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ARTICLE INFO ABSTRACT

This paper presents a methodology to improve energy efficiency and hygrothermal comfort conditions in public
buildings using low-cost ICTs. A change in the daily users’ habits is further on suggested. The process develops
circularly in four steps: building definition model, monitoring, analysis, and users’ participation. The method has
been tested in four similar public buildings of traditional construction. Firstly, a building model has been defined
(climatology, thermal envelope and maintenance, interior design, systems, and occupancy). Secondly, a low-
cost, scalable, and open-source information system has been installed to collect data of energy consumption,
temperature, humidity and CO, values. The resulting time series were analysed and compared to the energy
consumption bills of the previous three years to obtain the real building behaviour. Data gathered by the sensors
and suggestions have been made available to users for real-time monitoring. Furthermore, reliable energy in-
dicators to characterize this building typology in services sector have been obtained. Other sub goals include
raising awareness among users about the use of public resources, and the initiation of a smart-village strategy
using low-cost technologies. The results highlight inefficient consumption patterns and discomfort situation that
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should encourage users to take action and reorient municipal policies.

1. Introduction

According to the latest annual report of the European Union towards
the national energy efficiency targets (European Commission, 2019),
energy consumption increased between 2014 and 2017, following a
gradual decrease between 2007 and 2014. The fact is that these values
take into account industrial, residential, transport, and services sectors,
but there are quality differences between them. In the first two, energy
consumption has declined considerably, in the transport sector it has
remained almost unchanged, but the services sector recorded the
highest increase in energy consumption from 2005 to 2017.

There are some incentive projects as the GreenBuilding Programme
promoted by the European Commission (D’Agostino, Cuniberti, &
Bertoldi, 2017) in a thousand non-residential buildings in 25 partner
countries, whose results estimate savings around 985 GW h/year thanks
to envelope, appliances systems, and the introduction of a wide range of
technological devices. There are initial approximations based on the
collection of limited and easily accessible data such as regression works
with energy bills and climate data (Geng, Ji, Lin, Hong, & Zhu, 2018),
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or analysis of massive building automation data (Fan, Xiao, & Yan,
2015). Further, the services sector is not characterized well enough and
lacks many detailed energy information due to its heterogeneity in uses,
surfaces and systems.

On the other hand, three crucial aspects have to be taken into
consideration on this matter. Firstly, numerous studies conducted in
recent years have shown that one of the most influential factors af-
fecting energy consumption in buildings is the behaviour of the users
living (Stazi, Naspi, & D’Orazio, 2017; Delzendeh, Wu, Lee, & Zhou,
2017). These studies highlight the difference between the predicted
final energy consumption according to the building design and the real
final energy consumption. This difference can sometimes be up to 200
% (Tam, Almeida, & Khoa, 2018) or 300 % (Delzendeh et al., 2017). In
fact, a few research projects and studies have already been initiated
either about the existence of a correlation between occupant and energy
consumption (Ahn & Park, 2016), the understanding of occupant be-
haviour (Zhang, Bai, Mills, & Pezzey, 2018), or the tracking of the
human-building interaction (Langevin, Gurian, & Wen, 2015). The
OrbEET project, applied in Asparrena Town Hall (Basque Country,
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Spain) (OrbEEt, 2017), exploited novel and extended approaches with
behavioural changes. And some studies analysed how users' direct,
personalized, and comparative knowledge of energy consumption data
favours a change in habits that affects significantly the reduction of
final energy consumption (Vine & Laurie Buys, 2013). Furthermore, the
commitment to carry out these projects in public buildings would also
allow users to value energy savings as a common good and then to
translate it into their private homes (Chen, Liu, & Shi, 2018). To this
end, changes in use, in work methods and in the interior hygrothermal
operating conditions have to be be implemented (Ahn & Park, 2016).
Additionally, connection between density of occupation and total final
energy consumption in public buildings has to be studied (Kang, Lee,
Hong, & Choi, 2018).

