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ABSTRACT

The energy retrofitting of residential stock is not always straightforward where heritage protected housing is
concerned. In southern Europe, many examples built under the Modern Movement codes are now obsolete in
terms of energy efficiency. The aim of this paper is to assess the potential for improvement of comfort conditions
and energy efficiency in Mediterranean heritage residential buildings, through the incorporation of passive
strategies in keeping with preserving heritage values. Long-term monitoring and field tests in representative
flats of the case-study building were carried out and, focusing on a single example, adaptive comfort equations
were used to assess results. The passive strategies considered are the thermal isolation of the air cavities of walls,
changing window frames, optimizing window glazing, and setting up regular mechanical ventilation rates for
indoor air changes. Although simulation results generally predict a better energy performance after testing
retrofit strategies, the potential decrease in energy demand is more noticeable than the potential improvement in
comfort conditions.
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1. Introduction

About 35% of the existing residential stock in the EU is more than 50 years old [1]. Increasing the annual update
rate of existing residential stock is by far one of the most effective ways to comply with the targets of European
Horizon 2020 [2], preventing higher energy consumption rates derived from the impact of climate change [3].
Recent reviews to the Spanish Technical Building Code (hereafter CTE) are geared towards reducing energy
demand limits and redesigning thermal envelope strategies [4]. However, when it comes to the renovation of
local heritage cases, architects and building designers must ensure balanced interventions based on passive
strategies that preserve aesthetic features [5]. A revision of the different criteria, procedures and decision-making
to be implemented in historical buildings is included in Webb et al. [6] where retrofit interventions are seen as a
way to improve the building performance according to the increasing global environmental concerns. A high
proportion of the existing housing in southern Europe dates from the mid-20th century, encompassing examples
of modern architecture. As a result, this housing is protected by laws designed to preserve its appearance.
Housing architecture of the Modern Movement constituted a departure from earlier trends and increased
awareness of issues relating to energy [7].

In order to establish the boundaries desired for this work based on the reviewed literature, Table 1 presents a
summary of the methods, main results and case-study buildings found in similar works, all of which are
presented clustered by topic.
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Topic 1: Energy assessment based on energy simulation

Case-study

Methods

Results

Upper Lawn Pavilion (Great Britain)

[71

Dynamic energy simulation

Environmental design-based results reveal deficient
behaviour in need of updating in order to comply with
current standards.

Topic 2: Energy assessment based on in

situ measures

Case-study

Methods

Results

Historic building (ltaly) [9]

Energy audit; infra-red
thermography; data collection about
schedule and system plant; dynamic
energy simulation

New operative workflow for energy audit of historic
buildings; importance of non-destructive interventions and
post-evaluation monitoring.

2005 social multi-family residential
building (Spain) [14]

Long-term monitoring; energy audit;
survey on energy habits

Use patterns must be adapted to socio-economic profiles;
greater tolerance of indoor comfort conditions; less use of
HVAC systems than expected; individual analysis of each
case is crucial, as generic interventions are hard to
develop.

10 historic dwellings and a 2004
housing building (France) [17]

Long-term monitoring; infra-red
thermography

Thermal characteristics of historic dwellings are different
from those of modern architecture; lower energy
consumption than the average energy consumption of
existing dwellings; strong thermal correlation between
outdoor and indoor environment.

Topic 3: Comfort-based assessment with steady-state model

Case-study

Methods

Results

51 residential buildings: 24
traditional and 27 contemporaries
(Libya) [16]

Long-term monitoring; thermal
comfort survey and assessment
through PMV

PMVs in new air-conditioned buildings provide
satisfactory comfort conditions according to 1ISO 7730;
equivalent survey in old traditional buildings
overestimated users’ discomfort. People report the
perception of a higher standard of thermal comfort in old
buildings than in new ones.

Topic 4: Comfort-based assessment with adaptive model

Case-study

Methods

Results

Social housing stock (Spain) [10]

Long-term monitoring; dynamic
energy simulation; thermal comfort
assessment through adaptive model;
energy audit

The lack of thermal insulation, efficient heating systems
and financial constraints of users lead to indoor conditions
far from comfort and exposes this housing stock to fuel
poverty risk.

Office buildings (Great Britain) [11]

Long-term monitoring; longitudinal
and transverse surveys of users

Discomfort is correlated with the use of windows and fans,
which are used in accordance with adaptive theory;
opportunities for adaptation can be obtained by operating
local controls: windows, doors and blinds/curtains.

Italian neighbourhood (ltaly) [12]

Energy audit; infra-red
thermography; long-term monitoring,
thermal comfort assessment; energy
simulation

Handbook to educate residents about the appropriate
maintenance, management and use techniques for the
buildings they occupy.

pre-1945 terraced houses (Belgium)
[13]

Long term monitoring; thermal
comfort survey to users; thermal
comfort assessment through adaptive
model

Each house should be treated differently when designing
initiatives for energy efficiency improvements. Present-day
comfort standards do not estimate comfort conditions for
pre-1945 housing.

building with 68 social housing units
(Spain) [15]

Infra-red thermography; air-tightness
test; solar radiation analysis; dynamic
energy simulation; thermal comfort
assessment through adaptive model

Improving insulation in fagades and windows, solar
protection and increasing airtightness bring about a notable
reduction (around 38%) of the total demand, improving
indoor comfort and limiting potential energy poverty.

Topic 5: Energy retrofit measures and decision-making

Case-study

Methods

Results

38 public buildings (ltaly) [8]

Energy audit; decision-making

This model allowed the retrofitting measures to be sorted
into categories, selecting those to be financed as a priority
taking into account the constraints in protecting
architectural, landscape and environmental assets.

Topic 6: Life-cycle assessment

Case-study

Methods

Results

traditional early 20th century housing
building (Portugal) [18]

Life cycle assessment of retrofit
strategies

Significant energy savings can be achieved without
changing their historic character. Economic and
environmental costs can be minimized by choosing the
most suitable retrofit measures.

Table 1. Summary of reviewed literature.

With the aim of developing a balanced procedure for intervention in historic buildings, Napoli et al. [8] present a
methodology to select the best strategies for implementing 210 public buildings located in the south of Italy
using a “Multiple Criteria Decision Aiding” model, ELECTRE TRI-nC, which classifies the most feasible
retrofitting measures by energy efficiency, financial expenditure and architectural/landscape constraints. With
the pressing need to increase energy efficiency in most buildings, current energy policies often result in the
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protected stock only partially meeting the strict requirements so that heritage value may be preserved [19]. In the
north of Italy, Mazzola et al. [9] assess the energy and environmental as-built conditions of a 17th"century palace
for a later implementation of a retrofit designed to improve the overall performance of the building, bringing it as
close as possible to energy standards.

In addition, the lack of thermal insulation and the poor quality of integrated active systems and construction
materials in these buildings result in deficient energy performance and indoor environmental conditions [5].
Mediterranean multi-family dwellings built in Spain before the first regulations on thermal conditions in 1979
[20] are obsolete in terms of energy efficiency. Therefore, in this case the major challenge is not only the
reduction of energy demand, but also the improvement of indoor comfort conditions, which are often far from
acceptable. In fact, due to the lack of Heating, Ventilation and Air Conditioning (HVAC) systems in the majority
of buildings energy waste is lower than expected [21].

