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Abstract: The formation of new threats and the increasing complexity of urban built infrastructures
underline the need for more robust and sustainable systems, which are able to cope with adverse
events. Achieving sustainability requires the strengthening of resilience. Currently, a comprehensive
approach for the quantification of resilience of urban infrastructure is missing. Within this paper,
a new generalized mathematical framework is presented. A clear definition of terms and their
interaction builds the basis of this resilience assessment scheme. Classical risk-based as well as
additional components are aligned along the timeline before, during and after disruptive events,
to quantify the susceptibility, the vulnerability and the response and recovery behavior of complex
systems for multiple threat scenarios. The approach allows the evaluation of complete urban
surroundings and enables a quantitative comparison with other development plans or cities.
A comprehensive resilience framework should cover at least preparation, prevention, protection,
response and recovery. The presented approach determines respective indicators and provides
decision support, which enhancement measures are more effective. Hence, the framework quantifies
for instance, if it is better to avoid a hazardous event or to tolerate an event with an increased
robustness. An application example is given to assess different urban forms, i.e., morphologies, with
consideration of multiple adverse events, like terrorist attacks or earthquakes, and multiple buildings.
Each urban object includes a certain number of attributes, like the object use, the construction
type, the time-dependent number of persons and the value, to derive different performance
targets. The assessment results in the identification of weak spots with respect to single resilience
indicators. Based on the generalized mathematical formulation and suitable combination of indicators,
this approach can quantify the resilience of urban morphologies, independent of possible single
threat types and threat locations.

Keywords: resilience quantification; resilience engineering; multiple threat assessment; urban form

1. Introduction

Cities are key drivers for technological, organizational, social and economic innovation and
well-being for individuals and the society. Sustainable progress in these domains depends on
the availability of infrastructures and buildings. This also holds true for the scale of interaction
and connectivity.

Agglomerated areas comprise a high degree of critical infrastructure. At the same time, critical
infrastructures specify significantly the resilience and the robustness [1]. It is clearly observable that
systems, cities and infrastructures will become more complex and interconnected [2]. Due to this
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change, the failure of a single element increases the probability to produce cascading effects with
unexpected consequences [3] as well as emergent threats.

Industrialization and population growth are the main reasons for an increasing urban population.
This fact is clearly observable in different studies, as stated in the report of the United Nations [4].
It results in a changing density of population, a higher degree of urbanization and an increasing focus
on hazard vulnerability reduction and resilience [5].

A further challenge is the formation of new threats. According to Branscomb [1], cities are
increasingly vulnerable to three kinds of disasters:

• natural, like hurricanes, floods or earthquakes,
• technogenic, resulting from human error and failing infrastructure, like a power failure, and
• terrorism, “a growing and important asymmetric threat which can pick targets anywhere” [6].

In summary, the rising urbanization, growing complexity of critical infrastructure and formation
and increase of new and old threats lead to the need to manage possible hazardous events and their
corresponding consequences in an ever-increasing number, especially in urban areas. These aspects
motivate the need of sustainable cities, which are able to cope with adverse events.

Based on the new challenges for urban areas, this paper focuses on how the built urban
environment, urban spaces, buildings and infrastructure can better cope with potentially adverse and
disruptive events. The overarching aim is to contribute from an engineering–technical science driven
perspective to the sustainability of urban areas and infrastructures. Achieving sustainability requires
the strengthening of resilience [7].

The concept of resilience is used in a great variety of interdisciplinary work concerned with the
interaction of people and nature [8]. Examples can be found in social sciences [9,10] or engineering
disciplines [11–13]. There are approaches which give a holistic overview but results in qualitative
measures [14]. Other methods have no detailed information concerning the recovery behavior after
a disruptive event [15,16] or focus on single scenarios and objects [17], which require a manual
reapplication, if there are deviations or uncertainties. In summary, there is a need for the development
of a clear analysis scheme for the quantification of resilience of urban areas. The assessment focusses
on the identification on weak spots to circumvent a pure scenario-driven approach.

An urban area reflects a complex and dynamic composition of different zonings and functions,
which defines the urban form and have a lasting effect on the sustainability, the resilience [18,19]
as well as the coping capacity with disruptive events [10]. Within this paper, different urban footprints
are evaluated to investigate the resilience depending on the morphology. Building density, building
dimensions, construction types and object use are main parameter, which will be varied within the
investigations and the introduced framework can give contributions to new development plans to
reflect or incorporate resilience indicators and to shape a sustainable environment.

Section 2 introduces a generalized framework for the evaluation of resilience and Section 3 follows
with a mathematical definition of single components of that framework. Certain analysis examples for
different urban forms and the discussion of the assessment scheme are shown in Section 4. A summary
and conclusion is given in Section 5.

2. Generalized Framework to Quantify Expected Losses and Recovery Processes

Findings from different approaches to evaluate resilience are sighted, compared and consolidated
to propose a novel framework with the aim to quantify resilience, which requires a clear definition of
terms. Based on the interdisciplinary research in the field of resilience, there are different interpretations
concerning the definition and of that term [20]. Within the present work, the resilience cycle
(Figure 1 left) according to Thoma [21] is used as definition. Therefore, resilience is defined as:

“The ability to repel, prepare for, take into account, absorb, recover from and adapt ever more
successfully to actual or potential adverse events. Those events are either catastrophes or processes of
change with catastrophic outcome, which can have human, technical or natural causes.”
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Figure 1. Five phases of the resilience cycle (left) according to [21] and their interpretation within a
performance-time relation (right) for the quantification of resilience.

As shown by Bruneau [11] or Kröger [3], a performance-time relation can be used to describe
the resilience of a system. A generalized and simplified shape of one such relation shows the right
picture of Figure 1. A catastrophic event causes a disruption and a sudden performance loss at time t0,
which is followed by a response stabilization and recovery process. Resilience can be measured
by the size of the expected degradation of performance over time, as indicated with the green
area in the right diagram of Figure 1. Single phases of the resilience cycle can be assigned using
performance-time diagrams for suitable system parameter and determine the effectiveness of single
indicators and, if approved, to measure the resilience of the system. As indicated in Figure 1, measures
of preparation and prevention will extend the time before disruptive events or avoid them completely.
The drop of the system performance indicators is a measure of the level of protection and vulnerability.
Efficient response decreases the degree of disruption and helps to start to bounce back quickly after
the shock event. Finally, the resilience phase recovery describes all the aspects of relaxation, recovery
and possible learning and the preparation for future events.

Based on the definitions in [22] and Figure 1, the aim of the proposed framework is
the characterization of a performance target over time as basis for resilience quantification.
Several components are integrated to achieve this objective and a generalized overview is given
in Figure 2. The assessment scheme can be separated into two main parts. Under the assumption
of a threat occurrence, the deterministic part uses physical models to quantify the intensity of a
hazard source and the corresponding damage effects (vulnerability). A certain degree of recovery
is required based on the resulting damage effects. The deterministic realm is applicable to derive
a performance-time relation for a single threat, but requires the definition of a decisive scenario.
Based on uncertainties that a certain threat event occurs, the deterministic part is coupled with a
probabilistic realm. Stochastic methodologies are applied to evaluate the frequency and the exposition
of a threat within the susceptibility approach. The combination of susceptibility and potential damage
effects results in a risk-based vulnerability. Averaged results for multiple threat scenarios moves
the approach from a scenario driven to a consequence based analysis for the identification of weak
spots. The combination of weighted (risk-based) vulnerabilities and corresponding recovery processes
consider a multitude of random scenarios and results in an averaged performance-time relation
to characterize the resilience of a system, e.g., an urban surrounding. Single components of this
framework can operate single phases of the resilience cycle (Figure 1).

Bruneau [11] states that resilience can be conceptualized “as encompassing four interrelated
dimensions: technical, organizational, social and economic”. With regard to Bruneau, the introduced
framework including the quantification of susceptibility and vulnerability cannot cover all aspects
concerning the resilience of urban areas but can give essential contributions.
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Figure 2. Proposed framework to assess the occurrence of adverse events and the expected losses as
basis for resilience quantification according to [22].

First results within the susceptibility and vulnerability approach of Figure 2 are published in [23] to
evaluate terroristic explosive events in urban areas. Pre-defined construction types are applied to assess
the physical damage effects of buildings with the use of engineering models [24,25], if an adverse event
occurs. The susceptibility, i.e., the frequency of a hazardous event and the exposition of single urban
objects, is derived with historical statistical data from the Terror Event Database [26,27], depending on
the object use, the threat type and the region. Based on these essential findings, the approach is in this
paper subsequently enlarged to compare the risk-based results between different morphologies in a
quantitative way. Furthermore, the consideration of time scales allows the assessment of a recovery
process to result in a single quantity for the resilience of urban objects. Subsequent, a mathematical
formulation will introduce the interaction of single components of the presented framework.

3. Mathematical Formulation

In alignment to the introduced framework in Figure 2, an abstract model of an urban area U is
defined as a superset including a finite number of subsets, like free spaces am or buildings bk

U = (am, bk), m = 1, . . . , narea; k = 1, . . . , nbuilding. (1)

A single building bk, k = 1, . . . , nbuilding is characterized by a position
→
r bk

, a spatial extension
dimension L(bk) and a type of object use ul(bk), l = 1, . . . , nobject type, like residential or office,
for example.

A security relevant event, such as an explosion source or an earthquake within or close to an urban
environment is defined as threat Ti. A threat can have different forms and the various threat types are
expressed with the running index i = 1, . . . , nthreat. A threat can occur at a number j = 1, . . . , nposition

of possible locations
→
r j. The physical hazard potential of a threat is described within a hazard model

H
(

Ti,
→
r j; P

)
[22], as indicated in Equation (2). This model relates the threat type Ti and the event

location
→
r j to the urban environment U. The physical properties are defined within the attribute P to

characterize the (time dependent) hazard potential, like the magnitude of an earthquake, for example.
Depending on the intensity and the exposition, the occurrence of a threat can cause a

certain type of consequences Dg, g = 1, . . . , nconsequence type at different locations in the urban

surrounding
→
r o, o = 1, . . . , nconsequence position. Possible consequences of type Dg, like direct structural

or non-structural damage at a building, at location
→
r k are characterized within the local what-if

vulnerability V
(→

r k, Dg

)
. An exemplary assessment of structural building damage can be realized

with the use of single degree of freedom models [24] as basis for the collapse behavior of buildings [25].
Further details of the vulnerability assessment are described in [22].

Based on the degree of damage or loss of functionality, a certain degree of recovery is required to
reach normal community activities and the initial performance of the investigated system, like an urban
environment. The rebuild and recovery function Qnp(t) characterize the time-dependent behavior as a
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stepwise linear function considering np, p = 1, . . . , nphases recovery phases. A generalized sketch of
this function is shown in the right picture of Figure 1.

This causal chain of threat occurrence, resulting vulnerability and required time-dependent
recovery is summarized as

H
(

Ti,
→
r j; P

)
→ V

(→
r k, Dg

)
→ Qnp(t) (2)

and expresses the deterministic part of the introduced methodology in Figure 2. This mathematical
expression is valid to describe arbitrary threat types and investigated systems. The application
of physical or engineering models results in quantitative measures as basis for decision makers.
In particular, for each building type and damage level, a recovery function with respective recovery
phases is defined, e.g., by resorting to typical planning and construction times and respective subsystem
availabilities. Exemplary construction type dependent recovery times are shown in the Appendix A in
Table A1.

The prediction of a single threat type scenario can be fraught with inaccuracies because it is
difficult to estimate the threat position and the threat intensity can vary. Based on this fact and in
alignment to the generalized framework in Figure 2, the frequency that a certain threat Ti occurs at
a certain position

→
r j ∈ Aj is summarized within the susceptibility S

(
Ti, Aj

)
and hence the causal

chain in Equation (2) can be weighted with a probability that such an event occurs on Aj in the urban
surrounding. This step incorporates the probabilistic realm of the assessment scheme.

The introduction of an averaged time-dependent recovery process (Equation (3)) considers
multiple threat types and intensities (index i), threat positions (index j) and urban objects (index k).
Each combination is weighted with the corresponding susceptibility S

(
Ti, Aj

)
. Equation (3) quantifies

the averaged loss and recovery with respect to all possible threat events and urban objects, if a single
event occurs:

Q
(
t; np, Dg

)
= ∑

i
∑

j
∑
k

Qnp

(
t
∣∣∣V(

H
(

Ti,
→
r j; P

)
,
→
r bk

, Dg

))
· S

(
Ti, Aj

)
. (3)

The summation of the performance-time relations in Equation (3) results in a single quantity
to describe the resilience of urban environments. The recovery function Q for a single scenario is
characterized with the deterministic part of the framework in Figure 2. The consideration of multiple
scenarios and the corresponding probabilistic susceptibility weighting transfers the approach from a
scenario driven to a consequence based approach.