Secondly, ICTs must be incorporated in the energy-saving process
(Aste, Buzzetti, Caputo, & Del Pero, 2018). They are key to accessing
quantitative information through accurate, real-time readings. Thanks
to these readings, environmental and consumption variables can be
perfectly measured in time and space, (Sharmin et al., 2014; Vellei,
Natarajan, Biri, Padget, & Walker, 2016), either by implementing with
auto-regressive models (Batista, Freitas, & Jota, 2014), or by applying
smart technologies (Nizeti¢, Djilali, Papadopoulos, & Rodrigues, 2019;
Jia, Komeily, Wang, & Srinivasan, 2019; Alavi, Jiao, Buttlar, & Lajnef,
2018). Another experience related to the matter was implemented in
Monterroso (Spain) in the context of the ENERINTOWN project
(European Commission, 2008). In this case, the project and pilots aimed
at monitoring and controlling energy consumption in 100 municipal
public buildings in 8 partner countries. In addition, the ability to make
a rapid diagnosis and follow-up rules is also required. Low-cost
(Ciuffoletti, 2018; Bamodu, Xia, & Tang, 2017), scalable, and open-
source technology (Priyanka Jain, 2018), with the necessary quality
standards has been probed to reach more fields of action, territory, and
people (Ahmad, Mourshed, Mundow, Sisinni, & Rezgui, 2016; Allab,
Pellegrino, Guo, Nefzaoui, & Kindinis, 2017).

And thirdly, the impact of indoor environmental quality on occu-
pant well-being and comfort (Al horr et al., 2016), and its implications
on energy efficiency (Zomorodian, Tahsildoost, & Hafezi, 2016; Yang,
Yan, & Lam, 2014) has to be taken into account. Technical solutions
quite often neglect occupants’ comfort (Allab et al., 2017), thereby pre
and post-occupancy comfort of the built environment have to be eval-
uated (Deme Belafi, Hong, & Reith, 2018).

It is therefore mandatory to establish a methodology that gathers all
the mentioned factors to diagnose the different building typologies that
populate the services sector, and to change user’s habits regarding en-
ergy efficiency and hygrothermal comfort conditions through ICTs and
social participation. The methodology proposed in this paper has been
validated in four public buildings used as town halls with an adminis-
trative function, and located in small municipalities (bellow 6000 in-
habitants). Low cost ICTs have to be used in these cases to make it
accessible. These urban nucleus host 50.9 % of the population in
Extremadura region, spread over 375 scattered municipalities, many of
them are being in process of depopulation (National Statistics Institute,
2019). Besides, many of the public administrative buildings existing in
this area are old constructions in historical centres related to the tra-
ditional architecture. In this regard, this initiative will make rural
municipalities more competitive and sustainable (Aste et al., 2018), on
the way to smart villages (European Network for Rural Development
(ENRD) (2020); Nizeti¢ et al., 2019; Zygiaris, 2013).

2. Materials and methods

The methodology proposed is presented schematically in Fig. 1 as a
sequence of four steps. The process starts with the building model de-
finition in order to identify the parameters that affect energy con-
sumption and comfort. There are several classifications proposed in the
literature that stand out some influential factors, discerning between
external and internal influences (Ma et al., 2017). The classification
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used in this project is more detailed and distinguishes among six fac-
tors: climatology (including situation and orientation), thermal en-
velope, maintenance, interior design, systems (including consumption),
and occupancy (including user profile, Sun & Hong, 2017).

