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This paper focuses on data infrastructure that is central to the modeling of design and operation of sustainable
and healthy buildings. While reducing energy consumption by making buildings more energy efficient has been
touted as an easily obtainable approach to promoting carbon-neutral energy societies, the sustainable buildings’
benefits and impacts on human wellbeing have not been clearly quantified to the extent that they may directly
influence the decision of adopting sustainable building designs. The authors argue that focusing on the wellbeing
of people occupying the buildings will lead to significant changes in the decision-making process of the design
and operation of sustainable buildings. The authors propose a framework to define the type of data that can be
measured or acquired and contributed to the design and operation of buildings for energy efficiency in relation to
human wellbeing and social economic aspects. The framework can benefit building designers and operators for
decision-making using wellbeing-centric life cycle assessment. The methodology presented in the paper is sup-
ported through a case study.

1. Introduction

The evaluation of sustainable building design and operation prac-
tices has been a focus in research and professional practice over the past
decades with increasing interest since green building standards were
implemented around the end of the 20th century. While architects and
engineers initiated most early studies in conjunction with legal and
policy professionals, current research also involves social, behavioral,
and computational scientists for multidisciplinary approaches to deter-
mine the fundamental questions about the ultimate societal goals of
sustainable development in response to constraints imposed by natural
environment and resources.

Among many measures for a sustainable building, the measure of
energy savings in a “sustainable building” is of utmost concern. While
Energy Use Intensity (EUI), the energy use per useable area for a given
building, is one way to measure, the wellbeing of people who occupy
buildings should also matter. In other words, given two buildings with
the same EUI, would the building with higher occupant satisfaction be
considered a better building? Here the occupant satisfaction should be
defined by human factors such as essential comfort (lighting, tempera-
ture and acoustics), healthy necessity (good air quality, clean water,
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pleasant interior design, etc.), convenience (human building system
interaction, service access, etc.) and other contextual factors such as
community, school district, transportation, etc. When human factors
become part of the equation, decision-making is getting more compli-
cated. In order to truly achieve the long-term goals of sustainability,
building sustainability evaluation must go beyond the design and con-
struction phases. If we all agree that life-cycle measures including
human wellbeing should be considered when evaluating sustainability,
the subsequent questions are inevitably related to data that quantify the
occupant wellbeing as a result of building occupancy. Assuming these
data can be gathered and analyzed with usefulness, the next question
will be “can they be tied to the value of the building in economic and
social senses?”

1.1. Vision and objective

Given the highly fragmented nature of the architecture, engineering
and construction industry and the increasing adaptation to computer-
mediated decision-making processes in the industry, we propose the
following holistic vision:
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A data infrastructure promoting the development of a coherent data an-
alytics methodology that is available for key stakeholders to link indi-
vidual human wellbeing indicators to built environments, and collectively,
allows the scaleup to a community level for social and economic decisions,
no matter where the community is located.

Based on the above vision, we define the objective of this study:

To identify the missing links and potential pathways to connect energy
efficiency and wellbeing in a building-level sustainability framework with
the goal of using human wellbeing as a motivation for adopting sustain-
able building design and operation.

1.2. Wellbeing and sustainable design

In 2014 the WELL Building Standard [1] was launched as the first,
systematic attempt to define criteria that measure, certify, and monitor
built environment features. Such features impact human health and
wellness through air, water, nourishment, light, fitness, comfort, and
mind. The research background for WELL standards has been derived
primarily from medical research into individual health and wellness and
their relations with the built environment.

While often quoted exchangeable, wellness and wellbeing are not the
same [2]. Wellbeing refers to a whole-of-life experience, whereas well-
ness traditionally refers to physical health. For example, employers can
have a big influence over employees’ wellbeing, but often they focus
only on their physical wellness related to job performance. In addition, it
has been known [3] that the decision for green building certification is
significantly influenced in areas with well-educated people and a po-
litical preference [4] and with the environmental orientation of the
population. And it also is known that poverty levels directly correlate to
education levels of population [4]. It therefore can be naturally deduced
that green building, as well WELL, certifications seem correlated with
well-off population. Yet the latest data, reported by the US Bureau of
Labor Statistics, shows that nearly half of the US population is consid-
ered to be of low-income (100-199% of poverty level) [5]. Therefore,
the above-stated vision must consider this fact to broaden the impact of
relevant research.

