified into five categories namely: individual factors, IEQ aspects,
personal control, overall building conditions and renovation process. Subsequently, the
data were analysed based on each individual building.

4.1.1. John Laing Building

Table 8 summarises the descriptive statistics of JL results pre- and post-renovation.
Questions A2.1 to A5.3 are described in Table Al in the Appendix A. Table 8 shows the sta-
tistical analysis of the data based on 7-point scale from 1 (uncomfortable) to 7 (comfortable).
The results infer that classrooms participants (students) noticed a slight improvement in
the overall thermal conditions in winter (A2.3), with a comfort mean value of 4.17 after
renovation compared to 3.47 before renovation; the overall conditions in summer (A2.6),
with a mean value of 4.17 after renovation compared to 3.81 before renovation. Temper-
ature conditions (A2.1 and A2.4) improved, with the indoor environment being warmer
in winter and cooler in summer. The result reveals improvement in user satisfaction with
overall comfort condition in the building (A5.1) with a mean value of 4.00 after renovation
compared to 3.51 before renovation and a healthier indoor environment (A5.3) with a mean
value of 3.60 after renovation compared to 3.40 before renovation. In terms of spread, IEQ
responses after renovation have a lower variance, and therefore, standard deviation, than
before renovation. This means that there is no significant change in IEQ conditions post
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renovation, but there is a consensus among students that indoor conditions have improved.
Findings from the study also infer that installation of a passive low-carbon technology
such as PCM tubes made a positive impact on the indoor environment, because students
identified indoor air temperature to be more stable both in winter and summer (A2.2 and
A2.5). Note: PCM technology helps to reduce peak temperatures to a more stable indoor
environment.

Table 8. Descriptive statistics for IEQ responses in John Laing Building.

Classrooms Offices
Before After Before After
Standard Standard Standard Standard
Mean Variance Devia- Mean Variance Devia- Mean Variance Devia- Mean Variance Devia-

tion tion tion tion
A2.1 4.83 1.66 1.29 4.13 1.22 1.11 4.86 0.81 0.90 4.60 0.80 0.89
A22 4.30 3.46 1.86 3.73 1.93 1.39 5.29 4.24 2.06 4.00 4.00 2.00
A2.3 347 2.05 1.43 4.17 1.87 1.37 443 2.29 1.51 4.40 1.80 1.34
A24 341 1.25 1.48 3.77 0.46 0.68 2.71 0.90 0.95 2.40 0.80 0.89
A25 4.26 2.66 2.02 4.00 1.59 1.26 5.14 3.81 1.95 3.60 5.30 2.30
A2.6 3.81 231 1.52 4.17 0.76 0.87 3.29 1.24 1.11 3.40 2.30 1.52
A5.1 3.51 2.08 1.44 4.00 1.38 1.17 3.29 2.24 1.50 3.60 1.80 1.34
A5.2 4.03 3.26 1.81 3.83 1.94 1.53 3.29 3.57 1.89 3.80 2.70 1.64
A5.3 3.40 1.60 1.26 3.60 0.94 0.97 3.57 0.62 0.79 3.60 0.80 0.89

Similarly, staff identified significant improvement in the overall comfort of the offices
(A5.1), with a mean value of 3.60 after renovation compared to 3.29 before renovation works
as illustrated in Table 8. The perception of users regarding indoor temperature and air
quality in winter show an improvement (A2.1 and A2.2) with a less cold environment and
more stable air temperature. However, temperature conditions in summer (A2.4) did not
show significant improvement with a mean value of 2.40 after renovation compared to 2.71
before renovation (rated on a 7-point scale from 1 (too hot) to 7 (too cold)). Additionally,
variance is higher after renovation for summer conditions, which indicates a considerable
performance difference between renovated offices. This might be related to the fact that
PCM tubes were installed only in two offices, where staff benefitted from the reduction of
up to 4 degrees Kelvin in the hottest days of summer. Despite the temperature reduction,
the general user perception for the PCM renovated offices did not show any significant
improvement in the summer temperature satisfaction (A2.4). However, an improvement
in temperature stability was observed (A2.5) and overall conditions in summer (A2.6), as
shown in Table 9. This might be linked to lack of night-time ventilation, because it was
observed that rooms with PCM were warmer during early morning periods compared to
rooms without PCM. Possibly, the issue could be avoided using effective night ventilation
to remove the heat absorbed in the PCM during hot summer afternoons.