Despite the existence of non HVAC-equipped buildings, current local regulations acknowledge real thermal
conditions in habitable spaces on a steady-state basis [22], as is the case of the Predicted Mean Vote (PMV) and
Predicted Percentage of Dissatisfied (PPD) models [23], setting stable temperature thresholds drawn from a
given value of metabolic activity and clothing level for inhabitants. These models rely on the use of active
systems to ensure indoor conditions remain within the comfort band [24]. In the case of naturally ventilated
buildings, heating or cooling loads may be overestimated if the assessment relies on a stable development of
indoor conditions. Energy demand calculation based on simulations often results in divergence between real
energy performance and estimated results. An in-depth characterization of construction features and knowledge
of user habits are essential for ensuring a better approach to the way a building performs [10]. In fact, choosing
to open the windows, draw blinds or use fans rather than active acclimatization is strongly correlated with the
user’s access to these in order to avoid the feeling of discomfort [11].

Lucchi in Italy [12] and Singh in Liége, Belgium [13], carried out similar detailed research on the performance
of traditional residential buildings, assessing environmental indoor conditions and analysing users’ good
practices and ways of adaptation through field surveys and monitoring. It was observed that users behave
differently in these types of buildings, due to issues relating to culture and experience, presenting different
comfort preferences. In Spain, Sendra et al. [14] carried out a constructive characterization of the existing
housing stock in Andalusia and surveyed users’ habits to ascertain their influence on the real performance of
buildings. They conclude that each case-study building must be individually considered prior to tackling energy
retrofits in order to avoid misleading results regarding real energy consumption. Energy consumption in
Mediterranean residential stock is usually lower than expected, even more so in the case of social housing due to
users’ economic constraints. In line with this, Suarez and Fernandez-Agiiera [15] use a “bottom/up” strategy in a
social housing building from Cérdoba (Spain) to identify the most suitable strategies for the energy retrofitting
of the building’s thermal envelope, lowering energy consumption and improving indoor comfort conditions.
Ealiwa et al. [16] carried out a comfort-based assessment of two Libyan housing buildings, a modern one (with
HVAC) and a traditional (naturally ventilated) one to establish whether the general perceptions of users
regarding indoor conditions are more positive in older buildings. Cantin et al. [17] studied 11 historic buildings
throughout France to check the incidence of bioclimatic architecture strategies on their energy performance.
Tadeu et al. [18] led research on cost-optimal retrofitting solutions on an early 20th-century building in Coimbra,
by adding thermal insulation to the envelope.

Therefore, in the search for strategies for the optimization of housing building energy consumption and
investment feasibility in warm climate, steady-state basis comfort standards should be carefully applied so that
the desired comfort conditions are properly assessed. Alternative methods such as the adaptive models for
ensuring the most suitable approaches to these cases should be considered [25].

Despite the extensive literature on the renovation of heritage buildings, few examples address the updating of
residential multi-storey buildings under such architectural constraints, evaluating the improvement of thermal
comfort by means of updated adaptive standards [5] (Table 1). This paper aims to assess the potential for the
improvement of comfort conditions and energy efficiency in heritage residential buildings in the Mediterranean
climate, relying on the adaptive comfort approach and incorporating passive strategies in keeping with the
preservation of the heritage values of the building. Moreover, since adaptive indices are based on the
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assumptions and outcomes of the statistical analysis of the related studies, given the absence of an adaptive index
carried out for the specific context of the study reported in this paper, the two most widely recognized adaptive
comfort equations have been adopted and compared to establish the gap within obtainable results.

Current Spanish standards exclude protected buildings from the scope of application, given the possibility of the
retrofitting actions needed for them to comply with energy requirements not meeting the architecture’s level of
protection. Therefore, taking into account the architectural nature of the case-study buildings considered in this
research, retrofitting actions will not aim to adjust these constructions to current standards, but rather to ensure a
significant improvement in terms of indoor comfort conditions.

This work examines a heritage residential complex dating from 1955 and located in Seville, Spain. The
assessment of the potential improvements has been simulated by establishing energy models based on the results
of a monitoring campaign, and therefore referring to real occupancy condition.

Nomenclature

U thermal transmittance d present day

Ulim limited thermal transmittance a weight constant

Uo,jim limited thermal transmittance for openings T, comfort or neutral temperature

m; measured data Teo Lower Limitn instant comfort temperature lower
m mean of measured data Teo upper timitn instant comfort temperature upper
Si simulated data Topn instant operative temperature

n present day DDHy discomfort degree-hours for heating
p adjustable parameters DDHc discomfort degree-hours for cooling
i addition index ACMy;, adaptive comfort model lower limit
tyma(out) prevailing mean outdoor temperature ACMy,, adaptive comfort model upper limit
Orm(ea running mean external temperature Eieating annual energy demand for heating
Textref outdoor reference temperature Ecooling annual energy demand for cooling
Bed—n daily mean outdoor temperature of n days prior EGiobal annual global energy demand
te(a—n) daily mean outdoor temperature of n days prior

2. Materials and methods

This paper presents a methodological approach, complementing a monitoring campaign [26] and the adjustment
of energy models [27] developed in previous works. In situ measurements allow for a higher level of scientific
rigour in the simulation results using field tests such as infrared thermographic analysis and air-tightness trials,
together with long-term monitoring tasks [26], on two flats with authorized access and selected (Fig. 2-3) from a
local heritage residential complex. Data collected from indoor conditions and simultaneous outdoor weather
were used to adjust energy models to the real environmental performances of the buildings [27], which were
analysed with reference to the steady-state comfort temperature range based on the Predicted Mean Vote (PMV)
approach. Figure 1 shows a diagram with the main steps and hypotheses of the proposed methodology.
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2.1 Case study

The case study reported in this paper is a heritage residential complex located in Seville (Fig. 2), a city in the
south of Spain, with Mediterranean climatic conditions. Two main aspects were taken into consideration when
selecting the case study building: i) it had to be of interest for environmental assessment and energy retrofitting:
the group of blocks pre-dated the first Spanish regulations on energy saving in 1979 [28] and were therefore
designed and built with no thermal insulation of any sort; ii) as it had to be representative of heritage values, the
complex is listed in the Andalusian Institute of Heritage database [29], and is an example of the Modern
Movement architecture in Andalusia [28].

g0 I m Case-study

Fig. 2. Bird’s eye view of the buildings Fig. 3. Plan of the buildings with monitored flats and prevailing
winds.

The residential complex was designed in the late 1950s, in keeping with the modern architectural style found in
Andalusia [29], and was completed in 1963 by the brothers Medina Benjumea [30]. Of the different features
correlating this work with modern architecture - for the purposes of this paper - the most important ones are (Fig.
2): i) the height of the blocks (nine storeys) and their apparently organic distribution in the area (Fig. 3) enclosing
a green area for private use; ii) the global aesthetic of the buildings: the use of bare brick in the facades echoes
traditional architecture; iii) the constant rhythm of ordered openings, with windows regularly set throughout the
facades interrupted only by balconies in the concave areas.

The building plan is a re-interpretation of the traditional H-Block typology. The star-shaped blocks are made up
of three wings linked by a central core which houses vertical communications. Ground floors accommodate
commercial premises. This organization offers the housing favourable environmental characteristics, such as
double exposure and cross-ventilation. In addition, the multiple orientations of the units guarantee a specific
environmental performance. This fact is especially relevant in view of the Mediterranean location, where
temperature fluctuations can reach extreme values in both winter and summer, with sunlight and solar radiation
greatly impacting the indoor conditions of the dwellings.