In this paper data infrastructure is a general term underlining a
proposed framework (Section 3) that organizes the relations among
various modeling tools and input and output data. Under the context of
design and operation of sustainable, and healthy built environments,
these models may well be across multiple disciplines, depending on the
nature of data and targeted analytical results. In particular, this paper
attempts to link the modeling technique used in engineering field to that
is often used in social science field, for example, human reactions to the
design and operation. The paper proposes such a framework and select
one typical case to demonstrate the aforementioned linkage, which may
stimulate further exploration of complex interactions among deter-
mining factors, influencing collective or individual decisions in building
design and operation.

2. Literature review
2.1. Human behavior in buildings

According to the 2018 Annual Energy Outlook [6], the building
sector (both residential and commercial) accounted for more than 27%
of total U.S. delivered energy in 2017. Unfortunately, projections are
predicted to be growing by about 0.3% per year. As a consequence,
energy use in buildings has become a growing concern of both the public
and professionals in the field [7]. However, “Buildings don’t use energy:
people do” [8]. Therefore, an understanding of occupancy energy
behavior and its implications for energy use is vital [9,10].

Hence, in recent years, the body of literature concerned with energy-
related occupant behavior in buildings increased [7]. As a result, almost
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all energy modelling software tools use some sort of data linked to
occupant behavior as a defining factor for the calculations of yearly for
heating, cooling, lighting ventilation and plug load profiles. “Diversity
profiles,”” a schematic occupant presence profile of a space or thermal
zone over a given period of time intend to reproduce the real occupancy
of the space in order to accurately estimate the impact of people’s
presence and activity levels on building energy load demand calcula-
tions [11].

These profiles usually consist of a combination of weekday and
weekend schedules for the type of buildings (for instance residential or
commercial) in discussion. Software users are often given the choice of
using the predefined generic schedules in the simulation tool’s default
library or defining their own profiles instead, which could have the user
flexibility and higher precision. Given that occupancy has a considerable
influence on internal loads, ventilation requirements and thus building
energy consumption [12], the use of such generic schedules results in
large gaps between the predicted and actual energy use of buildings
[11].

As one of the attempts to fill the gaps, Malekpour et al., 2019 [13]
have recently used a community energy use survey to develop a Markov
chain transition probability matrix based on the American Time-Use
Survey (ATUS) database [14]. The resulting refined schedules were
incorporated into the Urban Modeling Interface (UMI) [15] and were
then tested on their pilot case study, a relatively low-income dense
neighborhood in Iowa, US. Recent research uses agent-based models
(ABMs) [16], including human-building interaction for commercial
building occupant behavior, perceived thermal comfort, and energy
consumption [17,18], and in residential buildings [19,20]. Other ABMs
connect agents via social networks to represent effects of social influence
and information sharing on energy-related behavior [21]. Co-simulation
with an ABM and EnergyPlus can facilitate data transfer between the
two platforms [22,23].

2.2. Occupant characteristics (time based)

The theory of planned behavior (TPB) [24], is a well-known model
that has been applied widely to studying occupant behavior and
behavior changes. It suggests that one’s intention determines behavior.
Attitude and subjective norms determine one’s intention. In addition,
behavior is also determined by a person’s perceived behavior control (i.
e., a person’s perception of his/her ability or feeling of self-efficacy to
perform). While attitudes, norms, and perceptions of behavioral control
can be dynamic and context specific, the beliefs, statuses, and experi-
ences that provide the foundation for these cognitions are somewhat
static. Therefore, an occupant behavior model should begin with the
assessment of these somewhat stable factors and variables, such as
gender, nationality, residency experiences, socio-economic status,
among others [25]. These formative attributes shape the beliefs and
attitudes that dictate how individuals might engage with their envi-
ronments (e.g., energy appliances) and the sense of values and re-
sponsibilities that reflect attitudes toward energy consumption and
conservation [26]. In addition, how others in our social circle, family,
workplace, and geographic/national culture engage energy consump-
tion also affect occupant behaviors [27]. In practice, Steg and Vlek [28]
summarized general factors that affect environmental behaviors, which
can be used to design surveys and explain occupant energy consumption
behaviors.

