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Abstract. The urbanization trend and the prevailing energy crisis in India, makes
it important to study the potential of 10T technology in the Indian buildings mar-
ket. This research work proposes a systems dynamics model of l0T based climate
control systems diffusion in Intelligent Buildings. The modeling process lever-
ages the generic Bass model of technology diffusion and augments it with causal
loops based on the enablers and barriers to 10T diffusion in buildings identified
through literature review. The model encompasses the technological, social, fi-
nancial, business, regulatory and environmental aspects of the system, and uses
stock-flow concepts to represent their dynamic interplay. The model will be use-
ful to value chain players in the construction sector by providing them support
for strategic decision-making concerning market entry and new product develop-
ment. It will also help policy makers to assess industry readiness to tackle the
prevailing energy crisis and devise strategies to mitigate it.

Keywords: Internet of Things, Smart Buildings, Energy Efficient Comfort,
Technology Diffusion, System Dynamics

1 Introduction

Modern Buildings consume over 40% of worldwide energy, and a major portion of this
is for managing occupant comfort [1]. About 80-85% of the total energy consumption
is from the use-phase of the building, where occupancy related loads such as air-condi-
tioning and lighting play a major role [2]. In recent decades, there is a growing attention
towards sensors and controls in buildings, contributed by the intelligent building (I1B)
initiatives across the globe. In the United States of America, 6% energy consumption
reduction in commercial buildings is estimated through building control systems [3]. In
India, the real estate sector that comprises four sub sectors, viz., housing, retail, hospi-
tality, and commercial construction, is expected to reach a market size of US$ 1 trillion
by 2030 and contribute 13% to the country’s GDP by 2025 [4]. India’s electricity con-
sumption is growing at the rate of 8-10% per year and is about 4% of the world’s total
consumption. India’s total energy shortage is estimated to be 9% and the peak demand
is likely to be 323 GW by 2022 and 437 GW by 2027 [5]. Now, when there is an energy
crisis and economy crunch, it is essential to provide a comfortable ambience within



buildings, with not only less energy expenditure but also more of intuitiveness to suit
occupants’ needs.

Currently, the 10T technology for climate control is looked upon to improve energy
efficiency in IBs. Despite the promising nature of the technology, the diffusion of in-
formation and communication technologies (ICT) is sluggish in construction industry
[6]. The loT industry is showing several positive trends such as sensors price reduction,
big data handling ability [7] and higher speed data transfer [8] with the potential to
change this situation.

In this direction, system dynamics has been leveraged to understand the time-dependent
behavior of this 10T diffusion in the Indian construction industry. System dynamics is
a computer aided simulation approach to solve dynamic complex problems involving
technological, social, economic, regulatory and business systems [9, 10]. For forecast-
ing technology adoption, system dynamics plays a vital role in assessing uncertainties
and gaining insight into various aspects, viz. causal factors and potential diffusion pat-
terns, and thereby supports sound decision making for strategic planning [11]. Most of
the ICT / 10T adoption literature in IBs assume a static system, and are deficient in
dealing with time-dependent dynamic aspects of adoption. In India, a complex interac-
tion between technology, value chain, policy makers and consumers exist. This is hith-
erto unexplored to improve technology diffusion. Further, the economic fluctuations,
loT industry growth, booming consumer acceptance of smart phones, etc., contribute
to the dynamic aspect of technology diffusion. In this paper, system dynamics is used
to model the diffusion of 10T based climate control systems in IBs in India.

1.1 10T in Intelligent Buildings

According to AlWaer and Clements-Croome (2010) “a sustainable intelligent building
can be understood to be a complex system of interrelated three basic issues — People
(owners; occupants, users, etc.); Products (materials; fabric; structure; facilities; equip-
ment; automation and controls; services); and Processes (maintenance; performance
evaluation; facilities management), and the inter-relationships between these issues
[12].” IoT, a technological frontier of ICT, is instrumental to meet the following objec-
tives of IBs.

1. Maximizing the technical performance, investment and operating cost sav-
ings, and flexibility [13].

2. Learning capability, self-adjustability, and the relationship between occupants
and environment [14].

3. Energy-intelligent concept and satisfying occupants’ need with high energy
efficiency [14].

Historically, the benefits obtained from relocation flexibility, localized comfort and en-
ergy savings have driven wireless sensors’ deployment in buildings [15]. Presently,
Building Management System (BMS), a computer-based control system, is addressing



the needs of comfort and energy management through monitoring and control of sub-
systems such as air-conditioning, lighting etc. BMSs consist of the following building
blocks: 1. Sensors for collecting indoor environment data, 2. Controllers for climate
parameters actuation, 3. Communication hardware and the protocols, and 4. Dash-
board. 10T enabled BMS would imply the following advancements to the system stated
above [16, 17]: 1) Multi-system integrated functions e.g. energy, camera monitoring
etc., 2) IP based wireless communication, 3) Remote access to the building subsystems,
4) Cloud based big data processing, 5) Edge devices for fog computing and data visu-
alization, 6) User (includes occupant) engaging applications, 7) Connectivity to per-
sonal mobile devices gathering location data and type of activity promoting people cen-
tric sensing, a unique selling proposition.

