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INEPIAHYH

H 8¢éa ™G undevikng evepyelakng KATAVAAWONS BPIOKETAL GTO EMKEVIPO TWV GTOXWV
yw €folkovounon evépyelag Kol pelwomn ekmopmwv Slogeldiov tou dvBpaxa  oTO
Sounpévo mepifarrov. H Stevpuvon e@appoyns me 8€ag mepa amo TV KAHOKA TOU
KTnpiov Svvatal va EEMEPATGEL TOUG TIEPLOPLOUOVGS TIOU £XOUV UEUOVWUEVA KTHPLX OTNV
eTILTEVEN PNOEVIKNG EVEPYELNKTG KATAVAAWONG KL OXETICOVTAL LLE TN XPTOT, TO HEYEDOG,

™ SLOEGIUATN T ETILTOTILAG AVAVEDGLUNG EVEPYELAS KL TO KOGTOG.

0 oxeSL1oOG KTNPLwV VTIOKELTAL fLat HETABOAT) AVTIANYMG KE TNV EQEAVLOT) TNG £VVOLAG
Tou OAokAnpwpévou Zxediaouov. 0 OAokANpwUEVOG ZxeSlAoUOG TPOUTIO0ETEL TN
OUUUETOXT] TIOAAWV KAl TOWKIAWY EI8IKOTATWY ATO TNV OapX1 TOU £PYOU Kol E£TONG

akoAovOei Topeia avaTpoPodoTNoNG avauesa ota oTddla eEEALEN G ToL.

['a to oxedlaopd kat ) Asrtovpyla KINplwv Kol KOWVOTHTWYV UNSEVIKNG EVEPYELAKNG
KATAVAAWONG, 1 UETPNON KAl ETOANOELON TNG EVEPYELAKNG TOUG GUUTEPLPOPES
avayvwpiletal wg kpiown Stadkaocia. Q¢ amotéAsopa, TANBwpa Sedopevwy yivovtat
Slabéolpa PEow PETPNTOV KAl aloONTHpwY OV Slapop@wvouy éva Slacuvdedeuévo
Sixtvo Yyvwons. O cuvSuaoudg TG YVWOoNS OV TIPOG@EPOLY Ta SeSopéva e Tn Svvaun
™m¢ TEYVNTNG Vonuoouvng, odnyel otn Snuovpyla Ttouv €&umvou  Sopnpévovu

mepdArovTog.

v Ttpéxovca PBiBAoypagia, oL KOWOTNTEG UNGEVIKNG EVEPYELAKNG KATAVAAWONG
mpooeyyllovtal Kupiwg BewpnTikd Kol omovotdlel 1 eumelpia  €QAPUOCUEVWV
nepmtwoswyv. H mapovoa epyacioa cuuBaAiel mapouotdlovtag TNV OAOKAPWUEVN
TPOCEYYLON TOU  €XEL EQPAPUOCTEL Ot TECOEPLS TIAOTIKEG YELTOVIEG UNSEVIKNG
EVEPYELAKNG KATAVAAWONG, KABWS kat Ta Siddypata g epappoyns. H eumepia mov
ATOKTNONKE ATO TNV OAOKANPWUEVN TPOCEYYLON OTO OXESHOUO, KATAOKEUT Kol
HETPNON TWV TIAOTIKWV YELTOVIWV avESelge SU0 kUupla nmuata: 1) EEwtepikd epmodia
TIOVU TIPOKUTITOUV ATI0 TOV AOTIKO oxeSlaoud kot n vopobeoia kat 2) T TTPOKANCELS
SLElPLONG KAl EVOWUATWONG TWV TPOGSOKLOV KAl TWV ATALTHOEWY TWV UEAWDV TNG

ouadag.

Mo va &emepactolv autd Ta eumodia Stao@aAilovtag TapdAAnAa Ta o@EAN NG
TPOoEyylong, 1 Siaxeiplon TETowwv £pywv TPEMEL v eTKeEVTpwOel e€apyns otnv
KaBiEpwon pag Soung Siaxelplong €pyouv mov B Slac@aAilel ToO GUVTOVIOUO KAl TNV
EVOWUATWOT O0AwV Twv evlla@epopevwy pedwv. H yxpnon &vog tumomompévou
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TPWTOKOAAOU CLVEPYATING TTIOU VIOOETEITAL ATIO TO TIPOKATAPKTIKO GTASLO GXESIAGUOV,
umopel va SleukoAvvel peAdovtika épya. EmimAfov, ypeldletal n emkaipomoinon g
vopoBeoiog kal TV KAVOVIOU®WY TPOG TN SlevkdAuvern TG LvAoToinong £pywv Tov

QPOPOVV KOLVOTITEG UNSEVIKIG EVEPYELAKTG KATAVAAWOT|G.

[Ipog To MapOV, Elval TIEPLOPLOUEVN 1) EPAPUOYT] EVEEAEXWV SLASIKACLWV HETPNOMG Kol
eMOANBELONG KATA TO OXESLAOUO, TNV TAPASOO0T] KAl TN AELTOUPYIO KATOLKLWV Kol
Koo TwVv Undevikng evépyelag. Eatialovtag oto mAaiclo pétpnong kat emainbevong
Tou €xel oxeSlXOTEL KOl EQAPUOCTEL OTIG TEOOEPLS TIAOTIKEG YELTOVIEG, EXEL
EVOWUATWOEL 00NYIieG amd TA UVTAPXOVTA TPWTOKOAAN, OUVSEETAL UE TIS QACELS
QVATITUENG TOV €PYOU KL CUUTIAPWVETAL PE TA SIEAYUATA TTIOU avTANONKOY PEow NG
epappoyns. To Tedlkd mAaiclo katadelkviel OTL 1 PETPNOT KAl emaAnBevon Sev
oLVS£ovTal QUOTNPA UE TN PEoT AELTOVPYING TOV £pYOU ALK ATTOTEAOVV AVATIOGTIAGTO
HEPOG TNG Slaxelplong kal avATTLENG TOU £PYOU, GUVOSEVOUEVO ATIO EAEYXO TIOLOTNTOG
o€ kaOe Briua. To TPOTEWVOUEVO TTAAIOLO UTTOPEL Vo Elval XP1iOLUO Y TOVG YevBuvoug
Alaxeiplong €pywv yla TV eVOWPATWON TwV SLaSIKaolwv PETPNONS Kal EMAANBgvong
otn Sloyelplon Tov €pyou KAB®E Kol TNV EVAPUOVION TwV SLaSIKACLWV HE TA OTASIX
avamtuing tou €pyou of X oAoKANpwpévn Sladikacio oxeSlaocpol Kol EKTEAEONG

£pyov.

Ta Sedopéva petpnbeiocag evepyelakng amdodoong mov Exouvv AN@Oel amod To TPWTO £T0G
HETPNONG KAl €MaANBgUONG WG TIAOTIKNAG  YELTOVIAG UNOEVIKNG  EVEPYELAKTG
KATAVAAWOoNG Seiyvouv OTL oL £X0UV €TLTELXOEL OL GTOXOL YIX TIAPAYWYT] AVAVEWDGCLIUNG
evépyelag touvAdxlotov 50 kWh/m2/étog oe emimebo yertovids kat péyloto 20
kWh/m2/étog kaBapng pubulopevns KatavaAwong evépyelag o€ emimedo Kinpiov.
Avta Ta amoteAéopata £X0UV TPOKVPEL HECW HLXG OAOKANPWHEVNG TIPOGEYYLOTG YL TO
OoXESLOO O, TNV KATACKEUT KL TNV TIAPAKOAOVOT 0T TNG YELTOVLAS, LE KOGTOG ETEVELOTG
24% YopunAoTEPO MO TO KOOTOG EMEVEUONG YlA €va HELOVWHEVO KTIPLO PNOEVIKNG
EVEPYELAKNG KATAVAAWGTG TIHpOpoLag amddoons. LoT1do0, £XEL EVTOTIOTEL KOL WOl [N

AUEANTEX ATIOKALOT] ATTOS00TG TIOV TIPOKAAEITAL ATIO TOUG KATO(KOUG.

E€etdlovTag T GUVOALKI] KATOVAAWGN Kl TNV TAPAYWYT] TV @WTOROATAIKWOY TNG
TUAOTIKIG YELTOVLAS, TOUG TIPWTOUG TIEVTE UNVESG TIAPAKOAOVON NG £XEL eTITELYDEl DETIKN
LOOPPOTILN. TUVOALKA, 1] YELTOVLA €XEL ETITUXEL Eva BETIKO evepYelakd 100QUYL0 OE ETNOL

Bdon vy TG puOULlONEVEG eveEPYELKEG TNG avaykeS. OL TEXVOAOYIEG TaAPAYWYNS
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OVAVEWOIUWY TINYWV EVEPYELXG Elval amapaitnTeg yla TIS KOWOTNTEG UNSEVIKNG
EVEPYELAG, 0AAG oLuXVE 1) TTapaywyn 6ev cupBadilel pe ™ G)tnomn. H mpoAeym emitpémel
TO OXeSlopd Kol TNV EQAPUOYT] TPOYPAUUATWVY Olaxeiplong ovdioyo peE TNV
QVOUEVOUEVT] TIHpaywyn, PBondwvtag £Tol OTNV OMOTEAEOUATIKOTEPT Kol €EUTIVN)
Aettovpyic. H  avamtuén teyvmtov  VvEUpwVIK®WV  SIKTVWV  €xel  amodelyOel

ATOTEAECUATIKN YLt TNV TPOBAEYN TG TIapaywyNns 24 wPeG UTPOCTA.

Kowd onuelo ava@opds yia 0Aa ta Béuata eivat o péAog Twv xpnotwv. Ot xpoTeS
XPELWALETAL VX CUUUETEXOUV WG EVOLAPEPOUEVA UEPT) OE UL OAOKANpWHEVT Stadikaoio
oxedlaopov kat mapadoons épyov. H Katavonon Twv avaykwy, TwV TPocSoKLmV KAl TNG
CUUTIEPLPOPAS TOUG E(VAL OVCLACTIKNG ONUACING Yl TOV ATTOTEAECUATIKO OYESLAOUO,
aloAdynon kat Sloxelplon PNSeVIKNG EVEPYELAKIG KATAVAAWOTG Kal EEUTIVWV KTNplwv 1

KOWVOTHTWV.
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ABSTRACT

The concept of zero energy has emerged as the flagship for the achievement of energy
conservation and CO; emissions reduction in the built environment. Expanding the zero
energy scale from buildings to communities offers the potential of overcoming the
limitations of single buildings related to building use, size, on-site renewable energy

availability and cost.

In order to achieve the green, sustainable, zero energy performance aspirations,
building design is undergoing a paradigm shift with the introduction of the Integrated
Design Process (IDP). The IDP is an iterative process that requires involvement and

collaboration of various professionals from the start of a project.

For the design and operation of high performing, zero energy buildings and
communities, measurement and verification (M&V) of performance is identified as a
crucial task. As a result, a vast amount of data is available through monitoring
equipment and sensors that form an interconnected, interoperable network of
knowledge. This knowledge coupled with the power of Artificial Intelligence (Al) makes

the built environment smart.

The literature so far on zero energy communities is mainly theoretical, in that it does not
present experience from realised projects. This work contributes by presenting the
integrated approach that has been implemented in four pilot zero energy
neighbourhoods (ZEN), as well as the lessons learned from its implementation. The
experience gained through the integrated approach to design, construction, and
monitoring of the four pilot ZEN revealed two main issues: 1) the external barriers that
are raised by the planning policies and regulations; and 2) the challenge of managing

and integrating the needs and requirements of multiple project stakeholders.

To overcome these barriers while securing the benefits of the approach, the
management of such projects needs to focus from the outset on the establishment of a
project management structure that will ensure the coordination and integration of the
various stakeholders. The use of a standardized collaboration protocol from the
preliminary design stage is recommended to facilitate future projects. In addition
regulations need to be updated towards facilitating zero energy community project

implementation.
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Currently, there is limited application of rigorous M&V procedures in the design,
delivery and operation of low/zero energy dwellings and communities. Focusing on the
M&YV that has been designed and implemented in the four pilots, it has incorporated
guidance from existing protocols, linked to the project development phases, and
populated with lessons learned through implementation. The resulting framework
demonstrates that M&V is not strictly linked to the operational phase of a project but is
rather an integral part of the project management and development, accompanied by
quality control in every step. The proposed framework can be useful to project
managers for integrating M&V into the project management and explicitly aligning it

with the project development stages into an Integrated Design and Delivery process.

The measured performance data that have been obtained from the first M&V year of a
pilot zero energy neighbourhood reveal that the design targets for at least 50
kWh/mz2/year RES production at neighbourhood level and maximum 20 kWh/m2/year
of net regulated energy consumption at building level have been achieved. These results
have been obtained through an integrated approach to design, construction and
monitoring for the neighbourhood, with investment cost 24% lower than the investment
cost for a single zero energy building (ZEB) of similar performance. Nevertheless, a non-

negligible performance gap caused by occupants has been identified.

When considering the total consumption and PV production of the pilot ZEN, the first
five months of monitoring starting from the beginning of summer, it has achieved a
positive balance. Overall, the neighbourhood has achieved a positive energy balance on a
yearly basis for its regulated energy needs. Renewable energy production technologies
are indispensable to the zero energy communities, but often production does not match
demand. Forecasting allows the design and implementation of management schedules
depending on expected production and demand, thus assisting towards more efficient
and smart operation. The development of artificial neural networks (ANN) has been

proved effective towards production forecasting 24h ahead.

Common theme for discussion for all topics has been the role of humans, either as
occupants or users or citizens. Humans need to be involved as stakeholders within an
integrated design and project delivery process. Understanding of their needs,
expectations and behaviour is critical for effectively designing, evaluating and managing

the zero energy and smart building or community projects.
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1 INTRODUCTION

1.1 Context and aim

The built-environment, including the buildings and infrastructure that form the smaller
(e.g. villages) or bigger (e.g. cities) human settlements and the networks (transportation,
energy, communication) that connect them, has been in the center of sustainability
action plans that have been devised on European [1] as well as on International level
[2], targeting the evolving climate change, environmental degradation and resource

depletion.

It has been long-established that the built environment is resource and energy intensive,
as well as highly polluting [3]. These characteristics are intensified by increased
urbanisation; effectively requiring cities to transform their consumption, production
and organisational patterns so as to be liveable and sustainable [4]. Therefore a mission
is inroads towards transforming cities into green, zero or even positive energy, smart
hubs. Such transformation can be achieved not least by targeting energy conservation

and clean energy use from the building to the city scale.

Globally, building codes and standards have been established towards improving the
performance of buildings, targeting zero energy levels [3,5]. Transitioning from the
building to the city level, zero energy districts [6], eco-districts [7], green neighborhoods
[8], positive energy blocks [9], positive energy districts [10] have been approached in
defining the aspects of future urban sustainability. Current literature includes mostly
theoretical studies for the creation of zero energy communities and rare results from

implemented cases.

The creation of the sustainable built-environment can best be achieved through a
revised approach to design and construction [11] which has been identified under the
term Integrated Design Process (IDP) [12]. The IDP targets design and performance
optimisation via iterations throughout the design, construction and in-use stages,
implying new forms of project management and collaboration. There is currently room
for exploration and experience to be gained through implementation of the IDP in order
to better understand how actors are linked to activities, and collect evidence in its
strengths and weaknesses so as to ultimately harness its full potential, especially in

relation to zero energy community projects.
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A critical step of the IDP is in-use monitoring. Monitoring is essential for measuring,
evaluating and verifying actual performance, as well as for performance management.
The above is made possible through the use and processing of data that are acquired
through monitoring [13]. However, current literature lacks a comprehensive
methodology for measurement and verification of buildings and communities, linked to

the IDP.

Besides, when exploiting measured data for energy forecasting and control, smart
energy management is introduced, enabling the transition from traditional energy grids
to smart grids [14]. Such transition is of particular interest when considering the
requirement for clean energy, energy efficiency and cost-efficient energy management
that can be supported by smart operations [15], [14].Extended and specialised technical

knowledge exists for all the aforementioned topics and literature is growing.

Herein their potentialities and synergies are explored through real case studies
that are seen as an opportunity to learn by implementation and seek answers on

the following research questions:

Research Question 1: How the IDP can be implemented for creating Zero Energy
Communities? What lessons can be learned through the implementation of an
integrated design, construction and monitoring approach on realized cases? What

stakeholder roles and interactions can be identified?

Research Question 2: How Measurement and Verification of Zero Energy
Communities is planned and executed? Where the M&V planning and execution is

placed in relation to an integrated project design and delivery?

Research Question 3: What are the M&YV results of a Zero Energy Neighborhood
that is designed, constructed and monitored after an integrated project design

and delivery process?

Research Question 4: How is smartness introduced in the integrated design of
zero energy buildings and communities? How can Artificial Intelligence support

smart energy management of zero energy buildings and communities?
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1.2 Significance

The significance of the thesis lies in the fact that it concurrently investigates and
brings together state of the art concepts and practices that have not been
identified in a common framework before. Furthermore, the thesis answers the

research questions by analysing real case studies.

Through the implementation of Integrated and Smart design aspects on buildings
and complexes that are designed and constructed with zero energy performance
targets, the thesis aims to identify the links that connect and place these concepts
in a holistic action framework for the creation of zero energy and smart buildings
and communities. As a result, the knowledge obtained from the research will
contribute to the formulation and expansion of a solid ground for future implementation
of zero energy and smart communities, through systematic integrated design,
construction, measuring and managing processes that ultimately serve the sustainability

visions.

1.3 Thesis structure

Following the introduction, section 2 provides the background on the major topics of the
present thesis. First, the background on the zero energy concept is given with specific
focus on the state of the art for zero energy communities. Next the IDP is reviewed. The
Measurement and Verification (M&V), prerequisite for operating and maintaining high
performance buildings, is reviewed next. Finally, the background closes with the rise of
the smart built environment that occurs along the development of the previously

discussed topics.
The research methodology is explained and diagrammatically presented in section 3.

Section 4 investigates the implementation of an integrated design approach in four pilot
zero energy neighbourhoods (ZEN). This involves the structure and steps of the
approach, the stakeholders linked to this process, as well as identified barriers and
drivers that result from experience of these pilots. The section closes with a discussion
that synthesises the main outcomes and observations that result from the

aforementioned analysis.
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In section 5 the integrated framework that has been developed for measurement and
verification of zero energy neighbourhoods, is presented. The links and relation of the

framework with the integrated design process for ZEN are discussed.

Section 6 focuses on the actual measured results obtained from a ZEN. The section
includes quality evaluation of the collected data as well as evaluation of the actual
energy performance of the neighbourhood. A discussion on the results closes the

section, where links with observations discussed in the previous section are identified.

In section 7, the smart component of the design is investigated. This involves two case
studies where the application of Artificial Intelligence with Artificial Neural Networks
(ANN) is investigated. The purpose is to develop ANN algorithms that can effectively
predict production 24h ahead.

The thesis concludes in section 8. The main outcomes and future research paths are

highlighted and limitations are recognised.

19



Integrated and Smart Design for Buildings and Communities

2 BACKGROUND

2.1 The era of zero energy buildings and zero energy communities

In recent years, the concept of Zero Energy Buildings (ZEB) has become the flagship of
efforts to achieve energy conservation and CO; emissions reduction in the built
environment[16]. In fact, the zero energy concept is in the centre of policies worldwide
being already in effect [16], since improving the performance of buildings, ideally to
zero energy levels, is vital for the accomplishment of the long-term sustainability goals
[17]. Discussing the definition of the “post-carbon” city, Becchio et al. suggest that ZEBs
have a key role in the de-carbonization of urban areas [18]. The beginning of 2020

marked officially the era of ZEBs worldwide (Figure 1).

CANADA
USA
Federal, provincial,

Designs for new and territorial governments will work to
bllll_dm_gs or major renovations develop and adopt increasingly stringent
begl_rmmg 2030 or later must reduce model building codes, starting in 2020, with
fossil fuel-generated energy the goal that provinces and territories adopt
consumption by 100 percent a “net-zero energy ready’ model building
compared to 2003 baseline. 2030 @ code by 2030
California

all new
homes to be net zero energy by 2020.
JAPAN

to watch
the evolution of the concept and its
implementation so as to ensure
achievement of the target for new
EUROPEAN UNION buildings to be ZEB by 2020 with zero
average net emissions by 2030

+ New buildings occupied and owned by public authorities are nearly
zero energy buildings after 31/12/2018
« All new buildings to be nearly zero energy buildings by 31/12/2020

Figure 1: ZEB policies and initiatives (according to information recorded in [16]).