The second step involves the installation of a low-cost, scalable, and
open-source information system (IS) to collect and store measurements
of the relevant parameters selected beforehand. This system has been
previously implemented with satisfactory results in SmartPolitech
project developed at School of Technology (EPCC, Extremadura
University, 2016). Sensor devices and networking are key elements, but
the most complex part resides in the rest of the IS, the so-called back
and front-ends. The methodology proposes a layered organization of the
IS that pursues both scalability and maintainability. The back-end is
composed of four layers: hardware and virtualization infrastructure,
data storage (time series and other static and semi-dynamic informa-
tion), the model logic (set of existing or customized microservices to
receive and validate incoming sensor data, and transform it into more
elaborated and informative variables), and a service bus (to manage
microservices, access control and external communications from a un-
ique, monitored and scalable process). At the front-end, the minimum
requirement is an open-source, web-based data viewing application that
can be used either by final users or by researchers. There are some
aspects that should be evaluated: location and number of sensors, cost,
connectivity and trade-off between introducing new routing elements
(as in ZigBee) versus using existing devices (as in commonly found WiFi
networks) or ad-hoc protocols over free-band radio frequency bands.
The sensors used can be commercial devices or custom-made units, but
connectable to any open information system.

The third step is concerned with the collected data’s analysis. The
goal is to assess the real building behaviour by comparing model data,
time-evolution of the measured variables and energy consumption, and
to obtain energy efficiency and comfort indicators. Building’s weak-
nesses and strategies should be identified in order to be transferred to
the final users.

The last step refers to the users’ participation. Firstly, owners and
technicians should improve thermal envelope and system. Secondly,
final users receive the suggestions about energy consumption, and
comfort conditions in order to change their habits. Pre-questionnaires
identify user profiles, and following recommendations should be
adapted to them. The key to success lies in monitoring the IS available
to users, empowering social participation, and being able to change
habits. Finally, post-evaluation of users should be carried out to eval-
uate impact.

The process is continuously retro feeding: the designed IS improves
the definition of the model, indicators upgrade the IS configuration, and
users’ participation develops better strategies. The IS develops com-
munication strategies as well. This effect provides feedback to the
previous ones closing an error-correcting loop whose goal is to achieve
a final state of lower energy consumption and better comfort condi-
tions. This loop should be iterated as many times as needed to obtain
the predefined objectives and stopped when an acceptable score has
been achieved. In every iteration, new information is obtained by the
researchers and technicians as a deviation from what was predicted and
what finally happened. Due to the project deadline, this retro feeding
was not implemented in the case study.

3. Results

Following the results of each of the steps of the methodology ap-
plied in the four case studies are exposed:

3.1. Building model definition
The four buildings were selected by the Provincial Council of

Céaceres and EPCC according to several factors. They include public
managers' interest and awareness regarding enhancement of cultural
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Fig. 1. Methodology to improve energy efficiency and comfort conditions with low-cost ICTs in rural public buildings.

Fig. 2. Images of the study buildings used as Town Halls in Arroyo de la Luz, Casar de Céceres, Malpartida de Céceres and Sierra de Fuentes.

heritage and energy saving, similarities between buildings, geographic
and climate zone, and viability of devices location. Based on these
criteria, buildings from the following locations were chosen: Arroyo de
la Luz (from here on, Arroyo), Casar de Caceres (from here on, Casar),
Malpartida de Céceres (from here on, Malpartida), and Sierra de
Fuentes (from here on, Sierra, Fig. 2). Building model definition ac-
cording to parameters presented in the previous section was then ac-
complished. (Table 1).

3.1.1. Climatology

It is categorised as “Csa” by Koppen-Geiger classification: tempe-
rate, dry and hot summer; and in “zone C4” by the Spanish Technical
Code: very high summer severity and a high winter severity (Ministry of
Housing, 2019). Buildings land at an altitude between 350 and 425 m
above sea level and within a 30 km radius from the capital of the
province (location of the outdoor hygrothermal sensor). They present
different orientations: Sierra is an isolated construction, Arroyo and
Malpartida have two facades and Casar has one facade and an inner
courtyard (Fig. 3).

3.1.2. Thermal envelope

Buildings were constructed before 1900 with traditional archi-
tecture techniques such as load-bearing granite masonry walls (about 1
m thickness on the ground floor, U = 1,90 W/m?K; and a little thinner
on the upper one), Extremadura's vault on the ground floor (U = 0,85
W/m?K), an inclined and ventilated ceramic tile roof with plaster sus-
pended ceilings on the upper one (U = 1,76 W/m?K), and carpentry
works made of wood with simple glazing (Fig. 3, theoretical char-
acteristics of the thermal envelope obtained in (Extremadura Regional
Government, 2014)).

