Smart Innovation, Systems and Technologies 263

“_;“:' T '

Sustainability
in Energy ang
Buildings 2021

@ Springer



Smart Innovation, Systems and Technologies

Volume 263

Series Editors

Robert J. Howlett, Bournemouth University and KES International,
Shoreham-by-Sea, UK

Lakhmi C. Jain, KES International, Shoreham-by-Sea, UK



The Smart Innovation, Systems and Technologies book series encompasses the
topics of knowledge, intelligence, innovation and sustainability. The aim of the
series is to make available a platform for the publication of books on all aspects of
single and multi-disciplinary research on these themes in order to make the latest
results available in a readily-accessible form. Volumes on interdisciplinary research
combining two or more of these areas is particularly sought.

The series covers systems and paradigms that employ knowledge and intelligence
in a broad sense. Its scope is systems having embedded knowledge and intelligence,
which may be applied to the solution of world problems in industry, the environment
and the community. It also focusses on the knowledge-transfer methodologies and
innovation strategies employed to make this happen effectively. The combination of
intelligent systems tools and a broad range of applications introduces a need for a
synergy of disciplines from science, technology, business and the humanities. The
series will include conference proceedings, edited collections, monographs, hand-
books, reference books, and other relevant types of book in areas of science and
technology where smart systems and technologies can offer innovative solutions.

High quality content is an essential feature for all book proposals accepted for the
series. It is expected that editors of all accepted volumes will ensure that
contributions are subjected to an appropriate level of reviewing process and adhere
to KES quality principles.

Indexed by SCOPUS, EI Compendex, INSPEC, WTI Frankfurt eG, zbMATH,
Japanese Science and Technology Agency (JST), SCImago, DBLP.

All books published in the series are submitted for consideration in Web of Science.

More information about this series at http://www.springer.com/series/8767


http://www.springer.com/series/8767

John R. Littlewood - Robert J. Howlett -
Lakhmi C. Jain
Editors

Sustainability in Energy
and Buildings 2021

@ Springer



Editors

John R. Littlewood Robert J. Howlett
Cardiff Metropolitan University KES International
Cardiff, South Glamorgan, UK Shoreham-by-Sea, North Yorkshire, UK

Lakhmi C. Jain
KES International
Shoreham-by-Sea, North Yorkshire, UK

ISSN 2190-3018 ISSN 2190-3026  (electronic)
Smart Innovation, Systems and Technologies
ISBN 978-981-16-6268-3 ISBN 978-981-16-6269-0 (eBook)

https://doi.org/10.1007/978-981-16-6269-0

© The Editor(s) (if applicable) and The Author(s), under exclusive license to Springer Nature

Singapore Pte Ltd. 2022

This work is subject to copyright. All rights are solely and exclusively licensed by the Publisher, whether
the whole or part of the material is concerned, specifically the rights of translation, reprinting, reuse
of illustrations, recitation, broadcasting, reproduction on microfilms or in any other physical way, and
transmission or information storage and retrieval, electronic adaptation, computer software, or by similar
or dissimilar methodology now known or hereafter developed.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication
does not imply, even in the absence of a specific statement, that such names are exempt from the relevant
protective laws and regulations and therefore free for general use.

The publisher, the authors and the editors are safe to assume that the advice and information in this book
are believed to be true and accurate at the date of publication. Neither the publisher nor the authors or
the editors give a warranty, expressed or implied, with respect to the material contained herein or for any
errors or omissions that may have been made. The publisher remains neutral with regard to jurisdictional
claims in published maps and institutional affiliations.

This Springer imprint is published by the registered company Springer Nature Singapore Pte Ltd.
The registered company address is: 152 Beach Road, #21-01/04 Gateway East, Singapore 189721,
Singapore


https://doi.org/10.1007/978-981-16-6269-0

International Programme Committee

Prof. Abdellah Chehri, University of Quebec—UQAC, Canada

Dr. Adriano Bisello

Eng. Adriana Ciardiello, La Sapienza University of Rome, Italy

Prof. Ahmad Taher Azar, Prince Sultan University, Saudi Arabia

Dr. Akos Lakatos, University of Debrecen, Hungary

Dr. Alessandro D’ Amico, University of Rome La Sapienza, Italy

Dr. Alessandro Lo Faro, University of Catania, Italy

Assoc. Prof. Alfonso Capozzoli, Politecnico di Torino, Italy

Prof. Ali Tahri, University of Sciences and Technology of Oran Mohamed Boudiaf,
Algeria

Mrs. Andrea Gabald6n

Prof. Andrew Geens, The Chartered Association of Building Engineers, UK
Eng. Arianna Peduzzi, Sapienza University of Rome, Italy

Dr. Atul Sagade, Renewable Energy Innovation and Research Foundation, India
Dr. Benedetto Nastasi, Sapienza University of Rome, Italy

Mrs. Beril Alpagut, Demir Enerji Consulting, Turkey

Dr. Carlos Lopez-Ordofiez, Universitat Politecnica de Catalunya, Spain
Prof. Christopher Chao, The University of Hong Kong, Hong Kong

Prof. chwieduk Dorota

Dr. Clara Watkins, Cardiff Metropolitan University, UK

Assoc. Prof. Daniel Maskell, University of Bath, UK

Dr. Daniele Vettorato

Mr. Denis Jahic, Leeds College of Building, UK

Assoc. Prof. Donal Finn, University College Dublin, Ireland

Dr. Dorian Frieden

Prof. Dulce Coelho, Polytechnic Institute of Coimbra, ISEC, Portugal
Prof. Edoardo Curra, Universita degli studi di Roma “La Sapienza”, Italy
Dr. Elena Garcia Nevado, University of Girona, Spain

Dr. Elisa Di Giuseppe, Universita Politecnica delle Marche, Italy

Mr. Emeka Efe Osaji, University of Salford, UK

Dr. Eric Roberts, Integrated Environmental Solutions Limited, UK

Prof. Fatima Farinha, Universidade do Algarve, Portugal



vi International Programme Committee

Dr. Federica Rosso

Prof. Fernanda Rodrigues, University of Aveiro, Portugal

Prof. Fionn Stevenson, University of Sheffield School of Architecture, UK
Dr. Francesca Scalisi, DEMETRA Ce.Ri Med Euro-Mediterranean Documentation
and Research Center, Italy

Prof. Francesco Cianfarani, The University of Oklahoma, USA

Dr. Francesco Guarino

Prof. Francesco Nocera, University of Catania, Italy

Dr. Francesco Reda, VIT Technical Research Centre of Finland, Finland
Mr. Francesco Zaccaro, Cardiff Metropolitan University, UK

Dr. Gabriele Bernardini, Universita Politecnica delle Marche, Italy

Prof. George Karani, Cardiff Metropolitan University, UK

Dr. Gianluca Maracchini, Universita Politecnica delle Marche, Italy

Dr. Gilda Massa

Prof. Dr. Hasim Altan, ARUCAD, Cyprus

Prof. Hirech Kamal, Mohamed First University, Morocco

Prof. Hong Jin, Harbin Institute of Technology, China

Prof. Ian Cooper, Eclipse Research Consultants, UK

Prof. Jeon Gwanggil

Dr. Assoc. Prof. Jiping Bai, University of South Wales, UK

Prof. Joao Ramos, University of Coimbra, Portugal

Mr. John Counsell, Cardiff Metropolitan University, UK

Dr. John R Littlewood, Cardiff Metropolitan University, UK

Dr. Judit Lopez-Besora, Universitat Politecnica de Catalunya, Spain

Dr. Katie Beverley, PDR Cardiff Metropolitan University, UK

Prof. Khalil Kassmi, Mohamed Premier University, Morocco

Assoc. Prof. Dr. Eng. Larisa Ivascu, Polytechnic University of Timisoara, Romania
Dr. Laura Aelenei

Dr. Letizia Appolloni, Universita di Roma, Italy

Dr. Linda Toledo, De Montfort University, UK

Prof. Lloyd Scott, Technological University Dublin, Ireland

Dr. Lorenzo Diana, Universita degli Studi di Napoli Federico II, Italy
Prof. Lucian-Ionel Cioca, Lucian Blaga University of Sibiu, Romania
Assoc. Prof. Magda Sibley, Cardiff University, UK

Dr. Mahieddine Emziane, University of Strathclyde, UK

Dr. Mahmood Alam, University of Brighton, UK

Prof. Dr. Maria Beatrice Andreucci, Sapienza University of Rome, Italy
Dr. Masa Noguchi, The University of Melbourne, Australia

Dr. Masoud Sajjadian, Edinburgh Napier University, UK

Dr. Matteo Clementi, Politecnico di Milano, Italy

Prof. Maurizio Cellura

Dr. Michele Morganti, Sapienza University of Rome, Italy

Prof. Mohamed Sabed

Prof. Najib Essounbouli, University of Reims Champagne Ardenne—CReSTIC,
France



International Programme Committee vii

Ms. Olga Palusci, Sapienza University of Rome, Italy

Prof. Pedro Manuel Dos Santos, Universidade de Lisboa, Portugal
Dr. Penny Carey, Portakabin, UK

Mr. Quadar Nordine, University of Ottawa, Canada

Prof. Robert Howlett, Bournemouth University, UK

Prof. Romeu Vicente, University of Aveiro, Portugal

Dr. Rosaria Volpe

Prof. Ruggiero Lovreglio, Massey University, New Zealand
Prof. Saadane Rachid, SIRC-LAGES

Dr. Savis Gohari Krangsas

Mrs. Silvia Soutullo

Dr. Simona Mannucci, Sapienza University of Rome, Italy
Dr. Simon Tucker, Liverpool John Moores University, UK
Dr. Simon Walters, University of Brighton, UK

Dr. Stefano Fantucci, Politecnico di Torino, Italy

Prof. Sumathy Krishnan, North Dakota State University, USA
Dr. Tiago Miguel Ferreira, University of Minho, Portugal

Dr. Tri Mulyani Sunarharum

Dr. Umberto Berardi, Ryerson University, Canada

Mr. Viktor Bukovszki

Prof. Wilfried van Sark, Utrecht University, The Netherlands
Prof. Wojciech Bujalski, Warsaw University of Technology, Poland
Dr. Xingxing Zhang

Prof. Youssef Errami, Chouaib Doukkali University, Morocco



Preface

The 13th International Conference on Sustainability and Energy in Buildings 2021
(SEB-21) is a major international conference organized by a partnership made up
of KES International and The Sustainable and Resilient Built Environment group,
Cardiff Metropolitan University.

SEB-21 invited contributions on a range of topics related to sustainable buildings
and renewable energy and explored innovative themes regarding building adaptation
responding to climate change.

The aim of the conference was to bring together university researchers, govern-
ment and scientific experts and industry professionals to discuss the minimization of
energy use and associated carbon emissions in buildings, neighbourhoods and cities,
from a theoretical, practical, implementation and simulation perspective. The confer-
ence formed an exciting chance to present, interact and learn about the latest research
and practical developments on the subject. This is the second time that SEB-21 had
held virtually, and this has been made necessary because of the ongoing COVID-19
pandemic which has swept the world.

The conference featured two general tracks chaired by experts in the fields:

e Sustainable and Resilient Buildings
e Sustainable Energy Technologies.

In addition, there were seventeen Invited sessions proposed and organised by
prominent researchers.

It is important that a conference provides high-quality talks from leading-edge
presenters. SEB-21 featured two keynote speakers: Dr. Clayton Miller, National
University of Singapore, Singapore, and Prof. Liz Varga, University College London
(UCL), UK.

The conference attracted submissions from around the world. Submissions for
the full-paper track were subjected to a two-stage blind peer review process. With
the objective of producing a high-quality conference, only the best of these were
selected for presentation at the conference and publication in Springer as chapters.
Submissions for the short paper track were subjected to a ‘lighter-touch’ review and
published in an online medium, but not in Springer book.
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Thanks are due to the very many people who have given their time and goodwill
freely to make SEB-21 a success. We would like to thank the members of the Inter-
national Programme Committee who were essential in providing their reviews of the
conference papers, ensuring appropriate quality. We thank the high-profile keynote
speakers for providing interesting talks to inform delegates and provoke discussion.
Important contributors to the conference were made by the authors, presenters and
delegates without whom the conference could not have taken place, so we offer
them our thanks. Finally, we would like to thank the administrative staff of KES
International.

It is hoped that you find the conference an interesting, informative and useful
experience and remain connected through the KES International Virtual Conference
Experience.
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Examining the Deviation in Energy m
Saving Estimations Due to the Use oo
of the Degree Days Method

Ahmed Mokhtar

Abstract Energy performance contracts are commonly used to retrofit buildings
and reduce their energy consumption. The financial agreement in the contracts typi-
cally depends on calculating the amount of energy saved every year. This is difficult
to calculate as many aspects that impact a building’s energy consumption continu-
ously change, including the weather. The Degree Days method is commonly used
to help estimate the energy saving while the weather is changing. The Degree Days
can be calculated with a variety of base temperatures resulting in different values.
This paper is a first step in examining the significance of the deviation in energy
saving calculations when using this method. It also investigates if there is a more
appropriate base temperature to use for that purpose. Energy simulation with actual
annual weather data is used to make the investigation. Two different building types
and three different energy conservation measures are used. The results of this prelim-
inary investigation show that the deviation can be significant in some cases. They
also show the possibility that a particular base temperature for calculating the degree
days can give more accurate savings estimations. These can be very important results
for users of energy performance contracts.

1 Introduction

With the signing of the Paris Agreement on climate change, several countries initiated
programs to retrofit old buildings to reduce their energy consumption. In addition,
many owners see a financial benefit in improving the energy performance of their
buildings by reducing their energy bill. As a result, energy service companies (ESCO)
are offering various services to accommodate this market demand. An important part
of these services is the energy performance contract [1]. These are contracts that aim
to finance the retrofitting cost by using the savings in the energy consumption cost.
There are basically two common types of energy performance contracts between

A. Mokhtar ()
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Fig. 1 Building energy consumption before and after retrofitting. a is actual consumption. b is
estimated consumption if there was no retrofitting. ¢ is the estimated saving in energy consumption

an owner and an ESCO. These are the Guaranteed Savings contract and the Shared
Savings contract. In a simplified way, the main difference between these two types
of contracts is in the financing of the retrofitting cost and in the calculations of the
savings. In a Guaranteed Savings contract, the owner finances the retrofitting cost
and pays the ESCO for their technical service. However, the payment is due only
when a certain level of energy consumption saving is achieved from the retrofitting.
In a Shared Savings contract, the ESCO finances the retrofitting costs in return for
a percentage of the saving in the consumption cost. In both types of contracts, the
saving in energy needs to be determined to process the payments according to the
contract.

The problem is that energy savings is not a measurable quantity. Rather, it is an
estimated one. Figure 1 illustrates this problem. What can be measured is the energy
consumption because it is metered. We can measure it before retrofitting and after
retrofitting. Line (A) shows this metered energy consumption. It is certainly easy to
assume that—if the retrofitting is not done—the building would have consumed the
same energy that we measured before its retrofitting. Hence, the difference between
what we measure before retrofitting (the part of line A before retrofitting) and what we
measure after retrofitting (the part of line A after retrofitting) is what is being saved.
Yet, this is not correct. Several factors affect the building which results in a variation in
energy consumption every year. These include changes in the schedule of the building
use or in the number of its occupants among many other factors. Therefore, we need to
establish an estimation of what would have been the building’s energy consumption
if it was not retrofitted. Line (B) in Fig. 1 shows an example of this estimation. Using
estimated energy consumption (B), and the metered energy consumption (A), we
can establish a more accurate estimation of the energy saving due to the retrofitting.
This will be the difference between (B) and (A) as represented by the area (C) in
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Fig. 1. As mentioned above, the estimation in savings has contractual and financial
implications for both parties involved in the energy performance contracts. The more
accurate the actual saving calculation is, the clearer are the contractual obligations
and the fairer is the distribution of saved money.

The challenge now is in estimating line (B) for a particular building reasonably
accurately. Several methods exist to make such estimation as defined by the Interna-
tional Performance Measurement and Verification Protocol IPMVP) [2]. The amount
of data needed and the effort and money putin collecting different data varies between
these methods. Depending on the nature of the building and the extent of the retrofit,
a simple or more complex method is selected to help estimate the saving in energy
consumption (C) in Fig. 1.

One of the most important factors that affect the variation in a building’s energy
consumption is the annual change in the weather conditions. In most buildings,
this change has a direct impact on the energy consumption by the HVAC systems.
Depending on the building type and its surrounding climate, these systems can be
by far the biggest consumer of energy in a building. Hence, fluctuation in weather
conditions means fluctuations in the building’s annual energy consumption. To esti-
mate the impact of weather in creating line (B) in Fig. 1, the “Degree Days” method
is commonly used [3]. The method uses numbers that can be generated from weather
data. These numbers change as the weather changes. A simple equation can be used
then to estimate line (B) in Fig. 1 from the section of line (A) that is before retrofitting.
For example, and following the timeline in Fig. 1, to estimate the energy that the
building would have consumed if it were not retrofitted in the year 2015 (Egy),
get the energy actually used by the building before retrofitting in year 2014 (Epg,gc)
which is considered the base (or reference) year, get the cooling degree days for 2015
(CDDgg) and the cooling degree days for 2014 (CDDg,) and use these in Eq. (1).

(Egse) = (Epase oD 2E (1)
st) — ase) ¥ ———
Est i CDDBase

The question now is how to calculate the values for the CDD in the needed years.
According to Bromley [4], “Degree days are a measure of how much (in degrees),
and for how long (in days), the outside air temperature was below [above] a certain
level”. In case of Heating Degree Days (HDD), we measure “below” a certain base
temperature while in the case of Cooling Degree Days (CDD), we measure “above” a
certain base temperature. HDD are used when we want to estimate the energy needed
to heat a building while CDD are used when we want to estimate the energy needed
to cool a building. The bigger the number, the more energy is expected to be used
by the HVAC system to achieve human thermal comfort. In this article, we focus on
using the CDD.

Calculating the CDD requires a base temperature. This is the temperature above
which we assume the building requires cooling. The standard base temperature used
in ASHRAE is 18.3 °C (65 °F). However, others use different base temperatures.
Azevedo et al. [5] provides a list of base temperatures used in different countries as
they appear in the literature. The list shows a variation from 18 to 28 °C and it reflects
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the assumptions made by the different researchers on the temperature beyond which
a building needs to be cooled mechanically. This certainly depends on the type of
building and its climatic region.

Once the base temperature is determined, calculating the CDD for a particular
period (e.g. month or year) is simple. Using the hourly weather data, a value “X;”
is calculated for each day using Eq. (2). All the positive values for “X;”—for the
number of hours “h” that are in the calculated period—are summed to be the CDD
for the needed period as shown in Eq. (3).

(TDaily Max — Tpaily Min)

X =
2

- TBase Temperature (2)

h
CDD = ZX,- (where X; > 0) (3)

i=1

Clearly, the selection of the base temperature impacts the calculated CDD. Hence,
the ratio CDDgg/CDDgy thatis used in Eq. (1) will vary accordingly. Consequently,
the estimated energy consumption Egg that represents line (B) in Fig. 1 will also vary.
Therefore, the estimated saving due to the retrofitting, (C) in Fig. 1, will be different
each time we change the base temperature for calculating the CDD. This may affect
the amount of money to be paid to the ESCO in the case of a shared savings contract.
It may also result in non-payment in the case of a guaranteed savings contract.

This paper is a step towards answering two questions. The first is how big the
deviation is in estimating the saving in energy consumption when the CDD method
is used. The second is whether there is an optimal base temperature that minimizes
the deviation. The paper starts by explaining the methodology used to answer the
two questions and it then shows the results and the conclusion of the study.

2 Methodology

Energy saving can never be measured in reality. Therefore, the researcher approach
to answering the two questions is to use energy simulation software. With simulation,
it is possible to keep all the parameters that impact a building’s energy consumption
constant, with the exception of the parameters being tested. This allows us to isolate
some parameters and hence evaluate the impact of their changes on the building’s
energy consumption. In our case, we need to do so to create lines (A) and (B) of
Fig. 1.

A building is modeled in the energy modeling software IESVE [6]. The following
series of simulations are run using the weather data for the city of Sharjah in the
United Arab Emirates (ASHRAE Climate Zone 1B Very Hot-Dry):

1 A simulation is done using actual hourly weather data for a base year (e.g.
2014). This creates the part of line (A) that exists before retrofitting as shown
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in Fig. 1. The sum of the calculated monthly energy consumption represents
the base consumption value Eg, of Eq. (1). No particular reason for selecting
2014 as the base year. The author just wants to have four years of performance
after retrofitting as a reasonable time for testing the possible deviation in results.
Further studies should test different base years and more years after retrofitting.

2 A simulation is done using actual hourly weather data for the consecutive years.
(e.g. 2015, 2016, 2017, 2018). This creates line (B) as shown in Fig. 1 based on
simulation results.

3 Some Energy Conservation Measures (ECMs) are applied to the simulated
building to represent a retrofit work done on the building. The simulation is
run using the actual hourly weather data for the consecutive years. (e.g. 2015,
2016, 2017, 2018). This creates the part of line (A) that exists after retrofitting
as shown in Fig. 1.

Using Egs. (2) and (3), several CDD calculations are done using a spreadsheet
macro developed by the researcher. The macro uses actual hourly weather data
and a base temperature—defined by the user—to make the CDD calculations. The
following CDD calculations are done using the weather data for the city of Sharjah
in the United Arab Emirates:

1 CDD for the base year (e.g. 2014) and for a range of base temperatures from
15 to 25 °C. For each base temperature, this is the value needed for CDDg,g in
Eq. (1). Table 1 shows the results.

2 CDD for the consecutive years (e.g. 2015, 2016, 2017, 2018) and for a range of
base temperatures from 15 °C to 25 °C. For each base temperature, this is the
value needed for CDDgg, in Eq. (1). Table 1 shows the results.

For each base temperature, and for each of the consecutive years, we calculate
the ratio CDDgy/CDDg,se of Eq. (1). We then use Eq. (1) to estimate the energy
consumption if the building is not retrofitted. This will be line (B) in Fig. 1 based on
the CDD method.

To compare the difference between generating line (B) of Fig. 1 by using the two
methods, Fig. 2 shows line (B) as (Bs) in case it is generated by the simulation and
as (Bc) in case it is generated by the CDD method. The line (Bc) will be different
for each base temperature.

Table 1 Calculated CDD for different base temperatures
Base temp. °C | 15 16 17 18 19 20 21 22 23 24 25

2014 4792 | 4439 | 4087 | 3743 | 3413 | 3100 | 2804 |2528 | 2271 |2023 | 1791
2015 4825 | 4473 | 4123 | 3777 | 3443 | 3123 | 2824 | 2540 | 2265 |2002 | 1754
2016 4720 | 4367 |4015 | 3667 | 3330 |3012 | 2711 |2423 | 2147 | 1892 | 1657
2017 4859 | 4509 |4160 |3814 | 3472 |3148 | 2841 |2551 |2279 |2026 | 1789

2018 4824 | 4471 |4119 |3776 | 3446 |3130 | 2830 |2544 | 2272 |2017 | 1774
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Energy Consumption MWh
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Fig.2 Estimated energy consumption if no retrofitting is done. Bs is calculated using the computer
simulation. Bc is calculated using the CDD method (shown here for base temperature = 18 °C)

Using Fig. 2, the estimated saving based on the simulation result will be the
difference between the values in line (Bs) and the values in line (A) for each of the
studied years (e.g. 2015, 2016, 2017, 2018). We will refer to this simulation-based
saving value as (Ssimulation)- Similarly, the estimated saving based on the CDD method
will be the difference between the values in the line (Bc) and the values in line (A) for
each of the studied years. We will refer to this CDD-based saving value as (Scpp).
The deviation in using the CDD method in estimating the energy saving is calculated

using Eq. (4) for each year and for each of the used base temperatures from 15 to
25 °C as shown in Table 2.

. . (SCDD - SSimulation)
Deviation =

“4)

SSimulation

The same process is repeated but for two types of buildings and for three types
of ECMs. The objective is to check if the nature of the building and the used ECMs
will make a meaningful difference. The buildings types are:

Table 2 Percentage of deviation in estimating energy saving when using the CDD method

Base 15 16 17 18 19 20 21 22 (%) |23 (%) |24 (%) |25 (%)
temp. °C [ (%) |[(%) |(%) |(%) | (%) |(%) |(%)

2015 20 22| 25| 26| 25| 21 2.1 14 |-06 |—-29 |-58
2016 —43|—-46|-50|-58|-70|-8.1|-95|—-11.8 |—155 |—185 |-21.5
2017 42| 47| 53| 57| 51| 46| 39 2.8 | 1.1 0.5 -0.3
2018 1.9 2.1 22| 25| 28| 28| 27 1.9 0.2 -08 |-238
Ave. 10| 11| 12| 13| 09| 03|-02| —-14 |-3.7 |-54 |-7.6
deviation
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Fig. 3 The model for the
primary school used

1 A primary school with a single floor and finger plan as shown in Fig. 3. Because
of the form and the function of the building, it is considered to have an externally
dominated cooling load and its energy performance is greatly impacted by the
weather.

2 A hospital with a multi-story and deep plan as shown in Fig. 4. Because of
the form and the function of the building, it is considered to have an internally
dominated cooling load and its energy performance is less impacted by the
weather.

Both modeled buildings are provided as templates by the software IES VE. The
weather data for Sharjah is used for the years 2014 until 2018 and the cooling set
point temperature is 24 °C. The three types of ECMs are:

1 ECMs directly related to the weather. The used ECMs are i) double the efficiency
of the HVAC system used (from COP = 3.1 to COP = 6.2) and ii) double the R

Fig. 4 The model for the
hospital used
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value of the roof (from R = 3.5 m?*°K/W to R = 7.0 m? °K/W). This is referred
to as ECM (A).

2 ECMs not-directly related to the weather. The ECM used is replacing the flores-
cent lighting with much more efficient LED light (The value for w/m? for each
space is halved). This is referred to as ECM (C).

3 Both of the above ECMs are used. This is referred to as ECM (B).

The resulting consumption from the simulation in each case is the total building
energy consumption and similarly is the estimated saving.

3 Results

Figure 5 shows the results of running the process for the school using the above
mentioned three types of ECMs and for a range of base temperatures from 15 to
25 °C. The deviations have very different values for the same base temperature in

% deviations for 2015 % deviations for 2016
15% 15 16 17 18 19 20 21 22 23 24 25

5% -—‘--~-~ 0% .c.oo..cc.o.......
° .oooooo-ooo.oooo..\ ---~ ®0ee,
® ~~~
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e e« = ECM (C) @ a» = ECM (C)
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L d LS - e an
25% o2 S -—=" s
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15% \ oooooaooo--oou.....\

\ <o,
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Fig. 5 Change in the % deviation in energy savings due to the change in CDD base temperature
for the different types of ECMs and for the different years under study. Note the different scales for
the % deviation
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Fig. 6 Average of the % deviations for the four years under study, for the different types of ECMs,
and for the two building types

each year. However, ECM (C) which is not-directly related to the weather, always
shows much bigger deviation values. This confirms the need to have sub-metering
for these types of ECMs and to not depend on the total consumption of energy to
estimate the resulting savings. The % deviations for the other two types of ECMs
barely exceed 5% except for the year 2016.

The % deviations tends to converge to zero near a particular base temperature.
However, this temperature changes every year. This is with the exception of the year
2016 which had less CDD than that of 2014 regardless of the base temperature as it
was in general a cooler year than the others. Its % deviations are getting bigger as
the base temperature increases.

Figure 6 shows the % deviations when averaged over the four years. There is
a trend that is appearing for both the school and the hospital. The % deviations
are converging towards zero for the three types of ECMs around the temperature
21/21.5 °C even though one building is internally dominated and the other is exter-
nally dominated. This is an interesting observation and can lead to a guideline for
selecting an appropriate base temperature for calculating the CDD for a particular
city.

4 Conclusion

This preliminary examination of the deviation in energy saving estimations due to the
use of the Degree Days method should encourage both owners and ESCO to identify
a better base temperature to use. More studies need to be done for longer periods of
time, for different cities, and for more building types to provide better guidance. It
is also important to note that the % deviation in using the CDD method is generally
low except for the type of ECMs that are not-directly related to the weather.
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Impact of Climate Zone and Orientation )
Angle on the Recurring Massing School L
Typologies in Turkey

Yasemin Afacan

Abstract In this study, the impact of different climate zones on same massing
typologies of a typical school building with different orientation angles was quantified
through building energy simulations of a case building in Turkey. The most schools
in Turkey do not comply with the current energy code because they were built prior to
the code. Thus, there is a crucial need to investigate their energy efficiency for poten-
tial retrofits. The results of the study exemplified how the breakdowns in energy use
and carbon emissions would significantly influence design decision-making process
of a school. Considering the four climate scenarios, mainly the influence of an orien-
tation angle on energy use intensity (EUI) is higher than its influence on carbon emis-
sions. This study differed from other sustainability researches in terms of defining
building massing in schools with an emphasis on environmentally climate respon-
sive school design, which is a holistic approach and comprehensive understanding of
high-performance energy efficiency. A climate responsive massing should address
the questions beyond well-known standards, and define a new holistic model that
uses the optimum orientation, and surface to volume ratio of the building to reduce
energy loads and achieve high-performance energy efficiency.

1 Introduction

School buildings play a critical role to contribute to the health and well-being of
every society [1]. Schools represent a unique environment that differ from other
building types, given that in a school, there are four times more occupants per square
meter than in a typical office building [2]. Occupants spend much of their time inside
classrooms. This occupancy schedule patterns make school buildings responsible for
a significant portion of the total energy consumption of the non-residential sector.
Schools require special attention on sustainable building managements so that early
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decisions on building massing, classroom layouts, geometry parameters and spatial
configurations of each function have critical impact on energy efficiency. Previous
massing studies in schools have largely focused on solely plan layout, such as linear,
corridor etc., and compactness of geometrical shape parameters related to different
typologies [3], such as L-C-U-H shapes, linear corridor or central with different
classroom dimensions, pavilion, slabH, slabV and courtyard types etc., to compute
energy performance of schools [4-6]. However, compactness of a shape is not always
the optimal solution for energy efficiency [7-9]. Even with the same shape, it is not
possible to have well-specified energy measures for schools [9].

Although there are a number studies on the relationship between energy effi-
ciency and building forms in developed countries, there is a lack of studies analysing
correlations among energy use, different climate scenarios and building orientations
of similar massing typologies in developing countries, such as Turkey. In Turkey,
in recent years due to the difficulty of producing different projects for each school
considering diverse range of climate types, time constraints, staff shortage and finan-
cial problems, the production of a typical project application has become more
intense. Thus, this study investigates how the energy efficiency of a similar building
massing varies depending on the four climate zones and simulates a typical Turkish
school building in the four representative cities at the four different orientation angles.
Based on the results of climate zone assessments, it proposes a simulation-based
climate proofing in order to define a set of proper massing parameters and to decide the
correlations among massing typologies, different climate zones and the key energy
loads of schools, such as heating, cooling etc.

2 Energy Impacts of School Typologies

Energy impacts of buildings have been discussed first in United Nations Brundtland
Commission in 1987, then UN Commission Report in 1992 on sustainable develop-
ment and Kyoto Conference by UN Framework on climate change. In 2002 European
Energy Efficiency Directive [10] investigated building optimization to reduce their
impacts on energy consumption. In 2012 and 2018, net zero energy buildings have
been presented by the European Directives [11, 12]. Hence, most of the school build-
ings both in Europe and in most of the countries around the world were built before
those dates of the directives so that they could not satisfy energy efficiency directives
[13]. Thus, there are lots of studies exploring energy efficiency in school buildings,
measures related to building envelope, and enhance energy performance through
environmentally responsive design.

There are uncertainties in energy performance of schools depending on the
country, location and climate zones. Reviewing the literature on the energy impacts
of school typologies showed that there are many different definitions of typologies
and energy consumption patterns accordingly. Some studies defined typology classi-
fications as massing types based on the overall configurations [14—16]; whereas the
others described it based on the proportions of a 2D drawing [17, 18]. Afacan and
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Ranjbar [9] investigated the five most commonly used school massing typologies
in the contemporary school architecture: (1) Spine/street—major school functions
along a central linear space; (2) City/town—a loose type of massing with more poten-
tial of legible school functions; (3) Atrium- a full height atrium serving passive solar
design, thermal inertia and access outside views; (4) Strawberry/cluster—a central
core providing circulation; and (5) Courtyard—flexible layout around the courtyard
with enhanced energy efficiency benefits. These typologies did not differ according
to the age of the students. They were prevalent for primary, secondary and high
schools. They found significant differences in terms of annual energy use, annual
energy cost and annual carbon dioxide (CO,) emissions among the massing types,
and suggested a new holistic model based on the ratio of surface area to volume more
for reducing energy loads of a typical high-performance schools [9].

According to the Statistics of the Turkish Ministry of National Education, there
are 25.5 million students which means that one third of the Turkey’s population
spends the majority of their time in school buildings [19]. In the academic year of
2017-2018 in Turkish primary and high schools, about 18 million students taught by
1 million teachers in total 66,000 schools [20]. Thus, school buildings in Turkey have
a great importance in energy consumption. The total energy consumption of non-
residential sector in Turkey has increased 174% compared to the energy consump-
tion in 1990. The schools contribute 23% to this total energy consumption, which
forces the educational building retrofit to tackle this challenge [19]. Due to their
high-energy consumption, high occupant density and high activity patterns, schools
represent a significant category among the other building typologies to be respon-
sible for a considerable amount of energy consumption. In UK and US, school
buildings are responsible for 10% and 13% of total energy consumption respec-
tively [13]. Since Turkey has experienced a considerable surge in energy demand
[21], achieving energy efficiency in current school building stocks becomes crucial
because sustainable design, planning and construction decrease energy consumption
by reducing environmental pollution, controlling energy waste patterns, maintenance
and transportation costs [7].

With regards to the European Energy Efficiency Directives, in 2000 Turkey consid-
ered energy efficiency measures for the schools that were newly constructed, but the
majority of the existing schools were constructed before 2000 without a focus on
energy performance and were not gone any energy refurbishment later on. In Turkey,
typical school projects were designed by the Ministry of Public Works to be used
in all regions until the year 1970 [20]. Later, in 1980, there were minor revisions in
these typical projects regarding regional energy differences. After 1997, when 5-year
compulsory primary education was extended to 8 years. The adaptation of existing
buildings was mostly done with the addition of floors, which ignored the relationship
between energy demand and massing typology.
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3 Materials and Methods

3.1 Selection of Climate Zones and the Reference Cities

According to Koppen-Geiger Climate Classification [22], Turkey’s climate is defined
as mild Mediterranean. However, there are significant differences in climatic condi-
tions in Turkey because of its diverse geographical characteristics. For example, in
the Mediterranean region, the mountains are parallel to the sea, which makes the
coastal region milder with warm summers and mild-to-cool winters than the Central
Anatolia. On the other hand, the inland regions have a dry climate with hot summers
and cold winters. So, the climate classification of the Turkish Standard ‘TS 825
Thermal Insulation Requirements in Buildings’ [23] defined 4 climate zones. In
2008, TS 825 was adapted from ‘ISO 9164- thermal insulation calculation of space
heating requirements for residential buildings’ [24] and ‘BS EN 832-thermal perfor-
mance of buildings calculation for energy use for heating residential buildings’ [25].
Although it neglects the cooling loads, it is still the mandatory document in Turkey
regarding energy efficient heating energy requirements for all buildings. Figure 1
illustrates how these four climate zones are distributed on Turkey.

In this study, the case building was situated in Konya, which was located in the
third climate zone as a hot-summer Mediterranean climate with hot summers and
snowy winters [26]. The case building was constructed in 1993 without considering
the energy efficiency. It had a double-loaded corridor plan, used a central heating
system and was ventilated by manually opened windows. Three representative cities,
Istanbul, Izmir and Erzurum, from the other three climate zones were used to simulate
the projected energy efficiency performance of the case study building regarding the
different climate zones (Table 1). Istanbul has a borderline Mediterranean climate,
humid subtropical climate and oceanic climate, with a hot dry summer, pleasantly

B Zone1 - Zone 2 B Zone3 Zone 4

Fig. 1 Four-climate zone of Turkey based on TS 825
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warm spring and autumn, and cold winters with rare snow [22]. Izmir is located in
the Mediterranean climate zone, where summers are hot and dry, and winters are
warm and rainy. Erzurum has humid continental climate with hot and dry summers,
and cold and snowy winters [22]. In the literature, there are lots of studies on the
impact of different climate zones to ensure energy efficiency. This study differed
from these sustainability researches in terms defining building massing in schools
with an emphasis on environmentally climate responsive school design, which is
a holistic approach and comprehensive understanding of high-performance energy
efficiency. A climate responsive massing should address the questions beyond well-
known standards, and define a new holistic model that uses the optimum orientation,
and optimum surface to volume ratio of the building more for reducing energy loads
than a typical high performance schools.

3.2 Building Envelope Details

The school had a total gross area of 5400 m* The building was a four storey building
in U-Shape with 19 classrooms and 760 primary school children and 37 teachers
(Figs. 2 and 3). The construction standards of the case building are presented in Table
2, and the main parameters of the building envelope materials are given in Table 3.
The central heating system with radiators was used for heating. There was no cooling
equipment in the typical school building. Cooling was achieved through natural venti-
lation by manually operated windows. There were no automatic lighting controls. The
common lighting equipment in the typical school building was fluorescent lighting,
cool-white fluorescent bulbs (LPD = 12 W/m?).

3.3 Data Analysis, Modelling and Simulation

The preliminary data collection and analysis consisted of a review of the energy bills
of the school, typical occupancy data, and technical specifications of the building. A
site visit was done to the building to examine actual system and get a deeper insight
of the school’s operation. Natural gas and electricity bills of the school were analysed
to calibrate the simulation data. Inside and outside photographs of the building were
taken. An infrared camera was used to capture the entire temperature profile of the
building and to see temperature differences on surfaces. Figure 4 shows an example
image of what the thermal camera observed regarding heat losses. The problematic
areas were mostly window frames. Although they were insulated, there was no rubber
gasket or weather-stripping around the opening, air escapes around the edges.

The study developed a dynamic calibrated energy simulation model of the school
building by using Sefaira program simulations. Sefaira’s Real-Time Analysis Plugins
use EnergyPlus, a validated professional energy simulation tool [27], as their primary
simulation engine to assess energy and thermal performance based on architecture,
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Fig. 2 Aerial images of the site and the case building

lighting and mechanical systems, occupancy and use, and local weather. Constant
feedbacks on envelope and material U values were provided by design parameters
in Sefaira’s Real-Time Analysis.

4 Results and Discussion

For each climate context, simulations were run for annual energy use, energy use
intensity (EUI) cost and annual CO, emissions. In addition to the climatic parameters,
the building performance was also calculated regarding the four orientations of the
case building in each city; (i) baseline model; (ii) 90° rotated model; (iii) 180° rotated
model, and (iv) 270° rotated model.
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Fig. 3 a Plan view of the first floors of the case building; b four views of the case building
Table 2 The construction standards of the case building

Climate zone City U (W/m? K) External wall Ground floor Roof | Glazing
3 Konya 1.06 1.42 0.73 3.49
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Table 3 The main parameters of the building envelope materials

Material d (m) A (W/m K) R (m? K/W)
External walls

Cement plaster 0.03 1.6 0.019
Brick Wall 0.28 1.2 0.233
EPS 0.16 0.04 1.60
Cement plaster 0.03 1.6 0.019
Ground floor

Laminate floor 0.008 0.115 0.07
Cement mortar 0.05 1.4 0.036
Plain concrete 0.10 1.65 0.03
Reinforced concrete 0.20 2.5 0.08
Damp proof membrane 0.05 0.3 0.167
Gravel 0.10 2.0 0.05
Roof

Glasswool 0.05 0.05 1.00
Reinforced concrete 0.20 2.50 0.08
Cement plaster 0.03 1.6 0.019

4.1 Impact on Energy Consumption

The EUI changes from 103 kWh/m?/year (minimum) to 136 kWh/m?/year
(maximum) (Table 4). These values, even the high one, are good values, because
according to ASHRAE 2018 Advanced Energy Design Guide for K-12 School Build-
ings [28] for achieving 50% energy savings, the targeted value for EUI is around 110
kWh/m?/year for these four climate zones. The reason for these low EUI values is
the high performance envelope considering lighting and cooling. The classes are
scheduled until 4.00 p.m. so that most of the time daylighting satisfies the visual
performance. The summer holidays, from 1st June to 1st September, are assumed
unoccupied so that less cooling or even no cooling is required. However, it should be
noted that in buildings, where daylighting is not as much as available as the others,
and where buildings are occupied during the summer period, the EUI is much higher.

As seen from Table 4, similar to the previous researches mentioned in the literature
section, this study also found that a proper orientation angle results in the reduction of
energy consumption. However, different than those researches, this study identified
that the impact of orientation on energy consumption in Mediterranean zones are
not as much as significant compared to the zones, where summers are very hot, and
winters are very cold and snowy. By orienting the building at an angle of 180°, there
would be a reduction of EUI of 9% in non-Mediterranean zones, whereas 4% in
Mediterranean zones. This finding is critical during the decision making process of
a more environmentally responsive school massing. To maximize energy efficiency,
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Fig. 4 Thermal camera view of a window wall a, b from inside and ¢ outside

the priority could be given on the size and number of classrooms, number of stories,
window to wall ratio and room depth, which could have a direct impact on annual
heating and cooling energy.

Figure 5 illustrates the energy breakdown. Mainly heating energy increased in
climatic zones, in which lowest winter temperatures occurred. However, comparing
this heating demand profile against the cooling energy consumption, it was clear that
they were not in the same pattern. This was due to the fact that cooling in Turkey
is achieved by natural ventilation in most of the schools. Although this leaded to
decrease cooling energy consumption, it resulted in unhealthy consequences in terms
of indoor environmental quality provided to students. The CO,, temperatures and
humidity levels in classrooms without proper ventilation reach above the limits after
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Fig. 5 The energy breakdown regarding the climate zones and orientation

twenty minutes of the occupation [2, 4]. Moreover, getting fresh air through manu-
ally operated windows also create uneven heat distribution and thermal discomfort
especially for the students sitting near windows [4]. Another significant finding was
that the interior energy demands regarding lighting and other electrical equipment
did not differ much regarding both the climatic zones and orientation. The reason for
this finding was that there were typical and similar lighting systems in most of the
schools without paying attention on its impact on health, performance and stress of
students. However, the use of lighting sensors has not only positive effect on glare
reduction and appropriate illuminance levels, but also it directly impacts EUI value
of a school building with a same massing typology.

4.2 Impact on CO, Emissions

The highest annual net CO, emissions were obtained in both Erzurum and izmir at the
orientation angle of 270° (Table 5). Although these two climate zones were the least
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Table 5 Annual energy costs and CO; emissions of each city in four different orientations

City Orient | Energy costs CO; Emissions
degree

Annual | Annual |Annual | Annual | Annual | Annual | Annual Net
Energy | Elect. Gas Energy | Elect. | Gas CO; Emissions
Cost ($) | Cost ($) | Cost ($) | Cost Cost Cost (kg/

Per Per Per COgelyear)
Area Area Area
($/m2) | ($/m2) | ($/m2)

Konya | Baseline | 67,262.9 | 55,809.6 | 11,453.3 | 26.16 |21.71 |4.45 1,131,572.18
90° 66,378.3 |55,152.5 | 11,225.8 | 25.82 | 21.45 |4.37 129,801.63
180° 65,677.0 | 54,757.9 1 10,919.1 | 2555 |21.30 |4.25 128,332.10
270° 68,689.4 | 57,358.0 | 11,331.4 | 26.72 |22.31 |4.41 134,172.17
Erzurum | Baseline | 71,699.4 | 64,025.4 | 7674.0 |27.89 |24.90 |2.98 137,883.31
90° 69,358.9 1 62,687.8 | 6671.2 2698 |24.38 |2.59 132,989.74
180° 68,916.5 | 62,689.7 | 6226.8 |27.81 |24.38 |2.42 131,931.61
270° 73,320.4 | 65,840.7 | 7479.7 |28.52 |25.61 |291 140,808.56
Istanbul | Baseline | 66,190.4 | 60,146.5 | 6043.9 |25.75 |23.39 |2.35 126,746.08
90° 65,785.259,790.3 159949 2559 |23.26 |2.33 125,963.88
180° 65,093.8 1 59,339.6 | 5754.3 2532 |23.08 |2.24 124,547.31
270° 67,780.0 | 61,747.3 | 6032.6 |26.36 |24.02 |2.35 129,708.18
Tzmir Baseline | 68,034.9 | 64,910.0 | 3124.9 |26.46 |25.25 |1.22 128,666.32
90° 67,318.0 | 64,750.8 | 2567.2 |27.18 |25.19 |1.00 127,036.67
180° 66,687.3 | 64,194.0 | 2493.3 2694 2497 |0.97 125,820.51
270° 70,271.9 |1 67,236.2 | 3035.7 |29.33 |26.15 |1.18 138,796.76

efficient for the case building in terms of carbon emissions, the EUI values in Erzurum
and Izmir were not the highest values (Fig. 6). The reason for this emission result was
the differences in breakdowns of energy performance and emissions regardless of the
climate type. It was striking that the emissions of the cooling load in these two cities
were higher than the other two. In Izmir, cooling load was mainly concerned with
AHU systems, and in Erzurum with zone cooling. This result highlighted the essential
role of climate based heating and cooling strategies in terms of the decarbonisation
of electric industry, rather than prototyping of the same heating and cooling systems,
which caused higher values of annual energy use. These simulated results were also
in line with the literature and underline the critical importance of indoor comfort
conditions that were also strongly correlated with passive and active measures of
a building envelope and interior architecture of the school building. As illustrated
in Table 5, annual energy costs per area were also higher in these cities. This result
confirmed that emissions due to the heating could be reduced but this reduction could
lead to the increased of carbon emissions due to cooling. As it was stated by Dino
and Akgul [29], the intensity of cooling is much more higher than heating for Turkey.
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Fig. 6 The CO; emissions breakdown regarding the climate zones and orientations

According to the findings, several retrofit scenarios could be developed. As passive
strategies, the U values of roof, walls and glazing could be lowered to reduce both
CO,; emissions and energy consumption. Shading devices or shutters could be added
into the critical facades. A green roof would also help lowering urban heat island
effect, as well as providing recreational space for children. As active strategies, air-
conditioning equipment or heat recovery units could be introduced to classrooms
considering their structural system and suspended ceiling availability. The HVAC
management is a complex and dynamic issue that should be considered along carbon
density and electricity generations.

