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Summary
With the current issue in energy dependency, security, and sustainability, the EU’s
formulated a low carbon economy roadmap which focus on reducing greenhouse
gasses emission, improving energy efficiency and increasing the renewable energy
utilization. All sectors need to contribute to this transition according to their technological and economic potential. As one of primary sector that has significant energy
demand and carbon emission, the buildings sector is one of the main sectors that is
prioritized in efforts to make EU become climate-friendly and less energy consuming.
To actualize this target, the building sectors must significantly improve its energy
performance and reduce its carbon footprint. There are several ways to achieve this
objective, one of which is by transforming the current building stock and energy
system into a smart one.
As the initial step of the smart building transformation, it is necessary to know how
smart-ready the current building is. In order to do that, smart-readiness indicators
should be developed for the assessment process. Nine indicators are reviewed to
be used as smart-readiness metrics. The reviewed smart-readiness metrics then be
used to determine the smart-readiness level of the current typical Dutch residential
building. Since the typical Dutch terraced house is the most common type residential
building in the Netherlands, the smart-readiness assessment in this study is focused
on typical Dutch terraced house and its design variations that currently available or
could be developed in the future. Based on the modeling and simulation results of
the tested case studies, the typical Dutch terraced house has significant untapped
potential that can be optimized to prepare the current building to be ready in the
smart building transformation.
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1

1.1 Background
In 2013, the European Union (EU) is one of the top three energy consumers among
the members of the Group of Twenty (G20) with gross inland consumption 1666.6
Mtoe [1]. Compared to other G20 members that generally utilize one type of energy
sources for primary energy production, energy production in the EU was more
diverse. As can be seen in Fig 1.1 that describes the percentage of primary energy
production based on the type for G20 members, nuclear energy was particularly
accounted for the primary energy production followed by renewable energy sources
that accounted for 25.9% of the total energy production [1].

Fig. 1.1: Primary production by energy type (excluding heat), 2013 (in % of total energy
production) [1]

Although in 2015 EU was able to produce 767 Mtoe [2], more than half of the
EU’s gross inland energy consumption must be produced or fulfilled from imported
sources. According to the share of net import in gross inland energy consumption,
the EU’s dependency rate was equal to 54% in 2015, which increased 14.8% to
the rate in 2000 [2]. Driven by the high rate of the EU’s energy dependency that
potentially impacts the region’s economy, the EU commission established EU’s energy
policies that focus on three primary objectives. One of the key objectives of the
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EU’s energy policy is to secure energy supplies, which is intended to minimize EU’s
energy dependency while also satisfy the energy needs. Besides, the produced energy
should be accessible by all sectors including houses, commercials, and industries
with affordable prices. Another key point raised in the energy policy is the aspect
of the sustainability in the energy production. By means, the process of energy
production should be moved towards clean energy that minimizing greenhouse
gasses (GHG) emissions, pollution, and avoiding fossil fuel dependence.
To achieve these long-term goals, the EU’s formulated targets for 2020, 2030, and
2050 which mainly focus on reducing greenhouse gasses emission, improving energy
efficiency and increasing the renewable energy utilization. Furthermore, as a form of
commitment of the Member States of European Union that ratified the Paris climate
agreement in 2016 to take apart to fight against climate change, the EU has set
itself to reduce greenhouse gas emissions by 85-90% below 1990 levels by 2050. To
pursue this ambitious goal, all sectors need to actively contribute to the low-carbon
transition according to their potential.
As one of a major sector that consumes up to 40% of global energy demand and
responsible for 30% of global annual greenhouse gas emissions [3], the buildings
sector is one of the main sectors that is prioritized in efforts to make EU to become
climate friendly and less energy consuming. In order to actualize this target, carbon
emission by buildings sectors must be substantially reduced by around 90% in
2050 [4]. One way to achieve significant reduction on carbon emission is by
improving the energy performance on buildings sector.
Several concepts and methods were introduced to improve energy performance in
the buildings sector. Smart building is one among those concepts that believed has
enormous potential in saving energy and able to improve building performance
[5–9]. Several strategies were used by the smart building to improve the building
performance and one of them by integrating building energy management system
(BEMS), renewable energy systems which act as an on-site power generator, and
smart metering [10]. The integration of these three elements makes buildings
can dynamically manage its energy demand, maximize energy use from the onsite energy generator, and implement demand response. Due to this ability, smart
building plays an essential role in the smart grid operation. Besides, the integration of
other building components such as smart windows that lighten or darken according
to the incidence of sunlight radiation, help the smart building to reduce energy
consumption by HVAC and lighting loads [11]. In addition to its ability to improve
building energy performance, it is also noted that smart building does not only
provide benefits in energy saving, but also able to improve occupants lifestyle, assist
occupants living, and provide safety and security [12].
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1.2 Problem statement
Considering the smart building’s potentials, especially in improving building energy
efficiency and maximizing renewable energy utilization, the transformation of current building stock to become smart buildings is considered necessary. Therefore, the
European Commission is in the initial stage in transforming current building stock
and energy systems to be smarter systems which are more efficient, decentralized,
consumer-focused and utilize renewable energy as the primary power sources [13].
As an initial step to transform the current building stock into smart buildings, in
which can be integrated with a smart energy system in the future, it is necessary to
know how smart-ready the current building stock is. By knowing the smart-readiness
status of the current buildings, we can find out what kind of efforts that should be
prepared for the transformation process.
The European Commission sees the importance of knowing the smart-readiness
condition of the buildings as the first step of the smart building revolution. Therefore, the Commission introduced terms of a smartness indicator in the released
proposals on November 30, 2016. According to the proposals, this indicator will be
able to describe the readiness of the building to participate in demand response, the
ability to provide the occupant to the information on operational energy usage, and
the ability to ensure efficient and comfortable building operation [14]. Reviewing
those indicator’s purposes that mentioned before, the smart-readiness level of a
building can be observed using this indicator. Unfortunately, the proposal did not
provide detail explanations regarding this indicator. Furthermore, since this topic
is recently introduced, there are limited studies that address this issue. Due to the
limited related references, therefore, the process of knowing the smart-readiness
level of a building becomes challenging to do which could hamper the transformation
process.

1.3 Objectives and research questions
As the initial step for the smart building revolution, this study is aimed to gain
understanding and formulate the possible features of smart ready buildings. Furthermore, as an initial step to transform the current Dutch building stock into smart
buildings, the smart readiness level of typical Dutch residential building will be
observed according to the identified features. In order to fulfill these objectives, the
following main research question is proposed:

"How smart-ready is a typical Dutch residential building?"

1.2
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Besides the main question, the following sub-questions are included in order to
answer the main question.

1. What is a suitable definition of a smart building?
2. What is a suitable definition of a smart-ready building?
3. According to the proposed definition, what kind of building-related features
represent a smart-ready building?
4. Based on the proposed features, what are the indicators for each features that
can be used to identify the smart readiness level of the building?
5. Can we use the proposed indicators to asses the smart-readiness of a building?

1.4 Research methodology
Several research methods can be applied to answer the formulated research questions
that mentioned in the previous section. In this study, literature study, modeling and
simulation are used. The research methodology can be divided into three parts as
described in more detail in the following part.
Literature study of smart buildings
To reach the objective of the smart building revolution, it is essential to know what
smart buildings are. Therefore, the first step in this study is to review several relatedstudies to find the general ideas regarding the definition and the key features of
smart buildings. The review is done on several published scientific articles and
organization or industries reports. Furthermore, an analysis of several buildings that
are recognized as smart buildings is done to find the smart buildings key features.
Smart-ready building as the initial step of smart building revolution
As can be seen in the research methodology flowchart given in Fig. 1.2, the findings
from the previous step, which is the literature study in smart buildings, are used as a
benchmark to establish the definition and the key features of a smart-ready building.
Then, these features are derived into several indicators that are used for assessing
the smart-readiness level of current building stocks.
Smart-ready assessment based on a case study building
The next step is implementing the established indicators to assess the smart-readiness
level of a case study building. A typical Dutch residential building is chosen as a case
study building. Since there are variety of designs and operations for the typical Dutch
residential building, therefore, several design variations are assessed. Considering
to the limited available data, the assessment is implemented using a simulation
framework. The assessment results are presented in the form of smart-readiness
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metric and index which can be used to compare the smart-readiness level of the
tested design variations.