3.1.3. Maintenance

The four buildings were refurbished in the 1980s. Wooden roofs
were replaced by brick openwork roof supported with concrete floor,
creating covered and ventilated spaces. Some parts of the internal walls
were also refurbished by adding some lightweight partitions of brick.
An air chamber, a hollow brick wall (U = 1,38 W/m?K, Extremadura
Regional Government, 2014), and a lift were added in Casar and Mal-
partida. A concrete deck was built in contact with the ground. Ad-
ditionally, some of the windows were restored in the past few years.
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Fig. 3. Town Halls interior design and location of the sensors.

Malpartida was later connected to a second building, and a poly-
carbonate skylight was installed (Fig. 3).

3.1.4. Interior design

All the buildings have similar zoning due to their common use (i.e.
entrance hall, administration area, public attention area, offices, bath-
rooms, stairs, archives and a plenary hall). Plots are rectangular, have
between 250 and 425 m? of usable floor area, and between 500 and
1100 m? of gross floor area. Buildings usually have two floors, which
are around 10 — 12 m high, while inner height can be up to more than 3
m. (Fig. 3).

3.1.5. Systems

Mechanical systems are divided in heating, cooling, lighting, and
other high energy consumption equipment, as well as workstations. Air-
conditioning systems consist of heating and cooling pumps with indoor
units installed on ceilings, walls and floors. Arroyo and Fuente are also
provided with electric heaters. Casar and Malpartida have central
heating by oil boilers and steel radiators as terminal units. Total heat
installed power is between 15.0 kW (without boilers) and 116.3 kW
(with oil boilers), whereas total cold installed power is between 13.6
kW and 56.0 kW. Lighting systems are formed by LED, fluorescent and
incandescent lamps disposed on suspended, recessed, and wall lumi-
naires with a total installed power between 3.06 and 5.54 kW/m? per
building.

3.1.6. Occupancy

Working hours are usually from 8 a.m. to 3 p.m. There are between
10 and 20 permanent workers in each building and some ones with
reduced schedule, plus the government team and the non-permanent
users of the municipal services. The population in these municipalities,
who are the potential users of the buildings, ranges from 2000 to 6000
inhabitants. Population density goes from 32.31 m?/p (usable area per
person) in Casar to 36.71 m? /p in Sierra. Collected pre-questionnaires

indicate that most of the users feel comfortable (according to thermal
conditions) in spring and summer, not in winter. Although, users know
some measures of energy efficiency, they do not apply them.

3.2. Information system

An internal WiFi network was deployed to the sensor system due to
the wide existing deployment of these ones in these and many others
public buildings. To that end, TP-LINK TL-WR841ND routers were
connected to the wired network. The following variables have been
monitored: electricity consumption (to define the energy efficiency in
devices and lightning and, additionally, in users' behavioural pattern),
CO, concentration (to determine the air quality and, indirectly, the
presence of people and infiltrations), and temperature and humidity (to
assess indoor comfort).

In this way, Wibeee analysers (Circutor, 2019) were installed to
measure electricity consumption and were configured to send mea-
surement data to a specific IP address. Analysers were located ac-
cording to the existing electrical panels’ settings. In Arroyo, an analyser
was installed on each floor; in Malpartida, one was located in the
conditioning circuit and another in the rest of circuits; and in Sierra, a
general single analyser was installed. Due to issues on the internal
network, analysers were not set in Casar. Additionally, Wireless sensors
(Ray Ingenieria Electronica, 2015) were installed to measure tem-
perature, relative humidity, and air quality. These sensors had access to
internal programming. Temperature and humidity were monitored in
four representative rooms of each building, which were distributed by
floors and orientations in order to assess air stratification and sun ra-
diation influence (Fig. 3).