To further discuss the results, the study identified the essential role of the two
following massing strategies: (i) optimizing the building orientation and (ii) defining
a set of massing parameters. Building orientation is an energy performance-related
factor that cannot be modified, but managed through retrofit passive design strate-
gies. It plays a key role in energy efficient school design. However, it is not enough
alone. Making optimized decisions on orientation parameters at the conceptual stage
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of design process could help to maximize all aspects of energy performance. Deci-
sions on orientation in construction or occupation phase would be too late. Thus,
the simulated results in the study pointed to the future need to explore measures
for climate adaptation of a proper massing typology and to taking account interior
layout and classroom proportions based on the various orientation angles. So, the
study proposed a multi-criteria decision making optimization that should include
a more extensive manipulation of interior and exterior relationships. Although the
simulations done in the study were limited with the four climate zones, and four
orientation angles for each zone, for future studies a decision matrix for retrofitting
strategies could be constructed, where a new set of climate variables could be iden-
tified, and prioritized data of design requirements could be correlated with those
variables.

In addition to the proper choice of a good site and orientation based on the vari-
ables of that site, spatial layout design and functional organizations are essential
components of defining a set of massing parameters. We have not found any earlier
studies configuring climate-based massing types for minimal energy use based on
multiple usage and seasonal and daily occupancy schedule. To achieve such efficiency
and improve energy performance, this study presented a unique opportunity for the
exploration of what a school massing type should offer for designing new build-
ings as well as retrofitting existing according to different climate scenarios. Thus, it
suggested climate based exploration strategies of building massing in schools with
an emphasis on environmentally responsible school interior design.

5 Conclusion

In this study, the impact of different climate zones on the same massing typologies
with different orientation angles was quantified through building energy simulations
of a case building in Turkey. The results of the study exemplified how the breakdowns
in energy use and carbon emissions would significantly influence design decision-
making process of a school building. It could result in different massing and orienta-
tion choices to achieve energy efficiency. In the study, as expected, different climate
zones resulted in different heating and cooling requirements. Considering the four
climate scenarios, mainly the influence of orientation angle on EUI was higher than
its influence on carbon emissions. Considering the four orientation angles, energy
use in itself of each zone remained relatively constant regarding heating loads, but
energy use varied considerably regarding cooling loads. However, carbon emissions
of each zone remained constant regarding both the heating and cooling loads. These
results contributed to the advancement of the research in developing countries that
are undergoing rapid building and urban regeneration process, because it does not
only propose strategies for new school design, but also retrofitting the existing ones
trough a simulation-based climate proofing. The implications of this study could be
summarized from the two points of view. The first point is related with its prac-
tical implications suggesting that the Ministry of Public Works could use the typical
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school projects across all the regions by taking adaptive actions on different heating
and cooling loads through passive measures. In this context, the same school massing
could be treated as a shell, which is later modified in site depending on the trade-offs
between climatic conditions and energy consumption patterns. The second point is
that there is a need for adaptive energy models specific to school buildings. Instead
of referring to the climate zone requirements, these models should take the hottest
occupied and coldest occupied months into consideration to calculate CO, emis-
sions. To extend the contribution of this study in design practice and generalize the
effect of school building massing on energy efficiency, a detailed climate impact
analysis, where combinations of building shapes, window to wall ratio, room depth
and orientation parameters, could be performed as a future study. In addition, both
design and construction of schools should consider the subjective preference of users
even during massing decisions. Proper school massing will not only improve energy
savings, but also enhance subjective feeling of all users.
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Analysis of the Influence of Aerodynamic | m)
Roughness on Urban Vertical Space L
Form: An Example of Shenzhen Central

Area

Di Song®, Ming Lu, Jun Xing, Jing Liu, and Lu Wang

Abstract This paper selects the impact of urban roughness element on ventilation as
aresearch perspective, taking the central area of Shenzhen as an example, extracting
vertical spatial shape influence parameters, and analyzing aerodynamic roughness
and spatial shape based on different land use types. Then the relationship between
roughness and spatial form is constructed to clarify the parametric interpretation
between the roughness of the underlying surface of the urban space and the spatial
form, so that subsequent urban development can combine this relationship to obtain
better ventilation effects.

1 Introduction

In the process of urban development, the distribution of high-rise buildings in the
artificial underlay surface accounts for an increasing proportion. In the vertical direc-
tion, reasonable ventilation conditions are closely related to the health and comfort
of residents [1, 2]. Therefore, it is necessary to quickly estimate the impact of urban
ventilation to guide future urban development, the layout of different types of land
and even the distribution of buildings in the land [3]. At the same time, the huge
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amount of data contained in the urban space also puts forward requirements for the
convenience of the evaluation process and the use of tools.

2 Literature Review

Due to the non-uniform nature of the complex spatial form of the city, the air flow
within the city is complex [4]. The high-density artificial environment increases the
vertical height of the urban canopy and also strengthens the barrier to wind [5]. There-
fore, there is a close relationship between the spatial shape formed by the artificial
environment and the weakening of wind speed [6]. Theoretical research on the wind
speed attenuation trend is mainly explained by aerodynamic roughness parameters
[7] The roughness length (Z) is used to explain the height where the average wind
speed is 0, and express the weakening effect of the urban canopy on the wind speed.
displacement height (Z;) expresses that the effect of airflow and underlying surface
occurs at a certain height, and this height represents the roughness [8]. The size of
the two parameters directly affects the energy exchange between the earth and the
atmosphere, and at the same time has a close relationship with the urban spatial
form [9]. The determination of the two parameters can be calculated by wind speed
observation, or calculated by urban spatial morphological characteristics [10]. The
morphological parameters used in the calculation also changed from the initial only
based on the height of the building to later gradually introducing standard deviation,
extreme value, average value and other parameters to participate in the calculation.
Grimmond and Oke combined the urban form to point out the empirical calcula-
tion method of the two parameters, and at the same time verified The rationality
of the calculation method proposed by Raupach [11, 12]. Macdonald introduced
the windward area and improved the drag coefficient of rough elements, making
the calculation method more sensitive to rough elements with higher density and
higher non-uniformity [13]. Kanda et al. pointed out that the calculation method that
considers all parameters at the same time has formed very good results in the veri-
fication examples of Japanese cities [14]. Kent et al. conducted a comparative study
on calculation methods in London and believed that considering more parameters
would help improve the roughness calculation accuracy of the complex underlying
surface [15].

For the city itself, a large number of buildings and different height distributions
make it very difficult to directly perform numerical simulations. Therefore, other
methods are needed to predict the ventilation environment of the city. Mikhailuta
combines weather data and comparisons with urban development to determine the
relationship between the two [16]. Yuan, Ren combined GIS data and roughness
parameters to analyze urban ventilation conditions [17]. In addition, there is also an
analysis of the urban ventilation influence through the overall urban void, obstruction
and vertical section parameters [18]. In the way of rapid urban modeling, it is often
based on two-dimensional basic data, combined with Autocad and SketchUp to
complete the modeling [19]. The use of GIS modeling is suitable for conventional
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buildings. At the same time, in order to quickly assess the wind environment, the use
of a regular aerodynamic roughness database can effectively reduce the complexity
of the model and make the modeling process more efficient [20].

From the above research, in the face of a complex and non-uniform underlying
surface, aerodynamic parameters are still the current mainstream calculation method
for describing spatial roughness, and the spatial shape parameters required in the
calculation are gradually becoming more complex and precise. For the huge amount
of data of urban space, the rules of modeling under GIS platform will facilitate the
rapid extraction of morphological parameters, but studies the relationship between
roughness and spatial form weak. Based on the existing foundation, under the premise
of rapid modeling and parameter extraction, this research expands the description of
vertical spatial morphology and establishes an association relationship with rough-
ness to provide a reference for morphological description and statistical laws for
subsequent urban development.

3 Methodology

3.1 Database Construction

In this study, the basic information of urban buildings is obtained by domestic elec-
tronic map providers, and the height of urban buildings is checked by combining
three-dimensional panorama and field investigation, and a vector layer with a spatial
resolution of 1 m is formed [21, 22]. The database needs to be combined with the
needs of ventilation impact analysis, simplifying some details of the building, and
then encapsulating it into a ARCGIS element file and collecting the relevant infor-
mation of spatial points, lines, and areas in it [23]. According to the national standard
“ Code for classification of urban land use and planning standards of development
land”, it is divided with reference to the intermediate category, which is used as the
use mark of land and buildings [24], and finally the urban space element classes
required for the analysis are formed.

3.2 Vertical Morphological Parameter Selection

In the vertical direction, the most intuitive parameter of a city is the height of the
building. In addition, in order to truly express the complex heterogeneity of the urban
space, Need to select the average value (Z)), standard deviation (o), maximum value
of the height (H ax), plan area fraction (1), surface area fraction (1), and windward
area fraction (A;(0)) to reflect the difference in urban spatial height distribution,
canopy height, and the degree of obstruction to incoming wind [23, 25]. Taking into
account the uncertainty of the urban wind flow direction, the windward area of each
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building under different wind direction distributions needs to be weighted A ;. In the
same way, considering the area inequality of similar heights of urban buildings, it is
also necessary to introduce the plane of the building to weight the average height z7;,.

3.3 Methods of Analysis

The calculation of roughness parameters Z; and Z; from the perspective of
morphology is mainly based on the formula pointed out by Kanda et al. [14]:

Aoon )\ A0,
Zo = [20.21 % ( ”_h> —0.77 % ( ”_”> +0.71]
Zh Zh
Zam Zan -0.5
* (1 - é)EXP —|:0.5,3C—12b<1 —~ é))\f] (1)
Zn k 7

Zam=[1+4437" (1, — 1)] % Z, )

where:

—\2 —
Zg = —0.17 % (Uh + Zh) + (1.29 £ 1030 +0.17) * (ah + Z”) 3)
max max
where Z;, is the dynamic roughness calculation method proposed by Macdonald in
[26], B = 1.0 is the drag correction parameter [15], and Cy;, = 1.2 is the drag coeffi-
cient [27]. The calculation of the above formulas and various vertical morphological
parameters, through the construction of Excel functions and Grasshopper scripts
and expansion, finally forms a basic database for urban vertical ventilation impact
analysis, and is visualized in the database space through the ARCGIS platform, and
the roughness and vertical Analysis of the correlation between the morphological
parameters and the degree of mutual importance (Table 1).

4 Analysis of the Impact of Urban Vertical Ventilation

4.1 The Central Area of Shenzhen Overview

The location of the study, Shenzhen, is a super-large city in Guangdong, located on
the coast of South China, with a subtropical monsoon oceanic climate [28]. Hot in
summer and warm in winter, the dominant wind direction throughout the year is NNE-
NE-ENE, the probability of static wind is 2.1%, the average wind speed is 2.25 m/s,
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Table 1 Analysis method of Urban Spatial shape parameters

Parameters Expression method

Weight the average height (z;,) standard AVERAGE command, sequential command,

deviation (o /), maximum value of the height | STDEVP command

(H max)

Number of height intervals SUMPRODUCT command

Plan area fraction A, ARCGIS-VB script operation

Surface area fraction A Analysis Tools, ARCGIS-VB script operation
+ SUMIF function command

Weighted windward area fraction (zy) Grasshopper + ARCGIS VB script operation
+ SUMIF function command

and the overall wind speed shows a downward trend year by year [29] (Figs. 1
and 2). Combined with the needs of national development, the current construction
land is tight and the construction density is high, which reduces the ventilation rate.
Therefore, the research value of urban ventilation impact analysis and improvement
of urban air circulation is of great value.

The research institute refers to the three districts of Nanshan, Futian, and Luohu
in the central area. This area is the longest construction period in Shenzhen, the
main area of politics, economy, production and life, and there are mountains with
high vegetation coverage in the north. Import element data through ArcMap and
form basic element maps and statistical tables. After statistics and field surveys are
approved, the area contains 99,210 buildings, 9681 pieces of land of various types,
and an area of 265.78 square kilometers. The number of buildings is huge and the
uses are complete, including all types in the useful land classification. The statistics
of each land use are shown in Table 2.
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4.2 Planar Spatial Analysis
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Weighted average (Z;,) standard deviation (o)), maximum value (Hpay):
Overall, the minimum value of the building in the central area is 3 m and
the maximum is 599.1 m. the weighted average height is 29.39 m, and the
standard deviation is 23.74. From the perspective of the proportion distribution
(Fig. 3), the main height of buildings below 36 m occupies more than 88% of the
proportion, constituting the largest rough influence surface under the canopy.
From the perspective of height extremes and weighted averages of various
types of land (Fig. 4; Table 2), building extremes mainly exist in commercial
and commercial, high-tech parks, and second-class residential land. From the
perspective of standard deviation, the fluctuations are relatively high. Larger
values mainly exist in commercial, medical and second-class residential build-
ings. The current situation is mostly high-rise/super high-rise buildings with
multi-story annex buildings.

Plan area fraction (A,) and surface area fraction (A;): According to statistics,
the total area of the building base within the central area is 338,200 square
meters, with an overall density of 0.13, which is prone to wake turbulence and
affect the downwind area of the city [30]. According to the statistics and spatial
distribution of A, values of various types of land (Fig. 5), the land parcels prone
to wake turbulence account for a relatively high proportion. Among them, urban
villages are prone to flooding due to the high construction density. The main
urban green areas and borders Ports and road traffic facilities are prone to
isolated flow, which promotes urban ventilation (Table 2).

From the perspective of the spatial distribution of the surface area fraction
(Fig. 6), the main business districts and Central Business District in the three
districts have concentrated a large number of rough elements. At the same time,
they have obtained most of the building surface area due to the large height.
In addition, high-rise residential areas and densely distributed urban village
units also have a larger A, value. The A, value tends to O due to the very few
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Fig. 3 Building height distribution in central area

3

buildings in the urban green space and agricultural and forest land, and the
roughness is very low (Table 2).

Weighted windward area fraction (A 7 ): Affected by the element rule processing
of the database, the statistics of the windward surface have the same area in the
opposite direction. However, since the wind frequency distribution in Shenzhen
is different in all directions, a weighted statistical result of 16 wind directions is
finally obtained. The overall windward area score of Shenzhen is 0.22, and the
spatial distribution reaches the highest value near the Central Business District
of each district (Fig. 7). Among all types of land, administrative office, medical,
commercial and commercial, second-class and third-class residential buildings
all have higher windward areas, Easy to cause insufficient space comfort. The
low-value areas mainly include woodland, green space, various transportation
facilities, and sports venues (Table 2).

4.3 Physical Space Analysis

In the central area as a whole, the existence of most of the land and its buildings
will cause obstacles to urban ventilation. The Z; value of the displacement height is
between 0.630, indicating that the vertical influence height of the urban cushion to
the wind is 630 m. The roughness length Z, value is between 0 and 607, indicating
that the first quiet wind area appears when the wind speed is 607 m, and these effects
are caused by the construction of super high-rise buildings. From the distribution of
the two parameters of each land use, the Z,; value of most of the land is between 30
and 60, and half of the Z; value is between 2 and 10, which has an obstructive effect
on the vertical ventilation of the city; the other half is less than 1. It will promote
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Fig. 5 Central area fractional map

the ventilation of the city; the existence of super high-rise commercial buildings and
residential buildings makes the Z value of both high, which hinders higher canopy
ventilation (Figs. 8 and 9).
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4.4 Correlation Analysis of Vertical Parameters
and Roughness

Using aerodynamic roughness parameters and urban vertical spatial morphological
parameters to carry out a univariate regression analysis, the analysis results and
correlations are shown in the figure (Fig. 10). In the results, the roughness length
Zy and the standard deviation and extreme values are significant Correlation. The
displacement height Z, is significantly correlated with the weighted average height,
standard deviation, and extreme value, and has a good correlation with the surface
area score and the weighted windward area score.

The multiple regression analysis of the aerodynamic roughness parameters and
the vertical spatial morphological parameters is carried out, and the importance distri-
bution of each spatial morphological parameter to the displacement height Z,; and

- S00 4
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400 - =051 400
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Fig. 10 Schematic diagram of the relationship between aerodynamic roughness parameters and
vertical parameters
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the roughness length Z is obtained:

Zg = —1.449 + 0.104H,4y + 0.8270y, + 83454, + 014 + 0.537Z;, + 7.4694;
4)
R’=0.984 f,.=0.131 f, =0.388 B, =0.050

max

Bi,=0.006 B7-=0.424 g5 =0.112

Zy = —0.271 + 0.079Humax + 0.76903, — 0.6694, — 0.928%, + 0.217Z;, — 2.636A;
(5)

R?=0.862 By, =0.176 B, =0.635 f, =—0.007
B, =—0.092 pr=0301 B =—0.069

From the above equation, the vertical spatial form parameters that can explain the
central area of 98.4 and 86.2% Z,, Z, changes, which have an important impact on
the value of Zj is the standard deviation (0.635), the weighted average of the height
(0.301) and the extremum (0.176), the weighted height average (0.424), standard
deviation (0.388), extreme value and weighted windward area (0.131/0.112) have an
important influence on the Z; value.

5 Discussion

The current cities are showing increasingly strong heterogeneity and high roughness,
and the canopy height is gradually becoming higher due to the construction of super
high-rise buildings. In this study, The novelty is embodied in the regression analysis
of spatial morphological parameters and aerodynamic parameters that affect the
vertical direction, the use of unary regression analysis to grasp the impact of a single
parameter of air obstruction, and the use of multiple regression analysis to grasp the
degree of influence of multiple parameters on air obstruction The size enables the
future development of the city to control the parameters to expand the design, thereby
reducing the scope of influence of the spatial roughness. The follow-up research will
carry out the numerical simulation study of typical cases, and further couple with
the vertical wind speed and pressure, and finally form a more suitable urban space
development strategy.

The limitation at this stage is that the windward area calculated by the Grasshopper
script can be adapted to large-scale urban spatial data extraction, but the windward
area extraction for more complex and irregularly shaped buildings still has limita-
tions. Commonly used software, such as Sketch Up, can directly perform architectural
three-dimensional projection and combine it with the database, which can improve
the accuracy of the research.

Under future urban development, huge changes in heterogeneity and canopy
height will be inevitable. For Shenzhen, the subject of this study, there is still a
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large amount of land to be constructed in the stage of plan approval or construction.
In the future In the development of the city, the architectural form and distribution
will be more complex and diverse, and the requirements for architectural form and
spatial height and density distribution will be more precise. In this way, it promotes
the effective circulation of wind in the vertical space of the city.

6 Conclusions

This study uses GIS and Grasshopper platform to extract city-related parameters,
and combines Excel function calculations to build a model suitable for city-scale
analysis, and then combines aerodynamic roughness parameters and vertical spatial
shape parameters for statistical analysis.

The research results show that displacement height and roughness length can be
used as vertical ventilation influence indicators for large-scale urban central areas
under the current algorithm, and they are positively correlated with vertical spatial
morphological parameters. Taking Shenzhen central area as an example, the total
height of the urban canopy is 599.1 m, the main vertical roughness is within a
range of 36 m above the ground; super high-rise buildings are mostly distributed on
commercial and second-class residential land in the central area.

The linear regression model shows that the influence of vertical spatial
morphology parameters on aerodynamic roughness parameters can explain the influ-
ence of more than 85% of the spatial morphology in Shenzhen’s central area on
vertical ventilation. From the point of view of importance, in the future urban
construction of Shenzhen, attention should be paid to the control of the height differ-
ence of the buildings in the plot, building density, the height and location of the tallest
building, and the relationship between building volume and height.
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Abstract In March 2020, the United Kingdom (UK) government ruled that house-
holders must stay home as a response to the COVID-19 outbreak to help flatten the
curve of the epidemic and reduce the exponential growth of the virus. Commer-
cial activities, workplaces and schools were obliged to temporarily close in compli-
ance with the government rules. This first and most restrictive lockdown took place
from late March to early May 2020 when occupants had to stay in their homes
except for very restricted essential activities. Two other lockdowns were introduced
in November 2020 and January 2021, alongside with a range of restrictive measures
during 2020. This offered an unprecedented opportunity to investigate the impact of
a prolonged period of occupancy on household electricity consumption. In this work,
the authors compared electricity consumption data collected from 21 energy-efficient
houses in Nottingham, UK, during these lockdown periods to the same period in
the previous year. The findings indicated that the monthly electricity consumption in
April 2020, during the strictest lockdown, increased approximately 7% in comparison
to the same period in 2019. Hourly average electrical power demand profile during
this lockdown showed earlier and longer peaks in the evenings with the emergence
of a new midday peak in comparison to typical daily peaks prior to lockdown. Total
electricity consumption increased by 17% in 2020-2021, when restrictive measures
were in place.
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1 Introduction

The domestic sector accounts for 30% of UK national electricity consumption [1].
The contribution of self-generation within the sector has increased considerably,
corresponding to 1.6 TWh of electricity in 2018, which still only represented 1.5%
of the sector’s electricity consumption [1]. This highlights the importance of reducing
demand as well as encouraging self-generation to move towards a carbon neutral path.

Household electricity consumption has been slightly reduced over the years due
to continued energy-efficiency improvements and renewable generation [1]. These
improvements include optimisation on the housing size and shape, the design of
well-sized windows for natural lighting and the use of energy efficient lighting and
appliances. The reduction in the domestic consumption was also driven by changes
in energy policies and awareness such as the use of Energy Performance Certificates
(EPCs), appliance energy ratings and smart meters.

Nonetheless, one of the most important factors in the household energy consump-
tion still is the patterns of use and occupancy, attributed to occupants’ behaviour
[2-4]. Common related indicators include the number and age of occupiers, the
proportion of time residents spend in their homes, the way that they inhabit the
indoor spaces (e.g., lights on, multiple use of electrical appliances and equipment),
activities conducted (e.g., cooking, sleeping) and the amount of electrical equipment
and its usage.

Householders have historically spent a significant amount of time in their homes,
but changes in modern lifestyle have increased the number of hours that they are
out. Prior to the pandemic, the increase of working hours and commuting times are
some of the reasons that have contributed to less time at home [5]. The emergence
of the COVID-19 pandemic in early 2020 forced the implementation of lockdown
measures by the UK government in order to flatten the curve of the epidemic and
reduce the exponential growth of the virus [6]. This maximised the time spent at
home for the great majority of people, prompting a series of challenges within the
built environment and a great opportunity for research into energy usage within fully
occupied domestic buildings and the impact of this on their communities.

UK policy responses to COVID-19 were very distinct and rapidly evolved over the
course of 2020 [7]. Establishing a timeline of these responses was an essential step
to understand their impact on the domestic sector. For this study, the main interest is
to understand the policies that focused on limiting people’s movement in 2020 and
2021 to reduce the spread of COVID-19. These can be seen in Fig. 1.

In this paper, the authors looked at electricity consumption data of 21 dwellings
to assess potential changes in their electricity demand due to the stay home measures
in response to the COVID-19 pandemic. This situation offered a unique opportunity
to investigate prolonged occupancy in housing and the overall impact on the built
environment and energy systems. This work can contribute to increase preparedness
to adapt homes and their energy systems, inform the optimisation of community
energy schemes and help increase the resilience of urban and energy infrastructures.
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Fig. 1 Timeline of national restrictions to limit spread of COVID-19 as illustrated by the authors,
based on Dunn et al. [7]

Please note that this investigation is limited to the electricity consumption of domestic
buildings and non-domestic building is out of the scope of this study.

2 UK Domestic Electricity Consumption

Data from Office of Gas and Electricity Markets (Ofgem), organisation that regulates
electricity and natural gas in Great Britain, estimates a typical domestic consumption
value (TDCV) of 2900 kWh/year in 2020 [8], a reduction from the previous years,
estimated to be 3,100 kWh/year in 2017 [9] and 3200 kWh/year in 2013 [10, 11].
Using 2020 data, this represents approximately 8 kWh daily and 242 kWh monthly.
These are median figures and exclude very high users of electricity, and hence
can be thought of as being more representative of typical household consumption.
Nonetheless, a study conducted between 2010 and 2011 investigated 251 owner-
occupier households and identified higher TDCV equivalent to nearly 3700 kWh/year
[12]. This corresponds to over 10 kWh daily and nearly 310 kWh monthly. These
figures exclude heating demand, which is mostly supplied by gas in the UK.
Typical UK domestic electrical energy consumption profile consists of daily peaks
that occur in early mornings and evenings [13]. Morning peaks have been reduced
over the years associated to changes in modern lifestyle. Evening peaks have been
delayed in time also due to changes in people’s work and social routines. The latter is
relatively consistent in itself throughout the year and is the highest level of household
electricity demand [5].
The magnitude of the peaks is not only determined by the time of the day, but
also by the day of the week (weekday or weekend) and seasonality [5]. Whilst
the daily demand in the week is bigger than in the weekend, it is estimated that
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the difference between weekdays and weekend days has diminished [5] given the
range of activities the occupants do outside of their homes over the weekends. Also,
seasonality effect should be accounted in the energy use. Whilst, cold appliances
(fridge/freezer) are responsible for higher energy usage in summer, lighting, wet
appliances (washing/drying) and cooking (e.g., oven, hob, kettle, microwave) have
higher usage in winter [14, 15].

A study that analysed households electricity consumption data between 1974
and 2014 demonstrated that one of the shifting patterns associated to the electricity
consumption reduction over the years was food-related [5]. It consisted of the reduc-
tion of breakfast and lunch times and the push to a later evening peak, which was
driven by social transitions such as patterns of employment, longer working hours,
home-coming times, and commute hours. The study also suggested that the house-
hold’s electrical energy consumption during typical work hours was reduced over the
years as a consequence of a social lifestyle, with fewer people working from home
and most households in a working-away system, that included not only males but
females [5].

In the context of the COVID-19 outbreak and the imposed Stay Home period,
these changes in the household’s electricity consumption were attenuated as most
meals were eaten at home, commuting was excluded from the daily routine and
working hours were flexible. These changes applied to most who were not essential
workers, such as health and delivery workers in the first national lockdown.

UK electricity demand dropped by 12% during the second quarter of 2020, the
period corresponding to the first lockdown, with an estimated annual fall of 6% [16].
This was attributed to the reduction in services (commerce, education) and industry
[17]. As a consequence, households nationwide experienced an increase in electricity
demand. However, domestic electricity demand was reported to have increased by
only 3-6% during the first lockdown, rather than dramatically surging [17, 18].
Considering UK average electricity prices of 0.144 GBP/kWh [19], this would
correspond to an average annual electricity bill increase of 15-29 GBP, respectively.

3 Method

Electricity consumption data collected from 21 dwellings was used to analyse the
impact of prolonged occupancy on domestic energy consumption. The investigation
considered the period from the start of March 2020 to the end of February 2021,
which corresponded to a year-period where a range of national restrictive measures
were in place. Electricity data from the same corresponding period in 2019 and early
2020 was used for comparison purposes.



Assessing the Impact of Lockdown Due to COVID-19 ... 49

3.1 Trent Basin Community Energy Scheme

Trent Basin is a housing development and community energy scheme built in
Nottingham. It comprises low-energy houses and community assets, which include
one of Europe’s largest community energy batteries with a capacity of 2.1 MWh
and a photovoltaic panel system rated at 200 kWp. The development is structured
into different phases. The first phase is the object of this work, which includes 35
semi-detached and terraced 3-storey houses (3—5 bedrooms) with areas of nearly
110 m?, and a block of flats with 10 units (2—3 bedrooms) of circa 60 m? [20]. The
project was selected due to the availability of robust datasets and access to buildings
and their users.

3.2 Monitoring Households

A total of 21 participating households were considered in this study. Electricity
data was collected over a period of two years using Class 1 energy sensors [21]. The
sensors were installed in the consumer unit and connected to a cloud platform for data
storage and analysis [22], which allowed the continuity of data collection during the
pandemic. Motion count data was also used to provide occupancy information. Data
was collected from a passive infrared motion sensor, installed in the main hallway
of each property. A count was incremented whenever the sensor was triggered thus
giving an indication of occupancy. The data collected was made available through
an on-line data platform.

In the monitored houses, electricity is the energy source for lighting, cooking,
appliances, and electrical equipment, while gas is the source for hot water and heating.
Gas consumption is not analysed in this work due to lack of metering and little
use of central heating due to an energy-efficient envelope, which reduces overall
consumption.

4 Results

Yearly average electricity consumption across the 21 monitored households corre-
sponded to 3054.4 kWh in 2020-2021 during COVID-19 restrictions, this repre-
sented a consumption of nearly 17% more than in 2019-2020, prior to restrictions
(Table 1). Considering UK average electricity price of 0.144 GBP/kWh [19], this
corresponds to an increase of 65 GBP per year per household. Monthly consumption
was consistently higher in 2020-2021 in comparison to 2019-2020 (Fig. 2). The
average daily electricity consumption was equivalent to 8.4 kWh, over 1 kWh per
day more than in 2019-2020.

Total yearly electricity consumption per property (Fig. 3) corroborates the findings
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Table 1 Electricity Period 2019 March to 2020 | 2020 March to 2021
consumption in 2019-2020 February February
and 2020-2021, in kWh
Daily average 7.1 8.4
Monthly average | 216.9 254.5
Yearly average 2603.4 3054.4
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Fig. 2 Monthly average electricity consumption—all properties
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Comparative monthly electrical energy consumption in April 2019 and 2020
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Fig. 4 Monthly electricity consumption in April 2019 and 2020—per property

that suggest higher electricity consumption during the year of COVID-19 restrictions
in comparison to the previous year. A total of 16 households (76% of the sample)
showed a higher consumption in 2020-2021 than the same period in 2019-2020 and
this varied from a minimum of over 10% to nearly 65% more, depending on the house-
hold. Five households (24% of the sample) had lower consumption in 2020-2021
in comparison to the prior year. This was relatively large in two of the households
(properties number 3 and 18), with consumption reductions of 27% and 43%, respec-
tively; Properties number 15, 19 and 21 had slightly lower energy consumption in
2020-2021, a reduction of approximately 5% compared to the previous year.

Looking at the monitoring households individually and using data from April
2020, which corresponded to the period with the strictest lockdown and restriction
measures, the findings suggested that most of houses showed an increase of their
electrical energy consumption in comparison to the same period in 2019. This incre-
ment in the demand varied from 9% to up to 95% more in April 2020 than in 2019
(Fig. 4).

However, a total of 6 households (29% of the sample) showed higher demand
prior to the restriction measures in 2019-2020 (these were properties number 3, 4,
14,18, 19 and 21). In 2 out of these 6 houses (house number 4 and 14) this difference
was very small and considered to be almost negligible. This might suggest that there
were not significant changes in the household’s lifestyle (e.g., working from home
prior to lockdown, pensioners, key workers).

Property number 18 showed a considerable drop in energy consumption in April
2020, which when correlated with collected motion count data for the corresponding
period, suggested an unoccupied or partially occupied house in comparison to the
same period in 2019. Motion count was 20 in April and 601 in March 2020. This
same property had readings of 4198 and 4812 in March and April 2019, respectively.
It should be mentioned that the national restriction measures limited households to
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Comparative weekly electrical energy consumption - prior to and during the strictest lockdown
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Fig. 5 Weekly electricity consumption per property—weeks prior to and first week in lockdown

mix with each other. As consequence, some households opted to stay and self-isolate
at other residencies with family members.

The week prior to the first and strictest lockdown (commencing on 16th March)
was compared to the first week in lockdown (commencing on 23rd March). The
findings indicated an increase in energy consumption in the majority of monitored
houses. However, this increase showed a variation from approximately 1% (house
number 11) to up to 132% (house number 12) (Fig. 5). Only three dwellings had a
higher consumption in the week prior to lockdown in comparison to the first week
in lockdown (house number 15, 18 and 21). This was largest in property number 18,
which, as mentioned before, was associated to an unoccupied or partially occupied
property. The data also suggested a progressive increase in electricity consumption
as lockdown approached. Two weeks prior to lockdown, electricity consumption was
lower than the week that led to lockdown in most properties.

Hourly average electrical power demand of 21 properties (represented by different
colours) with a quarter hour resolution were plotted comparing April 2019 and 2020
(Fig. 6). The results highlighted a late morning peak, followed by a new peak around
noon as a result of meals being prepared at home and a more distributed evening
peak, starting earlier in comparison to the period prior to the lockdown.

5 Discussion

Data from the Trent Basin monitored households was used to explore the impact
of the COVID-19 pandemic on domestic electricity consumption. The results of 21
households during a 2-year period revealed an overall increase in consumption of
17% during the restriction period (March 2020 to February 2021) in comparison



Assessing the Impact of Lockdown Due to COVID-19 ... 53

Comparative of average electrical power demand in April 2019 and 2020
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Fig. 6 Hourly average electrical power demand in April 2019 and 2020—per property

to the same period prior to restrictions (March 2019 to February 2020). Assuming
UK average electricity unit prices, this would increase energy bills by approximately
65 GBP per year per household. These findings are higher than those suggested by
the electricity providers, which state an electricity consumption increase of 3—-6%
within the UK domestic sector, as a consequence of the stay home measures of the
second quarter of 2020. Furthermore, all months during the restriction period (2020—
2021) had higher consumption in comparison with the period before restrictions. The
highest differences were in September 2020 and January 2021, which represented a
consumption 27% and 26% higher than the same period prior to restrictions, respec-
tively. It should be noted that 2020-2021 included a range of different levels of
restrictions and the period included in this investigation accounted for the three lock-
downs in the UK (Fig. 1). Yet, the national electricity impact of the COVID-19
restrictions measures in the domestic sector still needs to be fully accounted for and
this study aims to contribute to bridge this gap.

When comparing Fig. 1, which illustrates the national policies to tackle COVID-
19, and Fig. 2, which shows monthly average electricity consumption in 2020-2021,
there is no direct correspondence. One of the lowest differences in the consumption
between 2020-2021 and 2019-2020 occurred in April, the same period when the
strictest lockdown was in force. Energy consumption increased by 7% and was
slightly higher than the expected national range at that time (3—6%) [18]. It should
also be mentioned that the monthly average temperature in April 2020 corresponded
to 11 °C, 1.5 K higher than in 2019, and this might have helped reduce this difference
in the consumption between 2020 and 2019. This suggests that occupancy patterns
are not the only determinant of increased energy consumption but other variables
such as lifestyle and temperatures are other important factors influencing demand.

This intertwined relationship between prolonged occupancy and weather can also
be observed when looking at September 2020, when monthly averages between 2019
and 2020 were practically the same (14.7 °C) but the consumption in 2020 had one of
the highest differences in comparison to the same period in 2019. In September, the
measures were eased but staying home and social distancing were strongly advised
and were common practice.
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Looking at households individually during the strictest period, 71% of the house-
holds had increased demand and 29% had decreased demand related to the previous
year. However, in at least one case, lower demand in lockdown was associated with
reduced occupancy. This shows the importance of combining energy consumption
data with occupancy data (e.g., motion count, questionnaires) for better under-
standing of how residents have inhabited their homes and what changes were
made.

Another relevant aspect to be considered within this context is the increased owner-
ship of electrical vehicles (EV). The reduced need for EV charging when working
from home tends to significantly decrease electricity consumption in comparison to
when the period that EV charger is used on a regular basis.

Even though this work used motion count as an approximation for occupancy,
one of the limitations is the lack of evidence gathered with the residents about how
the houses were inhabited. This would help better understand the data collected and
explain deviations in the data in more detail.

Also, future research will look at individual appliances usage to evaluate habits
and routines that have changed or become more pronounced during the restriction
period. This can feed into the definition of pandemic dwelling profiles, useful for
energy consumption predictions.

6 Conclusions

This work examined electrical energy data of energy-efficient homes, which are
part of a community energy scheme, in Nottingham, UK. A total of 21 homes were
monitored over a 2-year period. This research aimed to investigate whether there was
an increase in the electricity demand in 2020-2021 when compared to 2019-2020,
as a result of the UK measures restricting people’s movement to reduce the spread
of COVID-19.

Findings suggested that during 2020-2021 the households had an average increase
in their annual average consumption of 17% when compared to 2019-2020, which
corresponds to an additional cost of approximately 65 GBP assuming UK average
electricity unit prices. At a household level, analysis of weekly data prior to and
during lockdown showed a large variance, with the majority of homes increasing
their electricity demand, varying from nearly 1% up to 132%. Several properties
showed a reduction in the consumption of up to nearly 60% but the highest reduction
was associated to an unoccupied or partially occupied property. Cross-comparison
of consumption and occupancy data, in the form of motion counts, was shown to be
helpful to identify if houses were inhabited or not. The research also suggested that
factors such as external temperature play an important role along with lifestyle and
patterns of occupancy.

Hourly analysis identified a new trend in the electricity consumption, with a new
peak around noon when cooking was added to the baseline of daily consumption.
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Early morning electricity demands were delayed when compared to the previous
pattern, while evening peaks were earlier than before and spread across the evening.
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Embodied Energy and Global Warming m
Potential of Radon Preventive Measures Gedida
Applied in New Family Houses

Licia Felicioni ®, Antonin LupiSek ®, and Martin Jiranek

Abstract Radon inside buildings represents the primary source of human exposure
to ionising radiation in the world. Studies in many countries have shown that high
indoor radon levels are the second most frequent cause of lung cancer. This gas can
enter a building through cracks, fractures, or other leaky places in structures that are
in contact with the soil, incrementing the radon concentration indoors. The radon
protective measures on buildings represent embodied and operational environmental
impacts, which were more or less neglected so far. Nevertheless, as buildings have
become more energy-efficient, the radon preventive measures impacts are recognised
as being more and more significant and shall be thoroughly investigated. This paper
performs a comparative analysis of embodied primary renewable and non-renewable
energy and global warming potential (GWP) for alternative preventive measures. On
this basis, the paper aims to assess the additional contribution of embodied impacts
of three types of radon preventive measures for a single-family house located in a
potential radon prone area. The embodied impacts are calculated for the A1-A3 LCA
stages associated with the radon preventive measures and compared them against each
other to find the additional embodied impacts compared to a family house without
radon protection. The results indicate that the embodied energy and the GWP increase
as more protective elements the measure contains, also considering the impacts of
soil excavation.
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1 Introduction

Radon gas has been recognised as the second most frequent cause of lung cancer
after tobacco smoke [1], with a vulnerability that accounts for 10-15% [1, 2]. For
many people, it is the primary source of exposure to ionising radiations [3, 4]. Radon
is defined as a silent killer since it is invisible, tasteless and odourless [5, 6]. This
radioactive noble gas that is in the soil (and in a lower percentage in the construction
materials and water [7]) can easily enter the buildings through cracks, pipes, and
fractures at the foundation level [8]. The radon supply rate from the soil to the indoor
environment is proportional to the soil’s permeability [9]. Once radon is inside the
building, it accumulates in the spaces directly in contact with the ground (ground
floors, underground floors, cellars) [10]. The European Union with the Directive
2013/59/Euratom [11] recommends that, if the average radon concentration in a
dwelling exceeds 300 Bq/m? (the action level), measures should be taken to decrease
the amount, indifferently for new and existing buildings or residential and work
buildings.

A European Union’s challenge is to address a drastic decrease in demand for
energy in the building sector, now amounting to 40% of the total European consump-
tion with related 36% CO, emissions [12]. The EU/2010/31 directive [13] indi-
cates the minimum requirements for service and technical solutions should be
accomplished within an optimised balance between investments and energy savings
obtained during the building life cycle. However, the energy spent and the green-
house gases emitted during the materials production stages (e.g. materials extraction
and manufacturing) cannot be omitted.

Currently, the literature does not present studies on the environmental impacts
deriving from the production of materials used to design radon protective/preventive
measures. A literature review has been conducted in research engines and databases
(specifically Elsevier’s Science Direct, MDPI, Google Scholar) to identify studies
on radon measures in buildings and their impacts on the environment. The keywords
“radon in buildings”, “radon and environmental impacts”, “radon protection and
sustainability”, and “radon measures embodied impacts” have been used for the
research. The results highlighted that there is still a gap in the literature about this
topic, which is why this paper is focused on it and tries to narrow it down. However,
studying different measures in the perspective of sustainability is not new [14, 15];
radon measures use components, such as waterproofing materials, that are used in
roofs. Thus, to some extents, the effects of such roof materials on the environment
have been studied for slightly different purposes [16].

Indeed, this work aims to highlight the additional embodied primary renewable
and non-renewable energy (EE) (expressed in GJ) and embodied global warming
potential (GWP) (expressed in kg CO; eq.) for radon preventive measures for single-
family houses, as they are an essential part of attempts to reduce radon risk [4, 17].

This manuscript does not aspire to cover all the environmental impacts of radon
preventive measures over the entire building life cycle. However, it highlights the
“cradle-to-gate” boundary, strictly connected to the material production stream (from
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the supply of raw material to the delivery to the gate). Based on these premises,
the analysis proposed aims to define three indicators for the A1-A3 product stage
(embodied renewable/non-renewable energy and GWP) related to four different
protective scenarios for a single-family house case study. The aim of the manuscript
is looking for additional environmental embodied impacts of radon preventive
measures. This assessment is done comparing the three variants’ results with a basic
floor solution in the range of embodied energy and carbon per m? (e.g. GWP/m?) of
the same single-family house.

2 Context to Literature and Project

A key priority of the Directive 2013/59/Euratom [11] is reducing the exposure to
radon in buildings. Moreover, the Directive increases the awareness of radon risk
indoors by implementing rules in every European country since 2018 with consequent
monitoring and mitigating actions [3].

New buildings should be designed and built using preventive measures to reach
a radon concentration as low as plainly obtainable [18]. Many European countries
are spending resources developing programs for such aim [19]. The problem of high
radon indoors concentration is present in Europe and countries (e.g., Canada [6],
United States [20]) where the heating indoors is privileged since there is a high-
temperature difference between outdoors and indoors in winter [21, 22]. Moreover,
the building thermal retrofitting may improve the envelope airtightness and, conse-
quently, reduce the air exchange rate if the ventilation is not precisely and simultane-
ously controlled [7, 10, 23]. This phenomenon, accompanying a possible reduction
of the air exchange rate, leads to higher indoor radon concentrations in thermally
retrofitted residences [24, 25].

This paper was created as a part of the EU RadoNorm project [26] under the
umbrella of the Horizon 2020 framework programme (H2020). The project scope
looks towards effective radiation protection based on improved scientific evidence
and social considerations. The authors’ task is related to assessing the impact of
various types of buildings radon protective and remedial measures on the envi-
ronment. This paper is part of a broader study that compares other scenarios and
parameters.

3 Methodology

3.1 Variants

In this work, a two-floors new single-family house is selected as a case study because
it could be seen as representative and easily replicable. The building footprint is
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Table 1 Scenarios of preventive measures incorporated in floor structures

Scenario | Description

A Floor without radon preventive measures
B Floor with continuous PVC-P radon-proof membrane
C Floor with continuous PVC-P radon-proof membrane + natural ventilation of the

gravel layer with the exhaust above the roof (exhaust pipe is within the building)

D Floor with continuous PVC-P radon-proof membrane + natural ventilation of the
floor air gap made of plastic components with the exhaust above the roof (exhaust
pipe is within the building)

Scenario A is for reference
PVP—P Softened polyvinyl chloride

72.4 m?, with a standard height of 2.7 m per floor. The building footprint represents
only the floor area that interfaces with the ground; it does not have a basement.

Among the current known radon preventive techniques for a single-family house
[4], three have been chosen for this work and are summarised in Table 1 (scenario B
to D).

These described scenarios are compared with variant A—basic strip foundation
without specific radon-preventive measures—to understand the additional embodied
impacts of the considered protective techniques. To better comprehend the location
of the solutions, Fig. 1 shows a schematic representation of the ground floor for
scenario C and D.
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Fig. 1 The building layout for which the assessment has been considered. On the left, representa-
tion of scenario C with perforated tubes and vertical exhaust pipe. On the right, representation of
preformed plastic components (50 x 50 cm), inlets in the corners, and vertical exhaust pipe (on the
right)
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1 CERAMIC FLOORING 0.9 em

2 SELF-LEVELLING CEMENT SCREED 10 cm
3 PE FOIL 0.02 cm

4 THERMAL INSULATION 8 em

5 BLINDING COMCRETE + STEEL MESH 10 cm
6 GRAVEL 5 cm

7 SUBSOIL

1234567

Fig. 2 Detail of basic floor structure without radon-proof techniques

Scenario A

This first scenario is a basic floor structure placed between concrete foundation
strips without radon protection that is taken into consideration for assessing the
additional impacts of the variants with radon preventive solutions (Fig. 2). In all
four scenarios, the exterior wall is designed with a clay block wall with a reinforced
concrete structure and external insulations; however, in the calculation, the external
wall and the foundation strips are not considered because they are present in all cases
and, consequently, they are not relevant for assessing the impacts of the radon-proof
solutions.