Table 2 shows a comparison between estimated thermal transmittance values and mass and limit U values from
the Spanish code (CTE) [31]. The internal structure is made of reinforced concrete elements, without any
insulation in external horizontal slabs or adjacent to spaces with no residential use. The building facade is
composed of a double-layer of hollow-brick, with an inner non-ventilated air chamber. Internal partitions
adjacent to common areas are made up of single layers of plastered brick. The roof is inverted and ventilated and
most of the windows have undergone several modifications throughout their lifetime due to considerable air
infiltration and acoustic problems. The original single-glazed windows with wooden frames and blinds were
replaced with the current windows, with single- or double-glazing, aluminium frames and PVC roller blinds.
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U Ujim Deviation Mass
Element (W/m?K) (W/m?K) (%) (kg/m?)
Brlc_k_-faced wall, air chamber, hollow brick plastered 1708 0.82 519 3145
partition
Concrete slab, sand, mortar, hydraulic tile 1.96 0.52 735 500
Hollow brick plastered wall 185 0.82 557 306
(between common areas)
] Ujim Deviation Openings
Opening (W/m?K) (W/m?K) (%) (%)
Bedroom, double glazing 6.6.6 39 Uns —c4 -38.5 5
Metal frame (no thermal bridge breaking) ' CG"“’_N’ NE. N‘;V 57 ' -46.2
Bedroom, single glazing 4-6 mm 5 70 Ue I_O""“' EW :'5 . 18.6 .
Metal frame (no thermal bridge breaking) ' i, S, S8, SW = 0
- . 5.3
Living room, double glazmg 6.6.6 . 361 Uo i n. ne. o = 3.8 358 18
Metal frame (no thermal bridge breaking) Ui & w=4.9 579
Living room, single glazing 4-6 mm 5.70 Uo.lim, s, sg, sw = 9.7 333 18
Metal frame (no thermal bridge breaking) ' 141

Table 2. Constructive definition of the building thermal envelope. U,;,, according to CTE [31].2.2 Climatic data

The city of Seville has a Mediterranean climate with slight continental features and is identified as Csa according
to the Kdppen-Geiger climate classification [32], with very hot dry summers and mild and rainy winters. The
average temperature is 19.2 °C, one of the highest in Europe. January is the coldest month, with an average
minimum temperature of 5.7 °C, while July is the hottest, with an average maximum temperature of 36 °C. Given
these high summer temperatures, Seville is one of the hottest cities in Spain, with temperatures repeatedly
exceeding 40 °C throughout the year [33].

2.3 Field tests: Infrared thermography and Airtightness

Thermographic images were taken to establish thermal behaviour patterns and to detect infiltration routes of
possible energy losses. Infrared images were taken using a FLIR ThermaCAM B4 camera. The colour scale
relying on the superficial thermal difference captured in the images highlights weak points of the thermal
envelope, such as window frames, the blinds above and structural elements (framework, beams, pillars) [26].
Pressurization and depressurization trials were run with a Blower Door, following 1SO 9972: 2006 protocol [34]
in order to assess the impact on energy demand and indoor air quality of uncontrolled air changes through the
unsealed points of the facades. The equipment was installed at the main door of the flat, and after sealing internal
partitions in order to isolate the room taking part in the individual measurements, several tests were run by
managing the devices from indoors. The results of the test show that the flat can be graded as middle-airtight,
according to EN-ISO 52016-1:2017 [35] (Table 3). Air-change rates obtained under a 50 Pa (nsp) pressurization
in the flats are similar to those observed in dwellings built prior to 1979 in southern Spain [36].

Dwelling A LrA BdA Dwelling B LrB
Air leakage rate at 50 Pa: Vs, (m*/h) 1828 349 265 2371 569
Air change rate at 50 Pa: ns; (h™) 6.9 38 9.0 8.6 5.4

Table 3. Air permeability test results in dwelling A, BdA (dwelling A bedroom), LrA (dwelling A living room), dwelling B
and LrB (dwelling B living room).

2.4 Monitoring



©CO~NOOOTA~AWNPE

The methodology and results obtained from monitoring the case-study flats have been shown in a previous work
[26]. As regards active systems, the case-study buildings are not equipped with HVAC-centralized systems.
Instead, the flats only have a split-heat pump and a small heater in the living room (according to the survey, in
winter users prefer to use the latter), and an electric radiator in the bedroom [26].

LEGEND

. Indoor device - relative humidity
Indoor device - temperature
Outdoor device - relative humidity

Outdoor device - temperature

[|<| == >

Outdoor device - wind speed
Monitored locals

.. BdA Dwelling A - Bedroom

\ LrA Dwelling A - Living Room
BdB Dwelling B - Bedroom

LrB Dwelling B - Living Room

Dwelling A | Dwelling B
1 5 10m

Fig. 4. Positioning of monitoring devices in case-study flats.
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Fig. 5. Monitoring devices in case-study flats: (a) indoor data logger; (b) outdoor weather station.
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A long-term monitoring campaign is suited to environmental assessments over an extended period of time [10],
and facilitates the evaluation of comfort conditions using an adaptive approach, as seen in this study (Section
2.7). One of the aims of the monitoring process was participation in the calibration of the energy models that
reproduce the current conditions of the case-study flats. Two dwellings (A and B), with a usable floor area of
102.965 m?, were chosen for this task, and bedrooms (BdA and BdB) and living rooms (LrA and LrB) were
monitored under real occupancy conditions (Fig. 4). Two data loggers were placed in each monitored room 80
cm high and protected from direct sun in order to record indoor parameters such as air temperature and relative
humidity (Fig. 5a) (Table 4). In addition to indoor data loggers, the systems were complemented with a local
weather station to record dry bulb temperature and relative humidity, as well as wind speed and direction, dew
temperature, pressure and rainfall (Table 4). The weather station was placed in the balcony, protected from
strong gusts of wind (Fig. 5b). As the adjustment of the energy models is done on an hourly basis, the accuracy
of devices (Table 4) was considered trustworthy for collecting data at 30-minute intervals. As a result, a total of
563,328 entries were recorded. Monitoring lasted a full year from 1 April 2015 to 31 March 2016 [26], and was
carried out following UNE EN ISO 7726: 2002 protocol [37].

Devices (Indoor/Outdoor)  Weather station BdA LrA BdB LrA  Range of measures Error

Outdoor Indoor
Air temperature 1 1 1 1 1 -40-65°C  0-60°C 0.1°C
Wind speed and direction 1 0-180 km/h
Relative humidity 1 1 1 1 1 12-99 % 1%
Total 4 3 3 3 3

Table 4. Summary of accuracy of installed devices in the monitored dwellings.

2.5 Generation and adjustment of energy models

To date, literature about energy models calibration criteria is not standardized [38]. Adjusting predicted
behaviour to the real performance of a case-study is a complex task involving many uncertain parameters which
can mislead results [39]. Commonly in Mediterranean housing buildings, energy consumption is so low that
most of the time indoor conditions evolve in a free-floating regime. Energy models in the present work are
therefore manually tuned to ensure that indoor environmental parameters and measured ones are as close as
possible. This adjustment is concentrated on the air temperature inasmuch as it will be the key parameter in the
later comfort-based assessment [10].

Energy models were generated ad hoc using DesignBuilder (v.4.2.0.054) simulation software with calculation
engine Energy+. The adjustment of energy models was carried out hourly, simultaneously to monitoring data
collection and analysis [27], following ASHRAE Guideline 14 [40]. Results are validated both graphically (to
test whether results deviate or converge) and statistically (to measure the closeness of results). Indeed, in order to
verify the reliability of results, two statistical indexes were considered: The Normalized Mean Bias Error
(NMBE), which measures the differences between the predicted and the measured values; and the Coefficient of
Variation (CV) of the Root Mean Squared Error (RMSE), which measures the error variability of results and
whether overall the model can behave similarly to reality. Both indexes were calculated following equations (1)
and (2). In both equations, the value of p was considered to be between 0 and 1 according to [41].