4.1.2. Richard Crossman Building

As mentioned in the research design, additional questions related to key problems
before renovation, improvement of indoor environmental parameters and levels of stake-
holder engagement with the renovation work were added to allow for comparison of the
thermal comfort before and after the renovation. Figure 4 shows the indoor environmental
parameters identified by study participants as major problems before low-carbon retrofit
and level of improvement of the same factors after renovation. Respondents rated thermal
comfort as the most important as the main indoor environmental problem before renova-
tion 34.18%, followed by lighting /visual comfort at 21.52%, noise 13.92% and air quality
by 8.86%. After renovation, visual comfort was identified as most significant improvement
rated 41.67%; followed by lighting 25%, thermal comfort 16.67%, noise 12.50% and air
quality 4.17%. The results obtained show that, although thermal comfort and noise have
experienced some improvement, visual/lighting comfort experienced more significant
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improvement. This assessment is positive, considering the fact that visual comfort and
lighting were identified as key environmental problems before renovation works.

Table 9. IEQ descriptive statistics for offices with PCM and control rooms in the JL Building.

Offices Not Retrofitted Offices Retrofitted with PCM
Before After Before After
Standard Standard Standard Standard
Mean Variance Devia- Mean Variance Devia- Mean Variance Devia- Mean Variance Devia-
tion tion tion tion
A2.1 4.36 2.05 1.43 4.13 241 1.55 55 0.33 0.58 4.5 1.00 1.00
A22 4.18 2.76 1.66 4.88 0.98 0.99 6.25 0.92 0.96 4 5.33 2.31
A2.3 4.36 2.85 1.69 3.75 221 1.49 4.25 2.92 1.71 4.25 2.25 1.50
A2.4 2.58 1.36 1.16 2.75 2.50 1.58 2.75 1.58 1.26 2.5 1.00 1.00
A25 5.17 2.52 1.59 4.88 241 1.55 6 0.67 0.82 4.25 4.25 2.06
A2.6 3.17 2.33 1.53 2.25 1.07 1.04 2.75 0.92 0.96 35 3.00 1.73
A5.1 4.33 1.33 1.15 3.63 1.41 1.19 2.75 292 1.71 3.25 1.58 1.26
A5.2 3.83 1.06 1.03 3.25 1.64 1.28 3 4.00 2.00 3.25 1.58 1.26
A5.3 3.92 1.17 1.08 2.75 0.79 0.89 3.25 0.92 0.96 35 1.00 1.00
45 -
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Figure 4. Improvement of indoor environmental parameters in Richard Crossman.

Table 10 presents findings relating to IEQ questions. The assessment of overall thermal
conditions in winter (A2.3) and summer (A2.6) is average, with mean values of 3.27 and
3.39, respectively. A5.3 has a low variance in relation to the other variables. All winter
conditions (A2.1, A2.2 and A2.3) have a variance higher than 2.0, which highlight the
difficulty of achieving uniformity and consistency of thermal comfort with new open-plan
office layout design. Overall, the values obtained show that users are more satisfied with
thermal conditions in summer compared to winter.

Table 10. Descriptive statistics for IEQ responses in the Richard Crossman Building.

Mean Variance Standard Deviation
A2.1 4.62 2.83 1.68
A22 5.74 2.24 1.50
A23 3.27 2.07 1.44
A2.4 3.02 1.50 1.22
A25 5.25 2.10 1.45
A2.6 3.39 1.93 1.39
A5.1 3.46 2.00 1.41
A5.2 3.42 1.99 1.41
A5.3 2.96 1.06 1.03

Significant improvement (mean value of 3.25) was observed for overall assessment of
indoor environmental quality improvement (B.8), shown in Figure 5, similar to the overall
IEQ of the building (A5.1), which is 3.46. Though variance for most variables is greater
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than 2.0, IEQ questions were included in the same questionnaire with additional questions
about engagement in the renovation process and disruption experienced, which may have
led to some bias in user responses.