1.2 System Dynamics (SD) application in Technology Diffusion

Innovation diffusion models suggest that pioneers (innovators) are the first group that
adopt the technology and they are followed by imitators, who exist in different levels
of the product life cycle. Therefore, the main dynamics are derived from three feedback
loops, viz. adoption by innovation, adoption by imitation and adoption by market po-
tential [9]. An overview of the literature on the use of system dynamics for modeling
technology adoption/diffusion is presented in figure 1 below showing the timeline. The
papers on dynamic models of 10T adoption are presented subsequently.

From the literature review, it is evident that the past decade has seen an increase in
application of system dynamics model in the technology adoption studies. Adoption of
digital technologies such as RFID, 10T, ICT and fiber technology etc. are being ad-
dressed in the recent literature. Most of the literature pertaining to adoption of IoT,
study the technology related factors and their static nature. Models that concern dynam-
ics are limited in scope and are predominantly case study based, without adequate scope
for generalizability.

While it is evident that SD is suitable for studying 10T adoption in IBs, available studies
have examined specific aspects, viz., personal, social, technological, regulatory, finan-
cial, environmental and business, separately and often without paying attention to the
complexities involved due to their interactions, and the consequent dynamics. Hence,
there is a clear need to examine loT adoption in IBs holistically to gain a comprehensive
understanding of the phenomenon. The System Dynamics method, being founded on
the principles of the Systems Approach, facilitates holistic modeling and analysis.
Given (a) the very sharp increase in public and private construction and infrastructure,
(b) the corresponding rise in energy consumption coupled with acute energy shortages,
and (c) the booming nature of the digital ecosystem in India, SD modeling can benefit
stakeholders in the buildings industry and policy makers immensely.

Specifically, this paper attempts to fulfill the following objectives:
a) Categorizing the causal factors identified in the literature as affecting loT dif-
fusion rate in IBs;
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b) Depicting the integrated influences of the causal factors on 10T diffusion rate
in IBs using the common SD causal loop diagramming method.

GNPV AN SD Model on adoption of fiber to home technology

« Aided US policy makers to improve understanding of the dynamics to avoid trial
and error in implementation, and unintended consequences

Le é\(/l)irzco %al" SD Model for RFID diffusion in retail market

«Examined cost savings and revenue growth of supply chain

QUE & ?I" (] SD Model for ICT adoption in on-shore control centers

«Studied dynamics between incident detection, handling capability and security
perceptions

H

M%%rll%' eztoal., SD Model for renewable energy technology adoption

* Described interaction between adopters, policy makers and technology
advancements

ngg\{lget;é., SD Model for 10T adoption influenced by cybersecurity

«Case study on connected lighting; emphasized risk-reward of adopters as a key
driver

Tr'ngltg' e2t4al., SD Model for renewable energy technology adoption

« Technology elements addressed; scope to include social, financial, regulatory and
environmental aspects

AER A 7l Qualitative Study of 10T diffusion in IBs

« Static approach; not involving the dynamic aspects of the causal factors and
diffusion process

Fig. 1. SD model applied to Technology Adoption in relevant areas.

2 Methodology

The methodology for fulfilling the objectives involves two steps, viz., (1) Developing
a basic SD model based on Bass diffusion theory, and (2) Enriching the model with
multiple, relevant feedback loops based on literature. The causal loop diagramming
method commonly used in SD is employed here.

The basic SD model is developed using the Bass diffusion theory and consists of:
a) Two conceptual entities ‘adopter’ and ‘potential adopter’, b) a ‘function’ called
‘adoption rate’, ) a causal loop between the current adopter and the adoption rate
driven by factors that govern early adoption, d) a causal loop between the potential



adopter and the adoption rate influenced by factors that govern the imitation phenome-
non.