Fig. 1.2: Research methodology that implemented in this study to assess the smart-readiness
level of typical Dutch residential building

1.5 Outline
This thesis is structured into six chapters which grouped into two main topics:
literature review and assessment based on a case study building. Chapter 2-3 mainly
focus on the results of literature review related to the smart buildings and smartready buildings while the other chapters focus on the smart-readiness assessment
on the case study building. The general overview of smart building definition
and features is described in Chapter 2 while the next chapter focuses on what
smart-ready buildings could be based on the findings in Chapter 2. In more detail,
Chapter 3 contains the definition of a smart-ready building, its features and the
indicators that can be used for assessing the smart readiness of the building. Chapter
4 shows how the indicators are implemented for the assessment process. Later, the
assessment is conducted using typical Dutch residential building as a case study
building. The smart-readiness of several variations of typical Dutch residential
building are compared and observed. The results of the assessment are explained
and discussed in Chapter 5. Finally, Chapter 6 concludes the findings of the entire
study and provides a recommendation for future works.

1.5

Outline
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2.1 Overview of definitions
Recently, the number of publications discussing smart buildings has increased.
Among these publications, there exists limited references that address definitions
and features of smart buildings. These definitions, however, often differ between
the publications. Nonetheless, an agreed definition of smart buildings is needed as a
reference to develop supporting technologies and systems provided by academics
and industries.
According to Sinopoli, a smart building is defined as a building that integrates
advanced building technology systems so that buildings can operate effectively in
terms of energy efficiency, occupational health and comfort, security, sustainability,
and building marketing [15]. Another similar definition, which is proposed by
Wang et al., describes smart building as a building that provides an optimal comfort
level and energy consumption. In addition to that, it also address sustainability
issues by utilizing intelligent technology and renewable energy resources [16]. In
addition, several other studies agree that system integration is the essential aspect of
smart buildings to improve the building functionality and performance. For instance,
Kiliccote et al. describe a smart building as a building that integrates with an end-use
system to become an efficient building, which is also self-aware, grid-aware and
responsive to occupant needs and environment conditions [17]. Drewer and Gann
also mention the essential feature of smart buildings is an integration of complex
new technology into the fabric of the building [18]. Similarly, Buckman et al. assume
smart buildings as buildings that adaptively integrate entire building systems including intelligence system, enterprise, control, material, and construction to improve
building progression [19]. King and Perry also have the same perspective to define
smart buildings. However, aside from system integration, they also mentioned that
smart buildings should be able to communicate with power grids [5]. A non-profit
organization named The Climate Group also proposes another similar definition that
relates smart buildings with system integration [20].
Besides the mentioned definition, which relates smart buildings with system integration to enhance building performance, there is another perspective that assumes
smart buildings as a part of smart-grids. Bach et al. mentioned a smart building
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as a part of smart cities that acts as an active nodes in thermal and electric energy
systems. It is also mentioned that besides its main functionalities, the building will
actively involve in providing energy generation, conducting load shifts, and storing
energy [21]. Wurtz et al. see a smart building as the adaptation of the smart-grid
at a micro level [22]. BPIE defines a smart building as a highly-efficient micro
energy-hub that consumes, produces, stores and supplies energy, which make the
system more flexible and efficient [13]. Moreno et al. define a smart building as a
building with high efficiency by minimizing energy consumption or integrating their
energy sources to ensure their energy sustainability. Besides, the building is also
able in improving occupant experience and productivity. They also mentioned that
all smart building functionalities are available to minimize carbon emission [23].
Another study defines smart buildings as another term of intelligent buildings. According to this perspective, a smart building is a part of a smart environment that is
safer and provide better operationally efficient living and working environments [24].
Meanwhile, CABA describes a smart building as a building that able to figure out
behavior and behave according to impacts of parameters around it [25].

2.2 The key features of smart buildings
Several smart buildings features, as shown in the Table 2.1, can be derived from the
reviewed definitions.
Tab. 2.1: Smart buildings features derived from the reviewed definitions
Author

8

Year

Features

J.Sinopoli [15]

2010

Integrates systems, provides information for occupants and management, and minimize operational cost

Kiliccote et al. [17]

2011

Integrates systems, increases energy efficiency, response to the occupant needs and environmental conditions, self and grid-aware,
actively interact with occupant

Wang et al. [16]

2012

Utilizes intelligent technologies, uses renewable energy, has high
energy efficiency, and increases occupant comfort and performance

McGlinn et al. [24]

2010

Improves safety and security, increases operational efficiency, and
pays attention to occupant experience and productivity

Moreno et al. [23]

2014

Has high energy efficiency, uses renewable energy, and pays attention to occupant experience and productivity

Buckman et al. [19]

2014

Integrates systems, able to adapt, has a high building efficiency
and sustainability, and pays attention to occupant experience and
productivity

Drewer and Gann [18]

1994

Integrates systems
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Tab. 2.1: Smart buildings features derived from the reviewed definitions
Author

Year

Features

King and Perry [5]

2017

Pays attention to occupant experience and productivity, utilizes
ICT, integrates systems, provides information for building management process and grid-aware

Bach et al. [21]

2010

Acts as micro energy-hubs, pays attention to occupant experience
and productivity, provides optimal comfort, and has high energy
efficiency

Wurtz et al. [22]

2017

Acts as micro energy-hubs

CABA [25]

2008

Responsive, observant and able to gather information and data
for building operational usage

The Climate Group [20]

2008

Has high efficiency and integrates systems and technologies

BPIE [13]

2016

Acts as micro energy-hubs, have high energy efficiency and have
the flexibility to manage the energy demand

Besides the discussed features, other features can be observed from the recognized
smart buildings that have been built. There are diverse types of smart buildings and
some of them are reviewed in the following points to find what are the features that
smart buildings commonly have.
Honda Smart House
Honda Smart House (Fig. 2.1a) is an example of a smart building that was built
to achieve a zero carbon future. Even more, they not only focus on the building
aspect but also the daily transportation that used by the occupant. To reach zero
carbon lifestyle, the building was designed to be low energy and sustainable without
sacrificing occupants quality of life. In order to achieve this goal, there are several
strategies which were implemented. For instance, implementing adaptive circadian
lighting, passive design, and actively interacting with the occupants to control some
of their energy consumptive behavior.
Al Bahr Towers
Located in Abu Dhabi, this office tower is known for its smart façade. Considering the
hot and desert climate with an average temperature around 30°C, it is important to
control the amount of heat that enters the buildings. To achieve that, Al Bahr Towers
(Fig. 2.1b) uses a smart façade that acts as a screen to minimize heat transfer from
sun radiation depending on the sun’s position and the temperature of the façade.
The integration of this system can improve building energy efficiency by minimizing
the energy consumption from HVAC system.
The Edge
The Edge (Fig. 2.1c) is an office building that is recognized as the smartest and
the most innovative building in the world. This fact is also proved by its BREEAM
rating in which they achieved the world’s highest score for an office building. To

2.2
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maximize its performance, the Edge integrates numerous smart technologies to
create intelligent and adaptable workspaces. Besides those technologies, the building
is also powered by the sun. According to the report, the building uses 70 percent
less energy than other buildings with similar function.

Fig. 2.1: Examples of existing smart buildings (a) Honda Smart House [26], (b) Al Bahr
Towers [27], (c) The Edge [28]

In general, the reviewed features can be classified into nine key features as pointed
in Fig. 2.2. To improve the energy performance of buildings, as mentioned in the
2010 EPBD and 2012 Energy Efficiency Directive, a smart building should maximize
energy efficiency without compromising the occupant comfort and health. A crucial
second feature to consider when developing a smart building is the renewable
energy uptake. A smart building should be able to maximize the utilization of
the generated power from renewable resources which thereby minimize its impact
on the environment. However, due to the intermittent power generation from
renewable energy sources, the building should be flexible in managing its energy
demand. Therefore, the building should be observant, self-aware and responsive to
the occupant behavior, needs, and environmental conditions. Next, all systems and
technologies that support building operation should be integrated to maximize the
benefits of the mentioned key features.