Scenario B

The second scenario chosen presents the same foundation systems offered by scenario
A but with an additional radon-proof membrane between thermal insulation and the
blinding concrete layer (Fig. 3) [27]. This softened PVC membrane improves the
foundation’s protection, avoiding soil gases from entering the house [6, 28, 29].

Scenario C

The third scenario is similar to scenario B, but flexible perforated pipes in the gravel
layer (15 cm in thickness) are placed (Fig. 4). These pipes are connected to a vertical
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1 CERAMIC FLOORING 0.9 cm

2 SELF-LEVELLING CEMENT SCREED 10 cm
3 PE FOIL 0.02 cm

4 THERMAL INSULATION 8 cm

5 GEOTEXTILE 0.015 cm

6 PVC-P MEMBRANE 0.015 cm

7 GEOTEXTILE 0.015 cm

8 BLINDING CONCRETE + STEEL MESH 10 cm
9 GRAVEL 5 cm

10 SUBSOIL

12345678910

Fig. 3 Detail of a floor structure with continuous radon proof membrane

exhaust pipe (diameter 12.5 cm) that work as an outlet. This solution works passively.
Atleast one perforated pipe is laid under each room. The diameter of perforated pipes
was considered to be 8 cm.

Scenario D

The fourth scenario includes the air gap with preformed plastic components (also
known as igloos), a PVC-P radon-proof membrane, four inlets, and a vertical exhaust
pipe (Fig. 5). This technique involves drawing the air naturally using the exhaust
pipe that runs through the building from the air gap to the roof (60 cm above the
roof latest layer). The inlets allow the outdoor air to enter the air gap and, with the
principle of cross ventilation, dilute the radon concentration through the exhaust pipe
that works as an outlet [30]. This solution requires special attention in sealing the air
gap to avoid increasing energy costs and long-term problems of frozen pipes and cold
floors; consequently, it is necessary an extra layer of thermal insulation [21]. This
technique could be transformed into an active system (active soil depressurisation)
if a roof fan is placed at the extremity of the exhaust ventilation pipe and the inlets
are sealed [6].
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1 CERAMIC FLOORING 0.9 cm L]
2 SELF-LEVELLING CEMENT SCREED 10 cm

3 PE FOIL 0.02 cm

4 THERMAL INSULATION 8 cm

5 GEOTEXTILE 0.015 em

6 PVC-P MEMERANE 0.015 cm

7T GEOTEXTILE 0.015 cm

8 BLINDING CONCRETE + STEEL MESH 10 cm
9 GRAVEL 15cm

10 SUBSCIL

11 PERFORATED DRILLED TUBE d=8cm

12 EXHAUST PIPE d= 125 ¢cm

13 PU FOAM 1.1 cm

13

123458678010

Fig. 4 Natural ventilation of the subfloor gravel layer with perforated pipes and a vertical exhaust
pipe

3.2 Indicators

After selecting the floor scenarios, the Environmental Product Declarations (EPDs)
collection for the environmental data for the LCA product stage (A1-A3) was done for
each building element. Indeed, the foundation system was considered as the sum of
building elements (e.g., concrete, pipes) composed of sub-elements (e.g., insulation
and finishing). The impact of building’s operational energy and water consumption
has not been selected for this assessment. Inputs for embodied impacts were found in
online and open-source databases, such as EPD International [31], Okobaudat [32],
EPD Online Tool [33], and EPD Ireland [34]. A potential constraint using the
presented method is given by using the construction options available in these LCA
open-source databases. Table 2 shows which environmental impacts were collected
for each building element in the A1-A3 product stage:

3.3 Impact Assessment

The total embodied impact calculation was not conducted in any specific LCA soft-
ware but directly in MS Office Excel. Needed data were imported from the EPDs
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Fig. 5 Air gap with igloos and exhaust vertical ventilation pipe

Table 2 Impact categories and their unit of measurements

Impact categories Acronym Unit measure
Primary energy (non-renewable) PENRT [GJ]

Primary energy (renewable) PERT [G]]

Global warming potential GWP [kg CO; eq]

collected from LCA open-source databases. The bill of quantities was used to calcu-
late each material’s embodied impacts once all the data were converted to the same
declared unit—1 kg. Consequently, the sum of the embodied impacts per each cate-
gory was done to have the total embodied energy and embodied GWP for each
scenario. These final values were compared to understand the additional impacts
radon preventive measures have compared to scenario A (basic floor structure without
radon-preventive techniques).

4 Results

The case study model’s building elements and their embodied energy and GWP were
processed to calculate the total embodied impacts for the four scenarios. The range
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A
EE [Gl/m?] 8.89 1.05
= Non-renewable energy
M Renewable energy

GWP [kg CO, eq./m?]

Global warming potential
a8

Fig. 6 Analysis of embodied impacts of the selected scenarios (A-B-C-D) per 1 m?

of the embodied impacts are presented in Fig. 6, both for embodied energy (EE),
divided into non-renewable (PENRT) and renewable (PERT), and GWP expressed
in embodied emission of greenhouse gases (GHG) for each floor scenario. The
embodied non-renewable energy is increasing every scenario that present radon
preventive measure, especially in scenario D with a growth of 6.2% compared to
scenario A; moreover, in the renewable energy embodied impact, and it is visible an
increase of 1.7% for the scenario C compared to the variant without radon preven-
tive techniques. Even for GWP in the radon preventive scenarios, there is an addi-
tional impact, primarily for scenario C, that presents a growth of 5.2%. The impacts
derivating from the extraction process are counted in the sum. The selected machine
is a skid-steer loader that burns 0,13 kg of diesel for excavating 1 m?. The excava-
tion machine’s consumption is proportional to the soil cut volume; for this reason,
scenario D presents the highest embodied impacts since it needs a soil excavation of
33 cm more profound than scenario A (22 cm more than scenario C).

5 Discussion

The results on embodied impacts for different floor scenarios allow observing how
radon preventive techniques produce more or less evident effects during the “cradle-
to-gate” stage. One of the relevant outcomes of this study is that radon-preventive
measures bring additional embodied impacts compared to a basic floor scenario that
does not include any gas protection techniques. For instance, scenario B, compared
to scenario A, presents a PVC-P membrane, showing an increase of 2.0% in total
embodied energy and 1.8% in GWP. These results explain the additional impacts of
a simple radon-proof membrane. Figure 6 highlights that scenario D has not much
higher embodied impacts than C, even if many radon preventive techniques are
adopted. The explanation of this result is probably given by the quantity of concrete
used in the foundation. In scenario C, the quantity of concrete is higher by 1 cm
than in the D (10 cm in C for the concrete screed and 5 cm for screed + 4 cm of
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concrete average uniform thickness needed for fill the igloos crowns in D). This 1 cm
difference influences the results of embodied impacts because the embodied energy
and GHG emissions of concrete are higher than other building components.

5.1 Limitations of the Study

The study is limited since simplified boundary conditions (foundation system and
not the whole building) have been considered in running the calculation of embodied
impacts during the A1-A3 product stage. Results can be different according to the
EPDs and the open-source LCA databases chosen.

6 Conclusion

This paper was created as a part of the EU RadoNorm project under the umbrella
of the Horizon 2020 framework programme (H2020). This project aims to reduce
the indoor level of radon concentration, but one task is to analyse the additional
embodied impacts of radon control techniques for three indicators (PERNT, PERT,
and GWP). This work has considered a single-family house case study since it is
the most manageable and replicable solution. Three different floor scenarios with
passive radon preventive measures have been chosen and compared to a standard
solution without anti-radon specifics. The results highlight the additional embodied
impacts of different radon preventive scenarios. However, the results differ greatly
in dependence mainly on the quantity of concrete used in the foundation since it has
a quite high impact on the environment. Further development of the study would
undoubtedly benefit if a complete life cycle, including production, construction, use,
and end of life stages, is considered and active anti-radon techniques chosen.
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Automatic Architectural Drawing )
Labelling Using Deep Convolutional L
Neural Network

Seyed Masoud Sajjadian, Mina Jafari, and Xin Chen

Abstract Architectural designers and technologists are able to make an assessment
on buildability, thermal and hygrothermal performance of design details. To process
drawings, human vision segments, classifies and distinguishes the drawing objects
on the basis of their knowledge. With the rapid advancement of Artificial Intelli-
gence methods, vast opportunities become available for performing tasks that used to
require human intelligence or assistance by humans. Image processing and analysis is
one of these tasks that consists of the manipulation of images using algorithms. There
are various applications in different fields, and the use of it is increasing exponentially.
This paper explores the use of image processing in identifying building materials in
order to check compliance with building regulations and identify anomalies. In this
paper, an encoder-decoder based deep convolutional neural network (DRU-net) for
image segmentation is applied on architectural images to segment various materials
including insulations, bricks and concrete in the conceptual development phase. An
experimental analysis is performed on numerous detail drawings and an evaluation
is made by mathematical models.

1 Introduction

Building regulations are an essential part of the UK government approach to protect
health and well-being of users, conserve fuel and preserve environment. Building
Control Bodies (BCBs) have the authority to ensure requirements are met in each
construction project. However, variety of construction methods and complexity of
drawings, unpredictable changes and pressure of time may cause an increase in
human errors. No substantial studies exist (as of today) to adequately demonstrate
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the compliance level to regulations typically achieved in each project. However,
numerous studies reported significant failures in complying with building regulations
not only in the UK but also in other countries like Canada and Australia. They also
reported complexity of regulations, lack of consistency and knowledge of detail
drawings, adequate monitoring and time pressure, etc. are causes of non-compliance
[1].

Architecture and construction have significantly benefited from a wide range
of computer programs from modelling to management and analysis. However, the
industry still suffers from the lack of substantial digitization like other sectors and
is among the least digitized [2]. The industry still relies on paper to manage most of
it processes that includes design drawings, procurement, daily progress reports, etc.
The lack of a common and integrated platform in projects and the loosely coupled
systems of tools where each component has limited knowledge of the other are known
to be the main reasons for the industry’s insignificant productivity in digitization
compared to other industries [3].

The rapid development of Artificial Intelligence and deep learning as a subfield
of it could help the construction industry in various aspects. Generally, deep learning
is inspired by the human brain and learns from large amounts of data. It consists of
networks capable of learning and the related algorithms perform a task repeatedly
to improve the outcome similarly to how humans learn from an experience [4].
The networks work on the basis of a collection of nodes (artificial neurons) that
model the neurons in a human brain as shown in Fig. 1. There has been numerous
advantages to this method in fault tolerance, ability to learn very complex issues
and development potential [5], industrial engineering inspection processes, quality
control and detection of contaminants, in building performance to determine comfort
level [6, 7] and in medical sciences [8].
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Fig. 1 Structural of biological neuron, image on the left from [13]
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Image segmentation is a process of dividing an image into some categories of
objects. Currently most of the segmentation methods depend on thresholding algo-
rithms [9]. Gunay et al. [10] conducted a study on detecting occupants’ presence
in offices using image processing algorithms and correctly interpreted 95% of the
occupied period and 93% of the unoccupied period. Similar study is conducted by
Benezeth et al. and they reported an accuracy of 97% [11] Further studies by Amin
et al. on potential accuracy of people counting systems on low resolution images
resulted an error of within 3% in eighteen experiments [12]. Because of such relia-
bility, in this paper, an image segmentation method based on deep learning is used
to segment architectural images. In the following the method is described in detail.

2 Methods

In order to prove compliance with building codes it is vitally important to make a
clear demonstration between the specification of the used materials and the relevant
requirement from a building code (e.g. how the design detail claim the required
U-Value). The framework for the programme is adjusted as follows and shown in
Fig. 2.

2.1 Data Preparation

Numerous detail drawings from Robust Detailing Limited, Accredited Construction
Details (ACDs) and Building Research Establishment (BRE) in compliance with
the energy efficiency requirements (Part L) of the Building Regulations were chosen
to train the model. Each drawing is given a scale in order to determine the construction
layer thicknesses. Each material in the drawing is given a colour that works as a

Data Preparation -
Preparation of detail
drawings from
external sources

Pre-processing - Drawings are simplified
(resized and changed to greyscale) for
faster processing

Bilateral evaluation: Image segmentation - Images are
Computational & partioned on the basis of materials and
Building Regulation architectural hatches

Compliance check

Fig. 2 The overall scheme of our proposed method
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reference code for material thermal specification. The colour can be mapped for a
separate drawing by the model.

2.2 Image Segmentation

The goal of image segmentation is to label each pixel of an image. The output of the
model is a high resolution image (the same size as input image) in which each pixel
is classified to a particular class. Figure 3 presents some image examples and their
corresponding ground truth labels.

The performance of computer vision systems has been significantly improved in a
wide range of applications by the idea of deep convolutional neural network (DCNN)
proposed by LeCun [15]. DRU-net [16] is chosen to be used as the DCNN model in
this paper. DRU-net is an encoder-decoder DCNN model for image segmentation.
This network includes two paths, encoder and decoder. Encoder is used to extract the
context and meaningful features from the input images, while the decoder enables
an accurate localization by transforming these features into a segmentation map
corresponding to the input image. The structure of the encoder consists of a stack of
convolutional and max pooling layers, and the decoder includes convolutional and

b

Fig.3 The images and the corresponding ground truth labels. a natural images [14], b architectural
images used in this study
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Fig. 4 The structure of DRU-net [16]

transposed convolutional layers. Figure 4 presents this network. For more details
about the network, the readers are encouraged to read [16].

The input to this model is the architectural images and their corresponding ground
truth labels, and the output is the segmentation results produced by the DRU-net as
shown in Fig. 4.

2.3 Evaluation

The accuracy of the proposed method needs to be evaluated to show how precise
the proposed method is. The accuracy in image segmentation is measured based
on the agreement between the estimated segmentation output and the ground truth
segmentation mask. In this paper, the segmentation performance was assessed by
using Precision, Recall, and Dice. These measures are often used to quantify the
performance of image segmentation methods and reveal how similar the segmenta-
tion output of the method and the ground truth labels are. These measures are defined
as follows:

. TP
Precision = ———— (D
TP+FP

TP

Recall = ———— (2)
TP+ FN

. 2T P

Dice = 3)

2TP+FP+FN

where true positive (TP) represents pixels that are correctly predicted according to
the target mask, whereas false positive (FP) represents pixels falsely segmented as
foreground, and false negative (FN) shows pixels falsely detected as background.
The higher value of these measures shows the higher performance of the methods.
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In other words, a higher value shows a higher agreement between the segmentation
output of the model and the ground truth segmentation mask.

2.4 U-Value Measurement

U-value measurement is for a building element made of uniform and parallel layers.
The heat flow is straight from inside to outside through such an element. To measure
the U-value, a sum of the thermal resistances of each layer is required, however all
building components have non-uniformities (layers that are not parallel or plane)
which means that the heat does not travel straight through them. For the purpose of
U-Values, in numerical methods, construction is always considered as uniform in
one direction meaning that three dimensional effects do not influence the overall U-
Value significantly [17]. BS EN ISO6946 suggested calculation as follows [18] where
R is material resistivity, d is the material thickness and K is thermal conductivity
coefficient (K-Value):

4)

UValue = 5
e = BRI T R2+R3+ -+ Rn )

Furthermore, Approved document Part L1A sets out the concurrent notional
dwelling specification as shown in Table 1, even though better fabric performance is
likely to be required to achieve Target Emission rate (TER) and Target Fabric Energy
Efficiency (TFEE) [19].

By deriving data from the drawings, calculations take place for a section on each
drawings. U-Value calculator follows to the numerical method (BR 443) and make
calculations based on conductivity rates and layer thickness. The method has the
capacity to calculate Psi (W) value too which is a measurement of heat loss (W/m K)
across a given junction between the external wall and another element. The material
specification should be given manually to the developed program due to diversity
of materials thermal characteristic range especially insulations (Fig. 5 demonstrates
the thermal conductivity rates for most commonly used insulation materials), the

Table 1 Concurrent notional

. S Roof 0.13 W/m? K
dwelling specification
Wall 0.18 W/ m? K
Floor 0.13 W/m? K
Party wall 0.20 W/m? K
Windows 1.4 W/m? K
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algorithm only detects the material on the basis of architectural hatch, understand
the scale and runs the calculations.

3 Experimental Results

We trained the DRU-net on the pre-processed images and their corresponding ground
truth labels of 2D architectural images. The datasets, training parameter settings and
the experimental results are reported in this section.

3.1 Materials and Datasets

The model is trained to recognise standard hatching styles for construction materials.
For the initial phases, insulation, bricks and concrete were used in the recognition. To
train the model, we prepared 12 architectural images and their corresponding ground
truth labels. The images were annotated manually by an expert. For all experiments,
the dataset was randomly divided to 70% for training, 10% for validation and 20%
for testing. Because the amount of data available is limited, sixfold cross validation
is used to reduce the sensitivity of the performance estimation to the partitioning of
the data.
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The deep-learning model run on a graphics-processing unit NVIDIA GeForce
GTX 1080Ti. The code was implemented in Python based on Tensorflow 2.0, and
the code is available at GitHub (https://github.com/MinaJf/DRU-net).

The model was trained for 100 epochs. The learning rate was set to 103, and
decayed by multiplying 0.8 for every 10 epochs. The initial feature channel number
for the encoder-decoder architecture was 16, and the number of layers for both the
encoder and decoder was 5.

3.2 Pre-processing

The first step is to convert the image to grayscale image. In this process, a coloured
two-dimensional image is transformed into a grayscale version of the image.
Coloured images introducing unnecessary information which increase the amount of
training time. Therefore, the main reason of this image conversion is that grayscale
image simplifies the model training and reduces the computational time.

Besides, all the images were resized to 256 x 256 pixels. Another important pre-
processing step is image normalization that rescales the pixel intensity values. In
this work, all resized images were normalized to the range of — 1 and 1 by using
zero-mean normalization.

4 Results

In this section, DRU-net is compared with U-net [21] and Residual U-net (RU-net)
[22] in terms of accuracy. U-net and RU-net are two DCNN models that are chosen
here to compare their performance with DRU-net. Dice, Precision, and Recall for
U-net, RU-net, and DRU-net are reported in Table 2. It can be seen from Table
2 that DRU-net outperformed U-net and RU-net (a higher value indicates a better
performance). U-net and RU-net could not segment some of the materials resulting
in zeros for Dice, precision and recall measures, while DRU-net segmented all the
classes.

Table 2 Segmentation results based on U-net, RU-net, and DRU-net

Method Dice Recall Precision

C B 1 C B I C B 1
U-net 0.634 |0.545 |0.178 [0.755 |0.587 |0.294 |0.560 0.530 |0.225
RU-net 0.601 |0.668 |0.208 |0.698 |0.835 |0.328 |0.561 0.590 |0.224
DRU-net |0.754 |0.654 |0.227 |0.863 |0.789 |0.444 |0.678 0.620 | 0.335

The results are reported based on dice, Precision, and Recall for all testing images
C Concrete, B Brick, I Insulation
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Fig. 6 Visual results of one test example. a Original image, b ground truth label, ¢ the segmented
output of the proposed method

Figure 6 shows one example of architectural images with its corresponding ground
truth label, and the segmentation output of DRU-net. DRU-net produced a similar
visual result to the ground truth label.

The level of accuracy achieved means the layer thickness for Brick and Concrete is
detected correctly with very limited failure on some pixels. However, for insulation,
the algorithm failed to achieve a high level of accuracy as the number of pixels for
insulation layers is lower than the other two materials that makes the learning process
more difficult for insulation segmentation.

5 Conclusion

Architectural detail drawings are of very different configurations and therefore human
evaluations are prone to errors. In this study, a DCNN model is utilized to learn how to
segment the most commonly used materials in construction on the basis of standard
drawings and run the required calculations to check compliance with Part L1A of the
UK building regulations. This article brings out a concept where image segmentation
using deep learning can be considered in examining detail drawings. The framework
development can address industry-wide problems in standard compliance, reduce
human errors and deliver faster drawings check. The framework requires consistent
and systematic review and feedback to improve the accuracy.

Our future research focus on improving the accuracy of the algorithm used in this
study by balancing the focus of model learning on materials with lower pixels.
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Abstract Since January 2020 Italy has been countering the COVID-19 pandemic
with several measures, including strategies to improve the National Health System’s
preparedness to such a threat. The paper aims to analyse response plans and measures
against the COVID-19 pandemic within the Italian healthcare system, at national
and regional level. Two objectives have been set: reviewing governmental provi-
sions for territorial and hospital health services rearrangement; reviewing operational
responses on the regional scale to address those demands. To collect and review oper-
ational responses at the regional level, six Regions have been considered as the field of
study, chosen for being a relevant sample of the resident population in North, Middle
and South Italy. Comparative analyses have been carried out to outline similarities
and differences in managing this difficult healthcare situation. Results show that
territorial medicine, particularly epidemiologic service, has been essential in facing
the national crisis, but hospitals have been the main actors in addressing COVID-19
needs. Relevant structural, technological and organisational changes were needed
to prepare hospitals. The built environment plays a significant role in managing the
pandemic response, indeed. Further efforts to develop a novel, resilient and sustain-
able hospital model are needed. This study contributes to a better understanding of
factors influencing current Italian hospitals’ strengths and limitations, shedding light
on future design models which can increase resilience in emergency conditions.
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1 Introduction

The world is facing one of the greatest socio-economic crises ever due to the COVID-
19 pandemic [1]. Starting from December 2019 a novel virus, named SARS-CoV-2,
has caused to date, March 2021, more than 2.7 million deaths around the world,
according to the World Health Organization (WHO) dashboard. The pandemic not
only has dramatically changed people’s lives but also the Built Environment (BE)
requirements. The BE serves as a potential transmission vector for the spread of
COVID-19 by inducing close interactions between individuals, by containing fomites
and allowing viral exchange and transfer through the air [2]. The pandemic’s effects
on housing, workplaces and public spaces will last [3]. Ongoing experiences might
yield positive impacts for future resilience designs, plans and policies within the BE.
Resilience is critically important for filling the void left by risk management, which is
limited to probabilistic analysis and events, as it relates to highly uncertain and high
impact events such as epidemics [4]. Past epidemics have spurred the development of
new solutions for the BE, which not only solve infections but also enhance lifestyles
[5]. The COVID-19 pandemic is requiring action to make the BE both resilient and
sustainable. The necessity to link disaster risk reduction, climate change and sustain-
able development goals has been outlined [6—9]. Capolongo et al. [10] have recently
claimed that public health relates to the planet’s health and suggested recommenda-
tions to make cities and communities resilient to future outbreaks. Also, the pandemic
consequences highlighted the need to rethink the indoor environments, as housing,
in a more healthy, safe, and sustainable way [11].

During times of disasters, healthcare systems are called upon to ensure essen-
tial health services are uninterrupted while protecting healthcare workers, patients
and communities at once. The WHO has recently published a suite of health service
capacity assessments in order to support rapid and accurate assessments of the current
and future capacities of health facilities, so that they are prepared for and respon-
sive to COVID-19. [12]. There are examples of disaster resilience planning activities
which have engaged health systems especially in overcoming climate change induced
threats (e.g. hurricanes) [13]. Global efforts have been made to improve the func-
tioning of hospitals in emergencies and disasters, developing the Hospital Safety
Index [14]; similarly the Project ER One aimed at an all risk ready emergency-
care facility [15]. Hospitals face big challenges as they include units with vastly
different requirements (e.g. airborne infection isolation rooms and protective envi-
ronment rooms) [2]. Some authors have argued that a common definition of disaster
preparedness in hospital does not exist in the literature [16]. At the same time it is
not easy to address how to prepare a hospital for disasters. Capolongo et al. [17] have
recently proposed a Decalogue of design strategies for new and existing hospitals
aimed at improving hospital resilience.

Italy has been the first western country to be affected by the COVID-19 pandemic
and the first who has adopted strict safety measures to stop the transmission chain
(the so-called lockdown). According to the WHO dashboard, to March 2021 it counts
more than 100.000 deaths, second only to the United Kingdom within the European
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context. Starting from February 2020, the Italian national health system (SSN) had
to quickly respond and adapt to address the surge of care and inpatient demands [18].

Governmental and regional provisions led to a rearrangement of hospital and
territorial services. As a consequence, healthcare facilities have undergone exten-
sive changes. Hospital wards and units dedicated to COVID-19 were needed and
outpatient services were suspended (Decree Law 9 March 2020, no. 14), so that the
oncological screening activities have decreased by more than 50% compared to 2019
[19].

According to the previous statements and scenario, it can be concluded that the
BE plays an important role in the management of the pandemic and that it is impor-
tant to increase the resilience of spaces and communities to quickly manage emer-
gency conditions. This paper is part of a body of research which argues for a more
sustainable and resilient model for hospitals in the post-COVID-19 era. The paper
analyses response plans and measures against the COVID-19 pandemic within the
Italian context, at the national and regional level. Two objectives have been set:
reviewing governmental provisions for territorial and hospital health services rear-
rangement; reviewing operational responses on the regional scale to address those
demands. Section 2 provides for data and methods used for deepening the analysis
of the Italian measures to strengthen the health system. Section 3 shows the results
achieved from this analysis, while Sect. 4 discusses them.

2 Materials and Methods

This section provides a brief overview of the Italian healthcare system and gives
details about accessed databases and adopted processes to analyse healthcare
facilities management during the emergency.

The SSN has implemented a decentralised model, especially since the constitu-
tional reform of 2001 by which regions have gained legislative power in a wide range
of fields, including healthcare. Health is a constitutional right; the central government
defines the essential levels of care and guarantees them to all residents. The health-
care services are categorised in three macro levels: (a) public health, (b) community
care, and (c) hospital care (Decree of the President of the Council of Ministers—
DPCM—12th Jan 2017). Regions have the responsibility to deliver health services by
means of health districts, hospitals and local health units. They autonomously regu-
late, organise, and administrate publicly financed healthcare [20]. Also, in addition to
public companies, private healthcare facilities, the so-called accredited facilities, can
participate in the delivery of essential services. This led to interregional differences
in access to care [1, 21]. Bosa et al. [22] have outlined that this decentralised model
led to different capacities in addressing the demand and the supply of healthcare
services during the COVID-19 pandemic. On one hand it allowed local governments
to tailor their responses to the needs of their population, on the other hand it might
have impeded fast and integrated responses. Moreover, the COVID-19 pandemic has
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hit the country hard after years of strict spending reviews and severe cost contain-
ment measures which resulted in workforce shortages, insufficient communication
and surveillance systems and inadequate healthcare infrastructures [22].

In order to further investigate the Italian response to the COVID-19 pandemic, in
terms of national and regional urgent legislative measures, the authors have collected
and reviewed regulatory provisions (i.e. Law Decree, Presidential Decree, Ministerial
Circulars, Regional Orders), national guidelines (i.e. guides from the Minister of
Health and the National Institute of Health), and other grey literature (i.e. reports of
the National Centre for Screening Monitoring) from January 2020 to March 2021.
National policies have been collected from the website of the Official Gazette of the
Italian Republic. A thematic area, named “Coronavirus”, of the above-mentioned
gazette is available online as a dedicated collection of urgent measures to manage
the COVID-19 emergency [23]. From January 2020 to March 2021 the government
has published 87 documents. The authors gathered these documents in a database
and used them as a reference to understand the development of the central response
to the COVID-19 pandemic. They also collected and reviewed the provisions of the
Minister of Health published within the same time span, for a total of 110 documents.
The authors analysed the regional responses, retrieving data from the website of the
National Agency for Health Regional Services [24] and from the official website of
each region. Documents of particular interest for this paper are the regional plans for
the rearrangement of hospital services and territorial services. Those plans have been
required since 19th May 2020 by the Decree Law n.34 which argues for enhancing
both hospital network and territorial services. The authors selected six regions as a
field of study. The six regions were selected for being a relevant sample of resident
population in northern, central, and southern Italy, and for having adopted the above-
mentioned plans to examine. Comparative analyses have been carried out to outline
similarities and differences in managing the healthcare crisis referring to those plans.
Table 1 reports population and available plans of the selected regions.

Table 1 Summary of examined plans for the selected regions

Position Region name Population® Hospital plan Territorial plan
North Lombardia 10.027,602 DGRP n. X1-3264 DGR n. XI-3525
North Veneto 4.879,133 DGR n. 782 DGR n. 782
Central Umbria 870,165 DGR n.1096 DGR n.1096
Central Lazio 5.755,700 DCA® n. U00096 Note n. 472,488
South Campania 5.712,143 DGR n. 304 DGR n. 542
South Puglia 3.953,305 DGR n. 1079 -

4 Data are retrieved from the National Institute of Statistics (ISTAT) and refer to the year 2019
b Regional Council Deliberation
¢ Ad acta Commissioner Decree
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3 Results

The results are divided in two sub-sections regarding respectively national policies
and regional provisions. The authors selected provisions and circulars related to
healthcare facilities management, as those related to other fields of intervention (e.g.
general governance, protective equipment, financial interventions etc.) are considered
not to fall within the remit of this paper.

3.1 National Response

A pandemic’s evolution is characterised by at least four major phases: (a) interpan-
demic, (b) alert, (c) pandemic and (d) transition [25]. To each phase a risk manage-
ment task can be ascribed (e.g. preparedness, response, and recovery). The pandemic
phase, which the world is currently going through, can be further divided into three
sub-phases: acute, post-acute and transition [26]. During the alert phase, the Italian
Ministry of Health drafted a national task force and a scientific technical committee
to coordinate the emergency interventions. Also, the Italian Government declared
a state of emergency on 31st January 2020 as an extraordinary measure to ensure
public health against the forthcoming pandemic. The state of emergency has two
important implications for the governance of the crisis. First, the government can
bypass the Parliament in the definition of legislative interventions, approving the
so-called ‘Decrees of the President of the Council of Ministers’ (DPCM). Second,
the state of emergency introduced the possibility of derogation of existing procure-
ment rules, facilitating the acquisition of Personal Protective Equipment, tests and
ventilators [22]. On 20th February 2020 the first Italian COVID-19 positive patient
was reported, thus the acute phase began, and it lasted until 20th March. The acute
phase was characterised by rapid growth of positive cases and insufficient contact
tracing and surveillance measures [26]. The first significant national provision on
healthcare facilities management is the Decree Law no. 14 of 9th March 2020. It
oversaw the recruitment of healthcare personnel and the introduction of the special
units of continued assistance (USCA), to be placed at least 1 every 50,000 inhabi-
tants. USCA are in charge of managing COVID-19 patients in home-isolation. The
Decree Law no. 14 has also required the division of the triage area from the admis-
sion room in emergency departments, placing attention on hospital infrastructures
for the first time. Finally, outpatient activities have been suspended as well as all the
other activities considered as deferrable. Shortly thereafter, the Minister of Health
provided guidelines about how to define deferrable and urgent activities. The post-
acute phase lasted from 21st March until 4th May 2020, during the national lockdown
[26]. The surveillance system registered a flattening and then a decrease of reported
COVID-19 cases, followed by a gradual reactivation of social and health services,
as non-residential care homes. The epidemic transition started on 5th May 2020
and it is still ongoing at the time of writing. The most significant national provision
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Fig. 1 Flowchart of the main national provisions regarding healthcare facilities management from
January 2020 to March 2021. Epidemiological data are retrieved from the website of the Italian
Minister of Health

about healthcare facilities management is the Decree Law n. 34 of 19th May 2020.
Article 1 calls for enhancement and organisational plans for the territorial healthcare
services. It establishes that regions must adopt specific measures for contact tracing;
they should start surveillance at residential care homes, while improving home care.
Also, they can lease hotel facilities to manage and treat asymptomatic patients. Article
2 requires regions to adopt rearrangement plans for hospital networks. The main goal
is to increase the number of beds in intensive and semi-intensive care units (ICU).
To do so regions can also build temporary additional infrastructures. Also, dedicated
pathways within healthcare facilities and additional dedicated means of transporta-
tion must be ensured for COVID-19 patients. The Minister of Health has published
guidelines to support the adoption of such a plan as well as a checklist to assess the
preparedness of Regional Health Systems to face the pandemic during the winter.
Since November 2020 emergency interventions have depended on the risk assessed
in each region, so that limitations and allowed activities can considerably vary across
the country. Figure 1 depicts a flowchart of most important governmental provisions
and epidemiological data from January 2020 to March 2021.

3.2 Regional Responses

Within the broader national policy, each region developed one or more response plans
to enhance both hospital and territorial services. As reported in Table 1, the authors
have selected six regions as a field of study to deepen the operational response in
the context of healthcare facilities management. Veneto and Umbria have adopted
integrated plans, while the remaining regions adopted separated provisions.
Regarding the enhancement of the hospital network, the regions have followed
ministerial guidelines and provided for common responses, such as: identifying
COVID-19 dedicated infrastructures; increasing the ICU bed numbers; reviewing
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Table 2 Comparison of hospital-related measures adopted by the selected regions

Measures Puglia | Campania | Lazio | Umbria | Veneto | Lombardia
COVID-19 dedicated hospitals | Y Y Y Y Y Y
Increase of ICU beds Y Y Y Y Y Y
Renovation of Emergency Y - Y Y Y -
Departments

Additional means of Y - Y Y Y Y
transportation

Additional long-term care beds |Y - - Y - Y
Temporary field hospitals - Y - Y Y Y
Engagement of private hospitals | Y - Y - - Y
Engagement of private facilities | Y a a Y - a
(other than hospitals)

2 Hotels and care homes have been involved by means of further provisions to assist and manage
asymptomatic and discharged COVID-19 patients

the emergency and urgent care network (i.e. restructuring the emergency department
and providing for additional means of transportation); increasing the workforce. The
northern regions had started the rearrangement of their healthcare networks even
before national regulation. During the continued pandemic they also provided for
detailed documentation on how to renovate emergency departments and the ICU.
The Lazio region has been providing, since January 2020, a wide set of guidelines
and circulars on both patient and facilities management. Some regions (i.e. Puglia,
Umbria, Lazio, Lombardia) immediately involved private facilities to address the
surge of demand. Table 2 reports a comparison of measures to enhance the hospital
network according to the analysed plans. In the table, Y stands for ‘adopted’.

Territorial services management can greatly differ from one region to another as
these services belong to Local Health Units. Moreover, they have secondary impacts
on healthcare facilities as they generally focus on organisational measures more than
infrastructural ones. However, from the analysed plans (Table 1) it is possible to
outline some common measures and policies, such as: the establishment of contact
tracing and surveillance systems; the introduction of the Special Units of Continued
Assistance (USCA); the enhancement of integrated home assistance; coordination
and information management (e.g. activating territorial operating centers); increasing
workforce for primary care; additional measures (e.g. the control of private facilities
offering long-term care services). Territorial medicine, particularly epidemiologic
services which belong to departments of prevention, has been reinforced all over the
country.
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3.3 Discussion

Past pandemic leveraged changes into the BE, on both building and urban scale. The
BE has an important role to play in supporting public health and reducing the risk
of infections, indeed [5]. Solutions and strategies to move towards more sustainable
and resilience buildings and cities are needed. In particular, there is a drive for
improving multidisciplinary programmes to develop a new design for the hospital
of the near future [17]. Within this background, this paper provides for the analysis
of central and regional government provisions to rearrange healthcare facilities in
Italy due to the ongoing pandemic. COVID-19 requires healthcare systems to have all
essential preparedness measures in place to deal with the pandemic, while continuing
to provide essential services. From the results exposed above it is possible to deduce
that:

e in [taly, hospital care and territorial services have been reorganised by adopting
specific regional plans.

e the changes on hospital infrastructure have been extensive. For example, to
increase the ICU bed numbers, regions have restructured existing assets, built
temporary field hospitals, restored unused portions of their facilities.

e the necessity to separate COVID-19 patients to reduce the risk of nosocomial
transmission led to COVID-19 dedicated hubs or at least dedicated units. Either
way, renovation interventions were required to control and prevent infections.
Both technological features, spatial layout and organisational requirements have
been reviewed in the face of the pandemic.

4 Conclusion

There is the need to enhance the preparedness of the national health system to cope
with epidemics which have a predictable recurrence of 10 years. In this sense, a
tool to assess healthcare infrastructures can help hospital managers make their asset
more resilient and sustainable. This paper reports the preliminary results of a research
aimed at proposing a novel model for the hospital of the future. The research has
originality values as it tries to address extremely timely needs, and it has relevant
practical implications regarding the need of multidisciplinary actions to define novel
models for post-COVD-19 hospitals. The research will benefit (i) healthcare systems,
providing advices for additional infrastructural capacities; (ii) healthcare workers,
shaping safer work environments; (iii) patient’s lives, modelling more resilient infras-
tructures to future epidemics which will enable the continuity of essential services.
The research is currently limited to the Italian context. Future developments of this
research will regard the acquisition of further data to determine how we will use and
manage hospitals in the future. The main goal is to understand if architectural and
technological changes will be needed to cope with future functional requirements
of hospitals. To do so, real experiences will be gathered by means of field surveys
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and semi-structured interviews with healthcare professionals, hospital managers,
and hospital facility managers involved in the pandemic management. Reflecting
upon the Italian experience and analysing corresponding international approaches
and policies will help identify the layout and engineering components of a prepared
hospital in the case of epidemic. An evaluation framework can then be developed
based on these components.
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Abstract The construction industry is one of the largest producers of waste. The
Circular Economy Action Plan of the EU aims to tackle this issue and aspires to
enhance the sustainability of the construction industry by adopting more circular
principles and bio-based material use. For this purpose, an approach is being devel-
oped that facilitates coherence between technical, economical, legal, social aspects,
and business models for circular design and building with bio-based materials in the
Interreg Circular Bio-Based Construction Industry (CBCI) project. Within the scope
of the project, tests and evaluations will be performed in a real-life setting, requiring
the construction of a prototype house, the living lab (LL) located in Ghent. LL will
be designed to incorporate circular principles like design-for-disassembly (DfD) and
modular design, urban mining, reuse, use of recycled materials and compostable
bio-based materials. In the search for circular construction methods a number of
tools were used in an iterative process during the design phase of the living lab. In
order to support the design process, an evaluation method is necessary to score the
overall circularity. However, there is no standardized or well-established method to
measure circularity. In this study, it is aimed to introduce a combination of existing
tools on a case study. This approach should contribute to the creation of a holistic
assessment of the circularity of the LL, which in turn will lead to buildings with
circular material use by stimulating reuse, recycling and composting of bio-based
building components.
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1 Introduction

The construction sector and the built environment is accounted for a large share of
global material consumption [21] and represent the highest share of waste production
[20]. It is one of the largest producers of waste, 36% of waste generation in the EU-27
in 2018.

Each year in the European Union an amount of 2.7 billion tonnes of waste is
thrown away, 98 million tonnes of which is hazardous. On average only 40% of our
solid waste is re-used or recycled, the rest going to landfill or incineration. Overall
waste generation is stable in the EU, however, generation of some waste streams
like construction and demolition waste, to sewage sludge and marine litter is still
increasing.

Buildings are highlighted as one of three key sectors to be addressed in the
Roadmap to a Resource Efficient Europe [19]. According to Revel, better construc-
tion and use of buildings could lead to significant resource savings up to 42% of our
final energy consumption and about 35% of our total GHG emissions, 50% of the
extracted materials, and 30% of water in some regions [10].

In this context, existing policies for promoting energy efficiency and renewable
energy use in buildings need to be complemented with policies for resource efficiency
of construction materials, which considers the environmental impacts across the life-
cycle of buildings and infrastructure at a wider range. Life-time costs of buildings
should increasingly be taken into account including construction and demolition
waste rather than just the initial costs. Better infrastructure planning is a prerequisite
in achieving resource efficiency of buildings and also mobility.

Significant improvements in resource and energy use during the life-cycle—with
improved sustainable materials, higher waste recycling, and improved design—is
expected to contribute to a competitive market and the development of a resource
efficient building stock. This requires the active engagement of the whole value
chain in the construction sector. Specific policies are needed to stimulate SME:s,
which make up the vast majority of construction companies—to train and invest in
resource efficient building methods and practices [13].

The aim of a circular economy approach in construction is to eliminate waste
of valuable construction materials and re-use them once the initial life cycle of
a construction project has come to an end. For this purpose, the Circular Bio-
based Construction Industry (CBCI) project is examining bio-based materials used
in buildings, designed to be disassembled and reused at the end of the initial design
life.

In the scope of the project, the research outputs are to be displayed in real-life
setting by constructing a prototype terraced single family house; the living lab (LL)
located in Ghent, Belgium. The realization of the LL is conducted in a step-wise
approach that includes iterative processes for design, description, criteria definition
and multi-criteria assessment of building components. This study presents an assess-
ment on circularity during the design phase for achieving a state-of-art building
envelope that is suitable for a circular and bio-based construction.
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2 Literature Review

Progress in recycling and reuse of materials in the EU is aimed to increase the
circularity of the economy and to close the loops of production and consumption
processes. This could be achieved by providing alternative sources of resources to
maintain the actual physical stock of societies. It is also generally true that increasing
circularity would not only yield benefits in material recovery but also in energy
savings as reprocessed materials are expected to require less energy than primary
materials [7].

According to Braungart and McDonough [4] the circular economy is a means
to achieve the environmental sustainability by implementing production chains in
which materials are used repeatedly, aiming at a balance between ecological systems
and economic growth. A transition from the current “linear construction” to a circular
construction is necessary. In addition to the sufficient use of material resources, the
circular use of human resources and thereby the eradicating of poverty [16] is also
an integrated part of circular economy.

A circular focus means that consumption should be prevented in circular and tech-
nological cycles and short cycling of products is preferred. Products, components,
and materials are recovered and restored, through strategies like reuse, repair, reman-
ufacture or (in the last resort) recycling [12]. Besides the material resource aspects,
the focus is on circularity in terms of energy (both embodied and operational) and
water usage and treatment. In addition, the Spatial Policy Plan of Flanders [22]
promotes the circular use of available space.

In order to have a full-fledged circular economy, it is considered that circular prin-
ciples should be supplemented with industrialized construction methods, inclusion
of social economy and utilization of bio-based materials. The use of biomaterials
is considered as a contribution to the circular economy in the context of innovation
policy. EU’s 2015 Circular Economy Action Plan and 2012 Bio-economy Strategy
both have food waste, biomass and bio-based products as areas of intervention [11].
On the other hand, non-industrial materials that are manufactured by using a simple,
quick but custom process with low embodied energy are not readily suitable for
upscaling when compared to industrial materials that use raw materials and have
standardized characteristics. Integration of the role of users is critical [17] for a
circular economy to achieve a balance between the natural capital, the human capital
and the remanufactured capital.

In this context, it was observed that there is a necessity for providing additional
value for the utilization of bio-based materials by creating an asset in the re-use
and recycle-ability with application of circular methods. In order to close this gap,
assessment tools are considered as the means to introduce a first insight of potential
on circularity.
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3 Methodology

An iterative design research methodology is adopted for creation of the LL Ghent,
as can be seen in Fig. 1. Depending on the principles of bio-based and circularity
as given above, nine preliminary design (PD) scenarios that include the current
practices as well as emerging construction techniques for the structure and building
envelope are defined. By conducting a comparative study of these different PDs,
critical information that is necessary for the final design is collected. The underlying
reasons for performance differences are interpreted and translated into principles that
are taken on in the next cycle. This interpretation was combined with economical and
environmental impact results and provided as input for a decision-making process
on building envelope design conducted in cooperation between CBCI project and
LL contractor.

In this paper, a holistic approach for the evaluation of circular and bio-based
building envelope scenarios is introduced. The aim is to adopt existing evaluation
tools for the case of LL Ghent and explore an optimum combination of the tools for
future use. The PDs are investigated in detail by using tools on the case study of LL
Ghent, as given below:

e Design for disassembly (DfD) tool—CircuBuild
e Reuse and recycling—BBRI-VCB tool
e Preservation of materials—Platform CB’23.

3.1 Design for Disassembly (DfD) Tool

In order to cope with the need for resource efficiency, new principles have emerged in
the construction sector. One of these principles is design-for-disassembly, a concept
that has been considered as a valid strategy to achieve circular constructions. For this
study, the ‘Demountability Index Tool’ [23] is utilized.

* Creation of LL Ghent Vision

Criteria Statement

I * Literature review on multiple topics
Descriptive study 1 pletop

* Multi-criteria assessment of
preliminary designs

Prescriptive study 1

« Evaluation of multi-criteria

Descriptive study 2 S ———

Fig. 1 Design research methodology
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The means of retrieving materials from existing buildings is defined as crucial
for resource efficiency. When products are inextricably linked and retrieving mate-
rials is not possible, demolition remains as the only option. The more a building is
demountable, the easier it is to retrieve products from building stock. In this perspec-
tive, demountability is a means to increase the possibility of re-use of materials in the
future. It is defined as the degree to which ‘objects’ can be dismantled at all scales
within buildings so that the object can retain its function and high-quality reuse can
be realized [1]. To determine in what the above mentioned ‘objects’ are, to what level
of detail the calculations should be done, the authors refer to the diagram in Fig. 2
of the ‘Transformable Building Structures’ by Durmisevic [8] showing the different
building levels.

To define this level of detail, the NL/SfB methodology [2] is used. The level of
detail is defined by three levels,elements (i.e. interior wall), variant element group
(i.e. interior wall, not load-bearing), variant elements (i.e. fixed partition wall). In the
DfD-tool an extended version of the NL/SfB methodology is used. This extension
allows for a more complete overview of the different relevant building levels.