1‘ Xima(m; — s)

NMBE = X 100 (%) (1)
m n-—p
1 no(m;— s)?
CV(RMSE) = — - J Mx 100 (%) @
m n-—p

Where m; is the measured value at instance n; s;: simulated value at instance n; n is the number of values used in
the adjustment depending on the interval-basis (i.e. monthly, hourly, etc.) and m is the mean of the measured
values. The analysis of results should take both into account as NMBE can be subject to cancellation errors and
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CV(RMSE) validates the accuracy of results. For an hourly analysis, the criteria of ASHRAE Guideline 14
consider energy models to be validated if NMBE results fall within £10% and CV(RMSE) values fall below
30%.

The process of fitting the predicted and the measured results began at an initial ‘cell level’, which required the
design of two energy models, reproducing the environmental performance of the monitored rooms in each flat
(living room and bedroom) as closely as possible using a simplified cell. Eventually, two different versions were
produced: one for winter and one for summer. The time period for adjusting energy models to both seasonal
conditions was one month (January for winter and June for summer). In order not to make energy models too
complex and to avoid biased results, in both cases certain boundary conditions were examined as follows: i)
energy flux was only considered throughout the outer envelope and through the floor in contact with ground
floor commercial premises, while the rest of internal partitions remained adiabatic; ii) constructive definition,
real orientation, floor position (Section 2.1), local climate (Section 2.2) and in situ measurements (Section 2.3)
were input variables thanks to the data collected; iii) users’ energy habits (handling of electric appliances and
general lighting) and occupancy schedules taken from onsite surveys were included in order to incorporate user
behaviour into the adjustment process.

As a step towards a second level of calibration, ‘dwelling level’, the energy cells were transferred to a whole flat
energy model, maintaining the same boundary conditions. Indoor measured data for the whole dwelling were
obtained from an arithmetic hourly mean of indoor temperature values recorded in each monitored room. This
approach aimed to increase the reliability of the following energy assessments at dwelling level.

2.6 Simulation of energy models
2.6.1 Base Case energy model

Prior to proposing energy retrofitting strategies, an environmental characterization had to be carried out for the
entire building to describe the as-built conditions. To this end, an energy model named Base Case was created as
a simplification of the existing building, following the star-shaped plan of the blocks, while taking into
consideration two main variables, orientation and floor height. In the case of a) orientation, existing housing
units were aligned in three different positions and grouped according to [31]: southeast (SE), northwest (NW)
and northeast (NE) orientations. In the case of b) floor height, although the existing blocks have nine storeys
each, in the Base Case, the housing units are located on the fifth floor, which is considered an intermediate
representative floor of the block (IF). Infiltration rates vary with height and were therefore estimated starting
from that measured in the monitored flat on the first floor.

For the hourly assessment of indoor conditions, the base-case model is run in free floating regime, whereas
monthly and annual heating and cooling demands were calculated in terms of primary energy (kWh/m?), as
HVAC systems must be active and are implemented in the energy model. HVAC system loads and use schedules
were set according to the specific annex in CTE [31]. The analysis covered a full year. Data were clustered for
the winter (21 Dec - 21 Mar) and summer periods (21 Jun-21 Sep).

2.6.2 Testing the strategies: sensitivity analysis for the Base-Case and Best-Case energy models

In order to test energy retrofitting strategies to improve energy performance of the case-study flats, a prior
sensitivity analysis was necessary. The incidence of each of the actions considered for the thermal envelope was
verified, including changing window joinery and glazing, controlling ventilation, and adding thermal insulation
to the facades.
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1. Window characterization. This strategy (Hyg) studies the effect of joinery and glazing on annual energy
demands, which considers variable glazing depending on window orientation. Firstly, aluminium joinery was
replaced with PVC, while different types of glazing were analysed considering three main aspects: i) insulated
glass units (IG units), with variable air chamber thicknesses; ii) different internal and external glass thicknesses
to improve acoustic behaviour (4 mm-external and 6 mme-internal); iii) different types of glazing, based on the
placement of metal oxide layers inside the glass to enhance thermal insulation and solar control modifying the
Solar Heat Gain Coefficient (SHGC) of the glazing from 0.703 (IG with two layers of Normal Clear glazing) to
0.602 (I1G with an interior Low Solar Gain Low-E glazing). Different combinations of frame and glazing were
assessed based on resulting U values taken from the CTE Catalogue [42]. Best options were tested on an energy
model of the case-study flat to see the effect of windows in energy demand. Window glazing was changed
depending on the orientation: 4.12.6 IG units and normal glazing were placed in south-oriented windows; 4.16.6
IG units and low emissive coating were placed in north-oriented ones.

2. Air-tightness and ventilation. Three different hypotheses, Hy1, Hy1+vo and Hyqno4r, Were formulated (Table
5): i) Hy, Set an increase in the dwelling air-tightness, incorporating a frame with 3 m*h/m? permeability under
100 Pa, in line with UNE-EN 12207 [43]; ii) Hy1.+» foresaw controlled renewed air through a basic mechanical
ventilation (MV) system, without heat recovery (HR), substituted by natural ventilation (NV) only during the
night in summer, according to the Spanish CTE document [44]; iii) Hy1+v24r, includes a heat recovery system
(HR), with a conservative performance of 60%.

Infiltrations NV NV Schedule MV MV Schedule HR

Modelled from onsite

Base-Case 0.7 ACH* 3.3 ACH* - - -
survey (real user)
Hu 0.1 ACH 3.3 ACH* Modelled from onsite i i i
survey (real user)
0-24h (Oct-May)
Hvisvz 0.1 ACH 4 ACH 0-8h (Jun-Sep) 0.4 ACH 8-24h (Jun-Sep) -
0-24h (Oct-May) 60%
Hyievair 0.1 ACH 4 ACH 0-8h (Jun-Sep) 0.4 ACH 8.24h (Jun-Sep) (Jan-Dec)

* Infiltration results from the air-tightness test were used to adjust the energy models. Once calibrated, the infiltrations and natural ventilation
rates are set according to standard user profile.

Table 5. Description of ventilation hypotheses. Natural ventilation (NV) and mechanical ventilation (MV) system,
with/without heat recovery (HR).

3. Thermal insulation. Hypothesis Hy, considers the implementation of external walls with thermal insulation.
Given that the outer appearance of the buildings had to be preserved and the dwellings were inhabited, a non-
intrusive strategy was proposed, injecting polyurethane into the wall air chamber. A useful thickness of only 2
cm was considered, based on a conservative approach, reducing the wall’s U value to 1.09 W/m?K.

Finally, an all-inclusive proposal, obtained from the results of sensitivity analysis, was incorporated into an
energy model implemented, named Best Case. This was used to predict improvement in the overall indoor
comfort conditions [45] and annual energy demand according to [31].

2.7 Comfort-based assessment

One of the main goals of the present study is to check whether indoor comfort conditions are bearable or are in
need of optimization. The different ways to assess indoor comfort include those based on the PMV-PPD [23] on
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a steady-state basis, and those based on adaptive comfort theories, which state that weather shifts can have an
immediate impact on the changes in indoor environmental conditions. Since case-study units do not have any
HVAC systems, basing this assessment on adaptive comfort theories is the best possible way to ensure a real
approach.