Fig. 2.2: Smart building key features
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2.3 Concluding remarks
According to the reviewed definitions from several references, a smart building can
be defined as a building that utilizes the entire building systems to maximize the
building performance, adapt with occupant needs, and integrate with other buildings
as a part of smart grids. To achieve those objectives, a smart building should be
energy efficient, comfortable, renewable energy-based, environmentally friendly,
flexible, observant, self-aware, responsive, and system integrated.

2.3 Concluding remarks
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3

3.1 Smart-ready buildings as the initial step of
smart building revolution
Smart buildings can play a crucial role in transforming EU to be a low carbon society
by improving the building energy efficiency and increasing renewable energy uptake.
As introduced in the first chapter, knowing how smart-ready the current buildings
are is an initial and essential step to transform the current building stock to a smart
building stock. The results of the smart-readiness mapping can be used to determine
and plan the strategies and efforts that can be done to transform the current building
stock according to the building potentials. However, since the topic of a smart-ready
building is recently introduced, there are limited studies that discuss this issue.
Therefore, in order to conduct the smart-readiness assessment, it is necessary to
determine the indicators that can be used in the assessment process.

3.2 The definition and key features of smart-ready
buildings
In order to determine the indicators for smart-ready building assessment, it is
important to know the definition and the key features of a smart-ready building.
Then, the indicators can be derived based on the agreed key features. However,
determining the smart-readiness indicator is considered challenging since there is
no agreed definition nor key features for a smart-ready building. Therefore, as a
starting point, this study will assume a definition of smart-ready buildings based
on the reviewed smart-buildings definition and the key features discussed in the
previous section.
Based on the reviewed references, it can be concluded that a smart building is a
building that integrates entire building systems to improve building performance
by maximizing energy efficiency without neglecting occupant comfort and actively
involved in smart grid operation. Therefore, in the context of this study, a smartready building is defined as a building that has potential to become a smart building.

13

The key features of a smart-ready building should be able to describe the potential
of the building to become a smart building. Considering a smart building must be a
high-performance building that is able to actively involve in smart grid operations.
Thus, a smart-ready building must have high energy efficiency, high occupancy
comfort, high renewable energy uptake, and have minimum impact on the grid
power imbalance. Those abilities will be assumed as the key features of smart-ready
buildings.

3.3 Smart-ready building indicators
Based on the aforementioned smart-ready building key features, several indicators
of each feature can be identified for the assessment process. As illustrated in 3.4,
seven indicators can be used to determine the smart-readiness level of a building,
which are described in the following points.

3.3.1 Annual primary energy consumption per person

There are some methods that can be used to show the energy efficiency of a building.
Generally, the building energy efficiency can be reviewed based on the amount of
energy that consumed by the building. The building has high energy efficiency if it
has lower energy demand.
In this study, the performance of a building for the energy efficiency aspect is viewed
based on the annual building’s primary energy demand per person. This metric
is chosen because it reduces the bias of energy use intensity (EUI) which tends to
advantage a low occupant density building unfairly [29]. The annual primary energy
consumption (Qtotal , MWh) is calculated using Eq. 3.1 [30] where Qheatingsystem is
the total energy for heating system and domestic hot water usage, Qelectricity is the
amount of energy for lighting, appliances, and the electric energy to operate heating
system. QP V is the total generated energy by solar photovoltaic while Qcogeneration
is the total generated energy by combined heat and power systems. The Qtotal can
be negative if the on-site energy generator produces more energy than needed.
Qtotal = Qheatingsystem + Qelectricity − QP V − Qcogeneration

14
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(3.1)

Fig. 3.1: The smart-ready building key features and indicators

3.3.2 Total comfort hours
Occupant thermal comfort generally depends on the ability of the occupant to
adapt to the surrounding environment. There are several models to determine
thermal comfort that commonly used, for instance, Fanger’s approach, International
Standards on thermal comfort (ISO 7730), and ASHRAE standard 55-2004. However,
since these methods were developed based on a steady state condition, it does not
represent the actual situation in buildings. Therefore, the thermal comfort model for
residential buildings that proposed by Peeters et al. will be used in this study. This
thermal comfort model uses the adaptive temperature limits which are determined
based on reference outdoor temperatures (Te,ref ) and neutral comfort temperatures
(Tn ) [31]. The neutral comfort temperature is the temperature commonly considered
as comfortable for people while the reference outdoor temperatures are the average
of today’s and previous days’ air temperature. As can be seen in Eq. 3.2, the average
of the previous three days’ maximum and minimum external temperature must be
calculated to get the reference outdoor temperatures in degree Celsius.
Te,ref =

Ttoday + 0.8Ttoday−1 + 0.4Ttoday−2 + 0.2Ttoday−3
2.4

(3.2)

Ttoday is today’s maximum and minimum external temperature (°C), Ttoday−1 is
yesterday’s maximum and minimum external temperature (°C), Ttoday−2 is the day
before yesterday’s maximum and minimum external temperature (°C), and Ttoday−3
is the maximum and minimum external temperature of 3 days ago (°C)
However, it should be noted that the neutral comfort temperature depends on the
zone type and function. The following equations, Eq. 3.3 and Eq. 3.4, describe the
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formula to determine the neutral comfort temperature for bedrooms and bathrooms
respectively.



16°C
for Te,ref < 0 °C,





0.23Te,ref + 16°C
for 0 ≥ Te,ref < 12.6 °C,
Tn =


0.77Te,ref + 9.18°C
for 12.6 ≥ Te,ref < 21.8 °C,





26°C
for Te,ref ≥ 21.8 °C,


0.112Te,ref + 22.65°C
Tn =
0.306T
+ 20.32°C
e,ref

for Te,ref < 11 °C,

(3.3)

(3.4)

for Te,ref ≥ 11 °C,

Meanwhile, the following equations are used to determine the neutral comfort
temperature for other rooms including kitchen, living room and study room Eq. 3.5.

Tn =


20.4 + 0.06Te,ref °C
e,ref °C

16.63 + 0.36T

for Te,ref < 12.5 °C,

(3.5)

for Te,ref ≥ 12.5 °C,

According to the reference [31], the comfort condition can be said acceptable if
the zone air temperature lies between the comfort bands, as illustrated in Fig. 3.2.
The upper (Tupper ,°C) and lower temperatures (Tlower ,°C) of comfort for residential
buildings according to the room functionality is given Table 3.1. In determining
the upper and lower temperatures of comfort, it is necessary to know the width of
comfort band, (w,°C), and α as constant that ranged from 0-1. The width of the
comfort band for 80% and 90% acceptability levels are 7°C and 5°C respectively. In
this study, a 90% acceptability level is used while α is assumed as 0.7.
Tab. 3.1: The upper and lower temperature for comfort band in residential buildings
Bedroom

Bathroom and other rooms

Tupper = min(26°C, Tn + wα)
Tlower = max(16°C, Tn − (1 − w)α)

Tupper = Tn + wα
Tlower = max(18°C, Tn − w(1 − α))

3.3.3 On-site energy fraction (OEF) and on-site energy
matching (OEM)
In order to maximize the renewable energy uptake in the buildings, the mismatch
between energy demand and generated energy should be minimized. To see and
analyze the degree of the energy mismatched, the metrics commonly used are
on-site energy fraction (OEF) and on-site energy matching (OEM). OEF describes
the proportion of the demand covered by the on-site generated energy, while OEM
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Fig. 3.2: Comfort bands based on the adaptive temperature limits

describes the proportion of the on-site generated energy that is utilized by the
building [32]. To give a better illustration, the OEF is equal to the ratio of the area
in section III to the total area in section I and III in Fig. 3.3. On the other hand, the
OEM is the ratio of the area in section III to the total area in section II and III.