A single sensor was placed in the most occupied room (public at-
tention room) to determine air quality. These commercial devices use
their own formats, so a basic middleware was designed to accept, va-
lidate and homogenise data. The middleware is composed of several
scripts (Python Software Foundation, 2020) that guarantee a baseline
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Fig. 4. Evolution of the concentration of internal CO, in the public attention rooms and its relationship with the welfare limits according to (Ministry of Industry

Energy & Tourism, 2007).

security by checking the validity of packages via an API access key. This
also enabled the IS division into two virtual machines: one open to the
Internet receiving the data and the second one located in a private
segment hosting the database and other internal processes. Servers
were hosted in EPCC and the data was available through an open vi-
sualization software (Grafana Labs, 2020) that created attractive
dashboards, alerts and educational messages with real-time graphics
(Figs. 4 and 5, Table 2).

3.3. Analysis of energy efficiency and comfort conditions

Energy bills from 2014 to 2017 were analysed and then compared
with data obtained through sensors in the following periods: April 10th
to December 8th, 2017 (Arroyo); October 2nd 2017 to January 26th,
2018 (Casar); March 27th to December 1st, 2017 (Malpartida); June
27th to December 25th 2017 (Sierra). Periods depended directly on the
ease to install the devices. Moreover, due to the short duration of the
project, batteries were not replaced and sensors stopped transmitting
when batteries drained. The statistical metrics of the data, and the
number of sensorized days and of valid records are shown in Table 3.
Analysis of three parameters (air quality, hygrothermal comfort and
energy consumption) follows.

3.3.1. Analysis of air quality

Air quality in the buildings is associated with occupancy during
morning working hours from Monday to Friday. Air quality is con-
sidered acceptable with 800 ppm CO,, being 1500 ppm CO, the max-
imum level of comfort conditions (Ministry of Industry Energy &
Tourism, 2007); or 1200 ppm (800 ppm above outdoor conditions
(Technical committee AEN/CTN 100, 2007)). In this case, a con-
centration of approximately 430 ppm is measured at 8 a.m. (opening
time) and it increases to a maximum of 1500 ppm at 2 pm (closing
time). This behaviour is repeated in three of the four rooms. However,
in Sierra, which is an isolated construction, levels were observed be-
tween 380 ppm and 820 ppm. Concentration levels plunge immediately
from 2 pm without intentional openings for air renewal, and continue
decreasing slightly from 6 p.m. to 7 a.m. This latter drop implies that air
infiltrates easily through the envelope in all buildings due to the fact
that it is not associated with the occupation. (Fig. 4).

3.3.2. Analysis of hygrothermal comfort

Hygrothermal data was registered and analysed in all the seasonal
periods except in February and March. The following general questions
were observed once all data was analysed. Firstly, there is a deviation in
temperature (2—5 °C) and humidity (up to 20 %) between the ground
and the upper floor (the communication nucleus is not split in any
case). Secondly, behaviour does not depend on the orientations of the
buildings. And thirdly, results regarding hygrothermal comfort among
four buildings are quite similar in the monitored seasonal periods
(Fig. 5).

The hygrothermal comfort range, for which the PPD (predicted
percentage of dissatisfied) is below 10 %, considers the optimal tem-
perature between 20 °C and 24 °C in winter, and between 23 °C and 26
°C in summer (Technical committee AEN/CTN 100, 2007; Ministry of
Industry Energy & Tourism, 2007). Regarding optimal relative hu-
midity, values range between 25 % and 60 % (Technical committee
AEN/CTN 100, 2007); or between 30 % and 70 % (Ministry of Industry
Energy & Tourism, 2007), in both seasons. Moreover, comfort values for
the intermediate autumn and spring periods have been established on
this paper between 20 °C and 26 °C, a range that include the extreme
winter and summer periods.