Based on the assumptions and outcomes of the statistical analysis of the related studies adaptive indices are
characterized by different correlations between the indoor comfort temperature and the outdoor one. Therefore,
in order to establish the gap within the results obtainable as applied to the context of this study, the two most
widely recognized Adaptive Comfort Equations (ACEs) have been adopted and compared: ANSI/ASHRAE
Standard 55 [46], hereafter AACE, and European EN 15251 Comfort Standard [47], EACE (Table 6). Both these
models were drawn from field measurements and comfort surveys: the AACE was developed from the RP-884
global database [48] and the EACE was built up with the European SCATSs database [49]. To ensure reliable
results, both models were compared on a like-for-like basis, taking into account the acceptability range for each
equation. A PPD value of 10 was selected for a consistent acceptability range of 80% in AACE, and EACE
Category II.

Text, ref PPD Acceptability range Text, rer applicable range ACE
AACE Epma(out) <10 80% (+ 3.5 °C) 10°C < Topr ey < 33.5°C T, = 031 Toprrer + 17.8
100Cc W< Textrer <30°C
EACE Ormeeay <10 Category Il (+ 3°C) ’ T, = 033 T + 188

15°C @ < T,y rer < 30°C

(1) Outdoor reference temperatures range for the upper limit; (2) Outdoor reference temperature range for the lower limit.

Table 6. ACEs considered in comfort-based assessments.

In the formulation of ACEs, the reference outdoor temperature is the independent variable and that which
determines the applicability of the index to the weather of a specific location. This takes into account the
influence of weather conditions in the user’s thermal experience. In pursuit of more accurate results, the
consideration of a monthly averaged value of outdoor temperature entailed such biased errors that researchers
soon replaced this with a weighted daily average of the series of daily outdoor temperature values previous to the
analysed day [50,51]. In its most recent revision in 2013, ASHRAE Standard 55 joined this trend [52] and
proposes a prevailing mean outdoor temperature (M) (3) measuring the incidence of previous daily local
climate (considering a period of more than seven days, but less than thirty), which diminishes the further apart
the days are. A seven-day period was considered in this study. In European standard EN 15251, the outdoor
temperature referenced is the running mean external temperature (0,,q)), Whose approximate equation for the

seven days prior to the day analysed, is shown in (4).

tpma(out) = (1_“) : [te(d—1)+ & - te(d—z) + oc? - te(d—3) + oc® - te(d—4) + ot te(d—n)]

3
(Bpg—1+ 08 - Oqp+ 06 - Opq_5+ 050,54+ 04 - 60,5 5+03: Opy_6+0.2: 05_7)
erm(ed) = 3.8 (4)

where o in equation (3) is a constant with a value between 0 and 1. ASHRAE Standard 55 sets a value of 0.6 for
highly fluctuating series of outdoor daily temperature, whereas a value of 0.9 is given to the climates where daily
outdoor temperature values remain stable [46].

Two different forms of assessment should be considered: i)‘temperature clouds’ as a result of plotting
instantaneous measurement of indoor and outdoor temperatures and comfort temperature estimated with
different ACEs against the simultaneous outdoor reference temperature [53]; ii) calculation of ‘discomfort
degree-hours’ (DDH), as the accumulated amount of differences between indoor air temperature (in the case of
monitoring results), or operative temperature (in the case of simulation results), and comfort temperature values
according to (5) and (6) [29]. That is to say, the amount of hours where indoor conditions are outside the comfort
limits and heating or cooling loads are required:

n
5
When Tco Lower limit,n > Top,n DDHH = Z._l(Top,n - ACMLl,n) ( )
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n

2 6

When Tco Upper limitn < Top,n DDHC = X 1(AC]WUl,n - Top,n) ( )
i=

where T, Lower limitn 1S the resultant hourly lower limit comfort temperature through the application of an ACE
over Terer hOurly values; T, upper timitn 1S the resultant hourly upper limit comfort temperature by applying an
ACE over Tex et hourly values; T, is the hourly operative temperature; DDHy, is the total amount of discomfort
degree-hours required for the use of heating; and DDHc¢ is the total amount of discomfort degree-hours required
for the use of cooling. Note that from this point on, only negative values were considered. Not only does this
index measure the amount of time that the indoor conditions in the flat fall outside the comfort range, but also
quantifies how big the temperature difference gets.

3. Results

This section shows the results from several environmental assessments in case-study units: current state indoor
conditions through monitoring, current state indoor conditions through adjusted energy models and after-retrofit
indoor conditions, also using energy models. In short, this approach is employed solely for the monitored flat in
case-study A.

3.1 Monitoring results

Monitoring results in dwelling A were assessed through a comfort-based evaluation according to AACE and
EACE (Section 2.7). Indoor conditions have been assessed by comparing the hourly development of monitored
indoor air temperature and the simultaneous outdoor dry bulb temperature, together with a comfort temperature
range obtained by applying the ACEs from Table 6. The outdoor reference temperature values to be included in
the ACEs were calculated using expressions (3) and (4) and the local dry bulb temperature collected.

An initial step consisted in the graphic analysis of monitored environmental parameters (indoor air temperature)
and the simultaneous local weather data (outdoor dry bulb temperature). In order to summarize, Figures 6 and 7
present the hourly development of indoor and outdoor conditions for a summer and winter 30-day period,
respectively. In both cases, indoor conditions are assessed together with the corresponding range of comfort
temperature according to the ACEs considered. Figure 6 shows the hourly development of environmental
parameters covering a summer period from 21 June to 21 July 2013, and the upper comfort limit set by each
adaptive comfort index (6). In contrast, Figure 7 presents the hourly development of monitored results
corresponding to a winter period from 21 December 2013 to 21 January 2014, as well as the lower comfort limit
set by each adaptive comfort index (5). The indoor values recorded in each case show a high dependence on the
local weather data, reaching values of around 30 °C when outdoor temperatures in summer go up to 43 °C (Fig.
6), and remaining below 19 °C most of the time during the cold season (Fig. 7). The highly sensitive indoor
conditions also show that temperature values are always at the bottom end of the lower range of comfort in
winter but often greatly exceed the upper threshold during the warm season.
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Fig. 6. Hourly air temperature evolution in BdA (dwelling A bedroom) and LrA (dwelling A living room) in summer (from

21 June 2013 to 21 July 2013) using AACE [46] and EACE [47].
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Fig. 7. Hourly air temperature evolution in BdA (dwelling A bedroom) and LrA (dwelling A living room) in winter (from 21
December 2013 to 21 January 2014) using AACE [46] and EACE [47].

In order to complement the hourly analysis, Figure 8 represents the instantaneous indoor air temperature plotted
against the simultaneous outdoor temperature while it is evaluated by the aforementioned adaptive indexes.
Winter and summer data have been clustered for analysis: Figs. 8a and 8b present the results recorded for the
whole cold period, while Figs. 8c and 8d display the results for the entire warm season.