In Europe, the requirement for all new buildings to be nearly zero-energy buildings
(NZEB) from 2020 was introduced with the 2010/31/EU Directive on the Energy
Performance of Buildings (EPBD) [19]. California state has also set a goal for residential
and commercial buildings to be ZEB by 2020 and 2030, respectively, and has adopted a
Zero Net Energy Action Plan to ensure achievement of these targets [16]. The Japanese
Ministry of Economy, Trade and Industry defines ZEB as “a building whose annual net
consumption of primary energy is zero” and has set up the ZEB Roadmap Review Panel to

watch the evolution of the concept and its implementation so as to ensure achievement
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of the target for new buildings to be ZEB by 2020 with zero average net emissions by

2030 [20].

According to the EPBD, a nearly zero energy building has very high performance and its
very low energy demand is covered by renewable energy sources (RES) that are
available on-site or nearby. In the scope of the EPBD, heating, cooling and domestic hot
water (DHW) needs are principally considered for determining the performance [19].
Up until 2015, the NZEB performance definition has had a slow uptake in the EU
member states and with discrepancies in the primary energy consumption targets [21].
The United States Department of Energy defines ZEB as “an energy-efficient building
where, on a source energy basis, the actual annual delivered energy is less than or equal to
the on-site renewable exported energy” [22]. The definition of the zero energy building
has been under discourse in literature, since it can be differentiated depending on the
selected physical boundary, the metrics of the balance, the period of balance and the

energy uses accounted for in the balance [23,24].

As zero energy buildings assume the adoption of RES, the selection of RES affects the
achievement of the zero energy goals [25]. Aeolic energy is limited by wind regimes on-
site and might be more difficult to incorporate in urban environments. Geothermal
energy, which is weather independent, can be produced by geothermal power plants
installed in urban areas [26]. Biomass is imported to the site, so does not fall within a
definition that accounts for on-site renewable production. Photovoltaic (PV) is the most
widely adopted RES in zero energy buildings [27,28]. PV production depends on
orientation and can be limited by shadowing effects that might occur in densely built
areas. The size of the building and available roof area determine the extent that electric
loads can be covered by PV production [29]. Building use is also a determining factor in
the achievement of the zero energy balance where residential buildings can achieve a
positive balance whereas commercial buildings can reach the balance after the
extended adoption of RES [27]. Focusing on commercial buildings, depending on the
approach used to calculate the balance, it might be more difficult for certain building

sizes to achieve zero energy [30].

Besides, the initial investment cost remains a challenge. On this topic, researchers have
investigated cost-optimal solutions for ZEBs [31-33]. Though a cost-optimal solution

could be achieved, in some cases this was at an energy performance level far from the
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high-efficiency level expected for ZEBs [32,33]. Higher performance levels could only be
achieved with higher investment costs [32]. In order to be cost-effective, ZEB design and
detailing should reduce energy demand to a minimum. The remaining energy demand
can then be supplied by RES [34]. Costs also depend on parameters such as the climate,
which affect renewable energy generation potential and building energy performance.

In certain climates, the life cycle cost (LCC) of ZEBs can be higher than the baseline [35]

The transition of the concept from single buildings to building complexes offers the
potential of expanding the scale of zero energy performance while overcoming the
limitations of single buildings related to building use, size, renewable energy availability
on-site and costs [25,28,29,36,37]. Therefore, despite lacking one shared and
acknowledged definition and calculation approach [16,23,24,38,39], the zero energy
concept has intrigued researchers to investigate its applicability on a bigger scale,

usually the scale of a sub-section of a city.

In fact, studying the zero energy concept beyond single buildings is particularly relevant
considering the expanding urban growth and evolving climate change that challenge
cities’ resilience and call for energy conservation, clean and affordable energy use
[40,41]. Cities hold an undeniable potential in the transformation of the energy use
landscape and as the zero energy concept presupposes the integration of RES,
transposing the concept from single buildings to groups of buildings opens the potential
for reaching energy self-sufficiency at the city level and may support the raise of

prosumer communities [42,43].

2.1.1 Zero energy beyond single buildings: state of the art

Similarly to ZEBs, the net zero energy communities have very low energy needs that can
be covered by RES. Carlisle et al. give the definition of the net zero energy community as
“one that has greatly reduced energy needs through efficiency gains such that the balance
of energy for vehicles, thermal, and electrical energy within the community is met by
renewable energy” [44]. The United States Department of Energy defines the zero-
energy community similarly to the zero energy building as “an energy-efficient
community where, on a source energy basis, the actual annual delivered energy is less than
or equal to the on-site renewable exported energy” [22]. Amaral et al. adapt the nearly
zero energy building definition of the 2010/31/EU Energy Performance of Buildings
Directive (EPBD) [19] to give the nearly zero energy district definition: “a delimited part
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of a city that “has a very high energy performance (...)", with the “nearly zero or very low
amount of energy (...) covered to a very significant extent by energy from renewable
sources, including energy from renewable sources produced on-site or nearby” [45].
Considering parameters of urban density, structure and location, in order to evaluate
the potential of eco-districts in becoming zero energy districts, Koutra et al. give their
definition for the net zero energy district (NZED) as “the district, where the energy
supply/on-site potential is equalised by the final energy demand of its users. The NZED is

“structured” and ‘located’ ‘smartly’ to ensure its long-term concept” [6].

Location, density, and outdoor microclimate conditions of an area influence its potential
to become zero energy in terms of RES integration and heating, ventilation, and air
conditioning (HVAC) active performance, and consequently the design decisions for
achieving this goal [25,45,46]. The results in [47] further support that layout, density
and building height determine the potential of PV integration for achieving zero energy;
the socio-economic status has been recognized to determine the zero energy potential
as well. In the specific study, areas with organized layouts and moderate energy
consumption have greater potential to reach zero energy compared to suburban affluent
neighborhoods with high energy use intensity. In addition, the size of the investigated
energy communities plays a key role in determining their efficiency and sustainability.
That is the reason why further investigation about optimal sizing is also carried out,

with varying climate context and other boundary conditions [48].

Both existing areas [25,37,55,56,42,47,49-54], as well as new developments
[48,49,65,66,57-64], have been studied for their potential to become zero energy. The
size can vary from a few residential buildings, to tens, hundreds or more than thousand,
in areas with urban or suburban character and in a few cases rural areas. A few
researchers consider a holistic approach to the energy balance of the district,
introducing all types of energy uses in the discussion (buildings, transportation,
industry, public spaces) [6,25,44,45,50,51]. Most studies investigate zero energy
communities focusing on the building-related energy component, either comprising
various types of buildings [52,54,57-59,64,66-68], or only residential [37,42,65,69,47-
49,55,56,60,62,63].

Ascione et al. [59] designed and evaluated the potential of a zero energy settlement in

Greece. The settlement is a holiday village, composed of residences, hotels, and
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commercial buildings. Simulation results showed that buildings with low energy
demand, like residences, were more likely to achieve zero energy compared to high
energy demand buildings, like hotels. It could be concluded that the combination of
building types and uses would favor the achievement of zero energy settlements.
Besides, considering the totality of the energy needs - building, transportation, public
spaces - a zero energy district is not composed of zero energy buildings, but rather by
buildings of varying energy performance levels that along with the public space and

transportation needs, reach a near zero balance [45].

Moreover, research is driven by the consideration that renewables - most commonly
solar energy - are integral to the zero energy concept and investigate relevant
implications related to RES planning, sizing, costs, mismatch management and effects on
the grid [53,54,71,58,61,63,65,67-70]. Lopes et al. simulated a hypothetical community
of five residential buildings and demonstrated that demand-side management can
improve load matching when applied at the community level, as opposed to single ZEBs,
owing to more control points being available and higher energy production at the
community level [69]. Kim et al. performed a techno-economic analysis and sizing study
of a district heating and renewable energy system for a mixed-use net zero energy
community in South Korea [58]. The optimal sizing and techno-economic feasibility of a
PV power plant for a rural community in Pakistan is presented by Rafique et al [53].
Both studies conclude that economically viable solutions exist that can also offer
significant emissions reduction. A multiple-criteria decision framework has also been
proposed for supporting decision making during the planning of a RES system for a zero

energy community [71].

In terms of costs, Lu et al. performed an investigation of the economic performance of a
net zero energy community with PV installation under a reward-penalty mechanism, the
mechanism favored the higher levels of RES inclusion towards the achievement of the
net zero energy status [55]. Kalaycioglu and Yilmaz implemented the EU cost-optimal
methodology to study the cost-optimal solutions for zero energy districts. The authors
also calculated the investment cost of a zero energy building to be 40% higher than a
reference building [66]. The capital costs for building retrofit to near zero energy
building levels have been calculated to be 198% higher than the business as usual
retrofit, while using a neighborhood approach the capital costs are reduced by 16.8%
compared to capital costs for single buildings [49].
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Investigating the potential of a solar community to become zero energy, Hachem-
Vermette et al. conclude that 70% of total energy consumption can be covered by PV
generation, 90% of thermal consumption can be covered by solar thermal and
combination of PV, solar thermal and thermal storage results in a positive energy
community [57]. The economically viable options for reaching positive energy
communities are limited, according to simulation results for a positive energy
community in Greece, and would require advances in the minimum insulation levels

currently prescribed in the National Regulation [49].

Performance targets are scarcely presented in literature and when set they are in
relation to the research scope. In [58], 44.7 kWh/m2/y regulated energy demand of
energy plus houses is considered for sizing a district heating and renewable energy
system for a mixed-use net zero energy community in South Korea. The performance
target of two near zero energy home communities in California was set for achieving
50% - 60% energy cost reduction compared to a home built to code. The houses’
measured performance showed >70% cooling energy use reduction compared to

buildings built to code [62].

The measured average energy consumption (April-December 2013) of the net zero
energy development West Village in California was 3.1 kWh/m2/month regulated
energy use and 5.8 kWh/m2/month total energy use [72]. In [61], 80% of the primary
energy needs are met by renewable energy sources, according to simulation results, and
in [51] up to 91% global energy consumption reduction is calculated that can be
achieved when transforming neighbourhoods to become zero energy, depending on the
retrofit scenario chosen. Finally, in [64] one year’s worth of measured performance
results showed the achievement of a 134.5% net-plus energy community in an eco-
friendly energy town composed of six public buildings and a hybrid renewable energy

system.

Various terms have been used to discuss the implementation of the zero energy concept
beyond the single building scale, the most common being community, neighborhood,
and district, sometimes used interchangeably within the same document. The choice and
use of the term are related to the perception of the spatial boundary and the interactions
within the boundary. In that sense, considering the spatial boundary, a neighborhood or

a district can be viewed as a sub-division of a city [25,45,50]. Effectively, representing a
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city miniature, a district is not merely an administrative boundary but is charged with
the social, energy and cost interactions that are formed within the boundary as well as
with the specific morphology that identifies it [45,50]. Similarly in [73], it is suggested
that the neighborhood is a scale that integrates people and place. This view of the
district or the neighborhood as a boundary of interactions approaches the notion of a
community [45,73]. In fact, these interactions can influence the achievement of the zero

energy goals [37].

Mittal et al. studied the potential of a community to achieve zero energy through
consumers’ participation in a community solar program. By simulating various
scenarios of RES, in varying pricing options and varying community interactions, the
researchers concluded that the development of community thinking, through increased
interactions is key and can lead to high levels of electricity covered by RES adoption
within the community. Furthermore, it was highlighted that many stakeholders need to
get coordinated and support the adoption of policies that allow the implementation of

community solutions [37].

2.2 The Integrated Design Process

Applying energy conscious design strategies, incorporating innovative energy
technologies and implementing energy monitoring and management are the means to
create zero energy buildings and communities on the road to sustainability. The design
and construction process inevitably fall under revision and the key concept that
characterizes the new approach to design and construction is integration [11,74,75].
The Integrated Design Process (IDP) has gained attention as sustainable building
practices and the green, low-energy and recently zero energy building concepts evolved
[11,74,76-78]. The details, benefits, weaknesses and elaboration of the process have
been suggested to be subject of research and development for the IDP [79]. Literature
has focused on these topics with the aim to assist the building industry through this
paradigm shift in building design. As a result, the characteristics and steps of the process

have been a subject for investigation.

Through practice, collection of data from case study buildings and interviews with
building design and construction professionals it has been recognized that sustainable
building design demonstrates a design approach where considerable design effort is
transferred to the beginning of a project with the collaboration of various building
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practitioners that share their expertise and set a comprehensive design basis on which
the project will evolve and will be optimized [76,80]. Various projects and organizations

have worked towards the formulation of a clearly defined process [12,81-84].

In [81] is given a comprehensive roadmap of the process. The drivers and the principles
of the process are analyzed and detailed guidance step by step for successfully
implementing IDP is presented supported by relevant case studies. The IEA Task 23 also
provides a comprehensive guide for implementing IDP that is supported by a navigator
tool [12]. Interviews with industry professionals and consultation with experts assisted
the development of the Guide to Integrated Design and Delivery document where
specific attention is also given to the contractual requirements of the process [83]. On
the same path the American Institute of Architects has developed a guide to Integrated
Project Delivery, similar to the previously mentioned works, it comprises all stages from

project conceptualization to delivery [82].

Table 1: The steps of the integrated design process

[81] [12] [83] [82] [84]
Basics
Basics Kick-off
- Extended (steps 1-3)
Pre-design :
Programming Pre-design
Pre-design Pre-design
(steps 4 & 5)
Concept design
Schematic C(;)ngept Schematic Criteria design
esign (step 6)
Design Detailed Desien
development Design Design design §
development
Construction development development Construction (steps 7 - 14)
documentation documents p
Construction
Bidding-
construction- Construction Construction (steps 15 -17)
commissioning Commissioning
Construction (step 18)
Building and operation
operation Operation
(startup) Operation Closeout
steps 19 & 20
Post-
occupancy

In Table 1 the steps for implementing an IDP, as these have been suggested in the
aforementioned guides, are tabulated. Although the number or naming of steps may

vary, the actions related to the process are common.
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Implementation of integrated project design and delivery requires a diverse team of
professionals that will collaborate from the beginning of the project [12,81-83]. Purpose
of the initial meeting between the team and the client is the definition of the project’s
aspirations, the identification of potentialities or problems and goal setting. The
assembly of the team and meeting with the client in order to set the launching base of
the project are the actions that compose the first step that kicks off the process [12,82-
84]. This step is characterized as basics in [12], “kick-off” in [83]. The following step,
characterized as “pre-design” includes exploration of design strategies and identification
of synergies for producing a refined energy and sustainability targets’ plan for the

project [12,83,84].

The aforementioned two steps, are identified as one “pre-design” step in [81] and
“extended programming” in [82]. The pre-design decisions, taken in one or two steps,
form the basis upon which the “schematic” or “concept design” is built. Design
alternatives are evaluated while design strategies and targets are re-evaluated and
become more concrete [12,81-84]. The schematic design that will result from this
process is further developed at the next step, the “design development”. This step may
include a number of iteration loops where the design choices, the energy strategies and
combined performance of all systems are evaluated and optimized [12,81,84] before
moving to the “construction” step. The construction step also involves the
commissioning process [81], [12], [82]. In [83] construction has been grouped with

“operation” as one step.

Contrary to the conventional process, where the project ends after completion of
construction, the IDP continues into the “operation” or “post-occupancy” phase
[12,81,83,84]. The operation phase includes y [81], [78]. In [85], presenting a case
study middle school designed to achieve net-zero energy, the measurement and
verification of the intent is documented as critical integrated design practice. Although
operation is the final step its successful implementation in support of a project’'s M&V
requires preparation and planning from the beginning of the project which is

documented in an M&V Plan for the project [86], [87].

In [82], the final step is named “closeout”, but it foresees the existences of a fully
developed “as-built” building information model (BIM) that can be used for monitoring,

control, security and performance evaluation so as to support long-term building
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management, maintenance and operation. The employment of BIM technical solutions
has been widely recognized in IDP related literature as enabler to the process
[74,82,88,89]. Integration of BIM in the process has been discussed along the new forms

of collaboration that emerge and the related contractual implications [89], [88], .

The transition from the traditional design and construction process to the Integrated
Design Process and Integrated Project Delivery calls for new forms of stakeholder
collaboration and new forms of project management and contractual agreement
[12,83,89]. The traditional approach to design and construction management with the
use of traditional design-bid-build contracts, is characterized by fragmentation, where
various BD+C professionals are introduced at different stages and probably are working
on separate goals [90], [91]. This fragmentation also hinders the project’s quality
management[91]. On the contrary, IDP assisted by BIM solutions, is emphasizing on
close collaboration and alignment of all involved stakeholders from the early planning
stages and throughout design and execution, in order to achieve optimum design and

performance results with optimum time and cost management [12], [83].

Researchers have also investigated tools and methodologies that can assist the
integrated design process in decision making. In [92] is developed a method for
simultaneous assessment of thermal, visual and air quality autonomy as part of an
integrated process design stage analysis. Chardon et al. investigated the development of
a BIM compatible tool to serve decision making for optimization between costs and
performance of the building envelope. The authors suggest that this tool can support
integrated design of small scale projects and propose that more design criteria,
including primary energy consumption, thermal comfort and life cycle analysis can be

included in the decision making tool [93].

Table 2 summarizes the attributes of the IDP. Despite being defined in its steps and
attributes, there is still room for exploration and experience to be gained through
implementation of the IDP in order to better understand how actors are linked to
activities and how to handle costing and contracts [94]. Wider implementation of the
process can also provide evidence in its strengths and weaknesses so as to ultimately
harness its full potential in creating sustainable constructions [95]. In view of the
collaborative form that the IDP implies, familiarization with the process, the underlying

concepts of integration and the supporting tools, need to become part of the educational
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curriculum, especially for architects that are often identified as leaders in this

collaborative form [94], [96].

Table 2: The IDP attributes that have been identified in the reviewed literature

IDP attributes References

Inclusive [12,74,76,78,79,81-84,89]
Iterative [11,12,80,81,84]

Holistic thinking [11,12,74,78,81,84]

Broad team/Interdisciplinary [12,74,89,76,78-84]
Collaborative [12,74,89,76,78-84]

Goal -driven [11,12,78,81-84]

Front loaded [12,74,79-83]

Systematic [12,81-84]

Optimised [12,78,81-84]

2.3 Measurement and Verification: an overview of drivers and trends

For design and operation of the highly energy-performing and efficient built
environment, measurement, and verification (M&V) of performance is identified as a
crucial task. Continuous performance monitoring is integral to the IDP. In addition,
implementation of M&V is a prerequisite within the European Union’s Energy Efficiency
Directive [95]. Continuous monitoring and verification of performance is also
emphasized in the Energy Performance of Buildings Directive (EPBD) [96]. International
green building standards (e.g., LEED - Leadership in Energy and Environmental Design),
prescribe a series of basic (prerequisite) and advanced (extra credits) procedures,
intending to set up a feedback mechanism on building energy use trends, performance

assessment, and consequent measures for improved efficiency [97].

M&V encompasses the implementation of processes for measuring the energy
performance of systems, technologies, and/or strategies linked to building energy
consumption and efficiency and verifying performance against expected targets.
Inherently, M&V presupposes the use of monitoring equipment and energy-saving
calculations [97]. The reliability of the M&V depends on the design and implementation
of a reliable monitoring scheme and on coordinated planning of all actions that should
be performed for measuring, evaluating, and verifying performance. This is a

complicated process to begin with, but supported through well-established protocols —
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the more prominent being the International Measurement and Verification Protocol

(IPMVP) [86] and the ASHRAE Guideline 14 [87].

The IPMVP sets the principles, terminology, and standard practices for M&V and has
been developed to provide a robust basis for the assessment of savings from energy
efficiency, water efficiency, demand management and renewable energy programs [86].
ASHRAE Guideline 14 offers technical guidance on M&V; it addresses M&V of retrofitted
Energy Conservation Measures (ECM) explicitly and provides detailed guidelines on the
calculation of savings, uncertainty evaluation, instrumentation selection and calibration,
as well as data management. ASHRAE Guideline 14 was developed to support the energy

services companies (ESCOs) in their transactions with clients and energy utilities [87].