POTENTIAL 7z
y ADOPTER
ADOPTER = -
Adoption Rate
+ +
+
. +
Early Adoptlon Imitation behavior
Triggers Triggers

Fig. 2. Basic SD Model for technology diffusion

2.1  Early adoption loop - ‘Simulations on Building Performance’

During the design stage, simulations are commonly used for driving the adoption of
building monitoring and control solutions, and forecasting energy performance of and
comfort levels in a building. Most often, these simulations are used to evaluate if a
building will meet certain regulatory standards. ASHRAE 90.1 mandated the use of
building energy simulation results to rate building energy performance. Other rating
systems, such as Leadership in Energy and Environment Design (LEED), follow the
same protocols like ASHRAE 90.1 for energy performance rating, and in addition they
require comfort simulations such as day lighting and natural ventilation [25]. With a
view to promote low energy buildings in order to meet greenhouse gas reduction tar-
gets, other government bodies like European Energy Performance of Buildings Di-
rective (EPBD) also require deploying simulation software for building design and op-
eration [26]. Further, to ensure the validity of such simulations, the US department of
energy has carried out in-situ studies of certified buildings in the USA. The utility elec-
tricity bills collected were compared with the energy ratings issued based on the base-
line energy performance predicted by the simulations. The field data showed 1% less
consumption than the modeled value, however with a wide variance around the mean
[27].

The early adopters in India are found to prefer simulation models during the building
concept stage to ascertain if the building design will meet the comfort needs, while
minimizing energy expense. Post construction, there is interest to measure the energy
savings and comfort conditions with sensors to ensure that the computer models would
be actually right. Model driven 10T value prediction is a causal factor that can impress
the early adopter in the buildings market. Such early adopters also expect that these
models are accurate and that the comfort and energy predictions come close to reality
during the operation phase. Therefore, our SD model considers an early adopter loop
that incorporates the value from energy, comfort and lifecycle energy simulations and
their delivery time.



2.2 Diffusion Barrier Loop - 1. Technology Uncertainties Related

According to Brachman (2013) [28], technical challenges include plurality of devices
(from various producers, with different communication modes), scalability (protocols
compatibility), wireless communication reliability, power hungry devices, data security
and privacy etc. According to Bajer, (2018) [17] uncertainties in this area mainly in-
clude the data silos. Each vendor’s software platform using their own cloud may lead
to duplicating the nodes, increasing expenditure. Further, large 10T Players tend to
introduce proprietary protocols, leading to poor interoperability between sub-systems.
Therefore, our model considers device plurality (scalability), data silos, reliability, data
security, sensing accuracy and energy consumption of sensing devices etc., as factors
in the feedback loop.

2.3 Diffusion Barrier Loop - 2. Financial Impact Related

In India ICT/I0T is seen as a high cost addition during the construction phase and cus-
tomers are afraid of the costs associated with digital platform switch-overs [6]. In ad-
dition to sensors for localized comfort, the actuators increase the cost of the system,
making it economically unadoptable [29]. Also, I0T system deployment involves in-
creased installation costs along with the unforeseen upgradation costs. Moreover, un-
known costs such as BMS licensing fee are also a concern. This has been a discouraging
factor in adopting this technology [30]. Therefore, our model considers factors of risk-
return ratio from both capital cost and recurring cost fronts in the feedback loop.

2.4 Diffusion Barrier Loop - 3. Personal and Social Impact Related

User Involvement has been seen as a major factor in technology adoption [31]. It is
being realized that human perception and understanding is a primary requirement for
successful adoption of ICT/IoT in targeted fields. In the context of climate control
systems, occupant engagement through smart phones and other such devices pose a
good opportunity [32]. However, when plenty of devices are connected to various net-
works, privacy and security can be a major concern. While there is provision to protect
privacy of every individual, there could be a perception risk that affects trust. This has
been reported to influence technology adoption and has a role to play in uncertainties
surrounding this technology [33]. Also, predicting occupant activities accurately [29],
and engaging by sound user experience designs [34] are essential in this context. There-
fore, our model considers privacy concerns, data security, predictability of occupant
activities and user experience level as factors in the feedback loop.

2.5  Diffusion Barrier Loop - 4. Environmental Impact Related

One of the key factors affecting the environment in relation to IBs is the battery life of
electronics, which require frequent replacement. Studies suggest that, on an average,
more than 200 million battery changes can happen every day, world-wide [35]. In



addition, presence of abundant sensors in low energy buildings can result in higher
embodied energy, affecting life cycle energy cost [36]. Therefore, our model considers
impact on buildings life cycle energy and battery replacement scale as factors in the
feedback loop.