Generalised comfort or discomfort situations have been observed
according to the following periods:

a Spring: the upper floor temperature was 2 °C higher and humidity
was 10 % lower than on the ground one. Indoor temperature was
constant in the central period and, in general, within comfort levels
(22 °C and 25 °C), and humidity levels range from 40 % to 60 %
(outdoor temperatures are lower and humidity higher than indoor
ones). Indoor temperatures reached 16 °C and 31 °C with similar
humidity values without conditioning systems at the end of the
periods. Indoor values, in exchange, differed greatly from outdoor
ones (temperature between 5 °C and 30 °C, and humidity between
40 % and 100 %).

b Autumn: indoor temperatures remained within comfort values (be-
tween 20 °C and 26 °C) until half of the period, with humidity levels
ranging from 40 % to 60 %. From this point, the temperature
dropped to 15 °C and humidity climbed above 65 % without acti-
vating conditioning systems. Indoor values were also far from the
outdoor ones (temperature between 26 °C and 0 °C, and humidity
between 40 % and 100 %).
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Table 2
Description of the used devices.
Device Parameters Range Accuracy Power Communication
Circutor Wibeee Voltage 0—440 Vac +2% 94 - 440 Vac WiFi
Current 0-63 A 2%
Power 0 - 48000 W *+4%
RAY STC/STH CO, 400 - 10000 ppm +3% 2 batteries LR14 WiFi
Temperature —-40-80°C +0.5°C
Relative humidity 0-100 % *3%

¢ Summer: values were, in general, within the comfort range on the
ground floor and outside on the upper floor. Temperature was up to
5 °C higher and humidity was up to 20 % lower in the upper floor
than on the ground one. Indoor temperatures varied from 28 °C at
the beginning and at the end of the period to 33 °C at the middle of
it. Outdoor temperatures ranged from 15 °C to 38 °C. Conditioning
systems, which lower temperatures temporarily, were only available
in some rooms of the upper floor.

d Winter: data showed uncomfortable maximum records of 19 °C from
periods closer to late autumn and early spring with the conditioning
systems disconnected.

3.3.3. Analysis of energy consumption

Energy consumption is divided into electricity for conditioning,
lighting, equipment, and diesel for the central heating system in Casar
and Malpartida.

a According to monitoring

The annual baseline energy demand was 0.02 kW in Arroyo, and 0.4
kW in Malpartida and Sierra. The annual peak energy demand ranged
from 1.98 kW in Sierra (both in winter and summer), 4.6 kW in
Malpartida (in winter), to 9.7 kW in Arroyo (in winter). The occupancy
and the suitability of conditioning systems may be assessed by ana-
lysing the seasonal behaviour of the buildings according to their energy
demand.

Taking these points into consideration, on November 10th, 2017 in
Arroyo, the energy demand observed during working hours ranged
from 4.5 to 5 kW. Workstations and individual electric heaters were
responsible of this consumption. The automatic start of a conditioning
system led to a constant and heavy consumption of 3.5 kW in the early
hours of the morning. On the same day, the baseline energy demand

was 1 kW in Malpartida. The energy demand varied from 7 and 10 kW
during working hours until 1 pm. This consumption was basically due
to conditioning systems. Moreover, the energy demand was lower in
Sierra the same day. In fact, the baseline energy demand was 1 kW and
the peak energy demand 3 kW, following the use of heat pumps with
constant start-up power peaks.

The results obtained on a summer day July 11th, 2017 are as fol-
lows: the baseline energy demand during working hours is very low: 0,2
kW; according to the observed temperatures. It was not necessary to use
conditioning systems to achieve comfort conditions. In Malpartida, the
energy demand fluctuated between 4 and 9 kW in working hours due to
conditioning systems installed on the upper floor (Fig. 6).

b According to bills

The first matter was to compare the contracted electrical power and
the required electrical power. The electrical power is adjusted in Arroyo
and Casar. However, the required electrical power in Malpartida is
much lower than the contracted, so it was advised to lower it.
Afterwards, a seasonal behaviour pattern related to the use of con-
ditioning systems is observed over the four years analysed. Buildings
without diesel central heating systems faced an increase of energy
consumption during the cold months because of the activation of in-
dividual electric heaters. This happened in Sierra and especially in
Arroyo, where consumption was quadrupled. Energy consumption did
not show significant changes during the summer period.