These protocols have been created with the initial purpose of providing a basis for the
evaluation of energy-saving programs by listing standard M&V procedures and
calculation methods. However their instructions are also applicable to new built
projects. Given the ZEB rise, a measurement and verification protocol specifically for
net-ZEB has been produced. This protocol’s motivation rose from the need to provide a
structured proposal for measuring and verifying the net-ZEB status considering the lack
of a universally accepted definition. In this protocol, the steps for planning, installing,
and operating a net-ZEB monitoring system are presented. The document addresses
strategies for monitoring energy and Indoor Environmental Quality (IEQ) as well as data

post-processing procedures [98].

Monitoring is indispensable for tracking and effectively improving the implementation
of the zero energy concept [24,36,72,98-100]. When enhancing building energy
performance, the human and the occupancy pattern components may result in a great
difference between predicted and effectively consumed energy, since building operation
may lead to unpredictable building use and HVAC operation [52,72,101,102]. For that
reason, a key scientific effort is aimed at demonstrating the importance of real
monitored data for identifying and reducing the energy performance gap [103,104].
Through measuring and analysing actual performance, data can be fed back into
simulation models allowing the quantification and evaluation of the performance gap
[103], as well as the identification of causes and consequent mitigating actions [105],
[104] such as lack of precision in the definition of realistic boundary conditions at

building and settlement level [46].
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The performance gap is a strong driver for performing M&V [106] and the availability of
real data from monitoring allows for a sound assessment of the performance gap [103].
The measured performance also provides feedback to occupants, thus assisting the
transition of occupant behaviour to an energy-conscious mind-set and enhancing the
success of the applied energy strategies and further assisting in closing the performance
gap [107]. In particular, performance monitoring can be exploited to develop real-time
and feed-forward information strategies to drive more rational energy-related occupant

behaviour [108], [109].

In [72], monitoring and verification of performance were intended in identifying the gap
compared to design and modelling assumptions. Measured results of nine months
revealed that measured energy performance was 15% higher than expected from
simulations and an occupant engagement campaign followed with the aim to drive
energy conservation. Similarly in [52], measured performance results of community
zero energy retrofit projects are discussed. The residential retrofit project had higher
energy consumption than what was expected from the simulation, which was linked to
occupant behaviour. An intervention followed for raising occupant awareness on
appropriate HVAC use and ventilation principles. A campus retrofit project that included
three college buildings, had measured energy consumption close to what was expected
from simulations, however, the occupant thermal comfort was rated lower than pre-

retrofit [52].

M&V is particularly critical in performance-based contracts, where a third party
contractor guarantees the performance of the implemented energy-saving measures and
the installed equipment [110]. Besides, monitoring combined with building energy
management and predictive controls can be further utilized towards advancing building
performance [103,111]. The feedback provided through M&V feeds decisions for
building energy management aiming to improve performance [13], as well as Demand
Side Management (DSM) programs aiming to optimize costs and efficiency [112].
Measured performance data are the cornerstone of Building Energy Management
Systems (BEMS) and have long been utilized for energy performance management

[113,114].

From that point of view a link can be found with M&V2.0. M&V campaigns in literature

have been associated to ECM implemented on existing buildings, primarily industrial, or
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office buildings, which has created an interest in developing methodologies for the
creation of reliable baseline model and savings estimation, reducing uncertainties,
computation time, and M&V costs [112,115-119] as well as automating the M&V [120-
123]. Automation of the M&V, namely M&V 2.0, is the research focus investigating the

development and potential of automated, real-time M&V.

A Cloud computing platform for the measurement and verification of energy
performance in real-time was presented by Ke et al. [120]. The platform was tested on
the evaluation of energy conservation in the freezer and cold storage system of a
hypermarket. The authors suggested, however, that its use could be expanded for other
types of buildings and energy conservation measures. Gallagher et al. have also
developed a cloud computing platform to support M&V 2.0. The platform could provide

real-time savings estimations with high confidence [121].

2.4 Towards a smart built environment

In the era of high performing, zero energy buildings and communities, monitoring for
continuous measurement, verification, adaptation and improvement of performance has
become indispensable and is introduced as a vital step in an integrated process of
designing, constructing and managing the built environment. This is supported by the
development of Information and Communication Technologies (ICT) that has been a
driver for the rise of the smart built environment [124] accompanied by the growing
Internet of Things (IoT) [125]. As a result, a vast amount of data [126], is available
through monitoring equipment and sensors that form an interconnected, interoperable
network of knowledge [127,128]. This knowledge coupled with the power of Artificial

Intelligence (AI) [128,129] makes the built environment smart.

In response to these developments, the EU has introduced the “smart readiness
indicator” aiming to measure the capacity of buildings in employing smart technologies
for adapting to occupants’ comfort, maintaining and optimizing their performance and
interacting with the energy grid [130]. One step further, the 2020 decade has been
declared to be EU’s digital decade aspiring for a digital transformation by 2030. This
encompasses digital transformation of skills, businesses, governance and citizenship,
and infrastructure [131]. Aligned with this vision, a series of policies and initiatives aim

to promote smart cities as places that supported by ICT tackle environmental, social,
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organizational, administrative, energy and resource pressures that challenge

sustainability in a highly urbanized world [132].

The concept of the “smart city” has been distinctively studied in literature gaining
popularity the past decade along the concept of the “sustainable city” [133]. The
definition and description of the smart city and its assets is an ongoing discourse in
recent literature. This is related to the concept of the city itself and the theoretical,
historical, political, philosophical but also practical approaches on urban development
processes, the function of cities and the role of citizens [134-136]. The smart city
concept features smart infrastructure, open data, smart services and Apps, and an
overarching smart city vision [137] aiming to enhance citizen experience, quality of life
and quality of services, promoting citizen engagement, social equality and inclusion,
increasing connectivity, creating and sharing knowledge, efficiently managing energy
and resources, fostering digital economy and environmental sustainability

[133,137,138].

The smart grid is an enabling factor to the smart cities from the energy perspective
[127]. Traditional grids lack flexibility in power generation and load operation [15],
whereas a smart grid comprises distributed energy sources, energy loads and storage
components, forming a semi-autonomous entity with energy management capabilities
[139]. Energy Management Systems (EMS) are essential component of smart grids for
the purpose of their reliable and efficient operation [139], [140]. A smart grid
communicates with its components and integrates intelligent energy management that
controls its loads so as to achieve an efficient and cost-effective operation [15],
[141,142]. In [143] an energy management algorithm is tested for optimum integration
and operation of a PV array and a battery for serving a micro-grid’s loads. In [144] two
algorithms are proposed and tested on an existing micro-grid, one for energy scheduling
and one for demand response. Increased efficiency and occupant satisfaction has been

achieved by the EMS applied in a University Campus [142].

Smart buildings are components of both the smart cities and the smart grid [127], [145].
Within the smart grid, Building Energy Management becomes part of a more
comprehensive energy management system, where energy flows are regulated and
optimized with the application of suitably designed controls [146], [147]. Under demand

response programs, smart buildings’ interaction with the grid can be optimised, through
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optimum utilisation of RES and stored energy that effectively reduce peak loads and

electricity costs [147], [148].

Dakheel et al. identify four basic functionalities of the smart buildings: climate response,
user response, grid response, and monitoring and supervision. This functionalities lead
to the four basic features of the smart buildings: near zero energy performance, energy
flexibility, real-time monitoring, and real-time interaction. Resulting from these features,
a series of quantitative key performance indicators (KPI) for the smart buildings can be

defined in addition to the qualitative smart readiness indicator [149].

An aspect that has been stressed in the smart building and smart city literature is
balancing the decision power among automation and the occupant/citizen expectations.
Smart buildings aim to be adaptable and responsive to the occupants’ needs [150] and
therefore a level of decision power and control needs to be left to the occupants [151],
[152] and in the case of cities, to the citizens [135], [136]. Different user groups might
perceive differently the function and necessity of smart technologies and smart
operations, therefore understanding of the users’ needs and expectations is fundamental
for the smart built environment to fulfill its purpose [153], [145]. Under this scope,
technology acceptance, literacy and the digital divide need to be considered too for user

and citizen engagement and optimum interaction with the smart infrastructure [136].

In his book “e-topia - Urban life, Jim - but not as we know it”, W. ]J. Mitchell describes his
vision of e-topias that can be created in the 21st century to replace the dated and
dysfunctional urban development patterns of the 20th century. The e-topias are “lean,
green cities that work smarter, not harder”. The five design principles of e-topias are
dematerialiasation, demobilization, mass customization, intelligent operation and soft
transformation [154]. Employing wordplay with the words electronic and utopias, W.].
Mitchell in a few lines described in 1999 what is described today as “smart built
environment”, including the smart cities, smart buildings and the smart energy grid. In

2021 the e-topias are not utopias; they are very real and are leading into the future.

The smart built environment gathers real data, and utilizes them to evaluate its
performance and feed informed decisions for adapting its operation with cost-efficient,
energy-efficient, human comfort and environmental perspectives [128,129,150,151]. To
summarize its properties, the smart built environment is data intensive

interconnected, interoperable, interactive, intelligent, and adaptable.

35



Integrated and Smart Design for Buildings and Communities

36



Integrated and Smart Design for Buildings and Communities

3 METHODOLOGY

The methodology has been structured in steps for answering the research questions.
The research design includes mixed research methods that are tailored to each research
step. Each research method has been implemented with reference to case studies that
have provided the basis for investigation and analysis in each step. The research design

is schematically represented in Figure 2.

Step 1 - Research Question 1

Lessons learned from the IDP that has been
developed and implemented in 4 pilot Zero Energy

How the IDP can be implemented for | oy mynities, as part of a EU HORIZON 2020 project:

creating Zero Energy Communities? ,
& gy ¢ The structure and attributes of the process

« Stakeholders’ Analysis

Step 2 - Research Question 2

¢ Mapping of the steps for M&V development and

How Measurement and Verification implementation in 4 pilots

of Zero Energy Communities is

planned and executed? ¢ Mapping of the developed M&V framework in

relation to the IDP

Step 3 - Research Question 3

What are the M&V results of a Zero Data collection, analysis and evaluation from a pilot
Energy Neighborhood that is Zero Energy Neighborhood

designed, constructed and ¢ Actual vs Simulated performance

monitored after an integrated ¢ Actual Performance vs Design Targets

projectdesign and delivery process? | « Zero Energy Balance

Step 4 - Research Question 4

How is smartness introduced in the
integrated design of zero energy
buildings and communities?

¢ Development of forecasting with Artificial Neural
Networks

Figure 2: Schematic representation of the research design

3.1 Step 1 - Research Question 1: How the IDP can be implemented for creating
Zero Energy Communities?

First Qualitative research has been implemented. The integrated design approach that
has been developed and implemented in four pilot residential zero energy
neighbourhoods as part of the Horizon 2020 ZERO-PLUS project (‘Achieving Near Zero
and Positive Energy Settlements in Europe using Advanced Energy Technology’) [155],

is subject to qualitative analysis in section 4.
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The qualitative characteristics of the approach are identified and associated with the
respective IDP steps and attributes that have been collected through literature review.
With reference to the project management and the experience obtained from the
implementation of the four pilot ZENSs, the lessons learned have been captured through a
series of questions that have been answered by the partners involved in the ZEN design
and implementation. Three sets of questions were prepared for the three main groups:
(a) Case study owners, (b) Case study support teams, and (c) Technology providers. In
addition to the questionnaires, lessons learned have been supplemented through
specific barriers that were encountered in the pilots, leading the partners to create an
impromptu list of barriers and drivers as these have been appreciated after

implementation of the pilot ZENs.

Lesson learned sessions are an opportunity to identify success stories, pitfalls and/or
unintended outcomes (positive or negative) as well as recognize things that went well,
things that might have been done differently, the causes of pitfalls and suggestions for
facing or avoiding those [156]. Furthermore lessons learnt sessions contribute to

knowledge management and establishing institutional knowledge [156], [157].

3.2 Step 2 - Research Question 2: How Measurement and Verification of Zero
Energy Communities is planned and executed?

In this stage, first the steps that have been followed for the formulation of the
measurement and verification framework of the four pilots are described. Following, the
final framework that has been developed and implemented is presented and explained
and finally its links to the overall Integrated Design Process are highlighted and

discussed.

3.3 Step 3 - Research Question 3: What are the M&YV results of a Zero Energy
Neighborhood that is designed, constructed and monitored after an
integrated project design and delivery process?

This step involves the analysis of data that have been collected from a pilot ZEN after its

first year of monitoring and operation (section 6).

The energy performance evaluation of the neighbourhood follows three axes: 1.
Comparison of the measured performance against the expected performance, 2.
Comparison of the actual performance against the design performance targets, 3.

Assessment of the zero energy balance.
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The ZEN has been designed according to performance targets that have been set for

both building and neighbourhood level as follows:

Regulated energy consumption at building level < 70 kWh/m?/year;
Net regulated energy consumption at building level up to 20kWh/m?/year;

Renewable energy production at settlement level of at least 50kWh/m?/year;

VIR

Investment costs of the buildings reduced by at least 16% compared to current

costs for single ZEBs.
The following definitions apply:

Regulated energy use = heating, cooling, domestic hot water, fans, pumps and

ventilation.

Renewable energy = energy production from building-integrated renewables and

energy production by the community/settlement renewables.
Net regulated energy = Regulated energy use - Renewable energy.

The expected performance is the simulated performance according to the as-built status
of the neighbourhood. Further information is provided in section 6.2.2. The expected
performance per month and for the whole year is compared to measured performance

and expressed in percentage (%) difference.

Furthermore, in support of the measured against expected performance evaluation, the
energy signature is plotted. The energy signature is a tool that can be used as a reference
and an indication of the expected consumption as well as for identifying and
interpreting possible changes [158], [159]. Therefore, defining and studying the energy
signature can offer a primary tool of energy performance evaluation throughout a

building’s lifetime.

In principle, the energy signature is a correlation of a building’s heating and cooling
energy use with climatic variables, usually the external air temperature. The graphical
representation of the energy signature is given with a scatter plot. The slope of the
signature indicates the HVAC consumption sensitivity to the external temperature. The
slope can also be interpreted as the building’s heat loss coefficient [158,160-162].
Vertical shifts of the signature indicate changes in the HVAC system such as a system

upgrade [158].
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The energy signature can convey different information depending on the data resolution
level; the use of hourly data reveals information that are hidden when daily data are
used [163]. The identification of energy trends throughout the years can be achieved
with the use of daily data. However dynamic trends, such as peaks, require the use of
hourly data or even sub-hourly data, depending on the available measurements. In the
present work, hourly data have been used for plotting and comparing the energy
signatures of the actual performance against the expected performance. This approach

supports the investigation of the performance gap and its relation to HVAC operation.

The zero energy balance is assessed considering the balance between RES production
and residential consumption, both total and regulated. This approach is similar to the
load/generation balance discussed in [24]. Although the commonly agreed temporal
basis for evaluation of the zero energy balance is the annual, here also the monthly
balance is calculated in support of the analysis. The following indicators are calculated

for evaluating the zero energy balance:

PV production/Total consumption (%)

PV production/Regulated Consumption (%)
Self-Consumption/PV Production (%)

Self-Consumption & Battery/PV Production (%)
Self-Consumption & Battery / Total Consumption (%)
Self-Consumption & Battery / Regulated Consumption (%)

The Self-consumption is the amount of the PV consumption that is directly consumed in

the neighbourhood.

3.4 Step 4 - Research Question 4: How is smartness introduced in the integrated
design of zero energy buildings and communities?

In the final step the introduction of smartness in the design is studied with the
development and evaluation of Artificial Neural Networks (ANN). The ANN are Artificial
Intelligence (Al) models with underlying principle the human brain function. Similarly
to the human brain’s neurons, ANNs are composed of interconnected nodes that can be

trained to perform tasks.
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In the present work, ANN are employed for forecasting the renewable production in two
micro-grids. In the first case the objective of forecasting is the excess power of the grid

and in the second case, the thermal power production.

At its simplest structure an ANN is composed of three layers of nodes: the input layer,
one hidden layer and the output. The nodes of each layer are connected with nodes of
the previous and following layer. Each neuron is associated with a weight value a bias
value and a transfer function. Inputs are multiplied by the weight, added to bias and
processed through the transfer function to provide the output. During training of the
network, weights and biases are adjusted so as to give an output with the smallest error.
In feed forward networks, information moves in one direction from the input to the
output layer. In recurrent networks, information can also flow in the opposite direction.
A recurrent dynamic network, suitable for forecasting problems is the nonlinear
autoregressive network with exogenous inputs (NARX) and has been used in the present

work [164].

The forecasting accuracy of the developed ANN is evaluated according to the values of

Regression (R), the Mean Bias Error (MBE) and the Root Mean Square Error (RMSE).
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4 INTEGRATED DESIGN PROCESS FOR ZERO ENERGY NEIGHBOURHOODS

4.1 Introduction

The literature so far on zero energy neighbourhoods is mainly theoretical, in that it does
not present experience from realised projects. This section is based on the experience
gained through the design, construction, and monitoring of four pilot zero energy
neighbourhoods [155,165,166]. The present section contributes by presenting the
integrated approach that has been developed and implemented as well as the lessons

learned from its implementation.

The section offers an analysis of the stakeholders that are involved throughout design,
construction and monitoring of ZENs. Through the stakeholders’ analysis, the groups of
stakeholders that were involved in the implementation of the approach are identified.
The relation of the stakeholders to expected benefits and identified barriers is also

presented.

The section closes with a discussion linking observations from the aforementioned
analysed topics with reference to the new dynamics that emerge and are critical to the
successful implementation of the integrated design process for zero energy

neighbourhoods.

4.2 Integrated approach

The achievement of optimized energy and cost-efficient solutions for zero energy
neighbourhoods requires an integrated, holistic approach to design and simulation
[167]. Furthermore, energy design and optimization beyond single buildings can be
optimally planned and managed through integrated energy master planning including
multiple stakeholders and continuous iterations [39,168]. An integrated approach to
design, construction and monitoring has been developed and implemented in four pilot

neighbourhoods (Figure 3) with the aim to achieve specific energy and cost targets.
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Figure 3: Design and Construction process for zero energy neighbourhoods

The structure of the approach matches the steps of the IDP starting with goal-setting
and team assembly in pre-design. For the ZEN project a broad team of experts from both
industry and academia, including the neighbourhood developers, has been assembled

and has worked collaboratively from the beginning of the project.

Following, schematic design and design development have been supported by
simulations and an optimization process through design iterations. Dynamic Thermal
Simulation (DTS) tools have been employed for building performance simulation and
optimization, RES performance simulation, as well as integrated building and RES
simulation [155]. In addition, microclimate simulations serve the determination of
performance under alternative microclimate scenarios [46]. Life Cycle Cost Analysis
(LCCA) aims to minimize costs while respecting the energy performance constraints
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[169], leading to the optimized design of energy and costs. The design has been
reviewed and evaluated through progress meetings of the team as well as through two
dedicated review workshops with the participation of external experts (as part of the

activities of the Horizon 2020 project ZERO-PLUS).

A Cost Control Tool and a Change Management Tool have been developed for tracking
alterations to design during construction and subsequently tracking possible changes in
the performance targets [170]. Thus, after completion of construction and installation,
pre-occupancy checks along with pre-occupancy monitoring serve the checking of
simultaneous performance of the buildings and technologies prior to occupants’ move-
in while the results feed the calibration of the design simulation models for obtaining

the as-built simulated performance.

Continuous monitoring during occupancy supports the measurement and verification of
energy consumption and energy production as well as the indoor environmental quality
and ultimately evaluation of the performance targets. The monitored data are collected,
stored and visualized on a Web-GIS platform [171]. In addition, Post Occupancy
Evaluation (POE) surveys evaluate the occupants’ satisfaction and their interaction with
the buildings and installed technologies [172]. POE results and collection of actual
performance data allow the updated calibration of the simulation models for
performance evaluation and assessment of the performance gap at the end of one year

of monitoring.

The process that has been developed and implemented for the pilot ZENs possesses the
attributes of the IDP (Table 3) as these have been identified in literature. It is a goal-
driven and front loaded process, guided by specific performance targets and early
effort for coordinating design aspects and decisions. It is a holistic thinking approach,
targeting energy, microclimate, comfort, costs and lifecycle. The process is also
systematic; constituting a roadmap of steps, processes and tools. This roadmap is not a
linear process, but rather an iterative one, where every step is reviewed and iterated, in
relation to design intentions and optimized results. Optimization is pursued in every

step of this systematic, iterative process.