Number of respondents

O = N W R LN 3 0 O
L

1 2 3 4 5 6 7

Low improvement vs High improvement

Figure 5. Overall assessment of the indoor environmental quality improvement. Mean rank 3.25,
variance 2.58, standard deviation 1.61.

4.2. Qualitative Data Analysis

Questionnaires had open-ended questions to providing opportunity to express views
in more detail. To ensure validity of qualitative process; three main areas were addressed:
production (questionnaire design, circulation and data recording), presentation (replicabil-
ity, valid inference and data arrangement) and interpretation (data discussion). Content
analysis is used for qualitative data.

Textual contents of the open-ended questions were transcribed into manuscript, in-
putted into N'Vivo 12 software and coded using key study themes. For example, when
participants were asked to express their view concerning whether they observed noticeable
improvements since building renovation; a host of issues was raised about the subject
matter. Key issues observed by participants are mainly related to aesthetic improvements
and new office arrangements due to new office layout and space allowance rather than
indoor environmental aspects. For example, some comments highlight an increase in the
noise pollution experienced, causing disruption and affecting staff concentration levels.
This is due to the new office layout after renovation (from small offices to open-plan offices),
which means a higher density of occupancy per unit area causing significant changes to the
working environment compared to pre-renovation. This further emphasizes the need for
robust user engagement during renovation planning to ensure user awareness and input
into planned changes and the possible positive and negative impact of these changes so
they can adapt to them when reoccupying the building post renovation.

In terms of lighting conditions, study participants claim to miss natural light because
windows were small and have to rely on artificial light. Additionally, the new deeper
open-plan offices have significantly less daylight penetration compared to perimeter offices
before renovation. Though, users generally felt that lighting levels improved significantly
during post renovation, due to the installation of new strip lighting, they find these lights
to be very bright, causing glare and complaints of headaches and migraines. Overall,
participants claim that there was significant improvement in indoor air quality, thermal
comfort and room lights after renovation.

4.3. Energy Performance Result

Several simulations had been carried out regarding the demo sites, with simulations
for a pre-renovation, post-renovation and post-renovation with renovation extrapolation.
Through the development of the energy models and the building performance analysis
simulations, the results summarised in Table 11 are derived showing the results of building
energy performance based on the three scenarios for each of case study building.
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Table 11. Energy performance result of both buildings.

Richard Crossman Building John Laing Building
Performance Parameter
Pre Post  Post Full Change Pre Post Post Full Change
Boilers energy (MWh) 2593.34 749.83 0.71 418.76 399.30 371.25 0.11
Total system energy
(MWh) 3180.57 1097.08 0.66 448.84 428.90 401.35 0.11
Total lights energy (MWh) 0.00 0.00 0.00 0.00 0.00
Total equip energy (MWh) 0.00 0.00 0.00 0.00 0.00
Total nat. gas (MWh) 2593.34 749.83 0.71 418.76 399.30 371.25 0.11
Total electricity (MWh) 1103.26 1168.41 —0.06 30.08 30.10 30.10 0.00
Total Ca(rlgggog;mssms 1,132,751.00 632,847.00 044 10606400 101,614.00  95810.00 0.10
Total energy (MWh) 3696.60 1885.39 0.49 448.84 428.90 401.35 0.11
Total energy (MWh/m?) 0.39 0.20 0.49 0.12 0.12 0.11 0.11
Total energy (KWh/m?) 393.46 200.68 0.49 122.63 117.19 109.66 0.11
Total grid disp. Elec 0.00 3084

(Mwh)

Three scenarios have been presented in JL building, which include pre- and post-
renovation results, because the renovation did not cover the total building area. A third
scenario was created, and the results have been extrapolated based on the assumption that
the total floor area of the building will be renovated, this has been referred to as “post full”.
The results for Richard Crossman Building have only two scenarios simulated, due to the
full-scale renovation plans; therefore, the extrapolation and the real intervention are the
same. The results show the Richard Crossman Building having energy savings of 49%,
which is a significant improvement compared to the base case scenario. The improvement
is down to a mix of technologies targeting the building envelope, glazing and lighting.
This includes the use of light-emitting diodes (LED) lighting, changing of the glazing
and windows to a more efficient glazing system and frames and the improvement of the
roofing material.