Assessment on at least variant elements detail level is determined as suitable since
data for the lower levels is not adequate for analysis due to high level of complexity.
Elements in such an assessment corresponds to ‘structure’, ‘skin’ and ‘space plan’
layers in the work of Brand [3] as shown in Fig. 3. These layers are taken into account
in this paper for the calculation of demountability index.

The connection between the object and the underlying object that has a load-
bearing function determines the demountability index. For instance, when consid-
ering a non-load-bearing wall, the connection with the underlying floor is calcu-
lated, not the connection with the window frame. When the wall is load-bearing, the
connection with the window frame on the other hand is taken in consideration.

The four technical factors are defined for the calculation of the demountability
index such as (i) type of connections, (ii) accessibility to the connections, (iii) cross-
ings (level of integration), (iv) form enclosure (composition of objects). These factors
are assessed for each object between 1.00 being the best score and 0.10 being the

Construction Building

Deconstruction between
systems

System

Deconstruction between

LIty

mponent
Components components

) Deconstruction between
Deconstruction Elements clements

Fig. 2 Levels of material decomposition [8]



94 N. C. Kayagetin et al.

7 Stuff 1 day - 1 month

3 Service 7- 15 years

— Skin 20 years

3 Structure 30 - 300 years

I — Site Eternal

Fig. 3 Layers of brand and respective lifetime [3]

worst score. A distinction is made between the Demountability Index of the connec-
tion (Dlc) and the Demountability Index of the composition (Dls) of the element,
respectively influenced by the connection between objects and influenced by the
composition of objects. As shown in Fig. 4, the demountability index is a combination
of both indexes.

The circularity of products with a shorter lifetime is more relevant than products
with a longer life time (e.g. a shorter lifetime implies for more replacement that
require for new materials). The ultimate durability and circularity of buildings is not
only related to the durability of its materials but more importantly to the way that
the materials are put together [9]. Therefore, a level of importance is assigned by
appointing a normalization factor between for layers such as, stuff layer with 1.0 and
site layer with 0.1.

Type of connections
Connection - Dlc
Accessibility to

connections Demountability

index
Crossing
:|'> Composition - Dls
Form enclosure

Fig. 4 Demountability index calculation
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3.2 Re-use and Recycling—BBRI-VCB Tool

The EU action plan for the circular economy [14] introduces an uptake of reuse and
recyclability of products as an additional mean to improve the circularity level. For the
improved demountability to be meaningful, the following potentials should also be
anticipated, namely; reuse, refurbishing or recycling. It also follows a hierarchical
order to reduce first, reuse as a second option, then resort to recycling. Reuse is
recognized as being distinct from recycling, both in doctrine, and in the handling of
the materials from the waste stream [15] of construction industry.

With the development of a guideline and measuring system for ‘circular construc-
tion’, the Flemish Construction Confederation and BBRI plan to introduce a tool to
help developers, architects, contractors in the construction sector to support decision-
making with a circular perspective. The tool contains a quantitative section, in which
four main themes (change-oriented design [ 18], environmental impact, urban mining,
transition towards a circular world) are dealt with using checklists and calculators:

For this study, ‘Design for reuse and recycling’ calculator is utilized, which is
a part of the ‘Change-orientated design’ pillar. This calculator can be considered
as a merge between demountability and reuse and recycling assessment. It assesses
whether the building has been designed and composed in a demountable way and can
easily adapt for reuse in the future. At the level of components and materials, the focus
is on the independent functional layers and accessible and reversible connections.
In the reuse and recycling calculator, the following properties are scored: avoided
material impact, functional independence, technical detachability, physical charac-
teristics and recyclability. The scores of these aspects are normalized following the
DGNB guidelines—Ease of recovery and recycling [6] and accumulated into a single
score.

3.3 Preservation of Material Supplies—Platform CB’23

Platform CB’23 stimulates the transition to a circular and sustainable construc-
tion economy with a material quantification method. The tool builds on existing
methods for assessing sustainability and circularity as much as possible, integrating
them into the framework. The method incorporates three aspects: (i) preservation of
material supplies, (ii) environmental impacts and (iii) technical and economic value
preservation.

The focus of CB’23 tool assessment was on comparison of material flows in a
simplified manner, accounting for material input, and output to waste management
(lost material, through landfill and incineration) and to reuse and recycling. In this
study, the aspect of preservation of material supplies was selected for complementary
to previous tools and a mass balance approach. The PDs were modelled in Belgian
context for benchmark extraction and end-of-life scenarios for being representative
of the current materials and construction methods in an early design stage [5].
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Table 1 Preliminary designs for structure and scenarios for technical installations

Preliminary designs Characteristics

PD1: Masonry—Traditional | Masonry with mortar—vaulted concrete floor

PD2: Masonry—Optimized Masonry with connectors—concrete floor with ceramic box
PD3: Steel—Post-beam Steel structure—sandwich panel—steel profile floor

PD4: Steel framing Steel framing with aluminum cladding—steel profile floor
PD5: Wood framing Wood framing—masonry finish—wood truss floor

PD6: Wood—Post-beam Caisson with OSB—wood truss floors

PD7: Wood SIP—straw Timber framing—straw-bale finish—Engineering wood floor
PD8: Wood—CLT Cross laminated timber—wood fiber finish—wood truss floor
PD9: Modular blocks Modular blocks—wood fiber finish—modular floor

3.4 Case Study—CBCI Living Lab Ghent

LL Ghent has the geometry of the typical nineteenth century terraced house typology;
two regular storeys with attic under a sloping roof. The front and rear facades have
floor-to-ceiling windows which maximize daylight usage. The side walls are typical
blind walls to allow the prototype house fit in an urban terraced house context. The LL
is planned to be constructed on the Technology Campus Ghent. In order to display
its circularity potential, LL is required to be demounted and reconstructed in the
nineteenth century belt around Ghent.

In order to achieve a final design that suits for this purpose, a comparative study
was conducted with the possible options for PDs as given in Table 1. The PDs
were defined according to the literature review and resulted in three main categories:
heavy-weight (masonry), light-weight (steel) and bio-based (wood). In all PDs, a
thermal transmittance value of 0.15 W/m? K of the building envelope was defined.
Other general requirements such as structural, architectural and mechanical have
been achieved according to existing building regulations.

In the next section, the previously given tools were conducted on the LL Ghent
in the context of PDs and a comparative study is provided with respective results.

4 Results

The results are considered in two perspectives; potential versus current practice.
The DfD and BBRI-VCB tool assess the potential of demountability and reuse and
recycling. This implies that the results are currently not reflected in the current
industrial building processes. On the other hand, CB’23 tool depends on the current
technologies and provides actual percentages on material preservation.
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Table 2 Average demountability index for layers and normalized score
Preliminary designs Space plan Skin Structure Average Normalized
PD1—Masonry (baseline) 0.29 0.85 0.38 0.51 0.52
PD2—Masonry optimized | 0.53 0.85 0.52 0.63 0.65
PD3—Steel post beam 0.43 0.89 0.77 0.70 0.65
PD4—Steel framing 0.43 0.88 0.80 0.70 0.65
PD5—Wood framing 0.48 0.85 0.80 0.71 0.66
PD6—Wood post beam 0.62 0.88 0.88 0.79 0.75
PD7—Wood SIP—straw 0.47 0.79 0.80 0.69 0.63
PD8—Wood—CLT 0.47 0.88 0.80 0.72 0.67
PD9—Modular blocks 0.47 0.88 0.81 0.72 0.67

Table 2 displays the average and normalized demountability index for PDs. It is
shown that the steel and bio-based PD categories (PD3-4, PD5-9) were performing
better than the masonry options. The most critical differences were observed at
the structure level, especially concerning two main strategies: linear load-bearing
stacking and 3D post-beam structures. The latter clearly had an advantage regarding

demountability.

Table 3 provides the potential for reuse and recycling of PDs. The critical differ-
ences were observed at structure and skin of the PDs. The difference in the skin scores
were related to the variety of facade finishes in the line-up. Facades constructed with

Table 3 Scores for reuse and recycling (out of 20)

Preliminary designs | Structure | Space plan Skin Score (%)
Wall Floor |Ceiling | Roof |Facade

PD1—Masonry 0 0 0 0 10 5 5

(baseline)

PD2—Masonry 0 16 6 9 10 20 50

optimized

PD3—Steel post 16 16 0 9 14 11 49

beam

PD4—Steel framing | 5 16 14 11 40

PD5—Wood 5 14 10 5 34

framing

PD6—Wood post 9 14 15 9 10 13 62

beam

PD7—Wood 5 14 11 20 10 3 62

SIP—straw

PD8—Wood—CLT |7 14 20 10 11 61

PD9—Modular 14 14 9 10 11 53

blocks
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Table 4 Scores for preservation of material supplies (kg/m? GFA)

Preliminary designs | Total input | Output lost Output for next cycle
Landfilled |Incinerated | Reused Recycled

PD1—Masonry 1219 78 36 53 1052

(baseline)

PD2—Masonry 1189 134 18 53 984

optimized

PD3—Steel post 659 100 21 53 485

beam

PD4— Steel 623 106 82 53 382

framing

PD5—Wood 708 137 101 64 407

framing

PD6—Wood post 725 72 86 53 514

beam

PD7—Wood 728 225 24 192 286

SIP—straw

PD8—Wood—CLT | 757 70 144 53 489

PD9—Modular 661 80 102 53 425

blocks

less reversible connections logically resulted in low potential for reuse or recycling,
justifying the low scores of the brick facades of PD1 and 5. The structures of PD 3
and 9 performed the best since they are mono-functional and easily dismantled. The
bolt connections of PD3 were rewarded slightly more than PD6’s connections. PD9
with its ‘sliding’ connections performed equally well.

Table 4 shows the scores for current practice for PDs regarding preservation of
material supplies. Both steel-based designs (PD3-4) used the least amount of material,
and performs well from a resource depletion perspective. PD9 was considered as the
bio-based PD that performed the best. However, by implementing circular measures
at the end of life, the wood SIP straw design had the lowest amount of lost material,
depleting materials the least while preserving value for next cycles of construction.

5 Discussion

The results of different circularity tools are further discussed in detail in this section.
When displayed simultaneously as in Fig. 5, the figures provided the current situation
on the preservation of material and the potential for improvement through recycle
and reuse. It was considered that, the best options should have the least amount of
material in total with lowest amount of materials lost together with a high rate of
reuse.



Evaluation of Circular Construction Works During ... 99
1200 100%
o0
& A=
£ 1000 o 5
E" P 80% 2
< 800 ° ° [ ® ® 4 L4 &
@ 60%
= ° 2
S 600 2
= 40% =
QD
£ 400 &~
St 1
S 20% o,
.5 200 E
= 0 =
L — || — - =
& 200 - = i = g
A )
400 =

PDI - PD2 - PD3 - PD4 - PD5 - PD6 - PD7 - PD8 - PD9 -
Masonry Masonry Steel post  Steel Wood Wood Wood SIP Wood - Modular
(baseline) optimized beam  framing framing post beam — straw CLT blocks

Reused = Recycled = Landfilled ®Incinerated ®DfD ¢ BBRI-VCB

Fig. 5 Circularity evaluation—potential versus current practice

It was seen that the amount of material input for heavy-weight masonry PDs was
significantly high, without room for improvement for reuse and recycle. Light-weight
PDs displayed the lowest amount of input with mediocre potential for improvement.
Even though bio-based PDs had medium amount of material input, a high potential
on reuse and recycling coupled with demountability was observed. PD7—Wood SIP
straw performed the best with highest rate of reusability with improvement potential.

It was also observed that demountability and reuse and recycling indexes were not
always correlated with each other. It was a clear indication for PD1—Masonry that
the low rate of demountability was insignificant as the reuse and recycling potential
was so low. With this perspective, it is suggested that improving demountability
index would be more meaningful for a design with reuse and recycling potential.

6 Conclusion

A selection of existing tools was utilized for circularity assessment of the LL Ghent.
The combination of the tools provided promising outcomes. The individual results
of the tools would not have provided a comprehensive outlook to the circularity;
current practice and potential for improvement for reuse and recycle. A future study
for improving the assessment framework will include combining the circularity tools
with environmental impact assessment methods.
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Landscape Integrated Photovoltaic )
System for a Solar Island in the Venetian | @
Lagoon

Elena Lucchi, Sofia Tiozzo Pezzoli, and Antonello Durante

Abstract The paper deals with the refurbishment of La Certosa Island, a protected
natural and archeological area in the Venice Lagoon (Italy). According to its orig-
inal meaning, the Island acts as an innovation laboratory for the application of
solar technologies and green infrastructures. The project is based on an integrated
model of sustainable development, which offers services like activities related to
boating, crafts, tourism, food, and beverage. The existing buildings were covered
with colored Building Integrated Photovoltaic (BIPV) systems for an energy produc-
tion of 184 kWp. The system was perfectly integrated with the landscape and in the
historic buildings. The project refers to the entire island, not only to specific build-
ings, introducing the concept of Landscape Integrated Photovoltaic (LIPV) system.
This research presents the urban and building design project, with a risk—benefit
assessment of the BIPV roofs and LIPV in the island, developed according to the
European standard EN-16883: 2017. Several lessons can be learned from this project.
The importance of the public—private partnership for boosting photovoltaic (PV)
systems in the territorial redevelopment, and the continuous collaboration among
the different stakeholders involved for mitigating their impact. This way, La Certosa
Island become a solar Island because of the positive example of BIPV and LIPV
application in a protected area.

1 Introduction

Renewable Energy Sources (RES) implementation in protected buildings and land-
scapes is a strategical action to boost industrial innovation, sustainability, energy
decarbonization and transition [1, 2]. RES use in Europe is endorsed by the legisla-
tion that defined specific targets for increasing their spread, the energy performances
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of buildings, and the reduction of carbon dioxide emissions [3]. These policies and
actions also consider cultural heritage. It can contribute to supply-side strategies
thanks to the development of RES community [4]. The protection and the enhance-
ment of heritage and natural characters of cities, villages, rural areas, landscapes,
and buildings is an important point [5-7]. The use of solar energy, in particular
photovoltaic (PV) systems, in architecturally sensitive contexts has controversial
issues, mainly related to the visual integration and the aesthetical acceptability [7,
9-11]. On the contrary, technical, energy, and economic advantages are universally
recognized [10—-12]. For the last ten years, the solar manufacturing industry has been
capable to to offer new “architecturally pleasing” PV products [12], thanks to the
high customization level, and to the increasing of energy performances of colored
cells, thin films, homogenized black appearance, crystalline silicon modules, solar
tiles, embedded solar tiles, and high-resolution printed images. Moreover, guide-
lines and handbooks support planning, design, and authorization procedures in these
areas with details, practical solutions, and possible approaches [9, 10, 12]. Similarly,
several collaborative research projects develop innovative materials and solutions
for heritage contexts [10]. PV systems, thanks to their innovative features, are used
both at building and landscape scale. At the building level, they are included in
the building envelope (e.g. roofs, facades, windows) as building attached or applied
PV (BAPV) or building integrated PV (BIPV). BAPV modules are mounted on the
building envelope without fulfilling specific integration criteria [11, 13], while BIPV
systems provide additional functions to energy production (i.e. mechanical rigidity,
structural integrity, primary weather impact protection, noise protection, fire protec-
tion, thermal insulation, shading, daylighting, security) [13]. The recent concept of
“sustainable energy landscapes” deals with landscape design and planning purposes.
It focuses on the relationships between PV systems and spatial and morphological
features without compromising values, biodiversity, and food production [14]. The
potential of energy generation in these applications is considerably high [14]. The
landscape integrated PV (LIPV), particularly, has to face with complex challenges
related to the aesthetic appearance, the ecological impact on natural systems, their
harmonization on agriculture, and the improvement of infrastructures with energy
production [14]. Despite there are several case studies of BAPV and BIPV in heritage
contexts [7, 9, 11], LIPV applications refer mainly to the integration of stand-alone
PV systems in non-protected rural areas [14]. Only a few examples discuss in detail
the integration of PV systems into landscape or conservation areas. No guidelines
or standards focus on that [10]. This topic offers new challenges: theories, design
parameters, environmental and visual impacts, aesthetic perceptions different from
those for traditional PV building integration have to be investigated.
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2 Aims and Methodology

The paper presents the refurbishment of La Certosa Island, a beautiful natural and
protected archeological area in the Venetian Lagoon (Italy). The Island acts as a labo-
ratory and showcase for the application of the best available technologies for green
infrastructure and RES production, thanks to the historical vocation of the Island
for the innovation related to the production of military materials from nineteenth
Century. The end of war industry left the area and its building in a damaged state of
conservation. The refurbishment project started in 2010 as an integrated model of
sustainable development, offering services like activities related to boating, crafts,
tourism, food, and beverage to reply to the territorial needs. The link between inno-
vation and sustainability suggested the application of RES technologies. The energy
consumptions of the area are covered by the use PV systems: about 1100 m? of
existing roofs were converted into RES using a BIPV solution with colored PV tiles
for 184 kWp. Its innovation consists in the balance between the strictly archeo-
logical, natural, and architectural constrains and the preservation of landscape and
heritage values of the area, while producing electricity. This project refers to the entire
territorial area, not only to specific buildings as happens in similar applications.
The research was structured in the following phases: (i) historical analysis of the
site; (ii) urban energy planning; (iii) building energy retrofit, with a focus on the
BIPV design; (iv) risk—benefit assessment of the BIPV system, applying the tabular
scheme developed according to the European standard EN-16883:2017 [15].

3 Historical Analysis of the Site

La Certosa Island is the biggest among the “minor islands” composing the Venetian
Lagoon. The area is protected for cultural heritage and archeological interest by the
Italian legislation [16]. It is also part of UNESCO sites and is included within the
Natura 2000 Network sites. The name derives from the Italian Carthusian monks.
Since the medieval ages the island hosted a prestigious monastery; Augustinian
monks since 1199 and Carthusian monks from 1424. This monastery was connected
to rural and agricultural activities, also thanks to the farmer community of vineyards
and orchards. In the Napoleonic period, the area was destroyed, except for a part of
the monastic complex that is still conserved and preserved as it was in 1806. Then,
the religious community was moved to the mainland. From the XIX Century until
the Second World War, the area was used for military purpose: first as storage for
military materials and later as fuses, ammunition, and armaments production (named
the Pirotecnica della Certosa). The end of the war industry in 1957 left the island in
a damaged state of conservation for a long time. Similarly, the hydrography of the
Lagoon had several transformations during the Centuries that changed especially the
relation between land and water. The contemporary landscape was stabilized in the
late 1950s.
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A special legislation for Venice [17] gave this island to the Municipality for
99 years, to realize a socio-economic and environmental refurbishment for enhancing
the natural landscape, the urban structure, and the historical buildings. This project
started considering its natural vocation as “the Gate” of the Lagoon thanks to the pres-
ence of the Nautical Center of Venice. Thus, was decided to host sporting, touristic,
and recreational activities. In 1996, a retrofit project was developed under the “Vento
di Venezia” umbrella, promoted by EU funding and a public—private partnership with
the Municipality of Venice and the Magistrato alle Acque di Venezia.

4 Urban Energy Planning

The urban project consists of the morphological reorganization, the reuse, and the
economic regeneration of the area through the principle of sustainability and low
environmental impact. The project includes a marina complex, a public park, a board-
walk, and a pier for the water bus stop. The project aims at making the island a large
green area entirely usable a stone’s throw from the historic center and equipped with
services that do not find expression in the ancient city (i.e. services for the leisure
and free time of residents and services for a tourist niche linked to the environment,
sport and culture). The interventions include: (i) the redevelopment of the island’s
building heritage according to the best standards of environmental sustainability; (ii)
the creation of equipped paths and the requalification of degraded vegetation while
preserving valuable species, the restoration of an agricultural area retracing the tradi-
tions of the island’s vegetable gardens and vineyards in the pre-nineteenth century;
(iii) the development of the current mooring system for pleasure boats entirely on
floating docks and the installation of some support equipment; and (iv) a pedestrian
crossing system on floating mobile piers to reach the adjacent islands. The extensive
process of the Urban Plan is shown in Table 1.

Table 1 The process of the refurbishment plan

Year Activity

1996 Drafting and approval of the Refurbishment Plan

1996-1998 | Inclusion in the European Community programs

1998-2002 | Design and execution of a first lot of intervention
2003-2004 | Public tender for the existing lots

2005 Construction of the marina complex
2007 Design and execution of the urban park
2009 Public tender for the identification of a partner for the construction of the park and

its management
2020 Installation of the BIPV roofs




Landscape Integrated Photovoltaic System for a Solar Island ... 105

Table 2 The constrains of the La Certosa Island

Area Constrain

Venice lagoon UNESCO Site
Natura 2000 Network sites

La Certosa Island Declaration of cultural interest

Declaration of high public interest

Archaeological risk

Buildings: Monastery, Farmer building (Casa Declaration of cultural interest
dell’Ortolano), old castle (Casello delle Polveri)

The land area is recognized at local level as “transition bond” between the natural
and the built environment of the Lagoon. This protected territory is subject to several
constraints s that demonstrate the high heritage value of the area (Table 2).

Starting from the analysis of the constrains, the interventions on the building
heritage focus on the demolition on reconstruction of the army industry. These build-
ings are used integrated services for boating, environmental education, tourist-hotel
hospitality (hotel, restaurant, shop, and bar), sporting (sailing club), craft, and cultural
events (Sect. 5). The ancient remains of the cloister are valued through the creation
of cultural and didactic structures. Also, the design project involves the conversion
of the abandoned area into an urban park. The lush urban park provides the creation
of accessible paths and the conservation of the natural and archeological heritage.
The park occupies two-thirds of the twenty-two hectares of the island. The land
recovery is based on the conservation of the valuable spontaneous tree essences,
through the remediation of waste and weed vegetation. Also, the rural destination
allows the recovery of traditional horticultural and wine-growing activities. Rural
and natural paths favor the use of equipped areas as well as discourage the use of
valuable landscapes. The lowering of some walls of marginalization permits also the
creation of terraces and lookout points. In addition, the project involves the expansion
of moorings for boats and the upgrading of the infrastructure of support to boating.
The presence of a system of pedestrian crossings on mobile piers floats permits to
reach the adjacent islands, integrating them to the local public transport with the aim
of creating a nautical, agricultural, environmental, and cultural district (see Fig. 1).

5 Building Energy Retrofit

The existing buildings in the past were used as storage, warehouse, and indus-
trial construction of the arms industry active on the island until the 1950s. One
of these experimentations involved the refurbishment of some non-listed buildings
dating back to the 90s by the architects Tobia Scarpa. The interventions focus on
the demolition and reconstruction without changing the shapes and increasing the
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Fig. 1 The Certosa Island. Source GruppoSTG/VDV srl

volumes of 46 high-damaged buildings (on 67 existing constructions). The interven-
tion was based on the use of natural-based solution and recycled materials from the
existing buildings. The project provides the establishment of boating, sport, training,
craftsmanship, hospitality, and commercial, and catering activities.

5.1 BIPV Design

Since 2010, because of the need for refurbishment of the area, unusual infrastructures
for the lagoon were built notwithstanding the current regulations. With the same
approach, some buildings for boatyard were refurbished. They were of large spans
and with pitched roofs covered by terracotta tiles. The first design project provided
the installation of classic PV single-crystal silicon modules of 60 cells, equipped with
a frame, on the best sun-exposed portion of the roof (2010). This project was revised
in 2020, proposing a glass/laminated glass BIPV roof without framing systems [18].
Three innovative PV systems integrated into the roof were built, transforming over
1110 m? of opaque surfaces into an active roof using the BIPV system with colored
PV tiles. Also, it was decided that future constructions in the island should include
PV modules. The PV roofs installed were made with standard and custom modules.
Visual continuity was achieved by adding some completion tiles without silicon cells
to the custom-made PV tiles for complete architectural integration of the modules,
ensuring a homogeneous view of the roof, especially from far points of view [18].
Overall, 184 kWp of power were installed in combination with a 48 kWh storage
system (see Fig. 2).
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Fig. 2 The BIPV roof on a typical building. Source GruppoSTG/VDV stl

The PV tile is composed by double laminated glass with PV cells and polyvinyl-
butyral (PVB) solar. The front glass is a solar grade glass painted on face two with
a ceramic screen-print specifically designed for PV application and giving the terra-
cotta color, which will be permanently fixed by the glass tempering process. The
internal layer is composed by the monocrystalline PV cells incapsulated in a double
PVB solar. This material has higher light transmission than the standard PVB used
in the glass sector for favoring the energy production from the PV cells. The back
glass is also a tempered glass. This structure makes the PV tile more resistant than
single glass panels. An image of the construction phases of a BIPV roof is reported
below (see Fig. 3).

Fig. 3 Construction phases of a BIPV roof. Source GruppoSTG/VDV srl
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6 Risk—Benefit Assessment of the BIPV System

The risk-benefits assessment scheme is developed according to the standard EN-
16883:2017 [15] that presents a systematic procedure based on five-levels scale for
evaluating the energy efficiency of historic buildings through a sustainable balance
between conservation, energy performance, and human comfort issues. The standard
aims at balancing heritage conservation, energy performance, and human comfort
issues in the energy retrofit and sustainable management of historic buildings. From
this general guideline, the Working Group on “Solar Energies” of the International
Energy Agency (IEA) Task 59 developed a tabular risk—benefit scheme specifically
tailored for the implementation of renewable solar solutions in historic building
[19]. This scheme is based on the evaluation of the following categories: (i) technical
compatibility, (ii) heritage significance of the building and its settings, (iii) economic
viability, (iv) energy performances, (v) indoor environmental quality, (vi) impact on
the outdoor environment of the energy solutions, and (vii) aspect of use. According
to the standard [15], a five-level assessment scale is proposed to evaluate the solar
technology. This scale is divided high and low risks, neutral, high, and low benefits.
here, this risk—benefit scheme is applied to the evaluation of La Certosa design project.
To have a coherent, transparent, and comprehensive evaluation, the assessment scale
is defined by an interdisciplinary team composed by the experts involved in the
planning, design, and authorization processes, with the support of BIPV experts.
Table 3 shows a synthetical overview of the outcomes of this evaluation.

Overall, the PV system resulted in high technical compatibility thanks to the
selection and the installation of PV tiles and fixing systems. PV components were
produced, and the system installed according to EU regulations and specific instal-
lation guidelines. Hygrothermal, structural, fire, and efficiency reduction risks are
negligible for the above reason. There is no hygrothermal risk due to the roof system
installed, which is composed of a double layer of strips with a vapor barrier in
between. Water channels were carefully designed and fixed with brackets A drainage
system that stops the water was also included. PV tile is classified as L1B1 for
mechanical resistance, as it has passed the tests required by the UNI EN 12,600:
2004 standard, including the pendulum test. As required by current legislation, the
analysis of the fire load development on the roofs was not carried out. However,
appropriate corrections on critical points for fire resistance were made (e.g. external
direct current cable descents to buildings). The reduction efficiency risk is in line with
the premature decay standard for building materials, according to IEC 61215: 2005
and IEC 61730-2: 2012. The PV modules are equipped with fixing components,
back drains and water sealing components that allowed a complete replacement of
the tiles. Fixing and cabling systems can be easily dismounted or substituted without
any significant detrimental effect on the historical building. The PV architectural
integration follows a long design process for guarantee a low material, visual, and
spatial impact on the building and its surroundings. The roof is composed by two
parts: one pitch is covered by the original (but non-historic) brick tiles and the other
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Table 3 Risk—benefit scheme for the assessment of the BIPV system in La Certosa

Category Criteria Description
The detailed study of the system and in-
Hygrothermal risk stallation aimed at avoiding the risk of

Technical com-
patibility

Heritage signifi-
cance of the
building and its
settings

Economic via-
bility

Energy

Indoor environ-
mental (IE)
quality

Impact on the
outdoor environ-

ment

Structural risk

Reversibility

Reduction efficiency
risk

Fire safety

Design and installa-
tion

Thermal bridges

Risk of material im-
pact
Risks of visual impact

Risk of spatial impact

Capital costs
Operating costs
Economical return
Economic savings
Energy performance
and operational en-
ergy demand in terms
of primary energy rat-
ing

Life cycle energy
(LCE) demand in
terms of use of RES
and non-RES primary
energy

IE conditions suitable
for achieving good
occupant comfort lev-
els

LCE demand in terms
of greenhouse gas
emission

Natural resources
Influence on the use
and the users of the
building

condensation and water accumulation
The modules were tested for mechanical
resistance L1B1

The system can be easily dismounted due
to the snap-on module coupling systems,
which allows returning to the original lath
structure when needed

Their production performance reduces to
80% after 25 years

PV tile without frame has a higher fire
safety than a PV module with frame. The
roofing system has been designed accord-
ing to the fire prevention rules

Accurate design of the roof according to
manufactures guidelines and current
standards, and faster installation thanks to
the snap on module coupling systems
The PV roofs were designed by avoiding
thermal bridges

Reduced impact related to the coverage of
only one pitch by PV tiles

Visual compatibility of the PV tiles based
on coplanarity, total coverage of the
pitch, absence of frames, color matching,
reduction of reflectivity

No changes in the geometrical relation-
ships between the building and the sur-
roundings

PV tile: 270 € per unit, 180 €/m?

No data

No data

No data

211 MWh/anno

No data

The PV system might help to maintain a
good IE condition if connected to the
HVAC systems of these buildings

No data

No data

No influence with the usage of the build-
ing

Level

(continued)
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Table 3 (continued)
Aspects Consequences of
of use change of use
Ability of building us-
ers to manage and op- No data

No major consequences

erate control systems
Notes m =Highrisk © =Low risk O =Neutral & =Low Benefit B = High Benefit ® = No data

Source: Elaboration of the authors

one is covered by the PV tiles. This approach is suggested by the Heritage Author-
ities for minimizing the losses of the original materials and the visual impact from
the public area, maintain the original aesthetic image from public views. It has also
technical and energy benefits, as the BIPV has the optimal orientation with respect
to the sun, maximizing its energy production. In addition, as a portion of the old
roofs were destroyed by a tornado, replacement and integration of the tiles were
needed. The visual integration is based on the coplanarity, compliance with the roof
lines, consistency with the roof pitch shape and dimensions, and color and reflectivity
matching. The chromatic design is particularly important for minimizing the visual
impact of the PV panels. Thanks to the colored glass, a chromatic effect similar to
terracotta color was obtained. This color is typical of the traditional roofing used
in the lagoon area and most of the northern and central Italy regions. This solution
offered a chance to refurbish the well-exposed roof pitches that resulted in complete
chromatic assonance with the surrounding buildings’ roofs and the rest of the lagoon.
PV modules were visible form the south-east side only, the side from the sea, and
brick roofing were visible from the west side only, the side close to the city. This was
a design prescription aiming at having uniform visual cones for the most important
points of view. Also, the PV panels are visible from the lagoon, as requested by the
Heritage Authority for enhancing the innovative character of the Island. This design
additionally permits a direct comparison between traditional and PV roofs, particu-
larly useful also from a didactic point of view. Thanks to its features, no changes in
the geometrical relationships between the building and the surroundings have been
create, preserving the landscape perception. No information is available about the
economic viability, apart from capital costs. The investment for the batteries, PV
panels, their installation as well as the charge controllers is 180 €/m? (considering
brackets, ducts, and drips). The energy performance of a single-colored module is of
220 W about 10% less than a usual silicon PV module. No LCA of the product has
been made. However, the circular economy is at the basis of the project; the old tiles
that were removed from the original roofs were recycled for the construction of the
new footpaths of the Island. The system was not directly managed by the users, and a
system for monitoring the electricity production is planned to be installed along with
the other smart management components connected to the island electricity district.
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7 Conclusions

This project permits to learn some lessons for BIPV application at urban and building
level. First, the public—private partnership is important for boosting the use of RES
in the territorial redevelopment of unused municipal areas projects considering the
sustainable development goals. Thank to this collaboration, the project refers to the
entire territorial area not only to specific buildings, as occurs in similar applications.
Second, the knowledge of the characters and the meanings of area, traditionally
devoted to innovation, was fundamental for developing this project. In fact, BIPV
system are visible from the ferries arrival point of view only. This was a design choice
that allowed the innovative character of the area to be emphasized with the use of
PV. The technical compatibility of BIPV systems implies the absence of structural,
hygrothermal, energy, fire, installation, and maintenance risks. Also, reversibility of
materials for bonding and mechanical fixings is a fundamental aspect for historic
buildings, to dismounting the BIPV system without damaging the original structure
[15]. Moreover, a continuous dialogue and a long-term collaboration among the
different stakeholders involved in the project (e.g. technicians from the Municipality,
designers, environment and heritage conservation bodies, RES industry) improved
advanced and coordinated studies for the energy infrastructure, mitigating the impact
RES and infrastructure on communities and landscapes. As matter of fact, a proper
and consistent design of BIPV systems that respects the heritage significance occurs
only through the collaboration of a multidisciplinary team. The collaboration with
the Heritage Authorities in the design process particularly was a strategic point for
enhancing historical sites and buildings, also protecting their heritage and natural
values. The close dialogue between the client and the designers changed the idea
of adopting standard PV elements with a frame, favoring the use of colored PV
modules without a frame. This allowed to maximize the pickling surface and therefore
the power of the system. Economic data in general are not available for privacy
policies. Similarly, environmental data (e.g. indoor environmental quality, Impact on
the outdoor environment, environmental sustainability, LCA) are rarely considered or
published in BIPV design projects. Due to its feature and to the attention of historical,
natural, environmental, and architectural data, this BIPV roof can be replicated in
further landscape contexts typical of the Italian peninsula. In this way, the solar island
is a positive example of LIPV and BIPV application in a protected area.
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Abstract When sudden-onset disasters occur in the urban Built Environment (BE),
people must quickly leave the dangerous areas to reach safety. Floods in urban
BEs surely represent a critical emergency, especially considering users who cannot
evacuate upstairs, such as those placed outdoor. Management strategies focused on
the evacuation planning could increase the users’ safety in a flexible but effective
manner. This study compares two evacuation strategies in typological BEs through
a simulation-based methodology based on the evacuation process analysis. The first
strategy considers that users leave the BE, thus moving away from the source of
danger flood. The second strategy adopts gathering areas positioned where the risk
is lower, thus sheltering-in-place for the BE users. These strategies are tested consid-
ering fluvial flood conditions in four typological BEs, characterized by different
layout in terms of streets and squares positions. The simulation-based methodology
represents pedestrian evacuation under the two considered strategies depending on
the hydrodynamic conditions of the BEs. Comparisons between evacuation time,
flows, path length and the users’ risk depending on floodwater conditions (in terms
of depth and speed) are provided. Results show that sheltering strategies can increase
the users’ safety in each typological BEs, and mainly in case of the proximity between
the square and the river. For instance, the users’ risk is generally reduced up to — 70%.
These findings suggest that effective interventions should be designed to support the
users toward “sheltering” areas, by increasing they awareness on the evacuation plan,
and implementing wayfinding signs and raised platforms in the BE.
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1 Introduction

Floods represent the most important natural hazard in terms of effects on worldwide
communities.! In the period 2015-2019, only in Italy? more than 170 different loca-
tions have been affected by floods, causing more than 60 deaths or missings, and
almost 21,000 evacuees and homeless. In this context, urban Built Environments
(BEs) represent the riskiest scenarios because of the combination between hazard
(e.g. position in flood-prone areas, such as near rivers, effects of climate changes),
physical vulnerability (e.g. narrow and complex urban fabric, poor infrastructural
measures), and exposure (e.g. urbanization/densification growth, high density of
exposed users) [1-4].

Different strategies can be applied to reduce the flood risk [5, 6]. Some of them
require permanent or long-term solutions, such as physical constructions (e.g.: dikes,
drainage and sewer system) or nature-based measures (e.g.: restoration of rivers to
their natural courses) that provide continuous protection against floods up to a given
return period. Anyway, the implementation of these structural solutions could be diffi-
cult in existing BEs because of economic factors, coordination among stakeholders,
high application impact in respect of the BEs features (i.e. in historical scenarios),
as well as their effects could be limited especially in case of extreme events [7, 8].
Non-structural solutions relating to evacuation management and planning could be
implemented in the BE to support structural measures in a flexible and effective
manner, thus allowing people to reach areas where they can wait for rescuers’ arrival
in safe conditions [6, 9—11]. In particular, considering the outdoor context (where
the majority of fatalities occur while people attempt to move in floodwaters), two
main strategies can be adopted [11-14]: users can leave the flood-prone/affected
BE (in the following, “leaving”) far from the flood wave, moving on foot or by
motor vehicles, and towards target safe havens, or they can gather inside the BE
itself (in the following, “sheltering”), especially when safe gathering areas can be
identified in outdoor areas of the BE. “Sheltering” strategies can take advantages
of gathering areas in streets and squares, also thanking to structural measures (e.g.:
raised platforms, benches and urban furniture). Users will remain here and wait for
the floodwater decrease and/or the rescuers’ arrival [13].

However, in both “leaving” and “sheltering” strategies, the evacuation process
can force people to move through areas that are deeply modified by floodwaters and
to interact with dynamic conditions that can drastically change in short times [3, 14].
Users could suffer threats because of critical local floodwater depth D [m] and speed
V [m/s] values, by: (1) losing stability (i.e. for adults having a mass per height >
50 kg*m, DV > 1.2 m/s? represents the maximum stability threshold) when physical
supports are not achievable (e.g. handrails) [15]; (2) being slowed down, thus also
increasing the exposure time in risky conditions [16].

Uhttps://iddrr.undrr.org/, last access: 09/03/2021.
2 http://polaris.irpi.cnr.it/report/last-report/, last access: 09/03/2021.
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As pointed out by recent works [17], coupling simulation methodologies should
be encouraged to consider how users’ behavior is affected by the disaster conditions
over time and space. In the flood case, such tools should jointly represent floodwater
spreading in the BE and users’ movements along streets and squares. Each element
at risk could be then considered according to microscale approaches, to evaluate the
effectiveness of evacuation plans [11]. The influence of BE layout and features on
the flood hazard is widely demonstrated, typological BEs have been investigated to
describe hydrodynamic aspects and related BE risk-assessment models have been
developed [1, 7, 18-20]. Although many flood pedestrian evacuation simulators have
been developed [20], previous works seems to generally overlook the correlation
between the effectiveness of different evacuation strategies (i.e. “leaving”, “shelter-
ing”) and such issues, especially considering the outdoor spaces in the BE, such as
streets and squares.

In view of the above, this work aims at comparing the effectiveness of “leaving”
versus “sheltering” evacuation strategies by means of a microscale simulation-based
methodology focusing on the pedestrian evacuation process analysis. The joint eval-
uation of floodwater spreading in the BE and users’ behaviors in the evacuation is
performed by considering the BEs features in terms of urban layout, by coupling two
existing simulation tools. Thus, various typological BEs layout configurations are
tested, and the effectiveness evaluation is mainly performed considering the main
parameters affecting the users’ movement in outdoor spaces of the BE (i.e., squares
and streets).

2 Methodology

The adopted simulation approach adopts a microscopic standpoint based on the repre-
sentation of real-world behaviors in flood pedestrian evacuation depending on the
floodwater spreading in the BE (Sect. 2.1). Simulations are performed in several
typological BEs representing compact and complex urban scenarios, typical of city
centers, to test the differences between “leaving” and “sheltering” evacuation strate-
gies. A behavioral-based approach, that is assessing the impact of the strategies on
the evacuation process, is assumed to analyses the simulation results (Sect. 2.2).

2.1 Microscale Simulation Approach

The microscale approach considers the simulation of floodwater spreading in the BE,
by means of the open-source software Delft3D (version 4.03.013; www.oss.deltares.
nl/web/delft3d—Iast access: 20/03/2021). The assumed solving mesh is composed
of 1 m x 1 m cells, to ensure a detailed description of floodwater levels in outdoor
areas, by means of the floodwater depth D [m] and speed V [m/s] values over the
time. A time steps of 60 s is assumed for D and V evaluations. Building blocks
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are simulated as impermeable areas. Thus, no flood discharge can happen into the
building ground floors, increasing the effects of the floodwater spreading in outdoor
areas and so the risk for users during the evacuation process. D and V values are
then considered to represent the users” movement along squares and streets. First,
the evacuation model assumes that the users’ speed Vi [m/s] are influenced by the
local conditions of D and V values as shown by Eq. 1 [13], where g = 9.8 m/s? is
the gravitational acceleration.

Vi =05(D-V2/g+D?*/2)"" (1)

The D and V product DV [m?/s] is adopted to describe the safety threshold for
users’ stability, by considering adults’ reference values for extreme hazard [15].
Users could still move if locally DV < 1.20 m2/sor D < 1.20mor V < 3.0 m/s,
otherwise casualties occur. The evacuation model also considers that users try to move
near unmovable obstacles, such as building walls and fences, having a distance <
3.0 m, since they can look for a direct support of BE elements and well as the
floodwater speed at the street sides is lower [13]. Finally, users are not allowed to
move upstream or towards the flood flow, while evacuation paths are organized in the
model depending on the considered evacuation strategies and their related position
in the BE [11].

These modeling assumptions are included in the input setup for pedestrian evac-
uation simulation performed through the Oasys MassMotion simulator (version 9.5;
www.oasys-software.com/products/pedestrian-simulation/massmotion/, last access:
09/03/2021), which has been chosen because it allows replicating user-user interac-
tions from a microscopic standpoint, relying on the Social Force Model approach
[21].

2.2 BEs and Evacuation Analysis for Strategies Comparisons

The typological BEs considered in this study are represented in Fig. 1. They are based
on a riverine context with an orthogonal scheme for the streets network (Fig. 1a).
Then, a square, with the dimension of a building block, is introduced in different
positions depending on the distance from the river (Fig. 1b—d). In the following,
the typological BEs are named according to the code in Fig. 1. In each typological
BE, all the streets perpendicular to the river have a width of 6.0 m and a slope of
0.6%, while streets parallel to the river have a width of 4.0 m and a slope of 0.3%.
Cross-sections, the river position and direction (blue rectangle with the white arrow)
and the floodwater discharge direction (red arrow) are shown by Fig. 1.The consid-
ered BEs consider regular staggered obstacles (i.e. the building blocks) according
to previous works on flows patterns in urban scenarios [20]. They can represent a
typical Italian context exposed to significant flood risk (i.e. riverine historical BE),
in view of the significant risks for this national context shown in Sect. 1, but they
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SECTION: PERPENDICULAR STREET

SECTION: PARALLEL STREET

Fig. 1 Typological BEs for evacuation simulation: the blue area is the river (flow direction by the
white arrow), which discharges floodwaters in the BE according to the red arrow. Building blocks
are grey rectangles. Gathering areas in the square for sheltering strategies are traced by the related
signs. Cross-sections are offered (vertical exaggeration of 10x)

could be also extended to similar BEs of other European contexts [22]. The modelled
riverine flood considers a 100yrs maximum flow rate of about 1150 m>/s [23] and a
time of concentration of 6 h, which can be considered as critical for the activation
of early warning systems and can increase the necessity to evaluate users’ evacua-
tion on foot in the flood-affected BEs. The riverbed has a roughness according to the
Manning’s coefficient is equal to 0.030 s/m'”3, to model natural non-vegetated condi-
tions for a straight river. Streets and squares are modelled to replicate stone paving
(0.013 s/m'”®). According to a conservative approach, peak flow conditions over the
time in the BE are retrieved by the hydrodynamics simulator and then considered to
define the DV values in evacuation simulations.

260 users are homogeneously placed outdoor, to represent users who cannot reach
abuilding and vertically evacuate. The users’ number is provided by considering low
density conditions of passers-by in urban areas (i.e. lower than 0.17 pp/m?) [24]. The
simulation time is equal to 20 min, which allows a user to walk across the whole BE
using the longest path in critical DV conditions.

The evacuation target choice by the users only depends on the evacuation strategy
(the shortest path approach is adopted). In “leaving”, users move away from the
river, since gathering areas are placed in the downstream area of the BE, that is at
the end of each perpendicular street (i.e. bottom parts of Fig. 1). Thus, each BE
has 3 gathering areas. In “sheltering”, according to the hydrodynamic simulations,
gathering areas are placed at the middle of each parallel streets, as well as in the areas
of the squares where DV < 0.6m?/s and so low hazard for the users exist (see the
gathering areas signs in Fig. 1) [15]. Building blocks protect gathering areas from
the main floodwater flows. Thus, BE B has 12 gathering areas, while the BEs C and
D have 11 gathering areas.

The following simulation results are evaluated to compare outcomes from the
considered strategies. The percentage of users arrived to a gathering area Py, [%]
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is traced depending on [11]: 1) their evacuation time, to show the evacuation curve
and to graphically assess the speediness of the process; 2) their path length PL [m],
to analyses their exposure in the BE and considering the strategy-related position of
the gathering areas.

The users’ evacuation flow F [pp/s] is calculated as the linear regression between
the 5th and the 95th percentile of users arrived to a gathering area, thus excluding
outliers in terms of initial positions or behaviors [25]. As for the evacuation curve, this
value expresses the speediness of the process as a whole. Furthermore, the users flow
F's5o [pp/s] is calculated as the linear regression of the evacuation curves evaluated
between the 5th and the 50th percentile of users arrived at a gathering area. It allows
to assess if substantial differences in evacuation flows exist between the users who
arrived first at the gathering areas and the overall process (described by K). The
user’s floodwater risk-exposure DV * PL [m?/s] is calculated according Eq. 2 and
considering the farthest user from a gathering area, to trace a correlation between the
user’s path and the faced floodwater conditions. In Eq. 2, p refers to the part of the
evacuation path (a street between two crossroads) of a given length PL, in which the
given DV, conditions occur. DV, is averaged on the street length. Finally, differences
between the simulation outcomes in the two evacuation strategies are provided in
percentage terms, in reference to the “leaving” strategies as the simplest one to be
implemented in the BEs.