2.3. Data and model types

2.3.1. Physics-based and statistic models

In general, the analyses of building design and performance, espe-
cially energy modeling, adopt physics-based modeling (PBM) tech-
niques, where the data and phenomena described can be used in or
presented by laws of physics with continuum mathematics, or approxi-
mated by discrete mathematics while maintain the levels of details in
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micro or operational scales; also known as deterministic models, for
example, EnergyPlus. On the other hand, statistical modeling is widely
used in medical sciences, business and finance, and social science where
the scales of data and phenomena trends at macro, aggregated levels, or
complex correlations among phenomenological parameters are sought.
Matured Agent-Based Modeling technique (ABM) noted above are
uniquely suitable for a range of data scales between micro and macro as
summarized by system dynamics researchers [29].

A growing body of research is addressing the challenge of stochastic/
probability data into otherwise deterministic or static building energy
models. Two International Energy Agency Annexes (Annex 66 and 75)
have been working on these challenging issues. Recent developments
[13,30] include an attempt to balance between complexity and accuracy
among the aforementioned models for the sole purpose of energy use
studies in the context of residential neighborhoods. A probabilistic oc-
cupancy model is used based on the American Time Use Survey (ATUS),
and the input from the population of study is used to develop repre-
sentative occupancy schedules.

2.3.2. Qualitative and quantitative models

Studies on wellbeing that involve human behavior patterns, emo-
tions, social and cognitive sciences, mostly collect qualitative data as.
certain aspects are better conveyed through words and cannot directly
be observed in numerical form [31]. However, in order to yield mean-
ingful analysis that can endure rigorous validation and verification,
quantitative analysis that can be duplicated and have broader impacts is
often required. Therefore, almost all quantitative studies present their
qualitative data in a quantifiable way, such as the Likert scale on survey
questionnaires. An indicator such as wellbeing index (often defined by
life satisfaction scores) is then developed. The results are usually
compared with a norm from a surveyed population to represent its sig-
nificance. For example, it was reported that one in eight mid-aged
Australians has a satisfaction score below normal [31] when a Per-
sonal Wellbeing Index (PWI) was applied.

The challenges in developing data infrastructure pertinent to the
objective identified in Section 1.1 lie in an expectation of new models
that can be developed so that the output of personal wellbeing studies,
such as PWI obtained at a given time, can be integrated into a PBM as an
input. The opposite can also be beneficial if an output of a PBM, such as
EnergyPlus, can be integrated into a PWI model to study the sensitivity
of, for example, energy saving pattern, or attitude towards sustainabil-
ity, to the wellbeing index.

2.3.3. Data integration and sharing

Data integration and sharing are two related but different challenges.
Data integration deals with problems of integrating heterogeneous data
when data are shareable; while data sharing deals with motivations and
mechanisms to share data. A major challenge facing the building com-
munity for decades is highly fragmented data sources [32]. Fragmen-
tation results from multiple factors including the uniqueness of each
building, the diverse ownership of building data, various data granu-
larities and formats, and data security and privacy and security con-
cerns. Data integration strategies and methods have been studied for
decades including standard-based approaches, machine learning ap-
proaches, and hybrid approaches [33]. The standard-based approaches
have been widely adopted in the building industry and various data
standards such as the industry foundation classes have been developed
and applied (e.g. Refs. [34,35]). On the other hand, machine learning
has been used for data integration in entity resolution, data fusion, and
data extraction [36].

2.4. Quantification of health and wellness
2.4.1. WELL standard

The International WELL Building Institute (IWBI) [1] developed the
WELL Building Standard and certification process, based on scientific
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and medical research as well as literature on environmental health,
behavioral factors, health outcomes and demographic risk factors. The
certification categories thus circle around the relationship of the occu-
pant to the environment created by the building. It focuses more on the
interior conditions and thus complements the criteria certified under
USBGC, which relate more to the building in its environmental context.
The recently released 10 concepts in WELL v2 are: Air, Water, Nour-
ishment, Light, Movement, Thermal Comfort, Sound, Materials, Mind
and Community. While the content of these topics should be common
sense other factors, such as economic considerations in the development
of built projects might have prevented addressing them in the past.
Some, like air quality also might provide trade-offs for energy use as
fresh air needs to be conditioned.