Furthermore, energy consumption remained stable throughout the
year in Casar and Malpartida. It did however increase during sum-
mertime, as hot and cold systems were completely electric. They all had
cooling systems on the upper floor, but their occupancy was generally
occasional (Fig. 7).

Average annual consumption ranged from 600 kWh (Arroyo and

Table 3
. Information about the statistical metrics of the data and the number of sensorized days and valid records.
ARROYO CASAR MALPARTIDA SIERRA
ELECTRICITY DEMAND (W) Ne of sensorized days 384 0 303 55
N of valid records 3497 0 2088 3420
Minimum value per day 24 - 512 837
Maximum value per day 4789 - 2430 1298
Mean value per day 1184 - 424 1045
Standard Deviation 1218 - 522 118
CO, (ppm) Ne of sensorized days 189 78 207 128
Ne of valid registers 1451 1446 1551 1378
Minimum value 475 445 373 377
Maximum value 1686 1852 1384 820
Ne© of sensorized days® 92/93/75/0 0/0/80/89 87/93/89/0 34/0/87/89
N of valid records” 2406/2440/1282/0 0/0/547/1450 2391/2726/1567/0 282/0/2126/1707
RELATIVE HUMIDITY (%)" Minimum value 34/26/24/- -/-/38/28 25/20/28/- -/18/20/49
Maximum value 64/59/69/- -/-/67/64 64/68/64/- -/63/59/65
Mean value 50/41/41/- -/-/54/45 50/41/43/- -/43/42/58
Standard Deviation 5/6/7/- -/-/5/7 5/6/5/- -/8/7/3
TEMPERATURE (°C)* Minimum value 15,6/21,6/14,9/- -/-/15,8/15,0 17,5/18,2/15,9/- -/25,6/16,7/15,6
Maximum value 31,3/30,9/26,4/- -/-/29,1/20,9 33,7/32,9/28,7/- -/31,3/29,2/17,5
Mean value 22,0/26,5/22,1/- -/-/22,0/17,6 24,3/27,3/23,6/- -/28,3/25,0/16,6
Standard Deviation 3,2/1,7/2,5/- -/-/2,8/1,3 2,8/1,9/2,3/- -/0,9/2,4/0,5

@ Spring / Summer / Autumn / Winter.
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Fig. 6. Electric power demanded in three of the buildings analysed, long term and day of sample.

Sierra in summer) to 3000 kWh (Arroyo in winter), whilst Casar kept
constant at 2000 kWh. Annual values remained between 10000 and
22500 kWh. These consumptions were directly dependent on the den-
sity of occupation. As this value was quite similar in the four buildings
studied, the comparative analysis led to the same aforementioned nu-
merical differences (Fig. 8). Thus, average annual electricity con-
sumption ranged from 22.2. kWh/m? in Sierra to 38.9 kWh/m? in
Casar, and from 15.65 kWh/(m?/p) to 86.36 kWh/(m?/p).

Differences in magnitude were due directly to conditioning systems.
There was only a 10 kWh/(m?/p) increase in Sierra during cold months.
During the same period, individual heating equipment caused a 50
kWh/(mz/p) increase in Arroyo, indicating an inefficient system which
must be replaced. Moreover, in these cases there was no connection
between density of occupation and total final energy consumption.

Additionally, there was no difference in energy consumption
throughout the year between Casar and Malpartida, the two buildings
using diesel central heating systems. Moreover, there was a small in-
crease during summertime (in August or September) because of the
cooling systems (Figs. 7 and 8). An analysis on the consumption of fossil
fuels for the central heating systems revealed differences between the
winter and summer consumption increase, which is evidence of the
impact of the boundary conditions of buildings. Heating demand was
much higher than cooling demand in Casar. Both heating and cooling
demands were quite consistent in Malpartida, which was an extreme
case (Figs. 7 and 8).