DV % PL = Z DV, -PL, 2)
P

3 Results

The results discussion is herein addressed by providing first an overview of the overall
differences between the two evacuation strategies, then a specific analysis focusing
on each typological BEs. Figure 2 shows the evacuation curve for the two strategies
in all the considered typological BEs, while Fig. 3 shows the related cumulative P,z
considering the related users’ path length PL.

As expected, “Sheltering” strategies result “faster” than the “leaving” ones, thus
succeeding in the overall reduction of the exposure time for the whole users’ sample,
because of the distance to be travelled is shorter, thanks to the widespread distribution
of the gathering areas in the BE. For instance, considering typological BEs A, C and
D, the median PL (that is for Pz = 50%) decrease from about 150 min “leaving” to
about 40 min “sheltering”, as shown by Fig. 3. Therefore, the “sheltering” strategies
can be considered as safer than the “leaving” ones because the possibility to use
long and risky paths decreases. These results are confirmed by Table 1 outcomes. In
fact, evacuation flows F' are generally higher (at least, double) in “sheltering” than in
“leaving”, while user’s floodwater risk-exposure DV * PL values in “sheltering” are
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colors refer to the same typological BE

70% lower than those in “leaving” strategies, regardless of the specific typological
BEs.

Anyway, the layout features of each typological BE affect both PL and evacuation
time differences, especially in “sheltering”, but two groups of conditions of the
analyzed BEs can be retrieved. According to the results in Figs. 2 and 3 and Table
1, the typological BEs A, characterized by the compact layout, can be considered as
similar to those characterized by the square (C, D) within the BE (see Fig. 1). Here,
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Table 1 Characterization of the evacuation process in the typological BEs considering “leaving”
(subscript 1) and “sheltering” (subscript s) strategies, in terms of: overall users’ flow (Fj, Fy); users’
flow for the 50™ percentile of users arrived at a gathering area (Fso), Fs05); DV*PL. Related
percentage variations (Var. columns) are shown

BEs |Fi [pp/s] | Fs [pp/s] | F Var (%) |Fso; [pp/s] | Fsos [pp/s] | Fso Var (%) | DV * PL Var
(%)

A 053 1.82 + 243 0.54 1.96 + 263 -72

B 0.18 1.07 + 494 0.20 4.71 + 2255 -170

C 0.57 1.98 + 247 0.48 2.57 +435 - 173

D 057 1.98 + 247 0.66 2.84 + 330 -72

5% of the users cannot arrive to a safe area because they are placed in the street
adjacent to the river, where DV rapidly causes body instability [15]. All the other
users take advantage of the protection by the built-up areas near the river from direct
floodwater spreading within the BE. The comparison between F and F'5y. Table 1
confirms this outcome, especially in “leaving”, showing a maximum flows difference
of about 15%. These results suggest that all the users face quite similar environmental
(i.e. DV) conditions in their path, independently from their arrival time, because of
the layout effect on floodwater spreading. Adopting “sheltering” allows gaining a
similar improvement in respect to “leaving”, as shown by the F percentage variation
(about + 250%). Anyway, the “sheltering” effectiveness seems to be higher in C,
because the square is closer to the river than in D. In C, the gathering area position
can more sensibly improve F'sy values.

The typological BE B is characterized by the risk conditions for some of the people
placed in the square and along the outcoming downstream streets. In “/eaving”, these
users and the users placed in the street adjacent to the river are significantly affected
by body stability loss phenomena causing casualties. “Sheltering” can increase the
safety of these people. Py in “sheltering” is about — 50% that the value in “leaving”
because people initially located near the square can reach the adjacent gathering
area (see Fig. 1a), which is also protected from the main floodwater stream by the
building layout (compare to Sect. 2.2). Anyway, the users initially placed along the
street perpendicular to the river on the right-side of the BE still experience instability
conditions because of the BE layout effects on floodwater spreading and critical DV
values. Finally, users who reach a safe area are slowed down by D and V conditions,
as also shown by F and F'so values in Table 1 and evacuation curves in Fig. 2. As
expected, these effects are more critical in “leaving” because of the path length, while
“sheltering” can significantly increase users’ safety, as shown by DV *PL variation
in Table 1.
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4 Discussion

Differences between “leaving” and “sheltering” essentially rely on operational and
scenario analysis-related issues.

From an operational standpoint, “leaving” can be considered are simpler than
“sheltering”. A low number of gathering areas can be defined to boost the rescuers’
actions towards damaged population, and the same evacuation plan could be ideally
shared with a large number of users in wide urban areas [11]. From the users’ point
of view, “leaving” can be easier to direct large crowd towards the same target, thus
also rely on positive effects of group phenomena in evacuation target selection [13].

From a scenario analysis-related standpoint, either the strategies should consider
the microscale hydrodynamic analysis to define safe evacuation paths and gathering
areas. Anyway, “sheltering” seem to imply a higher level of knowledge of the BE
features affecting the floodwater spreading since the conditions of each widespread
gathering area should be analyzed in a deep way, according to a simulation-based
standpoint [20]. Gathering areas, widespread into the BE, should be placed where
limited man-floodwater interactions occur and should consider the effects of their
optimal positioning in the BE depending on the users’ evacuation safety [13, 15].
In this sense, when DV values does not allow to place the gathering area where it
is needed, structural solutions such as raised platforms, architecturally-integrated
modifications of the BE ground shape and urban furniture should be implemented to
physically separate the users from the floodwater and let them wait for the rescuers’
arrival. Beside the architectural integration of gathering areas, “sheltering” needs
tailored actions to support the users’ awareness on the evacuation plan. In addition
to communication strategies, wayfinding support could be [6]: (1) physically imple-
mented by means of signs in the urban spaces, to make people aware of BE risk
levels and safe areas position also in pre-disaster conditions; (2) provided by means
of individual support on portable devices.

Considering the tested typological riverine BEs and hydrodynamic conditions,
BEs with a compact layout (A) or with a square not close to the river (C, D) could
be take advantage of “leaving” strategy. The same users’ number can reach a safe
area, even if in a slower manner than “sheltering”. On the contrary, “sheltering” in
BEs characterized by a square close to the river (B) take advantages of multiple safe
havens, by increasing the users’ number reaching a safe area in safer conditions,
thanking shorter distances with respect to exposure values, i.e. DV.

5 Conclusions

When a flood occurs in an urban Built Environment (BE), users could be forced to
evacuate from dangerous areas because primary structural measures failures. Safety
issues are widely relevant for BE users placed outdoor, and who cannot move inside a
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building and vertically evacuate. These people can be forced to change their behaviors
and motion features while coping with a BE scenario deeply modified by floodwaters.

This work compares two possible evacuation strategies by mean of a coupled
simulation-based method basing on a microscopic representation of the flood evacu-
ation. “Leaving” the BE is compared to “sheltering”, considering river flood occur-
ring in 4 typological BEs: the first has compact layout; the others are characterized
by the presence of a square. Findings offer solutions on how to plan gathering areas
and safety-paths for users, and show the capabilities of “sheltering” in the analyzed
contexts. In particular, considering the speediness of the evacuation process and the
possibility that people can reach a safe area, the effectiveness of “sheltering” seems
to mainly increase with the proximity of the square to the river. Anyway, future works
should extend the comparison of the evacuation strategies to other typological BEs,
as well as to other flood types, to trace common guidelines on how to promote safer
evacuation plans.

The role of structural measures to help the users during the evacuation should
be investigated, by merging evacuation strategies with support solutions for users’
stability in floods (e.g. handrails) and different wayfinding solutions (e.g. signs,
personal devices). Furthermore, the architectural implementation of raised platforms
for “sheltering” purposes should be also investigated. To this end, future efforts surely
should aim at testing those measures in real-world case-studies, by also involving
local authorities and public safety stakeholders to promote safety guidelines on
evacuation plan.
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Abstract Urban heat island (UHI) and global warming effects increase the urban
ambient temperature. During recent years, heat mitigation strategies have been imple-
mented through experiments and simulations due to the significant impacts of these
phenomena, especially on near-surface air temperature. UHI mitigation may help
cities adapt to the future effects of increasing local air temperature, which are crucial
especially in tropical cities. The impact of increasing roof albedo as a UHI mitigation
strategy coupled to roof renovation with different performance levels was evaluated
in the center of Palermo (Italy) as a case study. To this aim, ENVI-met (version 4.4.5)
was used. In addition, three different thermal transmittance scenarios and four albedo
scenarios (from 0.1 to 0.9) related to roofs were compared to simulate the efficiency
of the roofs at the peak hour on the hottest day of a typical summer heatwave in
terms of reduction in air temperature. Based on the results, changing the albedo of
the roofs in the selected area led to a decrease in air temperature. The most obvious
temperature drops of 0.37 °C were recorded in the scenario where the non-insulated
roof was applied, while it was around 0.20 °C in other scenarios. Finally, changing
roof albedo can have a limited impact on UHI if coupled with high roof thermal
resistance.

1 Introduction

Climate changes and urban development extremely intensify the Urban Heat Island
(UHI) effect [1]. UHI is a phenomenon in which the air temperatures in urban-
ized areas are elevated related to the surrounding rural areas. The UHI intensity can
become 3.5—4.5 °C higher in urban districts compared to surrounding areas and it
is assumed to increase by approximately 1 °C per decade [2]. The higher temper-
ature results in locally acute adverse human health, economic, and environmental
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impacts [3]. Cool materials can be used on buildings (walls and roofs) and pavements
which include over 60% of the urban surfaces which are considered as common UHI
mitigation strategies [4]. Moreover, using high solar reflectance and high thermal
emittance materials reduces near-surface air temperature under the sun [5]. In addi-
tion, it decreases the heat flow from the roof into the buildings during summer leading
to a reduction in energy demand [6]. Since 20-25% of urban surfaces are applied as
roof surfaces [7], the present study focused on assessing the urban temperature by
using different solar reflectance values for the roof coverings combined with the U-
value levels of different roofs by numerical simulations using the ENVI-met software
[5].

Moreover reducing thermal transmittance (U-value) of a building envelope is
needed based on the actual regulations in refurbishment renovating a roof, even with
a cool covering. In this study, the air temperature was quantified by changing the
albedos and thermal transmittance of roofs in a selected area in Palermo (Italy). In
addition, ENVI-met software was used to evaluate the efficiency of the roofs in a
typical heatwave in the Mediterranean climate.

2 State of the Art

Using cool materials on the building envelope and open spaces reflecting a significant
part of solar radiation and dissipating the heat they have absorbed through radiation
is considered as one of the effective solutions to reduce UHI [8].

Based on the literature, increasing 10% of the average urban albedo of surfaces
including walls, roofs, pavements, and roadway scan help decrease the ambient
temperature from 0.1 to 0.3 °C [9]. However, the range of reducing ambient tempera-
ture depends on many parameters such as average height of buildings [10], form [11],
local climate conditions [1], and urban geometry [6]. The results indicated that the
effectiveness of using high albedo materials is lower than that of vegetation, which
is especially related to the shade provided by trees [12]. During the recent decades,
numerical simulations by means of ENVI-met software have been conducted to find
the relationship between urban fabric and local climate parameters.

ENVI-met is a prognostic model based on fluid dynamics and thermodynamics
laws, which is widely used as an instrument to analyze microclimate and compare
the performance of different mitigation strategies [13]. Cool roofs and their consider-
able impact on lowering surface temperatures which decrease the heat gains through
the heat transfer, especially with a high U-value (less insulation level), can play
a significant role in reducing cooling energy demand [6]. Further, by considering
well-insulated layer (low U-value) the heat transfer between roof surfaces and inte-
rior of the building is very small [4]. Hence, roofs with an insulation layer and highly
reflective envelope can store heat longer and slow heat dissipation rate in indoor
buildings [14]. However, there is a growing need for numerical simulation to under-
stand the correlation between the optical properties and insulation level (U-value)
of roof coatings and analyze the impact of both insulation and cool roofs on UHI
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Table 1 Main results and input data of papers analyzing the impact of cool roofs on outdoor air
temperature at the pedestrian level

Reference | City Koppen Roof Max Ta Mean Ta Starting
classification | albedo | (°C) change (°C) | time- Total
simulation
[10] Toronto, Dfb 0.3to 0.5 0.17 (area) 9:00 p.m
Canada 0.7 24 (h)
[15] Los Csb 0.1to 0.5 0.3 (area) 4:00 a.m
Angeles, 0.4 24 (h)
USA
[16] Avola, Csa 0.3to 1.5 1 (area) 6:00 a.m
Italy 0.83 24 (h)
[6] Tehran, BSk 0.3 to Not 0.36 (area) 4:00 a.m
Iran 0.6 mentioned 17 (h)
[17] Nagpur, Aw 0.3 to Negligible | Negligible 6:00 a.m
India 0.8 24 (h)
[18] Montreal, | Dfb 0.1to 0.5 0.2 (diurnal) |4:00 a.m
Canada 0.7 24 (h)
[19] Rome, Itay | Csa 0.05t0 |14 Not Not
0.89 mentioned mentioned
[20] Rome, Itay | Csa 0,35t0 |0.1 Negligible 6:00 a.m
0.66 72 (h)
[12] Teramo, Cfa 0.3to 0.9 0.5 (area) 6:00 a.m
Italy 0.9 72 (h)
[23] Ho Chi Aw 0.1to 0.1 0.1(area) 10:00 a.m
Minh, 0.7 36 (h)
Vietnam
[11] Cuiaba, Aw 0.15t0 [3.0 0.46(area) 8:00 p.m
Brazil 0.85 48 (h)
[24] Vienna, Cfb 0.3 to 0.5 0.3(area) 4:00 a.m
Austria 0.8 24 (h)

and cooling energy demand by increasing urbanization. Table 1 indicates the most

important conducted studies on cool roofs by ENVI-met.

3 Materials and Method

3.1 Study Area

The case study is located in the historical center of Palermo, Italy (38.113° N,
13.361° E), which was selected for its dense urban morphology (Fig. 1a). Indeed,
the simulated zone is one of the most densely urban areas of Palermo. The study area
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Fig.1 aMaps (Google Earth 01/2021), b plan of the model area in ENVI-met among with receptors
location, and ¢ 3D perspective of the study area

is composed by wide concrete structures used for the sidewalks. Also, this place has
narrow streets with high buildings located in the historical part of Palermo where
represents other historical cities in Italy. According to Koppen—Geiger classification,
the climate of Palermo stands in (Csa) Hot-Summer Mediterranean climate [15]. The
average building height of the model is 9.95 m, and the highest building in the urban
context is 15 m.

3.2 Modeling Approach in ENVI-Met

The study area was built into a grid of 45 (x) x 45 (y) x 30 (z) m cells and 3 nesting
grids to each side with an equidistant horizontal resolution of 1 m. The vertical grid
cells have the same height among all implemented scenarios as a standard ENVI-met
model (2 m). In addition, it was divided into five sub-grid cells which are considered
as 0.40 m. Further, a telescopic grid was not employed.

Accordingly, the construction of buildings, surface cover, and height of buildings
for the neighborhood were estimated manually based on Google Earth imagery and
used as input data to ENVI-met. Five receptors were inserted in the model area by
considering the position of building walls and road width which was calculated in
three vertical levels (Fig. 1b). Ambient temperature results were provided at the
height of 1.8 m above the ground since it is close to the average human height, at
15 m, represented the altitude of the highest building roof in the selected area and
17 m, which is the top of the roofs to understand quantitative connection between
increasing roof albedo and outdoor temperature above the roofs.

3.3 Urban Environment and Database Configuration

The optical properties of wall and soil of the buildings were kept the same as the
ENVI-met default values for the simulations. The walls of the model were considered
concrete (hollow block), the roughness length and other adjustments were kept as the
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default, and concrete gray was complemented as pavement on all models. Vegetation
and pollution were not considered in this study.

Table 2 reports the detail of the roof configuration.

Table 3 shows the recorded initial input data for ENVI-met software. Further, the
following meteorological parameters were computed for each of the simulations. The
optimal time to start a simulation is at night or sunrise [12]. Hence, the simulations
started at 11:00 p.m. on 12 August 2013 and ended at 11:00 p.m. on 14 August.

Table 2 Physical and optical properties of the roof

Parameter Value

Material covering features

Thickness of the covering material (m) 0.2
Emissivity (g) 0.87
Specific heat (J/kg K) 880
Thermal conductivity (W/m K) 0.65
Insulation layer features

Absorption 0.6
Emissivity (¢) 0.9
Specific heat (J/kg K) 1470
Thermal conductivity (W/m K) 0.035
Slab features

Thickness of the slab (m) 0.05
Absorption 0.6
Emissivity (g) 0.9
Specific heat (J/kg K) 1400
Thermal conductivity (W/m K) 0.12

Table 3 ENVI-met input data for the simulations

Parameter Value
Start Simulation (HH:MM: SS) 23:00:00
Total Simulation (H) 48
Interval simulation (Min) 60
Wind speed in 10 m height (m/s) 1.10
Wind direction (deg) 210
Max and Min outdoor temperature (°C) 23 /37
Initial temperature (°C) 29.05
Indoor temperature (°C) 26
Relative humidity at 2 m (%) 55.71
Roughness length at the measurement site (z0) 0.015
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Furthermore, the data were analyzed on 14 August 2013, which was the hottest day
of a typical summer heatwave in Italy.

3.4 Definition of the Scenarios

Three different scenarios were implemented in Palermo with a high-density
morphology in order to determine the most effective configuration for the roofs
to mitigate UHI. First, the reference scenario was simulated with a non-insulated
layer (roof U-value 2.32 W/m? K). Then, two other hypothetical scenarios according
to different insulation layer including scenario A (roof U-value 0.25 W/m? K); and
scenario B (roof U-value 0.33 W/m? K). Further, four solar reflectance levels (0.1,
0.4, 0.6, and 0.9) which are presented in each scenario in terms of low, moderate,
and high increased albedo, a total of 12 simulations were considered. The values of
the scenarios were developed based on the literature and statistical models which are
usually found for roofs [16, 17].

Overall, all components including walls, pavements, and roofs albedo (0.1.0.4, 0.6,
and 0.9) were kept unaltered for configuring the scenarios. However, no insulation
layer in the reference scenario was replaced by 0.12 m in scenario A and 0.09 m in
scenario B.

4 Results and Discussion

This section discusses the relationship between scenarios and air temperature (Ta).
Ta was taken at the height of 1.8, 15, and 17 m. The variation between reference
scenario and other scenarios was comparable since they refer to the simulations with
the same input data but with different properties of the roofs. Further, after simulating
all three scenarios, Leonardo was used to visualize the results. All results were related
to the second day of a heatwave simulation during the summer (August 14th, 2013)
to resolve initial uniformity and achieve the numerical stability of the model.

Increasing albedo from 0.1 to 0.9 led to a decrease in peak Ta from 37.30 to
36.93 °C at the pedestrian level in ref-scenario. The variation could be mainly related
to high albedo of the roof which reflects a considerable amount of solar energy. In
the same situation, Ta changed from 37.30 to 37.10 °C in scenario A, and from 37.30
to 37.10 in scenario B. The lack of any substantial change related to scenarios A
and B can be attributed to the urban context whit compact midrise in this study.
Further, as shown by other studies [18, 19], the performance of cool roofs is more
effective in open low-rise and compact low-rise buildings at the human height level
[18]. Comparing the three simulated scenarios at the human level indicated that the
highest Ta (37.30 °C) was recorded in the ref-scenario (higher U-value). In addition,
the difference in air temperature between the ref-scenario and both scenarios (A and
B) for the whole area was 0.17 °C (Fig. 2).
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Fig.2 Images of air temperature differences between ref-scenario and a scenario A and b scenario
B, with different albedo levels at the pedestrian level at 16:00 on 14 August 2013

Regarding the results at 15 m above the ground, increasing albedo by 0.8 in ref-
scenario resulted in falling air temperature from 35.77 to 35.53 °C and Ta changes
in scenarios A and B had similar results which altered from 35.76 to 36.6 °C, which
may be related to the low differences in U-value. On the other hand, different Ta
values between the ref-scenario and these two scenarios were negligible at 15 m
above the ground. Further, Ta changes were observed among three scenarios at the
hottest hour at 17 m above the ground which by replacing albedo from 0.1 to 0.9,
the differences between Ta were 0.5, 0.28, and 0.26 °C in ref-scenario, scenario A,
and B, respectively.

Figure 3 displays the air temperature at three height levels above the ground at
peak hour in five receptors. At the pedestrian level, the highest temperature values
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Fig.3 A comparison of simulated outdoor air temperature in five receptors at the peak hour (16:00)
on 14 August 2013 for three scenarios at three heights (1.8, 15, 17 m)
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were recorded in receptor four in the south of the selected urban site. Also, the result
could be affected by solar radiation conditions. Moreover, the lowest temperature
at the human level was recorded in the receptor three and then receptor two, which
may be related to a reduction in solar radiation. These temperatures are due to the
comparative blockage of surrounding buildings which provide more shade.

Figure 4 represents the related average daily Ta trend in all receptors of three
scenarios on the last simulated day (14 August 2013). During the nighttime, while the
roof albedo increased from 0.1 to 0.9, the average Ta decreased from 26.8 to 26.73 °C
in the ref-scenario. Regarding scenario A, in the same situation, Ta decreased from
26.84 to0 26.77 °C and from 26.83 to 26.77 °C in scenario B during the night period.
Meanwhile, increasing albedo of roofs was attributed to a decrease in the average Ta
from 27.83 to 27.79 °C in ref-scenario at 15 levels, also a reduction in the average
Ta from 27.87 to 27.82 °C in scenario A and from 27.86 to 27.82 °C in scenario
B at this level. Since the temperature of building components (walls and roofs) by
sunset decreases rapidly, thermal storage in urban structures was released into the
air at night leading to higher temperatures near the roofs than at the pedestrian level.
Meanwhile, nocturnal trends in 17 m indicated no considerable difference between
the air temperature recorded at 15 m.

5 Conclusion

A series of simulations were conducted to evaluate the impact on urban air tempera-
ture related to possible roof retrofit interventions, including an increase in the albedo
of the covering and of the whole thermal resistance. To this aim, 12 design scenarios
obtained by combining 4 albedo levels and 3 U-value levels were assessed in the
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Italian city of Palermo by ENVI-met software. In general, it was shown that a differ-
ence in urban air temperature exists when roofs are insulated or not: a mean difference
of 0.17 °C was found between the ref-scenario and the renovation scenarios in the
whole area. Indeed, if the thermal transmittance of a building envelope is very low, a
“thermal decoupling” occurs between the building indoor and outdoor thermal condi-
tions, enhancing the surface temperatures of the building components and slightly
rising the surrounding outdoor air.

Simulation results also showed that increasing the albedo of the roofs from 0.1
to 0.9 in the selected urban area can reduce the ambient temperature, especially
when no insulation is applied to the roofs. This decrease is higher at 17 m above the
ground (0.5 °C), while more limited at the pedestrian level (0.37 °C). This is mainly
attributable to the compact midrise urban context analysed in this study.

Changing the albedo from 0.1 to 0.9 in the highly insulated roof scenarios causes
a more limited reduction of the air temperature: 0.26 °C at 17 m height and 0.20 °C
at the pedestrian level.

These results, consistently with those available in the previous literature [20],
confirm that the urban temperature is influenced by the buildings’ components trans-
mittance and that the performance of cool roofs is affected by the whole roof thermal
transmittance. The adoption of reflective materials in the roofs can be effective in
attenuating the higher temperatures reached by the insulated building components,
however this topic needs to be further investigated, including several climates and
urban contexts, in order to find the best compromise and solutions in terms of building
energy performance, urban climate, environmental impacts and users’ costs.
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Abstract The study focused on low light intensity spaces. The research helps to
find strategies for the reduction of energy consumption. It aims to highlight the role
of colour temperature in the lighting design of historic buildings. The case study
corresponds to a Roman archaeological site of the Badalona Museum in Barcelona.
The lighting design uses three different colour temperatures to differentiate groups
of surfaces which play a different role in the visual field. The information panels
are lit with white light, the old Roman city has warm white colour light, and the
new walkway over the ruins is lit with cool white light. This study evaluates colour
temperature value, luminance value and visual task. The present work reveals that
the colour temperature allows setting apart and classifying the visual information
from low luminance values. The research presented addresses the importance of the
colour temperature, as a significant visual perception component, in the inherent low
light intensity design proposal to energy conservation.

1 Introduction

1.1 Research Background

In spaces with low light intensity design, the colour temperature of the light source
can become a tool that helps the observer interpreting information in the visual field.
In low light scenes, this is more evident because of the narrow difference between
luminance values of surfaces. The use of different colour temperature of light sources
is a valuable resource in lighting design as it provides us with visual information.
In 1941, Kruithof [1] published a study of the relationship between illuminance
and colour temperature. In that study, he developed a graphic that shows that the
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amount of light needed to enter the comfort zone is inversely proportional to the
colour temperature that the light source must-have. In this regard, Lam and Lou [2,
3] tell us that the mind responds negatively to the inconsistent use of different light
sources without apparent justification; however, there is a positive response if it helps
to differentiate elements in the visual field since it serves to add visual information
[4]. When different colour temperatures of light sources are employed in the lighting
design, the effect is not disturbing if they are used to illuminate different types of
objects and surfaces.

New studies have been carried out to highlight the use of the light source’s spec-
trum on energy savings. On the one hand, McCluney, Serra and Coch [5, 6] reminds us
that the wavelengths emitted by light sources are absorbed, reflected and transmitted
by objects. Therefore, a large amount of light in architectural spaces is absorbed and
never perceived by users. Thus, Durmus and Davis [7] concluded that 44% of energy
consumption can be reduced if the spectrum of the light source is optimized, without
altering the colour appearance of the objects. On the other hand, Cuttle [8] warns that
light causes photochemical damage, mainly determined by the radiation power, the
duration of the exposure and the light source’s spectrum. Subsequently, Abdalla et al.
[9] focused on reducing photochemical damage in artwork, suggesting that the filtra-
tion of the light spectrum can minimize the energy absorbed by objects by up to 80%,
depending on the object’s colour. In museums, lighting allows the visual perception
of the exhibited objects, but it also damages the illuminated surfaces. Current regula-
tions recommend not exceeding the illuminance value and reducing the lighting time
according to the sensitivity characteristics of the objects. This regulation establishes
that objects with high sensitivity must be illuminated with a maximum of 50 1x. Low
levels of illumination are usually combined with a low colour temperature. However,
recent studies on LED lighting, such as the work of Viénot et al., indicate that the
low colour temperature would not be limited to low lighting situations to enhance
pleasant sensations.

This document presents a study on the relationship between luminance and colour
temperature as a lighting design tool to distinguish between sets of surfaces with
different information in the visual field. An exposition area in the Badalona Museum
was chosen as a case of study, since the colour temperatures’ choice of the lighting
design in this museum seems to correspond to the purpose of differentiating the
visitors’ activities. The research proposes strategies to be considered by in the lighting
design of museums or spaces, in general, with low light intensity.

1.2 Objective

The aim is to contribute to energy-saving solutions in the field of electric lighting
design [11]. The choice of the colour temperature of light sources and light level
depending on the visual activity is key to minimize energy consumption. Colour
temperature can be a lighting design tool when luminance values are low, allowing
the user to differentiate between surface groups based on activities related to vision.
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The objective is to find the best strategies that facilitate the visual task through the
balance of light level and colour temperature. The application of the appropriate
lighting design could be used, on a local scale, to accommodate both heritage and
energy conservation.

2 Methodology

For this study, we focus on the correlation between the luminance value, the colour
temperature value and the visual task. Therefore, we divided the methodology into
three steps:

Observation: Tour and identification of activities related to vision.
Measurement: Illuminance, luminance and colour temperature.

Analysis of results: Relationship between luminance, colour temperature and
visual task.

Firstly, the activities related to vision must be identified in the building, for
example: walking through the space, looking at the surroundings, reading the
information and so on [12].

Secondly, the lighting, coming from several lamps used to illuminate different
surfaces, must be measured with a lux meter and luminance meter. Every lamp,
with different colour temperature, must be measured with a spectrometer. Further-
more, each activity illuminated with different colour temperature lamps is identified.
The comparison analysis serves to group surfaces illuminated with different colour
temperature.

Thirdly, several photo sessions to be analysed with lighting software [13] must
be taken. In the case of study, a Nikon Digital Reflex Camera with a fisheye lens
was used in order to approach the human visual field. The camera with the SIGMA
4.5 mm lens was placed on the tripod at the height of 1.50 m. After that, the camera
was programmed to take RAW + JPG shots. Then, three photographs were taken with
different exposure times. Each photo from the same series has two steps difference
between the extremes and the central. Three pictures with different exposure are
enough to obtain digital pictures in High Dynamic Range (HDR) to be analysed
[14]. For each photo, a grey sheet was placed next to each information board where
luminance and illuminance measurements were taken. The luminance meter and the
lux meter were used to get the information in a reference point for calibration in the
subsequent analysis of the lighting software. All HDR photos were subject to Aftab
Alpha software to reveal the luminance values in a false colour image [15]. The
luminance value scale allows us to evaluate the surfaces illuminated with different
colour temperature.
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Finally, using the luminance value scale and the colour temperature measures, we
can study how do both respond to the different purposes of the lighting design.

3 Descriptive Study

The case study is located in Badalona city, near Barcelona. The Museum of Badalona
covers 3400 m? of archaeological remains of the Roman city, Baetulo, placed in the
basement of a new building. The new building, designed by the architect Camil Pallas
i Arisa, head of the Monuments Conservation Service of the Barcelona Provincial
Council, was inaugurated on January 30th, 1966. In the mid-seventies, a process
began towards the realization of more strictly museum activities. In 2010 the lighting
design project was conceived as an immersion inside the old Roman city. The lighting
design was in charge of the architect Jordi Moya and the museographer Joan Mayné
[16].

The entry to the archaeological centre has access from the natural lit lobby of the
new building. When descending the stairs to the basement floor, the light level drops
drastically. The circulation starts across a metal bridge whose surface is illuminated
with a cool white light that will guide us through and over the archaeological site.
The old Roman city is mostly made up of earth colour brick illuminated by warm
white light. The information panels are made of a transparent acrylic board lit by
white light inside the structure located over the railing. The new building over the
ruins is made up of columns, perimeter walls, and a ceiling, all painted in black.

Three consecutive routes that correspond to the museum design were identified.
One hundred points of measurements were defined along the three routes. Thirty-one
measurement points were defined on route A, twenty-nine points on route B and forty
points on route C. (see Fig. 1). The first and the third route were designed to cross
over the ruins. In such a way, the showcases and exhibitors with interior lighting in
the second route were discarded from this study because of the high light intensity
design. Four measurement points were chosen for this paper.

The museum has electric lighting, avoiding natural light from an overhead opening
on route C. All photographs were taken on three consecutive days, from November
19th to 21st of 2020, from 10 to 14 am. Due to the distance of high-level windows
from the work plane, artificial light plays a central role in the scenes studied. The
lamp model used to illuminate the Roman city is 5 W (50 W) GU10 Warm white
Dimmable Spot, LED Philips, placed about 50 cm height over the floor. As users walk
over the metal bridge, the lighting intention focuses on keeping the user above the
ruins. The walkway bridge is illuminated with a Fortimo LEDFlex 2500 Im/m 9xx
G1 lamp placed under the railing. The railing also serves to conduct the light cables
to each information panel. The panel is lit by a Fortimo LEDFlex 5 m 2000 lm/m
865 C10 G1 lamp hidden into a metal profile that serves to hold the acrylic board.
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Fig. 1 Basement floor plan of Badalona Museum

3.1 Experimental Procedure

In the case study, the experimental procedure was divided into three steps:
Observation, measurements and analysis of results.

Observation allows to distinguish four groups of surfaces: The corridors of the
visitor’s route, the exhibited objects (remains of buildings, mosaics, walkways, show-
cases, various exhibitors, etc.), explanatory texts and drawings written in information
boards, and the museum’s container building. In many situations, the visitor sees a
scene where elements belonging to more than one of these sets of surfaces with
very similar luminance values, even coincident, overlap. This effect makes it diffi-
cult to interpret the exposure as it can confuse the scene. However, the lighting
design assigns a light source with a different colour temperature for each activity.
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The measurements of illuminance, luminance and colour temperature were taken on
the four groups illuminated with different lighting intentions. The analysis of results
has been done in one hundred series of photos. For this paper, four series of photos
were selected to be analysed because of the repeated patterns of luminance found in
the museum and the effect of the colour temperature to differentiate surfaces with
different visual information. The first photograph shows one of the places where
the route invites you to contemplate the Roman city. The second photograph shows
us how the path passes over the ruins, clearly differentiated by the light’s colour
despite having a lower light intensity. The third photograph shows the panel board in
front and the Roman city behind. Finally, the fourth photograph illustrates the whole
circuit, where the old Roman architecture is warm light illuminated and the modern
building that supports the upper levels of the museum is hidden.

4 Results

The results in Fig. 2, 3, 4 and 5 correspond to the low light intensity study. On the left
side, it can be seen the HDR photo taken with a fisheye lens that shows all surfaces
that can be perceived into the visual field. Each HDR photo also shows the colour of
surfaces illuminated with different colour temperature. On the right side, the image
shows the luminance values in a false colour scale, the mean luminance value, the
minimum luminance value and maximum luminance value. The false colour images
also show the upper and lower limit of the scale.

Fig. 2 Route A, point 7. HDR photo (left side) False colour photo (right side)
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Fig. 5 Route C, point 33. HDR photo (left side) False colour photo (right side)
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The observation in the tour of the Badalona museum allows to identify four user
activities related to vision:

Glimpse the enclosure.

Go across a walkway.
Observe the ruins.

Read the information boards.

These four activities can be grouped into four sets of surfaces as we can see in each
figure. The first set of surfaces, made up of the museum container, is painted black
and allows glimpsing within the enclosure. Although it is not directly illuminated,
it is perceived thanks to the reflection of the other illuminated surfaces. The second
set of surfaces, the metal bridge, is illuminated by the light under the black railing.
The third group, the Roman ruins, is lit by lamps with a small metal support over
the floor. The last set of surfaces, the transparent information board, is illuminated
by the light inside the metal support.

Concerning the measurements, on the one hand, it was verified that the light level
over the ruins and the pieces found at the remains of Roman city is low enough to
avoid damage from radiation. According to the CIE recommendations of exposure
limits for different materials, the illuminance limitation and exposure time for low
responsivity materials (not very sensitive to light) are 200 Ix and 600 000 1x-h/year.
On the other hand, the campaign of light measurements shows that the illuminances
in the museum route range between 0 and 5 Ix, measured on the railing, at 0.9 m
above the user’s feet. These values are helpful to know that the light intensity in the
museum corresponds to the low light intensity study.

Considering the luminance level, a series of photographs has been taken that,
once analysed with software that allows obtaining images in HDR and false colour,
allows us to see that the scale of luminance values of the surfaces that reflect light is
between 0 and 11 cd/m?. However, there are some luminance values over 11 cd/m?
that correspond to the direct light of the source. Furthermore, it is important to notice
that the average luminance is between 0.3 and 0.8 cd/m?, according to the photos.

In addition, we can also observe that each of the groups of surfaces is differentiated
by a different range of luminance, although sometimes they overlap each other, and
by different colour temperatures:

e The first group of surfaces, corresponding to the museum container, show values
between 0 and 0.3 cd/m?. They are not directly illuminated.

e The second set, the walkway, has luminance values between 0.3 and 0.9 cd/m?.
The colour temperature used is 6500 K.

e The third group, the Roman ruins, has luminance values between 0.3 and 11 cd/m?,
but mainly between 0.9 and 8.7 cd/m”. The colour temperature used is 2700 K.

e The fourth family of surfaces, the information panels, present luminance values
between 8.7 and 11 cd/m?. The colour temperature used is 4000 K.



The Value of the Colour Temperature in a Low Light ... 143

5 Discussion

The analysis of false colour images reveals that there are different lighting intensities
on the main sets of surfaces. The highest luminance corresponds to the illuminated
information panel with white light. The medium-high luminance values are found in
the vestiges of the Roman city, with warmer light lamps placed close to the ground
illuminating the ruins and directional lighting revealing ancient walls and floors. The
medium-low luminance values are found in the new walkways, with cooler light
lamps illuminating the public path on the floor. The lowest luminance corresponds to
the black surfaces of the new building. Walls, columns and ceiling are absorbing the
reflections of the different lighting surfaces. Sometimes there are similar luminance
overlaps in the same visual scene and this can compromise the legibility of the
information. The case study reveals the feasibility of using light sources with different
colour temperatures to separate surfaces that may be close or coincident in luminance
values.

The results in the Badalona Museum (Figs. 2, 3, 4 and 5), show that the luminance
levels on the information panels, the roman ruins and the walkway are higher than
the luminance levels in the museum’s container building. Even though, the last set
of surfaces, the container building, covers almost 50% of the visual field at almost
all measurement points. Therefore, the mean luminance value is less than 1 cd/m?.

If scotopic vision starts when the average luminance in the entire visual field is
less than 1 cd/m? [17], we can say that the space corresponds to a low light intensity
design where we mainly use rods to see and the perception of colour surfaces starts
to be reduced. Considering that an important aspect for visual activities is the colour
of surfaces [18], the colour temperature could serve as a tool for lighting design to
bring chromatic information into the visual field.

In Figs. 3 and 5, the metal bridge occupies up to 10% of the visual field and it is
overlapping the roman ruins that reach up to 40% of the visual field. To differentiate
the visual activity of walk and observe the ruins, two different colour temperatures
are used. The new walkway presents a lower luminance level than the ancient walls
and floor surfaces and it is illuminated with a very cold light in comparison with
the warm light of the Roman city. Also, in Figs. 2 and 4, the luminance level on
the information panels are higher than the luminance level on other surfaces with
reflected light. This set of surfaces represents less than 1% of the visual field. The high
luminance corresponds to the need of visual acuity for reading and it is illuminated
with white light.

The visual task is linked to the user’s activity. The visual information from the
surfaces that we see in the museum can be grouped into four different types of
activities related to vision: glimpsing the enclosure, walking through the museum,
observing the exhibits and reading the museum information. The photographs show
that these activities occur simultaneously through the museum tour. Furthermore, the
luminance values of the different group of activities sometimes overlap each other.
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6 Conclusion

The evaluation of the lighting design of this museum allows us to quantify the lumi-
nance in spaces with different lighting intentions. Three different set illuminated
surfaces have been examined, as well as the building container. Due to the overlap
of surfaces illuminated in the visual field, an analysis of the correlation between the
luminance values and the colour temperature has been carried out. Current normative
specifies to lighting designer the advisable illuminance on the artwork, however, the
regulations are more flexible on how to illuminate other surfaces. The chance is left
to the lighting designer to choose how to light the rest of the surfaces taking into
account the user’s activities.

In spaces with low light intensity, when the luminance values of surfaces are very
similar, the surface colour is ineffective in distinguishing visual information. In the
case that surfaces illuminated for different activities overlap, the colour tempera-
ture serves as a tool to give visual information to the user. Therefore, both values,
luminance and colour temperature, respond to architectural and lighting design
purposes. The goal of lighting design is to achieve the right combination of colour
temperature and luminance depending on the activity. Although it is evident that
each activity requires a different lighting design, the present work reveals that
the colour temperature allows the differentiation of a greater number of activities
simultaneously.

According to the results obtained, the comparison of each set of surfaces studied
serves to draw a conclusion that, for spaces with low light intensity, the colour
temperature helps to set apart and classify the visual information that comes from
similar luminance values. In the context of conservation and interpretation of the
built heritage where illuminance values are low, we are guided by scotopic vision.
Therefore, the visual information provided by the colour surfaces is reduced, and we
are guided by the luminance contrast. Colour temperature is a tool in lighting design
to return chromatic information diminished by scotopic vision. When luminance
values resemble each other, the use of colour temperature is a recommended strategy
for zoning different purpose areas in the visual scene. Colour temperature makes
it possible to differentiate between surfaces, with low luminance contrast, because
of the chromatic contrast of surfaces. The research in low light intensity design
contributes to energy-saving solutions in the field of electric lighting.
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of Energy Retrofitting Scenarios of Social | @
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Abstract Retrofitting the built environment is crucial for the achievement of the
global sustainable development targets. Therefore, several measures, strategies, and
technologies have been developed to pursue this aim and reduce the energy demand
of existing buildings. Within this framework, the EU social housing stock represents
a relatively small but critical and peculiar share to handle, as the involved variety
of economic, social, and environmental issues makes any intervention tough and
tricky. This is particularly true in Italy, where about seventy local agencies, which
manage over 1 million publicly owned housing assets, are struggling with a shortage
of funds to invest and a lack of adequate knowledge of the conditions of their assets.
The research we carried out aims at providing managers of large housing parks
with a digital tool useful for rapidly forecasting the effects of different refurbish-
ment scenarios. This should allow planning maintenance interventions effectively,
according to the available resources. The main result of the study is an algorithm
that powers a predictive diagnostic tool by which the current energy behaviour of
buildings can be estimated and the effects of different energy retrofitting measures
on their overall performance can be simulated.

1 Introduction

The building sector represents nowadays one of the major contributors to global
related environmental challenges, climate change and resource depletion above all
[1, 2]. Buildings account for one third of global energy demand, resulting in 28%
of global energy related CO,eq emissions in 2019 [3], of which a large share is
due to primary energy consumption related to electricity and fuel demand [4]. The
housing sector is the main generator of environmental impacts (62%) of the entire
built environment, nevertheless it has a great potential for reduction, estimated in at
least 40% [2, 4, 5].
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The energy consumption and emissions reduction are therefore considered a
crucial action to achieve the economic and environmental sustainability of the
building sector, thus complying with the sustainable targets that institutions have
set worldwide [2, 6]. Given that the turn-over of the building stock is very slow,
the main challenge is to improve the energy efficiency of existing stock, where in
40 years more than 90% of the EU built environment will consist of constructions
already in use today [7, 8].

These concerns drove all the policies on the topic during the last three decades.
The EU Energy Efficiency Plan [9] states the greatest energy-saving potential lies
in buildings, but this is exploitable only if a comprehensive, rigorous, and deep
enhancement of their performance will be realized. Accordingly, the Energy Effi-
ciency Directive 2012/27/EU (EED) [10] and the Energy Performance of Buildings
Directive 2018/844/EC (EPDB III) [11] promote the energy efficiency improvement
of both new and existing building stock, targeting at reducing of 80-95% the building
related Greenhouse Gas (GHG) by 2050. The recent EU Green Deal [12] also high-
lights the importance of renovating the stock in an energy and resource efficient
way.

In this context, social housing represents a peculiar market segment, due to both
the fragility of target users and the ownership, which largely belong to Public Bodies
or Housing Associations. All of them, while referring to different models and regu-
lations within EU countries, manage large assets, often heterogeneous in terms of
location, age, size, and condition [13—15].

As many social housing tenants are low-income and socially impaired, the risk
of energy poverty and the limitations in accessing fair energy policies have relevant
implications and harder consequences than elsewhere [ 16—18]. This requires effective
measures to reduce energy needed to ensure adequate comfort standards are adopted
in order not only to meet environmental requirements but also to make energy costs
accessible to tenants.

Due to the heterogeneity of the social housing stock they manage, as well as the
financial and regulatory constraints and the resource shortage they often suffer from,
owners must select very carefully the buildings to include within their frequent but
restricted retrofitting programs, to maximize the effectiveness of each initiative: thus
fast and low-cost pre-assessment tools could be of great help [19-21]. The lack of
systematically organized information on the buildings often due to data retrieving
costs, also represent a strong barrier in adopting suitable management strategies,
leading in under-optimization of the scarce resources devoted to refurbishment and
energy retrofitting of social housing [22].
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1.1 Major Issues in Massively Retrofitting the Italian Social
Housing Stock

Social housing in Italy represents a critical asset even more than in other EU countries,
due to the historic shortage of this stock, furtherly reduced by both the cut in public
investments and the sale to tenants of several thousand apartments/year since the
1990s [23]. As aresult, the national social housing heritage accounts today for about
900.000 dwellings, less than 3,8% of the whole residential building stock censed in
2007 [24] and it is largely insufficient to face the current demand [14, 25, 26]. This
pushes the owners to manage their assets in the most effective way possible, and to
make it fully usable through intense maintenance and restructuring activities, since
investment resources are not available to suitably increase the stock.

Concerning environmental performances, energy demand of most of these build-
ings are very high and comfort levels are often poor, largely due to the lack of energy
efficiency requirements at the time of construction. This leads to low insulation levels
and inefficient technical installations, which push to 250 kWh/m? year their average
energy consumption [27]. High energy-demand frequently causes social issues too,
as they feed the energy poverty phenomenon that effective retrofitting interventions
could instead reduce [28, 29]. However, the pace of energy improvement is rather
slow: the Italian association for social housing (Federcasa) estimates that in 2017
less than 1% of this heritage (6.578 dwellings) had been deeply refurbished, while
in 2014 the share was almost double (11.423) [14].