The introduced framework combines statistical data and physical approaches to evaluate urban
environments with respect to the region and the geo-spatial information of the urban surrounding
as well as properties of single urban objects, like the object use, constructional details, person densities
or the asset value.

Single elements of the introduced approach are validated in [22] and enable a postulation of
a resilience quantity for an arbitrary city. Furthermore, single resilience phases, like preparation,
prevention, protection or recovery can be evaluated with this structured methodology. In particular,
the susceptibility quantity, a generalized frequency of event an exposure measure, is an indicator for
preparation and prevention, the vulnerability quantity, a generalized damage expression characterizes
robustness and the recovery quantity characterizes response and recovery.

The presented framework intends to provide a quantitative methodology to achieve more robust
and sustainable cities. Subsequently, different urban forms are investigated with the introduced
approach. Based on the fact of a growing urbanization, the results should give insights for a sustainable
growth of agglomerated areas.

4. Analysis Examples of Different Urban Forms

An urban environment reflects a complex interaction of different zonings and functions.
Physical footprints are categorized in buildings, open spaces, traffic routes and landscapes and
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characterize the morphology [28]. Zonings distinguish between residential, retail, commercial,
financial, industrial or educational objects. The variables of a city describe the physical and social
characteristics and are dynamic in nature. Examples are physical constraints, growth, population (e.g.,
age, education or health), economic activities, environmental characteristics or community facilities.

The dynamic growth influences the footprint of a city and can result in a change of the zonings
and variables. Urban planning processes encompass a variety of technical and political challenges
to characterize and design the environment with respect to the well-being of the population and the
natural habitat. To manage the growth and the shaping for tomorrow, new development plans are
multi-dimensional in nature and match different variables.

The economic size of a city depends on the available infrastructure, for example. The mixture of
different social groups results in a stable community of an urban area (social cohesion). A pedestrian
area can give space for human interaction and creativity. The presented resilience framework can
be integrated to consider safety and security aspects. The challenge is to achieve a secure and
sustainable environment, which still allow for convenient living conditions. New development plans
should include policies and objectives to reflect or incorporate the needs of the five phases of the
resilience management cycle according to Figure 1 left. These aims have to be adopted depending in
particular on the physical layout and the dynamic urban variables, i.e., demographic, social, economic
or environmental.

4.1. Characterization and Modelling of the Urban Surroundings

The introduced framework is applied to three different examples representing main urban forms
which are oriented to existing cities. The comparison of a compact and a linear city model investigates
the resilience depending on the urban footprint. A further assessment describes a central business
district to investigate variations of object and construction types. The generated information is intended
to provide decision support for urban planning activities to integrate security and sustainability aspects
aligned with a dynamic and sustainable growth of agglomerated areas.

As introduced in Section 3, single buildings of the urban surrounding can be abstracted
characterized with a certain number of attributes. The consideration of each individual building
within a city would exceed the effort of investigation. The introduced framework uses, a set of
10 pre-defined and fully designed buildings [29]. Possible designs are oriented to the categories in
the left bar diagram of Figure 3. For each construction type, the physical properties are available to
characterize the robustness and hence certain structural damage effects in case of a disruptive event
occurrence [25]. Furthermore, the periods for planning and construction are available depending
on the building type and result in quantities to estimate the required recovery for the introduced
formulation in Equations (2) and (3). Table A1 in the Appendix A gives a detailed overview of the
used building types and time scales to estimate the recovery process.

Figure 3 (left) compares the three application cases concerning their construction types in
accordance to the list of pre-defined buildings. Based on the high connectivity and the mixture
of residential with other uses, the compact city includes a high degree of multi-family houses with
commercial use in the ground floor, indicated with “multi-family house +” in the left diagram of
Figure 3. Due to the clear separation of zonings, the linear city includes areas with a higher number
of industrial buildings and residential areas with single- or multi-family houses. Characteristic for a
district with specific task assignment, the central business district includes an increased number of
office buildings and office towers.

Next to the constructional characterization, a further description of the three city models includes
the description of building use types. The properties of the compact city become apparent by
comparison of the object use types, as shown in the right diagram of Figure 3. A high degree of
residential objects is mixed with a wide range of different other types within all sectors. Dual use
objects (residential and commercial) are considered as commercial use and result in the higher degree
of objects for retail and service. The linear city is dominated by approximately two thirds of residential
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objects. Besides this object type, buildings dedicated to finance, trading, retail and service dominate
the central business district.

 

Figure 3. Distribution of construction types (left) and object use types (right) depending on the
investigated city model.

4.2. Empirical and Spatial Distributed Evaluation of Disruptive Events

In alignment to the already published parts of the approach [22,23], the introduced framework is
applied to evaluate possible terroristic events in the considered urban forms. As shown in Figure 2,
a first step includes the quantitative susceptibility analysis. Statistical information from the Terror
Event Database [26,27] are combined with the geospatial characteristics of a city to evaluate possible
threat positions. Figure 4 visualizes the results with historical data of Western Europe and give the
information of possible locations with higher susceptibilities. The color code indicates locations with
the highest probability, if a single event occurs.

The results underline the characteristics of the three urban forms. A compact city includes a
high mixture of object types, no clear zonings and a higher building density, which is apparent in
the upper picture of Figure 4. There are several hotspots with a relative high susceptibility. The clear
separation of different zonings within the linear city results in area-covering susceptibilities within an
elongated area as shown in the middle picture of Figure 4. Broader areas with residential use generate
low criticalities. Finally, the lower picture shows the empirical area distributed results for the central
business district. Based on the clear assignment of object types, there are many objects with a similar
criticality. In opposite to the linear model, the derived susceptibility is slightly higher and there is no
local maximum.

The susceptibility approach in Figure 4 allows an efficient evaluation of possible threat types at
certain locations within a single quantity S

(
Ti, Aj

)
. The frequency of a disruptive event depends on

the empirical data of the threat type and object use. This information is distributed on possible event
positions in alignment to the investigated city models [22]. This probability quantity is combined
with the vulnerability approach to evaluate expected damage effects at certain positions

→
r o in the city

model of a certain damage type Dg, as introduced in the general overview of Figure 2.
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Figure 4. The quantitative susceptibility analysis combines statistical data per object use with the
geospatial information of an urban surrounding to evaluate possible threat positions. Comparison of
the three investigated urban forms. The susceptibility is given as probability of any dangerous event
per area of size, in case of an occurring disruptive event.

4.3. Quantitiative Risk Assessment in F-N Diagrams

The introduced methodology [22,23] uses physical and engineering models to assess expected
damage effects. Each combination of threat position Aj, as shown in Figure 4, threat type and intensity
Ti causes a certain degree of damage and is weighted with the derived susceptibility S

(
Ti, Aj

)
that

this event occurs. The results can be counted to events with N or more damaged buildings and a
corresponding cumulated frequency of occurrence. This information is collected for each investigated
urban form of the application examples within a frequency-number (F-N) diagram, see Figure 5.
Based on the investigated urban areas, combinations of buildings, threat types and threat positions
results in tens of millions possible combinations with respect to the formulations in Equations (2) and
(3) which exceeds the capacity of spreadsheet applications. Therefore, the investigated city models are
separated into single areas, which results in certain dispersion for each city in the diagram of Figure 5.

The dotted lines separate the diagram into regions for acceptable (green line) or not acceptable
(red line) risk quantities. The area between these two criteria marks the “ALARP” region, meaning as
low as practicable possible and optional mitigation measures should be considered in relation to their
efficiency [30]. Different criteria define the level of acceptance [31]. In this diagram, the “Groningen
criterion” according to [30] is chosen.
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Figure 5. Comparison of the investigated city models within a frequency-number diagram concerning
the expected damage and the comparison to criteria of acceptance. Based on the composition of
construction types and object uses, each city model results in varying probability that an event with N
or more damaged buildings occurs.

The central business district is characterized with many equal object types, which result in a
relatively uniform distribution of susceptibility, as indicated in the empirical approach in Figure 4.
This city model includes many robust construction types, like the high-rise buildings and results in
low vulnerabilities with rather restricted local building damage effects and these characteristics result
in the lowest quantitative risks of the three considered city models.

A larger proportion of construction types with a high vulnerability, e.g., single-family houses,
results for the linear city in the highest criticality of all three examples. The large areal dispersion and
the higher percentage of uncritical object types result in the lowest frequencies.

The compact city model includes a high mixture of different object types, a high building density
and results in several local hotspots. Different construction types lead to a varying severity concerning
the vulnerability. The lowest criticality of the compact city is higher rated than the maximum values of
the central business district, which is observable with the yellow and black curves on the ordinate in
Figure 5, for example.

Beside the derived risk quantities, the introduced framework enables the consideration of recovery
processes, which is quantitatively described as performance over time [22]. The performance is oriented
to the usability of an object and depends on the derived degree of damage.

4.4. Analysis of Recovery and Overall Resilience

The results for the response and recovery processes depending on the urban configuration are
compared in Figure 6. The application of Equation (3) is visualized in this diagram, meaning the
averaged loss of performance for a certain city model, if an adverse event occurs with respect to all
possible threat types, threat positions and buildings. The dispersion of risk, as shown in the risk
diagram of Figure 5 is eliminated in the performance-time relation by building the average.

In Figure 6, the high vulnerability for the linear city model is present with the strongest drop
of performance at the time of the impact. The smallest discontinuity at t = 0 underlines the robust
behavior of the central business district, which is congruent with the results of the risk analysis in
Figure 5. Full recovery time of the building usability of the central business district is twice as long
as in case of the linear model, which shows a relative short recovery behavior. This circumstance is
due to the fact that high-rise buildings have a longer construction time than multi-functional and
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single-family houses, as shown in the overview in Table A1. Hence, the mixture of different object and
construction types of the compact city is also reflected with the performance-time relations.

Figure 6. Comparison of the performance-time relation of the three investigated city models based on
the average of the derived risk quantities in combination with expected recovery times.

Per the definition, as shown in Figure 1 (right), an often used single quantity to measure the
resilience of a system is realized by integration of the performance loss over time or the loss per
time is often used [11,32]. The recovery capabilities are determined in the following with respect to
a performance loss function per duration time of disruption (second division by tnp − t1), a kind of
performance function loss gradient,

RQ =
1

Qmax

(
tnp − t1

)2

np−1

∑
p=0

tp+1∫
tp

(Qmax − Q(t))dt (4)

Additionally, to the pure risk assessment, the recovery behavior influences the target quantity of
acceptable resilience. The elongated form of the linear city results in areas, which will be not affected
by critical objects and hence small susceptibilities. Many of the residential objects are constructed as a
single-family house with masonry wall constructions and result in strong vulnerabilities and hence in
critical risk values. The simple construction types include short recovery to reach the initial usability,
which has a lasting effect on the defined resilience quantity. The application of Equation (4) shows
that the linear city (RQ = 0.27 [loss per time]) has almost the same averaged performance loss per
time than the central business district (RQ = 0.26 [loss per time]). Because of the larger proportion of
similar object use types, the central business district includes no single hotspots. The averaged risk
depends mainly on the vulnerability. The considered construction types to the larger extent of office
buildings or towers include longer recovery phases, which is the reason for similar resilience quantities
compared to the linear city.

Small free spaces and a high mixture of object types are the main reasons for an aerial susceptibility
with several hot spots within the compact city model. A great variety of construction types result
accordingly in a broad spread concerning expected damage effects but also in parts with robust
behavior and short recovery phases. Within the three applied models and in alignment to the
introduced methodology, the outcomes point out that the compact city (RQ = 0.22 [loss per time])
results in the smallest quantities concerning the averaged performance loss over time. This is a very
interesting result, since the compact city is also favored from many other perspectives including
sustainability and quality of living.
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The three application examples underline the benefit of a susceptibility, vulnerability driven and
risk-informed resilience assessment. The extension on the further dimension of recovery allows a more
precise and deeper evaluation compared to classical risk assessment schemes. Low vulnerability or a
high susceptibility results in critical risk values. However, in combination with short recovery phases,
such systems can still be comparatively resilient despite critical risk quantities. From a risk perspective,
the costs of the overall recovery phase have to be quantified adequately. From a resilience management
perspective, classical susceptibility, vulnerability and risk cover only parts of the resilience management
cycle. Hence, a correlation between risk and resilience is not mandatory.