Such process has been implemented by a broad, interdisciplinary team of experts
(from both industry and academia), including the project developers and technology

experts. All experts have been included and worked collaboratively throughout the
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process. The team dynamics and lessons learned from the implementation of the

process are discussed in section 4.3 Stakeholder Analysis.

Table 3: The IDP attributes of the ZEN approach

IDP ZEN approach

Goal -driven
Front loaded
Holistic thinking
Systematic
Iterative
Optimised
Broad team/Interdisciplinary

Inclusive

AN NN N Y NN NN

Collaborative

4.2.1 Applicability

The process has been fully implemented on 4 pilot zero energy neighbourhoods (Figure
4, Figure 5, Figure 6, Figure 7) in 4 different European countries, representing different
climatic conditions and scales of implementation (Table 4). Moreover, each case study
has employed different tools depending on local context. For example the dynamic
thermal simulation tool used in France, offers a module for checking the French Thermal
Regulation (RT2012). Therefore is can be concluded that the process is also flexible and
adaptable, applicable in varying contexts for the creation of zero energy

neighbourhoods.
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Figure 7: The demonstration prefabricated container in the pilot zero energy
neighbourhood in Cyprus
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Table 4: Overview of the pilot neighbourhoods where the developed Integrated Design
Process has been implemented

Dynamic thermal simulation

Location Type of buildings | Climate tool(s)
Detached and semi-
York, UK detached dwellings Temperate IES VE
Granarolo Villas Temperate and EnergyPlus with DesignBuilder
dell’Emilia, Italy Mediterranean graphical interface

Social housing

apartment block Semi-continental Pleiades

Voreppe, France

Prefabricated Mediterranean EnergyPlus with DesignBuilder

Nicosia, Cyprus container system graphical interface

4.3 Stakeholder analysis

The stakeholders that were involved in the integrated design, construction and
monitoring of the pilot zero energy neighbourhoods are analysed in this section and

they can be divided into two main groups:

i) external stakeholders that are indirectly involved in project development,

ii) internal stakeholders, who are directly involved in project development.

4.3.1 External Stakeholders

The external stakeholders were the planning authorities and utility companies that
dictated specific requirements for the approval of the submitted designs. These
requirements are a result of the legislation, planning policies, and energy policies that
are in place in each country and directly affect the implementation potential of design
strategies and technologies (Figure 8).

/" External Stakeholders

Policies ,
m m
Authorities Legislation / companies

\ Regulatlons

7

Figure 8: External Stakeholders involved in the implementation of the pilot ZENs.

The external stakeholders mainly interact during the design stages (Figure 9), when

design decisions are made and permits are issued. In the 4 pilots the external
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stakeholders mainly affected the design development by causing changes and therefore
delays in the progress of the design, and consequently delays in the start of the
construction. These delays were related to the approval of the innovative technologies.
The time-consuming process of obtaining certificates of conformity as well as the
uncertainty of final approval led to certain technologies being excluded from the design

and replaced with other market-ready technologies.

DESIGN CONSTRUCTION

OCCUPANCY
Pre-design I Design development Construction IPost-construction

INTERNAL STAKEHOLDERS \)
EXTERNAL STAKEHOLDERS >

Figure 9: Involvement of external and internal stakeholders in the project phases.

4.3.2 Internal Stakeholders

The internal stakeholders were the members of the project team and were involved
throughout the project phases (Figure 9). The internal stakeholders were consultants
from academia (on energy, POE, monitoring, IT), technology providers (developers of
innovative technologies for renewable energy generation and energy management),
project owners, the design team, and the construction team. In certain case studies, the
occupants were involved in the project development as well. Therefore, it has become
evident that for the design, construction, and management of such projects, an expanded

team is needed (Figure 10).

Occupant
4

Project

Internal Stakeholders
Manager

Project
Technology

‘ \ Owner
Construction \\
\“:\\.‘ ["

Figure 10: Internal Stakeholders involved in the implementation of the pilot ZENs.

Focusing on the involvement of the internal stakeholders in each project phase,
feedback was obtained from the project partners in a structured way through the use of
questionnaires. The results represent the replies obtained from the pilot ZENs in UK,

Cyprus and Italy. In the pilot of France, the representative was replaced thrice
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throughout the project and as a result the current representative did not have a full

picture of the project development.

The “level of involvement” in project phases is a number resulting from the replies to the
question: From your experience at which phase(s) needs each expert to be involved (think
what you would do if you started now)? Mark all boxes that apply. Similarly, level of
involvement per communication links results from the number of replies to the
question: Which were the links of communication between the experts involved in the
design of the case study? (check all that applies). The final result represents the number

of times a link was given to this expert.

First is given the “level of involvement” according to the number of project phases
assigned to each expert (Figure 11). The Project owner/developer and the Energy
analysis expert have the highest sum in phases of involvement, followed by the
Electrical Engineer and the Technology Provider. High sum also have the IT Engineer
(1st in Cyprus) and the Monitoring Coordinator (1st in Italy, 2nd in UK). This probably
results from the fact that the monitoring of the pilots and recording of data on the Web-
GIS platform was a prominent task. These experts also worked with the Electrical
Engineer for coordinating the design and installation of the monitoring schema with the

electrical drawings.
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Structural

X Project Owner/
Engineer \ Developer
9 13
Contractor
10
Energy Analysis
Architect Expert
Elec. Engineer
Monitoring__— 12
Coordinator
11 Technology

IT Engineer Provider
11 12

Figure 11: Level of involvement per number of phases of involvement. Each piece size is
the number of times an expert was associated with either of the project phases.

The “level of involvement” per number of communication links is presented in Figure 12
for each pilot. The Project Owner/Developer has the greater sum of communication
links in UK and Cyprus. In Italy, the Home Owner was involved in the process Post-
Construction, replacing the Project Owner/Developer, thus the latter appears with less
communication links. The combined level of involvement, including both project phases
as well as communication links is represented in Figure 13. The overall level of
involvement of each stakeholder in each pilot is represented by the size of the nodes,
and is the result of the number of project phases in which each stakeholder was

involved, and the number of communication links.
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Figure 12: Number of communication links assigned to each expert in three pilots.

The mapping confirms that the internal stakeholders are almost equally involved
throughout the project and that a complex network of communications is created among
the internal stakeholders. In Italy, in particular, the participation of the Home Owners
throughout the process was highlighted in the answers, thus allowing the placement of

the Home Owners in the stakeholder mapping of the case study from Italy.

The mapping highlights the need for expanded, yet integrated, teams that work in
alignment throughout the project. The coordination of such a team and of the
interactions among the stakeholders is a challenging task. It should be handled by a
Project Manager who has a broad overview of the project. This conclusion is addressed

in more detail in the discussion.
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Figure 13: Stakeholder involvement and communication network in each project phase for
a. UK, b. Italy, c. Cyprus. Key: A - Architect; C - Contractor; EA - Energy Analysis Expert; EE -
Electrical Engineer; IT - IT Engineer; M - Monitoring Coordinator; PD - Project Developer; SE -

Structural Engineer; TP - Technology Provider; HO - Home Owner/Occupant.

4.4 Drivers and Barriers to ZEN implementation

As found in literature (section 2.1), there are multiple drivers to opt for zero energy

neighbourhoods as opposed to single ZEBs. The drivers resulting from the developed

ZEN approach, as these have been recorded by the partners involved in the development
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and implementation of the approach through four pilot ZENs, are listed in Table 5 and

have been further correlated with the stakeholders that can influence their achievement.

‘Table 5: The benefits of the ZEN approach and the stakeholders related to the realisation
of benefits

Driver

Improved microclimate conditions through urban design solutions

Internal Stakeholders External Stakeholders

Design Team (Architects, Engineers) Planning authorities for approval of
Consultants (Energy analysis expert) settlement plan

Technology providers

Driver

A clear roadmap for achieving compliance with European regulations for energy efficiency in
buildings

Internal Stakeholders External Stakeholders

Project Manager Planning authorities for approval of
Design Team (Architects, Engineers) necessary documentation

Construction Team

Consultants

Technology providers

Driver

Increased efficiency through communal energy generation and management technologies
Internal Stakeholders External Stakeholders

Project Manager National regulations and Policies on energy
Project Owner sharing

Design Team (Architects, Engineers) Utility Companies

Construction Team (Contractor, Installers)
Consultants (Energy, Monitoring, IT)
Technology providers

Home owners

Driver
Access to the required expertise

Internal Stakeholders

Project Manager

Project Owner

Design Team (Architects, Engineers)
Construction Team (Contractor, Installers)
Consultants (Energy, Monitoring, IT)
Technology providers

Home owners/Occupants

Driver
Optimization of energy performance through optimized technology design and optimized
integration of renewable energy and energy management measures in the settlement

Internal Stakeholders

Project Manager

Project Owner

Design Team (Architects, Engineers)
Construction Team (Contractor, Installers)
Consultants (Energy, Monitoring, IT)
Technology providers

Home owners/Occupants

Driver
Economies lead to lower initial investment costs for owners

53



Integrated and Smart Design for Buildings and Communities

Internal Stakeholders

Project Manager

Project Owner

Design Team (Architects, Engineers)
Technology providers

Driver
Energy savings and enhanced quality of life for the occupants

Internal Stakeholders

Project Manager

Design Team (Architects, Engineers)
Construction Team (Contractor, Installers)
Consultants (Energy, Monitoring, IT)
Technology providers

Home owners/Occupants

Together with the drivers, there is an equally long list of barriers that limit or challenge
implementation and potentially hinder the realization of benefits (Table 6). The

identified barriers can be divided into two main groups as follows:

i. Regulatory barriers, related to local and national planning processes and
regulations, that may potentially discourage, limit, delay, or prevent the implementation
of ZENs. These include, but are not limited to, barriers related to long-term urban
planning, building permits approvals, and the approval of communal and hybrid

renewable energy systems.

ii. Project management-related challenges that result from the novelty of the
approach, which requires collaboration and the alignment of a diverse project team.
These include barriers related to the alignment of the project team, the slow adaptability
of the project team to cooperate in unexpected circumstances, the integration of existing
and new technologies in local systems and supply chains, reaching agreement among

different owners in the settlement, and cooperation with occupants.

Table 6: Project stakeholders and related barriers as encountered during the
implementation of the 4 pilot ZEN.

Internal Stakeholders External Stakeholders

Project Manager
Project Owner
Design Team (Architects, Engineers)

. Planni horiti
Construction Team (Contractor, Installers) anning authorities

Consultants (Energy, Monitoring, IT) Utility Companies
Technology providers
Home owners/Occupants
Internal Barriers External Barriers

Assembly of an aligned team with good | Local long-term urban planning might obstruct
understanding and communication design intentions
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Experience

Timely exchange information . e
y 5 Reluctance to approve design when authorities

Integrating of novel technologies in local | ;e 1ot familiar with the concept

systems and supply chains

Agreement among multiple owners Existing policies and regulations on energy
Occupant cooperation sharing schemes

Project phase
ALL Pre-design and Design

4.5 Discussion

A clear roadmap to integrated design, construction and monitoring has been developed
and implemented in four pilot ZENs. The process involves design iterations, design
optimization, holistic approach to design, an expanded team of diverse experts and
continuous monitoring. Integration is a key concept in design and construction of a
sustainable, high energy performance built environment and it has been thoroughly

adopted.

As experience from implementation of the process has revealed, supported by the
stakeholders’ analysis, the technical knowledge and expertise exist to implement ZENs.
However, integration of the expanded team of stakeholders that need to get involved in
the process can be challenging. Considering the encountered barriers, the
implementation of the ZEN approach is essentially challenged by two main issues: 1.the
external barriers that are raised by the planning policies and regulations and 2.the

challenge of internal stakeholders’ management and integration.

Worldwide, regulations and standards have been adopted towards the wider
implementation of zero energy buildings [16]. However, there seems to be a lack of
coordinated policies and regulations for the implementation of communal solutions
towards ZENs [37]. This has been a prominent barrier experienced in the
implementation of the four pilot ZENs. Therefore, in view of transitioning from single
buildings to communities, policy and regulations stakeholders need to be aligned with
the design concepts and components (innovative technologies, shared energy schemes,

communal energy management) that enable such transition.

To this end, the policy and regulation framework needs to incorporate provisions that

expand from single buildings to communities, by introducing guidelines, protocols, and
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by-laws which will facilitate, and supervise the implementation of such concepts and
aims. This expansion will motivate stakeholders such as energy companies in
developing renewable energy sharing programs in support of zero energy and smart

communities [173].

As the stakeholder analysis revealed, the ZEN implementation presupposes an expanded
team and close collaboration among the partners throughout the process. This type of
collaboration is inherent to the IDP and is expected for creating ZENs. Coordination and
integration of the internal stakeholders and their interactions need to be ensured, and
would preferably be handled by a Project Manager who has a broad overview of the
project. Findings from literature on sustainable design and the IDP confirm these results
[83], [81], [12]. In [83] this role is assigned to the architect. A Design Facilitator who
guides the process is proposed to undertake this managerial role that can be challenging

for architects [12], [81].

Since integration is a key requirement, traditional project management structures are
not applicable. The traditional approach to design and construction is characterized by
fragmentation that hinders the project’s quality management. However the transition is
not an easy process and building design and construction practitioners throughout the
world have been challenged by it. Stakeholders’ willingness to embrace change and
adopt new processes has been identified as common barrier to adapting to change,
[91,174,175]. Resistance to change has also been identified as the main barrier to the
adoption of green technologies in the US [175]. Building design and construction
stakeholders feel more comfortable implementing processes and tools they are familiar
with [174-176].

Main challenges faced by project managers in green construction projects, according to
review conducted in [176], are technical difficulties due to complexity of design, extra
attention to the contract forms used, that need to be integrated, long time for approval
of green technologies, lack of experience of project managers on working with green
technologies and maintaining good communication through multiple communication
channels with stakeholders. The list of barriers recorded by the project partners from

the pilot ZEN is similar.

The most critical project management challenge in green construction projects,

according to research participants from Singapore, is the long time required to complete
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the design process so as to achieve optimum integration of design parameters with
involvement of multiple stakeholders. This is followed by the challenge of assembling
the project team. On the contrary, the lengthy approval period of the technologies was
not considered critical to project management [176]. Malin’s statement that “the very
strength of integrated design is also its greatest weakness—it depends on collaboration

from all the key players” is thereby confirmed [80].

Policies and regulations can endorse the implementation of integrate design [80], [83]
and drive change in project management and stakeholders’ engagement [177,178].
Opportunities to endorse the implementation of the IDP appear in design competitions
[94]. Besides, communication campaigns need to support prospective policies and
regulations. Lack of effective communication and enforcement will risk adequate

understanding and implementation [178].

In the new form of collaboration, the owner is a key stakeholder throughout the project
[12,83]. This is confirmed by experience from the pilot ZENs, where the Project
Owner/Developer had a high level of involvement and communication links. However,
the Project Owner is not necessarily the final home-owner and occupant. In the UK pilot,
the Project Owner is the developer of a neighbourhood and the eventual manager of the
neighbourhood. In this case, the home-owners and occupants buy the residences with
the monitoring equipment and settlement energy generation technologies already
installed. In other cases, such as in the Italian case study, the project developer has
included the buyers and eventual home-owners and occupants of the residences in the
process. Consequently, there is different involvement of the final owners or occupants
(and possibly non-involvement), depending on how the project developer operates. In
the latter case, the home owners have influenced with their decisions and requirements

the course of the project development.

Committed clients as well as engaged clients and occupants are critical for the success of
the design process and the in-use performance. In turn, design decisions are led by the
client requirements and occupant satisfaction [76,179]. Occupant engagement is also a
driver for mindful building operation that is critical for mitigating the performance gap
commonly associated with the zero energy, high performing designs [52,72,180]. The
home owners’ level of cooperation, e.g. acceptance of sensors or innovative

technologies, may be affected by perceived rather than actual systems complexity, by

57



Integrated and Smart Design for Buildings and Communities

technophobia, misunderstanding and misconception, lack of interest in the new

technologies and the potential they provide, or simple laziness [181], [153].

Occupants’ cooperation involves their willingness to allow and facilitate periodic
surveys and share personal information and data with researchers as part of POE [179].
The necessity of this can be clearly delineated in a Welcome Package. For the pilots
Welcome Packages have been prepared and distributed to the occupants. These are non-
technical user guides that contain basic information about the technologies and the
monitoring equipment, guidance on accessing the monitoring platform, and contact
details of technical support. The scope of the POE is also explained. Nevertheless, there
is the risk of occupants’ losing interest and getting tired of the POE surveys, which could
reflect on the POE results and the much needed user-feedback for performance

evaluation after occupancy.

The technology providers have also emerged as prominent members of the stakeholder
team for the creation of ZENs. The achievement of the zero energy targets requires the
use of technologies for energy conservation, energy management, and energy
generation. Similarly, at the neighbourhood level technologies need to be integrated to
achieve the targets. Therefore, both at the building and the neighbourhood level,
technology providers need to be part of the team and communication network early on
for optimum technology integration and integrated design performance evaluation. The
technology providers match the stakeholder category that is identified in the Guide to
Integrated Design and Delivery as “manufacturers” and “includes those who might
participate in an integrated project in the capacity of a product development specialist or

product representative” [83].

After installation and commissioning, continuous monitoring of the technologies is part
of the settlement-level monitoring. Continuous monitoring is essential for performance
evaluation and energy management. As a result, the roles of the Monitoring Expert and
IT Engineer are part of the stakeholders’ team for the ZEN. The Monitoring Expert leads
the overall planning and implementation of the monitoring, including measurement and
sensor specifications, design of the monitoring schema, monitoring equipment
placement, and quality control procedures. Consequently, the Monitoring Expert needs
to be involved in most phases and form multiple communication links. The IT Engineer

(or Data Engineer) is the developer of the platform where the monitored data are being
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recorded and also forms a series of interactions to ensure the correct function of the

monitoring schema and the data logging platform.

Participation of these roles in the stakeholders’ team and the related interactions are
imperative for high performance zero energy buildings and neighbourhoods since
monitoring has become an integral part of design and operation. However in existing
guides these roles have not been identified in the context that is discussed here. In [81]
the role of Controls Specialist is identified for proposing control strategies and ensuring
that these work. Specialty consultants are provisioned in [83] that might be included in
the project according to the project scope and possibly have a prominent role depending

on the significance of their activities within the project.
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5 Integrated Measurement and Verification

This part specifically focuses on the Measurement and Verification component of the
process. The newly developed M&V framework that was followed for the M&V of the

four zero energy neighbourhoods is described.

Although the M&V protocol for single net-zero energy buildings is available [98], a
neighbourhood is an entity more complicated than a single building. A neighbourhood is
composed of more than one buildings of similar or various uses, where energy is
communally produced, stored, and managed. When considering a neighbourhood a new
boundary is introduced where, apart from the building entities and building-level
technologies, settlement level technologies and settlement microclimate are also
included in the assessment. Nevertheless, the aim is not to provide a new protocol but
rather a novel framework for incorporating and implementing the guidance provided in

established protocols.

Gupta et al. have identified that building performance evaluation is a fragmented field
with multiple techniques and methods available. As a response to this fragmentation,
they propose a structured and flexible building performance evaluation framework,
mapping the various tools to the building life stages. The framework is applicable to
both existing and new buildings spanning from a basic to an advanced performance

evaluation level, where increasing level is linked to increasing cost [106].

Apart from the aforementioned work, existing literature lacks a more comprehensive
methodology for measuring and verifying the performance in the various phases of a
new-built project, especially when shifting the scale from the single building to the
neighbourhood level. Therefore, the present section specifically discusses how the M&V
can be placed within the project management and as part of a project’s design,
construction and operation. This is a novel structured, integrated proposal for designing
and implementing M&V for zero energy buildings as part of zero energy

neighbourhoods.

5.1.1 M&V Framework development

Planning the M&YV of a project is a complex process that involves the coordination of
various actions. M&V protocols exist—IPMVP [86], ASHRAE Guideline 14 [87],

Measurement and Verification Protocol for Net Zero Energy Buildings [98]—that outline
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the actions and contents of an M&V Plan. These may be supplemented by project-
specific instructions that are given in international standards, e.g., EN 16798-1:2019 for
indoor environmental quality assessment [182], EN ISO 52000-1:2017 for the definition
of the energy performance of buildings [183], ISO 50001:2018 for monitoring the

energy management at settlement level [184].