Figure 8 shows that both rooms share similar trends in both seasons. In winter, indoor conditions seem to be
below comfort most of the time. The majority of indoor air temperature values recorded stayed between 16 °C
and 18 °C, which would be outside the range of comfort (EACE sets a comfort temperature lower limit of 20.75
°C for a minimum value of outdoor reference temperature of 15 °C). In summer, indoor temperature values
stayed below the upper comfort temperature for longer hours. From the referenced figures, the building’s
sensitivity to outdoor conditions can be observed when indoor temperatures increased from 30 °C to 32 °C as the
simultaneous weather got warmer. Nevertheless, the fact that indoor conditions reached these temperature values
while outdoor dry bulb temperatures remained lower, from 25 °C to 30 °C, reflects overheating processes so that
heating dissipation mechanisms become necessary. The combination of a deficient thermal envelope and the
sporadic use of electric devices which are highly costly for users, explains why the dwelling could not maintain
stable indoor conditions.
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Fig. 8. Comfort-based assessment of monitoring results in BdA (dwelling A bedroom) and LrA (dwelling A living room)
using AACE [46] and EACE [47].

To evaluate the lack of comfort in the flats during the monitoring campaign, a discomfort degree-hours
estimation has been compiled in Table 7. This reflects the severity of discomfort indoors both when it gets too
cold in winter and too warm in summer. On the one hand, EACE sets higher values for comfort temperature,
with a lower limit ranging from 20.75 °C to 26.86 °C, and an upper limit ranging from 25.10 °C to 31.70 °C, and
a narrower set of outdoor temperatures to which it can be applied, ranging from 15 °C to 30 °C. On the other,
AACE’s lower limit ranges from 17.40 °C to 24.69 °C with an upper limit of 24.40 °C to 31.69 °C, considered
trustworthy when applied to outdoor temperatures ranging from 10 °C to 33.5 °C. In order to understand the
figures in Table 7, discomfort degree-hours of heating are associated to the winter period, while those of cooling
are associated to the summer period. Due to the different ranges of application of both indexes, the level of
discomfort in winter is around five times greater according to EACE than according to AACE, whereas EACE
seems to be more forgiving than AACE in summer (Table 7) (Figs. 6, 7 and 8). These differences also stress the
importance of the outdoor temperature of reference which plays a role in the calculation of comfort ranges. In
fact, EACE sets a minimum comfort temperature above 20 °C during the cold period when the outdoor
temperature of reference remains below 15 °C, drawing an almost constant lower limit of comfort temperature
most of the time (Fig. 7). In addition, the fact that EACE relies on a running value of reference temperature
makes it extremely sensitive to high fluctuations of outdoor conditions, while the reliability of AACE increases
as it is based on the prevailing reference temperature (Section 2.7). It can be observed that for outdoor reference
temperatures above 30 °C the EACE estimates higher values of comfort, which in fact is what limits the
application of the adaptive model to very hot climates (Figs. 8c and 8d) (Table 6). In contrast, EACE establishes
a narrower range of comfort in winter in line with its applicability (Figs. 8a and 8b).

AACE EACE
BdA LrA DwA BdA LrA DwA
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DDHyeaing 145 094 111 574 467 509
DDHcooing 528 7.26 624 392 574 480

Table 7. Thousands of discomfort degree-hours of heating (DDHyeating) and cooling (DDHcgoiing) Needs from monitoring
results in BdA (dwelling A bedroom), LrA (dwelling A living room) and DwA (dwelling A) according to AACE [46] and
EACE [47].

3.2 Setting energy models

The process of matching measured and predicted data has a high impact on the reliability of results in later
energy assessment. This is one of the major targets of long-term monitoring in the case-study flats.
Environmental variables which play a part in the energy balance of the case-study models were fine-tuned so that
the adjustment of hourly predicted and collected data shared similar trends and the statistical indexes calculated
for a period of a month complied with the hourly criteria for calibration (Section 2.5) (Table 8). The inaccurate
schedules of users’ habits add uncertainty to the adjustment process. Higher NMBE values in summer can be
associated with a periodic but occasional use of the split heat pump to instantly cool indoor environments on the
hottest days, and the inaccuracy of the schedule of natural ventilation of real users, which entails an error
accumulation, making it difficult to adjust both temperature trends exactly. Besides, in accordance with this,
CV(RMSE) is also elevated, which means that energy models have more difficulties in converging with the
overall monitoring data trend. Winter values are affected adversely by the uncontrolled ventilation both by the
lack of it or by opening the windows prompting a very sharp reduction in indoor air temperature values. The
models were considered reliable thanks to the combination of both graphical and statistical analysis. The former
focused on approaching temperature trends while the latter followed the ASHRAE Guideline 14 criteria [40].
After a sensitivity analysis to identify other indicators which may have affected the results, the approach to real
conditions was considered sufficient when NMBE and CV(RMSE) values in all cases decreased between +10%
and below 30% respectively (Table 8) [40].

Winter Summer ASHRAE Guideline 14
BdA LrA DwA BdA LrA DwA Hourly criteria
NMBE (%) -404 257 362 -841 -7.28 -7.06 +10
CV(RMSE) (%) 6.89 435 559 890 7.96 8.27 30

Table 8. Validation of hourly adjustment of energy models according to ASHRAE Guideline 14 [40]. BdA (dwelling A
bedroom), LrA (dwelling A living room) and DwA (dwelling A).

3.3 Proposal of improvement
- Sensitivity analysis: impact on energy demand and thermal comfort

Prior to configuring the all-inclusive proposal, strategies were tested in a whole-flat model positioned in the
different orientations where real case-study flats are.

A sensitivity analysis is run to see what the energy profits associated to occasional action are (Fig. 9). Reducing
the permeability of the windows (Hy;) boosts the highest overall demand reductions due to a major decrease in
heating demand. Over 30% reduction in heating demand is observed in the north-oriented flats while almost 40%
can be seen in the south-oriented one; cooling demand decreases by 8% in all cases, which added to the energy
saving in heating demand, leads to a reduction in global demand of almost 24% and 28% in north- and south-
oriented flats, respectively (Fig. 9). Subsequently, adding thermal insulation (H,) considerably reduces energy
demand too. These reductions are more pronounced in north-oriented apartments, with a decrease of around 13%
in global demand, while in south-oriented apartments this figure remains around 10% (Fig. 9). Regarding the
low-glazing surface of the case-study flats, around 12% of the whole facade in all cases, modifying window U-
values and SHGCs (Hyg) contributes slightly to energy saving, since reductions remain below 4% in all cases
(Fig. 9). Last but not least, it is observed that implementing the flats with a more controlled ventilation (Hy1+v2
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and Hyq.v2+r) Works similarly in all three cases. This condition contributes to better indoor air quality than
relying on air renewal through the manual opening of windows. Nevertheless, the sole consideration of a
controlled ventilation system without heat-recovery (Hyi:v2), relying on a constant air supply by mechanical
ventilation only substituted by natural ventilation on summer nights (Section 2.6.2) increases heating demand by
around 4%, although generally reduces cooling demand by 11% and overall demand by less than 1%. Therefore,
upgrading this last plan of action with a heat recovery system (Hy1.+v2+r) €ases heating demand, which decreases
by 1 to 1.3 %, cooling demand by around 14% and eventually overall demand by 5 to 6% (Fig. 9).
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Heating Cooling  Global = Heating Cooling  Global Heating Cooling  Global
NE NW SE
EHVG 2.80 1.20 2.31 2.75 1.16 2.25 3.14 1.04 2.40
HHTI 13.62 12.20 13.18 13.84 12.33 13.36 10.93 10.65 10.83
EHV1 30.63 8.40 23.88 31.83 8.05 24.29 38.62 8.18 27.88
HV1+V2 -3.57 11.89 1.13 -3.97 12.09 1.12 -4.58 1231 1.38
EHV1+V2+R 1.06 14.15 5.04 1.33 13.96 5.33 131 14.47 5.96

Fig. 9. Energy demand deviation (%) of the hypotheses tested on the Base Case.