Furthermore, all three simulations were carried out for the JL Building, with the
results showing a 10.58% savings in terms of energy performance. The savings are not
as significant compared to the RC Building because the JL Building has been chosen as a
living lab testing facility for the innovative renovation solutions. Different materials were
selected at small scale for testing their efficacy. Further analysis is required to compare the
different innovative materials at full extrapolation to find the most empowering innovative
technology for optimum performance.

The results of the modelling of RC show significant reduction in total energy consump-
tion for the entire building in the region of 49%, which meets the initial project objective of
50% post retrofit energy reduction. The modelling shows an increase in electricity consump-
tion in the retrofit scheme due to increase in air-condition in areas that where otherwise
naturally ventilated. Even though there is slight increase in electricity consumption, this
will be upset by the 75 kWp Solar PV system integrated in the RC building.

4.4. Proposed New Methodology for User Comfort Evaluation

The evaluation of project implementation, decision-making process and the results
obtained from the user comfort evaluation questionnaires led to the development of a new
renovation process and stakeholder engagement protocol for managing low-energy reno-
vation projects. The framework proposes the stages of continuous stakeholder engagement
and information flow for effective building performance improvement and user satisfac-
tion across renovation projects life cycle for higher education buildings. The framework
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has been structured in four stages: pre-renovation, during renovation and handover and
post-occupancy/in-use stages. Figure 6 shows the proposed building renovation project
framework with communication process flows between building occupants and the estates
and facilities management team. The process has been broken down into four core stages:
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Figure 6. Proposed renovation project user engagement and evaluation framework.

. N I

Stage 1: Pre-renovation. This is the building performance diagnostic stage; the estates
and facilities management team engage users to assess general building conditions and
aspects of building environmental quality. This will feed into the project planning and
be the basis for proposing alternative renovation designs. The estates management team
further engages building users in relation to renovation plan and timelines, alternative
space arrangement and contingency planning during renovation, before finalising the
renovation design and planning. During this phase, the development and use of the
decision-making and performance matrix should be developed and applied. Energy and
indoor environmental data should be monitored and analysed where there is no existing
building energy and environmental management system (BEEM). The application of
Internet of Things (IoT)-enabled devices will make this process easier in building renovation
projects without existing BEEM systems. Pre-renovation retrospective modelling and
performance simulation should be planned and carried out at this stage.

Stage 2: Renovation/construction process: The construction team enhances contin-
uous communication and engagement within timeline agreed in stage 1. Any potential
construction work that may cause disruption or alter quality of internal environment such
as noise, air quality (e.g., particulate matter) and cooling and heating systems should be
adequately communicated. Workspace allocation and changes to construction timeline
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should be discussed and carefully communicated with all stakeholders. A two-way com-
munication platform for reporting any significant deviation from to agreed protocol should
be available construction team and building users.

Stage 3: Handover and occupancy stage: Estates management team prepares for
handover and occupancy. This should involve an effective and smooth soft-landing process.
Before occupants are fully back into the building, there should be effective communication
and training relating to the new technologies and systems installed, especially the control
systems and aspects of user control for opening and closing windows, lighting, HVAC,
etc. Additionally, occupant feedback regarding the entire construction process, alternative
accommodation arrangements and the process of moving back into the facility should be
evaluated. A clear communication channel should be created for users to send feedback
regarding any problems with operating any systems and for general maintenance requests.

Stage 4: Post-occupancy /in-use: Post-occupancy evaluation of the building should be
done at least up to a year after handover using a range of objective and subjective building
assessments. The subjective assessment focusses on the views of building users relating to
the quality of the internal environment and the general building standard of operation. The
estate/facilities management team should maintain a two-way user communication and
feedback channels. A database should be created to document the findings from handover
and post-occupancy evaluation, which will be helpful in optimising future maintenance
and building renovation planning, design and implementation.