The new framework allows a quantification which resilience phase is more effective for the
considered urban area. Based on the multi-dimensional and complex characteristics of a certain
city type, generalized statements about a most effective resilience improvement measure are not
available and requires an individual investigation per city and the examination of different resilience
phases. If the assessment results in relatively high susceptibilities, preparation or prevention measures
will be more powerful. Protection measures are adequate, if the considered system exhibits high
vulnerabilities. Decreasing damage effects result in smaller recovery efforts and require lower efforts
concerning the response.

The response and recovery perspective, with focus on reconstruction offers the additional
quantification of resilience in terms of recovery times, recovery slopes and expected loss. A steeper
slope of the performance function results in a faster recovery and is considered in the applied
expression to give an idea of rapidity within the recovery phase. The introduced formulation in
Equation (4) results in a single quantity and gives the option of comparability between different cities
or resilience improvements.

5. Summary and Conclusions

Within this paper, a risk-based method, as introduced in [22], is applied to three different urban
forms and expanded to the aspect of recovery to get insights concerning the resilience of urban areas.
Based on a decisive definition of the terminology, the present paper introduces a mathematical concept
for the quantification of resilience. Different quantities are identified to be most relevant for the five
resilience management phases. Urban modelling quantities have a lasting effect on the preparation
phase for resilience. The susceptibility analysis is able to evaluate the prevention phase. Protection
measures can be matched with the vulnerability and risk quantities. Recovery processes can be
matched with the estimation of time spans for different urban objects. Response measures are only
indirectly matched with consideration of other resilience management phases.

The combination of risk quantities and recovery processes deliver a time dependent estimation of
performance to quantify resilience. The application of different enhancement measures allows then the
evaluation of the effectiveness for single resilience management phases. Preparation, prevention and
protection measures can be directly addressed. The management phases of response and recovery are
indirectly supported. An increased robustness results in smaller damage effects and hence in smaller
efforts concerning response and recovery, for example.

Complex and mostly qualitative social aspects are not considered, but the derived approach
delivers a precise estimation of expected losses in terms of loss and degree of recovery of built
functionalities of urban objects. However, the performance of buildings is not yet quantified and prized.

The risk-based resilience approach is applied to three typical urban forms concerning the damage
type building collapse. The building density, the mixture of object types and the applied construction
types determine the various resilience management quantities. City quarters with a clear and
homogeneous allocation of use types result in an approximately uniform distribution of susceptibility
and the risk depends mainly on the vulnerability effects, as shown with the results of the central
business district. Therefore, the application of protection measures would be most effective to result in
a resilient surrounding.
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The extension on recovery as a further resilience dimension shows that an increasing robustness
or low risk values alone are not sufficient to qualify resilient systems. The example of the linear city
results in stronger damage effects but a similar resilience quantity compared to the central business
district, based on shorter recovery times. The approach allows a quantitative comparison, how effective
the investigation of further resilience phases, like preparation of prevention, which could be an option
if there are several hotspots at risk.

The high mixture of object and construction types within a compact city results in several hot
spots but the composition results in a robust behavior an short recovery and hence in the most
resilient morphology in terms of recovery behavior without application of enhancement measures.
The inhomogeneous distribution repeals scenarios with strong damage effects or long recovery phases.
This fits nicely with the often-attributed sustainability and societal acceptance of compact city forms.

Building density or the distribution of objects, free spaces, construction type or the use of a
building are main attributes, which will influence the resilience of an urban surrounding. The results
deliver information on how growing agglomerations can be sustainably designed also with regards
to new threats. The overall framework and calculation methods builds a possible basis for urban
planners, decision makers or insurance companies to analyze and optimize designs of city areas.

Within this paper, terroristic threats are exemplary evaluated. Based on the clear definition,
this framework allows also an evaluation of other main kind of disasters. This requires the availability
of statistical data and appropriate models to assess expected damage effects. Examples could be
models in the range of earthquake events [33] or flood risks [34].

The introduced framework uses validated engineering models and the comparison to real events
underline the accuracy of the statistical data. The estimation of recovery phases based on expert
knowledge and results in capable quantities to postulate resilience. A possible deviation of recovery
times is currently not considered and will be a point of reference for future research. Similar to social
aspects, which are currently only indirect matched.

Author Contributions: Besides the work of K.F., the following contributions are provided by the coauthors: S.H.
supervised the research that leads to the content of this paper. W.R. gave contributions within the application
examples and the definition of the city models. I.H. helped to define the mathematical formulations, presented in
this paper.

Acknowledgments: The research leading to these results has received funding form the European Commission’s
7th Framework Programme within the EU project EDEN under grant agreement no. 313077 and VITRUV under
grant agreement no. 261741. The contribution of Andreas Bach and Ingo Müllers (Schüßler-Plan Engineering
GmbH) for the provision of the list with pre-defined construction types including the estimated time scales is
gratefully acknowledged.

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A

Table A1. Overview of pre-defined building types, their construction and time-scales for planning and
construction to estimate the recovery process [29].

Construction Type Construction
Number
of Floors

Recovery Time [month]

Planning,
Approval

Construction

Single-family house
Masonry (walls)

Reinforced concrete
(slabs, beams)

3 9 11

Multi-family house Reinforced concrete
(walls, slabs, beams) 6 15 13

Block of flats Reinforced concrete
(walls, slabs, columns) 17 18 18
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Table A1. Cont.

Construction Type Construction
Number
of Floors

Recovery Time [month]

Planning,
Approval

Construction

Industrial building Steel (beams)
trapezoidal steel profiles (roof, walls) 1 18 14

Multi-family house,
mixed use

Reinforced concrete (walls, columns, slabs)
Steel (columns)

Timber (girders)
4 15 13

Sports hall Reinforced concrete (walls, columns, slabs)
Steel (roof construction) 1 15 18

Shopping mall
Reinforced concrete (walls, slabs, columns)

5 20 22
Office building 7 18 18

Office tower 13 20 22

Public transport
terminal

Reinforced concrete (walls, slabs, columns)
Steel (roof) 1–2 24 24
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Abstract: Place attachment is an emotion that people experience in connection to a specific place
and it is needed to maintain a sustainable neighborhood community. The emotion is affected by
various factors, such as experience, function, environment, and satisfaction. This study focuses
on commercial structures, which are one feature that characterizes the physical environments of
neighborhoods. The aim of this study is to determine the effects of commercial activities in different
commercial environments on social bonding and place attachment in residents. Two sites were
selected for analysis due to their different commercial environments, and path analysis was used to
examine the relationships among factors. The results indicate that commercial activities, which can
vary according to commercial type, had both direct effects and indirect effects through social bonding
between residents on place attachment. These results suggest that the commercial environment is an
important element affecting the community and place attachment of residents in neighborhoods.

Keywords: place attachment; commercial types; commercial activities; social bonding; physical
activities

1. Introduction

In light of the emotions, intimacy, and happiness that people feel in connection to their
neighborhoods, there is more than functional and physical meaning to neighborhoods. The emotional
ties of residents to the area in which they live can be defined as place attachment to a neighborhood.
Analysis of such has been extensively addressed in looking at the emotional experiences of people and
people’s ties to places in terms of various factors of function and satisfaction [1–4]. Place attachment is a
concept similar to residential satisfaction in terms of cognition about a physical environment, with one
important distinction. If residential satisfaction is a functional evaluation of a place of residence from
the viewpoint of the people living there, then place attachment is an emotional evaluation of the place
of residence. In order to foster a salubrious neighborhood, it is necessary to consider not only the
functional aspects of a place, but also the psychological and emotional demands of human beings.
In this context, place attachment can be an important criterion of residential environment evaluation [5].
Since place attachment is formed when a person is psychologically connected to a specific place, it can
be a source of relief for residents amid the rapid changes of modern urban environments.

Place attachment can be formed by various factors. In the work of Lewicka [6], which analyzed the
studies of place attachment within the past 40 years, various variables including socio-demographic,
social, and physical predictors are identified in place attachment. Many of the previous studies
related to place attachment in neighborhoods have been conducted in terms of the influence of
physical environment characteristics on place attachment in local residents [7–11]. This is because
place attachment is basically an emotional bond that a person has with a place. On the other hand,
some studies [4,7,9] have analyzed the influence of social bonds on place attachment, focusing on the
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social ties of residents of a neighborhood. Additional other studies [7,12,13] have investigated the
influence of people’s personal characteristics on place attachment.

Overall, research results show that physical environment characteristics such as place, personal
characteristics of individual residents, and characteristics of social relationships between residents
influence the formation of place attachment among locals. Based on these results, the focus of
this study is the relationships among these various physical environment characteristics and place
attachment. Beyond the influence of place attachment on individual variables, it is necessary to
clarify the mechanism of the relationship of structural influence among the features of physical
environments, the personal characteristics of residents, and social bonding. In order to establish the
relationship between place attachment and its influencing variables, it is necessary to understand the
interaction between people and place—as well as between people and people—in the physical features
of neighborhoods. In this study, we focus on “activities” as a key parameter in our understanding of
the relationships between the variables affecting place attachment.

From the perspective of environmental psychology, human activities arise in the context of an
environment. Many studies have demonstrated the relationships between physical environment and
people’s activities [14–17]. If the neighborhood environment affects people’s activities, and if the
activities affect the level of place attachment, then it is possible to discuss which characteristics of a
neighborhood environment ultimately promote place attachment. If the unique physical environment
of a neighborhood increases the amount and types of activities pursued by its residents—thereby
positively impacting place attachment—then physical environment characteristics stand to provide
urban design implications for a salubrious neighborhood.

Among various activities that occur in a neighborhood, this study focuses on commercial activities.
Commercial activities are basic, essential activities in people’s daily lives. Depending on the type
of commercial facility, however, the style of activities can be very different. Various types and
characteristics of commercial facilities are identified based on their location, usage, and surroundings,
but commercial facilities can be compared in two basic forms: street shops, which are located along
the streets of residential environments, and mall-type shops, describing a configuration in which
shops are concentrated in specific buildings (in contrast to street shops). In terms of the commercial
environment of a neighborhood, this difference in commercial form can impact the commercial
activities of residents. As a result, the distinction can manifest as a difference in neighborhood
activities. In a neighborhood with small shops, small quantities of goods are frequently purchased.
In contrast, in a neighborhood with large marts, large amounts of goods are purchased less frequently.
Additionally, if an individual uses a car to purchase a large quantity of goods, then the individual may
have fewer opportunities to come into contact with her or his neighbors and have less interaction with
the neighborhood environment than when walking on foot. Thus, these differences in commercial
activities may lead to differences in face-to-face opportunities among human beings. The activities of
the residents in a neighborhood can be a driving force for local initiatives such as local revitalization
and community spirit.

In this respect, commercial forms affect the physical activities of people and are, therefore,
an important subject of study in terms of social bonding among residents in a neighborhood and
the promotion of place attachment. Various physical elements of neighborhoods have been studied,
including walkability [17,18], street connectivity [19], land-use mix [15,16], pedestrian and traffic
safety [20], and recreation facilities and parks [16]. In contrast, however, few studies have focused
on the physical elements of commercial activities and commercial types—one of the basic activities
of people’s daily lives. Indeed, there are no studies to analyze relationships among the influencing
factors of place attachment, such as the effects of commercial form on people’s commercial activities
and the effects of commercial activities on social bonding and place attachment. Therefore, this study
investigates the effects of “activities” as a function of commercial form in relation to the physical
environment of a neighborhood, social bonding between residents, and place attachment.
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2. Previous Studies

2.1. Place Attachment

The concept of attachment can be applied to explain the relationship between human beings
and the environment (that is, our interest in a specific place or community), although the concept
is mainly described in terms of people’s connection to other people, such as infants and parents or
family and friends. Recent research has focused on attachments and so-called place attachments in
terms of “friendliness to physical places” in contrast to the relationship networks between people
that are emphasized in sociological research. Place attachment can be understood in two dimensions:
place identity and place dependence [21]. Proshansky [22] defines place identity as “a complex pattern
of beliefs, values, feelings, expectations, and preferences relevant to the nature of the physical world,”
which is a complex cognitive structure of a person at a specific place. Place dependence is a functional
relationship with a person’s residence (or other specific area) and may be explained by comparing one
place with another according to individual needs. In this sense, place dependence is defined in terms
of whether a particular area or facility functions in accordance with a user’s activities [23].