Fig. 3.3: The main principle of OEF and OEM

Considering the different types of energy that involved in the building operation, the
OEF and OEM are divided into three categories which are electricity, heating, and
cooling. The principle remains the same, however, each metric focuses only on one
of the types of energy. The following equations explain the extended OEF according
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to the energy type.
R t2
OEF e =

t1

R t2
OEF h =

t1

M in[Gelec (t) − ESon (t) − 1e (t); Lelec (t) + Eof f −h (t) + Eon−h (t) + Eof f −c (t) + Eon−c (t)]dt
R t2
[Lelec (t) + Eof f −h (t) + Eon−h (t) + Eof f −c (t) + Eon−c (t)]dt
t1
(3.6)
M in[Ght h (t) − Heon−h (t) − HSon − 1h (t); Lheat (t) + Hof f −c (t) + Hon−c (t)]dt
R t2
[Lheat (t) + Hof f −c (t) + Hon−c (t)]dt
t1
(3.7)
R t2
t1

OEF c =

M in[Gct h (t) − Chon−c (t) − Ceon−c − CSon (t) − 1h (t); Lcold (t)]dt
R t2
Lcold (t)dt
t1

(3.8)

where OEFe, OEFh, and OEFc stand for on-site electricity energy fraction, on-site
heating energy fraction and on-site cooling energy fraction. Similar to the OEF, OEM
is also divided into three categories, which are OEMe for electrical energy sources,
OEMh for heat sources, and OEMc for cooling sources. The following equations
show the mathematical expression for OEMe, OEMh and OEMc respectively.
R t2
t1

OEM e =

M in[Gelec (t); Lelec (t) + Eon−h (t) + Eon−c (t) + ESon (t) + 1e (t)]dt
R t2
[Gelec (t)dt
t1

R t2
t1

OEM h =

R t2
OEM c =

t1

(3.9)

M in[Ght h (t) + Heon−h (t); Lheat (t) + Hon−c (t) + HSon (t) + 1h (t)]dt
R t2
[Ght h (t) + Heon−h (t)]dt
t1
(3.10)

M in[Gct h (t) + Chon−c (t) + Ceon−c ; Lcold (t) + CSon (t) + 1c (t)]dt
R t2
[Gct h (t) + Chon−c (t) + Ceon−c ]dt
t1

(3.11)

3.3.4 One-percent peak power (OPP) and power above limit
(PAL)
A building is considered as a grid-friendly building if it has minimum stress on the
balance of the power grids [33]. One of the ways to do that is by minimizing the peak
supplied and consumed power to or from the grid. To monitor the peak supplied and
consumed power, the one-percent peak (OP P ) is used as smart-readiness metric.
This indicator shows 1% highest quarter hourly peaks in power exchange [34]. The
OP P is presented in Eq. 3.12 where E1%peak (kWh) is the supplied or consumed
energy in the one-percent highest peaks and ∆t (h) the total considered time [35].
OP Ps,c (kW ) =
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E1%peaks,c
∆t/100

(3.12)

Furthermore, another thing to consider is the duration of building-grid energy
interaction that exceeds the threshold value. The longer a building supplies or
consumes energy that surpass the grid connection capacity, the more it affects the
grid power balance. Power above limit (P ALs,c ) is the indicator that used as a
smart-readiness metric for this aspect. The P AL is presented in Eq. 3.13 where
t|Ps,c |>|Plims,c | (h) presents the time that power exchange exceeds the limit [35]. In
this study, the threshold value is determined based on the common grid connection
capacity for Dutch residential house which is 5.5 kVA with 0.23 kV [36]. Assumed
the power factor (PF) of the building is 0.95 [37], the threshold value |Plims,c | is
5.225 kW.
t|Ps,c |>|Plims,c |
P ALs,c (%) =
· 100.
(3.13)
∆t

3.3.5 Grid independence
Aside from peak exported and purchased electricity per person, another indicator
that can be used to assess the grid-friendliness of the building is the grid independence. This indicator, which is developed by Huang et al., represents how
independent a building is to the power grid [38]. Eq. 3.14 is used to calculate the
grid independence.
Γpowerexchange =0
Ψgrid =
(3.14)
Γtotal
The Γpowerexchange represents the time duration of a positive or negative power
exchange between a building and the power grid while Γtotal represent the number
of hours for counting. The Ψgrid value lies between 0 and 1. As the Ψgrid close to 1, it
indicates that the building is more grid independent. Meanwhile, the powerexchange,j
is determined using Eq. 3.15
powerexchange,j = P owmismatch,j − P owcharge,j

(3.15)

where P owcharge,j , (kW) is the power charge of the energy storage system while
P owmismatch,j is the mismatch power between demand and generated power. A
positive P owcharge,j , value indicates a charging process, while a negative value
indicates a discharging process. These two aforementioned variables are calculated
using the following equations.
P owmismatch,j = Ponsite_gen,j − Pdemand,j


min(CAPES − Estore,j , P owmismatch,j )
P owcharge,j =
max(−1 × E
, P ow
)
store,j

mismatch,j

(3.16)

if P owmismatch,j > 0,
if P owmismatch,j < 0
(3.17)

3.3 Smart-ready building indicators

19

Estore,j =

j−1
X

P owcharge,i

(3.18)

i=1

where Ponsite_gen,j (kW) is the power production by on-site power generation such
as PV or wind turbine while Pdemand,j (kW) is the amount of power demand by the
building. Then, Estore,j (kWh) is the amount of stored energy by the storage system
in the jth hour while CAPES is the capacity of the energy storage.

3.3.6 Smart-readiness metric
The seven indicators that previously discussed are used as a smart-readiness metric
for assessing and comparing the smart-readiness level of a building. As an alternative
to the smart-readiness metric that is shown in Fig. 3.4, the smart-readiness index
is used to simplify the process of comparing smart-readiness level of the simulated
design variations. Smart-readiness index describes the smart-readiness level of
buildings in numbers, from 1 to 7. The greater the value of the smart-readiness
index, then the building is considered to have a high degree of smart-readiness. The
range of values for each index is determined by dividing the difference between
the maximum and minimum values for each metric that is obtained from the tested
design alternatives into several bins. However, a particular method is done to
determine the indexes’ value ranges for the annual primary energy consumption per
person.
The smart-readiness index for average primary energy consumption per person is
derived from the Dutch Energy Index (EI) and Energy Label. The Dutch Energy
Label contains seven scale from A to G which represent better energy performance
as the index closer to A. The relation between Energy Label and EI is shown in Fig.
3.2.

Tab. 3.2: Relation between energy index with energy label in the Dutch context [30]

Energy Label
A (A+, A++)
B
C
D
E
F
G

Energy Index
<1.05
1.06-1.3
1.31-1.6
1.61-2.0
2.01-2.4
2.41-2.9
>2.9

To translate these ranges to be used as smart-readiness index for annual primary
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energy consumption, the EI is multiplied with the corrected floor area as shown
in Eq. 3.19 [30]. Then, the annual primary energy consumption (Qtotal , MJ) is
converted into MWh and divided by the number of occupants that assumed in this
study. The Af loor (m2 ) is the total heated floor area of the dwelling whereas Aloss
(m2 ) refers to the areas that are not heated in the dwelling such as a cellar.
EI =

Qtotal
155 × Af loor + 106 × Aloss + 9560

(3.19)

Fig. 3.4: The smart-readiness metric for smart-readiness assessment based on the assumed
smart-ready buildings key features
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Assessing the smart-readiness of
Dutch terraced house

4

4.1 Assessment methodology
To test the reliability of the derived metrics, which discussed in the previous section,
these metrics will be used to assess the smart-readiness level of a typical dutch
residential building which is chosen as a case study building. Aside from analyzing
the smart-readiness level of the case study building, several design variations from
the case study building are also observed and compared. Due to data limitation
on each indicator for the assessed buildings, building modeling and simulation will
be performed to determine the buildings’ smart-readiness level. Then, the range
value of the best and the worst results will be used to determine the index for each
indicators which further be used to determine the smart-readiness index of the tested
case studies.