2.4.2. Living Building Challenge (LBC)

The Living Building Challenge by the International Living Future
Institute is a global network dedicated to provide a healthy future for all.
With this goal, they go beyond both USGBC LEED and the WELL stan-
dard and combine health and energy strategies. Buildings certified by
this group are creating more energy than they need, capture and treat all
water on site and use healthy materials. The design outcomes are
regenerative buildings that connect occupants to light, air, food, nature,
and community. Those buildings are self-sufficient and remain within
the resource limits of their site. Finally, they create a positive impact on
the human and natural systems that interact with them. The criteria are
thus Place, Water, Energy, Passive Design and Energy efficiency, Health
and Happiness, Daylight and Views of nature/healthy materials, Mate-
rials outside the Red list, Equity, and Beauty. The Place petal addresses
walkability, connection to nature and community integration, which
resonate with the WELL standard.

2.4.3. Lighting

A large body of research exists, which connects the availability of
daylight specifically for office workers with their health and wellbeing.
The availability of daylighting is therefore a significant criterion for both
WELL and LEED standards. For example, in Ref. [37] the impact of
daylight exposure on the health of office workers is examined from the
perspective of subjective well-being and sleep quality as well as actig-
raphy measures of light exposure, activity, and sleep-wake patterns.
Workers in windowless environments reported poorer scores than their
counterparts—role limitation due to physical problems and vitality—as
well as poorer overall sleep quality. Compared to the group without
windows, workers with windows at the workplace had more light
exposure during the workweek, a trend toward more physical activity,
and longer sleep duration as measured by actigraphy. It is suggested that
architectural design of office environments should place more emphasis
on sufficient daylight exposure of the workers in order to promote office
workers’ health and well-being.

2.5. Integrating wellbeing with the built environment

It is commonly understood that the built environment has significant
impact on human wellbeing (e.g. Refs. [38-40]) and consequently
planning, design, and operations of the build environment should al-
ways take human wellbeing into considerations (e.g. Refs. [41-43]). In
general, the built environment includes all man-made space where
people live, play, and work, including homes, buildings, transportation
systems, parks, and other civil and utility infrastructures. Human well-
being has been included in the sustainability assessment of different
studies (e.g. Ref. [44]). Challenges exists to transfer models and
knowledge from field to field, such as from building level models to
urban level models [45].

Operationally, the concept of wellbeing has many variations (e.g.
Refs. [2,46]). The World Health Organization defines wellbeing from a
quality of life perspective using key concepts such as “a person’s phys-
ical health, psychological state, personal beliefs, social relationships,
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and their relationship to salient features of their environment” [47]. In
this study we present a uniquely identifiable concept or set of related
concepts that can be used to define and measure wellbeing in a partic-
ular context. For example, such a construct can be comfort (including
thermal, visual, and acoustic comfort, and indoor air quality) at homes
and offices, or stress at work places, safety of public transport systems, or
equal access to healthy food and clean water in cities [2]. Also wellbeing
research in the built environment focuses on, for example, comfort, in-
door environmental quality, health, and happiness [48], while at the
urban scale focus is on planning and social consequence of the built
environment, using constructs such as public health and equal access to
infrastructure [49]. It is important to have a multidisciplinary network
of expertise to deal with emerging needs due to social-technological
changes, map relationships between known constructs and emerging
ones, develop data acquisition and analysis methods, and create data
sharing and interoperability strategies.

3. A conceptual framework

In the context of the built environment, the concept of life cycle
assessment (LCA) as a method to estimate the environmental perfor-
mance of building products and processes, as well as buildings them-
selves has been evolving from solely focusing on environmental
consequences to a broader scope, also including economic and social life
cycle assessment. The extension of environmental LCA to life cycle
sustainability assessment ultimately needs to put human and wellbeing
at the center. However, this is not a simple switch; rather it requires
fundamental rethinking about the area of protection (AoP) [50]. For
example, conventional life cycle assessment includes air quality and
human health as part of the social impact [51], however the consider-
ation of impact on human health is general and not individual specific.
Consequently, such assessment is useful for comparing planning, design,
engineering, or operation plans, but not quite useful for assisting de-
signers and operators in understanding and maintaining wellbeing in the
built environment.