According to the aim of the paper, the suggested strategies should be carefully assessed providing they do not
compromise the thermal wellbeing of users and boost energy savings. In order to see whether they also have
good impact on indoor comfort conditions, a second sensitivity analysis is run to see the extent to which they can
decrease discomfort degree-hours (Section 2.7). Implicitly, results from the analysis displayed in Figure 10 will
show the validity of a refurbishment action to diminish the number of hours where indoor conditions are outside
the comfort ranges, as well as the amount of degrees by which indoor temperatures fall outside the comfort
range, approaching comfort limits. Hence, fewer hours of discomfort will lead to less need and use of HVAC
systems and in turn, a lower energy demand. As mentioned in Section 3.1, discomfort degree-hours of heating
and cooling are associated to the winter and the summer periods, respectively. Figure 10 displays the deviation
of discomfort degree hours based on the ACEs considered (Section 2.7).
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EHV1+V2+R 318 198 28.77 1543 3.68 234 3477 2714 285 151 3418 27.59
Fig. 10. Discomfort degree-hours deviation (%) of the hypotheses tested on the Base Case, according to AACE [46] and
EACE [47].

In general, correlations with energy demand deviations shown in Figure 9 can also be observed in Figure 10,
starting with the hypothesis of variable glazing (Hyg), which in general, has the lowest impact on indoor
conditions. Solar control properties of the glazing mostly benefit indoor comfort of southern orientations during
summer, when the maximum deviations are displayed in Figure 10: the amount of time in which discomfort is
meant to be countered with the use of cooling is reduced by around 4% according to both ACEs, whereas that
linked to the use of heating devices is reduced by 0.54% according to EACE and to 1.01% according to AACE.
Mediterranean weather conditions on warm days severely affect indoor conditions due to the high solar gains,
which mostly affect southern orientations. At the same time, there is barely any impact of solar gains on north-
oriented flats and - as opposed to winter - the decrease in discomfort does not reach 0.9% in any case during
summer.

In line with the figures included in Figure 10, the hypothesis adding thermal insulation (Hy;) reduces summer
indoor discomfort by around 10% in northern cases and by 16% in southern cases, according to AACE, whereas
EACE sets these numbers around 16-17% in northern cases and 24% in southern cases. In winter, deviations
caused by Hy, rise by almost 1-2.5% in the north-oriented flats, while this increase is around 0.3% in the case of
the south-oriented ones. Conversely, although strategy Hy; shows a better performance of the flats in winter, it
worsens considerably discomfort in summer. AACE sets higher deviations of heating DDH which are almost
double those established by EACE. In winter, the decrease in discomfort is more significant in the south-oriented
flat (up to 25.57% according to AACE and 13.90% according to EACE) while in the north-oriented ones it
remains at around 10%, according to AACE, and 6.50%, according to EACE (Fig. 10). As a result of increasing
air-tightness in the flat, negative values reflect increased discomfort in summer in all cases, rising from 18.50 to
25.80% according to AACE, and from 22.15 to 23.49% according to EACE, in the eastern orientations (Fig. 10).
In the case of western orientations these figures respectively increase to 29.75%, according to AACE, and
35.33% according to EACE (Fig. 10). This should be noted as thermal insulation is commonly thought to
significantly improve energy performance in winter, despite the fact that a layer of thermal insulation of just 2
cm is not enough to fight against winter energy losses, mostly due to air-leakages from the flat. In line with the
need to fight against uncontrolled air-flow through the unsealed parts of the facades, these two actions, namely
Ht and Hy4, are bound to complement each other.

Eventually, the idea of decreasing the permeability of the facade which widely benefits indoor conditions during
winter must go hand-in-hand with another summer-favourable strategy, that of a controlled ventilation system.
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The addition of a natural ventilation rate in summer during the night, helps to reduce overheating processes by
30.04% in NE, 35.87% in NW and 34.85% in SE orientations, according to AACE, and 17.10% in NE and
28.58% in NW and 28.76% in SE orientations, according to EACE (Fig. 10). However, similarly to the energy
demand figures (Fig. 9), the mechanical ventilation strategy by itself (Hy1+v») provides an increase in discomfort
in winter, 0.21-0.37% in NW, 0.6-1.03% in NE and 2.06-3.81% in SE, according to EACE and AACE,
respectively (Fig. 10). This is the reason why the last hypothesis (Hy1+v2+r) Was taken into consideration, given
that implementing mechanical ventilation with a heat recovery system increases indoor comfort both in winter
and summer. In all cases the data reflected in Figure 10 show that heating discomfort-hours were lowered by
around 1.5-2.34% according to EACE and around 2.85-3.68% according to AACE, whereas summer discomfort
was reduced by 28.77% in NE and almost 35% in NW and SE orientations, according to AACE, and by 15.43%
in NE and almost 27% in NW and SE orientations, according to EACE.

In order to summarize the benefits and drawbacks of each hypothesis, the following ideas are set out as
guidelines for thermal comfort improvement and energy saving:

e The strategies based on implementing window glazing with improved characteristics (Hyg) such as
solar control or low emissive properties, together with more air-tight window joinery, can definitely
contribute to preventing impact on intense solar radiation conditions indoors or can help maintain a
warm ambient. However, its effect is barely noticed if the glazing surface is not a significant part of the
whole thermal envelope, as in the case in the case-study flats, with only 12% glazing surface.

e Increasing window air-tightness (Hy,) allows a significant decrease in energy losses reducing facade
air-leakages, and favouring and stabilizing indoor conditions. This strategy results in a decrease in
overall energy demand, mostly due to less need to turn on the heating systems in winter. Although this
highly benefits north-oriented flats during winter, they are also penalized by less solar radiation. In
contrast, insulating the building to ensure very steady conditions can aggravate warm environments in
summer, making it less comfortable, and worsening indoor air quality.

e Lack of thermal insulation is one of the main drawbacks causing poor energy performance of buildings.
Adding an appropriate layer of insulation material (either from the inside or outside) is certain to
improve buildings’ behaviour in winter. However, when the layer is not thick enough due to
architectural constraints (such as heritage protection) this strategy (Hy) may not be as efficient as
expected.

e In the event of constructive restrictions such as heritage protection of the building facade, decreasing
window permeability (Hy.) should be combined with the addition of thermal insulation to the outer
walls (Hy) in order to ensure improved results.

e The renovation of indoor air in the case-study flat only happens when the users open the windows and
is not sufficient to maintain good quality conditions. Installing a mechanical ventilation system for the
constant renovation of indoor air in the flats will further improve global energy performance. However,
this mechanism could have negative effects in winter. It could cause energy losses despite increased air-
tightness from Hy;, and Hyy, increasing heating needs. For this reason, the implementation of controlled
ventilation with a heat recovery system is sure to compensate for a lower energy demand and ensure a
better level of wellbeing.

- Best-Case: global impact of passive strategies

After assessing the impact of the different strategies separately, current state conditions, assessed on the Base
Case, were compared to the overall improved conditions arising from the all-inclusive proposal, implemented on
the energy model and becoming the Best Case. On average, indoor temperature results increased by 0.9-1.30 °C
in winter, while they decreased by around 0.30-0.66 °C in summer (Table 9).
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Winter Summer
NE NW SE NE NW SE
BdA +1.00 +0.94 +0.93 -040 -0.58 -0.66
LVvA +0.93 +1.04 +1.28 -0.30 -0.42 -0.39
DwA +0.94 +1.00 +1.16 -0.40 -0.47 -0.47

Table 9. Averaged variation of indoor temperature (°C). Base Case vs. Best Case.