The methodology followed for the development of the proposed M&V framework is
depicted in Figure 14.

Step 1a: Study and collect Step 2: M&V Plan elaboration
M+V Protocols
|=II}=| Tools/ Equipment
List M&V
Procedures
Step 1b: Mapping + Experts

=
Procedures linked and mapped to
Project Development Phases

';Ju]:‘ Quality control

Step 4: Lessonslearnt
Step 3: Implementation

M+V Plan implemented in 4 pilot zero

L o energy neighborhoods
TRY FRIL  SUCCESS

Integrated M&V Framework

Figure 14: Schematic representation of the measurement and verification (M&V)
methodology.

In the first step, the existing M&V protocols and standards are studied and their
procedures are linked and mapped to the project development phases. In the next step,
the M&V Plan is elaborated to include the tools and equipment that are needed for
performing the various M&V procedures, the experts that are involved in each phase as
well as quality control provisions for each stage. The developed M&V Plan is

implemented in 4 pilots, and finally, the lessons learned from its implementation are
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obtained. These steps resulted in an integrated M&V Framework that is incorporated

into the whole Project Management workflow.

For optimum planning of the M&V activities for the pilot settlements, it was decided to
organize the M&V in phases matching the project development phases. These were

broken down as follows for the four pilot settlements:

Design Phase

Pre-design

Design development
Construction Phase

Construction
Post-construction/Pre-occupancy
Occupancy

® O O ®©¢ O O e

To further support the M&V planning, the measurement and verification procedures

were grouped into the following categories:

Building diagnostics tests

Physical testing of the technologies

Building monitoring

Social science surveys: Post Occupancy Evaluation (POE)

Table 7: Mapping of M&V procedures concerning the project development phases for the
four pilot settlements.

Building Physical Testing Building Social science
diagnostics of Technologies Monitoring surveys
(o e Selection of expe.rt partners
Goal setting
Energy boundaries

Design Data to be monitored
development Monitoring technology

Quality control

. Proper installation and function

Construction N

Commissioning
Post-
construction Commissioning Pre-occupancy monitoring
— Pre- procedures Commissioning
occupancy

Tests performed o
. Post-occupancy monitoring
during the 4th 4 . . .
Data post-processing and analysis Questionnaires

Occupancy phase may be :

Quality control

repeated
Reporting

Finally, a mapping of the procedures and the project development phases was produced
(Table 7). This mapping forms the basis for further development of the M&V. This

method of organizing the M&V is intended to provide confidence in the process ensuring
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that, in every step, the necessary actions are taken towards obtaining credible

measurement and verification results.

5.1.2 M&V Framework
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Figure 15: Graphic representation of the M&V framework that has been developed and
implemented in the four pilot neighbourhoods.

Figure 15 is a graphic representation of the M&V framework as it was designed and
implemented in the four pilot neighbourhoods. It depicts an integrated framework
where the M&V development is placed and implemented within the project
management process and includes the decisions to be made in various phases, the
experts to be involved, the tools to be used, and the processes to be implemented as well

as quality control actions.

5.1.2.1 Pre-Design
The pre-design is the phase that establishes the targets of the project. The performance
targets that are subject to measurement and verification in a neighbourhood project can

be defined for the whole neighbourhood as well as for individual buildings or building
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types within the neighbourhood, or systems of the neighbourhood. Setting a clear vision
of the M&V targets and expectations assists in identifying the measuring approach to be
followed and, as a result, obtain a view of the expected effort in human resources and
costs. M&V responsibilities are distributed among the project team members with
relevant expertise. A partner, preferably with expertise in monitoring, is selected to lead
the process (M&V leader), supported by partners with individual expertise on the
various M&V components (i.e., monitoring expert (if not the M&V leader), energy

analysis expert, survey expert).

5.1.2.2 Design development

The design development phase includes all the definitions, analyses, decisions, and
planning that should be defined before the neighbourhood’s construction. These include
the zero energy neighbourhood boundary, the baseline of performance, the expected

energy performance, energy definitions, and monitored data.

The existing M&V protocols address the evaluation of implemented energy-saving
measures, offering different boundary options, from a single system to a whole building
boundary [86,87]. Specifically, the ZEB balance evaluation is determined by the selected
energy boundary [98]. The measurement and verification of a ZEN becomes a more
complex task. The energy balance boundary might include energy flows within a micro-
grid, in which case automated M&V becomes imperative for monitoring and regulating

energy towards the improvement of the zero energy performance.

Furthermore, the design intentions are subject to evaluation. For a neighbourhood, this
includes microclimate conditions, settlement energy production, building energy
consumption, and IEQ conditions. These targets’ achievement can be assessed following
the calibrated simulations option outlined in the existing protocols [86,87]. Informed
planning is still crucial for selecting the metrics to be measured and the measuring

approach (including equipment) to provide the necessary calibration data.

Therefore, at this phase, the monitoring methodology is designed, including data to be
measured, measuring specifications, the monitoring equipment to be installed, the
connections and communication of the monitoring schema, as well as the placement of
the monitoring equipment (e.g., sensors within houses, or a weather station in

settlement).
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Sensor location plans are produced in coordination with architectural and electrical
plans. During the design development phase, the building sensors’ placement needs to
be considered along with interior and electrical design. Besides, the location of a
weather station in the settlement needs to be decided at this stage. Therefore, at the end
of this phase, a set of plans indicating the equipment’s location will be prepared.
Furthermore, the electrical drawings need to include the monitoring installation. The
decisions and designs of this phase are updated and re-evaluated along with the overall
design development. This design phase planning assists the construction and
installation phases, and it has been highlighted through the lessons learned as a practice

to be adopted in future projects.

Quality control procedures for testing the proper function of the designed monitoring
schema and its communication with the data collection platform are prepared and
implemented at this phase prior to installation on the neighbourhoods. Possible
deficiencies that might be identified are resolved before installation of the monitoring
equipment. The budget for the purchase of monitoring equipment can also be

approximated after deciding the list of measurements.

5.1.2.3 Construction

This phase comprises the measurement and verification procedures to be followed
during the construction of the neighbourhoods and installation of the technologies and
monitoring equipment. These procedures are intended to ensure the proper installation
and function of the technologies and monitoring equipment. Most of the processes fall

into the field of quality control and are closely related to commissioning.

A commissioning plan is devised and implemented to ensure proper installation of the
building systems and technologies. It includes a check list for installation as well as
functional testing. Any changes made during construction/installation are recorded and

as-built documents are prepared.

At this stage the monitoring equipment supplier has the responsibility of installation,
calibration, and testing proper function of the equipment. If such service is not available
from the supplier, project owners/contractors need to employ staff with expertise in

performing installation, calibration, and functional testing of the monitoring equipment.
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5.1.2.4 Post-Construction—Pre-Occupancy

Post-construction—pre-occupancy measurement and verification procedures include
commissioning after constructing the neighbourhoods and installing the technologies
and monitoring equipment. These procedures are intended to monitor both the systems’
simultaneous and individual performance and evaluate them against the project’s
targets. Essentially, this phase is the first monitoring and evaluation of the
neighbourhoods’ performance prior to occupants moving in. It is proposed to acquire
data for approximately 1-2 months pre-occupancy to provide a baseline of performance

for the installed systems’ calibration purposes.

Similarly to the previous phase, this phase’s tests coincide with tests that are expected
to be included in a project’'s commissioning plan. Because systems testing and
monitoring equipment’s testing are linked, the technology providers, monitoring
equipment providers, monitoring expert, contractors, and project managers are

involved.

5.1.2.4.1 Building Fabric
Building diagnostics tests are intended to evaluate the physical performance of the

building fabric. Project managers can decide which tests they would like to carry out,
considering constraints such as the schedule, costs, experts’ availability, etc. In the
pilots, it was decided to perform a minimum evaluation test for the building fabric’s U-

value and airtightness.

5.1.2.4.2 Systems Testing
Systems’ testing is essential for measuring the technologies’ performance, energy use,

and environmental parameters, and is linked to the monitoring system that gathers the
data. Consequently, during this phase, the function of the monitoring system is tested as

well.

5.1.2.4.3 Monitoring System Testing
At this phase, the monitoring system has been installed comprising multiple sensors and

monitoring devices that communicate with a data collection platform.

A series of tests is decided and implemented by the monitoring expert. The purpose of
the tests is to collect data during a test period and cross-check them with the data
provided by the internal data logging of each device to verify the system’s performance

and accuracy. The monitoring expert monitors and corrects any faults in the monitoring
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schema and data logging. These procedures are intended to complement and not replace
any instructions provided by the monitoring equipment’s suppliers. The monitoring
equipment suppliers need to be available during this phase to fix the sensors’ possible

faults if required.

5.1.2.5 Occupancy
During Occupancy, the neighbourhood’s performance monitoring, including single

building and technology performance monitoring, is in progress.

Data post-processing and analysis is executed at this phase. The method to be applied
for verification of performance is decided depending on the project’'s evaluation
objectives. Apart from the options provided in the M&V protocols, the measured
performance is assessed and verified versus the project’s performance targets. Social
science surveys (i.e., interviews, questionnaires) are implemented as part of the POE

measurement and verification procedures.

Furthermore, quality control procedures are planned for defining monitoring
responsibilities during occupancy, evaluation of measurements and results, and

troubleshooting (e.g., lost data).

5.1.2.5.1 Quality Control
Continuous monitoring responsibilities are assigned to a rescue team (or person) that

undertakes the task to address problems that might occur, such as sensors’ faults,
technologies’ faults, monitoring schema communication failures, etc. The rescue team
can also provide clarifications and support to the occupants. This role can be undertaken

by the neighbourhood manager or the neighbourhood’s maintenance service.

During occupancy, continuous fault detection of the monitoring equipment is
implemented. Periodic calibration of sensors is proposed to be implemented during
continuous monitoring, as indicated by the manufacturer, to check accuracy. Data loss
might be experienced due to sensor failure, power disruption, or errors in data transfer.
In case of any failure, the rescue team is notified of faults, verifies the faults, and takes
corrective actions (in collaboration with the M&V leader or monitoring expert, if
needed). Subsequently, appropriate procedures for cleaning and imputing missing data
are set in place. Quality control during occupancy ensures the collection of a high-quality

dataset, thus building trust in the obtained results.
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In the monitoring schema that has been designed for the pilot ZENs, the implemented

steps during continuous monitoring as part of the data quality control are:

1. Assessment of measurement errors [185] before the measurements are added

to the platform.

2. Detection of lost data: this is based on the expected amount of collected

measurements within a timeframe, considering the measuring resolution.

3. Implementation of data imputation procedures based on the amount and

pattern of missing data.

Post-occupancy quality control has provided invaluable feedback regarding cases of lost

communication and missing data (Table 8).

Table 8: Quality assessment of the collected data, quality indicator: completeness

Italy UK France Cyprus
Reasons for Equipment Equipment Equipment Internet
missing data  updates updates malfunction connection

issues

Electric power Electric power

disruption disruption

COVID-19
% of missing  20% 3% 15% 1%

data

In the pilot ZENs, missing data occurrences have been recorded due to system
communication disruptions and sensor malfunction. Sensor malfunction is related to the
faulty reading of the measurements. Communication disruption has been attributed to
internet connection problems, electric power disruption, or individual component
updates. Having a quality control mechanism allows the timely identification of the
problem source and immediate appropriate mitigation actions. The COVID-19 lockdown
has caused a period of lost data spanning from mid-February to mid-July 2020 in one of
the pilots where technical assistance could not attend to the problem. Indeed, not all
issues can be resolved remotely. Keeping a record of missing data occurrences and
implementing suitable data imputation procedures has been identified by the partners

as useful good practice.
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5.2 Discussion

In this section a comprehensive M&V framework for neighbourhoods has been
presented, structured in steps, including tools, processes, and involved experts for each
step, highlighting M&V quality aspects and identifying links with the M&V 2.0. This
framework can be especially useful to project managers for integrating M&V into the
integrated project management and development process and specifically aligning it

with the rest of the design and construction procedures.
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Figure 16: The M&V planning and implementation is integral to the IDP, linked to the IDP
development and implementation.

An integrated M&V framework to assess the field performance of ZENs has been
developed and implemented. The M&V activities have been recorded in an M&V Plan,

continuously evolving along with the project development and updated as needed. In
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that sense, the M&V has been developed with an integrated design approach. Planning
the measurement and verification of a new-built project is a complex process integral to
IDP, and the approach that has been followed demonstrates how the M&V design and
implementation are related to each of the IDP steps, although intended to serve as the

last step of the process (Figure 16).

Therefore, for new-built projects in the era of zero energy buildings and communities,
where the IDP has emerged as the proposed approach for achieving the seamless design,
construction, and operation of buildings, the M&V needs to be viewed as part of the
project management and development process. This has been also confirmed by the

approach of Gupta et al. [106].

Especially planning of the M&V activities for the construction and post-construction
phase demonstrates that Commissioning and the M&V are linked. Commissioning is
closely related to measurement and verification because it ensures that the technologies
and the monitoring schema are functional. Hence, it provides a trusted basis for
assessing initial performance after installation that allows the elimination of
“procurement” as a possible reason for poor performance when investigating a possible

performance gap.

Quality control in particular is a significant task within the M&V. In light of the M&V 2.0,
the M&V planning and quality control procedures are highly relevant. M&V 2.0 proposes
a fully automated M&V system that can be both cost-saving and time-saving by offering
immediate performance assessment and energy-savings feedback [121,186]. Quality
control in every phase has to ensure the interoperability and smooth communication of
the various components. The ultimate goal is reliable, high-quality data collection that is
the basis for performance assessment and verification. This is imperative when

measuring and verifying a neighbourhoods’ performance with multiple data sources.
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6 ZERO ENERGY NEIGHBOURHOOD CASE STUDY ANALYSIS

6.1 Introduction

In the zero energy communities’ state of the art, research discussing simulation results
is more widespread than research on measured performance results. Realized examples
and measured performance results are necessary for the proof and evolution of the
concept. Therefore, the basis for this section is a real case study that has been designed
and constructed to be a zero energy neighbourhood (ZEN) following the integrated

approach that was presented in the previous section.

The definition of the zero energy boundary and consequently of the zero energy balance
has been thoroughly discussed in the literature for single ZEBs, still with no concrete
and commonly accepted approach [16,23,24,38]. Consequently, this ambiguity is
transferred to the neighbourhood scale [39]. At neighbourhood scale, extra
considerations can be entered, such as the inclusion of all types of energy in the balance

[44], as well as neighbourhood characteristics that contribute to or hinder the balance

[6].

The case study studied herein is composed of high-energy performance residential
buildings and on site RES. Therefore, the case study is a “site renewable energy”
neighbourhood that its RES production aims to balance its energy needs. The ZEN has
the performance targets set by the ZERO-PLUS project.

The present section focuses on the analysis and evaluation of the first year of monitored
performance data obtained from the pilot ZEN, representing the period June 2019 - May
2020. The aim is to evaluate the performance of the neighbourhood on three aspects: a.
identification of a possible performance gap (section 6.3.1), b. validation of the design
performance targets (section 6.3.2) and c. assessment of the zero energy balance

(section 6.3.3).

6.2 Neighbourhood overview

The pilot neighbourhood is part of a housing development area currently under
construction in Granarolo dell’Emilia, in Emilia-Romagna, Italy. Within the development,
an area of approximately 2,760 m?2 has been constructed to demonstrate the ZEN
concept that includes two single-family houses: one single-story residence and one two-
story residence and the surrounding external area (Figure 17). Six more residences are
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planned to be built in the development. The ultimate intention is to build the entire
development following the pilot ZEN concept with the aim to improve the energy

efficiency, the microclimate conditions, and the liveability of the entire area.

Figure 17: The residences in the pilot ZEN (top) and the development under construction
in the background (bottom).

The gross floor area of each residence is approximately 250 m2. Each residence is
designed to host one family of up to five people. Two families moved into the residences
after construction was completed, in summer 2018 and spring 2019, respectively. The

main as-built characteristics of the two residences are summarized in Table 9.

Table 9: As-built characteristics of the residences

Size Residence 1 (R1) Residence 2 (R2)
Total floor area 259 m? 241 m?

Net floor area 131 m? 118 m?
Orientation North-West North-West
Stories 2 1
Bedrooms 3 3

Fabric

Wall U-value 0.250 W/m2K 0.164 W/m2K
Roof U-value 0.117 W/m2K 0.117 W/m2K
Floor U-value 0.167 W/m2K 0.167 W/m2K
Window Ug 0.600 W/m?K 0.600 W/m?K
Glazing Low-e triple glazing with argon-filled cavities
Window shading Manual blinds
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The buildings’ HVAC system consists of an air-to-water heat pump with 8kWcapacity,
coefficient of performance (COP) equal to 4.1 and an energy efficiency ratio (EER) equal
to 3.8, a digital control for thermoregulation and mechanical ventilation with heat
recovery (70% efficiency). The heat pump is connected to a low-temperature under

floor heating system. Figure 18 shows the schematic of the HVAC system inside the
buildings.
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Figure 18: schematic of the HVAC system inside the buildings.

The ZEN includes a set of microclimate mitigation techniques, renewable energy

production, energy conservation, and energy management technologies, as follows:

» Dedicated greenery for local overheating mitigation [187];
= XPSinsulation for energy conservation;
= PV polycrystalline panels 12 kWp for renewable energy production;

= Energy storage system (Li-lon battery with 2 kWh capacity) and control
platform;

* Load Control system for load management;
» Home Energy Management System, for building energy management.

The PV panels are located on the rooftops of the residences (Figure 19). The energy
produced by the PVs is used in the following order:

1. PV energy production is directly used to cover the neighbourhood’s (buildings +
external lighting) electricity needs.

2. Excess production is stored.

3. Further excess is exported to the grid.
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At the time of construction and first year monitoring, the concept of shared energy
communities had not yet been enacted by Italian regulations. Therefore, each building
could consume only the PV production by the panels located on its rooftop. For the
present analysis, it is assumed that PV production sharing is possible. The PV production

target is calculated as follows:

Total PV production in the year / Sum of residences net floor area
> 50kWh/m?/year

Figure 19: PV panels on the rooftops of the residences.

6.2.1 Neighbourhood monitoring

For effective monitoring of the ZEN performance, the integrated measurement and

verification framework, that that was presented in section 5, has been implemented.

A Web-GIS platform has been created in order to support monitoring and, by extension,
performance measurement and verification. The Web-GIS platform is the core
component of the neighbourhood’s monitoring scheme, where all the information from
the various sources (sensors inside rooms, energy monitoring of RES, weather station

etc.) is gathered, stored, analysed and presented to the users [171].

All collected data are transmitted in near real-time to the Web-GIS platform and the
sampling time is 15 minutes. A full list of the measured quantities, measurement units,
measuring devices and their location is given in Table 10. The measurement
specifications (range, resolution, and accuracy) as well as the monitoring timeline are

listed in Annex I.
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Table 10: List of measurements, measurement units, measuring devices and their location

Measurement name Units Device Location

Space temperature °C .

Space relative humidity % terpperature, relative

Space COZ level ppm humidity and CO2 sensor

Space occupancy 0/1 presence and illuminance | Living room of each

Space Illuminance Lux sensor residence

Window open/close On/Off open/close status sensor

Door open/close for windows and doors

HVAC set point °C thermostat

Building appliances electric w

power power/energy meter for

Building appliances electric Wh electric appliances Electric rack of

energy :

Building HVAC electric power N power/energy meter for COMIMON SETVICEs

Building HVAC electric energy Wh HVAC

Building DHW Wh energy meter for DHW

Building PV power \ .

Building PV energy Wh PV production meter Integrated on the

Building battery electric electric Energy PV inverter
Wh :

energy stored charge/discharge meter

Outdoor air temperature °C

Relative humidity %

Wind Speed m/s : . On the roof of

Wind direction deg meteorological station Residence 2

Rain mm

Global radiation W/m2

Figure 20 is a graphical representation of the neighborhood’s data collection schema.
The monitoring devices for IEQ (Figure 21) and building energy consumption (Figure
22) transmit the measurements via Ethernet to a KNX router. The KNX router gathers
and transmits the measurements to the Web-GIS platform via a REST API [188]. The
HVAC set-point is transmitted to the HVAC manufacturer’s cloud platform and the Web-
GIS platform reads the set-point from the manufacturers’ website. The PV production
and storage data are collected on the inverter and recorded on the inverter provider’s
platform; the data are then transmitted between the platforms via REST API

communication. The weather station communicates wirelessly with the platform.
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Figure 20: The data collection schema: a) The IEQ and building energy consumption
monitoring devices, b) The weather station, c) PV, energy storage and national grid
electricity monitoring, d) HVAC set-point monitoring. The Web-GIS platform is in the

Figure 21: a) Presence sensor, b) Air quality sensor, c) HVAC thermostat.

centre.
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Figure 22: a) Electricity metering, b) Heat pump energy meter, c) DHW meter.