4.2 Case study: typical Dutch terraced house
According to the CBS [39], there are about 7.7 million dwellings in the Netherlands
as of 2017. This dwellings are divided into seven types as presented in Fig. 4.1.
According to the data, the most common residential building type in the Netherlands
is terraced house which takes around 41% of the whole population, followed by
flat and detached house [40]. With the large number of terraced houses that were
built in 1975-1991, then, we can assume that a terraced house from 1977-1991, as
illustrated in Fig. 4.2, is the typical Dutch residential building which will be used as
a case study building in this study. In the next explanations, terraced houses from
1975-1991 period will be referred as a typical Dutch terraced house.
As can be seen in the building floor plan presented in Fig. 4.3, the typical Dutch
terraced house consists of three stories with a gross surface area of 1530m2 and
treated area around 106,0m2 . The first floor usually functioned as living room
and kitchen. The second floor usually used for bedrooms while the third floor is
designed as an attic. The building commonly uses heavyweight materials for floor,
wall, and roof. The walls made of bricks, insulation, and concrete and according
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Fig. 4.1: Different Dutch residential building types

to the reference, the thermal resistance (Rc) of the walls, windows, and roof are
usually about 1.3 m2 K/W. The building has the same sized windows on the north
and south façade. The total window area is about 19.3 m2 , which is mostly double
glazing and a small portion of single glazing. Meanwhile, the ground floor is made
of concrete and insulation and usually has the overall U-value = 1.28 W/m2 K.
The building is centrally heated using a high efficiency (HR107) natural gas boiler.
This system is also used to serve domestic hot water needs. Commonly, the building
is ventilated using mechanical ventilation. The building does not use active cooling
systems and there is no renewable energy generation and storages installed in the
building.

Fig. 4.2: Typical Dutch terraced house [40]
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Fig. 4.3: Layout and floorplan of a typical Dutch terraced house

4.3 Variety of typical Dutch terraced house design
and operations

Different design variants of the typical Dutch terraced house are generally showing
combinations of building envelopes, heating and ventilation systems, and renewable
energy and storage systems. The variations range from a new building design as
stated in the Dutch current building codes, nearly zero energy house (BENG), and
Passivhaus standard. Some of these variations that will be analyzed in this study are
indicated in Table 4.1.

4.3
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Tab. 4.1: The tested case study and its design variations

4.4 Case study simulation model and
assumptions
A detailed building and energy systems simulation model is developed to predict
the building performance of the design space according to several design variations.
The input files that is used in the simulation model, which consist of weather data,
occupant behavior and load profile, will be discussed in the following part. Besides,
other inputs for the simulation model including building model, occupancy pattern,
HVAC and ventilation system, renewable energy and storage system model, and
comfort model will be presented in the following points.

4.4.1 Weather, schedule, and load profiles
In this study, the building is assumed to be located in Amsterdam, the Netherlands. A
typical meteorological year 2 format model (TMY2) is chosen to model the weather
and outdoor condition. This weather model was also used to model the solar radiation that used in this calculate energy consumption and power generation.
A simplified approach which is developed based on the available studies is used to
model the occupant presence, set point temperature and load profile. The occupant
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presence and the set point temperature for each thermal zones are modeled based
on the study of Dutch occupancy and heating profiles for building simulations [41].
In this research, it is assumed that the building occupants are a nuclear family. Thus,
the occupants consist of 3 people and the set point temperature is ranged between
18-20 °C when the occupant present in the space. The zone is maintained to be
around 16 °C when there is no occupant presence. Fig. 4.4 presents the occupancy
schedule for the occupied zones, including living room (ground floor) and bedroom
(first floor).

Fig. 4.4: Occupancy profile for each modeled zone
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Meanwhile, this study also uses the same internal heat gain profile for each zone
that used in a study by Kotireddy [42] which also refers from the publication by
Institute for the Study and Promotion of Research in the field of building installations
(ISSO) [43]. The generated internal heat gain from the appliance and lighting uses
is assumed to be the same for all days. Besides, it is also assumed that all the
consumed energy by appliances and lighting is converted into heat, which therefore,
the internal heat gain profile that is illustrated in Fig. 4.5 also applies to the energy
demand by lighting and appliances.

Fig. 4.5: Energy demand and internal heat gain by appliances and lighting system

In this study, the domestic hot water use for each occupant is assumed to be 60L/day.
In general, the DHW usage reach its peak in the morning around 7.00 and at night
around 22.00. The DHW usage profile is based on the common usage pattern in the
Netherlands that described on NEN 7120:2011 [44]. Fig. 4.6 shows the daily DHW
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usage profile used in this study.

Fig. 4.6: Usage profile for domestic heat water system

4.4.2 Building model
Three thermal zones are modeled to calculate the thermal and energy performance
of the building. As can be seen in Fig. 4.7, these thermal zones represent the
ground floor that mainly functioned as living room, the first floor that mainly used
as bedrooms and second floor as the attic. Since the occupant activities is assumed
only occurred on the ground floor and the first floor, only these thermal zone will be
air-conditioned while the attic will be left unconditioned.
To model each thermal zone, the geometries and materials of all building envelopes
must be defined. Besides, the zone infiltration rate must also be inputted. In this
study, the infiltration rate is ranged from 0.1 to 1 dm3 /s.m2 according to Rc value of
the wall. As the wall Rc value gets higher, the infiltration rate is lower.

4.4.3 HVAC system model
Heating system
In general, the HVAC system model consists of two group, which are a demand-side
branch, and a supply-side branch that connected to each other. In this study, the
demand side branch consists of the radiator as a heat source that radiates heat
to the zone. There are several types of radiator model in EnergyPlus and ZoneHVAC:Baseboard:RadiantConvective:Water is used as a radiator model for this study.
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Fig. 4.7: The modeled thermal zones

Since all case studies use a radiator to supply heat for each zone, therefore, the
model for demand branch for all design variations are identical.
Different things happen to the supply branch. Since there are two types of plant
equipment used for heating the water, therefore, there will be two different plant
equipment model that assigned in the supply branch according to the heating systems that used in the case study building. The first type of heating system for case
study 1, 2, 3, and 5 use boiler to heat the water, while the other case studies use air
to water heat pump. For the first type, Boiler:HotWater is used as plant equipment
model in the supply branch. The boiler is assumed using natural gas as fuel and it is
assumed that the water flow is constant.
In order to model the air-to-water heat pump with DX compression system, several
components must be connected, which are a water heater tank, a direct expansion
(DX) coil and a fan to provide air flow across the DX compressor system coil. The
direct expansion (DX) coil has several subcomponents consist of a water heating
coil, air coil, compressor, water pump. Thus, the air-to-water heat pump model
consists of WaterHeater:Stratified that used to model the water heater, Fan:OnOff to
model fan for the DX system, and Coil:WaterHeating:AirToWaterHeatPump:Wrapped
as a model for the direct expansion (DX) coil. Then, all of these components are
compound using WaterHeater:HeatPump:WrappedCondenser.
Ventilation system
All case studies that analyzed in this study use mechanical ventilation for air
exchange and free cooling in summer. The ventilation system is modeled using ZoneVentilation:DesignFlowRate for the mechanical ventilation. On the other
hand, ZoneHVAC:EnergyRecoveryVentilator, HeatExchangerAirToAir:SensibleAndLatent,
and Fan:OnOff are used to model a balanced mechanical system with heat re-
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covery. This model is installed for each air-conditioned thermal zone. To avoid
overheating especially in summer, the heat exchanger is controlled using ZoneHVAC:EnergyRecoveryVentilatorController. The controller will turn off the heat exchanger and bypass the outside air when the outside is air higher than 8°C. The
ventilation rate for the conditioned thermal is set to be constant. Based on the reference, the recommended ventilation rate for residential buildings in the Netherlands
is between 0.7 dm3 /s.m2 to 0.9 dm3 /s.m2 [45]. Based on this information, it is
assumed that the ventilation rate for each zone is 31.773 dm3 /s or equal to 0.7
dm3 /s.m2 . This assumption applies to all simulated case studies.

4.4.4 On-site energy generation and storage model
In EnergyPlus, the energy generator and storage is modeled under group Electric
Load Center-Generator Specification. Three objects should be defined in order
to model the solar PV system with battery for energy storage. These objects are
solar photovoltaic (PV) as an energy converter, inverter, and battery. In EnergyPlus,
the solar PV is modeled in Generator:Photovoltaic. However, this model needs to
be accompanied by solar PV performance data. The simple solar PV performance
model is chosen in this study. For the third and fifth case studies, the solar PV
is installed on the south-faced roof of the building. Meanwhile, the solar PV is
installed on all surface of the roof for the fourth and sixth case studies. Before
connected to the inverter, the solar PV model must be grouped as one big system
using ElectricLoadCenter:Generator.
The inverter is modeled using ElectricLoadCenter:Inverter:LookUpTable. To store the
generated energy, ElectricLoadCenter:Storage:Simple is used to model the battery.
Then, these three systems should be called in ElectricLoadCenter:Distributor so the
electricity generators and or storage can be in a simulation. In this study, the battery
is assumed to be fully charged in the initial state and the minimum storage state of
the battery is 10% of the maximum battery capacity.