Place attachment is a complex concept that describes the interaction of emotional or symbolic
relationships, emotions that are formed in a single physical environment, and human interrelationships
and feelings occurring in that particular place. In other words, place attachment shows the ways in
which a place is more than just a physical environment. Place attachment arises not only from the place
itself, but also from emotions due to consciousness, experience, psychological reaction, symbolism,
and other complex functions of cognition that people associate with the place [24]. Thus, we can define
place attachment as being caused by empirical experiences that occur when people consistently interact
with a specific place. From this point of view, if the residents in a neighborhood engage in continuous
visits and activities in a specific place, a positive relationship may be found between people and place
in the form of place attachment.

2.2. Place Attachment in Neighborhoods

Place attachment refers to an emotional factor between people and physical spaces. In this context,
research trends related to place attachment have examined personal, social, and regional differences
in place attachment, together with the factors affecting place attachment. Existing research mainly
deals with personal and social variables (such as race, age, and economic power), time variables
(such as duration of residence and satisfaction with the local environment), and spatial characteristics.
This multifactorial lens suggests the complexity of the feeling of place attachment.

It is generally accepted that levels of satisfaction with people’s residential environments are
highly related to place attachment [7–11]. In order to maintain place attachment, certain neighborhood
environment standards must be achieved. In declining residential areas, the level of attachment of
people to their place of residence will decline, and relocation will be considered due to deterioration of
the quality of life [25]. Place attachment occurs mainly through neighborhood environments and in
bonding with neighbors. Neighborhood satisfaction, which is a passive, direct experience—as opposed
to social bonding with neighbors (which needs to be actively pursued during settlement in a new local
environment or following neighborhood redevelopment)—plays an important role in the formation of
place attachment [4]. In addition, place attachment has different characteristics depending on the scale
of a place, such as a city versus a smaller neighborhood [2,26].

In the physical environment of a neighborhood, place attachment changes according to the
personal and social characteristics of the people directly experiencing place attachment. There are
differences depending on whether people reside in a home of their own, on race [7], and on whether
people are indigenous or immigrants [12]. If there is a link between residents and a neighborhood
wherein place attachment is formed, positive effects are noted in the neighborhood environment.
Home ownership, race parity, and indigenous people inspire a sense of belonging to an area.
In this respect, bonding with neighbors is an important factor in place attachment. When this bond
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is strong, place attachment is positively affected [4,7,9]. On the contrary, if there is a low level of
solidarity among residents and people move frequently, the formation of place attachment can be
difficult [3]. To increase social bonding between neighbors, contact with neighbors and time spent
together must increase. In other words, the accumulation of experience in the neighborhood is
important, and experience is generally proportional to time. A variable that represents this relationship
in the context of neighborhoods is duration of residence. Many studies have shown that residence
period has an impact on place attachment [7,9,27,28].

In order to foster strong social bonding and place attachment among residents, residents should
be active in their neighborhood, and the neighborhood environment should reflect their desires.
The physical environment of various neighborhoods is related to the activities of people. Especially,
focusing on commercial environments, it has been found that mixed-land use [15], retail floor area
ratio [29], and commercial facilities [30,31] affect people’s walking activities. Walking also positively
affects resident bonding [32], and walking-friendly neighborhood conditions can improve people’s
sense of community [33,34]. This correlation explains the importance of a neighborhood’s physical
environment relative to the amount and types of activities that occur therein in the context of place
attachment. Accordingly, this study aims to investigate the effects of commercial activities on social
bonding by neighborhood commercial types, together with the impact on place attachment.

3. Methods

3.1. Study Areas

Neighborhoods characterized by different types of commercial structures were selected in order
to analyze the relationship among commercial types, commercial activities, social bonding, and place
attachment. The distinction is between commercial types of street shops or a shopping mall. First,
Lancry in Paris, France, was selected to represent the street shops type (see. Figure 1). The whole area
is characterized by medium-rise buildings with an average of six to seven floors. On the first floors of
buildings, various small shops including commercial, service, and manufacturing shops are located
along the street. The upper parts of the buildings are composed of residential living spaces. Lancry
is included in a grouping of 11 regions that comprise the business district of Vital’Quartier, initiated
in 2004 by the Société d’Economie Mixé d’Aménagement de l’Est de Paris (SEMAEST) as part of the
commercial revitalization project in Paris. It can be seen as a commercial type of street shop.

 

Figure 1. Lancry.

The opening of large shopping malls in Paris is regulated by law as “La loi Royer” (1973)
and “La loi Raffarin” (1996) and permission is required to open stores over 300 m2 by Raffarin law.
For this reason, mall-type commercial areas should be chosen outside of Paris. La Défense was chosen
as a representative shopping mall type among commercial areas (as compared to street shop type).
La Défense (see Figure 2) is a representative new town in France and has two large shopping malls
(CNIT and Quaten Temps). Thus, unlike the street shops seen in Paris, large, mall-type commercial
facilities are used by residents of La Défense for various shopping activities.
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Figure 2. La Défense.

The average age of residents in Lancry is 37 years old and the population density is 38,160/km2.
There are 6.1 stores per 100 m among bars, cafes, and restaurants, and 26.8 stores per 100 m among all
kinds of shops. The housing density in Lancry is 244 log./ha [35]. La Défense is distributed across
three zones—Courbevoie, Puteaux, and Nanterre. In this study, the average values for Fb de l’Arche
(Courbevoie), Gambetta (Courbevoie), and La Défense (Puteaux) were used. In the case of La Défense,
the average age is 35.33 years with a population density of 17,836.67/km2. There are, on average,
1.57 shops for bars, cafes and restaurants, with an average of 9.53 stores per 100 m. The housing density
in La Défense is 94.67 log./ha [36]. This information indicates that Lancry has a higher density of
shops than La Défense, which means that the residents in Lancry have a higher accessibility to shops
than La Défense.

3.2. Variable Settings

First, the two commercial types were changed to dummy variables (street: 1, mall: 0) to determine
the effects of the commercial types. The weekly shopping frequency of residents depending on the
commercial type was measured to represent levels of commercial activities (1 to 5 points). Aspects of
social bonding were established as variables to determine whether bonding among residents affects
place attachment, and the items were related to levels of closeness among neighbors. Place attachment
variables were measured using place identity (measured by a fundamental question about the
extent to which residents feel attached to their neighborhood) and place dependence, which is a
functional necessity.

By definition, place attachment is affected by levels of attachment in residents to a specific
place. Accordingly, neighborhood environments and place attachment have been the main subjects of
previous research. In this study, the following variables were set as environmental factors in order
to scrutinize environmental factors through an analytical lens. First, parameters of “satisfaction with
commercial infrastructure” and “satisfaction with commercial quality” were set in terms of commercial
environment satisfaction. Two variables were set to determine whether the physical features of
commercial environments influence place attachment or whether qualitative factors of shops have
effects on place attachment. In addition, the variable of “satisfaction with neighborhood facilities” was
set in order to confirm the effects of neighborhood environments in the findings of previous research
on place attachment.

3.3. Questionnaires and Data Collection

Table 1 shows that questionnaires consisted of items about place attachment, social bonding,
commercial satisfaction, and resident satisfaction with neighborhood facilities. The items related to
place attachment and social bonding were reconstructed based on previous studies [9,11,37]. The items
on commercial satisfaction and neighborhood satisfaction were constructed based on the activities
and direct experiences of the residents in the neighborhoods. Complete questionnaires included five
items on place identity, five items on place dependency, five items on social bonding, eight items
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on commercial satisfaction, and six items on neighborhood satisfaction. All of the above items were
measured on a five-point scale.

Table 1. Questionnaire items.

Factors Items

Place attachment

Place identity

This neighborhood is important in my life.
I say that I live in this neighborhood when I introduce myself.
If someone asks me about this neighborhood, I can answer the questions.
I am proud to live in this neighborhood.
This neighborhood is special to me.

Place dependence

This neighborhood is suitable to my line of work.
This neighborhood is better to live in than other neighborhoods
I do many activities around this neighborhood.
Leaving this neighborhood causes me to feel sad. I would live in this
neighborhood even if I had the chance to move to other areas.

Social bonding

I know the residents of my neighborhood well.
I have friendly neighbors to talk to.
I have many friends in the neighborhood.
I attend neighborhood gatherings often.
I attend the event of neighborhood often.

Satisfaction with commerce Number of shops, types of shops, necessary shops, price of products,
service of shops, type and quality of products, distance to shops.

Commercial activities Shopping frequency.

Satisfaction with neighborhood facilities Green space, public and cultural facilities, public transportation,
education services, safety, pedestrian environment.

Commercial type Street shops-type neighborhood: Lancry.
Mall type-neighborhood: La Défense.

Note. Place identity and place dependence items, as well as social bonding items, are in a designated order (e.g.,
identity 1, identity 2); Commercial type: Street shops = 1, Mall = 0.

Six surveyors performed surveys from 10 am to 7 pm in Lancry (26–27 June 2015). In La
Défense, the same six surveyors conducted surveys from 10 am to 7 pm (30 June 2015). Sampling was
conducted using a convenience sampling method, and data were collected evenly across age group
and gender. Before starting the surveys, the surveyors ensured there was “agreement to participate
in the questionnaire” and that the participants were “were residents of Lancry or La Défense.” Here,
60% of respondents participated in the survey and a total of 164 questionnaires were collected. Of the
returned questionnaires, 94 were collected from residents of Lancry and 70 from residents of La
Défense. In Lancry, the questionnaire was distributed among local residents passing through the
streets where the shops are located, whereas in La Défense, the survey was distributed in residential
areas, squares, or parks in the greater La Défense area rather than the shopping mall itself. Since the
large shopping mall in La Défense is a commercial center with mass appeal, local residents, in addition
to people coming from distant areas to shop, were potentially involved in the survey. For accuracy
of communication, the questionnaire was a non-English version conducted in French. The collected
questionnaires were coded using SPSS 21 statistical software (IBM, NEWYORK, USA).

3.4. Research Design

This study focuses on the influence of commercial activities on social bonding and place
attachment among residents of a neighborhood. To accomplish this, we performed the following
two-step model setting process. First, note that commercial activities will affect social bonding between
residents as well as place attachment; this is because a larger amount of activity in a neighborhood
allows for more opportunities to meet neighbors and experience the neighborhood. Second, note that
commercial activities are influenced by satisfaction with the commercial and physical environments
according to different commercial types (e.g., street shops or mall types), which are likely to affect
commercial activities.
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This study uses two models. Model 1 analyzes each site individually to determine the effects
of commercial activities on social bonding, as well as the direct and indirect effects of commercial
activity on place attachment. A larger amount of commercial activities leads to higher activity in the
neighborhood. The relationships between shop owners and neighbors are formed through the spaces
in the neighborhood, such as shops and streets, and social bonding is an important factor that leads
to attachment to the neighborhood. In addition, if people continue to use a space, they will develop
feelings about that space, which can lead to place attachment. Model 2 analyzes the two sites combined
to determine the different commercial types that affect commercial activities. The type of commercial
environment, consisting of street shops or malls, can affect the commercial activities depending on
accessibility. In the case of street shops, the shops are located near the houses and a pattern of frequent
purchases of small quantities of goods will appear. However, accessibility in a mall-type commercial
environment is lower than that for street shops, and instead exhibits a pattern of buying many goods
at once.

3.5. Data Analysis Using Path Analysis

Based on the collected survey data, the following analysis process is conducted to confirm the
purpose of this study. First, factor analysis is conducted based on questionnaire items to derive analysis
factors. Second, correlation analysis is performed to analyze the correlation between factors and to
remove factors with high relevance. Finally, analysis of the research model shown in Figure 3 is
conducted through path analysis using the Amos program.

Figure 3. Research models.

Path analysis is a technique for explaining the causal relationships between variables in a
non-experimental situation. The validity of the causal relationships between variables is examined
using the collected data. The effects of any one variable on another variable are called direct effects,
while the effects of one variable on one (or more) variable(s) by way of other variables are called
indirect effect. The purpose of this study is to analyze direct and indirect effects of commercial activities
on social bonding and place attachment, and effects of commercial types on commercial activities
using path analysis based on collected data.
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4. Results

4.1. Demographics and Factor Analysis

The demographic characteristics of the subjects were as follows (see Table 2). Of 164 total subjects,
87 were males and 77 were females. In terms of age distribution, the highest proportion of the sample
was people in their 30s (24.4%), followed by those in their 20s (23.8%), and those in their 40s (14.6%).
The average age of participants is 39.89 years old in Lancry and 34.22 years old in La Défense. The
highest proportion of the sample claimed a residence period of 4–10 years in a neighborhood (31.7%),
followed by 1–3 years (21.3%). In addition, 47% of the residents had lived for longer than 10 years in
the neighborhood. Distribution according to site was 57.3% in Lancry and 42.7% in La Défense.