3.4. Suggestions

Users received recommendations obtained from the previous ana-
lysis. First, managers and technicians should improve and maintain the
envelope, and adjust systems. This building typology contributes to
comfort values, as previously seen on the analysis results, due to the

construction typology and, specifically, to the walls and the ground
thermal inertia. Therefore, only minor refurbishments on the envelope
are required, primarily on the upper floor. These should include the
placement of insulation inside the suspended ceiling or the roof, the
installation of evacuation systems for the hot air, the sealing of air in-
filtration, and the upgrade of windows. Furthermore, individual elec-
trical heaters should be replaced with more efficient systems, and fans
should be used in order to improve the thermal sensation in summer.
The second line of action involves informing the users about the
equipment and their programming. On our use-cases, they were given
access to the visualization front-end and basic instructions regarding
the maintenance of IS. The system requires very little maintenance, and
thus public buildings in rural areas with little technical staff can support
it.

Additionally, town hall buildings could be improved by real-time
data monitoring and a change in final users' habits. In this way daily
ventilation habits should follow indoor air quality data, Moreover, the
use of conditioning and ventilation systems should be adjusted ac-
cording to temperature and humidity data and comfort conditions. This
data should enable to optimise the occupancy of each floor taking into
account each season. Saving would be addressed by avoiding the use of
individual electrical heating systems, as this equipment is frequently
switched on (even if they are not being used), and by disconnecting the
stand-by systems. Users would be also more likely to save after obser-
ving updated consumption values in real-time. For the continuity of the
project, the public managers should monitor the information for its
visualization in the existing personal computers, and facilitate the
subsequent decision-making.

4. Conclusions

This project provides low-cost solutions, on a sustainable and real

ip w00 2
) r~ 80 =
] e iy, a1
=3 *-" = 8 £
= Tena ess s
27 . e, — — . 0 =
86 = e s—— - 80 =
g‘ 5 e cdl 30 '%
83 . — 30 %
B2 T T T 3= 2 °
g1 N - w B
g0 ——— e o %
3 B B 5 E £y g =z 7 5 5 5 5 2
= e & & = = = B2 3 % 3

g 5 = z E 3 E g
= = E O 3 S
©n = a
s Casar &= Ciceras KiVin2 WElpartida d= Cicarms KiWin2 Siztra &z Frantes KiVi2 ——s—— Srroyp dzla Lvz KiVind
-8 - Ssroyodala Lz (35,48 nidip) = = Casarde Clesras (3231 m¥) Malpartida d2 Ciosrs (35,37 nidip) Sizmra da Frentes 36,71 ai2/g)

Fig. 7. Average consumption of electric energy according to invoices years 2014 to 2017.
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basis, which can be integrated in the daily building maintenance
through environmental, social, and policy actions. Moreover, both, the
proposed methodology and the actions, contribute to increase impact
and involve other agents. It is also observed that the comparison of real-
time data with energy consumption makes it possible to propose of
savings decisions that do not harm comfort. In this way, a methodology
that resolve the tracking to improve energy patterns and hygrothermal
comfort conditions in rural public buildings has been presented.
Furthermore, the following proposed objectives have been attained in
this case:

e To monitor energy consumption and comfort conditions in real-
time, and transmit data to an open source, scalable information
systems with low cost ICTs.

e To characterize buildings typology in services sector towards the
reduction of the energy consumption and the improvement of
comfort conditions.

e To make available a smart tool that manage resources and sensitize
users in public resources.

The consumption values given on this article are specific to small
historical public buildings and the use of administrative services.
However, this methodology would allow to characterize other typolo-
gies that would help to identify consumption in this sector.

In conclusion, innovative procedures in technologies and applica-
tion methodologies provides the appropriate opportunities to retrofit
existing buildings and communities towards smart development.
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