4.4
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5

5.1 Results
The smart-readiness level of the building according to the reviewed metrics is
compared and shown in Fig. 5.1 and Fig. 5.2.

Fig. 5.1: Smart-readiness metrics of various designs and operations (illustrated in the left
side of the chart) of typical Dutch terraced house.
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Fig. 5.2: Smart-readiness metrics of various designs and operations (illustrated in the left
side of the chart) of typical Dutch terraced house (cont.)

Table 5.1 shows the indexes’ range of values for each smart-readiness metric. The
range of values for each index in Table 5.1 is determined by dividing the difference
between the maximum and minimum values of each metric into 7 bins. Then, the
range is used to determine the smart-readiness index of the simulated case study for
each metric.
Since the current index cannot give a comprehensive and straightforward description
of the building’s smart-readiness level, an overall smart-readiness index (OSRI) is
calculated. As can be seen in Eq. 5.1, the overall smart-readiness index for each
design variation is determined by finding the median of the index’s data set. (SRIEE )
is the smart readiness index for the energy efficiency aspect, which is viewed based
on the annual primary energy demand per person (Qtotal ). (SRIOC ), (SRIRE ), and
(SRIBGI ) are the smart-readiness index for occupant’s comfort, building’s renewable
energy uptake, and building-grid interoperability respectively. Additional treatment
needs to be done to calculate the smart-readiness index for key features that have
more than one smart-readiness metric. For instance, building’s renewable energy
uptake (SRIRE ) and building-grid interoperability (SRIBGI ). As can be seen in Eq.
5.2 and Eq. 5.3, the smart-readiness indexes that represent these two key features
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are averaged. Table 5.2 shows the smart-readiness index for each metric and the
overall smart-readiness index of the analyzed design variations.
(5.1)

OSRI = M ed(SRIEE , SRIOC , SRIRE , SRIBGI )

SRIOEFe + SRIOEMe
2

(5.2)

SRIOP Pc + SRIOP Ps + SRIP ALc + SRIP ALs
4

(5.3)

SRIRE =

SRIBGI =

Tab. 5.1: The smart-readiness index range values that are derived from the maximum and
minimum value of each metric

Tab. 5.2: The overall smart-readiness index for various tested designs and operations of
typical Dutch terraced house
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5.2 Discussions
According to the data presented in Fig. 5.1, it can be seen that the design variation 6
and 4 have the lowest annual primary energy demand per person (Qannual,occ ). Then,
it is followed by design variation 5, 3 and 2 that consumed 0.89 (MWh/person), 1.09
(MWh/person), and 2.79 (MWh/person) of primary energy per year for each occupant respectively. The design variation 1, which is the common terraced house in the
Netherlands, has the highest annual primary energy demand per person. Besides, If
we observed the Qannual,occ of design variation 6 and 4, it can be concluded that the
building becomes more energy efficient, shown by less power consumption from the
grid if the building has better insulation and has a higher rate of energy generation.
Based on this metric, it can be said that the building has better smart-readiness level
if the building is well insulated, and minimize energy demand from the grid or other
non-renewable energy sources.
However, increasing the building insulation will result in the reduction of the total
occupant comfort hours, as can be seen in the second bar on Fig. 5.1. A building
with higher insulation value tends to have more overheating hour, especially in the
summer. This is because the insulation keeps the generated and distributed heat
inside the space. Without active cooling, the heat will be trapped inside the zone
and increase the zone air temperature. To minimize this effect, the installation of
active cooling in the summer is necessary to avoid the overheating.
Regarding the renewable energy uptake, design alternative 4 and 5 have better
energy matching, shown by their OEF and OEM that are close to 1. The building can
be considered to have a higher smart-readiness level if it optimizes the generated
energy from the on-site renewable energy generator. To do this, the building should
be able to conduct demand response and has higher flexibility. This can be done by
increasing the capacity of energy storage, or shifting the demand load to the period
when the on-site generator produces energy [14], [33].
Another aspect that is considered in a smart-ready building is the building-grid interoperability. A smart-ready building should be grid-friendly, which causes minimal
interference for the grid. To achieve this goal, the peak exported energy and the peak
energy demand must be maintained as low as possible. According to the simulation
results, which are shown in third and fourth chart on Fig. 5.2, it is clear that the
installation of on-site solar PV reduced the peak energy demand. Nonetheless, a
higher production capacity by the renewable energy generator potentially causes
a high peak energy supply to the grid. In order to minimize the peak demand and
supplied energy, the building should be able to conduct demand response.
Besides the peak demand and supplied energy, the grid-friendliness of the building
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can be assessed based on the grid independence. According to the simulation results,
as shown in Fig.B, the design alternative 3 and 5 have the best grid independence
among others. In order to improve the smart-readiness level of a building, especially
regarding building independence, it should be able to minimize the energy consumption from the grid. Several ways can be done to achieve it, for instance, by using
and optimizing the generated power from the on-site renewable energy generation,
improving building energy efficiency, and conducting demand response.
To simplify the comparison, the smart-readiness index is developed in this study.
According to the average smart-readiness index, the design variation 4 has the better
smart-readiness level compared to the other design variations. This index can show
the improvement and effort that can be done to improve the smart-readiness level of
the simulated case studies. In general, the renewable energy uptake of typical Dutch
terraced house is still low. This can be improved by integrating the building with
other renewable energy resources, especially for heating and cooling generating
system such as co-generation or combined heat and power (CHP).
Another simulation is conducted on design variation 4 to see the see the robustness
of the smart-readiness metric and smart-readiness index. In this simulation, the set
point temperature of the building is changed into 21 °C with 19 °C for setback temperature as given in Fig. 5.3 and Fig. 5.4. The comparison of the smart-readiness
index for design variation 4 and its modification is given in Table 5.3. Based on this
result, the smart-readiness indexes for these two case studies are different. It can
be said that the reviewed metric depends on the occupants behavior. Moreover, the
methodology used in this study to determine the value ranges that are used in the
smart-readiness index is subjective. Thus, another method should be developed to
create more straightforward metric and index to simplify the comparison process
between several analyzed design cases.

Fig. 5.3: The modified zone temperature set point for modified occupant behavior (Ground
Floor)
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Fig. 5.4: The modified zone temperature set point for modified occupant behavior (1st
Floor)

Tab. 5.3: The comparison of smart-readiness index for design variation 4 with different
occupant behavior
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6.1 Conclusion
A literature review is done in this study to get an overview of the definition of
smart buildings. According to the findings, three perspectives are commonly used
to define smart building. Some of the references see a smart building as a microenergy hub that actively plays a vital role in smart grid operation. Meanwhile, other
studies view a smart building as a building that integrates several systems to increase
building performance. Another literature assumes smart buildings as another kind
of an intelligent building that utilizes ICT to increase the building performance
and increase occupant’s productivity. Based on the reviewed literature, this study
assumes a smart building as a building that utilizes the entire building systems
to maximize the building performance, adapt with occupant needs, and interacts
with other buildings as a part of a smart grid. According to the assumed definition,
a building is assumed to be smart if it has several key features, including energy
efficient, comfortable, renewable energy-based, environmentally friendly, flexible,
observant, self-aware, responsive, and system-integrated. To transform the current
building stock to be a smart building, it is necessary to know the smart-readiness
of the current building stock. A smart-ready building is defined as a building that
has potential to become a smart building. The building can be assumed to have a
high smart-readiness if it has a high energy efficiency, high occupancy comfort, high
renewable energy uptake, and has minimum impact on the grid power imbalance.
To evaluate the smart-readiness of a building, several indicators are needed for
the assessment process. In this study, the mentioned smart-ready key features
are used to determine the indicators for smart-ready building assessment. The
indicators include annual primary energy consumption per person (kWh/person),
total comfort hours (%), on-site energy fraction (OEF e, h, c) and on-site energy
matching (OEM e, h, c). The other indicators to determine the smart-readiness level
of a building according to building-grid interoperability aspect are peak surplus
energy per person (Wh/person), peak energy demand per person (Wh/person), and
grid independence. A smart-readiness index is developed in this study based on
the mentioned indicators as an alternative to simplify the analysis and comparison
process.