Table 2. Demographics.

Factors
Lancry La Défense Total

N (%) N (%) N (%)

Sex
Males 51 (54.3) 36 (51.4) 87 (53)

Females 43 (45.7) 34 (48.6) 77 (47)
Total 94 (100) 70 (100) 164 (100)

Age

10s 7 (7.4) 15 (21.4) 22 (13.4)
20s 23 (24.5) 16 (22.9) 39 (23.8)
30s 20 (21.3) 20 (28.6) 40 (24.4)
40s 17 (18.1) 7 (10.0) 24 (14.6)
50s 16 (17.0) 4 (5.7) 20 (12.2)

60s and over 11 (11.7) 8 (11.4) 19 (11.6)
Total 94 (100) 70 (100) 164 (100)

Residence period

1–3 years 23 (24.5) 12 (17.1) 35 (21.3)
4–10 years 26 (27.7) 26 (37.1) 52 (31.7)
11–15 years 13 (13.8) 16 (22.9) 29 (17.7)
16–20 years 16 (17.0) 10 (14.3) 26 (15.9)

21 years 16 (17.0) 6 (8.6) 22 (13.4)
Total 94 (100) 70 (100) 164 (100)

Factor analysis was performed twice. The first group included items related to commerce and
neighborhood facilities, and the second group included items related to place attachment. The final
factors are “satisfaction with commercial infrastructure” (SCI), “satisfaction with commercial quality”
(SCQ), “satisfaction with ‘neighborhood facilities” (SNF), “place attachment” (PA), “social bonding”
(SB) (see Table 3), and “commercial activities” (CA).
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Table 3. Factor analysis.

Factors Factor Loading Cronbach’s α

Satisfaction with commercial infrastructure
Necessary shops 0.840

0.758Number of shops 0.691
Distance to go to shops 0.683

Satisfaction with commercial quality

Types of shops 0.676

0.618
Type and quality of products 0.814

Price of products 0.689
Service of shops 0.654

Satisfaction with neighborhood facilities
Green space 0.853

0.658Public and cultural facilities 0.760
Pedestrian environment 0.654

Duration of residence

Place identity 5 0.797

0.891

Place dependence 2 0.765
Place identity 4 0.764
Place identity 1 0.758

Place dependence 3 0.745
Place dependence 4 0.713

Place identity 3 0.663
Place identity 2 0.660

Place dependence 5 0.594

Social bonding

Community 3 0.845

0.778
Community 2 0.797
Community 1 0.757
Community 4 0.626

Table 4 shows that the averages for the factors are different according to the site. For SNF, the value
for La Défense (3.55) was higher than the value for Lancry (3.14). However, for the other factors of
PA (Lancry: 3.52; La Défense: 3.04), SB (Lancry: 2.98; La Défense: 2.75), SCI (Lancry: 3.65; La Défense:
3.42), SCQ (Lancry: 3.44; La Défense: 3.23), CA (Lancry: 2.80; La Défense: 2.31), and residence period
(Lancry: 13.38; La Défense: 10.54), the values for Lancry were higher than the values for La Défense.
Especially, CA in Lancry (2.80) was higher than in La Défense (2.31), which means that CA can vary
depending on the commercial presence.

Table 4. Average value of factors (t-test).

Factors Site N Avg. S.D. S.E. t

Satisfaction with commercial infrastructure
Lancry 94 3.65 0.63087 0.06507

2.140 **La Défense 70 3.42 0.76084 0.09094

Satisfaction with commercial quality Lancry 94 3.44 0.58294 0.06013
2.248 **La Défense 70 3.23 0.57972 0.06929

Satisfaction with neighborhood facilities Lancry 94 3.14 0.76911 0.07933 −3.487 **La Défense 70 3.55 0.69710 0.08332

Social bonding Lancry 94 2.98 0.75956 0.07834
1.846 *La Défense 70 2.75 0.83839 0.10021

Place attachment
Lancry 94 3.52 0.67531 0.06965

4.495 ***La Défense 70 3.04 0.69590 0.08318

Commercial activities
Lancry 94 2.80 1.08039 0.11143

2.956 ***La Défense 70 2.31 1.02918 0.12301

Duration of residence
Lancry 94 13.38 11.51913 1.18811

1.931 *La Défense 70 10.54 7.25456 0.86709

* p < 0.1, ** p < 0.05, *** p < 0.01.

4.2. Path Analysis and Indirect Effects

Path analysis was used to examine the effects of individual factors. Model 1 (Lancry model:
p = 0.303, CMIN/df = 4.851, RMR = 0.032, RMSEA = 0.048, GFI = 0.983, AGFI = 0.912, NFI = 0.964,
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IFI = 0.994, CFI = 0.993; La Défense model: p = 0.882, CMIN/df = 0.295, RMR = 0.020, RMSEA = 0.000,
GFI = 0.994, AGFI = 0.970, NFI = 0.974, IFI = 1.068, CFI = 1.000) is presented in Figure 4. CA (Lancry:
β = 0.179, p < 0.1, La Défense: β = 0.340, p < 0.01) had a positive effect on SB, and SB (Lancry: β = 0.660,
p < 0.01, La Défense: β = 0.226, p < 0.1) positively affected PA in both sites. However, the relationship
between CA and PA is significant only in Lancry (β = 0.124, p < 0.1).

SCI and SCQ did not have significant relationships with CA in either site, but they did affect PA
in the Lancry model (SCI: β = 0.146, p < 0.1, SCQ: β = 0.161, p < 0.05). On the contrary SNF (β = 0.253,
p < 0.05) affected PA only in the La Défense model.

Figure 4. Path analysis of model 1.

Figure 5 presents a path analysis of model 2 for the two sites (p = 0.003, CMIN/df = 3.275,
RMR = 0.025, RMSEA = 0.118, GFI = 0.968, AGFI = 0.849, NFI = 0.883, CFI = 0.907). The results
show what factors affect CA. In this model, only CT (β = 0.215, p < 0.01) had positive effects on CA,
while commercial satisfaction (e.g., SCI and SCQ) did not significantly affect CA. Further, CA affected
SB (β = 0.272, p < 0.01), while PA (β = 0.186, p < 0.01) and SB (β = 0.305, p < 0.01) significantly affected
PA. Especially, the relationship between CA and PA here is stronger than that in model 1; the reason
for this is the variability of CA was expanded by combining the data of the two sites.

Figure 5. Path analysis of model 2.

Table 5 shows the indirect effects of CA through SB on PA. Analysis was conducted using
two-tailed significance in Amos. First, in the Lancry case, the indirect effect of the path CA → SB → PA
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was 0.118 (p < 0.05), which was significant. In the La Défense, the indirect effect of CA → SB → PA was
0.076 (p < 0.05). Last, in the combined model, the indirect effect of CT → SB → PA was 0.083 (p < 0.01),
which was statistically significant.

Table 5. Analysis of indirect effects.

Model Site Path Direct Effects Indirect Effects Total Effects

1
Lancry CA → SB → PA 0.124 0.118 ** 0.242

La Défense CA → SB → PA 0.142 0.076 ** 0.218

2 Two sites CA → SB → PA 0.186 0.083 *** 0.269

* p < 0.1, ** p < 0.05, *** p < 0.01.

5. Discussion

Previous studies have mainly focused on the satisfaction of residents with a specific place in
terms of the relationship between the neighborhood environment and PA. In contrast, this study finds
that CT, which is the physical form of certain distinguishing characteristics in a neighborhood, affects
the activities of people (such as CA) and that CA positively affects SB and PA. Place attachment (PA)
refers to the emotions that a person has in connection to a specific place and his or her experience of
activities therein. Accordingly, it was necessary to discuss not only people’s primary satisfaction with
the physical space, but also whether the characteristics of the physical environment led to certain types
of human activity, thereby affecting level of PA. Therefore, this study analyzed the CT and CA, as well
as SCI and SCQ as influencing factors of place attachment. The results are as follows.

First, PA was influenced by the satisfaction factors of the neighborhood environment, and PA
differed in each case according to the neighborhood characteristics. Model 1 showed that Lancry and
La Défense had different factors that influenced PA. Further, note that PA is a complicated emotion
that is influenced by various factors. Therefore, high satisfaction with neighborhood environments
can affect PA. In the case of Lancry, satisfaction with the commercial environment (SCI and SCQ)
had a positive effect on PA because of the high density of shops and high accessibility. On the other
hand, La Défense is a new city with appropriate walking areas (i.e., without cars), parks, green areas,
and cultural facilities that have been well developed, thus, the neighborhood environment satisfaction
(SNF) positively influenced PA.

Second, analysis of the neighborhood CT considering street shops and malls supports our
hypothesis presented herein. It was confirmed that CT affects the CA of residents, however commercial
satisfaction (SCI and SCQ) did not affect CA; this indicates that commercial satisfaction can improve
the PA of people through emotional means, especially through the use of spaces. However, PA does
not alter the pattern of shopping in daily life because people typically only buy products when they
are needed. This finding confirmed that, in part, the higher value of CA of residents was found in
the neighborhood with street shops than in the neighborhood with malls. From the standpoint of
neighborhood design, this result shows that different types of commercial structures can produce
different patterns of daily life in neighborhood residents. In a neighborhood with street shops, with a
high shopping frequency, CT acts as a factor that increases opportunities among residents to meet with
one another relative to these opportunities in neighborhoods with other commercial features. Therefore,
it is expected that SB will increase in neighborhoods with street shops as well as the promotion of local
affection among residents. This expectation is supported by the finding that CA has a positive effect
on SB. Increased levels of activity lead to the accumulation of neighborhood experiences with other
residents, which leads to the formation of bonds between locals and place attachment.

Finally, the most important factor in this study is the “activities” element. The results show that
increased SB of residents is due to the CA of residents, which depends on the CT of neighborhoods.
As a result of this study, we see that SB ultimately positively affects residents’ PA to a neighborhood.
The reason why SB is important in PA is not only the feelings of attachment that people have to a
specific place, but also because the emotions felt by people identifying as members of a community
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through their relationships with neighbors is a factor in the formation of PA. The results show that
SB has the greatest direct effect on PA (β = 0.278). Further, the mediating effects between CA and PA
show the importance of SB in PA.

6. Conclusions

The results of this study confirm that the CA among people in neighborhoods is an influencing
factor with respect to the SB and PA of local residents, and that CA can be varied by changing CT.
Based on the results of the study, two measures could be proposed as measures to increase place
attachment in locals for sustainable neighborhood environments. The accumulation of experiences
in places and bonding among local people are the methods whereby place attachment is formed.
These are items that can be promoted based on the activities of residents in a neighborhood.
In particular, this study analyzes the daily activities of residents in terms of their commercial activities,
which provides implications for community and neighborhood design with regard to commercial
features. The commercial environments of neighborhoods and the commercial activities occurring
therein are basic activities in the daily lives of people. Until now, the focus on commercial features in
urban design and neighborhood environments has been solely on physical quality and satisfaction.
However, the results of the study demonstrate that the commercial environment is not simply a place
to facilitate purchase transactions among residents. The commercial environment is an important
factor that increases bonding among the people in neighborhoods and strengthens the attachment of
locals to their place.

In order to promote the commercial activities of residents in neighborhoods, it is necessary
to design neighborhoods that consist of small-scale stores rather than large-scale mall-type stores.
However, current commercial spaces are becoming larger than ever. As a result of the decline of
small-scale stores—a potential place for interaction and communication among locals—opportunities
for exchange activities among residents have decreased. In addition, when small-scale merchants are
replaced by large shopping malls, independent stores with diverse personalities tend to disappear.
Over time, the unique characteristics of each trade will be replaced by the uniformity of commercial
franchises. From the point of view of residents, favorite shops are disappearing, and there are fewer
places where they want to go. This can have a negative impact on the formation of place attachment,
as the appealing features of neighborhood local commerce are lost.