Figures 11 and 12 display the amount of hours in discomfort calculated in the analysed dwelling (Dwelling A)
energy models (Base Case vs. Best Case) according to AACE and EACE (Section 2.7), respectively. In addition,
Table 10 presents the deviation of discomfort degree-hours obtained when comparing both energy models. In
general, similar discomfort trends can be observed in both pairs of rooms studied. According to AACE (Figure
11), the greatest reductions occurred in summer, when indoor discomfort decreased in this order, NE, NW and
SE, by around 35.72-39.93% in the living rooms, by 41.39-44.33% in the bedrooms and by 42.16-45.54% in the
entire dwelling (Table 10). There was a less notable deviation in winter discomfort, decreasing to around 19.36-
22.19% in the north-oriented spaces and 35.10-40.62% in the south-oriented ones (Table 10) (Fig. 11). The
EACE standard (Fig. 12) seems to be more forgiving during summer, establishing higher levels of comfort and
widening the range for users’ adaptability. In accordance with EACE, winter indoor discomfort was lowered by
around 12.15-13.74% in the northern rooms and around 18.58-21.03% in the southern rooms (Table 10) (Fig.
12). However, in summer, the range of discomfort reductions varied widely from 29.38% in the NE living room
to 50.79% in the SE bedroom (Table 10) (Fig. 12). In the cases of both AACE and EACE, the amount of time in
discomfort associated to heating use and that linked to the use of cooling seem to decrease greatly, mostly in the
south-oriented bedrooms (Table 10).
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Fig. 11. Thousands of discomfort degree-hours. AACE [46]. Base Case vs. Best Case. BdA (dwelling A bedroom), LrA
(dwelling A living room) and DwA (dwelling A).
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AACE EACE

BdA LrA DwA BdA LrA DwA

NE 2197 19.67 20.84 1345 1224 12.68

DDHH NW 1936 2219 2095 1215 13.74 13.09
SE  40.62 39.17 3510 1858 21.03 18.88

NE 4139 3572 4216 4064 29.38 38.40

DDHC NW 4324 3857 4426 4746 3652 43.35
SE 4433 3993 4554 50.79 4150 47.83

Table 10. Discomfort degree-hours deviation (%) according to AACE [46] and EACE [47]. Base Case vs. Best Case. BdA

(dwelling A bedroom), LrA (dwelling A living room) and DwA (dwelling A).
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Fig. 13. Annual energy demand (kWh/m?) comparison. Base Case vs. Best Case.
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SE  53.67% 23.12% 42.89%

Table 11. Annual energy demand deviation (%). Base Case vs. Best Case.

NW

Best Case

Limited annual rate - Cooling




©CO~NOOOTA~AWNPE

Figure 13 shows the heating, cooling and global energy demands calculated for the whole dwelling in Base Case
and Best Case. To complement these results, Table 11 offers the annual energy demand deviation following the
application of the all-inclusive proposal. The Spanish Code for conventional buildings sets a 15 kWh/m? and 20
kWh/m? annual rate for heating and cooling demands, respectively [31]. Although significant reductions of
around 50% are observed in heating demand in all cases (Table 11), with figures set at around 30 kWh/m? in the
northern orientations and 20 kWh/m? in the southern ones (Fig. 13), these are not enough to comply with
conventional requirements. In the meantime, thanks to the refurbishment proposal, cooling demand results
decrease by 20-35 % (Table 11) and remain below the aforementioned standard (around 18 kWh/m?) (Fig. 13).
Be that as it may, the energy updating and implementation of this type of protected buildings should seek a
reduction in annual energy demand, as long as comfort conditions are significantly improved and not
compromised. The retrofit proposal offers an important enhancement of the quality of indoor conditions and
highlights the potential for energy saving in this type of buildings.

4, Conclusions

A large part of the Mediterranean housing buildings needs to be updated in terms of energy efficiency. Some of
these present architectural characteristics to be preserved according to local heritage regulations. Hence the need
for these refurbishments to seek balanced interventions is what makes the process more complex.

An all-inclusive proposal regarding the modification of window joinery and glazing, ventilation and thermal
insulation of walls is provided. Obviously, the different actions do not provide equal benefits in local winter and
summer conditions. Hypotheses contemplating higher levels of air-tightness and the addition of thermal
insulation result in the highest reductions in global energy demand (around 24-28% and 10-13% respectively).
Indoor comfort is also increased with thermal insulation in both summer (10-16% according to AACE; 16-25%
according to EACE) and winter (0.3-2.5%). However, decreasing permeability only benefits winter comfort (6-
10% and 13-25% for north- and south-oriented flats respectively) while it increases discomfort in summer in all
cases (around 18-35%). These results demonstrate the need for a forced air ventilation plan of action that
provides better air quality, while there is also a need for heating recovery in order to avoid an increase in winter
energy demand. This hypothesis results in a 5-6% decrease in global energy demand, 1-1.3% in heating demand
and 14% in cooling demand, with comfort conditions slightly upgraded in winter (barely 1.5-3%) and a more
notable improvement in summer (30-35% according to AACE; 15-27% according to EACE). These strategies
are certainly in keeping with the ever-changing possibilities on offer from heritage buildings.

As a guideline, the benefits and drawbacks of the retrofit strategies considered can be summarized as follows.
The change of window glazing characteristics alone is highly dependent on the total glazing surface to ensure
noticeable impact on the global energy balance. In contrast, increased thermal envelope air-tightness using less
permeable window joinery and the addition of an insulation layer can help counter energy losses, while helping
improve wellbeing in colder periods. In order to ensure continuous air supply and renovation to improve indoor
air quality, and boost heat dissipation in the warm season sealing the outer walls must be combined with a
controlled ventilation system. The mechanical ventilation must incorporate heat recovery to make up for energy
needs and avoid forcing energy losses by means of constant air change.

Comfort-based assessments following adaptive standards are presented as a more certain approach to the real
performance of buildings. The use of a weighted mean temperature as outdoor reference temperature brings
about a more accurate analysis of the impact of local conditions on thermal experience. Considering the range of
the two equations calculated for the case study context, the EACE provides a wider adaptability in summer (on
average 0.90 °C more) but its application can be considered only up to 30°C of outdoor temperature, while the
AACE shows greater tolerance in winter (on average 2.10 °C less). In summer it can be adopted up to 33.5°C of
outdoor temperature, more suitable to the severe conditions of the considered climate.

Therefore, the American index, due to its wider range of applicability, is better suited to the southern Spanish
context than the European one. However, in order to address thermal comfort in buildings, the fact that adaptive
approaches rely on the outdoor weather conditions and the user’s adaptability, a thorough analysis is required for
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individual cases so that a valid adaptive comfort equation can be established. Further research on collecting
indoor conditions, surveys on user habits and current energy performance of residential and heritage buildings
located under Mediterranean climate is needed to bridge this gap.

In general, the reduction in global energy demand for all the orientations (47% lower at most) is more noticeable
than the improvement in comfort conditions, which varies 20-40% in winter and 35-50% in summer, according
to AACE, and differs by 12-21% in winter and 29-50% in summer, according to EACE.

The refurbishment strategy for these protected buildings has led to indoor conditions almost complying with
Spanish Code energy requirements provided for conventional buildings, shortening annual global demand and
ensuring that cooling remains below the upper limit.
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