Economic and management issues strongly affect this dynamic, since the entire
national stock is held by 74 local agencies [25], mostly being territorial bodies
covering a province area, but also single municipality agencies and tenant coop-
eratives [24]. Each of them runs many thousands of dwellings and have just few,
if any, information on current building energy performances, so triggering difficul-
ties in managing such complex and large assets and especially in prioritizing the
refurbishment interventions [30].

Furthermore, a lack of information about the expected cost-benefits ratios of the
renovation often hampers the tenant acceptance of the planned actions, as the involve-
ment of the owners in multi-property buildings [2, 29, 31]. The tenure fragmentation
often exacerbates this situation, as the massive sale of social dwellings done in the late
90 s has led to over 20.000 multi properties buildings, which has highly jeopardized
the chances of renovation [23].

It is therefore critical in Italy to make available fast prediction assessments of
the potential effects of energy retrofitting in the social housing stock. This aims
at enabling owners to create rational intervention plans, thus maximizing the use
of limited available capital. Indeed, some Italian housing managers are already
performing this kind of application although limited in the extent and effectiveness
[22, 30]. As informative systems are gradually spreading among the building sector
too, it appears to be as feasible as useful the development of an effective prediction
tool easily applicable to any building stock. This goal is especially promising as it is
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consistent with the Italian program ‘Safe, green and social’ funded by Next Gener-
ation EU plan and devoted to public housing. The program allocates 2 billion Euros
for building retrofitting, potentially allowing to renovate one fifth of the entire social
housing asset [14].

A fast screening is thus needed to classify the buildings of the owned park by
the expected effectiveness of retrofitting intervention that could be performed on
each of them, based on the parameters that most affect the decision-making process
[22]. Since the forecast must be as rapid and cheap as possible despite detailed data
on the stock being potentially unavailable, the process must be based on only very
few easily retrieved indicators, namely: the current building energy behavior and the
expected outcomes of a set of standard schemes of refurbishment, in terms of both
performance and cost.

The paper reports the core conceptual elements of a study originated by the need
to predict the effects of energy retrofitting actions within the Italian social housing
context, in order to both identify the most effective strategies for each building
belonging to the stock and to prioritize interventions over the time in compliance
with the owner’s policies and available resources.

The goal is to define a digital tool allowing both owners and tenants to predictively
compare the effects of possible retrofitting interventions on a building or group of
buildings within a certain stock. Furthermore, the tool provides the owner or manager
with an easy means to group the buildings based on specific criteria related to energy
improvement or intervention costs, or both combined.

2 Methodology

The study has been funded by Region Emilia-Romagna within the InSPiRE project
(Integrated technologies for Smart buildings and PREdictive maintenance) and it
was carried under the umbrella of a broader cooperation between the Department of
Architecture and the Interdepartmental Centre for Industrial Research (CIRI_EC) of
the University of Bologna with ACER-Bologna, the local Agency for Social Housing.

ACER-Bologna asked the research team to develop a method to forecast the reno-
vation potential of the buildings belonging to the whole building stock it manages,
which accounts for about 18.000 dwellings scattered across the Bologna Metropolitan
Area (3.770 km?, 55 municipalities, about 1 Million inhabitants). The lack of fore-
casting capacity prevents them to effectively compare datasets and identify the
building renovation potential, mainly due to the inadequacy of the available infor-
mation on the buildings which proceed from different sources and were collected
by various campaigns carried in different periods, making their coverage partial and
very heterogeneous. This great variety of data quality drastically threatens the chance
to define a reliable catalogue of the stock.

Due to the heterogeneity of the information available on buildings, the already
existing dynamic energy tools for urban buildings energy modeling resulted unable
to be used. In fact, although validated and effective, the software requires a series
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of entry data that are not always available in the agency’s archives. Thus, aware of
obtaining a less precise but faster tool as well as adequate to the manager’s skills and
knowledge, the research focused on the development of a predictive system starting
from the minimum set of data shared by all buildings belonging to the ACER heritage.

Therefore, the key challenges to be addressed can be listed as follows: (i) quanti-
fying the current energy consumption of each building within the stock; (ii) defining
a set of suitable retrofitting options based on the most recurrent ones; (iii) estimating
the benefits they will produce on the energy needs of each building; (iv) calculating
and comparing the costs-energy benefits balance of different retrofitting options.

To this end, the research firstly determined the current building energy needs
which must provide the baseline of the simulation. Since the direct quantification
of energy consumption is already available only for a few buildings, for most of
them the value must be estimated. For this purpose, a minimum dataset has been
established which just includes those physical and technical features of the building
required to perform the energy simulation.

Afterward, the more recurrent retrofitting measures applied within the observed
stock in the last decade have been detected to identify a set of standard intervention
schemes and their related expected performance enhancements.

Figure 1 reflects the conceptual and organizational structure underlying the
process of the predictive simulation tool. It is built on three main steps:

1. determining the building current features, which are the input data feeding the
tool;

2. defining different building retrofit scenarios.

3. applying the refurbishment scenarios to the buildings to obtain the related energy
consumption estimates as final output of the process.

The research activities were carried out accordingly.

3 Implementation and OQutcomes

Current energy behaviour of the building. Since appropriate information on the
current state of the housing stock is lacking and heterogeneous, it was crucial to
identify some key variables allowing rapid estimation of the building energy perfor-
mance, even when no data were available for accurate calculation. The adopted
strategy was to assign each building to a typological class associated with an energy
performance range, according to literature. Therefore, the approach provides a double
degree of approximation both in assigning a performance profile to the building and
in associating it with a level of energy needs (EP).

Once the reference data sources were selected, these approximations were quanti-
fied to pre-validate the method. Thus, some buildings of the stock have been selected
among those for which the EP official certificates were available. Then, a test was
performed on a random selected set of these buildings by comparing the EP assigned
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Fig. 1 Methodology conceptual representation

following the developed method with both the EP from official certificates and the
EP resulting from a calculation specifically carried out.

According to the analytical calculations and the values of the energy certificates,
the selected buildings had an energy needs ranging between 210 and 225 kWh/m?
per year. The application of the developed method led to a deviation from these
results ranging from a minimum of 8 kWh/m? to a maximum of 40 kWh/m? per
year. Since the buildings belonging to the stock have a high energy consumption
and the proposed improvements can easily contribute to largely reduce the energy
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demand, the deviation of the resulting values was considered negligible and the level
of approximation acceptable to the scope. Then, the buildings were assigned to three
classes based on the available type of data, namely: buildings with an officially issued
EP certificate, buildings without an EP but for which a detailed set of data is available,
and buildings with only basic cadastral data. The first class directly associated the
buildings with their Energy Performance Certificates (Legislative Decree 63/2013),
while for the buildings in the second class the following key indicators have been
selected, to be used in estimating current needs for operational energy:

e Building Volume (V) [m?®], or the volume of heated building zones defined by the
building envelope;

e Net Floor Area [m?], intended as the walkable surface net of internal and external
walls, balconies and/or terraces;

e Envelope Surface (S) [m?], as the envelope surface that delimits the volume
separating it from the outside or from unheated areas;

e Envelope Area to Volume Ratio (S/V) [m™!7;

e Opaque envelope average thermal transmittance (U value) [W/(m2K)];

e Window average thermal transmittance (U, value) [W/(m2K)].

The energy profile of the third-class buildings was instead defined using TABULA
WebTool [32], being otherwise specific ad-hoc calculations too costly and time
consuming to the scope. TABULA WebTool was developed in 2011 by TABULA
and EPISCOPE research projects, carried within the EU funded Intelligent Energy
Europe program and aiming at assessing the energy consumption of the European
building stock. A very large and in-depth study on a large sample of residential build-
ings from different EU countries powers the TABULA tool. This allowed to classify
the buildings according to a few simple parameters and to associate for each class a
set of energy performance indicators: the climatic area, age, size, geometry, and type
are the considered characterization parameters, along with some building’s technical
features. Entering these parameters, the web tool provides the average values for
thermal envelope areas, U-values, supply system efficiency and some other indica-
tors of building energy performance. In order to retrieve the data from the TABULA
webtool, the characterization parameters of ACER-Bologna’s buildings that need to
use this source have been provided and used as a query.

Each of the methods used to esteem the energy behavior of the buildings results
in the calculation of an index that expresses the overall energy performance in terms
of non-renewable primary energy demand, i.e. the EPgj yreq. This is the most precise
value to assign the energy class and indicates the total energy consumed by the
building per square meter of surface each year [kWh/m?y]. Therefore, in order to
verify the achievement of a homogeneous value for the entire stock, the obtained
indexes were compared and correlated with the building typologies. Buildings of
the same type obtained a similar index with each method and also in this case no
deviations greater than 40 kWh/m? per year were detected.
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This procedure made available the energy profile of each building in the park.
Despite requiring the use of three different methods to quantify the indicators, the
verifications show that the three ways output data of comparable reliability and the
deviations remain within acceptable limits.

Improvement scenarios. Once determined the building energy profile, the tool
provides the user with a series of renovation scenarios. To this end, a bundled database
is supplied including a set of three retrofitting standard interventions on various tech-
nical elements, for which of them two options with increasing levels of performance
are available. The proposed intervention schemes are:

application of insulation layer on the building envelope.
application of insulation layer on horizontal closures, such as flat and sloping
roofs;

e replacement of windows.

While the two performance levels achievable by the schemes, or “refurbishment
intensity”, are:

® basic refurbishment: application of the most commonly used measures to reach
the minimum legal requirements regarding energy transmittance (U-value) of the
building envelope elements;

® advanced refurbishment: adoption of the best available technologies to obtain
high energy performance, or an improvement of about 30% compared to the legal
minimum requirements.

The user can chose among these options to draft a refurbishment scenario: the tool
shows their gap with the present situation in terms of building energy performance
and an estimation of the related economic effort, based on the standard cost recorded
for each scheme.

Comparative assessment of the scenarios. All this makes available a set of different
refurbishment scenarios suitable in fueling the core engine of the tool, which operates
a comparison among and provides the user the outputs that help its decision process.
An iterative process drives the procedure, as users can obtain and compare the esti-
mations of the energy performance achievable by applying the measures included
within each scenario, and the related intervention costs. Once the solution has been
confirmed as suitable by the user, the final output visualization is displayed (Fig. 2).
The process can be repeated until all the comparisons are made and the most efficient
and/or cost-effective result is obtained.

4 Discussion and Conclusion

The developed tool is a viable and cost-effective answer to a critical decision-making
problem the owners and managers of social housing stock face periodically. Even if
affected by a certain degree of approximation, a cheap and speedy decision support
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Fig. 2 Final output visualization

system provides a suitable means for this purpose, as it meets both the lack of
knowledge on the current state of the buildings and the strong need in optimizing
to optimize the use of scarce funds available for their maintenance. The benefit of a
tool providing real-time results with minimal data to input, thus also easy to use for
non-specialists, represents a helpful solution for both managers and housing tenants.
Hence, the novelty of the proposed methodology does not lie in the technologies
adopted but rather in benefits provided to users. An easy access to a predictive
simulation can prevent the tenant’s mistrust against the manager’s energy retrofitting
policies and increase the consensus of owners in multi-property assets. This, in
addition to the overview survey and the forecasts that the tool allows managers to do
on their whole stock, in short time and at very low cost, but reliable enough for a first
screening. To demonstrate the potentialities of the proposed method the research,
which is still ongoing, is now performing a test campaign on a large sample of cases
and developing the IT implementation.

Further improvements of the process deal with the development of faster and
more effective data import flows from existing archives and with the enlargement of
the possible target users, including energy managers, designers, private real estate
holders and managers. In the short term, it is expected the tool will increase the
effectiveness of the resources invested in the energy retrofitting of social housing,
as well as accelerate intervention programs by planning them more appropriately. In
the medium term, this will extend the life span, improve performance, and reduce
energy consumption of the housing heritage, thus providing tenants a better quality
of life.



156

V. Vodola et al.

References

11.

12.
13.

14.

18.
19.

20.

21.

22.

23.

. Fenner, A.V., Kibert, C.J., Woo, J., Morque, S., Razkenari, M., Hakim, H., Lu, X.: Ren. Sust.

En. Rev. 94, 1142-1152 (2008)

Yamamoto, G., Graham, P.: Buildings and climate change. Summary for decision makers.
United Nations Environment Programme (UNEP)—Sustainable Buildings & Climate Initiative
(2009)

IEA, 2020. https://www.iea.org/reports/tracking-buildings-2020. Last accessed 20 April 2021
McKinsey & Company: Pathways to a Low-Carbon Economy. Version 2 of the global
greenhouse gas abatement cost curve (2009)

Nejat, P., Jomehzadeh, F., Taheri, M.M., Majid, M.Z.: Ren. Sust. En. Rev. 43, 843-862 (2015)
Artola, 1., Rademaekers, K., Williams, R., Yearwood, J.: Boosting building renovation: what
potential and value for Europe? In Directorate General for Internal Policies. Policy Depart-
ment A: Economic and Scientific Policy (2016). http://www.europarl.europa.eu/RegData/etu
des/STUD/2016/587326/IPOL_STU(2016)587326_EN.pdf

RAEng, Engineering a low carbon built environment, The Discipline of Building Engineering
Physics, The Royal Academy of Engineering, London. Available at: http://www.raeng.org.uk/
publications/reports. Accessed DATA

Russo Ermolli, S., D’Ambrosio, V. The building retrofit challenge. Programmazione, proget-
tazione e gestione degli interventi in Europa, Alinea, Firenze (2012)

European Comission: Energy Efficiency Plan 2011, COM(2011) 109 final (2011)

Directive (EU) 2018/2002 of the European Parliament and of the Council of 11 December 2018
amending Directive 2012/27/EU on energy efficiency: Energy Efficiency Directive (EED)
European Commission, 2018/844/EC, Energy Performance of Buildings Directive Direc-
tive amending Directive 2010/31/EU on the energy performance of buildings and Directive
2012/27/EU on energy efficiency (EPBD III)

European Commission, COM/2019/640 final, The European Green, Brussels

Musterd, S., van Kempen, R.: Large Housing Estates in European Cities, Opinions of residents
on recent developments. Urban and Regional research centre Utrecht (2005). http://www.nar
cis.nl/publication/RecordID/oai:uva.nl:295944

Housing Europe: The state of housing in Europe 2021 (2018). https://doi.org/10.1787/978926
4298880-4-en

. Krapp, M., Vaché, M., Egner, B., Schulze, K., Thomas, S.: Housing Policies in the European

Union, Christian Donner, Institut Wohnen und Umwelt GmbH (2020)

. Boardman, B.: Fuel poverty synthesis: lesson learnt, actions need. Energy Policy 49, 143-148

(2012)

. BPIE: Alleviating fuel poverty in the EU. Investing in home renovation, a sustainable and

inclusive solution. Building Performance Institute Europe (BPIE) (2014)

EPEE: European fuel poverty and energy efficiency, 2009. http://www.fuelpoverty.org/
Aranda, J., Zabalza, 1., Conserva, A., Millan, G.: Analysis of energy efficiency measures and
retrofitting solutions for social housing buildings in Spain as a way to mitigate energy poverty.
Sustainability 9, 1869 (2017). https://doi.org/10.3390/su9101869

Tzortzopoulos, P., Ma, L., Soliman Junior, J., Koskela, L.: Evaluating social housing retrofit
options to support clients’ decision Making-SIMPLER BIM protocol. Sustainability 11, 2507
(2019). https://doi.org/10.3390/sul11092507

Amato, A., Calabrese, N., Lavinia, C., Volpe, L.: Riqualificazione energetica del patrimonio
immobiliare di edilizia residenziale pubblica. Energia, Ambiente e Innovazione 3, 87-91
(2020). https://doi.org/10.12910/EAI2020-075

Melis, P.: La valutazione della qualita globale degli edifici residenziali nella programmazione
degli interventi di riqualificazione alla scala del patrimonio edilizio. Universita degli Studi di
Cagliari (2010)

Antonini, E.: Patrimonio abitativo ed edilizia sociale in Italia. In: Boeri, A., Antonini, E., Longo,
D. (eds.), Edilizia sociale ad alta densita: strumenti di analisi e strategie di rigenerazione: il
quartiere Pilastro a Bologna. Bruno Mondadori, Milano (2013)


https://www.iea.org/reports/tracking-buildings-2020
http://www.europarl.europa.eu/RegData/etudes/STUD/2016/587326/IPOL_STU(2016)587326_EN.pdf
http://www.raeng.org.uk/publications/reports
http://www.narcis.nl/publication/RecordID/oai:uva.nl:295944
https://doi.org/10.1787/9789264298880-4-en
http://www.fuelpoverty.org/
https://doi.org/10.3390/su9101869
https://doi.org/10.3390/su11092507
https://doi.org/10.12910/EAI2020-075

A Methodology for Fast Simulation of Energy ... 157

24.
25.

26.

27.

28.

29.

30.

31.

32.

Censis. Social Housing e agenzie pubbliche per la casa, Dexia-Crediop. Roma (2008)
Federcasa: https://www.federcasa.it/appello-di-federcasa-e-federcostruzioni-in-italia-ser
vono-300mila-nuove-case-popolari/. Accessed on 30 March 2021

Reviglio, E.: Rilanciare le infrastrutture sociali in Italia. Rapporto sull’investimento delle
infrastrutture sociali in Italia (2020)

Boeri, A., Gabrielli, L., Longo, D.: Evaluation and feasibility study of retrofitting interventions
on social housing in Italy. Procedia Eng. 21, 1161-1168 (2011). https://doi.org/10.1016/j.pro
eng.2011.11.2125

Urge-Vorsatz, D., Eyre, N., Graham, P, Harvey, D., Hertwich, E., Jiang, Y., Majumdar, M.,
Mcmahon, J. E., Murakami, S., Janda, K., Masera, O., Mcneil, M., Petrichenko, K., Tirado
Herrero, S., Jochem, E.: Energy end-use: buildings. In: Global Energy Assessment Writing
Team (Ed.), Global Energy Assessment: Toward a Sustainable Future, pp. 649-760. Cambridge
University Press (2012). https://doi.org/10.1017/CB09780511793677.016

Gaspari, J.: Cities and buildings efficiency improvement of energy-poor household. In: Urban
Fuel Poverty, pp. 211-238 (2019). https://doi.org/10.1016/B978-0-12-816952-0.00009-0
SDA Bocconi, Federcasa: Il valore pubblico delle Aziende Casa Logiche di public management
per il settore dell’ERP (Fosti, G., Perobelli, E., Saporito, R., eds.). Egea (2019)

Economidou, M.: Europe’s buildings under the microscope. A country-by-country review of the
energy performance of buildings. Buildings Performance Institute Europe (BPIE), Bruxelles,
Belgium (2011)

Tabula WebTool. https://webtool.building-typology.eu/#bm. Last accessed 20 Apr 2021


https://www.federcasa.it/appello-di-federcasa-e-federcostruzioni-in-italia-servono-300mila-nuove-case-popolari/
https://doi.org/10.1016/j.proeng.2011.11.2125
https://doi.org/10.1017/CBO9780511793677.016
https://doi.org/10.1016/B978-0-12-816952-0.00009-0
https://webtool.building-typology.eu/%23bm

Flood Risk of Open Spaces: From m
Microscale Factors of Built Environment | &
to Risk Reduction Strategies

Simona Mannucci®, Federica Rosso®, Alessandro D’Amico ®),
Gabriele Bernardini®, and Michele Morganti

Abstract Urban Built Environment can be defined as a network of Open Spaces
(including their infrastructures) and buildings, where users live and interact. In case
of an emergency, the risk in the Built Environment highly depends on the character-
istics of disastrous event, buildings and Open Spaces physical vulnerability, and on
users’ behavioral patterns and emergency response. Open Spaces represent a funda-
mental element during the disaster and the immediate aftermath. Floods denote one
of the most challenging disasters for Open Spaces safety. In fact, they influence
the floodwater spreading in the urban layout, affecting the building damage and the
emergency evacuation process. From a critical review of recent advancement in the
field, this work addresses the role of Open Space factors in flood risk—considering
the composing elements and their interactions—to pursue a microscale approach.

1 Introduction

Built Environments (BEs) in our cities are the result of both planned and unplanned
developments [1]. These evolution processes affected the components of the BEs and
the interactions between the factors determining the overall BEs structure. Broadly
speaking, considering a typological and historical-geographical approach to analyse
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the urban BEs [2], four main aspects defining the urban form are relevant to char-
acterize further this complex system: spatial relations of physical features; interre-
lations between BEs users and BEs physical features; users’ fruition models of the
BE; formation/transformation/ cyclical changes. The response of a BE to disasters is
closely related to these four aspects and urban vulnerability and resilience concepts.
Between the components of the BE, urban Open Spaces (OSs) is a paramount
element [3], especially if considering Sudden-On set Disasters (SUODs) “triggered
by a hazardous event that emerges quickly or unexpectedly”.! During a SUOD, the
network of the urban OSs represents the emergency network for both population’s
evacuation and rescuers’ access to the disaster-affected areas [2, 4, 5]. In this network,
areal spaces (e.g., squares, parks, parking areas), which can be used as safe gathering
areas for the population, are linked together by linear spaces (i.e., streets), used as
evacuation and emergency paths. Both areal and linear spaces can be surrounded by
buildings, which can also damage the OSs. Such buildings are characterized by a
significant number of exposed people, both indoors and outdoors when the disaster
strikes the urban areas [5, 6].

Among the SUODs, flood is one of the most critical for the urban BEs, considering
the rising frequency (a consequence of climate-change effects) and severity (due
to urbanization growth, which increases the number of exposed people in flood-
prone areas) [7, 8]. Therefore, flood risk management requires knowledge of the
characteristics of the floods [8, 9]. Floods are often the combination of meteorological
and hydrological extreme events. They can be categorized into fluvial floods, pluvial
floods, coastal floods, groundwater floods, or floods due to the failure of artificial
water systems.

Regardless of the type of flood, the layout, the design and materials, and the
supporting infrastructure systems [4, 10] of urban OSs influence floodwater spreading
and characterization of the hazard in terms of depth, speed, and solid load. The
microscale characteristics of the BE, including physical barriers and surface mate-
rials, affect the OSs and the BE in general for damages [11, 12] and to users’ safety
(i.e., immediate emergency response). This includes the evacuation process and the
availability of gathering areas and paths [13, 14]. Increasing the flood resilience of
the BE and its community means to promote Disaster Risk Reduction (DRR) actions
before the disastrous events, according to criteria of prevention, preparedness, emer-
gency response, and recovery [15]. These 4 criteria correspond to DRR actions aimed
at prediction and warning, monitoring, impact assessment, response, and manage-
ment. These actions refer to a series of structural and non-structural measures against
floods [16, 17]. Structural measures are usually engineered measures applied to
reduce the flood volume, such as retention ponds, dams, river improvement, urban
drainage systems, and levees or dikes. Non-structural measures instead promote
strategies based on flood-adapted design and building codes, land-use planning laws
and regulations, preparation and evacuation planning, public awareness programs,
and flood insurance programs. Both structural and non-structural measures can be
reactive (response-oriented) or proactive (risk reduction) [17].

! https://www.preventionweb.net/terminology/view/475 (last access: 18/03/2020).
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Thereupon, it is essential to describe the interaction systems in the OSs by repre-
senting each element at risk. Following a micro-scale risk assessment, adequate
safety measures can be implemented to increase the safety and resilience of the BE
and its users [5]. Starting from a critical literature review, this paper organizes the
microscale building- and OSs-related factors as mitigation strategies related to the
hazard, the buildings damages and users’ support during the evacuation process.

2 Overview of Microscale Factors of Open Spaces Affecting
Flood Risk and Mitigation

The urban fabric and surface characterization of the BE influence the flood intensity
and spreading in an urban area and the overall safety levels for the BE users, in
correlation to their risk perception and awareness [4, 5, 18]. Such issues have a great
impact on urban management strategies against the hazard sources [19]. Therefore,
the overview of microscale factors is organized considering urban OSs (Sect. 2.2),
the delimitating buildings (Sect. 2.1), and the hosted users before and during the
emergency conditions (Sect. 2.3).

2.1 Open Spaces-Related Factors

The physical characteristics of urban OSs are of primary importance to enhance
resilience and mitigate the BE’s flood vulnerability. These characteristics are directly
related to the interactions among the constituent components of urban form: street
network, plot pattern, and built form. In recent years, the unintended interaction
among urban form, flooding events, and human behaviour has been systematically
investigated through urban morphometrics [20, 21].

Nonetheless, most of the hydrology-based studies on pluvial flooding conceive
the urban form just as the spatial distribution of resistance parameters, providing a
reliable description of the flood event, leaving out the understanding of the OSs effect.
On one side, most of the proposed parameters do not act as urban form indicators
[22]. On the other side, OSs factors remain qualitative rather than quantitative [23].
However, it is worth underlining that attention on the characteristics of the urban
form components and their effects on the pluvial flood is rising in the hydrology
field. Researchers claim the importance of approaching the modelling with a more
accurate scale of analysis, essential for describing the complexity of the BE [4, 24].
In this regard, pushing boundaries in urban morphometrics could be helpful because
quantitative, comprehensive, and systematic methods and tools to measure the urban
form have been developed [25, 26]. This knowledge helps to characterize the urban
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spaces with the reliable metrics at the appropriate scale of analysis. In association
with well-established statistical parameters, the introduction of OSs metrics in flood
modelling could represent a ground-breaking approach in the field. Furthermore, the
possibility of developing this approach is demonstrated by introducing novel digital
tools for urban flood modelling integrating parameters and spatial data describing
the characteristics of the urban space [27].

2.2 Building-Related Factors

According to Sect. 2.1, the correlation between buildings and the built form generates
the OSs configuration, affecting the urban flood in terms of the specific features
of the buildings as obstacles to floodwater spreading [4, 28]. Besides the physical
vulnerability involving possible damage to the buildings [11], the quality and quantity
of openings, and the wall orientation concerning water flow, are fundamental factors,
especially considering the characterization at the ground floor. They influence the
collection of floodwaters inside buildings and risk and damage for people, furniture,
and goods and chattels placed indoors [6, 12, 28].

Building-related factors are connected to the building typology, as adaptive typolo-
gies are designed for areas that are characterized by frequent water presence or flood.
The building features allow moving towards passive mitigation solutions when the
house is built to adapt to flood events. This is the case of amphibious and floating
buildings, or houses with elevated floors [29, 30], which can adapt to flood-prone
areas due to construction technology and suitable materials.

Sustainable Urban Drainage systems [10] can be integrated or added to the
building to reduce vulnerability to extreme rain events. They can be seen as “active”
strategies for risk reduction as they provide runoff retention [31], measured as the
percentage of water retained. Indeed, these solutions allow rainwater collection,
supporting the infrastructure system to control rainwater volume and peak flow in
the street. Green solutions can be applied to buildings’ vertical and horizontal enve-
lope, as green walls and roofs [32]. They are an effective support for the sewer
systems in case of floods. They allow retaining 45-93% of runoff, depending on the
substrates composing the green system and their configuration, roof slope, and rain-
fall event characteristics [34]. Previous work assessed values reductions up to 90%
[35], depending on the rainfall intensity concerning the peak flow control. Moreover,
green walls and roofs effectively reduce energy consumption and improve thermal
comfort in indoor spaces [36]. The main challenge of green roofs and facades is
related to the cost of their construction and maintenance [36], leading to long payback
periods. Moreover, the characteristics of the building determine the feasibility of the
green features, which are not always suitable for existing BEs. Lastly, rainwater can
be stored and retained in buildings with rainwater harvesting systems, which gather
rainwater, reduce runoff and peak flows [37], and allow water reuse after being
filtered, with environmental and economic benefits [31].
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2.3 Users-Related Factors

Exposed users undertake emergency behavioural patterns depending on their features
and relation with the surrounding BE, the local flooding conditions, and the emer-
gency management system that can support them [5, 13, 14]. Firstly, from a
microscale standpoint, considering each user at risk, the individual features mainly
concern: (1) individual risk perception, which varies from community to community
and depends on 5 types of indicators, that are age and gender, income and occupation,
education, and knowledge, past experiences, house ownership and location [18]; (2)
characteristics affecting the motion speeds [38] and human body stability [13], that
are age, gender, body mass and height, and motion abilities. Secondly, as shown in
Fig. 1, different behavioural patterns appear in the three main evacuation steps from
this microscale standpoint [14].

In the pre-evacuation phase, users can spend time evaluating the collection of
personal belongings to limit their possible damages and then evacuating, basing on
[14, 39]: individuals’ risk perception, the value of flood-prone assets, pre-disaster
activities (depending on the intended use of OSs and buildings), group decisions.
Early Warning Systems (EWS) or rescuers-citizen information channels are the main
BE-related attributes of references for a prompt evacuation response [40].

Then, the evacuation movement includes all the actions aimed at reaching a safe
area to restore safety conditions [5]. The combination between OSs layout (see
Sect. 2.1) and floodwaters’ spreading affects the evacuation target decision since
people spontaneously move towards areas with lower water depths and speed. The
building configuration could lead people to move towards the higher stories, in case of
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Fig. 1 Users’ evacuation options for multi-storey buildings, single-storey buildings, and outdoor
areas
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an adequate number of floors, instead of moving towards gathering areas and shelters
provided by emergency plans [5]. Users placed outdoors seem to be more vulnerable
than those placed inside the buildings since they cannot directly evacuate. In complex
buildings, circumscribed OSs, or small urban areas, people can be effectively guided
to a “shelter-in-place” area using adequate wayfinding systems [31]. Floodwaters can
slow down the evacuation motion process, mainly in undergrounds, ground floors of
buildings and OSs, since they can limit the opening of doors, drag people walking
along staircases, prevent people from exiting from cars, or cause the loss of human
body stability [5, 13, 28, 38]. Handrails or other immovable obstacles can be used
to hang on while moving or standing for the rescuers’ arrival, increasing the users’
safety regarding the floodwaters [14]. In the OSs, raised areas can additionally host
the evacuees in critical floodwater conditions. Elements dragged by floodwaters in the
OSs, including debris and street furniture, represent additional threats for individual
safety [4, 14].

Finally, once a safe area is reached, the evacuation stops [14]. People reach safe
areas in the emergency plan, as shelters, or gather in the OSs/inside buildings.

3 Discussion

The microscale factors discussed in Sect. 2 and the physical elements in the BE can
be implemented as structural strategies for DRR applied in the OS, considering their
impact on: (i) flood hazard (Table 1), (ii) buildings damages (Table 2), (iii) users’
support pillars (Table 3). For each factor, supporting non-structural strategies [ 16, 17],
advantages and limitations, and literature background are traced by distinguishing
which of them relate to OSs and their buildings.

These tables provide an overview of BE’s factors that can generally increase the
decision-makers’ risk awareness. Some strategies can boost the individuals and goods
safety, such as elevated floors, houses, and harvesting systems. Elevated floor houses
are the easiest strategy to shelter-in-place the building occupants but can also be
used by outdoor users if the access is ensured to passers-by [5]. However, they have
limited reliability in specific contexts, such as historical scenarios. Other structural
measures centred on the building preservation could impact on the original features
of the OSs, resulting in limited conservation of morphologic and aesthetic elements
of the BEs.

Risk reduction interventions are focused on reshaping public outdoor areas in
the OS, and local authorities could easily perform them. They provide support to
the evacuees’ safety (see Table 3). One of the simplest approaches is implementing
unmovable street furniture in the OSs, which could be integrated by risk/wayfinding
signage with sensors to support the smart BEs monitoring of EWS, especially in
flash flood [14, 31, 40]. They limit the damage caused by floods and debris, and their
position in the BE should depend on the hydrodynamics features and the evacuation
plan [4, 5, 14].
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Table 1 Microscale factors as structural strategies influencing hazard
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Microscale factor Non-struct. measures Advantages/limitations Refs
OSs-related
Floodable areas Urban planning Control of peak [41]
flow/modifications in
existing BEs to the ground
profile
Permeable paving Urban planning Control of peak flow [41]
Raised elements Urban planning Decreasing the floodwater [4]
speed/obstacles can also
hold debris
Street furniture Urban planning Obstacles can hold debris; [4]
avoiding movable furniture
Building-related
Green systems Building codes, flood Control and reduction of [34]
insurance peak flow and volume/not
applicable on all existing
buildings
Elevated floors houses Building codes, land-use Possibly restituting soil to [29]
planning, flood insurance permeable paving, thus
reducing peak flow/not
applicable on all existing
buildings
Harvesting systems Building codes Reduction of peak flow and | [37]
volume
Handrails/fences Building codes supporting Obstacles can marginally [4]
public—private interfaces hold debris
Table 2 Microscale factors as structural strategies influencing building damage
Microscale factor Non-struct. measures Advantages/limitations Refs
OSs-related
EWS Preparation and evacuation | Alert timing to perform [6, 12, 28]
planning protection actions for
goods and chattels/precise
alert depending on the
severity of the event
Building-related
Elevated floor houses Building codes, land-use | Protecting buildings and [29]
planning, flood insurance | indoors from damage
Floating and amphibious | Building codes, flood Protecting buildings and [30]
houses insurance indoors from damage
Handrails/fences Building codes supporting | Protecting private areas [4]
public—private interfaces, | from debris/avoiding
flood insurance movable elements
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Table 3 Microscale factors as structural strategies influencing users’ support

Microscale factor

Non-struct. measures

Advantages/limitations

Refs

OSs-related

Permeable paving

Urban planning

Control of peak flow and
floodwater levels causing
threats in users’
movement/limited effects in
some cases, e.g., flash events

[4, 38]

EWS

Preparation and evacuation
planning

Direct stimuli to evacuation
starting/public awareness
and plan dissemination
campaign needed

[5, 40]

Raised elements

Urban planning, evacuation
planning

Direct support to people
placed outdoors/to be
considered in the evacuation
plan to support people
waiting for rescuers

[14]

Street furniture

Urban planning

Benches as raised elements;
support to people to hang on
them/placed along possible
evacuation routes and high
hazard areas; avoiding
movable furniture

[14]

Wayfinding systems

Preparation and evacuation
planning

Visible also in
non-emergency conditions,
direct support to reach a safe
area/public awareness,
training (e.g., VR) and plan
dissemination campaign
needed

[31]

Building-related

Elevated floors houses

Building codes,
urban planning

Direct safety of people
initially placed
indoor/impacts are limited to
residential areas

[29]

Floating and amphibious
houses

Building codes, evacuation
plan

Direct safety of people
initially placed
indoor/impacts are limited to
residential areas

(30]

Handrails/fences

Building codes supporting
public—private interfaces

Direct support to people to
hang on them/to be
considered along possible
evacuation routes and high
hazard areas; avoiding
movable elements

[14]
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Nonetheless, such strategies should be supported by preparedness and risk
awareness-increasing non-structural measures to reduce the negative impact of
individual’s risk attitude and personal experiences in the population’s response.
Behaviours and personal risk perception can be trained through virtual reality (VR)
experiments, where a flood condition is simulated safety [42]. As stated above, users’-
OSs interactions significantly affect BEs’ safety levels. Thus, risk assessment models
and simulation tools should be built on microscale-based interactions to support
safety planners in DRR-related activities. Furthermore, they can be integrated into
wider-scale analysis on flood sources and spread globally [4-6, 14, 17] according to
a Performance-Based Planning [10] standpoint. A plan should perform according to
the agreed collective strategy, just like the performance-based design. Simulation-
based approaches ensure the effectiveness of the strategies, combining management
and structural actions, optimizing the complexity of physical interventions on BEs
and OSs and the rescuers’ actions [5, 19].

4 Conclusions

Flood risk in urban BEs depends on the microscale features of their OS, surrounding
buildings, and hosted users. Therefore, the characterization of the composing
elements in terms of influence on the flood hazard, building damage, and users’
safety is crucial for defining risk reduction strategies. From this assumption, this work
adopted a literature-based review to trace a list of microscale risk factors and coun-
termeasures, evidencing how structural/non-structural strategies can be combined to
ensure an adequate safety level in the BEs as well as the reliability of the planned
solutions.

Real-world BEs can be analyzed according to the proposed risk reduction perspec-
tive to determine if typological and recurring conditions can be identified. This
approach will boost the definition of the best practices for risk assessment and reduc-
tion depending on the specificities of the OSs. From the results of this work, the
outline for detecting the composing elements of the BE, their features, and asso-
ciated measures to provide support in the public decision-making process can be
drawn.
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Low-Cost Architectural Strategies m
to Reduce Heat Stress in Social Housing L
for Hot Desert Climates

Carlos Lopez-Ordoiiez ®, Isabel Crespo Cabillo®, Jaume Roset Calzada®),
and Helena Coch Roura

Abstract Achieving thermal comfort inside buildings in a region with a hot desert
climate is challenging, especially in social housing, which is generally not designed or
built suitably for these climates. Two well-known architectural strategies for reducing
heat stress in these houses are thermal insulation and solar protection by shading.
However, under free-running conditions, doubts arise about the effectiveness of these
strategies. The social housing of the city of Hermosillo is exclusively single-family
housing. The city has a hot desert climate with an average annual temperature of 25 °C
and amean oscillation of 15 °C. During the hot season, there are recurring peaks above
48 °C. This study aims to evaluate three low-cost architectural strategies to reduce
heat stress in a single-family social house under free-running conditions; adding
thermal insulation to walls and windows, adding sun protection to windows, and
solar protection to the roof. The results show that both the use of thermal insulation
and solar protections achieve improvements in the indoor thermal conditions of the
house. However, when considering the warmer months, the solar protection strategies
perform better in reducing indoor heat stress in terms of discomfort hours.

1 Introduction

Climate change is taking us to an increase in ambient temperatures and the frequency,
duration, and intensity of extreme heat events worldwide [1]. This effect is particu-
larly severe in the desert climate regions. At present, more than 40% of the Earth’s
surface is considered dryland and concentrates about one-third of the world popula-
tion; further, approximately 70% of the drylands are located in developing countries.
Within the drylands, the arid and hyper-arid regions (deserts) are home to almost
6% of the world’s population [2]. The extreme conditions of desert climates pose a
series of challenges from an energetic and social development perspective.
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Achieving thermal comfort inside buildings is complicated in regions with
extreme climates, such as hot deserts. There are several studies on different strate-
gies to improve the indoor environment in this climate. Some of the strategies are the
increment of the reflectance of surfaces [3, 4] and solar protection on both windows
and roofs [5, 6]. Other passive design strategies such as evaporative cooling, natural
night ventilation, solar chimneys, wind towers, and thermal mass [7] have also been
studied. Regarding the use of thermal insulation, these studies usually consider the
presence of refrigeration, while the parameters analyzed are usually its placement
and thickness [8—10].

This task is even more challenging when it comes to social housing, usually
poorly built and equipped, since the owners of these single-family houses are low-
income citizens. These houses have characteristics that make them unsuitable for
the climate, generally lacking thermal insulation and solar protection. This problem
persists despite the existence of different official standards on the energy efficiency
of buildings, such as NORM-020-ENER-2011 [11] that establishes the U-values and
solar protection factors for different regions of Mexico and is not put into practice
by the social housing private developers.

Since a large part of this population cannot afford the installation and the use of
air conditioning systems, it is necessary to provide economical and robust solutions
to improve the thermal conditions of the house in free-running conditions.

2 Objective

This study aims to compare the effectiveness of three common low-cost architectural
strategies to improve indoor thermal conditions: thermal insulation and two different
approaches to solar protection. In a hot desert climate, solar radiation is the main
source of heat gains in buildings, making it a key parameter to consider in achieving
indoor thermal comfort [12]. The study is carried in a dispersed and low-density city
with a hot desert climate, characterized by almost exclusively single-family houses
with a high air conditioning demand during the hot season [13].

3 Case Study

3.1 Site Description

This study takes place in Hermosillo (lat. 29 N), a city located in the Sonoran desert
in northwestern Mexico (see Fig. 1). This city has a hot desert climate (BWh in the
Koppen climate classification), with an average annual temperature of 25 °C, a mean
oscillation of 15 °C, and precipitation of 387 mm (Table 1) [14, 15].
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Fig. 1 Location of Hermosillo in relation to Mexico (left), and the urban area of the city (right).
Author’s elaboration on Google Earth

Table 1 Monthly data of average maximum temperature (AMT), mean temperature (MT), average
minimum temperature (AmT), relative humidity % (RH), and global horizontal radiation (kWh/m?)

Month Jan |Feb |[Mar |Apr |May |[Jun |Jul |Aug |Sep |Oct |Nov |Dec
AMT°C |242 |25.8 |28.7 [32.3 |36.3 [39.8 [39.3 |38.3 |37.5 |33.9 |28.6 [24.0
MT °C 17.2 | 185 209 |24.1 (279 |31.8 [32.5 (319 |31.0 |269 |21.3 |17.1
AmT°C |10.2 |11.3 |13.1 [159 |194 |23.8 |25.8 |25.6 [24.6 |19.8 |14.0 |10.2
HR (%) |48 44 |40 34 31 34 48 53 48 42 43 49

kWh/m? |3.88 |4.76 |6.34 |7.45 |7.73 |7.59 |7.07 |6.88 |574 523 |4.11 |3.25

Although Hermosillo’s climate may seem mild on average, it presents extreme
climate conditions for more than half the year. During the hot season, which lasts
between May and October, the average maximum temperatures range between 34
and 40 °C, and peaks above 48 °C are recurrent. As a desert city, it has high levels of
solar radiation. Hermosillo has an annual mean solar radiation of 5.85 kWh/m? per
day. Though, during the hot season, the mean solar radiation is 6.7 kWh/m? per day.

For the last century in this region of North America, there has been an increase
in the average temperature. In Hermosillo, this increase is more noticeable during
the hot season. In the last fifty years, there has been an increase of around 2°C in the
average temperature this season (see Fig. 2).

3.2 The Single-Family Social House

Hermosillo has a high percentage of social housing built in the last three decades,
made up exclusively of single-family homes. A worker can acquire a house through a
loan granted by the government (INFONAVIT, FOVISSSTE) and pay for it through
monthly installments taken from the worker’s salary. These houses are classified into
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Fig. 2 Chart that shows the mean temperature change, from 1966 to 2014. There is an increase of
almost 2 °C. Authors’ elaboration with data from the Municipality of Hermosillo [16]

three basic categories: social-interest, medium-interest, and residential housing. The
one with the greatest presence and the largest number of inhabitants is the social-
interest housing [17]. These houses are the smallest (25-90 m?) and the construction
is cost-effective since they are produced in mass, causing that the quality of the house
and an efficient energy design are not a priority, resulting in excessive use of energy
with high air conditioning costs [18]. This represents a serious problem for the 41%
of the population that lives with less than 3 minimum wages monthly (less than 300
euros), and the 23% receives a monthly income between 300 and 500 euros [19].

The house analyzed in this work is located in a plot 8§ x 14 m (112 m?). It has a
living area of 51 m? and an interior height of 2.5 m. Like most houses, it has light
colors on its facade and white roof, an outdoor parking space, and a backyard. The
lack of vegetation to shade the living areas, the facade and the parking area is a
constant in this type of housing (see Fig. 3).

4 Methodology

This study assesses the thermal behavior of a single-family social house during the
hot season (May 1st—October 31st) in four different cases:

1. Base case (walls of concrete block of 0.15 m thickness, the roof has a 0,12 m
of thickness, and consists of precast concrete joists and EPS vaults that act as
thermal insulation, and simple 4 mm clear glass for the windows);

2. Case “A”: Adding thermal insulation on walls and windows (roof + walls +

windows);

Case “B”: Adding solar protection on windows;

4. Case “C”: Adding solar protection over the roof.

w
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Fig. 3 Photograph of a social housing neighborhood, our model is based in these houses.
Photograph taken from Google Earth

The analysis consists of dynamic thermal simulations using DesignBuilder (with
EnergyPlus as the calculation engine) [20]. The parameter used to analyze the results
is the indoor air temperature. The weather data used from the EPW file is from the
Hermosillo International Airport. We evaluated the performance of each intervention
based on the number of hours of discomfort and the accumulated degree-hours. These
mean the number of hours with an indoor temperature exceeding a temperature value
considered “neutral” for people acclimated to this climate (32 °C) [21] and the degrees
accumulated for each hour above 32 °C. We quantified these values throughout the
hot season and during the two warmest months (July and August).

The geometry, materials, orientation, and the architectonic distribution of the
model used for the simulations, respond to the predominant building typology (see
Fig. 4). The thermal transmittance, U (W/m?K), of the different elements of the house
envelope is as follows: for the Base Case, the walls have a U-value of 2.75 W/m2K;

Base Case and Case “A”

Fig. 4 Simulation model. It has a north—south orientation, with no adjacency between houses
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W= v

Case “B” ; Case “C”

Fig.5 Windows solar protection system for Case “B” (used in all windows), and simulation model
with a double roof used for Case “C” (shading the roof and south-facing windows)

the roof has a U-value of 1.35 W/m2K; the ground floor U-value is 2.80 W/m2K, and
the U-value of the windows is 5,80 W/m2K. For Case A, these U-values are modified
in the walls (0.91 W/m?K) by adding a 0.025 m XPS plate (extruded polystyrene);
and on windows (3.08 W/m?K) by changing the 4 mm single clear glass to a 6 mm
double clear glass + 6 mm air gap. We decided not to insulate the ground floor since
its effect is counterproductive in non-conditioned buildings in a hot desert climate
[22].

In Case “B”, we used a system of gray color metal louvers, overhangs, and side
fins to provide solar protection on the windows. In Case “C”, for the solar protection
of the roof, we added a double roof (a white light metal hat), large enough to protect
the concrete roof and south fagade windows (see Fig. 5). This system also allows for
ventilation between the roofs.