In order to create neighborhoods that people want to live in, place attachment via social bonding
should be strengthened, and urban design that increases the activities of residents in neighborhoods
should be reflected. From this point of view, this study suggests that small commercial spaces, such as
street shops, are more effective than large malls in enhancing local attachment.
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Abstract: Because the reduction in environmental impacts (EIs) of buildings using life-cycle
assessment (LCA) has been emphasized as a practical strategy for the sustainable development
of the construction industry, studies are required to analyze not only the operational environmental
impacts (OEIs) of buildings, but also the embodied environmental impacts (EEIs) of building materials.
This study aims to analyze the EEIs of Korean apartment buildings on the basis of major building
materials as part of research with the goal of reducing the EIs of buildings. For this purpose, six types
of building materials (ready-mixed concrete, reinforcement steel, concrete bricks, glass, insulation,
and gypsum) for apartment buildings were selected as major building materials, and their inputs
per unit area according to the structure types and plans of apartment buildings were derived by
analyzing the design and bills of materials of 443 apartment buildings constructed in South Korea.
In addition, a life-cycle scenario including the production, construction, maintenance, and end-of-life
stage was constructed for each major building material. The EEIs of the apartment buildings were
quantitatively assessed by applying the life-cycle inventory database (LCI DB) and the Korean
life-cycle impact assessment (LCIA) method based on damage-oriented modeling (KOLID), and the
results were analyzed.

Keywords: embodied environmental impact; apartment building; major building material;
life-cycle assessment

1. Introduction

With the rising importance of sustainable development, efforts have been made in all industrial
areas to reduce environmental impacts (EIs) [1–5]. In line with this, the construction industry
has focused its research on cutting-edge technologies (e.g., highly efficient insulating materials,
high-performance glass, high-air-tightness windows, and renewable energy systems) capable of
dramatically reducing the energy consumption of a building during its operation stage in order
to decrease operational environmental impacts (OEIs), which account for over 70% of the EIs of
conventional buildings [6–10]. As a result, zero-energy buildings—energy-efficient buildings that use
little energy during their operation stage—have been developed and successfully constructed in many
countries [11–15].

As technologies to reduce the OEIs of buildings have been commercialized, research on
the life-cycle assessment (LCA) of buildings—which considers the reduction in the OEIs of
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buildings as well as in the embodied environmental impacts (EEIs) caused by the production,
construction, maintenance, and end-of-life stages of the building materials used—has been emphasized
recently [16–22]. This is because additional building materials may be necessary for energy-efficient
buildings compared with conventional buildings, thus increasing EEIs, but decreasing OEIs [17].
Results of previous LCAs of energy-efficient buildings showed that EEIs were higher than OEIs [23,24].
Hence, more research is necessary to assess and reduce the EEIs of buildings, as the importance and
influence of EEIs have gradually increased [25,26].

Some of the previous studies on the analysis of EEIs are important in terms of their approach,
methodology, and case studies [27–33]. Because they mostly analyzed only carbon emissions during
the production stage of the building materials, their use has been limited. Therefore, for a study’s
results to be used as basic data for reducing the EEIs of buildings, these impacts must be analyzed by
considering the following:

• The EEIs of a number of buildings must be analyzed according to the characteristics of those
buildings. This is because the results of analyzing the EEIs for one or more buildings cannot be
generalized as the EEI characteristics of all buildings.

• The assessment target must be expanded from carbon emissions to other EI categories. To achieve
sustainable development, it is necessary to address not only global warming due to carbon
emissions but also various other global environmental problems [34].

• The scope of assessment must be extended from the building material’s production stage
to a life-cycle perspective. This is because the overall EEIs of buildings must be examined
quantitatively to be reduced [35].

• The EEI assessment results of buildings must be analyzed from a building-material perspective.
In this way, EEIs can be reduced by identifying building materials that have the greatest influence
on these EEIs.

• EIs must be assessed not only for EI categories, but also for safety guards. This is because the
end-point-level damage to humans and ecosystems by each EI must be identified.

Therefore, the aim of this study is to analyze the EEIs of Korean apartment buildings on the basis
of major building materials as part of research with the goal of reducing the life-cycle environmental
impacts (LCEIs) of buildings.

2. Background

2.1. Embodied Environmental Impact

The LCEIs of buildings can be divided into EEIs and OEIs [24,27]. The EEIs of buildings
correspond to the LCEIs excluding the EIs caused by energy consumption (e.g., heating, cooling, hot
water, lighting, and ventilation). In other words, EEIs include EIs that arise from the building-material
production stage and the building construction, maintenance, and end-of-life stages. EEIs for a building
are calculated using Equation (1):

EEI = EIPS + EICS + EIMP + EIES, (1)

where EEI denotes the life-cycle embodied environmental impact (LCEEI) of the building. EIPS, EICS,
EIMP, and EIES are the EEIs of the building-material production stage, and the building construction,
maintenance, and end-of-life stages.

2.2. Environmental Impact Categories

EI categories represent global environmental changes caused by human behavior or technology.
Global warming potential (GWP), acidification potential (AP), eutrophication potential (EP), ozone
layer depletion potential (ODP), photochemical ozone creation potential (POCP), and abiotic depletion
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potential (ADP) are representative EI categories, which can be assessed quantitatively through various
life-cycle impact assessment (LCIA) methodologies [36,37].

GWP represents climate change, that is, the rise in average temperatures of the earth’s atmosphere,
and causes environmental problems because of changing ecosystems in soil or water, or because of
rising sea levels. AP represents the acidification of water and soil, mainly by the circulation of
pollutants, threatening the survival of living organisms such as fish, plants, and animals. EP represents
the harmful impacts on the marine environment, such as red tides resulting from the amount of
nutrients abnormally increasing through the introduction of chemical fertilizers or sewage. ODP is a
phenomenon in which the ozone in the ozone layer—located in the stratosphere 15–30 km above the
ground—is destroyed and its density decreases. It can lead to diseases such as skin cancer because
of the increase in ultraviolet radiation. POCP is a reaction between air pollutants and sunlight in
which chemical compounds such as ozone (O3) are created, in turn causing damage to ecosystems and
human health and inhibiting the growth of crops. ADP represents the cause behind the destruction of
ecosystem balance and environmental pollution caused by the excessive collection and consumption
of resources.

2.3. Safety Guard and Damage Index

From an environmental ethics perspective, the “safety guard” represents the environment that
the human race must protect. It can be classified into human and ecosystem items. The human items
are divided into human health, which is required for humans to live a healthy life, and social assets,
which support human society. The ecosystem items can be subdivided into biodiversity, which refers
to the preservation of animals and plants, and primary production, which is essential for maintaining
biodiversity [38].

The damage index quantifies the damage to the aforementioned safety guard (human health,
social assets, biodiversity, and primary production) caused by EIs. For assessing damages to human
health, disability-adjusted life years (DALY) are used. DALY is a damage index representing the
number of years of healthy life lost as a result of EIs. For social assets, the mean economic cost (USD)
for the suppression and depletion of crops; fossil fuels; and fishery, forest, and mineral resources is
used. In addition, biodiversity is assessed through the expected increase in the number of extinct
species (EINES) damage index, that is, the expected number of extinct species of vascular and aquatic
plants. For primary production, the net primary production (NPP) is used as a damage index, assessing
the amount (kg/m2·y) of organic matter created by the photosynthesis of land plants and marine
plankton. The damage index for each safety guard can be assessed through the end-point-level LCIA
methodology, which systematizes damage indexes for each safety guard using research results from
natural sciences. Figure 1 is an example of the LCIA method at the end-point level [39]. It shows the
structures and degrees of the impacts of GWP caused by 1 ton of CO2 emission on human health and
social assets as safety guards. According to Figure 1, GWP caused by 1 ton of CO2 emission adversely
affects heat stress, exposure to infectious diseases, malnutrition, disaster damage, energy consumption,
and agricultural production at the end-point level and ultimately causes a damage of 1.23 × 10−4

DALY and 2.5 USD to human health and social assets, respectively.
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Figure 1. Example of the evaluation method for life-cycle environmental impacts (LCEIs) at the
end-point level [38].

3. Materials and Methods

The section details the assessment of the EEIs of Korean apartment buildings on the basis of the
major building materials using the sequential LCA methodology. For this purpose, in the goal and
scope definition stage, the purpose of LCA and the scope of the system were defined. In the life-cycle
inventory (LCI) analysis stage, the average inputs per unit area of major building materials were
derived according to the structure types and plans of apartment buildings by analyzing the design
and bills of materials of apartment buildings constructed in South Korea. In addition, a life-cycle
scenario including the production, construction, maintenance, and end-of-life stage was constructed
for each of the major building materials. In the LCIA stage, the EEIs of the six impact categories and
damage indexes for each safety guard were quantitatively assessed by applying the life-cycle inventory
database (LCI DB) and the Korean LCIA method based on damage-oriented modeling (KOLID) [38],
an end-point-level LCEI assessment methodology.

3.1. Goal and Scope Definition

The purpose of performing LCA in this study was to analyze the EEIs of Korean apartment
buildings on the basis of major building materials. As for a system boundary, building material
production, the building construction, maintenance, and end-of-life stages were included, and six EI
categories (GWP, AP, EP, ODP, POCP, and ADP) and four safety guards (human health, social assets,
biodiversity, and primary production) were evaluated. Gross floor area (m2) was established as the
functional unit. The criteria used to determine the quality of the LCA results were classified into
temporal, regional, and technical ranges, as described in Table 1. Furthermore, the building material
inputs were analyzed on the basis of the building material quantities applied to the ground floor of the
apartment buildings, and it was assumed that the total quantities of building materials specified in the
bills of materials were used in the buildings.

Table 1. Data quality criteria.

Classification Temporal Ranges Regional Ranges Technical Ranges

Internal data
(Bills of materials)

Bills of materials prepared
at the commencement of

the work

Bills of materials prepared
in South Korea

Six major building
materials listed in the bills

of materials

External data
(LCI DB) Latest LCI DB LCI DB constructed in

South Korea and Germany
LCI DB of same or similar

building materials
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3.2. Life-Cycle Inventory Analysis

3.2.1. Selection of Major Building Materials

To analyze the EEIs of buildings more efficiently, it is necessary to select building materials with
the highest EIs. The construction of buildings includes more complex procedures than the production
processes for general products, and the EEI analysis requires excessive time and labor, as more than
1000 building materials can be used in a construction project.

Therefore, this study analyzed the EEIs of apartment buildings using results from previous
research [39] that derived six major building materials (ready-mixed concrete, reinforcement steel,
concrete bricks, glass, insulation, and gypsum) accounting for over 95% of the six EI categories (GWP,
AP, EP, ODP, POCP, and ADP) in accordance with the cut-off criteria of ISO 14040, an international
standard for LCA.

3.2.2. Analysis of Major Building Material Inputs

A total of 443 apartment buildings in South Korea were selected as samples, and the inputs per
unit area of the six major building materials were analyzed according to the structure types and plans
of the apartment buildings. In this case, the structure types were divided into wall structures, frame
structures, and flat plate structures, and the plans were classified into plate, tower, and mixed types.
Table 2 lists the number of samples, and Table 3 represents the average input quantities per unit area
of the major building materials according to the structure types and plans of the apartment buildings.

Table 2. Number of samples.

Classification Wall Structure Rigid Frame Structure Flat Plate Structure

Plate type 118 22 6
Tower type 101 40 22
Mixed type 60 64 10

Table 3. Average input quantity of building materials by structure types and plans of
apartment building.

Classification Unit

Wall Structure Rigid Frame Structure Flat Plate Structure

Plate
Type

Tower
Type

Mixed
Type

Plate
Type

Tower
Type

Mixed
Type

Plate
Type

Tower
Type

Mixed
Type

Ready-mixed concrete m3/m2 0.77 0.73 0.75 0.71 0.60 0.70 0.68 0.58 0.68
Rebar kg/m2 98.13 101.35 99.92 118.34 145.26 131.55 127.52 158.40 149.24

Concrete brick kg/m2 90.87 90.81 86.52 90.52 89.98 86.89 89.77 88.85 85.54
Glass kg/m2 5.87 5.99 5.99 5.87 6.12 5.61 5.74 5.74 5.99

Insulation kg/m2 1.56 1.48 1.58 1.62 1.57 1.60 1.44 1.40 1.49
Gypsum board kg/m2 2.63 2.68 2.67 2.66 2.72 2.65 2.50 2.69 2.62

3.2.3. Construction of the Life-Cycle Scenario

For the analysis of LCEEIs, the EEIs of the six major building materials with the highest EIs were
assessed in the production stage, and a life-cycle scenario was constructed so that the EEIs could be
assessed in the construction, maintenance, and end-of-life stages on the basis of the major building
material inputs in the production stage [40]. Figure 2 shows the case of ready-mixed concrete as an
example of the EEI assessment on the basis of the constructed life-cycle scenario.
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Figure 2. Example of scenario-based embodied environmental impact (EEI) evaluation.

(1) Production stage:

In the production stage, the EIs arising from the production of building materials are assessed.
In this study, the EIs of the production stage were assessed using the average inputs per unit area
of the six major building materials (ready-mixed concrete, reinforcement steel, glass, concrete bricks,
insulation, and gypsum) derived from previous research in accordance with the cut-off criteria of LCA.