The spatial and temporal nature of some wellbeing constructs such as
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stress requires a new assessment method, which demands us to think
through questions such as “Will the anthropocentric approach require us
to consider the life cycle of human, human groups or communities rather
than man-made artefacts as the subject of analysis?” or “To develop the
anthropocentric approach within the framework of the conventional life
cycle assessment, what do we need to change in order to put human and
wellbeing at the center?”

Based on the literature review, we propose a conceptual framework
(Fig. 1) that links the data technology for individual wellbeing to
wellbeing-centric built environment life cycle assessment.

Fig. 1 shows four interrelated concepts for constructing wellbeing-
centric life cycle assessment. Firstly, human is at the center of the
framework. Secondly, the built environment such as buildings, infra-
structure, and communities connects with human through the interfaces
of the built environment, or affordance, i.e., “the availability, effec-
tiveness, and usability of control devices and their interfaces” [52].
Traditionally, affordance narrowly refers to providing comfort, espe-
cially in buildings. With considerations for wellbeing, additional
affordance of the built environment has been included such as providing
lighting, water, air, and nourishment, and at different levels of the built
environment such as buildings, infrastructure, and communities. Such
affordance, or the level of affordance, affects humans, so there is a need
to assess affordance from a human perspective. Thirdly, the wellbeing and
built environment interface metrics include physical, physiological, psy-
chological, and behavioral measures such as health, stress, emotion, and
routine habit, as well as built environment perception measures such as
controllability. Lastly, the wellbeing-centric life cycle assessment metrics
should assess both the conventional sustainability of the built environ-
ment and the wellbeing of human.

Underlining the above four interrelated concepts are the four key
elements of data infrastructure:

Element 1: Data technology, an interface between human and the
built environment. Here, we refer to data technology narrowly as the
identification and application of sensing or sensor technologies while
data collection and curation are included in Element 4.

| IAQ | |Therma|| | Visual | |Acoustic|

Comfort
Affordance

Building
Built
Environment
Affordance

Built

X Infrastructure
Environment

Community

Other
Affordance

I Fitness I

| Nourishment |

Notes: Bubbles are categorical concepts and boxes are exemplary subcategories or items of the category. Yellow bubbles are
built environment categories/sub-categories and green bubbles are metrics. Blue boxes are items in the categories.

Fig. 1. A conceptual framework connecting sustainability and human wellbeing at the building level.
Notes: Bubbles are categorical concepts and boxes are exemplary subcategories or items of the category. Yellow bubbles are built environment categories/sub-

categories and green bubbles are metrics. Blue boxes are items in the categories.
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Element 2: Data of wellbeing-centric built environments. This
element includes data of built environments at the component level,
such as energy efficiency and building controls and all wellbeing and
wellness related constructs such as space utilization, lighting, and
comfort controls. A built environment component refers to a building
or an infrastructure facility. Element 2 focuses on the affordance and
wellbeing at such a level.

Element 3: Data for built environment affordance. In this element,
focus is given to collecting and curating data at the community and
societal level, and aggregating component-level wellbeing data and
scaling it up to the community and societal level.

Element 4: Data integration. This element covers a range of topics
including wellbeing constructs, data interoperability and sharing
strategies, data analytics, ethics, and data privacy, security and
ownership issues.

The four elements play different roles in the framework. Element 1
sets a technical foundation to acquire data essential for individual
wellbeing such as assessing human stress and emotion, as well as for
understanding the impact of human habitual behaviors and ability to
control building systems on energy efficiency. While Element 2 is about
individual built environment components, Element 3 brings an impor-
tant social economic aspect into the framework by developing scaling up
capabilities for larger scale analysis. Finally, Element 4, data integration
for the conceptual framework, addresses the need to better support data
management in the overall framework. Element 4 ultimately enabled
dealing with a large amount of data to fulfill the needs of four interre-
lated concepts before the benefits of modern data science and data
technologies can be beneficial to building design and engineering.