The steps (Figure 23) towards quality data collection through the monitoring schema,

contributing to quality M&V include:

*Equipment specifications h
eSensor Location
eFault detection programming
Design eExperimental set-up testing
J
)
eEquipment calibration
eFunctional testing
Installation sPost-installation monitoring schema testing
J
\
eFault detection implementation
#Daily platform backups
Continuous | ¢Missing data evaluation and imputation
Monitoring )

Figure 23: Steps towards quality data collection through the monitoring schema.

Data quality criteria can vary depending on the type of data collected and the purpose of
data collection [189-192]. In the studied case, the purpose of data collection is the
actual performance evaluation; therefore, data collection has been designed according

to this purpose. Reviewing the many criteria and various data quality assessment
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methodologies Batini et al. note that the most commonly used criteria are: accuracy,
completeness, consistency, and timeliness [189]. In fact, accuracy and completeness
have been identified as the main reasons for compromised data quality [193]. The
collected data are numerical values, so interest is in collecting correct values (accuracy),
in the number of missing values (completeness), in eliminating duplicate entries
(uniqueness), and finally in collecting data with the correct timestamp (timeliness).
Therefore, the quality of the collected data has been designed and assessed according to

the above-mentioned criteria.

The accuracy and timeliness have been ensured as part of the monitoring schema
design. The first by setting accuracy specifications for the measurements (Annex I) and
the latter by using the Network Time Protocol (NTP) [194] that synchronizes the
internal clock of all monitoring devices. In Annex II are given the details of uniqueness

and completeness of the collected data for the period 9/6/2019-8/6/2020.

6.2.2 Simulated performance

The expected performance - heating, cooling, mechanical ventilation, domestic hot
water (DHW), equipment, lighting consumption and PV production - of the pilot
neighborhood was simulated with the EnergyPlus dynamic simulation engine [195]. The
graphical interface of DesignBuilder has been used for modeling. A single model was
developed including the two buildings and the energy production systems of the
neighborhood, namely building integrated and shared PVs. The buildings were modeled
in detail by considering all passive and active technologies. The typical meteorological
year (TMY) for the specific case study location, i.e. Granarolo dell’Emilia, Bologna, Italy,

has been developed using climate input data from the software Meteonorm [196].

After completion of construction and commissioning, on-site pre-occupancy checks and
pre-occupancy monitoring have been performed prior to residents entering the
buildings [172]. Pre-occupancy checks and monitoring intend to provide a baseline

performance according to the as-built conditions and include:

e Building diagnostics (U-value, air permeability)
e Systems & technologies performance check

e Monitoring system quality check
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The pre-occupancy data have been used for a first calibration of the simulation models
in free-running conditions. The purpose of the calibration was to simulate the expected
performance according to the as-built status of the buildings and the installed
technologies, i.e. the “as-built” performance. The expected performance of the pilot ZEN,

according to the “as-built” simulations is given in Table 11.

Table 11: As-built simulated performance of the pilot ZEN

Residence 1 Residence 2

Design Expected performance from
2
kWh/m?/y targets “as-built” simulations
Regulated energy <70 474 475
use ) )
Renewable energy >50 49.7 49.7
Net regulated energy <20 -2.3 =2

A second calibration has been performed after one complete year of monitoring to
reflect actual conditions of operation, i.e. including systems performance and occupant
behaviour. Occupancy and occupant-building interaction, different for the two buildings,
have been modelled according to the insights from the POE and monitoring [172]. The
details of the two stages of calibrations are given in Table 12.

Table 12: Details of the two stages of calibrations for the simulated performance of the
pilot ZEN.

First calibration

Second Calibration

When After completion of pre-occupancy After one complete year of post-
checks and pre-occupancy occupancy monitoring
monitoring

Adjustments U-values of external walls HVAC Set-points and set-backs
Air-permeability from blower door Occupants presence schedules
test Occupants building systems
As-built  design = modifications operation schedules
(mainly in terms of windows and
shutters)

Target Indoor air temperature Energy consumption

parameter

Calibration R1: June 19t - July 6t 2018 June 2019 - March 2020

period R2: February 1st- march 5t 2019

Indexes MBE RMSE NMBE CV(RMSE)

R1 -0.06 °C 0.57°C -0.26% 6.36%

R2 -0.09 °C 0.84 °C -2.53% 8.15%

Two validation indices have been used to quantify the model accuracy for each

calibration stage. Mean Bias Error (MBE) and Root Mean Square Error (RMSE) have
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been calculated in the first calibration stage (as-built). The calculation of the indices is

defined in Equation 1 for MBE and Equation 2 for RMSE.

Equation 1: MBE = 22101750 og)

n—s2
Equation 2: RMSE = [H=%050% gy

Where S are the simulated values and M are the measured values.

According to the validation criteria specified in the ASHRAE Guideline14 [87], the
reference tolerance values correspond to +0.5 °C for MBE and to 1 °C for RMSE,

considering sub-hourly temperature values.

Calculation of normalized MBE (NMBE) and coefficient of variation of the RMSE (CV
(RMSE)) has been performed for the second calibration stage, as defined in Equation 3

and Equation 4 respectively.

= . _ Z?=1(Mi—si) 0
Equation 3: NMBE = ey 100 [%]

n PRy
Equation 4: CV(RMSE) = + /% x 100 [%]

According to the validation criteria specified in the ASHRAE Guideline14 [87] the
simulation model can be considered calibrated with NMBE < 5% and CV(RMSE) < 15%,

considering monthly energy consumption values.

6.3 Measured performance results

6.3.1 Actual performance against simulated performance

First, the actual performance data are compared against the expected performance that
resulted from the simulation models after their calibration according to the as-built
conditions. This comparison intends to reveal agreement or deviations between the
expected and actual performance and consequently provide insight on the occupants’

contribution to the performance gap.

The monitored HVAC performance against the expected HVAC performance per month
is presented in Figure 24 and Figure 25, for R1 and R2 respectively. The differences in
kWh/m? and % per month as well as for the whole year are given in Table 13. In both
houses, differences in consumption between the expected and actual values are

observed. In R1, the monitored total HVAC consumption (R1HVACm) is -2% lower than
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the simulated (R1HVACs), but the performance difference per month ranges from -9%
in March 2020 to 565% in May 2020. In R2, the monitored total HVAC consumption
(RZHVACm) is higher than the simulated (R2ZHVACs) by 65%, the performance
difference per month ranges from 19% in July 2019 to 393% in September 2019. The
biggest percentage differences are observed in the intermediate season months for both

houses. Especially for the spring of 2020, the differences can be related to the COVID19

lockdown and continuous presence of occupants in the houses.

Table 13: Difference between expected and actual HVAC consumption

Residence 1

Residence 2

kWh/m? % KWh/m? %
June 2019 0.41 +27 0.53 +40
July 2019 0.30 +12 0.39 +19
August 2019 0.22 +10 0.45 +24
September 2019 1.25 +479 1.11 +393
October 2019 0.54 +90 0.60 +104
November 2019 -0.85 -28 1.87 +79
December 2019 -1.90 -33 1.84 +43
January 2020 -1.74 -28 2.05 +45
February 2020 -1.90 -41 1.46 +42
March 2020 -0.23 -9 2.41 +120
April 2020 1.36 +154 1.57 +195
May 2020 1.97 +565 1.06 +312
Total -0.59 -2 15.36 +64

81



Integrated and Smart Design for Buildings and Communities

900
mR1HVACM mR1 HVACs
— 800
E 700
5 600
cglsoo v
0
% 400 +10% -9% +1549% +565%
S 300 +27%
O +479%
< 200 0%
>
T 100
0
& & & )
SHERNC A A
P SIS
< s 9

Figure 24: Monitored (R1HVACm) and simulated (R1HVACs) HVAC consumption of
Residence 1, per month for the period of June 2019 - May 2020.
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Figure 25: Monitored (R2ZHVACm) and simulated (R2HVACs) HVAC consumption of
Residence 2, per month for the period of June 2019 - May 2020.

The energy signatures in Figure 26 and Figure 27 provide further insight on the
differences. In the heating season, the HVAC consumption trend is similar to that from
the as-built simulations for both residences (Figure 26 and Figure 27). However, in R2,
the monitored HVAC consumption (R2ZHVACm) is higher than the simulated one
(R2ZHVACSs), which is indicated by the shift of the signature (Figure 27).

During the cooling season, the monitored data are less dispersed compared to the
simulation results in both residences and the slope of the energy signature is less
inclined. Since the signature slope gives information on the sensitivity of the air
conditioning system to the outdoor dry-bulb temperature, it appears that the outdoor
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environmental conditions are not among the most significant values affecting occupants’

operation of the cooling system.
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Figure 26: Residence 1 Energy Signature, hourly data, simulated (R1HVACs) vs monitored
(R1HVACm).
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Figure 27: Residence 2 Energy Signature, hourly data, simulated (R2ZHVACs) vs monitored
(R2ZHVACm).

The energy performance gap seems to be partly associated with the different actual
building end-use compared to the expected behaviour [102]. At the design stage, indeed,
standard occupant behaviour schedules [197] were used in dynamic building
simulation, since the real occupancy and HVAC operation pattern was unknown.
Therefore, the observed differences between seasons as well as between the two houses

indicate that actual HVAC consumption is dependent on actual occupant behaviour.
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In fact, the analysis of monitored indoor thermal conditions during the cooling season
has revealed a trend of small fluctuations in room air temperatures throughout the day
(Figure 28 and Figure 29). The occupants tend to leave the HVAC system continuously
on even in early autumn (cooling period) when it was assumed to be mostly off. In
addition the occupants operate the system on a tight set point, whereas in the
simulations the system was assumed to be operated with set point and setback
temperatures adjusted for heating and cooling period. As a result, the system, as
assumed in the simulations, has had more on/offs during the days of the cooling period,
which explains why the energy signatures appear more dispersed during this season.
Moreover, the set points selected by the occupants during the cooling season are lower
that the set point and setback that were assumed in the simulations for both R1 (Figure
28) and R2 (Figure 29). During the heating season the set points match the simulation
assumptions for R1, while in R2 the occupants have selected a higher set point for most
of the period. The occupants’ preferences for operating the HVAC in comparison to the
simulation assumptions, explain why the discrepancy between the simulation and

measured data is greater in cooling season in comparison with the heating season.
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Figure 28: Indoor temperature of Residence 1 according to monitored data (R1Tim) and
simulations (R1Tis), along with set-point/setback assumptions for simulations and actual
set point during occupancy; hourly data for the period of June 2019 - May 2020.
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Figure 29: Indoor temperature of Residence 2 according to monitored data (R2Tim) and
simulations (R2Tis), along with set-point/setback assumptions for simulations and actual
set point during occupancy; hourly data for the period of June 2019 - May 2020.

As previously presented in Table 12 (section 6.2.2), after calibrating the models
according to actual occupancy patterns, the performance gap between the actual
performance and simulation results was lessened, achieving a margin of error between

simulated and actual performance within acceptable limits.

6.3.2 Actual performance compared to design targets

The case study design has been led by specific performance targets and an integrated
approach has been developed and implemented with the aim to achieve these
performance targets. Therefore, in the next step the measured performance of the first

year is compared to the design performance targets.

The assessment of the performance in relation to the design performance targets is
presented in Table 14 where it is confirmed that despite the performance gap caused by
unpredictable occupant behaviour, the actual performance has satisfied the design
targets. The design targets focus on regulated energy consumption. The zero energy
balance of the residences and the neighbourhood is assessed in the next section with the

total consumption also taken into account.
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Table 14: Performance of the residences and neighbourhood during one year according to
the design targets, June 2019 - May 2020

Residence 1 Residence 2
Design Expected Expected

2

kWh/m?/y targets (“as-built”) Real (“as-built”) Real

Regulazesdee“ergy <70 47.4 37.61 475 41.44

Renewable energy

(neighbourhood >50 49.7 50.03 49.7 50.03

level)
Net regulated energy <20 -2.3 -12.7 -2.2 -8.6

6.3.3 Zero Energy Balance

The case study is a “site renewable energy” neighbourhood currently composed of
residential buildings and PV RES. Furthermore, its design performance targets focus on
regulated energy and RES production. The usual period of balance in literature is the

year basis. Here an evaluation of both the year as well as the monthly basis is presented.
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Figure 30: Monthly PV production against total consumption for the neighbourhood. Self-
consumption represents energy produced by the PV that is consumed directly by the
neighbourhood.

Between June 2019 and May 2020, the monthly production has exceeded the monthly
consumption each month up to October, while from November to January, as expected, it
is much lower (Figure 30 and Table 15). Production exceeds consumption again from

April onward. In December and January, 87% of the production is directly consumed by
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the residences. However, this is enough to cover only a small portion of the total loads;
accounting also for the battery, 11% of the total consumption is covered by self-
consumption and 89% is covered by energy imported from the grid in December. When
accounting for the battery, more than half of the total consumption in the pilot is

covered by self-consumption for half of the year (63% in May 2020).

Table 15 and Table 16 further illustrate how the balance varies within the year from
month to month and from day to day as well as the contribution of the battery in
consuming self-produced electricity and consequently reducing energy coming from the
grid.

Table 15: Zero energy balance and self-consumption percentage per month and the whole
year. Legend: orange >100, ochre between 50 and 100, grey < 50

PV Prod. / PV Prod. / Self-Cons./ Self-Cons & Self-Cons & Self-Cons &

Battery/ Battery/ Battery/

Tot. Cons. Reg. Cons. PV Prod. PV Prod. Tot. Cons. Reg. Cons.
] 125% 293% 42% 50% 62% 146%
] 119% 241% 43% 52% 62% 126%
A 115% 231% 42% 52% 60% 120%
S 92% 245% 45% 58% 53% 142%
0 59% 180% 47% 67% 39% 120%
N 17% 32% 74% 92% 16% 30%
D 12% 20% 87% 97% 11% 19%
] 17% 26% 87% 96% 16% 25%
F 34% 56% 64% 84% 29% 47%
M 55% 97% 50% 65% 36% 64%
A 105% 226% 38% 48% 51% 109%
M 127% 298% 40% 50% 63% 149%
Year 66% 128% | 47% 58% | 38% 75%
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Table 16: Total PV Production/Total consumption per month and per day in each month.
Legend: - >100, ochre between 50 and 100, <50

2019 | 2020
Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May

92%  59%

85%

68%
52%
50%
79%
64%
63% 88%

70%
63%

84% 65%
89%

88



Integrated and Smart Design for Buildings and Communities

24000

22000 o
20000 ’
18000 ‘
e July
16000 ¢

14000 7

12000 7

10000 +

PV Production (kWh)

March

February
January

Novgmber
8000 October 1

September Decemiber

6000
4000

2000

0 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000 22000 24000
Energy Consumption (kWh)

—o—Residence 1 —e—Residence 2 —e—Neighborhood

Figure 31: Cumulative energy consumption of the houses and the neighbourhood vs
cumulative PV production during the period June 2019 - July 2020.

In Figure 31, the cumulative production and consumption of the houses and the
neighbourhood, according to the measured data for the period of June 2019 - July 2020,
are displayed. The neighbourhood appears to behave as a positive energy
neighbourhood until October, whereas from November onwards it is a near-zero energy
neighbourhood. Overall, the neighbourhood has achieved a positive energy balance on a
yearly basis with regards to its regulated energy needs. The percentage coverage of

renewable energy production with respect to the total energy consumption is equal to
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66%, while the percentage coverage of renewable energy production with respect to the

regulated energy consumption is equal to 128%.

6.3.4 Investment cost and environmental impact

The target for investment cost reduction was = 16% compared to costs for a single ZEB

of similar performance. A 24% investment cost reduction has been achieved.

The investment cost reduction has been calculated as the difference between the
investment cost for a zero energy building designed and constructed with the integrated
design and construction neighbourhood approach and a zero energy reference building
with equivalent energy performance targets. The investment cost refers to the
technologies (energy saving, energy production, energy management, energy storage)

that have been used to achieve the energy performance targets.

The overall energy saving, energy cost savings and CO2 reduction of the pilot ZEN
compared to a neighbourhood designed and constructed according to the national
standard are given in Table 17.

Table 17: Energy conservation, CO; emissions reduction and energy cost savings for the
first year of the pilot ZEN monitoring

Electricity Electricity CO2 emissions .
. . . Cost Savings
Consumption Conservation reduction (euro)?
(kWh)! (kWh) (tonnes)?
Pilot ZEN 6502
Standard 26745 20243 6.84 4655.89

neighborhood

1For the pilot ZEN the net electricity consumption for one year has been calculated.
The standard neighbourhood is assumed to not have RES and present the same energy
conservations of the pilot ZEN.

2The CO; emissions conversion was assumed 0.338 tn/MWh according to [198].
3The household electricity price for Italy is 0.23€/kWh according to [199].

6.4 Discussion

The annual performance results that have been obtained from the pilot ZEN in Italy
reveal that the design targets for at least 50 kWh/m2/year RES production at
neighbourhood level and a maximum of 20 kWh/m?2/year of net regulated energy

consumption at building level have been achieved. The energy conservation of the pilot
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ZEN for the monitored year has been calculated to 75.7% compared to a standard
neighbourhood. These results are obtained through an integrated approach to design
and construction. The performance has been simulated and optimized at neighbourhood
level, accounting also for microclimate conditions. The actual performance results and
the consequent final simulations calibrated according to monitored use are within an
acceptable margin of error 6.36% CV(RMSE) for R1 and 8.15% CV(RMSE) for R2 (with
acceptable value < 15% [87]). These results confirm that the design and simulation
approach, along with the specific simulation tools are reliable and support the
repeatability of the approach towards the transition from single ZEBs to zero energy

neighbourhoods.

Regarding costs, the target for investment cost reduction was = 16% compared to costs
for a single ZEB of similar performance. Through the neighbourhood approach that
offers the opportunity for customization, the investment cost has been calculated to be
24% lower that the investment cost for a single ZEB of similar performance. The
investment cost refers to the technologies (energy saving, energy production, energy
management, energy storage) that have been used to achieve the energy performance

targets.

Planning for zero energy at the neighbourhood scale is a complex task that involves
multiple actors and requires an integrated approach while also setting specific long-
term goals for the design [39,168]. This was the approach followed for the specific case
study by setting solid performance targets and reaching them through an integrated
approach to design, construction and monitoring. The involvement of multiple actors
and their alignment towards a common goal has been highlighted in the literature as a
challenge of the energy master planning [39]. In fact, it has been one of the challenges
and a learning curve during the implementation of the case study that is discussed

herein, as analysed in section 4 [200].

The occupants in particular are confirmed as critical stakeholders. On one hand,
occupant behaviour and interaction with the building and its systems are a major source
of the performance gap [52], [72]. This has been confirmed by the monitored
performance results presented in this paper and the observed deviation from initial
simulations where standard user-profiles and behaviour had been assumed. The

occupants in both buildings had the tendency to operate the HVAC in a tighter
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temperature range than the set-point/setback range assumed in simulations. In
addition, they selected continuous system operation. Although the continuous operation
has led to smaller indoor temperature fluctuations, intermittent operation with a
setback temperature (as assumed in the simulations) could lead to lower consumption.
One step further, occupant/citizen engagement and awareness are critical for their
acceptance of shared technologies and energy community schemes and consequently for
the planning and uptake of zero energy neighbourhoods [37,200,201] especially in view

of the raise of the future smart and clean energy communities [202], [203].

When considering the total consumption and total PV production of the neighbourhood
for the first year, it has behaved as a positive energy neighbourhood for the first five
months of monitoring, whereas for the remaining months it behaved as a near-zero
energy neighbourhood. Overall the PV production during one year in the pilot
neighbourhood can compensate for its regulated energy consumption. In this sense, the
neighbourhood can be characterized as “zero regulated energy” and is compatible with
the definition of the EPBD when transposing the near zero energy building description
to the neighbourhood scale. In fact, the neighbourhood was designed with a focus on
regulated energy performance targets. Nonetheless, definitions exist that consider the
total energy needs of the buildings in the balance calculation. Therefore, higher RES
production would be needed to balance the total building energy needs of the

neighbourhood in order to be a net zero energy neighbourhood.