(2) Construction stage:

The construction stage is divided into the transportation process of building materials and the
construction process of buildings.

In the transportation process, building materials are transported from their production sites to
the construction site. In this study, freight vehicles for each of the major building materials were
selected as shown in Table 4 on the basis of the standard estimation system for construction works [41].
In addition, the transport distance was assumed to be 30 km for all of the major building materials.

Table 4. Freight vehicles.

Classification Ready-Mixed Concrete Rebar Others

Freight vehicle Transit-mixer truck 20 ton truck 8 ton truck

The construction stage represents the EIs caused by the use of equipment during construction,
and it was assessed using the LCI DB for the unit of construction work for each building material.

(3) Maintenance stage:

In the maintenance stage, the EIs arising from the production and transport of building materials
that are periodically replaced in order to recover the status of aging buildings during their service
life are assessed. In this study, the service life of buildings was set to 50 years, in accordance with
the upper limit of the standard service life of the Enforcement Regulations of the Corporate Tax Act
of Korea [42]. In addition, the EIs of the maintenance stage were assessed using the repair period
and rate for each building material suggested by the standards for the formulation of the long-term
repair plan in the Enforcement Regulations of the Multi-Family Housing Management Act of Korea.
In other words, it was assumed that ready-mixed concrete, reinforcement steel, concrete bricks, glass,
and insulation, among the selected six major building materials, were not replaced during the service
life of the buildings and that 100% of the gypsum boards were replaced every 20 years.

(4) End-of-life stage:

The end-of-life stage is divided into the demolition process, the transportation process of waste
building materials, the incineration process, and the landfill process.

In the dissolution process, the EIs of the equipment and machinery used for building demolition
are assessed through fuel efficiency (diesel consumption per unit of work) information of the demolition
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machines after the number of machines is calculated on the basis of the amount of waste material
generated in the demolition process. In this study, it was assumed that both crushers (0.7 m3) and
backhoes (1.0 m3) were used as demolition equipment [19] and that the amount of waste material
generated in the demolition process was the same as the input quantities of the six major building
materials in the production stage.

In the transportation process, the EIs arising from transporting the waste materials generated in
the demolition process to recycling centers, incineration plants, or landfills are assessed. In this case,
it was assumed that the waste building materials were transported using 15 ton trucks in accordance
with the standard estimation system for construction works [41] and that the distances from the
demolition site to recycling centers, incineration plants, and landfills were 30 km.

In the end-of-life process, the EIs arising from incinerating or landfilling waste materials are
assessed. In this study, the cut-off method imposed on recycling companies was applied to the
EIs of the waste material recycling process, and only the EIs of the incineration and landfilling of
non-recycled waste materials were assessed. For this, the construction waste processing data from
waste statistics [43] published by the Korean Environmental Industry and Technology Institute were
investigated, and the recycling, incineration, and landfill rates of each major building material were
applied as shown in Table 5.

Table 5. Processing ratios of waste building materials.

Classification Recycle Ratio (%) Incineration Ratio (%) Landfill Ratio (%)

Waste concrete 100.0 0.0 0.0
Waste rebar 100.0 0.0 0.0

Waste concrete brick 100.0 0.0 0.0
Waste glass 79.0 0.0 21.0

Waste insulation 46.7 53.3 0.0
Waste gypsum board 62.7 0.2 37.1

3.3. Life-Cycle Impact Assessment

3.3.1. Application of the LCI DB

For the assessment of LCEEIs, the LCI DBs for building materials used in buildings, freight
vehicles for transporting building materials and waste materials, unit construction work for each
building material, and incineration and landfill processes of waste materials must be applied.

In this study, LCI DBs were applied in the order of the Korean LCI DB [44] of the Ministry of Trade,
Industry and Energy and the Ministry of Environment (ME) of South Korea; the National Database
on Environmental Information of Building Materials of the Korean Institute of Civil Engineering
and Building Technology [45]; and Oekobaudat [46] of Germany, considering regional, temporal,
and technical correlations, which are the LCI DB selection criteria for LCA suggested by ISO 14040
(refer to Table 6). Furthermore, the EEIs of the six EI categories were assessed through the multiplication
of the activity and the EI factor, as shown in Equation (2):

EIi = ∑n
j=1

(
Aj × EFi,j

)
, (2)

where EIi are the EEIs of EI category (i), Aj are the building material and energy input quantity for
activity (j), and EFi,j is the EI factor of EI category (i) for activity (j).
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Table 6. Environmental impact (EI) factors.

Classification Unit

GWP AP EP ODP POCP ADP

Ref.kg CO2eq/
Unit

kg SO2eq/
Unit

kg PO4
3−

eq/
Unit

kg CFC11eq/
Unit

kg C2H4eq/
Unit

kg Sbeq/
Unit

Production
stage

Ready-mixed concrete m3 4.09 × 102 6.82 × 10−1 7.96 × 10−2 4.65 × 10−5 1.10 × 100 2.04 × 100 A
Rebar kg 4.38 × 10−1 1.40 × 10−3 1.79 × 10−4 1.04 × 10−8 3.41 × 10−4 2.79 × 10−3 A

Concrete brick kg 1.23 × 10−1 1.56 × 10−4 2.26 × 10−5 4.71 × 10−9 3.82 × 10−5 3.02 × 10−4 B

Construction
stage

Transit-mixer truck m3 × km 6.74 × 10−1 6.50 × 10−3 1.03 × 10−3 2.44 × 10−7 1.12 × 10−3 4.47 × 10−3 B
8 ton truck kg × km 2.88 × 10−6 2.17 × 10−8 3.86 × 10−9 1.06 × 10−12 6.45 × 10−9 1.94 × 10−8 A

End-of-life
stage

Diesel kg 6.82 × 10−2 1.40 × 10−4 9.55 × 10−6 1.26 × 10−10 1.18 × 10−5 2.16 × 10−2 A
Construction waste

dumping kg 6.05 × 10−2 8.52 × 10−5 1.31 × 10−5 1.23 × 10−11 2.21 × 10−5 5.02 × 10−9 C

A : Korean life-cycle inventory database; B : National Database on Environmental Information of Building

Materials; C : Oekobaudat.

3.3.2. Application of KOLID

To calculate direct impacts on humans and ecosystems using the EEI assessment results derived
for each EI category, the end-point-level LCIA methodology, which systematizes the damage index for
each safety guard using results from natural science research, is required.

In this study, KOLID [38] was applied. KOLID is an end-point-level damage-calculation LCEI
assessment methodology developed by the Korean ME in 2009 to better understand the damage
caused by environmental issues and to expand the distribution of environmentally friendly products.
This methodology quantifies 16 end-point damages, including cancer, infectious disease, and cataract,
attributable to the six EI categories (GWP, AP, EP, ODP, POCP, and ADP) triggered by products and
services, and it evaluates the four safety guards (human health, social assets, biodiversity, and primary
production) (refer to Figure 1). Regional correlations were considered, and the damage index for safety
guard objects was quantitatively calculated using the LCEEIs of the apartment buildings. Table 7
shows the safety guards and damage indexes of KOLID, and Equation (3) represents the damage-index
calculation formula for each safety guard using KOLID:

SIi = ∑n
j=1

(
EIj × DFi,j

)
, (3)

where SIi is the damage index of safety guard (i), EIj are the EEIs of EI category (j), and DFi,j is the
damage factor of safety guard (i) for EI category (j).

Table 7. Safety guard and damage index of Korean life-cycle impact assessment method based on
damage-oriented modeling (KOLID).

Classification Safety Guard End Point Indicator Damage Factor

GWP

Human health
Mortality damages caused by heat/cold
stress, infections, natural disaster damage,

and malnutrition
Lost life 1.23 × 10−7 DALY/kg CO2

Social assets

Decreases in agricultural production
output Agricultural production output

2.54 × 10−3 USD/kg CO2
Changes in energy consumption due to

increases in cooling and decreases in
heating

Energy consumption quantity

Sea-level rising Land prices

AP

Human health Damages caused by asthma and
respiratory diseases Lost life 2.38 × 10−4 DALY/kg SO2

Social assets Decreases in wood production output Wood production output 4.76 × 100 USD/kg SO2

Primary
production

Decreases in primary production output
of land plants Primary production output 2.27 × 101 kg/kg SO2
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Table 7. Cont.

Classification Safety Guard End Point Indicator Damage Factor

EP Social assets Decreases in fishery production output Fishery production output 2.16 × 100 USD/kg PO4
3-

ODP

Human health
Damages caused by malignant

melanoma, basal cell carcinoma, and
spinocellular carcinoma

Lost life 1.35 × 10−3 DALY/kg
CFC-11

Social assets Decreases in agricultural and wood
production output

Agricultural and wood
production output 1.21 × 100 USD/kg CFC-11

Primary
production

Decreases in primary production output
of land plants and phytoplankton Primary production output 2.79 × 102 kg/kg CFC-11

POCP

Human health Damages caused by sudden death,
asthma, and respiratory diseases Lost life 3.22 × 10−5 DALY/kg C2H4

Social assets Decreases in agricultural and wood
production output

Agricultural and wood
production output 0.77 × 100 USD/kg C2H4

Primary
production

Decreases in primary production output
of land plants Primary production output 2.64 × 101 kg/kg C2H4

ADP

Social assets Decreases in resource deposits Users’ costs 1.42 × 101 kg/kg Sb

Biodiversity Changes in the composition of plant
species Species changes 1.53 × 10−1 EINES/kg Sb

Primary
production

Land changes, and potential NPP
decreases in land use Primary production output 8.90 × 10−14 kg/kg Sb

4. Results and Discussion

This section describes the assessment of the LCEEIs of the apartment buildings with different
structure types and plans, as well as the analysis of the assessment results and characteristics from the
perspectives of total EIs, building life-cycle stages, major building materials, and safety guards.

4.1. Analysis of Total Environmental Impacts

Figure 3 shows the results of the LCEEI assessment of the apartments analyzed in this study.
According to Figure 3, the EIs of tower-type apartment buildings with a flat plate structure were the
lowest for all EI categories, while those of plate-type apartment buildings with a wall structure were
the highest. If the reduction in EIs is considered during the apartment building design stage using such
characteristics, planning only tower-type apartment buildings with a flat plate structure instead of
plate-type buildings with wall structures will reduce the potential EIs of each EI category by between
10.74% and 21.67% (refer to Table 8).

Table 8. Reduction ratio of environmental impacts (EIs).

Classification Wall Structure, Plate Type
Flat Plate Structure,

Tower Type
Reduction Ratio

GWP (kg CO2eq/m2) 4.18 × 102 3.57 × 102 14.59%
AP (kg SO2eq/m2) 9.33 × 10−1 8.32 × 10−1 10.83%

EP (kg PO4
3−

eq/m2) 1.21 × 10−1 1.08 × 10−1 10.74%
ODP (kg CFC11eq/m2) 5.26 × 10−5 4.12 × 10−5 21.67%
POCP (kg C2H4eq/m2) 1.01 × 100 7.96 × 10−1 21.19%

ADP (kg Sbeq/m2) 2.26 × 100 1.96 × 100 13.27%

The increase or decrease in EIs according to the structure types and plans of the apartment
buildings tended to vary relatively regularly for all EI categories. In other words, it was found that the
EIs tended to decrease as the structure type changed from a wall structure to frame structures and
flat plate structures. Within the same structure type, EIs also varied regularly according to the change
in plan. In other words, in wall structures, the EIs of all EI categories decreased as the plan changed
from plate to mixed and to tower type. In the flat plate structure, EIs decreased as the plan changed
from mixed to plate and to tower type. In the frame structure, the tower type exhibited the lowest EIs
despite that changes in some EIs depended on the EI category.
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4.2. Analysis by Life-Cycle Stage

According to Figure 3, among the LCEEIs of the apartment buildings, the impacts of the
production stage were the highest for all EI categories, while those of the maintenance stage were the
lowest. In particular, among the overall EEIs assessed in this study, the percentages of EEIs caused by
the production stage ranged from 67.96% (EP, wall structure, plate type) to 90.04% (GWP, flat plate
structure, tower type), indicating that reducing EEIs during the production stage is imperative for
decreasing LCEEIs of apartment buildings.