4. A case study - method of data collection

Proposed framework has two layers: One is the four categorial con-
cepts, including metrices, such as wellbeing and built environment
interface, and LCA, and affordances, such as comfort affordances and
others. These metrics and affordances connect sustainability and human
wellbeing at the building level, as illustrated in Fig. 1. The other layer is
of four underlining elements that consist of essential modeling and data
infrastructure and their integration, and act as threads tying the tech-
nological and socioeconomic research exploration together.

To stipulate the potential of the proposed framework, we present a
case study of a health and wellness clinic designed towards USBGC LEED
Platinum to demonstrate the use of the elements of framework to sup-
port design and understand the relationships between sustainability and
wellbeing. The case contains the selected items within the metrics of
wellbeing and built environment interface, as well as the relevant items
in the subcategory of comfort affordance, as indicated in Fig. 1.

Occupant’s perception data of the building was collected through a
focus group interview session; therefore, all voices are kept anonymous.
The participants were recruited through an email to all employees
working in the health and wellness center and 6 respondents partici-
pated in one and half hour focus group meeting. The interview and
conversation prompts were based on 27 questions approved as an
exempt human subject study by the institutional review board. Energy
data and thermal data were collected through metering and provided
through a data sharing agreement. Based on the responses by the par-
ticipants, daylight simulations were conducted in DIVA 4 Rhino [53], a
validated daylighting simulation software using the Radiance raytracing
engine.

4.1. Case description: a birth and wellness clinic in the midwest

The building is a retrofit of an early 20th century small-scale com-
mercial building with three floors and a new addition. The building
enclosure has been carefully upgraded with insulation and new win-
dows. A green roof and a photovoltaic array were added while retaining
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the historic character of the building. Most historic materials like lath
timber from walls have been reused for interior design features.
Achieving proper daylighting and acoustic privacy were of utmost
concern. One of the building design features is court-yard centered space
with no long corridors. During the interview session, in winter, the
windows were closed, but there is a flow-path to let outside air stream
through the building from the southern side up through the skylight in
the center and the windows in the front. Those front windows, original
to the building are beloved by all workers and customers alike.

The purpose of the building is women’s care. The working occupants
are supporting women throughout their pregnancy, during birth and
afterwards. They are thus providing holistic care of women and their
family such as wellness support through life.

4.2. Feedback from health providers and patients

4.2.1. Meaning of wellness

According to the providers, the development from wellness to health
evolves in stages. Each person has a different idea or concept, what they
want their health to be. Health is considered a state of being, while
wellness is the mode to get there, and wellness is the lifestyle choices
people make and health is the outcome of the journey. The clinic thus
provides essential oils, nutritional guidance, herbals, acupuncture,
chiropractor, energy healing, many educational health and wellness
programs and connection to the community.

4.2.2. Space/place (LBC)

Users report a difference, a peace, a building that embraces them.
The building is comforting for all users (providers and clients) through
its views, material, light, smells. It relaxes everyone through its beautiful
wooden walls made from the recycled lath of the removed walls. The
main ceiling in the meeting room has no edge. As one provider put it:
“when it is very appealing to your eyes, then you know it is appealing to
other eyes as well.” Different spaces exist for different activities of the
program. The library acts as waiting room. Other rooms are clinic rooms,
laundry, utility room where they wash instruments. The mechanical
room in the basement runs the building. There is a waiting area/midwife
staging area outside the birth suits. Every room is different because of
the clay and its colors, each room has its own color, the birth suits feel
very different, and the women get to choose where they gravitate to-
wards, where they want to be. In that regard, the clinic operates more
like a “bed and breakfast”.

The provider has the same options about flexibility in using space;
some days they can work here, some days there. Occupants can choose
their workplace based on individual moods. The building thus supports
the diversity of its users. The providers are very connected with clients
and each other.

4.2.3. Community

While this is a clinic for women to give birth, it is a holistic place for
the family. There is always space for the family to join the conversation.
Men are welcome. Space is available to breath, men can walk out, can
walk in, they can find their place. They have less fear, because their
loved ones are coming here, when she feels safe, they like that. They are
all the time part of the activity, it is family centric care with amble space.
The building is representative of the care being a model for the change
we would like to see, as a leader in the industry.