2.6  Diffusion Barrier Loops - 5. Business Proposition and 6. Regulatory
Related

10T startups are struggling with creating grounded business cases in IBs [17]. Lack of
win-win business models can result in poor customer acceptance [37]. Further, industry
specific challenges include, (a) Plenty of standards, (b) Construction sector not pulling
innovations rapidly, (c) Concerns on norm changes, (e) Lack of information flow across
the value chain, etc. [38]. To add, the absence of government incentives has also been
seen as a major hurdle [39]. Therefore, our model considers industry speed of accepting
new technology, business model effectiveness, profitability etc., as factors in the tech-
nology diffusion risk feedback loop. Further, from the regulatory angle, concerns on
norm changes, standards count, and lack of government incentives have been consid-
ered as risks [38] and included in a feedback loop.

3 The Integrated Conceptual Model — A Discussion

By combining individual feedback loops with the basic Bass diffusion model, the inte-
grated SD model results. The model involves an early adoption loop and multiple risk
feedback loops in effect. Figure 3 below describes this model.

The early adopter feedback loop is characterized by the value of the building perfor-
mance simulation. The imitation behavior is characterized by the word of mouth of
early adopters, system integrators and consultants who worked with them.

The positive word of mouth is influenced various risk loops such as technology risk,
sustainability and regulatory risks etc. It is to be noted that the causal loops could in-
volve interdependence and mutual interactions. For example, the ability of technolog-
ical factors to influence occupant acceptance might gain momentum in future. In other
words, 10T can precisely gather occupant behavior, through the edge devices that are
possessed by the occupants. Also, when the financial and regulation loops are exam-
ined, government incentives, if issued, may reduce the financial burden on the first cost
for building owners. When the sustainability and technology feedback loops are exam-
ined, it becomes clear that self-powered 10T devices are the need of the hour, or else
the scale of battery replacement could be of immense negative impact to sustainability.
When technology and financial loops are examined, elimination of information silos
lead to reduction of first costs. Such loop combinations are depicted in the figure 3
above.
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Fig. 3. The Integrated Conceptual Model (Only interaction variables and their causal loops are
shown)

Out of the multiple loops, generating demand generation potential, by blending tech-
nology and user centricity seems to be the first and foremost risk to be retired. This can
be made possible through sound business models that do not burden the customer in
terms of cost. Revenue sharing type of models, wherein 10T firms receiving margins
from the actual energy savings of a building, not only reduces first cost for the building
owner, but also gives trust in the value proposition.



There could be potential limitations to this model. As the factors are brought in from
multiple international sources, their relevance to Indian conditions may vary. For ex-
ample, fear of regulation changes in India could be low, and the privacy perception of
occupants could be low. On the other hand, the demand for government incentives
could be increasingly higher. Also, certain other practices/trends in India deserve crit-
ical attention: 1) For example, building performance simulations in India are performed
for getting regulatory clearance, but proper comparisons with real building data does
not exist. Reforming this behavior in the value chain can bring out the real benefits of
monitoring comfort and energy, 2) With the rapid sprouting of 10T startups, application
interfaces that handle device heterogeneity can be developed faster and cheaper. Along
these lines, there could be more unknown factors that are India-specific and have higher
relevance. They have to be dug out for the effectiveness of the forecast.

This paper is an early attempt to integrate, using various literature sources, multiple
factors that contribute to the diffusion of IoT in the Indian scenario, and focus on the
dynamic aspect of diffusion/adoption, by leveraging SD modeling.

4 Conclusion and future directions

A conceptual model that is essential to predict the dynamic behavior of 10T diffusion
in the Indian IB market has been developed. It covers system level aspects from mul-
tiple fronts such as technological, social, financial, business, regulatory and environ-
mental, and leverages stock-flow concepts to represent the dynamic behavior. Mana-
gerially, this model should aid value chain players in strategic decision making for en-
tering the 1B market or to develop new products. It also aids policy makers to assess
industry readiness to tackle the prevailing energy crisis and to devise strategies accord-
ingly. Theoretically, this model includes addition of dynamic behavior of 10T diffusion
to the current body of IB literature that has focused much more on the static aspects.

In future, the relevance of each causal factor in terms of severity and occurrence will
have to be identified through appropriate qualitative and quantitative research tech-
nigues such as interviews, group discussions, participative ranking etc. If there are
India-specific causal factors that are not identified in this process, they will have to be
brought out through expert interactions. Such data collection will form the input and
boundary conditions for solving the model. Also, multiple what-if loops that explain
the interaction between risk categories can elucidate various resultant scenarios of dif-
fusion/adoption hurdles. Also, interdependence between multiple risk categories will
have to be investigated for potential time delays. There could be special scenarios such
as technology and regulatory forces relying on each other continuously resulting in a
circular causal loop calling for policy interventions.
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