39

The smart-readiness level of a case study building, which is typical Dutch terraced
house, is analyzed using these indicators. Furthermore, several design variations
of the typical Dutch terraced house are also analyzed. Due to limited sources, the
modeling and simulation are used to study the smart-readiness level of the tested
case studies. Six design variations are tested in this study. As can be seen in Table
4.1, the design variation show variation in building design and operations.
Based on the reviewed smart-readiness metric and index, there are many untapped
potential that have not been explored to transform the current typical Dutch terraced
house into a smart building. Based on the smart-readiness mapping, most of the
untapped potential is the renewable energy utilization. Involving another form
of renewable energy to generate energy for heating and cooling needs is one of
the alternatives to improve the smart-readiness level of the current typical Dutch
terraced house.

6.2 Limitation and future works
Based on the reviewed smart-readiness metric, it is shown that the indicators depend
on the occupant behavior. This could cause a bias since the same building could have
different smart-readiness levels according to the occupancy pattern. This issue also
causes another problem for the indexing process because the range of values used in
the smart-readiness index is derived by dividing the maximum and minimum values
of the tested cases into several ranges. Since the tested design variations are limited,
the range of values for each indicator that is used in the smart-readiness index is
imprecise. To avoid this problem, several case studies with a different probability
of design variation needs to be evaluated to develop a better benchmark value.
Besides, due to the high subjectivity of the smart-readiness index in this study and
its dependency on several aspects (e.g. Government policy), alternative method
is needed to develop better grading system. Considering several studies are being
developed to transform the current heat grid to be a smart heat grid, it is necessary
to review other indicators that can represent the building’s interaction with the heat
grid.
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Appendices

Appendix A: Building envelope characteristic for the
tested design variations
Tab. 6.1: Building envelope characteristic
Reference building terraced house 1975-1991 (design variation 1)
Exterior Wall

0.639

W/m2.K

Layers

Thickness
[m]

Conductivity
[W/m.K]

U- value
[W/m2.K]

U-value

R-value
[m2.K/W]

Density
[kg/m3]

Capacity
[kJ/kg.K]

Brick

0.15

0.89

5.933

0.169

2002.3

0.9

35

1.4

784.9

0.83

Wall air space

0.15

Insulation
(phenolic foam)

0.021

0.018

Gypsum

0.013

0.16

Roof

0.857

1.167

12.598

0.079

U- value

0.639

W/m2.K

Thickness
[m]

Conductivity
[W/m.K]

U- value
[W/m2.K]

R-value
[m2.K/W]

Density
[kg/m3]

Capacity
[kJ/kg.K]

Tiled roof

0.020

0.840

42.000

0.024

1900.000

0.840

Insulation
(phenolic foam)

0.026

0.018

0.706

1.417

35.000

1.400

Plywood

0.020

0.160

8.000

0.125

950.000

1.300

Layers

Floor

U-value

1.280

W/m2.K
Density
[kg/m3]

Capacity
[kJ/kg.K]

Thickness
[m]

Conductivity
[W/m.K]

U- value
[W/m2.K]

R-value
[m2.K/W]

Timber flooring

0.025

0.140

5.600

0.179

650.000

1.200

Concrete slab

0.100

0.128

1.280

0.781

1400.000

1.000

1.453

W/m2.K

Thickness
[m]

Conductivity
[W/m.K]

U- value
[W/m2.K]

R-value
[m2.K/W]

Density
[kg/m3]

Capacity
[kJ/kg.K]

0.019

0.060

3.158

0.317

368.000

0.590

1280.000

0.840

Layers

Interior ceiling
Layers
Acoustic tile

U-value

Ceiling air space
Lightweight concrete

0.180
0.102

0.530

Interior floor
Layers
Acoustic tile

5.217
U-value

0.192
1.453

W/m2.K

Thickness
[m]

Conductivity
[W/m.K]

U- value
[W/m2.K]

R-value
[m2.K/W]

Density
[kg/m3]

Capacity
[kJ/kg.K]

0.019

0.060

3.158

0.317

368.000

0.590
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Ceiling air space
Lightweight concrete

Table 6.1 continued from previous page
0.180
0.102

0.530

5.217
U-value
[W/m2.K]
2.726

External window

0.192

1280.000

SHGC

Tvis

0.763

0.814

0.840

Current typical terraced house (design variation 2)
Exterior Wall

0.249

W/m2.K

Layers

Thickness
[m]

Conductivity
[W/m.K]

U- value
[W/m2.K]

U-value

R-value
[m2.K/W]

Density
[kg/m3]

Capacity
[kJ/kg.K]

Brick

0.15

0.89

5.933

0.169

2002.3

0.9

35

1.4

784.9

0.83

Wall air space

0.15

Insulation
(phenolic foam)

0.065

0.018

Gypsum

0.013

0.16

Roof

0.277

3.611

12.598

0.079

U- value

0.167

W/m2.K

Thickness
[m]

Conductivity
[W/m.K]

U- value
[W/m2.K]

R-value
[m2.K/W]

Density
[kg/m3]

Capacity
[kJ/kg.K]

Tiled roof

0.020

0.840

42.000

0.024

1900.000

0.840

Insulation
(phenolic foam)

0.105

0.018

0.171

5.833

35.000

1.400

Plywood

0.020

0.160

8.000

0.125

950.000

1.300

Layers

Floor

U-value

0.285

W/m2.K
Density
[kg/m3]

Capacity
[kJ/kg.K]

Thickness
[m]

Conductivity
[W/m.K]

U- value
[W/m2.K]

R-value
[m2.K/W]

Timber flooring

0.025

0.140

5.600

0.179

650.000

1.200

Concrete slab

0.100

0.128

1.280

0.781

1400.000

1.000

Insulation
(phenolic foam)

0.046

0.018

0.393

2.544

35.000

1.400

1.453

W/m2.K

Thickness
[m]

Conductivity
[W/m.K]

U- value
[W/m2.K]

R-value
[m2.K/W]

Density
[kg/m3]

Capacity
[kJ/kg.K]

0.019

0.060

3.158

0.317

368.000

0.590

1280.000

0.840

Layers

Interior ceiling
Layers
Acoustic tile

U-value

Ceiling air space
Lightweight concrete

0.180
0.102

0.530

5.217

1.453

W/m2.K

Thickness
[m]

Conductivity
[W/m.K]

U- value
[W/m2.K]

R-value
[m2.K/W]

Density
[kg/m3]

Capacity
[kJ/kg.K]

0.019

0.060

3.158

0.317

368.000

0.590

0.192

1280.000

0.840

SHGC

Tvis

0.609

0.785

Interior floor
Layers
Acoustic tile

U-value

Ceiling air space
Lightweight concrete

0.192

0.180
0.102

0.530

5.217
U-value
[W/m2.K]
1.433

External window

Typical terraced house - nZEB (design variation 3 & 4)
Exterior Wall

0.249

W/m2.K

Layers

Thickness
[m]

Conductivity
[W/m.K]

U- value
[W/m2.K]

R-value
[m2.K/W]

Density
[kg/m3]

Capacity
[kJ/kg.K]

Brick

0.15

0.89

5.933

0.169

2002.3

0.9

Wall air space
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U-value
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0.15
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Insulation
(phenolic foam)

0.119

0.018

0.151

6.611

35

1.4

Gypsum

0.013

0.16

12.598

0.079

784.9

0.83

0.143

W/m2.K

Thickness
[m]

Conductivity
[W/m.K]

U- value
[W/m2.K]

R-value
[m2.K/W]

Density
[kg/m3]

Capacity
[kJ/kg.K]

Tiled roof

0.020

0.840

42.000

0.024

1900.000

0.840

Insulation
(phenolic foam)

0.123

0.018

0.146

6.833

35.000

1.400

Plywood

0.020

0.160

8.000

0.125

950.000

1.300

Roof

U- value

Layers

Floor

U-value

0.167

W/m2.K
Density
[kg/m3]