4.3. Results based on important data types provided by three standards

4.3.1. Light (daylight and well-placed indirect electrical light)

The light conditions contribute to the positive impression, there are
no fluorescent light bulbs, which relates to the impact of color rendition
and color quality. Fluorescent light would be too ‘edgy’ as one provider
phrased it. Daylight and warm colors appear more natural. Electrical
lights are mostly recessed and indirect. The experience depends on the
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time of day (as seen in Fig. 2.) The designer was also aware, that the
building is often occupied, at night, when the place feels so cozy,
nurturing. One provider noted, that she has never been in a building
where she would like to hug the wall, they appreciate/love the clay,
feeling that it is natural.

The office has less direct light. There the daylight comes in through
the top windows. There are some windows between the rooms. Most did
not have that in previous environments, where workers were tucked
inside. Once they were more exposed to daylight they had realized, what
they were missing. Fig. 3 shows the annual daylight autonomy simula-
tion based on 300 lux, where even the central space with the skylight is
well daylit across the year. The building uses much less electrical light
even while utilizing indirect lighting. Indirect light relates well to the
reclined position of the clients who often need to look up to the ceiling,
thus it is important to include the ceiling in the visual environment.
Occupants noted, that the building had sometimes glare issues on the
south side, but there are blinds.

4.3.2. Views

Views have a particular meaning in this building and the landscape
around the building was of special concern to the designer. The women
love the views and like to face the window during consultations as
highlighted in Fig. 4. This shows a real need for the visual, but the option
to shade and desire privacy exists as well. The opportunity for a flexible
operation of the windows is important, user control is critical. Some
rooms are more turned on themselves, some are more directed to the
outside, and views to outside are important to many clients.

4.3.3. Other wellbeing factors

4.3.3.1. Materials (Across all three rating systems). The use of non-toxic
locally sourced materials such as the clay wall resonates across all three
rating systems, for reasons of health and wellness as well as resource
efficiency. Working in a space, a facility and care, supporting physio-
logical birth, in tune with nature. Thus, the design and function of the
building have a direct impact on both wellbeing and energy use. where
all materials derived from natural elements, wood, clay metal, the water,
the light, relates the building to nature and allows it to be part of the
earth. This creates a strong synergy between the building and the work.

4.3.3.2. Cleaning supplies. An important aspect is the selection of
cleaning supplies. The way we clean our world is a large issue covered in
the criteria regarding VOCs. Therefore, also in this health clinic, the
selection of cleaning supplies is a conscious decision. Thus, the in-
terviewees could wholeheartedly confirm, that there are no chemicals in
the building. Clients still do not hesitate to place the kids on the floor
here. .

4.3.3.3. Health and happiness (LBC). This LBC criteria relates to indi-
vidual autonomy and decision making in operations. The level of care
provided in this clinic is possible, because the providers operate on the
shared decision-making model, which for them directly relates to sus-
tainability. They jointly decide how the environment is utilized.

The providers believe that the human body can reach a certain level
of vitality if it is supported, the body will heal, be without pain, if a
person is balanced in his/her body, and therefore the daily processes will
happen naturally. Natural processes relate to the planetary processes.
Sustainability requires more connectedness to the planet and the body.
This approach does take work and personal awareness.

The interviewed providers are aware that they have to lead by
example to empower their clients. Therefore, the clinical practice, the
work that they do, does not feel stressed. If a stressful situation arises,
they work through it together.

4.3.3.4. Nourishment. The nourishment concept is also covered in this
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case project through the food related community classes they offer. The
building has a big kitchen and a lot of groups meet to discuss food and
health related topics.

4.3.3.5. Thermal comfort. The building controls for thermal comfort are
very flexible. Each room has its own thermostats. As the center supports
women of all ages as well as their partners and children, the systems can
be adjusted in all of the rooms. Yet, the building is generally maintained
at a comfortable level, typically at 72° Fahrenheit, which is required by
OSHA and supported by measured data. In winter, they provide blankets
pillows, to create personal comfort environments. During the focus
group interviews, no one could describe a non-comfortable situation.
The project thus highlights the importance that the environment is able
to adjust.

4.3.3.6. Acoustics. The acoustic privacy is imperative to their operation
and has to be compliant with HIPPA. Sound barrier provide that
required level of privacy. One person can be in the library and speaking
with client, while a birth is going on two rooms away. This is also part of
wellness: Sound softness. Each of the rooms can play music, which plays
a big role in yoga and meditation, calm, usual music at birth, making it
like a spa. Other features include less reverberation, lot of diffusion in
the room, not a lot of echo, soft soles, and indoor shoes only.