PV production, in particular, can only partly be consumed directly in the neighbourhood
as a result of the temporal mismatch between production and consumption that can be
traced from the yearly and monthly level down to the daily level [73], [62]. In the case
study, although yearly PV production balances the regulated energy consumption,
looking at the monthly breakdown, PV production exceeds the regulated energy needs
for only seven months and the total consumption for five months, while per day the
picture is also differentiated. Moreover, direct self-consumption ranges from 38% to
87%. The latter though is observed in December and January when production is
already low (20% and 26% of the regulated energy consumption respectively). When
accounting also for the battery, self-consumption has been increased on average by 25%
within the monitored year. PV coverage reported in the state of the art has been higher
than the coverage achieved in the pilot ZEN. Implementation of control operations, such

as demand-side management (DSM) schemes to manage loads (e.g. shift peak loads) and
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schedule storage charge/discharge can improve the mismatch for approaching a true
zero energy balance where non-renewable needs can be minimized [73], [70]. When
equipped with smart DSM operations, the ZENs are prepared to get integrated into the
new decentralized smart grids where energy flows and energy costs can be optimally

managed [73], [204].

Monitoring installations for performance monitoring, evaluation, and energy
management then become an indispensable component for the zero energy
neighbourhood. In the case study, analysis of the performance is facilitated by real
monitored data that are collected through a comprehensive monitoring schema on a
specifically developed Web-GIS monitoring platform. The platform can support
performance analysis and performance targets monitoring as well as smart capabilities
for energy management. Critical to reliable performance evaluation and future
integration of energy management and smart operations is the collection of high-quality
data. To this end, data quality control, evaluation, and improvement procedures have

been adopted as part of the project’s monitoring, measurement, and verification.
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7 ARTIFICIAL NEURAL NETWORKS FOR SMART ENERGY MANAGEMENT

7.1 Introduction

Installation of sensors, monitoring, and data gathering, followed by data processing,
area the first substantial steps towards smartness; these are the steps that provide
knowledge. In order to achieve smart management and the associated benefits,
knowledge needs to be intelligently utilised. A major objective of the smart built
environment is smart energy management and to this end, intelligence offered from

forecasting algorithms is invaluable [14,142,205].

Load forecasting can be utilised for controlling charge and discharge of storage
components [206], [207] that are integral to the smart grid as well as to the smart and
zero energy buildings and communities, offering efficient energy management and
reduced grid electricity loads [208], [209]. Depending on the forecasted period three

types of forecasting are recognised [14,205]:

. Short-term forecasting: 1h to 1week for optimum
. Medium-term forecasting: 1week to lyear
. Long-term forecasting: lyear to decades ahead

Two methods for load forecasting are statistic mathematical models and artificial
intelligence models [14,205]. ANN are artificial intelligence models used for forecasting
providing high accuracy [14,205] and have been extensively used for short-term load
forecasting [205,207]. In [210] a multi-layer perceptron neural network that uses load
and weather data was applied in order to forecast the daily load of a suburban area,
providing good prediction results. In [211] a feed forward artificial neural network for
hourly demand prediction is tested and the proposed algorithm is able to achieve high
prediction accuracy. In [212] ANN short-term forecasting has been integrated in a
control algorithm aiming to manage battery charge/discharge for peak shaving of a

power system operating in island mode.

The aim of this section is to investigate the development and application of a NARX ANN
as a short-term forecasting tool in 2 case studies. The first case study is a micro-grid and
the second case study is a concentrated solar power (CSP) system that is part of a solar
field. Common objective of the two case studies is to develop accurate forecasting that
can be utilised for efficient integration and operation of energy storage.
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7.2 Case study 1: Leaf Community micro-grid

The Leaf Community micro-grid is located in Angeli di Rosora, Italy, Figure 32. Five
buildings are currently connected to the micro-grid, all equipped with ground water
heat pumps (GWHP). A 224kWh electrical storage system and a thermal storage with
heat capacity 523.25kWh/K are also part of the micro-grid.

The energy production sources connected to the grid are:

e amicro-hydropower plant, of 48kWp,

e four rooftop PV installations of total 421.3kWp,

e adual axis Solar Tracker of 18kWp.
All the previously mentioned power loads, renewables and storage components are
connected in parallel to one single Point of Delivery (POD). All nodes as well as the
collective operation of the micro-grid are monitored and controlled via the My Leaf web

based platform.

The rooftop PVs are installed on four of the five interconnected buildings of the micro-
grid. The production by each rooftop PV installation is consumed by the respective
building first. If there is residual production, it is fed to the micro-grid. The production
of the micro-hydropower plant is also fed to the micro-grid. When the production is not
enough to cover the micro-grid’s loads, energy is withdrawn from the main grid. Energy
is also given to the main utility grid if the demand of the micro-grid has been fulfilled,
storages are fully charged and there is excess production. Regarding the storages, both

have been recently connected to the grid and their operation and integration are tested.
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Figure 32: The Leaf micro-grid

The integration of the thermal storage with the micro-grid is of interest here. The
thermal storage is connected to the building Leaf Lab and the automation system for its
charge and discharge was set considering this building. Currently, the automation
system is set to charge the thermal storage during weekends, when there is excess
production from Leaf Lab’s PV. This kind of automation will charge the storage while
energy is not needed form Leaf Lab, but it could be needed from the micro grid.
Consequently, there is a requirement to change the settings so that the thermal storage
will be charged when there is real excess production at micro-grid level. To this end,
excess production of the micro-grid during weekends needs to be predicted in a robust

way so that charging of the thermal storage can be controlled accordingly.

7.2.1 System description

7.2.1.1 Ground water heat pumps
There are three water to water heat pumps (GWHP) in the Leaf Lab. GWHP1 is

connected to the chilled beams installed in the offices for space heating and cooling.
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GWHP2 and GWHP3 are connected to four HVAC units that service the offices, the
laboratory and the warehouse. GWHP2 and GWHP3 are used for charging the thermal
storage. When the thermal storage is discharged, thermal energy is provided to the
chilled beams, thus avoiding activation of GWHP1 during the first three days of the

week.

7.2.1.2 Thermal storage

The TES is a water tank with dimensions 12.3 X 11 X 3.4 m (400m?).The water tank is
buried and insulated with16 cm of XPS. The stored heat is sensible heat intended to
cover the thermal loads of Leaf Lab. The thermal storage is charged during weekends
using the excess production of the Leaf Labs’ rooftop PV installation. The excess

production is used to operate GWHP2 and GWHP3

7.2.1.3 System settings

The charging process begins when there is an excess in Leaf Lab’s PV power production
over 60kW. This is the threshold for activation of GWHP3. After activation of GWHP3, if
there is excess of 50kW, GWHP2 is activated.

The activation of the heat pumps for charging the thermal storage is allowed only during
weekends from 8:00am to 16:00pm in winter and in weekends from 7:00am to 18:00pm
in summer. The pumps are switched off at the end of each schedule or if PV production
is significantly reduced over a sustained period of time. In case PV power is instantly
reduced power is withdrawn from the grid in order to keep the heat pumps, which
provide heat to the thermal storage, activated. For the deactivation of the heat pumps if
the power from the grid is greater than 130kW GWHP3 is switched off and following
this GWHP2 is switched off when energy withdrawn from the utility grid exceeds 90kW.

7.2.2 Data

Power data as well as environmental data have been collected from the My Leaf
platform. The power production of each energy source and the power taken from and

exported to the main grid are measured.

The total production of the micro-grid is:

Pyg = Pripy + Pagapv + Psummary + Prirepv + Pruv + Payproa (1)

Where:
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Piiev is the power production of the Leaf Lab PV, in kW

Pagapvis the power production of the AEA PV, in kW

Psummapv is the power production of the SUMMA PV, in kW

Pxirepv is the power production of the KITE PV, in kW

Pryvis the power production of the solar tracker, in kW

Puypro4is the power production of the micro-hydro power plant, in kW

The production of the micro-grid is self-consumed and excess production is given to the
main grid. Since there are measured data of the power exported to the grid, power

production self-consumed at any time in the micro-grid can be calculated as follows:

Psc = Pyg — Pour  (2)
Where:
Psc is the power production self-consumed, in KW

Pouris the amount of excess power production that is fed to the main-grid, in kW

7.2.3 ANN model setup

The collected data is used for prediction of excess power of the micro-grid. There are
two steps involved in this process. First a good prediction of excess production has to be
achieved. For this purpose the Matlab [213] Neural Network (NN) tool is utilised.
Alternative combinations of input parameters are tested so as to investigate which set of

input parameters are suitable for achieving an accurate prediction of excess production.

7.2.3.1 Problem definition

The excess production of energy that can be used for charging the thermal storage can
be determined from the measured data of power exported to the main grid. The
prediction of excess production is a non-linear autoregressive problem. Past values of
excess production as well as past values of day, time, irradiance, temperature and total

production are used for prediction of excess power in 24h time horizon.

7.2.3.2 Input parameters
From equations (1) and (2) it can be deduced that excess production is related to
parameters that determine production. For prediction of PV production, day of the

week, time of day, temperature and radiation have been used as inputs [206], [214].
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Prediction of hydro power production using as inputs the river water level and machine
water level was attempted in [206] but a high accuracy prediction could not be achieved.

Table 18: Input data for each prediction

Inputs Target Output

1st predicti day of k . .

preciction ti?r}lleoo fvézey excess production  excess production

irradiance (Pour) (Pour)

2nd prediction  day of week
time of day excess production  excess production
irradiance (Pour) (Pout)
temperature

3rd prediction day of week . .
time of day excess production  excess production

micro-grid production (Pour) (Pour)

Three sets of input-output data have been tested (Table 18). As a first step, day of the
week, time of day and irradiance is used for prediction of excess production.
Subsequently, a second prediction approach is tested using the first step’s inputs plus
ambient air temperature as input. A third prediction model is attempted using as input
parameters the day of the week, the time of the day and total micro-grid production. It

can be observed from Figure 33 that excess production follows the trend of total

production.
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Figure 33: Excess production plotted along total production for the weekend 6/8 - 7/8
2016

7.2.4 Results

The prediction results of a neural network with 30 hidden neurons and 5 delays are
presented below. For training the network the Lavenberg-Marquardt algorithm was
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used. The result of this process is the regression R that is achieved from training,
validating and testing the ANN. A regression value close to 1 indicates that the network
configuration is effective in providing highly accurate forecasts. All prediction models

achieve good results with the second one providing the best prediction results.

The first prediction with inputs day of the week, time of day and irradiance could
achieve a good training regression with R=0.96. A 2.5 month period of input data

(3/5/2016-26/7/2016) was used for training, Figure 34.

Training: R=0.9641 Validation: R=0.95515

Output ~= 0.92*Target + 2
Output ~=0.87*Target + 2.2

o>
0 50 100 150 200 250
Target

Test: R=0.93389

Output ~=0.87*Target + 2.4
Output ~= 0.9*Target + 2.1

0 50 100 150 200 250 0 50 100 150 200 250

Figure 34: Prediction with irradiance input (data 3/5 - 26/7), 30 hidden neurons, 5 delays,
Lavenberg-Marquardt algorithm

The second prediction with input day of the week, time of day, irradiance and
temperature resulted in training regression of R=0.98, Figure 35. Because of some gaps
in temperature data, one-month period was used for training, Considering that only one
month data is used for this specific prediction configuration, it can be concluded that
using as inputs irradiance and temperature along with day of week and time of day can

produce highly reliable results.
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Figure 35: Prediction with irradiance and temperature input (data 23/1 - 29/2), 30 hidden
neurons, 5 delays, Lavenberg-Marquardt algorithm

The third prediction with input day of the week, time of day and total micro-grid power

production achieves training regression R=0.956, Figure 36.
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Figure 36: Prediction with production input (1 year data), 30 hidden neurons, 5 delays,
Lavenberg-Marquardt algorithm

7.3 Case study 2: FRESCO CSP system
The FRESCO system is the basis for investigation as a second case study for developing
ANN forecasting. The FRESCO system is based on Linear Fresnel Collector Concentrated

Solar Power (CSP) technology. One of the system’s advantages is its compact and light

structure that makes it suitable for installation on flat roofs (Figure 37).
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Figure 37: The FRESCO system installation on the NTL roof [103]

The FRESCO system is composed of:

* Linear Fresnel Reflectors

= Buffer storage

= Thermal Storage

=  ORC (optional)
Its operation principle is based on the concentration of solar rays, by means of properly
oriented high reflectivity mirrors, on a receiver tube in which a high temperature heat
transfer fluid flows. The mirrors track the position of the sun throughout the day. The
heated fluid when exiting the tube is stored into short-term buffer storage that allows to
control production instabilities. Eventually, the produced thermal energy is collected at

about 270°C and is stored inside a storage tank which can

(i) either heat buildings directly or
(ii) serve chillers for thermal energy transformation into cooling energy.

Moreover, the system can be connected to an Organic Rankine Cycle (ORC) unit so as to

produce electricity[215].

The coupling of flat PV panels on the reverse side of the mirrors can introduce a very
high flexibility in energy generation. When the direct solar irradiation is low (e.g. cloudy
days) the mirrors are reverse and diffuse solar radiation is used to produce electricity
by PV panels, thus increasing the contribution of the FRESCO production on electricity
saving [103].

Being dependent on climatic parameters, FRESCO energy production may vary causing a
mismatch between energy demand and production. Therefore, forecasting of production

allows the design and implementation of management schedules depending on expected
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production, thus assisting towards a more efficient and secure operation both of the
technology and the grid this is integrated in [216]. Here, the 24h forecasting of the
thermal power production of the FRESCO system is investigated with the aim to achieve
efficient management of the system and cover production intermittencies through
controlled charge and discharge of a thermal storage. A 24h horizon prediction can also
be valuable in managing hybrid solar installations where there is both electrical and

thermal power production.

7.3.1 Data

The data that have been used for forecasting the thermal power production of FRESCO
have been collected from the installation of the solar field installation that is located in

Palermo (Figure 38).

Figure 38: General plan of the solar field in Palermo with three parallel rows of linear
fresnel collectors [215]

The data are measured per five seconds and include the following:

¢ T (in): temperature of the oil at the beginning of the absorption pipe
¢ T (out): temperature of the oil at the end of the absorption pipe

¢ Q:flow of the oil

¢  DNI: Direct normal irradiance

e T (amb.): Ambient air temperature

e  Wind speed

From the above measured data are calculated:

¢  The focalization/defocalization state of the mirrors
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¢  The thermal power of the system

¢  The efficiency of the system

For the creation of the dataset that was used for the forecasting, the measured values

per minute were used and the intermediate values per second were filtered out.

Furthermore, if the value of Q was below 0.1, this was an indication that the system was
not operating. Thus, the days that Q<0.1 during operating hours of the system, were
removed from the dataset. Among these days were also the weekends and holidays

during which the system was not working.

Two datasets were collected eventually:

1. Dataset containing 40 days of May-June-July 2017 (19 days of May, 8 days from
June and 13 days of July)

2. Dataset containing 32 days of September-October-November (14 days of
September, 16 days of October, 2 days of November)

7.3.2 ANN model setup

The forecasting of the thermal power production is the subject of this case study.
Similarly to the 1st case study, the thermal power forecasting was solved as a non-linear
autoregressive problem. Past values of thermal production as well as past values of the
parameters that are used for the calculation of and affect the thermal power production

were used for forecasting the thermal power (Table 19) in 24h horizon.

Table 19: Input and target data used for prediction

Inputs Target Output

day of week

time of day

temperature of the oil at
the beginning of the
absorption pipe

temperature of the oil at
the end of the absorption thermal power thermal power

pipe
flow of the oil
DNI

Ambient air temperature

Wind speed
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In the 1st case study, for forecasting the excess power production of the Leaf lab micro-
grid, a neural network structure with 30 hidden neurons and 5 delays gave the best
prediction results and the Lavenberg-Marquardt algorithm was used for training the
network [217]. This configuration was used in the present case study as well. Moreover,
70% of the input data were used for training the neural network, 15% for validating and
15% for testing the prediction. Again, the Neural Network Toolbox of Matlab was

employed for this process.

Apart from the regression value R that is achieved from training, validating and testing
the ANN, a comparison of the actual with the predicted values could give a deeper
insight in the forecasting results that are achieved. For that purpose, the code script of
Matlab that was used for training, validating and testing the network was accessed and
edited so as to produce the predicted values and plot them along the actual values.

Alternative ANN structures were also considered in order to evaluate the influence of
the hidden neurons and the delays in the forecasting accuracy of the ANN, Table 20.

Table 20.Alternative ANN structures

ANN1 ANN2 ANN3 ANN4 ANNS5S
delays 1 1 2 2 5
hidden 10 30 10 30 30
neurons

7.3.3 Results

First the structure that had been developed in the 1st case study was used for training.
The training of the network with 30 hidden neurons and 5 delays (ANN 5) for both data

series resulted in satisfactory prediction results achieving a good regression.

The first dataset containing data form May, June and July 2017 resulted in a good overall

regression R=0.977, Figure 39.
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Figure 39: Regression results for the dataset May-July 2017

The second dataset containing data form September, October and November 2017

resulted in an overall regression R=0.985, Figure 40.
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Figure 40: Regression results for the dataset September-November 2017

Obtaining a good regression is indicative that reliable forecasting can be achieved.
However, dispersion of data away from the regression line is noticeable, especially in
Figure 39. Therefore, comparison of the actual to the predicted values gave a deeper

insight in evaluating the developed ANN.

In Figure 41 are illustrated the actual thermal power data and the predicted values for

the dataset May-July. In Figure 42 one day from the period May-]July is plotted.
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Figure 41: Actual thermal power (blue) plotted against predicted thermal power (red),
ANN with 30 hidden neurons and 5 delays, May-June dataset
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Figure 42: Actual thermal power (blue) plotted against predicted thermal power (red),
ANN with 30 hidden neurons and 5 delays, 1 day from May-June dataset

In Figure 43 are illustrated the actual thermal power data and the predicted values for
the dataset September-November. In Figure 44 one day from the period September-

November is plotted.
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Figure 43: Actual thermal power (blue) plotted against predicted thermal power (red),
ANN with 30 hidden neurons and 5 delays, September-November dataset
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Figure 44: Actual thermal power (blue) plotted against predicted thermal power (red),
ANN with 30 hidden neurons and 5 delays, 1 day of September-November dataset
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The results indicate that the forecasted values follow closely the actual values of thermal
power. However, errors are also visible. For that purpose the errors were evaluated by

calculating the Mean Bias Error (MBE) and the root mean square error (RMSE).

In Table 21 and Table 22 are presented the MBE and RMSE as well as the regression
value R for the various ANN that were studied. The second dataset presents better
results, but this is the smaller dataset, therefore it is expected that errors will be less

than the errors that appear in a larger and thus more representative dataset.

Table 21: Evaluation of ANN forecasting accuracy (dataset May-July)

ANN1 ANN2 ANN3 ANN4 ANN5

10-1 30-1 10-2 30-2 30-5

MBE 0.03 0.029 0.09 0.04 0.018
RMSE 3.09 3.05 2.60 2.50 2.59
R 0.963 0.964 0.973 0.974 0.977

Table 22: Evaluation of ANN forecasting accuracy (dataset September-November)

ANN1 ANNZ ANN3 ANN4 ANN5
10-1 30-1 10-2 30-2 30-5
MBE -0.013 -0.018 0.049 0.049 0.0127
RMSE 171 1.70 1.60 1.60 157
R 0.982 0.982 0.983 0.984 0.986

Overall good R values and RMSE values are achieved with all ANN structures. It is also
observed that increasing the number of delays improves the performance of the
network, whereas increasing the number of neurons does not change the performance
of the network. It can be concluded that a simple structure network with 10 hidden
neurons and 2 delays can produce results similar to the network with 30 hidden

neurons and 5 delays, for the considered forecasting problem.

In Figure 45 are illustrated the actual thermal power data and the predicted values for

the dataset May-July for the ANN structure with 10 hidden neurons and 2 delays.
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Figure 45: Actual thermal power (blue) plotted against predicted thermal power (red),
ANN with 10 hidden neurons and 2 delays, May-July dataset

In Figure 46 one day from the period May-July is plotted for the ANN with 10 hidden

neurons and 2 delays.
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Figure 46: Actual thermal power (blue) plotted against predicted thermal power (red),
ANN with 10 hidden neurons and 2 delays, 1 day from May-July dataset.