Capacity
[kJ/kg.K]

Thickness
[m]

Conductivity
[W/m.K]

U- value
[W/m2.K]

R-value
[m2.K/W]

Timber flooring

0.025

0.140

5.600

0.179

650.000

1.200

Concrete slab

0.100

0.128

1.280

0.781

1400.000

1.000

Insulation
(phenolic foam)

0.091

0.018

0.199

5.028

35.000

1.400

1.453

W/m2.K

Thickness
[m]

Conductivity
[W/m.K]

U- value
[W/m2.K]

R-value
[m2.K/W]

Density
[kg/m3]

Capacity
[kJ/kg.K]

0.019

0.060

3.158

0.317

368.000

0.590

1280.000

0.840

Layers

Interior ceiling

U-value

Layers
Acoustic tile
Ceiling air space

0.180

Lightweight concrete

0.102

0.530

5.217

1.453

W/m2.K

Thickness
[m]

Conductivity
[W/m.K]

U- value
[W/m2.K]

R-value
[m2.K/W]

Density
[kg/m3]

Capacity
[kJ/kg.K]

0.019

0.060

3.158

0.317

368.000

0.590

0.192

1280.000

0.840

SHGC

Tvis

0.347

0.567

Interior floor

U-value

Layers
Acoustic tile
Ceiling air space

0.192

0.180

Lightweight concrete

0.102

0.530

5.217
U-value
[W/m2.K]
0.604

External window

Typical terraced house - passive house (design variation 5 & 6)
Exterior Wall

U-value

0.083

W/m2.K

Layers

Thickness
[m]

Conductivity
[W/m.K]

U- value
[W/m2.K]

R-value
[m2.K/W]

Density
[kg/m3]

Capacity
[kJ/kg.K]

Brick

0.15

0.89

5.933

0.169

2002.3

0.9

35

1.4

784.9

0.83

Wall air space

0.15

Insulation
(phenolic foam)

0.209

0.018

Gypsum

0.013

0.16

Roof

0.086

11.611

12.598

0.079

U- value

0.083

W/m2.K

Thickness
[m]

Conductivity
[W/m.K]

U- value
[W/m2.K]

R-value
[m2.K/W]

Density
[kg/m3]

Capacity
[kJ/kg.K]

Tiled roof

0.020

0.840

42.000

0.024

1900.000

0.840

Insulation
(phenolic foam)

0.214

0.018

0.084

11.889

35.000

1.400

Plywood

0.020

0.160

8.000

0.125

950.000

1.300

Layers

Floor

U-value

0.083

W/m2.K
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Layers
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Thickness Conductivity
U- value
R-value
[m]
[W/m.K]
[W/m2.K] [m2.K/W]

Capacity
[kJ/kg.K]

0.179

650.000

1.200

Timber flooring

0.025

0.140

5.600

Concrete slab

0.100

0.128

1.280

0.781

1400.000

1.000

Insulation (phenolic foam)

0.199

0.018

0.090

11.056

35.000

1.400

Interior ceiling
Layers
Acoustic tile

U-value

Lightweight concrete

Acoustic tile

U- value
[W/m2.K]

R-value
[m2.K/W]

Density
[kg/m3]

Capacity
[kJ/kg.K]

0.019

0.060

3.158

0.317

368.000

0.590

0.102

0.530

5.217

1280.000

0.840

1.453

W/m2.K

Thickness
[m]

Conductivity
[W/m.K]

U- value
[W/m2.K]

R-value
[m2.K/W]

Density
[kg/m3]

Capacity
[kJ/kg.K]

0.019

0.060

3.158

0.317

368.000

0.590

0.192

1280.000

0.840

SHGC

Tvis

0.524

0.674

0.180
U-value

Ceiling air space
Lightweight concrete
External window
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W/m2.K

Conductivity
[W/m.K]

Interior floor
Layers

1.453

Thickness
[m]

Ceiling air space
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Density
[kg/m3]

0.192

0.180
0.102

0.530

5.217
U-value
[W/m2.K]
0.611
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2010

2011

J.Sinopoli [15]

Kiliccote
al. [17]

et

Year

Author

Smart building is a building that that integrated with the
end-use system to become an efficient building that also
self-aware, grid-aware and responsive to the occupant
needs and the environment condition

A building that integrates advanced building technology
systems so that buildings can operate effectively in terms
of energy efficiency, occupational health and comfort,
security, sustainability, and building marketing

Definition

Tab. 6.2: Smart buildings features derived from the reviewed definitions
Purpose

Appendix B: Summary: Definition and features of smart buildings

• actively interact with occupant

• self and grid-aware

• response to the occupant
needs and environmental conditions

• increases energy efficiency

• Integrates systems

• Minimize operational cost

• Provides information for occupants and management

• Integrates systems

Features
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2010

2014

Moreno et al. [23]

2012

et

McGlinn
al. [24]

Wang et al. [16]

A building with high efficiency, whether by minimizing
energy consumption or integrating their own energy
sources to ensure their energy sustainability, that also of
improving occupant experience and productivity.

Smart building, which also known as intelligent building, is a part of smart environment that is safer and
provide better operationally efficient living and working
environments.

Smart building is a building that able to provide an optimal comfort level and energy consumption that also
address sustainability issues by utilizing intelligent technology and renewable energy resources resources

All is done to minimize carbon emission

Smart buildings are expected to address both inteligence and sustainability issues by utilizing computer and
intelligent technologies to achieve the
optimal combinations of overall comfort level and energy consumption.

operational

effi-

• pays attention to occupant experience and productivity

• uses renewable energy

• Has s high energy efficiency

• pays attention to occupant experience and productivity

• increases
ciency

• Improves safety and security

• increase occupant comfort and
performance

• have high energy efficiency

• uses renewable energy

• Utilizes intelligent technologies
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2014

1994

2017

et

Drewer and Gann
[18]

King and Perry [5]

Buckman
al. [19]

SB is the building that use ICT to anable automated
building operation and control. The building has ability
to enhance occupants’ comfort and productivity while
using less energy than a conventional building. Smart
buildings use ICT to connect building systems together
to optimize operations and whole-building performance.
Smart buildings also allow operators and occupants to interface with the building, providing visibility into its operations and actionable information. In addition, smart
buildings can communicate with the power grid, a feature that is becoming increasingly important for utility
demand response deployment

the essential features of smart buildings are that their design and construction require the integration of complex
new technologies into the fabric of the building

Smart Buildings are buildings which integrate and account for intelligence, enterprise, control, and materials and construction as an entire building system, with
adaptability, not reactivity, at the core, in order to meet
the drivers for building progression: energy and efficiency, longevity, and comfort and satisfaction. The increased amount of information available from this wider
range of sources will allow these systems to become
adaptable, and enable a Smart Building to prepare itself
for context and change over all timescales.

• grid aware

• provides information for managing
the building

• integrates systems

• utilizes ICT

• Pays attention to occupant experience and productivity

system integration

• pays attention to occupant experience and productivity

• has high building efficiency and
sustainability

• able to adapt

• Integrates systems
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2017

2008

2008

2016

CABA [25]

The Climate Group
[20]

BPIE [13]

2010

Wurtz et al. [22]

Bach et al. [21]

a highly-efficient micro energy-hubs consuming, producing, storing and supplying energy, making the system
more flexible and efficient

A suite of technologies used to make the design, construction and operation of buildings more efficient, applicable
to both existing and new-build properties

A building that able to figure out behaviour and behave
according to impacts of parameters around it

“Smart building” (SB) can be first seen as the adaptation
of the SG concept at the level of the building micro-grid

smart building is a part of smart cities that will act as
an active nodes thermal and electric energy systems. It
is also mentioned that besides its main functionalities,
the buildings will actively involve in providing energy
generation, conducting load shifts, and storing energy

• has the flexibility to manage the
energy demand

• has a high energy efficiency

• Acts as micro energy-hubs

• integrates systems and technologies

• Has a high efficiency

• gather information and data for
building operational usage

• observant

• responsive

Acts as micro energy-hubs

• has high energy efficiency

• provides optimal comfort

• pays attention to occupant experience and productivity

• Acts as micro energy-hubs
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