4.4. Energy consumption and building systems

The building was retrofitted from a desolate small red stone com-
mercial main street building. Insulation and new windows were added,
and the lath of the demolished wall and floors reused. While the building
systems had some failures, regarding excess condensation, and heating
system had some issues with expansion and contraction, given that the
building is 100 years old the optimum for energy efficiency has been
achieved. A ground-coupled heat pump avoids the use of fossil fuel
energy consumption. with an energy use intensity of 15-21 kWh/sq. ft/
year. An average of 10% of electricity consumption is provided by solar
photovoltaic power with a peak of 18% in June.

4.5. Concluding observations

The key features of the case study project which combine WELL
standard, the Living Building Challenge and USGBC LEED are:

Flexibility in space use and time contributes to wellbeing, comfort
and personal control,

Proper use of daylight and indirect electrical light.

The spatial configuration avoids long corridor and provides con-
nected spaces as well as privacy through careful design.

The ceiling design is an important factor for proper daylight and
views from the reclined position of the patient.

The use of natural materials corresponds to health through less
toxicity and reduced embodied energy.

Consciously placed views to the outdoors including framed views of
trees and natural elements contribute to the feeling of comfort.
Acoustic considerations are essential for privacy and wellbeing.
The operational schedule of the building allows for an inclusive,
family, parent and mother centric daily work pattern.

All those criteria confirm the conceptual framework in Fig. 1.
5. Conclusions

This study examines approaches to achieve long-term sustainability
goals that must go beyond the design and construction phases. The au-
thors present an argument that how people interact with or use sus-
tainable buildings through their lifecycle will ultimately define the
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Fig. 2. Point in Time Illuminance Simulations with DIVA 4 Rhino for five months (January, March, June, August, October) at three times of the day (9am, 12noon
and 3pm) highlighting the important daily and seasonal variations. (the color scale represents illuminance levels in lux from dark blue being ‘0’ to bright red being
2000 lux and higher). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. Daylight Autonomy Simulation in DIVA 4 Rhino indicating 100% DA in the rooms with windows, 41.82% overall.

Fig. 4. Daylight rendering of one of the consultation rooms to highlight the
availability of daylight. (furniture and other more personal features are omitted
to protect the privacy of the place).

meaning of sustainability and verify it. While many researchers agree
that there are intimate relations between human wellbeing and built
environments, the challenges to quantify the relations and consequently
bring the results to the design and construction processes inevitably
require a data infrastructure that enables such investigations.

The literature review reveals that links from the data technology for
individual wellbeing to wellbeing-centric built environment life cycle
assessment are lacking. The authors propose a data infrastructure to fill
this gap by defining following four key elements:

1. Data technology for individual wellbeing including WELL metrics.
2. Data for wellbeing-centric built environments.

3. Data for built environment affordance.
4. Data integration.

These elements underline the development of a conceptual frame-
work, aiming at research methodology towards linking individual
human wellbeing indicators and collectively, scale up to a community
scale for social and economic decisions for wider ranges of stakeholders
including the underdeveloped communities.

As a first attempt towards the presented vision in this study, a case
study for a birth and wellness clinic has been presented, with a limited
scope based on qualitative data, to illustrate the overlap of wellbeing
data and building performance data collected and typical analysis per-
formed. The findings demonstrate the possibility to quantify the build-
ing related wellbeing parameters using daylighting as one key
parameter, which is connects well-being with energy performance, in
conjunction with energy related parameters and metrics, while further
study is needed to expand the study to link the building performance
data for design and construction domain. In the end, good design will
always provide better occupancy satisfaction, yet the qualitative aspects
of a design are challenging to grasp with quantitative measurements.

Finally the case study demonstrated daylighting as an example that
connects the well-being and energy realm of the built environment.
Daylighting metrics are well studied and validated through experi-
mental research. Material and indoor air quality are the other two major
metrics, which could be studied next, but those metrics are more com-
plex. The conclusions and findings illustrate the aspects of Elements 1 to
3 in the proposed framework, and lead to future works.
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