5. Conclusions

The paper presents a methodology for the implementation of low-energy renova-
tion using innovative materials and technologies. The purpose is to improve the en-
ergy/environmental performance and user satisfaction in existing higher education facili-
ties. The paper sets out to evaluate the role of technology, process and people in achieving
the socio-economic and environmental benefits of low-energy renovation technologies
and processes. By bringing together these components, it is essential to have a systematic
approach from project inception to guide the renovation planning, technology integration
and evaluation.

Building renovation is essential for improving energy and environmental perfor-
mance, comfort and wellbeing of users. User evaluation questionnaires have been used to
investigate end-user comfort and satisfaction in two existing higher education buildings
with varying degrees of low-carbon renovation. Surveys were circulated before and after
the refurbishment, providing data on user comfort and engagement at different stages
of the project. The study shows the importance of using a holistic approach to meet
not just the energy reduction targets, but also to improve the health and wellbeing of
building occupants.

Overall, findings from the study suggest that there is a relationship between building
performance improvement and an increase in the thermal comfort of occupants. However,
user engagement at different stages of a project is essential for maximising the socio-
economic and environmental benefits of low-energy renovation. Findings from the study
infer that end-user engagement at the early stage is highly recommended, for smooth space
configuration and control of indoor environment, which can be translated into a better
comfort perception.

Where end-user views have not been implemented for technical and financial reasons,
it is essential to engage them in constructive discussions regarding the new scheme and its
potential impacts as well as adaptation measures necessary to mitigate effect of changes.
Learnings from the renovation project and feedback from stakeholders were used to
propose a new renovation and communication framework. Continuous engagement is
vital to renovation process, not only for understanding user perception, but to improve
user comfort and quicker response to adverse changes.

Ultimately, the study also indicates efficacy of renovation and its potential to achieve
up to a 50% reduction in energy consumption through a mix of systematic and robust
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planning, diagnostics and selection of the most empowering combination of active and
passive materials and technologies. Successful low-energy renovation can be achieved if
a holistic process that gives strong consideration for both energy and user satisfaction is
implemented.
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Appendix A
Table A1l. Questions analysed.
Topics Rating Scale
Temperature and air quality
A21 Temperature in winter Too Hot =1 to Too cold =7
A22 Air in winter Stable = 1 to 7 = Varies through day
A2.3 Overall conditions in winter Uncomfortable = 1 to Comfortable = 7
A24 Temperature in summer Too Hot =1 to Too cold =7
A25 Air in summer Stable = 1 to 7 = Varies through day
A2.6 Overall conditions in summer Uncomfortable = 1 to Comfortable =7
Overall building performance
A51 How do you rate the overall comfort of the building environment? Unsatisfactory = 1 to Satisfactory = 7
A5.2 In the building as a whole, do the facilities meet your needs? Unsatisfactory = 1 to Satisfactory = 7
A53 Do you feel less or more healthy when you are in the building? Uncomfortable = 1 to Comfortable = 7
Additional questions for Richard Crossman building
B.1 In your opinion what were the key indoor environmental problems with the Thermal comfort/Visual comfort/ Air
’ building before retrofit? quality /Noise/Lighting
B2 What level of engagement did you have with the refurbishment project before Just informed /I was engaged in the
) construction works started? process/None/Other
. . . Just informed /I was engaged in the
?
B.3 What level of engagement did you have during the construction works? process/None/Other
B4 Were you provided with clear 1nf0rmf;1t10n about potential disruptions during Yes/No,/Some
retrofit works?
B.5 What was the level of disruption experienced during refurbishment? Moving from your offices/Changing lecture
: p p g : rooms/Noise/Pollution/Other
B.6 Would you have liked to be more engaged in the refurbishment process? Yes/No/I don "t know
B.7 Which of the following improvements are noticeable since refurbishment? Thermal comfort/Visual comfort/Air qual-

ity /Noise/Lighting / Aesthetics/ Toilets /Other

B.8  Whatis your overall assessment of the indoor environmental quality improvement?  Low improvement = 1 to High improvement = 7
B.9 What is your overall assessment of the quality of building improvement? Low improvement = 1 to High improvement = 7
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