One major parameter that affects the thermal power of the network but cannot be
measured or considered in the forecasting problem is the dust. In addition to dust,
shadowing and blocking effects between mirrors as well as solar tracking accuracy can
affect the thermal power production. Therefore, it is possible that the errors in the
forecasted values are due to these parameters that could not be included in the

forecasting problem.

7.4 Discussion

7.4.1 Discussion of ANN training results

Having a reliable 24 hours forecasting model provides the basis for the design and

implementation of advanced dynamic integrated control.

The first case study work focuses on the thermal storage integration with the Leaf
micro-grid. Specifically, the forecasting of excess power production that can be used for
charging the storage is of interest. The forecasted output is aimed at scheduling the
process of charging thermal storage during weekends or other time intervals when
excess power is significant and may be utilised by the micro-grid rather than exported
into the main power grid. In this direction, 24h excess power production forecasting of
the Leaf micro-grid has been investigated using Neural Network Lavenberg-Marquardt

algorithm.
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In the Leaf micro-grid there is PV-power production and hydro-power production.
Despite not using input data related to hydro-power production, a robust and highly
accurate forecasting has been achieved for various seasons using measurements of the
environmental parameters of irradiance and temperature as inputs. Having achieved a
reliable forecasting, an appropriate control can be designed for optimum utilisation of
the prediction. Based on the requirement for 60kW for activation of the first heat pump,
this can be the first threshold of excess power production of the micro-grid. The control
system will have to take into account POD power levels where excess power is
measured. The control will also include an evaluation of the amount of time that excess
production is over the thresholds. A decision making mechanism will guide the charging
of the thermal storage based on available excess production and hours of availability
during weekends. The target of the control will be the cost efficient integration of the

thermal storage in the micro-grid.

The power of the developed forecasting algorithm has been investigated in the second
case study towards forecasting of the thermal power of the system FRESCO CSP. The
ANN with 30 hidden neurons and 5 delays has been used for forecasting the thermal
power of FRESCO 24h ahead and good regression values were obtained from training,
testing and validating the network. Besides, alternative ANN structures have been also
investigated and it was concluded that for the considered forecasting problem a simple
ANN structure with 10 hidden neurons and 2 delays can provide equally accurate

results.

Forecasting errors are unavoidable though and these should be considered when
applying the prediction in real conditions for system management. It is highly possible
that the errors are due to the parameter of dust that affects the system’s production.
Unfortunately, dust is not a parameter that can be measured. In the FRESCO case, the
forecasting can be used for decision making in optimizing the system’s operation and
energy management. Forecasting the thermal power one day ahead will allow decision
making regarding the charging and discharging of the thermal storage based on the
forecasted thermal power production. A 24h horizon prediction can also be valuable in
managing the hybrid solar installation where there is both electrical and thermal power

production.
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7.4.2 Link to the Zero Energy Neighbourhood

Building on observations and knowledge obtained from the two case studies, the ANN
forecasting can be investigated for the ZEN. In that case a specific control problem needs
to be formulated from the management point of view. This could concern HVAC demand
forecasting per residence, providing feedback and operation suggestions to occupants.
On a higher level, total electricity demand of the community can be forecasted for
managing battery charge and discharge targeting at increasing power autonomy.
Research findings from multi-family buildings reveal that forecasting gives better
results at floor level compared to apartment level [218]. Similarly when considering a

residential area, optimum aggregation level of residential units, can be investigated.

Finally, considering the monitoring and data recording interruption that occurred in the
pilot ZEN (details in Annex II), the question is raised on how forecasting, and
consequently energy management and control can be achieved in lack of data for long

periods.
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8 Conclusion

The zero energy concept is at the forefront of the high performing built environment,
with attention being transferred from single buildings to building complexes. This
transfer of interest is relevant to the role that cities are expected to have in the race

against climate change and in particular in the decarbonisation of the energy landscape.

The present thesis analysed and discussed a comprehensive, integrated approach for
neighbourhood level implementation of the zero energy concept. The measured
performance evaluation of a pilot ZEN proves that zero energy performance with
reduced investment costs compared to single ZEBs is achievable following an integrated
design, construction, and monitoring methodology. Finally, the potential of forecasting

models in support of smart energy management has been investigated.

Viewing concurrently the major topics discussed in this thesis, the following relations
can be highlighted (Figure 47): Integration, measurement and verification, and smart all
link to the creation of the zero energy built environment. Monitoring is necessary for
M&V and sets the ground for the smart capabilities of the built environment.
Simultaneously, the smart design is part of an integrated design process; the beginning
for highlighting this relation is made here by showing how the M&V planning and

implementation is placed in an IDP framework
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Figure 47: The thesis topics placed in a connecting framework

8.1 Contribution

8.1.1 Integrated Design Process roadmap for Zero Energy Communities

The thesis presented an integrated design process roadmap for Zero Energy
Communities that has been fully implemented and is applicable and adaptable in
multiple contexts. Furthermore, the stakeholder links and interactions that are critical
to the implementation of the process have been highlighted. Thus the thesis has
contributed by expanding existing knowledge and background on the IDP.

The lessons learnt from the implementation of 4 pilot ZEN have offered insights on the
composition and function of the integrated team of stakeholders. A non-exhaustive list
of stakeholders that are involved in the ZEN implementation has been presented divided
in internal and external stakeholders. Establishment of an integrated project
management structure that will ensure the coordination and integration of the
stakeholders from the very beginning, by establishing roles, sub-teams and clear

communication links, is unequivocal, yet challenging in lack of experience.

8.1.2 Novel, integrated framework for Measurement and Verification

The thesis has presented a novel, integrated framework for Measurement and
Verification of zero energy buildings and communities that has been developed and

implemented in four pilot ZENs along their integrated design process.

The M&V is integral to the design and operation of a high-performing built-environment

and he novel comprehensive M&V framework has been integrated into an iterative
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project management flow, deploying technical guidance from established M&V protocols
and governed by quality control. Having been tested through implementation, it can be
used as guidance for similar future neighbourhood projects, but its applicability is not

necessarily limited to neighbourhoods.

For new-built projects in the era of zero energy buildings and communities, where the
IDP has emerged as the proposed approach for achieving the seamless design,
construction, and operation of buildings, the M&V needs to be viewed as part of the

project management and development process.

The proposed framework can be useful to project managers for integrating M&V into the
project management and explicitly aligning it with the project development stages into

an Integrated Design and Delivery process.

8.1.3 Zero Energy Neighborhood measured performance

The thesis has further contributed by analysis and discussing actual performance data

that currently are scarce in literature.

The measured performance results of a pilot ZEN in Italy, from its first year of
monitoring, have shown that the pilot neighbourhood has achieved the targets set for

the net regulated consumption, renewable energy production, and cost.

When considering the total consumption and PV production of the neighbourhood, the
first five months of monitoring starting from the beginning of summer, it has achieved a
positive balance. Overall, the neighbourhood has achieved a positive energy balance on a
yearly basis for its regulated energy needs, which matches the EPBD definition of the

near zero energy buildings when extended to the neighbourhood level.

8.1.4 Artificial Neural Networks as a stepping stone to smartness

The thesis has demonstrated that Artificial Intelligence is a stepping stone to smartness.
Artificial Intelligence solutions for smart management exist that can be developed and

implemented within a holistic, integrated planning for smart energy management.

Recognising the first two preparatory steps in data collection and data processing
respectively, the next step - and substantial to developing smart management and

control - is learning that can be achieved with forecasting models.
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Short-term ANN forecasting models with high forecasting accuracy have been developed
for a micro-grid energy community (training regression R=0.98) as well as for a CSP
system within a solar field (training regression R=0.97) with common objective to utilise
the forecasting for optimising the integration and control of storage. Development of
forecasting models is guided by specific control objectives, therefore considering a zero
energy community, forecasting models can be developed for the community demand,
per residence or at community level, considering its regulated or total demand,

depending on the management objectives.

8.2 Further research

Common theme for discussion for all topics is the role of humans, either as occupants or
users or citizens. The analysis and results of the present work have discussed the
occupant/user as a stakeholder in the design and operation of zero-energy and smart
buildings and communities. Nevertheless, the role of humans as citizens when
discussing the city scale shall be included in the stakeholder group and interactions.
There is an open field for further research on occupant engagement and training and the
interaction and perception of occupants residing in zero energy and smart buildings and

communities.

With respect to occupant comfort, a thorough analysis of the indoor environmental
quality data, including thermal comfort, visual comfort and air quality data, linked to the
POE survey results is also part of further research for a complete evaluation of the in use
performance. This can be complemented by actual microclimate analysis data and
relevant observations on the actual impact of the implemented microclimate

interventions on both IEQ and energy performance.

More results from realized projects are needed for further boosting the uptake of the
zero energy and smart concept at neighbourhood scale and paving the way to future
clean energy neighbourhoods. This includes standardisation of the integrated design
and integrated project delivery. Extended and specialised technical knowledge exists for
all of the topics discussed but integration and implementation of the existing knowledge
seems to be a significant challenge to realising zero energy and smart buildings and

districts.

In view of the rise of Building Information Modelling, the potentialities and challenges of

implementation of the integrated design process fully supported by BIM offer
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opportunities for further research. BIM presents a collaborative platform and the
respective tools on which all involved stakeholders can collaborate for implementing an
integrated design process and project delivery. However, architects are challenged by
using CAD and recently BIM tools in the conceptual design stages, since it can be seen as
limiting to the creative process. A question is raised on what can be the role of BIM in

the conceptual design stages and how its potential can be exploited at these stages.

Considering that the integrated design process is holistic, it involves both well-defined
problems, such as clear environmental targets, but also ill-defined problems such as the
architectural design process itself. While the environmental/energy targets can be
optimally solved and achieved following a roadmap of iterative steps, which could be
supported by BIM and simulations throughout the process, what does this mean for the
architectural design process? As ill-defined, the architectural design process can give
multiple results through different thinking processes, how are then architectural design

and zero-energy design optimally integrated?

For the smart built environment it is imperative to consider who has the control. Some
operations and decisions can be automated (automated intelligence), but some others
need to be left to the occupants while providing them with options, this would be
integration of the artificial intelligence with the human intelligence, leading to what can
be called “integrated intelligence”. There is room for studying the implementation of

integrated intelligence from the building to the city level.

Finally, there is an open path for viewing the topics discussed herein, and adjusting

accordingly their implementation, from the renovation perspective.

8.3 Limitations

The limitations can be summarized as follows:

e Out of the 4 pilot neighbourhoods, only 3 could provide feedback for the
involved stakeholders and their interactions. This is a small sample for drawing
general conclusions for the zero energy community implementation. However
the results and observations have been counterchecked with the literature on
projects of similar context and literature on the IDP.

e Recognizing the limitations of the proposed M&V framework, it is expected that

it can be subject to cost, time, and/or human resources constraints. This is also
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true for the IDP overall. It is expected that adjustments are applicable relevant to
the project scale and objectives.

The pilot ZEN in Italy is composed of 2 buildings and is a new development. The
approach is transferable to bigger neighbourhoods as well as to existing
neighbourhoods and implementation with subsequent results from diverse
developments will help study the transferability of this approach in practice.

The measured performance results of the pilot ZEN have been obtained from its
first year of monitoring. Further monitoring results will help evaluate the
performance of the ZEN in the long-term and form robust decisions for drawing
its energy management direction.

The first year of monitoring includes three months in lockdown, from March to
May 2020. The effect on the lockdown in the measured consumption remains to
be further studied.

Currently, a “positive regulated energy” neighbourhood has been achieved.
Higher RES production and implementation of DSM could improve the zero
energy balance for the total energy needs and minimization of non-renewable
energy consumption.

The measured performance analysis of the neighbourhood does not include a
thorough analysis of IEQ measurements. These are essential for a complete
evaluation of the in-use performance and have been suggested to be subject of
further research.

Accurate short-term forecasting models have been developed for two cases.

However these have remained at theoretical development stage.
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Annex I - Measurement specifications and monitoring timeline

Table 23: Measurement specifications

No Measurement name Units Range Resolution | Accuracy ()
1 Space temperature °C 0-40 0.1 0.5°C
2 Space relative humidity % 10-90 1 10.00%
3 Space CO2 level ppm 0-2000 20 40 ppm
4 Space occupancy 0/1 0-1
5 Space Illumination Lux 0-500 0.2 0.5lux
6 Window open/close On/Off 0-1 - -

7 Door open/close On/Off 0-1 - -
8 Space Setpoint temperature °C 0-40 0.1 0.5°C
9 Building HVAC electric power w 0-25000 0.1 0.10%

10 Building HVAC electric Wh 0-99,999,999 MWh 1 0.1Wh

consumption

11 Building electric power w 0-25000 0.1 0.10%

(consumption)

12 Building electric energy Wh 0-99,999,999 MWh 1 0.1Wh

consumption

13 Building Domestic hot water Wh 0-99,999,999 MWh 1 0.1Wh
14 Building PV electric power w 0-25000 0.1 0.10%
15 Building PV electric energy Wh 0-99,999,999 MWh 1 0.1Wh

production

16 Building Battery Stored Energy Wh 0-99,999,999 MWh 1 0.1Wh
17 Outdoor air temperature °C -40 - 64 0.1 1
18 Relative humidity % 1-100 1 4.00%
19 Wind Speed m/s 1-50 0.4 5.00%
20 Wind direction deg 0-360 1 3deg
21 Rain mm 0-950 0.2 5.00%
22 Global radiation W/m? 0-2000 50 10.00%

Table 24: Monitoring timeline and duration

Actions Type Duration Comments

Pre-occupancy checks In field U-value | 1/2/2019-5/3/2019; more | In both R1 and R2,

walls)

measurement (external

than 1 month

the U-value for
external walls is
slightly higher

than that one
declared at the

design stage
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Actions Type Duration Comments
Pre-occupancy checks Air permeability | 5/3/2019; 1 day R2 was not
(blower door test) completed

(including all
finishes) when the
test was
performed, thus
the results for this
building cannot be
considered

reliable

Pre-occupancy checks

Thermal imaging

5/3/2019; 1 day

In both R1 and R2,

the infrared
analysis on the
external facades
show a non-
homogeneous
surface
temperature
distribution
Pre-occupancy monitoring | Indoor microclimate | R1: 18/6/2018-6/7/2018; | The pre-
monitoring in one room | about 3 weeks occupancy

(air temperature and
relative humidity, mean

radiant temperature, air

speed, radiant
asymmetry, CO2
concentration, VOCs),

only air temperature
and relative humidity

monitoring in a second

room, outdoor  air
temperature and
relative humidity
monitoring

R2:  1/2/2019-5/3/2019;

more than 1 month

monitoring in R1

was shorter than 1

month due to
construction
delays and the

need of owners to

move in
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Actions

Type

Duration

Comments

Post-Occupancy monitoring

Space air temperature
and relative humidity,
CO2 concentration,
occupancy  presence,
illuminance, = window
and door
opening/closing,

building equipment and
HVAC electricity
consumption, PVs

electricity production

starting from 09/06/2019
to 15/08/2020

(1st year data used for the
evaluation; 09/06/2019 to
08/06/2020)

All sensors for IEQ
were connected to
the WebGIS
platform in June
2019, but there
was a delay with
the data
transmission due
to the Rotex G1
connection

problems.

Weather station

Outdoor air

temperature and
relative humidity, wind
speed and direction,
rain, pressure, global

solar radiation

starting from 07/05/2019
to 15/8/2020

(1st year data used for the
evaluation; 09/06/2019 to
08/06/2020)

Installed on the

rooftop of R2
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ANNEX I - Collected data quality: Uniqueness and Completeness

Double entries (uniqueness) were minimal and after being identified they were
removed from the dataset (Table 25). The results of completeness are discussed in

detail in the following paragraphs.

Table 25: Double entries in the collected data.

Time series Double entries

R1 dataset 4 double entries, 0.02%
R2 dataset 6 double entries, 0.03%
Weather dataset 8 double entries, 0.04%

Two cases of missing data occurred during the studied period: (i) lost entries due to

system communication disruption and (ii) empty entries that were entered as -100.

Table 26: Missing data from Residence 1 (R1) monitoring.

R1 Indoor data (9/6/19 - 7/2/20)

Recorded Empty entries Total missed
(percentage of expected) (percentage of recorded) (empty + lost)
97.38% 0.01% 2.63%
Total missed per CO2 Temperature RH Illuminance  Presence
type:
2.62% 2.63% 2.62% 2.62% 2.66%
R1 Consumption data (9/6/19 - 7/2/20)

Recorded Empty entries Total missed
(percentage of expected) (percentage of recorded) (empty + lost)
97.38% 0% 2.62%
Total missed per type: HVAC Appliances

2.62% 2.62%

R1 PV Production data (one year)
Recorded Empty entries Total missed
(percentage of expected) (percentage of recorded) (empty + lost)
100% 3.43% 3.43%

Overall, the percentage of missing consumption and IEQ data for R1 during the period
9/6/19-7/2/20 is low and mainly occurred due to lost entries that were not recorded
on the platform, owing to system communication disruption (Table 26). When looking at
R2 (Table 27), for which one-year data have been collected and assessed, the percentage
of missing data is higher. In this case too, missing data occurred due to entries that were

not recorded on the platform.

Table 27: Missing data from Residence 2 (R2) monitoring.

R2 Indoor data (one year)

Recorded Empty entries Total missed
(percentage of expected) (percentage of recorded) (empty + lost)
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81.14% 0.03% 18.89%
Total missed per CO2 Temperature RH Illuminance Presence
type:
18.88% 18.88% 18.88% 18.87% 18.93%
R2 Consumption data (one year)

Recorded Empty entries Total missed
(percentage of expected) (percentage of recorded) (empty + lost)
81.14% 0.011% 18.87%
Total missed per type: HVAC Appliances

18.87% 18.87%

R2 PV Production data (one year)
Recorded Empty entries Total missed
(percentage of expected) (percentage of recorded) (empty + lost)
100% 8.39% 8.39%

In February 2020, data transfer from the houses to the platform was interrupted due to
an unsuccessful update of the routers. The outbreak of COVID-19 and the subsequent
restrictions prohibited technical assistance to reach the settlement. As a result,
transmission of monitored consumption and IEQ data from Residence 1 to the platform
stopped for approximately 6 months. Nevertheless, monitoring of consumption data is
cumulative and imputation of the missing period was possible as soon as the
communication was restored. In R2, the occupants being more confident with
technology have been able to reset communication, although not able to fix the problem.
This fact is visualized in Figure 48. Until February 2020, occurrences of missing data
have been recorded, which have been tackled by experts. However, after February,
communication in R1 could not be restored and in R2, it took longer time for
communication to be restored by building occupants, resulting in longer periods of

missing data.
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Figure 48: Missing data pattern for: Residencel (HVACR1, AppliancesR1, CO2R1, TiR1-
indoor air temperature R1, RHiR1l-indoor relative humidity R1, IlluminaceR1,
PresenceR1), Residence2 (HVACR2, AppliancesR2, CO2R2, TiR2-indoor air temperature
R2, RHiR2-indoor relative humidity R2, [lluminaceR2, PresenceR2), the Weather Station
(To-outside air temperature, RH-relative humidity, GR-global radiation), and the PV
installations (PVR1-PV on R1, PVR2-PV on R2).

Table 28: Missing data from Weather Station

Weather data (one year)

Recorded Empty entries Total missed
(percentage of expected) (percentage of recorded)  (empty + lost)
90.80% 0.23% 9.41%
Total missed per Temperature RH Global Radiation
type:
9.37% 9.37% 9.47%

The weather station (Table 28) communicates directly with the platform and the PV
production data (Table 26 and Table 27) are gathered and transferred to the Web-GIS
through a third party platform (the inverter’s manufacturer platform). The different
routes of communication that have been designed and implemented between the
monitoring equipment and the platform effectively shape the missing data pattern
(Figure 48). As a result, missing data have occurred in different periods for the houses,
for the weather station, and for the PVs. Observing the missing data pattern from the
beginning of monitoring, simultaneous periods that both houses have missing data are
observed; this is due to miscommunication of the KNX router with the Web-GIS
platform. In periods that both houses and the weather station have missing data, this is
due to lost internet connectivity or power disruption.
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