The level of solar protection on windows provided by these two strategies is
different. In Case B, with the louvers system, the house receives 209 kWh of direct
solar gains throughout the hot season, while in Case C, the windows have a solar gain
of 1185 kWh during the same period. Thus, considering that the Base Case receives
1793 kWh, these strategies represent a reduction of 88% and 34% respectively.

We utilized the work that Irene Marincic [23] carried out in Hermosillo during
August and September (daily from 8:00 to 19:00) to validate the simulations in this
study. They measured and collected hourly data on indoor air temperature, relative
humidity, wind speed, and mean radiant temperature from 143 houses and calculated
the operating temperature (see Fig. 6). In all cases, the measured values are in a range
between 25 and 40 °C. We used the air temperature (T,) and the operative temperature
(Top) data to validate our simulations. To do this, we utilized two models of social
housing with different living areas (51 m? and 41 m?), and we simulated their thermal
behavior during August and September. To calculate the operative temperature, we
used the simplified formula T, = (T, + MRT)/2, where MRT is the mean radiant
temperature.
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Validation of the simulations against measured data / August —September / 8:00-19:00
40 40 -

:()

35 35 +

R*=0,9958 * Measured data
Social house |
965 * Social house 2

30 30 +

Operative Temperature (°C)

Operative Temperature (

25 25 - ¢ +
25 30 35 40 25 30 35 40
Indoor Air Temperature (°C) Indoor Air Temperature (°C)

Fig. 6 Simulation results of two houses (R? = 0.9958, R? = 0.9965) contrasted against the data
measured in 143 houses (R? = 0.959) during August and September

The graph on the right shows the mean indoor air temperature and operative
temperature data for the two houses. Both houses have similar behavior to the
measured data (chart on the left). In these cases, the values obtained through
simulations are also in the same temperature range (25-40 °C).

5 Results and Discussion

To ease the discussion the four cases analyzed will be referred to as the base case,
case “A” (insulation in roof, walls and windows), case “B” (solar protection on
windows), and case “C” (solar protection over the roof). All the cases present the
same occupation (4 users, as the only internal gain) and a ventilation rate of 4 ac/h,
with an infiltration rate of 0.7 ac/h. It was necessary to analyze the indoor thermal
behavior of the four cases during the entire hot season. Figure 7 shows that the three
thermal improvement strategies have similar performance, with a seasonal mean

Indoor thermal behavior - May 1st - October 31st

-

Air temperature (°C)

T T T T T T
wyown -~ -~ =] o0 oo

W i D O O O - ~ ~ oo = T = T =]
i LR B e e RS ERE S S SRS S S22
—_ Vi ol S S L e O S = [~ ST = 00 o — 0O W | ' ' ]
- ™ —_— - -_— e - 1 o Lo B o T o T = " = I TR =}
Date (day-month) T AR AN
------- Outside Air Temperature ---- Base Case Case"A" ——Case"B" ——Case"C"

Fig. 7 Chart with the outside air temperature, the 32 °C for indoor “neutral” temperature, and the
indoor temperature behavior for all cases
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Hours of disconfort May-October Accumulated degree-hours May-October

Case "C"

Case "B" "B"
Case "A" "A"
Base Case 1.570 Base
(I] 5(‘)0 |0I00 1500 20‘00 [I] 51’[] Il;[J(J 1 .""U'U 3[)‘()0 2 .;ﬂII 3"‘0(]
hours degree-hours

Fig. 8 These charts show the results of the two comfort indicators for the entire hot season

indoor air temperature of 30.2 °C. The base case averages an indoor air temperature
of 30.5 °C.

These similarities are more evident during July and August. Figure 8 shows that in
the three interventions, the house is out of comfort (hours above 32 °C) for around 30%
(1.288-1.325 h), while the base case is for 37% (1.570 h) of the season. Nevertheless,
when analyzing the accumulated degree-hours, the differences among the strategies
can be observed. Case “A” represents a reduction of 40% to the base case, the case
“B” a 25%, and the case “C” reduces a 30%.

However, when considering only the warmest months (July and August), different
results are produced between the three thermal improvement strategies (Fig. 9). The
two interventions that increase solar protection, whether on the windows (case “B)
or roof (case “C”), manage to decrease discomfort, passing from the 63% (941 h) of
the time out of comfort in the Base Case to a 56% (844—851 h) in the refurbished
scenario. In contrast, the intervention with higher thermal insulation maintains the
initial 63% (938 h) over the neutral temperature of 32 °C.

Nonetheless, when comparing the accumulated degree-hours, the results are
different. Case “A” (+ thermal insulation) reduces this indicator by around 28%
regarding the base case. Cases “B” and “C” represent a reduction of 20% and 25%
each in order.

Based on the results obtained, some doubts about the use of thermal insulation
arise. On the one hand, the use of thermal insulation (case “A”) reduces the oscilla-
tion of the indoor air temperature (see Fig. 10), thus is beneficial when considering
the number of accumulated degree-hours (above 32 °C). However, on the other hand,

Hours of disconfort July-August Accumulated degree-hours July-August
Case "C" <— 851
Case "B" e 844
Case "A" :938
Base Case 941
6 3"}0 660 960 1 3‘00 0 500 1000 1500 2000 2500
houry degree-hours

Fig. 9 These charts show the results of the two comfort indicators for July and August
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Range of mean indoor air temperature during July and August

40 40
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L4 e e @ ° - | :
30 + 30 +
23 - + 4 v 25 + - + +
Base Case Case "A" Case"B" Case"C" Base Case Case "A" Case"B" Case"C"
July August
Mean outdoor air temperature Max/Min outdoor air temperature

Fig. 10 These two charts show the range of mean air temperature during the hottest months

thermal insulation does not allow an easy heat dissipation in the house, thus main-
taining an indoor air temperature above 32 °C for more hours. This behavior is more
noticeable during the warmest months, though is present in the last 4 months of the
hot season (see Fig. 7).

In the case of architectural strategies based on solar protection, it can be said that
case "C" with a double roof, has a slightly better performance than case "B" (solar
protection on the windows). During the hot season, both have a similar number of
hours above 32°C (“B” 1.325 and “C” 1.312), and a difference of around 5% in the
number of accumulated degree-hours in favor of case “C”. In July and August, case
“B” has 844 h and case “C” 851, but the latter maintains the difference of 5% in the
number of degrees accumulated.

6 Conclusions

This paper studied the effectiveness of three low-cost architectural strategies to reduce
heat stress in social housing under free-running conditions in a hot desert climate.

The methods used to evaluate the strategies’ performance (hours of discomfort
and accumulated degree-hours) are useful to understand the difference in the thermal
behavior of each case. The results obtained indicate that before making a decision,
it is necessary to analyze the socio-economic situation and the user’s profile of each
household.

On the one hand, thermal insulation may not be the best option for a home that
can’t afford air conditioning. Although the temperature peaks are not as high as in
the other strategies, the thermal insulation itself favors maintaining a high indoor
temperature. On the other hand, solar protection strategies allow an oscillation of the
indoor temperature, reaching higher temperatures, but at the same time, arriving to
lower temperatures than a house with thermal insulation. However, if the house is
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refrigerated, the strategy based on thermal insulation will be the most effective. It
will maintain a suitable indoor temperature and lower energy consumption.

The findings of this paper help to prioritize architectural interventions aimed at
improving thermal conditions in social housing. Analysis under free-running condi-
tions is essential to decrease the risk of energy poverty in vulnerable populations.
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Field Performance of HVAC System )
Under Healthy and Faulty Conditions L
During the Summer: Preliminary

Development of a Simulation Model

Based on Artificial Neural Networks

Antonio Rosato(®, Sergio Sibilio ®, Francesco Guarino®,
Mohammad El Youssef®, Evgueniy Entchev@®, and Luigi Maffei

Abstract The dynamic behaviors of the heating, ventilation and air-conditioning
(HVAC) system serving the integrated test room of the SENS i-Lab of the Department
of Architecture and Industrial Design of the University of Campania Luigi Vanvitelli
(Aversa, south of Italy) has been experimentally characterized by means of a series
of tests performed during the summer under fault free and faulty operation (5 typical
faults have been investigated) upon varying the boundary conditions. An artificial
neural network-based model of the HVAC system has also been developed in the
MATLAB environment and validated in contrast with the measured data with the
aim of producing operation data to assist further research in control, fault detection
and diagnosis of HVAC units. Finally, the validated artificial neural network has
been coupled with a dynamic TRNSYS simulation model and used to assess the
impact of the selected faults on both energy performance as well occupant indoor
thermo-hygrometric comfort.

1 Introduction

Heating, ventilation and air-conditioning (HVAC) systems in the developed countries
account for 10-20% of the total energy share in buildings and for 50% of the energy
demand in commercial buildings. It is well acknowledged that the existence of faults
(deviations from normal or expected operation) in HVAC systems impacts building
energy consumption, occupant comfort, maintenance cost, and equipment life cycle.
A study conducted on more than 55,000 HVAC units showed that 90% of them runs
with one or multiple faults [1]. Yu et al. [2] highlighted that (i) typical faults of HVAC
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systems are responsible for 25-50% of energy waste in buildings located in the United
Kingdom, and (ii) this inefficiency could be strongly decreased below 15% thanks
to early detection and identification of faulty operation. Yan et al. [3] estimated
that the identification and diagnosis of faults in HVAC units can lead to potential
savings of about 30%. Generally, a reactive maintenance or a preventive mainte-
nance for HVAC units is adopted; both approaches are characterized by a number of
critical points [4, 5] that can be overcome by means of automatic fault detection and
diagnosis (AFDD) [2]. AFDD methods can detect as well as predict the presence
of the defects; ideally, AFDD approaches could also diagnose the type of problem
and/or identify its location, giving instructions for undertaking corrective actions.
Advanced methods of fault detection are based on system and process modelling to
generate fault symptoms, while fault diagnosis methods use causal fault-symptom
relationships. The methods used for performing an AFDD analysis can be classified
in quantitative model-based, qualitative model-based and data driven-based. In the
last few years, the data-driven approach for the AFDD analysis gained more and more
interest and vendors are beginning to use data driven methodologies for addressing
AFDD tasks [6]. Data-driven based AFDD tools need a proper amount of data for
the development of models and cannot extrapolate beyond the range of training
data (typically derived from HVAC recommissioning or simulated data) [6]. Even if
several scientific works focusing on data-driven AFDD methods are available in the
literature [4, 6], most of them are based on the ASHRAE RP-1312 data set dated
2010 [6]; few studies supply detailed information about how the faults experimen-
tally implemented in a real HVAC system or modeled [6, 7]; fewer studies describe
how their simulated faulty operation data are validated [6, 7]; nearly all studies only
consider one HVAC operation condition with changing weather conditions [6]; not
many studies quantitatively examine how various faults and fault severities impact
energy consumption, user comfort, maintenance cost and equipment life cycle [6].
In this paper the dynamic behaviors of the heating, ventilation and air-conditioning
(HVAC) system serving the integrated test room of the SENS i-Lab of the Depart-
ment of Architecture and Industrial Design of the University of Campania Luigi
Vanvitelli (Aversa, south of Italy) has been firstly experimentally characterized by
means of a series of tests performed during the summer under fault free and faulty
operation (5 typical faults have been investigated) upon varying the boundary condi-
tions. In the MATLAB [8] environment an optimal artificial neural network-based
model has also been trained, tested and validated in contrast with the measured fault
free and faulty data to assist further research in control, fault detection and diagnosis
of HVAC units. Finally, the optimal artificial neural network has been coupled with a
dynamic simulation model developed in TRNSYS environment [9] and then used to
assess the impact of the selected faults on both energy performance as well as indoor
thermo-hygrometric comfort.
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2 Description of the Experimental Set-Up

The SENS i-Lab is an innovative, multi-sensorial and multi-purpose laboratory
consisting of an integrated test room served by a HVAC system, including an air-
handling unit (AHU), able to control the indoor air temperature, relative humidity,
velocity and quality. The integrated test room is characterized by a floor area of 16.0
m2, with a height of 3.6 m; it is composed of four vertical walls, a horizontal ceiling
as well as a horizontal floor; it is located inside a large open space of the department.
Figure 1 reports the schematic of the AHU together with its main components.

Table 1 describes the main characteristics of the AHU components. The heat
carrier fluid is a mixture of water and ethylene glycol (90/10% by volume). The
model ANL 050HQ [10] is used as electric heat pump (HP), while the model ANL
050Q [10] is adopted as refrigerating system (RS). A 75 L cold thermal energy
tank (CT) as well as a 75 L hot thermal energy storage (HT) are coupled with the
refrigerating unit and the heat pump, respectively, in order to store the cold/hot heat
carrier fluid. The AHU is fully equipped in order to monitor, control and record the
key parameters of the system. The main characteristics of the sensors are reported
in Table 2. The AHU is operated according to a specific control logic. In particular,
the following parameters are manually set (and eventually modified during the test)
by the end-users: (i) the desired targets of both indoor air temperature (Tsproom) and
relative humidity (RHgproom) to be achieved inside the test room; (ii) the deadbands
DBt and DBgry for both Tsproom and RHsproom, respectively; (iii) the flow rate of
both the return air fan (OLgar) and the supply air fan (OLgap); (iv) the opening
percentages of the return air damper (OPpgy ), the outside air damper (OPpog ), the
exhaust air damper (OPpga); (v) the activation of the static heat-recovery system
damper (OPppgrs). Once the previous parameters are manually set by the end-users,
the opening percentages of the valves (OPy_preric, OPy_posiric, OPyv_cc and OPy_gym)
are automatically managed in the range 0 = 100% by PID (proportional-integral-
derivative) controllers in order to achieve the desired targets inside the test room.
However, alternatively the end-users can also manually force (at the beginning or
during the test) the opening percentages of the valves (OPy_peric, OPy_postrc, OPv_cc
and OPy_p,m) for research purposes. The refrigeration system operates in order to
maintain a temperature Tcr of 7 °C inside the cold tank, while the heat pump is
activated with the aim of achieving a temperature Ty of 45 °C inside the hot tank.
The air flow rate moved by the supply air fan can be varied between 0 (OLsar = 0%)
and 1080 m3/h (OLgar = 100%), while the air flow rate of the return air fan is in
the range from 0 (OLgar = 0%) up to 1460 m3/h (OLgar = 100%); the maximum
electric consumption of the SAF and RAF are, respectively, 1.22 kW and 0.48 kW.
The parameters OPpra, OPpoa and OPpga can be varied in the range 0-100%, where
100% means that the damper is fully open. The parameter OPpyrs can be set to 100%
(the heat recovery does not occur) or 0% (the heat recovery from return air flow takes
place). Even if the AHU is equipped with a pre-heating coil, this component has been
always manually de-activated during the tests.
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Table 1 Characteristics of main AHU components
Supply (SAF)/Return (RAF) air fan Nominal supply/return air flow rate 600/600
(m’/h)
Cross flow heat recovery system (HRS) | Nominal Efficiency (%)/ 74.7/3.1
Nominal recovery capacity (kW)
Pre-heating coil (PreHC) Nominal heating capacity (kW) 4.1
Nominal heat carrier fluid/air flow rate 0.710/600
(m*/h)
Colling coil (CC) Nominal cooling capacity (kW) 5.0
Nominal heat carrier fluid/air flow rate 0.860/600
(m3/h)
Humidifier (Hum) [11] Nominal steam capacity (kg/h)/Nominal |5.0/3.7
power (kW)
Post-heating coil (PostHC) Nominal heating capacity (kW) 5.0
Nominal heat carrier fluid/air flow rate 0.860/600
(m*/h)
Heat Pump (HP)/Refrigerating Nominal capacity (kW) 14.0/13.4
System (RS) [10] Nominal input power (kW) 4.75/4.48
Nominal heat carrier fluid flow rate 2.41/2.31
(m’/h)
Table 2 Characteristics of the sensors used for the AHU monitoring
Model Monitored parameter Measuring range | Accuracy
Siemens QFM2160 [12] Return air temperature Tra 0-+50°C + 0.8 K
Return air relative humidity | 0 < 100% +3%
RHRrA
Siemens QFM2160 [12] Supply air temperature Tsp | 0 = 50 °C + 08K
Supply air relative humidity | 0 = 100% + 3%
RHsa
Siemens QAM2161.040 [12] | External air temperature Tpa | —50 = 50 °C +0.75K
Siemens QAM2161.040 [12] | Air temperature Ta our,cc at | =50 = 50 °C +0.75K
outlet of the CC
TSI 7575, 982 TAQ [13] Air temperature outside the —10 + 60 °C + 0.50K
room TRga
Air relative humidity outside |5 = 95% + 3%
the room RHggA

3 Experimental Tests

Nine experiments have been carried out to investigate the HVAC system behavior
during steady-state and transient operations under summer conditions; in particular, 4
tests (n. 1, 2, 3, 4) have been performed under healthy conditions, while the remaining
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S tests (n. 5, 6, 7, 8, 9) have been carried out while artificially introducing 5 specific
typical faults by manually forcing the operation of related HVAC components. Table
3 describes the operating conditions of the normal and faulty operation tests. The
experiments have been performed by measuring the parameters indicated in Table 2
every 1 min. During all tests the following parameters have been maintained constant:
Tsproom = 26 °C, RHgproom = 50%, DB = 1 °C, DBry = 5%, OPpra = 100%,
OPpoa = 20%, OPpga = 20% and OPpgrs = 100%. In addition, during the faulty
operation tests specific conditions have been forced in order to artificially simulate
5 specific faults: in particular, during the test n. 5 the velocity of supply air fan has
been fixed at 20% (fault 1), during the test n. 6 the velocity of return air fan has
been fixed at 20% (fault 2), during the test n. 7 the opening percentage of the valve
regulating the flow entering the post-heating coil has been always closed (fault 3),
during the test n. 8 the opening percentage of the valve regulating the flow entering
the cooling coil has been always closed (fault 4) and during the test n. 9 the opening
percentage of the valve regulating the flow entering the humidifier has been always
closed (fault 5).

The experimental data under normal and faulty operation highlighted that the
percentages of time during which the indoor air temperature is within the given dead-
band (1 °C) around the given target (26 °C) are equal to 69.8%, 57.0%, 71.3%, 69.1%,
0%, 36.1%, 13.4%, 0% and 86.6%, for the tests 1-9, respectively. In addition, the
percentages of time during which the indoor air relative humidity is within the given
deadband (5%) around the given target (50%) are equal to 98.4%, 84.9%, 83.5%,
88.3%, 16.2%, 80.6%, 88.1%, 90.6% and 65.4%, during the tests 1-9, respectively.

4 Artificial Neural Network-Based Models

In this paper the MATLAB (The MathWorks Inc.) Neural Network Toolbox [8]
has been used for the development of twelve artificial neural network (ANN)-based
simulation models of the HVAC system. An ANN is a type of artificial intelligence
that mimics the behavior of the human brain; it can learn and reproduce the behavior
of data time series without requiring explicit mathematical representations [14]. The
artificial neural networks ANN1-ANN12 have been developed with the 10 inputs
and 5 outputs, while differing in terms of hidden layers and neurons in each hidden
layer (Table 4).

The following ten variables have been set as inputs of all ANNs: (1) difference
between return air temperature and related target, (2) difference between return air
relative humidity and related target, (3) supply air temperature at previous minute,
(4) supply air relative humidity at previous minute, (5) outside air temperature, (6)
opening percentage of valve regulating the flow entering the post-heating coil at
previous minute, (7) opening percentage of valve regulating the flow entering the
cooling coil at previous minute, (8) opening percentage of valve regulating the flow
entering the humidifier at previous minute, (9) velocity of the supply air fan, and (10)
velocity of the return air fan. The following five parameters have been set as outputs
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of all ANNSs: (1) supply air temperature, (2) supply air relative humidity, opening
percentages of the valves regulating the flow entering (3) the post-heating coil, (4)
the cooling coil, and (5) the flow exiting the humidifier. Each ANN has 1 input
layer with 10 neurons and 1 output layer with 5 neurons. The hyperbolic tangent
sigmoid transfer function (tansig) has been used in the hidden and output layers
of each ANN. Levenberg-Marquart back-propagation training algorithms (trainlm)
have been used as training function to update the weight and bias values at any
case. The experimental data measured during the tests described in the Sect. 3 have
been used for training, testing and validating the ANNs. Two different datasets have
been randomly extracted from the entire database (1641 data points in total): the
first dataset (1149 points) has been used for training purposes, while the second one
(492 points) has been considered for testing and validating the networks. The values
predicted by the ANNs have been compared to the entire experimental dataset to
assess the accuracy of the ANNs by means of the following metrics (the average
error €, the average absolute error |¢|, the mean square error MSE, the root mean
square error RMSE, the coefficient of determination R?):

€i = Bpredi — Bexp.i 1)

2

3)

“4)

®)

R2 —1- |:Z (gexp,i - gpred,i)2:| (6)

i—1 (gexp,i _gpred)2

where N is the total number of data points, while gpreq;i, Zexp,i and Zpreq are, respec-
tively, the predicted values at time step i, the measured values at time step i, and the
arithmetic mean of the predicted values. Table 5 summarizes the values of €, ||,
MSE, RMSE and R? associated with the performance of all ANNs developed in this
study. The results reported in this table highlight that (i) all ANNs are able to accu-
rately reproduce the operation of the HVAC system and (ii) the ANN characterized
by the best performance is the ANNS.
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Table 5 Errors between the ANN-based model predictions and measurements

Errors

Tsa (°C)
RHsa (%)

W OPv postrc (-)
OPv cc (-)

OPV_Hum (')
Tsa (°C) 0.39 0.26 0.26 0.28 0.37
RHsa (%) 197 1.71 1.61 1.69

W OPy postic (-) 0.04 0.05 0.06 0.06 0.06 0.06 0.07
OPv_cc (-) 0.06 0.07 0.09 0.08 0.08 0.08 0.09

OPv 1um ()
Tsa (°C)
RHsa (%)
OPv posttic (-)  0.25
OPv cc(-) [0.35

0.16 0.08 0.08 0.13
0.33 0.15 0.14 0.15 0.26
874 697 6.51 6.58 9.02

0.29 0.20 0.23 0.29
0.44 0.54 0.49 0.34

MSE

0.48 0.48

OPvy mum (-) | 0.72 0.40 045 0.57 0.33 0.33 0.60
Tsa (°C) 0.41 0.52 0.40 0.57 0.38 0.38 0.39 0.51
= RHsa (%) 2.62 291 2.60 295 2.64 255 2.55 290
= OPy postric (-) 0.50 0.49 043 0.52 0.53 0.54 0.45 0.48 0.54
F OPv cc(-) 0.59 0.69 0.69 0.66 0.71 0.66 0.73 0.70 0.58

OPY hum () 0.63 0.67
Tsa (-) 0.997 0.995 0.997
RHsa () 0.982 0.978 0.983
OPy posiic () 0.985 0.986 0.986 0.989
OPy cc(-) 0.982 0.975 0.975

OPY tum () 0.979 0.977

0.64 0.62 0.75 057 0.58 0.77
0.997 0.995 0.994 0.997 0.997 0.997 0.995
0.976 0.977 0.982 0.983 0.983 0.978
0.984 0.983 0.983 0.988.0.986 0.983
0.977 0.974 0.977 0.972 0.974 0.982
0.978 0.980 0.970 0.983 0.983 0.968

R?

S TRNSYS Model

In the dynamic simulation software TRNSYS [8] (i) a system is decomposed into
components’ models (named “Types”) each of which is described by a FORTRAN
subroutine, (ii) the user assembles the Types by linking component inputs and outputs
and by assigning component performance parameters and (iii) the program solves
the resulting non-linear algebraic and differential equations to determine system
response at each time step. In this study a model in TRNSYS environment has
been developed in order to simulate, with a time-step equal to 1 min, the return
air temperature and relative humidity (Tra, RHra) as well as the electric energy
consumptions (not measured) of (i) the heat pump (HP), (ii) the refrigerating system
(RS), (iii) the humidifier (Hum), (iv) the supply air fan (SAF) and (v) the return
(RAF) air fan. This TRNSYS model has been coupled with the ANNS5 by means
of the TRNSYS Type 155; in particular, the Type 155, recalling the artificial neural
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network ANNS, has been linked with both the Type 56, simulating the loads of the
integrated test room, as well as the Type 661, modeling a “sticky” controller where
the outputs are set to the input values from the previous time step. The Type 941
has been adopted to model and simulate the performance of both the refrigeration
system and the heat pump; this Type is able to calculate and provide as outputs the
cooling/heating power, the power absorbed as well as the temperature of both heat
carrier fluid and air according to the performance map suggested by the manufacturer
[10]. The air flow rate as well as the energy electric consumption of supply/return
air fans have been taken into account based on separate experimental measures as a
function of the fans’ velocity. The operation as well as the energy consumption of
the humidifier has been simulated with the Type 641. The 3-way valves have been
modeled with the Types 647/649, while the Type 2 has been used for modeling the
on/off differential controllers.

6 Assessment of Faults’ Impact

In this section the experimental performances of the HVAC system operating under
faulty conditions (tests 5-9 of Table 3) have been compared with those predicted by
the ANNS coupled with the TRNSYS model in the cases of the HVAC system is
operating under the same boundary conditions while artificially removing the faults.

This means that the test 5 (with the fault 1) has been compared with the simulation
case where the velocity of supply air fan has been fixed at nominal value of 50%,
the test 6 (with the fault 2) has been compared with the simulation case where the
velocity of return air fan has been fixed at nominal value of 50%, the test 7 (with the
fault 3) has been compared with the simulation case where the values of OPy _pogrc
vary according to the automatic control logic, the test 8 (with the fault 4) has been
compared with the simulation case where the values of OPy_cc vary according to the
automatic control logic, and the test 9 (with the fault 5) has been compared with the
simulation case where the values of OPy_p,n vary according to the automatic control
logic. These comparisons have been performed in order to assess the impact of each
fault on the capability to achieve the desired indoor conditions as well as the overall
electric energy consumption. Table 6 compares the thermal/hygrometric comfort
times (i.e., the percentage of time during which the target of indoor air tempera-
ture/relative humidity is within the given deadbands) of the simulation tests without
faults with respect to those associated to the experimental tests when only one of the
5 faults (describe in the previous Sect. 3) is occurring. Table 6 also shows the electric
energy consumptions of the heat pump (EEyp), the refrigerating system (EEgs), the
humidifier (EEyym), the supply air fan (EEgap), the return air fan (EErar) as well
as the overall electric energy consumption (EErgr), with and without faults. With
respect to the case without faults, Table 6 indicates that the occurrence of the fault 1
(test 5) strongly reduces both the thermal comfort time (72%) and the hygrometric
comfort time (61%), while lowering the overall electric energy consumption (36%)
thanks to reduced consumption of the heat pump (97%), humidifier (100%) and
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supply air fan (87%); the occurrence of the fault 2 (test 6) slightly decreases both the
thermal comfort time (14%) and the hygrometric comfort time (11%), while slightly
reducing the overall electric energy consumption (4%) thanks to the lower consump-
tion of both the heat pump (96%) and return air fan (66%); the occurrence of the fault
3 (test 7) strongly reduces the thermal comfort time (41%) and slightly decreases the
hygrometric comfort time (5%), while lowering the overall electric energy consump-
tion (31%) due to the reduced consumption of both the heat pump (94%) and the
humidifier (36%); the occurrence of the fault 4 (test 8) significantly decreases the
thermal comfort time (56%) and slightly reduces the hygrometric comfort time (5%),
while lowering the overall electric energy consumption (79%) thanks to the reduced
consumption of the heat pump (91%), the refrigerating system (92%) and the humid-
ifier (49%); the occurrence of the fault 5 (test 9) reduces the thermal comfort time
by a slight amount (1%) and significantly decreases the hygrometric comfort time
(19%), while reducing the overall electric energy consumption (32%) due to the
lower consumption of both the heat pump (72%) and the humidifier (100%).

7 Conclusions

Data-driven based AFDD tools need a proper amount of data to be developed and
applied on HVAC devices. In this study, a simulation model based on ANNs of a
typical HVAC system has been developed in contrast with fault free and faulty exper-
imental data. The results demonstrated that the model is able to accurately reproduce
fault free and faulty operation of the HVAC unit upon varying the boundary conditions
and, therefore, it represents a useful tool for producing operation data to assist further
research in control, fault detection and diagnosis of HVAC systems by applying tech-
niques from statistical decision, artificial intelligence and soft computing. The study
also highlighted the relevant impact of the 5 typical faults, denoting that they can
cause a drop of thermal comfort by 72%, decrease hygrometric comfort by 61% as
well as reduce overall electric energy consumption by 79%.
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Impact of Occupants’ Behavior m
Uncertainty on Building Energy L
Consumption Through

the Karhunen-Loeve Expansion

Technique: A Case Study in Italy

Gianluca Maracchini ®, Elisa Di Giuseppe ©, and Marco D’Orazio

Abstract In Europe, the building sector is liable for 40% of the entire energy
consumption (EC) and 35% of the total greenhouse emission. Building energy perfor-
mance simulation (BEPS) tools are fundamental to assess the EC of both new build-
ings and energy retrofit intervention, and to verify the reaching of the requirements
set by the national building energy standards. However, the results obtained from
these tools are often unreliable due to the different assumptions that must be made
in case of data input uncertainty, generating a “performance gap” between observed
and predicted EC. Occupants’ behavior (OB) is one of the most difficult parameters
to be estimated since affected by high uncertainty that may strongly affect the numer-
ical results. However, the most recent BEPS tools neglect the existing uncertainty
by modeling the occupant behavior through deterministic hourly-defined profiles.
For this reason, in this work, the impact of OB uncertainties on EC is evaluated
by applying a Karhunen-Loeve Expansion (KLE) on deterministic hourly defined
profiles. A typical Italian residential building is modeled and calibrated on EC data.
Then, occupancy behavior-related profiles, such as heating setpoint, internal thermal
loads, and windows opening, are randomly perturbed using the KLE technique.
The results demonstrate that the heating setpoint patterns uncertainty has the highest
impact on EC. Moreover, the more the energy performance of the building, the higher
the impact of heat gains and losses caused by OB.

1 Introduction

In Europe, 40% of the overall energy consumption (EC) and about 35% of the total
greenhouse gas (GHG) emissions can be traced back to the building sector. Due to
the low energy performance of 75% of the EU building stock, half of this energy is
used for heating the households, whose energy demand is expected to increase by
more than 20% in the next 10 years [1]. In this framework, improving the energy
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performance of the building sector represents a great opportunity to significantly
reduce the overall EU energy consumption and greenhouse emissions, and then to
meet the EU sustainability and energy efficiency objectives [2, 3].

Building energy performance simulation (BEPS) tools are fundamental allies for
the practitioners to compare different energy retrofit interventions and to verify the
reaching of the requirements set by the national building energy standards. However,
due to the difficulty in characterizing all the input required for building energy
models (BEMs), a large discrepancy between actual and simulated energy perfor-
mance (called “energy performance gap”) is often obtained for both new and existing
buildings (up to 250%) [4]. Several studies found the occupants’ behavior (OB) to be
one of the main responsible for the energy performance gap in residential buildings.
A different occupants’ behavior in terms of use of thermostats, electric appliances,
lighting, domestic hot water appliances, and windows, may indeed lead to very
different building energy performance levels, even for the same building, which may
be lower or higher than that forecasted by building energy models (BEMs) [5—8]. The
numerical modeling of the occupant behavior may facilitate the understanding of the
impact of OB uncertainty on building energy use. However, despite the increasing
power of the actual computer, which makes it feasible to conduct in a reasonable time
frame parametric BEPS with thousands of simulations and stochastic input, the more
recent BEPS tools model the occupant behavior through deterministic hourly-defined
profiles [9]. This approach has the main advantage of being simple and easy to under-
stand for most common applications. However, it does not consider the uncertainty
related to the occupants’ interaction with building operation, leading to evaluate the
energy performance related to only one possible scenario that could be different from
the reality.

2 Literature Review

For this reason, over the past 20 years, researchers and practitioners paid increasing
attention to evaluating the impact of OB on building energy use, using both scenario
analyses [10, 11] and stochastic OB models [5, 6, 12—14]. These works mainly focus
on office buildings, while a fewer number of works concern residential ones. These
works generally investigate how different OB may affect the building EC. In [5], for
example, the robustness of EC prediction of a high-performance residential building
in Quebec City, Canada, is estimated by using multiple realistic OB profiles. In
some cases, however, the OB can be known. For example. It can be derived from
the occupsnts’ questionnaire. In this context, it can be interesting to evaluate how
a certain degree of uncertainty on OB patterns (due to the method of estimation
adopted) may affect the numerical outcomes. At this aim, O’Neill and Niu proposed
an interesting approach to consider both the spatial and temporal OB uncertainties
of a known OB pattern [6]. This approach is based on the application of a Karhunen-
Loeve expansion (KLE) sampling technique and was applied to a US DOE prototype
BEM for considering the uncertainty of HVAC setpoint and internal thermal loads
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patterns. However, in their work, the authors assume a very small range of uncertainty
of OB, and completely neglect the uncertainty related to some very important OB
such as windows opening [15]. Moreover, an application to a real residential case
study is still missing in the literature. To overcome these issues, this paper presents a
contribution to this topic by extending the application of this technique to areal, multi-
family building placed in the Italian Marche region (Ancona). Different from [6],
calibrated simulations are used to increase the reliability of the numerical outcomes,
and OB uncertainties related to internal loads (IL), heating setpoint (HS), and window
opening (natural ventilation, NV) patterns are considered. In addition, since the
impact of OB on EC may change to vary building energy performance levels, both
pre- and post-energy retrofit scenarios are considered. In this way, the impact and
robustness of EC prediction of a real case study with respect to the uncertainty on
specific OB patterns are estimated.

3 Methodology

This work can be subdivided into three main phases. Firstly, a BEM of a real resi-
dential building is purposely created, accurately collecting information about OB
through questionnaires. Then, the BEM is calibrated on real EC data to increase
the reliability of the numerical results. Finally, UAs on OB have been carried out
considering both pre- and post-retrofit scenarios, with the twofold aim of estimating
the impact of OB uncertainties on EC before and after energy renovation, and of
evaluating the energy prediction robustness with respect to the OB uncertainty.

3.1 Numerical Modeling of the Case Study

To numerically estimate the impact of occupants’ patterns uncertainties on building
heating demand, a typical Italian multi-family building built between 1970 and 1975
has been considered in this study. The building is placed in the hot-summer Mediter-
ranean climates of Ancona, Italy (according to Kdppen climate classification [16]),
and consists of six stories and 12 dwellings, with a floor area for each story of 280.8
m? (Fig. 1a). The first floor is unheated and below the ground level. All the other
floors have three dwellings each, excepting for the first and the last floor, which
have one and two dwellings, respectively. A dwelling belonging to the third story
was selected for calibration and UA (Fig. 1b). The apartment is occupied by four
persons, i.e. a couple with one son, and consists of two bedrooms, a bathroom, a
kitchen, and a living room, for an overall area of 80.4 m?. An EnergyPlus BEM
has been created through the graphical interface DesignBuilder ver. 6.1 [17]. Litera-
ture and Italian Standards (where typical values for Italian multi-family houses built
between 1970 and 1975 are reported) allowed to estimate the building properties as
well as some OB data, e.g. maximum internal thermal loads [18]. Due to the inherent
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Fig. 1 a Six-story
multi-family building; b case
study apartment at the third
level used for numerical
simulations

uncertainties on as-built data, a range (min, max) of variation has been assumed for
each relevant property, as summarized in Table 1, which also defines the search space
for the calibration process. In Table 1, also the values assumed in the post-renovation
scenario are reported. In this scenario, all envelope elements and heating systems are
upgraded according to the Italian Law on buildings’ energy performance [19].

To accurately characterize the patterns representing the interactions between
occupants and building systems (internal loads, ILs, heating system operation, HS,
and windows opening/natural ventilation, NV) detailed questionnaires have been
submitted to the occupants of the considered flat. The gathered data are then trans-
lated into averaged daily profiles (see Fig. 2), to be used as a starting point for both
BEM calibration (Sect. 3.2) and UA (Sect. 3.3). Regarding the ILs, the schedule indi-
cated in Fig. 2a is multiplied by a maximum value, whose range of variation due to
uncertainty is indicated in Table 1. Concerning the heating system, since in the apart-
ment two different thermostats are present, i.e., one for the sleeping area and one for
the living one, two different heating activation profiles are defined according to the

Table 1 Uniform ranges of variation of BEM properties in the as-built scenario and deterministic
values in post-retrofit scenarios

Property As built Post-retrofit
Exterior walls U-value [W/m? K] 0.65-1.30 |0.32

Internal walls (between apartm. and stairs) U-value [W/m2 K] [0.65-1.30 |0.32

Internal walls (between apartm. rooms) U-value [W/m? K] 1.40-2.60 | Calibrated value
Windows U-value [W/m? K] 1.80-3.70 |1.20

Windows SHGC [-] 0.65-0.85 |0.35

Infiltration rate [h~!] 0.30-0.50 | Calibrated value
CoP [-] 0.60-0.75 | 0.85

Heating setpoint (sleeping area) [°C] 18-20 Calibrated value
Heating setpoint (living area) [°C] 18-20 Calibrated value
Maximum internal thermal load [W/m?2] 3-12 Calibrated value
Maximum windows opening area fraction [-] 0.05-1.00 | Calibrated value

SHGC Solar Heat Gain Coefficient; CoP Coefficient of Performance
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Fig. 2 a Average occupants’ schedules derived from occupants’ questionnaires; b exemplary
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occupants’ information, each of which multiplies a constant HS (ranging between
18 and 20 °C, see Table 1). Finally, concerning the NV, the schedule in Fig. 2a
indicates the time when the windows are opened by the occupants to ventilate the
apartment. During this time, the entering NV flowrate from windows is computed as
the combined effect of both the airflow driven by wind Qw and the airflow due to stack
effects Qs, according to the ASHRAE book of fundamentals [20]. The opening area
of the window is considered as unknown and then will be defined in the calibration
phase (see Table 1).

3.2 Model Calibration

In the literature, the impact of OB on EC is often addressed by using not calibrated or
validated BEMs [6, 12], which, however, may lead to inaccurate numerical predic-
tions [4]. For this reason, in this work, a BEM calibration is carried out to increase
the accuracy of the numerical analyses. In particular, an automated calibration tool
purposely developed by the authors has been used for BEM calibration. The tool is
written in the python language and implements the Non-dominated Sorting Genetic
Algorithm (NSGA-II) for the optimization process, which is one of the most used
multi-objective optimization algorithm adopted for BEM optimization and auto-
matic calibration [21-24]. The comparison between measured and simulated EC is
carried out considering the heating period from the 1st of November 2016 to March
24th, 2017. To ensure successful calibration, the actual climate conditions are also
considered in the simulations, with main weather data (outdoor air temperatures, rela-
tive humidity, horizontal global solar radiation, wind speed, and direction) recorded
through a local weather station placed about 1 km away from the building. The search
space for the calibration process is defined by the ranges of variation indicated in
Table 1. The optimization algorithm searches the set of input data that minimizes
the error between simulated and measured monthly heating EC, as requested by the
ASHRAE guideline 14 [25]. The error is computed through two error functions,
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which are the Coefficient of Variation of the root mean square error (CVRMSE) and
the Normalized Mean Bias Error NMBE). According to the ASHRAE guideline 14,
the model can be considered as calibrated if the obtained CVRMSE and NMBE are
lower than 15% and within +5%, respectively [25].

3.3 Uncertainty Analyses

The impact of OB uncertainties on building EC and the robustness of the BEM energy
prediction with respect to the estimated OB are evaluated in this study by carrying out
three distinct “local” uncertainty analyses (UAs) on the calibrated BEM. In each UA,
one of the averaged OB patterns shown in Fig. 2ais varied, i.e. the internal load pattern
(IL-UA), the heating setpoint pattern (HS-UA), and the natural ventilation pattern
(NV-UA). For each UA, a Karhunen-Loe¢ve Expansion (KLE) sampling technique is
applied to create different patterns starting from the averaged ones. This technique
has been already applied in the literature to evaluate the impact of OB on EC, but, to
the authors’ knowledge, this is the first time that this technique is adopted to perform
IL-UA and NV-UA, and, more in general, OB UA on calibrated BEMs [6]. Similar
to the Fourier analysis, a KLE allows representing a stochastic process as an infinite
linear weighted combination of orthogonal functions. In this way, the dimension of
the stochastic processes is reduced by converting time-dependent uncertainty into
time-independent stochastic parameters. In synthesis, the KLE can be represented
through Eq. (1), where 1, (¢) is the mean value at the time t (assumed equal to 0 in this
work), ¥;(t) is a temporal basis function, A; and y; are the eigenvalues and eigenfunc-
tions of the covariance function C(x 1, x 2) that, by definition, is bounded, symmetric,
and positive definite. The eigenfunction y; is a time-independent stochastic parameter
expressed as Gaussian variables with a zero mean. The most used correlation func-
tion types are Gaussian, exponential, and turbulent functions [26]. In this study, the
exponential covariance function defined in Eq. (2) is adopted, where c is a variance
scaling parameter.

Each KLE provides a set of 24 random coefficients that, applied to the averaged
occupants’ profiles X (¢), allow obtaining a new hourly schedule X*(¢r) = X(¢) -
(1 4+ x(¢)) (see Fig. 2b). In this work, 1000 KLE are considered for UAs since
sufficient to ensure the convergence of the result. The ¢ parameter in the covariance
function (Eq. 2) corresponds to the CoV of each normally distributed hourly value.
For this reason, due to the high uncertainty in the estimation of ILs and NV profiles, a
high value of c, equal to 20%, has been assumed for IL-UA and NV-UA. Differently,
a smaller ¢ value (2.5%) has been assumed for the HS-UA to have plausible values
for hourly HS, i.e. a maximum variation of 1 °C with respect to the calibrated
value.
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4 Results

In this section, the results of the model calibration and UAa are reported. Concerning
model calibration, a CVRMSE and NMBE equal to 13.57 and —3.56%, respectively,
have been obtained. These values are lower than the threshold set in the ASHRAE
guideline 14, equal to 15 and £5%, respectively [25]. Thus, the obtained model can
be considered as calibrated, i.e. sufficiently reliable and representative of the energy
performance and actual use of the building. The calibrated values for each BEM
property are reported in Table 2.

The results of the IL-UA, HS-UA, and NV-UA are reported in Fig. 3, where also
a comparison between calculated and measured monthly EC is shown. As expected,
for each UAs, the yearly EC can be considered as normally distributed, with the
same mean value of about 4300 kWh. Some differences between IL-UA, HS-UA,
and NV-UA can be observed in terms of CoV, equal to 4.4, 5.5, and 3.3%, respec-
tively (corresponding to standard deviations equal to 189.2, 236.5, and 141.9 kWh,
respectively). Thus, in the pre-retrofit scenario, the HS has the highest impact on the
building EC, followed by IL and NV. To evaluate how the OB uncertainty impacts
on EC vary in a post-retrofit scenario, the same three UAs are repeated considering
the same case study with improved energy performance (see Table 1). As expected,

Table 2 Calibrated values for the pre-retrofit scenarios

Property Calibrated value
Exterior walls U-value [W/m? K] 0.66
Internal walls (between apartm. and stairs) U-value [W/m2 K] 0.67
Internal walls (between living and sleeping zone) U-value [W/m? K] 1.43
Windows U-value [W/m? K] 1.96
Windows SHGC [-] 0.65
Infiltration ACH [h~'] 0.31
CoP [] 0.75
Heating setpoint (living area) [°C] 18.1
Heating setpoint (sleeping area) [°C] 20.0
Maximum internal thermal load [W/m?] 7.37
Maximum windows opening area fraction [] 0.06
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for all the three UAs a decrease of the mean building energy consumption of about
35% is obtained (with a mean value of yearly EC of about 2800 kWh, see Fig. 3).
Comparing UAs, even in this case, the highest variation in terms of EC is obtained
for the HS-UA, followed by IL-UA and NV-UA. In particular, the standard devia-
tions of the yearly, normally distributed ECs are equal to 168.5, 187.0, and 154.0
kWh for IL-UA, HS-UA, and NV-UA, respectively. Despite these values are lower
than those obtained in the pre-retrofit scenario, in relative terms the EC variability is
higher than those in the pre-retrofit case due to the decrease of the mean EC value,
with CoVs equal to 6.0, 6.6, and 5.5%, respectively. The increase in CoV values is
different among different UAs, with the highest increase obtained for the NV (+67%),
followed by the ILs (+36%) and HS (+20%). This indicates an increased impact of
OB in the post-retrofit scenario, especially for NV-related activities.

5 Discussion

This works allowed to investigate the impact of different OB uncertainties on the EC
of a real existing residential building located in Italy in both pre- and post-retrofit
scenario. Results demonstrated that the HS uncertainties have always a higher impact
on EC, followed by IL and NV. In particular, the high variability assigned to IL and
NV patterns (c = 20%, see Sect. 3.3) produces a low variation on EC in both pre- and
post-retrofit scenarios (CoV equal to 4.4 and 3.3%, for the first scenario, and 6.0 and
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5.5% for the second one), denoting a very low impact of IL and NV uncertainties on
EC. Conversely, the low variability assigned to the HS variation (c = 2.5%), leads
to larger CoVs (5.5 and 6.6% for the pre- and post-retrofit scenario, respectively),
denoting a high impact of the HS pattern on EC in both pre- and post-retrofit scenario.
These results are similar to those obtained in similar works. In particular, in [6] it was
found that HS has a higher impact than that obtained for ILs. However, it should be
noted that it is very difficult to compare the results among different studies because
they vary greatly in many factors such as building characteristics, type of use, OB
patterns, and location. However, it can be said that correctly defining the HS profile
is very important to obtain realistic ECs for both high and low energy performance
existing buildings.

Comparing the results in pre- and post-renovation scenarios, it can be observed
that the higher the thermal performance of the building, the higher the relative impact
of OB on EC, with the highest increase obtained for NV, followed by ILs and HS.
This is because heat gains and losses due to IL and NV, respectively, remain quite
constant among different scenarios, while the overall EC significantly decreases in the
post-renovation one, resulting in a higher increase of CoVs. This result indicates the
importance of considering IL and NV uncertainties for higher-performance buildings.

The main limitation of this work lies in the use of a local UA approach. Thence,
further studies will be carried out to evaluate the overall EC variation by varying
together all the occupants’ patterns. Moreover, more climatic locations and building
use/type scenarios could be considered.

6 Conclusion

In this paper, the impact of OB patterns uncertainties on the EC of a typical Italian
building is quantified in both pre- and post-retrofit scenarios through calibrated simu-
lation and OB UAs, the latter obtained by using a KLE technique applied to OB
patterns. The results indicate that, in both scenarios, the HS patterns uncertainty has
the highest impact on the building EC if compared with IL and NV uncertainties.
However, in relative terms, increasing the thermal performance of the building leads
to a higher increase of the impact of both IL and NV on EC if compared to the
HS impact increase. Further studies will evaluate the global impact of OB uncer-
tainties on building EC, also considering different climatic locations and building
characteristics.
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Abstract The Built Environment (BE) with its users is increasingly prone to
SUdden-Onset Disasters (SUODs), such as earthquakes and terrorist attacks, and
SLow-Onset Disasters (SLODs), such as those related to pollutions and heatwaves.
In this regard, historical centers represent vulnerable contexts due to their morpho-
logical complexity, construction peculiarities, and user-related characteristics. There-
fore, risk assessment studies emphasize the importance of characterizing the BE from
a holistic perspective to identify risk factors that interfere with disaster response. In
particular, Open Spaces (OSs) (e.g., streets, squares) play a key role in increasing
the overall BE resilience as elements that ensure the safety of BE users in emergency
phases. This research is aimed at providing a quick OSs survey form to collect and
manage the main risk factors according to a multi-risk approach. The form focuses on
the critical users-BE interactions due to the OSs modifications during disasters and
has been applied to 8 case studies in Italian historical city centers. Results show how
the form can assess the OSs complexity and trace the main morphological, construc-
tive, use-related, and context risk factors affecting the safety of OSs and their users.
Promoted in the context of the Italian research project (PRIN) BE S2ECURe, the
research succeeds in defining a quick methodology for risk factors collection, which
can also support planners and local administrations in promoting effective mitigation
strategies.
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1 Introduction

The resilience of the Built Environment (BE) and the safety of its users in case of
disasters depend on the whole system of connections of urban elements (i.e., infras-
tructures, open spaces, buildings) and social factors (i.e., users behaviour, risk aware-
ness, and preparedness) [1-3]. In addition, the physical form of the city contributes
to understanding how the configuration of the urban environment and the relation-
ships between urban elements influence overall resilience [4]. Therefore, BE risk
assessment must encompass a holistic and multi-risk perspective, especially in rela-
tion to historic city centers with a high concentration of exposed users [1, 5, 6].
The BE characterization at the meso-scale, which relies on the analysis of inter-
connections and features of buildings blocks and Open Spaces (OSs), contributes
to the definition of the risk level of the entire urban system and the safety of users
during disasters [7]. The dislocation of OSs, divided into Linear Spaces (LSs, e.g.,
streets) and Areal Spaces (ASs, e.g., squares), and their specific morpho-typological
characteristics and spatial configuration in the urban layout influence the emergency
management phase [2, 7, 8]. LSs are links among ASs, that act as outdoor gath-
ering areas where users affected by SUODs can wait for rescue. Moreover, both
the indoor functions of the OS facing buildings and the outdoor space uses can be
catalysts for time-varying human presence, resulting in different exposure levels in
both SUdden Onset Disasters (SUODs) (e.g., earthquakes) and SLow Onset Disas-
ters (SLODs) (e.g., air pollution and heatwaves) [3]. Thus, the combined impacts
of SUODs and SLODs on emergency response must be evaluated considering the
interactions between all BE characteristics [9, 10].

The present work aims at providing a first step towards the creation of multi-risk
scenarios by defining a quick survey form with morphological, geometrical, construc-
tive, and use factors influencing BE response to disasters. It ensures an easy and
rapid application even by low trained technicians and non-expert decision-makers,
like local administrators, to identify critical conditions requiring more specific risk
assessments. Indeed, the proposed form acts as a preliminary checklist to collect
data and determine the relevance of the case study with respect to multi-risk assess-
ments. In this context, the research is a fundamental step in the framework of the
Project BE S’ECURe—*(make) Built Environment Safer in Slow and Emergency
Conditions through behavioUral assessed/designed Resilient solutions” (supported
by MIUR—the Italian Ministry of Education, University, and Research), aimed at
developing methods, tools, and guidelines to assess the resilience of the BE according
to a multi-risk approach [11].

2 Methodology

The OS multi-risk factors survey form was developed from a literature review of
BE characteristics that influence hazard, vulnerability, and exposure of both SUODs
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(e.g., earthquakes and terrorism) and SLODs (e.g., air pollution and heat-waves)
[12] (Sect. 2.1). Subsequently, the form has been applied to 8 significant case studies
among Italian historical centers. The application process allowed both to verify the
completeness of the form and analyze characteristics recurrence (Sect. 2.2).

2.1 Definition of the Survey Form of Multi-risk Assessment
of Open Spaces

The survey form is composed of five sections representing different macro-areas of
the OSs features and relies on the identification of its frontier (e.g., buildings facing
the OS) and content elements (e.g., elements contained within OS) [7]. Each section
consists of main “parameters” subdivided into detailed “sub-parameters” (Fig. 1).

The first section focuses on OS morpho-typological characteristics identification
[7]. Based on OS morphological approaches [8, 13—15]. Six categories of AS config-
urations and four categories of LS are proposed in relation to evacuation aspects
during SUODs (e.g., number and location of escape routes [ 13, 16], functional aspects
related to usual traffic level and accessibility [8, 17]) and SLODs-related factors (e.g.,
orientation and solar exposure, natural ventilation and pollutant concentration) [18].

The second section focuses on geometrical-spatial characteristics [19] that hinder
OS Frontier and OS Content from being seamless. Indeed, porches and special build-
ings in OS frontier can be linked to structural weaknesses due to typical failure
mechanisms. Moreover, height differences and micro vulnerabilities (e.g., canopy,
monuments) [20] can influence users’ reactions in the evacuation process, while
water and green area can mitigate the increasing temperatures and air pollution.
OS permeability and spatial organization (e.g., access number and type, number
of continuous built front, structural aggregates, and structural units) influence the
evacuation process and ventilation.

The third section focuses on constructive characteristics. Specifically, the struc-
tural performances of the building fronts define OS’s extrinsic vulnerability to
SUOD:s. Indeed, the overturning of fagades due to both earthquake and terrorist
attacks determines the occlusion of the facing OSs, thus affecting the users’ safety.
The pavement material, lying, and finishing contribute to OS’s intrinsic vulnerability
influencing the accessibility and hence the evacuation process during an emergency
[21, 22]. Moreover, fagade finishing influences the solar and energy performance,
concerning SLODs [18].

The fourth section relates to the exposure factors in terms of characteristics of use
by defining potential crowding levels over time, vehicular and pedestrian accessi-
bility, and the type of users [22]. Moreover, it outlines which aspects may hinder or
facilitate the SUODs evacuation process in relation to the number of users, their
behaviours, and individual vulnerability [1, 23, 24]. In particular for a terrorist
attack, the intended uses of OS and OS facing buildings suggest the evaluation of the
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“exposed value” and determine the risk class depending on the type of target (i.e.,
soft or hard target) [25].

The fifth section focuses on context characteristics linked to the OS site [12]. These
factors are related to the climatic zone, which contributes to the definition of SLODs
hazard level (e.g., maximum temperatures, solar radiation, natural ventilation) [35]
and the potential type of SUODs. Moreover, the types of infrastructural networks

SECTION 1: MAIN TYPE
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; S i ~
d .R _” . N - _\: H/] K/ Jr/’ \\"-L
J 4 4 I| . "‘\\ n>a [ al /
— — G N
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1. Passage 2. Traditional street 3. Main street 4.Gateway/Mobility street
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H min built front (m) Sdvavw a scheme of the OF with the sl dimension and dceesses focation
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Fig. 1 Rapid survey form to collect and manage risk factors (both pages)
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SECTION 3: CONSTRUCTIVE CHARACTERISTICS

FRONTIER

CONTENT

Homogeneity of built environment age

o

Yes

Pavement materials (i.e. marble, travertine...)

Homogeneity of constructive techniques

|Nu

Yes

Pavement lying (i.e. compact, disjointed, big slabs,

small tiles, cobblestones_..)

Pavement finishing

Fagade finishing (e.g. albedo coefficient...) G R SR e )

Urban furniture/obstacles Urban furniture/obstacles

Benches Flowerpot Benches Flowerpot

Bumps Railings Bumps Railings

Poles Traffic barriers Poles Traffic barriers
Bike Rack b i Bike Rack Other vz
SECTION 4: CHARACTERISTICS OF USE

Daily erowding

Strategic buildings

Accessible to

Moming |:| Afternoon | City Hall and admini- |:| Operational headquar- D

sirative buildings ters for emergency
management

Evening D Night | Law enforcement |:| Healthcare facilities ‘:|
offices

Special uses of open space Sights

Concerts D Theater | Overall Areal o Line- |:’ Church ‘:’
ar Space

Parking D Festivals City Hall Theatre

Other: ....ooooveeerrnenns Museum (0], L RE—

Sensitive targets

Vehicle Pedestrian High profile people |:| Symbolic buildings

Bike /Scooter Other: ..o, Tourists or crowd of them

SECTION §: CONTEXT CHARACTERISTICS

Climate classification [DPR 412/1993] Hazard assessment

A ] B [ Earthquake [ ] Landslide ]
C N D N Tsunami | Wildfire T
E ] F N Mass Movement (dry) | Chemical ]

Infrastructural network

Primary urbanization Uncovered pipes

High tension wire Other:....................

Voleanic activity
Storm/tornado
Exireme temperature

Flood

Explosion/fire
Transport accident
Terrorist attack

Miscellaneous
accident

Fig. 1 (continued)
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Fig. 2 Areal spaces of eight case studies for the application of the survey form

that may be susceptible to damage (e.g., explosions or fires to primary infrastructures
triggered by the collapse of adjacent structures during SUODs) are taken into account.

2.2 Application to Eight AS Case Studies

In view of the territorial application context of the BE S?’ECURe project and of the
wide variety of construction culture of the Italian historical centers, the survey form
has been applied to 8 case studies (ASs) to evaluate the efficacy of the procedure
regarding the complexity of their morphological configurations (Fig. 2).

The case studies are representative of various layout configurations of OS in
the Italian territory by different geographical locations, types, dimensions, and
populations. The eight squares belong to medium-sized cities (between 5,000 and
50,000 inhabitants) and small cities (less than 5,000 inhabitants), which represent
more than 90% of the total Italian municipalities and about 70% of the national
resident population [36]. These ASs are located in cities representing different
historical-architectural and construction traditions, with various geometric, spatial,
and uses-related features.

3 Results

The application to real case studies confirms the accuracy of the survey form param-
eter for describing unambiguously and completely the characteristics of an OS. The
data collected by the application on the eight ASs are analysed for each survey form
section, distinguishing between data referring to frontier and content of OS (Fig. 3).

Considering Sect. 1 of the form, two squares belong to the “tending to quadran-
gle” morphological category (San Gemini and San Giovanni in Persiceto-SGP), one
to the “elongated with parallel sides” one (Caldarola), one to the “tending to trian-
gular” category (Ostuni, which is composed of two spaces tending to the triangle
shape), and four to the “composite” category (Rieti, Narni, Matera, and Trani). For
Sect. 2 of the form, the SA median value is 6, with a maximum of 9 for Ostuni
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Fig.3 Charts of the data of the eight case studies: relation between the number of Structural Aggre-
gates SA and interferent Structural Units—SUon the AS frontiers; number and type of accesses to
AS; types of special buildings on the AS fronts; crowding data with respect to time stages; special
and temporary uses of the AS

and a minimum of 3 for San Gemini. The access parameter, differentiated by types
(pedestrian, vehicular and controlled access), has a median value of 7 accesses per
square, with a minimum of 4 for San Gemini and a maximum of 12 for Matera. The
median value of special buildings is 3, with a minimum of 2 for Rieti, San Gemini,
and Ostuni, and a maximum of 7 for Matera. Considering Sect. 3 of the form, all the
cases present a non-homogeneity of construction techniques and BE age, except for
Caldarola. With regard to the pavement features, there is an equal number of cases
with compact and non-compact lying, with a prevalence of cases with an irregular
finishing (6 out of 8). Considering Sect. 4 of the form, a homogeneous trend of OS
use during the day and afternoon is noticed for all the cases, with the exception of
Trani and Ostuni which are also characterised by significant evening use. AS main
special function is related to festivals and concerts, while theatre performances are
present in only one case. The strategic building’s median value is 1, with a maximum
of 3 for San Giovanni in Persiceto. The tourist attractions parameter has a median
of 2, with a maximum of 5 for Narni and Matera. Finally, considering Sect. 5 of
the form, significan multi-hazard conditions are noticed, as well as hazard-affecting
factors (i.e. infrastructural). In particular, the median value of hazards is 6, with a
minimum of 5 for Matera and a maximum of 7 for Caldarola.

According to the survey form capabilities in describing the complexities of histor-
ical risk-prone OSs, the risk factors recurrence analysis has been used to select the
most relevant ASs cases. By performing this analysis, in which the factors are not
weighted to highlight the risk factor repository nature rather than risk assessment,
it was possible to find the most significant case studies for a deeper investigation in
view of multi-risk scenario creation. Figure 4 shows the total number of retrieved risk
factors divided by section for each case study. Thus, the value points out the overall
complexity of the characteristics of the AS. In general, the sum of the parameters is
around a range between 65 and 75 (median = 68). The trend highlights that the AS
complexity is mainly defined by the characteristics of geometry and space, where
the high presence of frontier elements emerges. The second element of complexity is
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Fig.4 Results of the recurrence analysis of the collected data: Narni and Matera are cases of higher
complexity, exceeding the Q1 threshold; Caldarola is the case of lower complexity since the total
score is under the Q3 threshold

related to the use of space, confirmed by the results of the partial values in Fig. 3 about
the daily crowding and the uses. The most relevant case studies have been identified
according to the 25% percentile data, so values lower than the first quartile (x < Q1
= 65.5) and values higher than the third quartile (x > Q3 = 74) can be considered
interesting because they represent extreme complexity within the sample. These 3
cases are marked in green in Fig. 3: Narni (96) and Matera (88) report the highest
values exceeding Q1 threshold, while Caldarola the lowest (58), under Q3 threshold.

4 Insight and Future Works

The application of the form allows describing BE scenarios and its reliability in a
multi-risk perspective. Firstly, the form innovatively collects OSs risk factors distin-
guishing its content (the outdoor space) and its frontier (surrounding buildings), thus
allowing practitioners to evidence if OSs risk-affecting complexities rely more on
the first or second set of factors. Moreover, the expeditious nature of the survey
form is given by its checklist structure, with mainly Boolean evaluations or esti-
mations of the number of the elements. Input data can be retrieved through existing
databases (e.g. constructive features, use and function, context factors) already avail-
able at the local and municipal level (e.g.: through geo-referenced data) or easily
consulted remotely (e.g.: through Geographic Information Systems-GIS). There-
fore, the form allows a quick application by local administrations and non-expert
technicians employed for developing multi-risk analysis and promoting mitigation
strategies. Indeed, the approach presented could support the elaboration of specific
actions for each case study based on simulation-oriented tools, starting from the
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selected characteristics, proposing and evaluating tailored risk-mitigation strategies.
Despite the limited number of case study selected, they can be considered sufficient
to consolidate the survey form structure for future application. Future developments
in BE S?ECURe project will use this preliminary study to expand the OSs sample
in order to retrieve recurring complexity levels in historical OSs. According to the
project goals [11], trends in the OSs features can be managed to define typological
conditions of the BE, thus representing them through digital tools (GIS/BIM) and
supporting practitioners in classifying the BE risks in homogeneous categories.

5 Conclusions

The Built Environment (BE) characterization requires knowledge of risk factors that
may affect its performance during the emergency in order to assess its resilience
to disasters. Due to the complexity BE-users interactions and the multiple hazards
affecting the BE, a multi-risk approach should be pursued. This work proposes a
methodology for characterizing the main risk factors of Open Spaces (OS) in the
Built Environment (BE), as meso-scale elements that play a key role before and
during emergency phases and influence the users’ exposure and behaviour. A quick
survey form for Areal Spaces (ASs) and Linear Spaces (LSs) is offered, intending to
provide a proper repository for Sudden (SUODs) and SLow (SLODs) Onset Disasters
risk factors, in terms of morphological, geometrical, constructive, intended use and
context features of the OSs. Results validate the reliability of the survey form as risk
factors repository for 8 Areal OSs, which were selected to include a variety of real
BE conditions within the Italian territory. The form can also be extended to the entire
urban settlements risk assessment, especially in case of complex interconnection
between OSs, and applied to non-historical OSs, given the related form modifications.
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A Stochastic LCC on a Reference

Multi-story Building
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Abstract National long-term building renovation strategies should reduce the actual
financial gap between nearly Zero Energy (nZE) and “minimum energy require-
ment” levels, to enlarge the impact of buildings’ energy saving on climate neutrality.
However, the design of specific policies to bridge this gap strongly depends on
the long-term expected value and volatility of the macroeconomic environment
during the building’s lifetime. Standardized Life Cycle Costing methods disregard
the long-term uncertainty affecting the macroeconomic variables and consequently
misrepresent the associated risk on the economic convenience of building renovation.
The present work applies a “stochastic”” approach to LCC on alternative renovation
options of a reference building located in different Italian climate areas towards the
nZE target. The analysis focuses on the analysis of the impact of alternative macroe-
conomic scenarios on the investment gap between the “cost-optimal” and the nZE
solutions. A widespread application of this methodology in the context of the Euro-
pean “Cost-Optimal” framework would allow establishing specific funding schemes
and financing instruments to push a real “renovation wave” of EU buildings.

1 Introduction

The building sector in Europe (EU) is responsible for more than one-third of the
emissions from energy [1] and 84% of building heating and cooling energy demand
is still generated from fossil fuels [2]. This is essentially because EU building stock
is very old hence almost 75% of it is energy inefficient according to current standards
[3]. However, the annual energy renovation rate of EU buildings is low at some 1%
and the annual rate of deep renovation (aiming to reduce energy consumption by
at least 60%) is only 0.2% [4]. For this reason, the European Commission recently
published its “Renovation wave” strategy, to double renovation rates in the next ten
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years, leading to higher energy and resource efficiency and reducing people’s energy
poverty, to reach climate-neutral Europe by 2050 [4].

Supporting the transformation of existing building stock towards the so-called
“nearly Zero Energy” (nZE) standards is then a crucial requirement under the current
legal EU framework [5]. Member States (MSs) shall furthermore “develop poli-
cies and take measures such as the setting of targets in order to stimulate the
transformation of buildings that are refurbished into nearly zero-energy buildings”
[6].

The EU directive 2010/31 on the Energy Performance of Buildings, the “EBPD
recast”, [6] established the principle of “cost-optimality” to guide MSs in setting
buildings energy performance requirements in their national codes. The “Cost-
Optimal” (CO) level of building energy performance is that which leads to the lowest
global cost during a certain calculation period and can be considered as the minimum
level of ambition for both building renovation and new buildings [5]. The CO calcu-
lation framework [7, 8] has been applied in 2013 by MSs to review their national
building energy performance requirements and should be updated every five years
to provide incentives to meet the energy performance thresholds for nZEBs.

Indeed, cost-benefits ratios are still more favorable for “light and medium” energy
renovation than for deep nZE renovation [9]. National long-term renovation strategies
in line with the EPBD should address this challenge to reduce the actual financial
gap between nZEB and CO levels.

The design of specific policies to bridge this financial gap strongly depends on the
long-term expected value and volatility of the macroeconomic environment during
the building lifetime. However, standardized Life Cycle Costing (LCC) methods, as
that used for the EU CO framework (the EN 15459-1:2017 [10]) disregard the long-
term uncertainty and interdependence affecting the macroeconomic variables and
consequently distort the impact of the associated risk on the economic convenience.

Some recent works provided contributions to make the stochastic nature of
the macroeconomic variables explicit in LCC assessments [11-14]. Among these,
Baldoni et al. [14] developed Vector AutoRegression models of four alternative
macroeconomic scenarios based on real data, to perform LCC in different macroe-
conomic contexts and to evaluate how much these contexts influence the outcomes,
especially the financial gap between a CO and a nZE solution. The present work
contributes to this literature on stochastic LCC by presenting a new case study appli-
cation, where the stochastic LCC is performed on alternative renovation options of a
reference building located in different Italian climate areas towards the nZE target.
The analysis focuses on the comparison among the macroeconomic scenarios and
their impact on the investment gap between the CO and the nZE solutions.

2 Methodology

The assessment follows the typical CO calculation framework defined in the EPBD
recast and subsequent regulations, with the following main steps: (i) identification
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of the Energy Efficiency Measures (EEMs) and their combination into several Reno-
vation Solutions (RSs) for each climate area, with increasing energy performance
levels towards the nZE target; (ii) evaluation of related investment and maintenance
cost, and of service life of building components and equipment; (iii) calculation
of the building primary energy consumption for each RS and in each climate area;
(iv) assessment of the related Global Costs (GC) through the stochastic LCC, also
considering future alternative macroeconomic scenarios.

2.1 The Building Case Study

The analyzed building is a small block of 3 floors and 6 apartments (Fig. 1). It is
a real building in terms of geometric dimensions (a plan 16.36 m x 10.25 m), but
which can be considered a typical archetype of buildings from the 1960s—1970s in
Italy, which are about 6 million, out of a total of 30 million residential buildings. The
typological and constructive features, drawn from the documents of the TABULA
and EPISCOPE projects [15], are common even in later periods, making the building
exemplary of a rather extensive part of the building stock. The building has a framed
structure in reinforced concrete with 20 cm high brick-concrete floors (U-value =
2.19 W/m?K). The external walls are made of double-facing hollow blocks with an
air gap for a total thickness of 30 cm (U-value = 1.14 W/m?K). Windows are made
of wood and single glass (U-value = 4.90 W/m?K). The heating and Domestic Hot
Water (DHW) system for each flat consists of a conventional gas boiler (24 kW peak
power) and radiators regulated by an ON/OFF thermostat. The building has a heated
usable area of approximately 387 m?, a heated gross volume (V) of approximately
1470 m?, a dispersing surface (S) of approximately 920 m?. The S/V ratio is equal
to 0.626.
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Fig. 1 Representation of the plan type and Schematic three-dimensional model of the building



222 E. Di Giuseppe et al.

2.2 The Renovation Solutions and the Evaluation
of the Energy Performance

The EEMs have been identified based on technical feasibility and existing literature,
to reduce heating and DHW consumptions. In this study, other energy uses (condi-
tioning, lighting) are neglected for the sake of brevity and of consistency with the
actual CO calculation framework implemented in Italy.

For what concerns the building envelope, insulation systems based on Expanded
Polystyrene (EPS) were used from the exterior, for the external walls, and from
the interior, for the walls and floors between neighboring apartments or towards
the stairwell. Thermal insulation was also planned for the building basement and
roof, to be applied after removing pavement and roof tiles. Progressive performance
levels have been identified for each EEM. In particular, for the opaque envelope,
5 levels were obtained with increasing insulation thickness. Levels 3 and 4 refer
to the “minimum requirements” solutions (hereafter MR) according to the Italian
legislation, to be considered, respectively, before and after 2021, while level 5 to the
nZE building Italian definition [16].

Concerning the interventions on the windows, PVC frames were used for levels
from 1 to 3, while aluminum frames for levels 4 and 5. Moreover, higher levels
included the use of a low emissivity double-glass filled with argon gas and shading
devices for windows facing the southern quadrant.

The EEMs on the building equipment for building heating and DHW generation
included the use of a centralized system with a condensing gas boiler (until perfor-
mance level 3) or an air-to-water heat pump (for levels 4 and 5) linked to an insulated
storage tank for DHW, already set up for connection with solar panels. Moreover,
a new distribution circuit with insulated pipes and properly regulation systems with
increasing accuracy have been provided. Finally, as for the new electricity production
equipment, it was decided to install a photovoltaic system (PV) with monocrystalline
silicon cells in an increasing number in relation to the increasing level of performance.

The Italian climatic zones are classified from A to F, depending on the Heating
Degree Days (HDD) (Table 1). The case study is analyzed in the five zones from B
to F, given that the A area is limited to very few municipalities.

Table 1 Features of the climate zones in Italy as established by the Italian Decree 412/1993

Climate zone | HDD Heating period Maximum heating hours/day
A <600 1st December—15th March 6

B 600-900 1st December—31st March 8

C 901-1400 15th November—31st March | 10

D 1401-2100 | 1st November—15th April 12

E 2101-3000 | 15th October—15th April 14

F >3000 No limitations No limitations
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Then, the EEMs were combined, giving rise to 5 Renovation Solution (RSs) for
each climate zone, with progressively increasing energy performances, approaching
nZEB with level 5. 25 building energy models were then obtained and simulated with
the software “Namirial Termo v. 4.9", based on the Italian standard UNI/TS 11300
”(implementation of EN ISO 13790 [17] and ISO EN 52016 [18]).

The energy performance achieved by the building’s alternative models was
assessed in terms of primary energy and non-renewable primary energy require-
ments and the amount of consumed energy (according to the different considered
energy sources, i.e. electricity (kWh) and natural gas (m?)).

2.3 The Stochastic LCC Assessment

According to the CO framework, the GCs of the proposed RSs have been evaluated
in a calculation period of 30 years, based on the procedure of EN 15459-1:2017.
The following cost categories were included in the assessment: the initial investment
and the annual maintenance costs of the EEMs; the replacement cost of EEMs at a
specific year; the annual energy cost. The calculation was expressed in real terms
and the discount factor (depending on the inflation rate and nominal interest rate)
and the price development rates for human operations and energy were considered
as yearly variable.

The stochastic LCC couples the Global Cost calculation to Monte-Carlo methods,
i.e. values are selected from the Probability Density Functions (PDF) of input data
and inserted into the GC equation for 5000 iterations, to get the PDF of the resulting
outcomes. Moreover, the stochastic assessment is performed considering four alter-
native macro-economic scenarios, characterized by different distributions of the
macro-economic variables entering the calculation (Table 2). The “regular growth”
scenario represents the “baseline” and the actual economic condition in EU.

In addition to the macroeconomic variables, all the inputs’ PDFs of Eq. (1) have
been estimated according to the following assumptions. The mean values of the
investment costs of the EEMs have been retrieved from the Italian regional price lists
for building works. A uniform distribution (£10% around the mean) has been then
applied considering the prices geographical variability and possible contingencies.
For the service life, a uniform distribution is used with a variation of +=20% around
the mean value to take into account the high uncertainty [61]. Uniform distributions
of energy costs (gas and electricity) were obtained with the statistical analysis of
the data retrieved from the national database [62], considering their variability, both
regional and in relation to the consumption range. 100 GC distributions have been
obtained from the stochastic LCC assessment of the 5 RSs in 5 climatic zones and
under 4 macroeconomic scenarios.
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Table 2 Summary statistics (Mean and Standard Deviation, SD, of distributions, in %) of the
macroeconomic scenarios, which are extensively described in [14]

Inflation rate Interest rate GDP
Mean SD Mean SD Mean SD
Regular growth | 2.25 097 277 078 | 2.54 1.64
Intense growth | 2.55 1063 345 073 (331|119
) ) 1
Stagflation 8.41 1335|4381 032 034 [321
T 0 \
Deflation 0.46 L1150 063 134|162
\ V) \

Gross Domestic Product (GDP) proxies the growth rate of prices for human operation. = identifies
the “regular growth” scenario, the baseline case, 1 means higher than the baseline, | means lower
than the baseline

3 Results

Figure 2a shows the initial investment costs for each RSs. The CI in all zones ranges
from an average value of 397 €/m? for RS 1 to 865 €/m? for RS 5 (+117%). The
investment gap between RS 3 (the MR of the Italian legislation) and RS 5 (the nZEB)
is on average about 325 €/m? (60% difference).

The heating and DHW primary energy need of the various RSs differently ranges
from a climatic zone to another one (Fig. 2b, c). Figure 2b shows that, in the warmest
zone A + B, the primary energy consumption goes from a minimum of 25.44
kWh/m2y for RS 5 (nZE solution) to a maximum of 45.79 kWh/m2y in RS 1. In the
coldest zone F, the range goes from a minimum of 70.95 kWh/m?y to a maximum
of 126.38 kWh/m?y. Therefore, the energy-saving obtained in all zones progressing
from RS 1 to the nZE standard is huge: the nZEBs can save around 44-48% of energy
compared to RS1 and 27-40% compared to the “minimum requirements” renova-
tions according to the Italian legislation (RSs 3). Focusing on the non-renewable
primary energy (Fig. 2c), it can be noticed a largerz gap between the renovation
scenarios 1 and 5 in all zones, due to the large component of energy from renewable
sources, especially in scenarios 4 and 5.

However, the only energy saving perspective is not sufficient to establish the
“optimal” solution from the point of view of affordability, i.e. the solution capable
of minimizing the global costs over a sufficiently long time-horizon. Figure 3 then
represents the GC obtained from the LCC assessments performed for all RSs in all the
climatic zones (vertical axis) compared to their energy performance (non-renewable
primary energy needs for winter heating and DHW in the horizontal axis). This graph
reports the results obtained under the Regular Growth macroeconomic scenario,
which can be considered the baseline scenario, where usual CO evaluations are
performed. Results of the stochastic LCC return the PDF of the GC for each analyzed
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identifies the mean GC, while the diameter the GC standard deviation



226 E. Di Giuseppe et al.

case. Therefore, any RS case is displayed in the form of a “bubble”, whose center
identifies the mean GC while the diameter the GC standard deviation. The different
colors identify the climatic zones, while RSs ranging from 1 to 5 can be easily spotted
looking at their decreasing energy consumption. For better understanding, bubbles
referring to RSs 5 (nZEB) are surrounded by a solid line, while those of RSs 3 (MR)
by a dashed line.

It can be noticed that the lowest mean GC is achieved by RS 1 in all climatic
zones and ranges from about 950 €/m? (zone A + B) to 1170 €/m? (zone F). This
means that, even if NZE solutions (RSs 5) can reduce energy until 48% compared
to RSs 1, this saving is not sufficient to compensate, in a time horizon of 30 years,
the investment costs, that are higher on average by 117% (as shown in Fig. 2a), and
the higher related operating costs for maintenance and replacement of components.
The GC of the MR solutions (RSs 3) ranges from about 1320 €/m? (zone A + B)
to 1465 €/m? (zone F). Hence, the financial gap between the nZEBs and the actual
standard construction for this case study is, on average, about 24%, with an average
performance difference of about 34%. It is also noteworthy that the MR solutions
(RSs 3), which have been defined based on the Cost-Optimal calculation framework
introduced by the EU EPBD recast, do not correspond to the “cost-optimal” solutions,
in this specific case study. Indeed, RSs 1 reach a lower GC, even with a worse energy
performance.

The stochastic approach to LCC is made evident by the size of the bubbles (i.e. the
standard deviation of the GC outcome), which, in certain cases, can make the result
notunique. This is especially true for RS4 and RS 5, where the circumferences overlap
in all climatic zones. The size of the bubbles considerably varies across the RSs,
progressively growing towards the nZE scenarios. This finding is in disagreement
with that of Baldoni et al. [14] and is due to the different methods of identification
of inputs’ PDFs. Indeed, it is observed that, while in Baldoni et al. a predetermined
uncertainty (a uniform distribution within a variation range of £ 10%) was assigned
to all stochastic inputs of the LCC analysis, in this study the uncertainties to the input
data are assigned differently (as seen in Sect. 2.3). In particular, the energy tariffs have
a lower uncertainty than in Baldoni et al. [14], as they were defined with an in-depth
analysis of data for all climatic zones, and also based on the consumption thresholds
reached in the various RSs. As a consequence, there is a greater variability of these
tariffs in the less energy-intensive case studies. Finally, the higher uncertainty of GC
in nZE solutions can also be due to the highest running costs for maintenance and
replacement of components.

The analysis of LCC outcomes across the alternative macroeconomic scenarios
is presented in Fig. 4 within a mean (x-axis)—coefficient of variation (y-axis) space.
It emerges that the computed GCs are greatly influenced by the macroeconomic
scenarios. For instance, concerning the RS 1, compared to the baseline, the mean
GC increases by about 12% in the deflation scenario, while decreases by about 29%
in the stagflation scenario. For RS 3, the mean GC increases by about 7% in the
deflation scenario and decreases by about 27% in the stagflation scenario. Finally, it
is worth noting that, for the nZEB (RS 5), the mean GC has only a slight increase in
the deflation scenario (about 1.5%), while decreases by about 24% in the stagflation
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Fig. 4 Stochastic LCC outcomes for all the macroeconomic scenarios presented within a mean—
coefficient of variation (CoV) space

scenario. Moreover, in the deflation scenario, differences among the results obtained
in the climatic zones are more noticeable. GCs in the coldest climatic zones are quite
higher. Conversely, in the intense growth scenario, the GC outcomes are similar to
those obtained in the regular growth scenario (differences lower than 3% in all zones
and RSs). Apparently, the GC variation across scenarios is mostly due to the running
costs for building heating, which are lower for the nZE solutions and in the warmest
climatic zones.

Contrary to the findings of the case study analyzed by Baldoni et al. [14], in this
analysis, the alternative economic scenarios do not entail a totally different ranking
of the most cost-effective solutions, even if, as also stated by Baldoni et al. [14], in
the stagflation scenario energy costs are less relevant and make RSs closer. This is
because the analyzed renovation solutions for the building case study allow reaching
an excellent thermal performance, although in the face of very high investments. In
all macro-economic scenarios and climatic zones, the share of the investment cost
is always higher than 50% of all global cost components. GCs are on average about
70% in RSs 1, 2 and 3, and always exceed 80% in RS 4 and 5. It can be also noticed
from Fig. 4, how the GC variability (coefficient of variation) is influenced by the
macroeconomic environment, especially in the stagflation scenario. However, also
considering the uncertainty affecting the results, the ranking on the CO solutions
appears clear and consistent among all scenarios. Finally, Fig. 4 also highlights that
the difference between the RSs, especially in terms of financial gap between nZE and
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MR solutions, depends on the underlying macroeconomic environment. Compared to
the regular growth scenario, in all climatic zones, the financial gap slightly increases,
from +24% to +25.4% and +29.2%, under intense growth and stagflation scenarios,
respectively. Conversely, it decreases to +18.2% in the deflation scenario.

4

Conclusions

As demonstrated by the application presented in this paper, a “’stochastic” approach to
LCC, able to consider the volatility and variability of related inputs and especially the
macroeconomic context of the analysis, is a useful tool to understand the variations
of Global Costs results under different macroeconomic and climate scenarios. A
widespread application of this methodology in the context of the EU CO framework
would allow to better investigate at which conditions cost-benefits rations are more
favorable for “light” buildings’ energy renovation than for deep nZE ones. This is
needed to develop proper funding schemes and financing instruments to reduce the
actual economic gap among nZE and “minimum energy requirements” solutions.
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Retrofit Strategies Optimization Based m
on Indoor Comfort Analysis Under Real L
Conditions: The Case Study

of the Secondary School ITC Carrara

Rosa Romano, Alessandra Donato, and Paola Gallo

Abstract The building sector has a significant potential for energy saving. At
present, about 35% of the EU buildings are over 50 years old, and almost 75%
of the building stock is energy inefficient. Therefore, school buildings represent a
significant part of the existing building stock and a noteworthy part of total energy
use. Throughout Europe, most school buildings were built between the 1950s and
the 1970s and needed to be renovated, including the energy upgrade towards nearly
zero energy building targets (nZEB). School buildings’ energy retrofit actions have
to improve building design and the upgrade of energy systems and building compo-
nents solutions and focus on the indoor environmental conditions for their occupants.
Besides low energy consumption, efficient school buildings have many benefits from
indoor comfort (thermal, visual, acoustic, and indoor air quality). Therefore, acting
on the existing building stock implies understanding user needs to define adequate
energy-saving strategies. This paper aims to present a method to define and assess
retrofit strategies optimization of school buildings based on users’ comfort analysis
under real conditions. The research approach takes into account user preferences
to evaluate energy-saving opportunities. The methodology consists of the thermal
comfort assessment by combining physical environmental data monitoring through
in-situ measurements and submitting subjective questionnaires to the occupants.
Finally, the research work presents and evaluates the results of this experimentation
applied on a school building (the secondary school Carrara) built in the 60 s and
located in Lucca (Italy).
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1 Introduction

European Union (EU) has an important challenge in achieving climate neutrality by
2050, set out the basis for the long-term strategy on Climate Change in early 2020.
As part of the European Green Deal, the Commission proposed to raise the 2030
“greenhouse gas emission” reduction target, including emissions and removals, to at
least 55% compared to 1990 [1].

To ensure the achievement of these objectives, Member States have to look at
the actions required across all sectors, including increasing energy production from
renewables and improving building energy efficiency. Accordingly, renovation of
existing buildings represents one of the key-action that can significantly improve
energy savings and plays a crucial role in the clean energy transition.

The European Energy Efficiency Directive (27/2012/EU) provides that, from 1st
January 2014, 3% of public buildings, particularly the school buildings, should be
refurbished every year, with the objective of energy efficiency. The energy retrofit
of public buildings, in fact, helps to reduce the management costs of local public
authorities (municipalities, provinces/counties, and regions), reduces greenhouse gas
emissions, and gets economic, social, and environmental benefits contributing to
improving citizen’s health [2].

In Italy, school buildings represent a significant part of the public non-residential
building stock, with 52,000 units demonstrating poor operational performance. In
addition, more than 67% of schools were built before 1974, before the introduction
of the first Italian law concerning energy efficiency (national law no. 373/76), and
about 8% were built in the last 20 years, with estimated primary energy consumption
for heating and electricity of about 9.6 TWh per year and a total cost of 1.3 billion
of euro [3].

Indeed, improving the energy efficiency of educational buildings provide social
and economic benefits beyond the direct energy cost savings for several reasons: (1)
Societal values are strongly affected by public models (renovation of educational
buildings offer high visibility that can influence people’s consciousness as well as
to educate the next generation of citizens); (2) Success stories of the use of public
funds that returns lower operating costs and healthier student learning environments
represents exemplary realizations that can motivate other actors to multiply the inter-
vention in the sector; (3) school sector offers national and international opportunities
of information exchange to facilitate the transfer of best design and operational
practices.

For this reason, acting on existing educational buildings is essential and, in the last
years, several recent research projects co-founded by European Commission deal
with energy-efficient of new schools and existing school buildings—Ilike MED—
TEENERGY (2007-2013), “School of the Future” (2011-2016), and “ZEMedS”
(2013-2016), supporting new initiatives to increase the energy and the indoor envi-
ronment performance of schools, also in Mediterranean climates. Furthermore,
improving the indoor quality in school buildings, such as better lighting, thermal
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comfort, and air quality, could significantly benefit students’ learning and perfor-
mance [4, 5]. Indeed, some studies on educational buildings [6, 7] assess the IEQ to
define retrofit actions combining experimental and subjective measurements thanks
to questionnaires and monitoring campaigns.

Accordingly, this paper aims to present a method to define and assess retrofit
strategies optimization of school buildings based on users’ comfort analysis under
real conditions. The research approach takes into account user preferences to eval-
uate energy-saving opportunities. The methodology consists of the thermal comfort
assessment by combining physical environmental data monitoring through in-situ
measurements and submitting subjective questionnaires to the occupants. In detail,
the research work presents and evaluates the results of this experimentation applied
on a school building (the secondary school Carrara) built in the 60 s and located in
Lucca (Italy).

2 Tools and Methods

The research activities to define the renovation actions for the Carrara school were
organized in the following phases: (1) occupancy survey on subjective comfort anal-
ysis; (2) in-situ measurement of environmental parameters; (3) comparison between
subjective comfort analysis and field of measurements; (4) simulation of retrofitting
options based on results. The investigation was carried out in 8 classrooms with the
same size and different exposure. The analysis concerned indoor environment satis-
faction and preference, focusing on thermal comfort, considering the effect on the
students’ performance in terms of attention, comprehension, and learning levels. The
methodology adopted to assess the IEQ considers both results from in-situ measure-
ments and subjective data collected by surveys and interviews with occupants to
evaluate the IEQ comfort. The occupancy surveys were performed simultaneously
during the regular lesson periods in all eight classes. For this reason, a questionnaire
was implemented to investigate students’ and teachers’ well-being and performance,
considering several aspects related to the indoor quality of the environment in which
the school activities occur.

Since March 2017, in-situ measurements were carried out on three representa-
tive classrooms of the school building with different issues on thermal comfort.
Thermo-hygrometric parameters—indoor air temperature and relative humidity—
were collected until the end of the school year.

The elaboration of the questionnaire data highlighted some issues about occu-
pants’ dissatisfaction with IEQ comfort level and judgments related to the thermal
environment perceptions, with specific reference to the conditions of classrooms
object of the measurements campaign. The data from the occupancy survey and in-
situ measurements were compiled and analysed first separately, and then the data
were aggregated and compared to establish the relation between survey results and
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physical measurements. Therefore, technological problems were identified and anal-
ysed, and renovation solutions to improve the IEQ were proposed through simulation
comfort models.

2.1 The Case Study

The ITC Carrara is a high school building built in the 60 s, and consists of four
different units labeled A, B, C, and D weakly joined to a one-floor structure. The
3-story buildings are rectangular and have a total heated surface area of 7.717.78
m?, with the main facades oriented towards the south and north. Building energy
audit, thermography, on-site measurement of environmental parameters, and thermal
bridge analysis showed an obsolete and poorly maintained building envelope. The
poor thermo-hygrometric performances of the facades and roof led to high heat
losses in winter months (with consequent high-energy consumption for heating) and
overheating in summer (with a consequent discomfort condition), particularly in
classrooms with south exposition. There was no air conditioning, so the windows
needed to be opened in summer to ensure sufficient air exchange and avoid excessive
overheating, with an increase of noise levels due to the traffic of the nearby streets.
Finally, the lack of adequate solar shading in some cases led to glare phenomena on
the students’ desks [8].

In 2015 Lucca Public Administration started the energy and seismic renovation
of unit A, a 3-story pavilion with a one-floor basement and a surface of about 536.27
m?/level. Before the renovation, the heating energy consumption of pavilion A was
145.14 kWh/m? year. The lighting system consisted of fluorescent lamps with an
electricity consumption of 1.626,80 kWh/year. The energy retrofitting was focused
on the building envelope renovation to reduce energy consumptions and improve
indoor comfort, and it consists of: (1) External insulation of the wall to decrease the
energy losses without increasing the own weight of the building (U: 0.16 W/m? K); (2)
Reduction of the transparent surfaces and windows replacement with an aluminum
frame with thermal break and Low-e double glass (U: 1.20 W/m? K); (3) Roof Insu-
lation (U: 0.16 W/m? K). Furthermore, additional retrofit interventions concerned:
hydronic radiant ceiling systems installation for the heating system; replacement of
existing with LED lamp and BMS control system. As a result, the building’s global
energy for heating and cooling decrease by 40% (from 145.14 to 62.43 kWh/m? for
year).

2.2 Occupancy Surveys on Subjective Comfort Analysis

In 2017, a comfort analysis was conducted on subjective data collected by survey and
interviews with occupants aimed at finding out the judgment about the IEQ comfort
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perception concerning the thermal comfort in terms of acceptability and preference
of colder or warmer environments after the energy renovation of the 2015.

For this reason, a questionnaire (anonymous and reported information about the
age of the single user and the position occupied in the classroom) was implemented
to investigate the wellbeing and performance of students and teachers, considering
several aspects related to the indoor quality of the environment in which the school
activities take place. The questionnaire campaign referred to about 170 students
attending eight different classes of the schools, different for position and the expo-
sure of the windows. It was structured on a total of 32 questions concerning the
categories listed below: (1) General characteristics of the school environment; (2)
Thermal Comfort; (3) Visual Comfort; (4) Acoustic Comfort; (5) Security; (6)
Psycho-physical wellbeing. A 4-point scale was adopted to rate each category below
based on qualitative values: Insufficient/Poor/Sufficient/Good.

Furthermore, students have been questioned on how much their comfort percep-
tion could be affected by non-physical parameters relate (i) their visual and acoustic
perception of the working area, (ii) subjective perception of safety and security
of school environment (iii) how personal health conditions are affected by the
environment.

The questionnaire also provided a section for General Data and a Suggestions
section, and its structure allowed to separately evaluate users’ opinions on comfort
perceptions in north-facing classrooms and south-facing classrooms.

2.3 In-Situ Measurements of Environmental Parameters

In situ measurements are widely used to help assess building envelope perfor-
mance and evaluate ‘before and after’ occupancy conditions in environ