The percentages of the EEIs caused by the construction stage ranged from 2.94% (POCP, flat plate
structure, tower type) to 21.04% (EP, wall structure, plate type) depending on the EI category, and the
percentages caused by the end-of-life stage ranged from 5.23% (GWP, flat plate structure, tower type)
to 18.29% (ODP, flat plate structure, tower type). In particular, the proportions of EEIs caused by the
construction and end-of-life stages were generally higher for the ODP, AP, and EP impact categories.
This indicates that the GWP analysis focused on the production stage, which was mainly performed in
previous studies, as well as that the EEI analysis, which considers various EI categories, is necessary for
reducing EEIs caused by buildings. This confirms that EI reduction strategies in terms of a building’s
entire life cycle, including production, construction, and end-of-life stages, are indispensable.

4.3. Analysis by Major Building Materials

Figure 4 shows the results of the LCEEI assessment for the major building materials. As shown in
the figure, the impacts of ready-mixed concrete were the highest for all EI categories, while those of
glass were the lowest. In particular, among the overall EEIs assessed in this study, the percentages
of those caused by ready-mixed concrete ranged from 68.13% (EP, flat plate structure, tower type)
to 94.75% (ODP, wall structure, plate type). This indicates that the development and application of
concrete with reduced EIs, which considerably replaces conventional concrete with supplementary
cementitious materials (SCMs), must be performed to reduce the LCEEIs of apartment buildings.

The percentages of EEIs caused by reinforcement steel ranged from 2.83% (ODP, wall structure,
plate type) to 27.52% (AP, flat plate structure, tower type) depending on the EI category. In particular,
the EEIs of reinforcement steel were inversely proportional to those of ready-mixed concrete. This is
because reinforcement steel and ready-mixed concrete are materials that largely constitute the
structures of buildings, and thus the input quantity of reinforcement steel relatively decreased as that
of ready-mixed concrete increased, depending on the structure types and plans. As such, from the
perspective of EI reduction for apartment buildings, it is necessary to design structural materials
considering the balance between EEIs of ready-mixed concrete and reinforcement steel.
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4.4. Analysis by Safety Guards

Table 9 shows the results of the damage index assessment by safety guards according to the
structure types and plans of the apartment buildings. As can be seen from the figure, the tower-type
buildings with a flat plate structure exhibited the lowest damage indexes for all safety guards, while the
plate-type buildings with a wall structure showed the highest values. In addition, the increase or
decrease in the damage indexes by safety guards tended to vary relatively similarly to how the structure
types and plans of the apartment buildings changed regularly for all items. In other words, the damage
index by safety guard tended to decrease as the structure type changed from wall structures to frame
structures and flat plate structures in the same way as the characteristics of the EI categories changed,
as mentioned earlier in Section 4.1: Analysis of Total Environmental Impacts. Furthermore, for wall
structures, the damage indexes for all safety guards decreased as the plan changed from plate to mixed
and to tower type. In flat plate structures, the damage indexes for safety guards tended to decrease as
the plan changed from mixed to plate and to tower type.

Table 9. Results of damage index by safety guard.

Classification Unit
Wall Structure Rigid Frame Structure Flat Plate Structure

Plate Type Tower Type Mixed Type Plate Type Tower Type Mixed Type Plate Type Tower Type Mixed Type

Human health DALY/m2 3.06 × 10−4 2.94 × 10−4 3.00 × 10−4 2.94 × 10−4 2.69 × 10−4 2.96 × 10−4 2.88 × 10−4 2.68 × 10−4 2.97 × 10−4

Social assets USD/m2 6.11 × 100 5.87 × 100 5.99 × 100 5.88 × 100 5.38 × 100 5.92 × 100 5.75 × 100 5.34 × 100 5.93 × 100

Biodiversity EINES/m2 3.46 × 10−1 3.32 × 10−1 3.39 × 10−1 3.32 × 10−1 3.03 × 10−1 3.34 × 10−1 3.25 × 10−1 3.01 × 10−1 3.34 × 10−1

Primary
Production kg/m2 5.11 × 10−2 4.89 × 10−2 5.00 × 10−2 4.86 × 10−2 4.35 × 10−2 4.86 × 10−2 4.72 × 10−2 4.29 × 10−2 4.83 × 10−2

4.5. Discussion

As the reduction in the LCEEIs of buildings has been emphasized recently, studies should be
carried out to analyze the EEIs of building materials. This is because quantitative values of the LCEEIs
of buildings and their major causes must be analyzed first in order to reduce these impacts.

This study provides a significant contribution towards this goal because it presents basic data for
reducing the EEIs of buildings by selecting 443 Korean apartment buildings as samples and analyzing
their EEIs in terms of six impact categories and damage indexes by safety guards. In particular,
the EEIs analyzed in this study according to the structure types and plans of the apartment buildings
can be used as factors for easily identifying the EEIs of apartment buildings in construction practice.
Furthermore, it appears that the improvement in the environmental performance of ready-mixed
concrete, which was found to be the main cause of EEIs, can be utilized as basic data for reducing the
EEIs of apartment buildings.

On the other hand, plate-type apartment buildings with a wall structure produced the highest
results for all EI categories within the scope of this study, because plate-type apartment buildings with
a wall structure used the highest quantity of ready-mixed concrete, which was the most influential
in all the EI categories compared to the apartment buildings with other structure types and plans.
Therefore, in order to effectively reduce the EEIs of plate-type apartment buildings with a wall
structure, it would be effective to apply high-strength concrete to the vertical structural member to
reduce the input quantity of ready-mixed concrete and rebar by way of reducing the cross-section.
In addition, it is necessary to actively use low-EI concrete that replaces cement, which causes high EIs,
with industrial by-products such as fly ash (FA) and ground-granulated blast-furnace slag (GGBS) as a
binder for concrete.

This study, however, conducted research only for apartment buildings, not considering various
other building types, and the numbers of samples for each structure type and plan were not even a
result of difficulty in data collection. In the future, it is necessary to extend the analysis to other building
types and improve the reliability and significance of analysis results by securing additional sample
data. Moreover, further studies are required to conduct deterministic analyses of EEIs of buildings
in combination with probabilistic analysis methods. Research to facilitate the decision-making of
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stakeholders by integrating EEI assessment results composed of various impact categories and damage
indexes for each safety guard into a single index is also required.

5. Conclusions

The purpose of this study was to analyze the EEIs of Korean apartment buildings on the basis
of major building materials as part of research with the goal of reducing the LCEIs of buildings.
The results are summarized as follows:

1. The LCEEIs of apartment buildings according to structure types and plans were assessed using
443 apartment buildings in South Korea, and the results were analyzed from the perspectives of
total EIs, building life-cycle stages, major construction materials, and safety guards.

2. The analysis results showed that the tower-type apartment buildings with a flat plate structure
exhibited the lowest EIs for all EI categories (GWP, AP, EP, ODP, POCP, and ADP) on the basis of
total EIs, whereas the plate-type apartment buildings with a wall structure showed the highest EIs.

3. In particular, the percentage of EEIs caused by the production stage was the highest for all
EI categories; for example, the maximum proportion of 90.04% was found for the tower-type
apartment buildings with a flat plate structure for GWP. In addition, the percentages of EEIs of
the construction and end-of-life stages reached 21.04% and 18.29%, respectively, depending on
the EI category.

4. It was confirmed that ready-mixed concrete and reinforcement steel, both of which constitute
the structures of apartment buildings, are major construction materials that cause such EEIs and
that the EEIs of ready-mixed concrete are inversely proportional to those of reinforcement steel.
In particular, the percentage of the EEIs caused by ready-mixed concrete reached 94.75% for ODP
in plate-type apartment buildings with a wall structure, whereas that caused by reinforcement
steel reached 27.52% for AP in tower-type apartment buildings with a flat plate structure.

5. The damage index by safety guard was the lowest in the tower-type apartment buildings with
a flat plate structure, similarly to total EIs, and was the highest in the plate-type apartment
buildings with a wall structure.
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Abbreviations

The following abbreviations are used in this manuscript.
LCA Life-cycle assessment
LCI Life-cycle inventory analysis
LCIA Life-cycle impact assessment
LCI DB Life-cycle inventory database
KOLID Korean life-cycle impact assessment method based on damage-oriented modeling
LCEI Life-cycle environmental impact
LCEEI Life-cycle embodied environmental impact
EI Environmental impact
EEI Embodied environmental impact
OEI Operational environmental impact
GWP Global warming potential
AP Acidification potential
EP Eutrophication potential
ODP Ozone-layer depletion potential
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POCP Photochemical ozone creation potential
ADP Abiotic depletion potential
DALY Disability-adjusted life years
EINES Expected increase in number of extinct species
NPP Net primary production
SCM Supplementary cementitious material
FA Fly ash
GGBS Ground-granulated blast-furnace slag
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Abstract: The European building stock was renewed at a rapid pace during the period 1950–1975.
In many European countries, the building stock from this time needs to be renovated, and there
are opportunities to introduce energy efficiency measures in the renovation process. Information
availability and increasingly available analysis tools make it possible to assess the impact of policy
and regulation. This article describes methods developed for analyzing investments in renovation
and energy performance based on building ownership and inhabitant socio-economic information
developed for Swedish authorities, to be used for the Swedish national renovations strategy in
2019. This was done by analyzing measured energy usage and renovation investments made during
the last 30 years, coupled with building specific official information of buildings and resident area
characteristics, for multi-family dwellings in Gothenburg (N = 6319). The statistical analyses show
that more costly renovations lead to decreasing energy usage for heating, but buildings that have
been renovated during the last decades have a higher energy usage when accounting for current
heating system, ownership, and resident socio-economic background. It is appropriate to include
an affordability aspect in larger renovation projects since economically disadvantaged groups are
over-represented in buildings with poorer energy performance.

Keywords: renovation extent; energy retrofitting; rent affordability; tenure; energy performance
certificate; decision support

1. Introduction

In 2010, buildings accounted for 32% of total global final energy usage [1]. The European Directive
2012/27/EU [2] requires member states to have a strategy for renovation of the building stock with
the target of reducing energy usage by 20% by 2020 compared with 1990. In many European countries,
the building stock increased at a rapid pace during the period 1950–1975 [3]. This aging building
stock needs to be renovated, and there is a possibility to introduce energy efficiency measures in the
renovation process [4,5].

Building condition, building ownership, and rent affordability determine what kind of renovation
measures are possible and optimal [6]. Furthermore, tenure types, building regulations, construction
practices etc. vary between different contexts, which increases the need for country-specific studies
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on renovation investments and energy performance [7–9]. The authors have developed methods
for analyzing investments in renovation and building energy performance based on comprehensive
building-specific information that can be used to analyze subgroups of building owners and specific
socio-economic inhabitant groups. This was done for the Swedish case and to be used by the Swedish
authorities. The paper tries to answer the question how can merged official comprehensive building
specific information be used to describe the developments in the multi-family dwelling stock?

There are several studies on how ownership and socio-economic area conditions affect investment
and energy performance. For rental multi-family dwellings, the landlord–tenant problem can
be a barrier to energy retrofitting and renovation [10–14]. The multi-family dwellings that are
resident-owned also have internal barriers to larger investments in energy retrofitting [15–17]. There is
also not a consensus on which parameters should be included in an optimization of renovation projects.
For instance, renovations financed by increased rents in socio-economically disadvantaged areas risk
aggravating societal inequities [18–20].

The purpose of this article is to describe quantitative methods developed for analyzing how
overall renovation progress and improved energy performance of buildings is related to ownership
structures. The methods were developed for the multi-family dwellings in Gothenburg, Sweden,
with the intention of being applicable for the entire national building stock in the update of the national
strategy of energy efficient renovation in 2019. This article also contributes within the field of analysis
of building specific information coupled with measured energy usage, also presented as Building Energy
Epidemiology by the International Energy Agency, Annex 70. Countries have different registers and
specific ways of storing and working with information. This article presents the Swedish case and
methods developed for working with Swedish building specific information.

Building specific energy usage for all Gothenburg multi-family dwellings was gathered from
Swedish Energy Performance Certificates (EPC). In most other counties in Europe the EPCs contain
estimated energy usage, while in Sweden the EPCs should be issued by an certified energy expert that
registers measured energy for heating from the 13 most commonly used heating sources, heating for
tap water, and domestic electricity usage [21,22]. Renovation investments were deduced from official
property taxation records. By aligning these datasets with building-specific information on ownership,
tenure, and living-area socio-economic information, it is possible to analyze the progress toward the
goals of reduced energy usage and decreased segregation. Michelsen et al. [23] also used measured
energy usage from EPC data for German the building stock and made similar analyses focusing mainly
on the difference between smaller and larger real estate owners. Michelsen et al. [23] found that larger
real estate companies outperform smaller companies in terms of extensive renovations, but smaller
companies can be better at continuous maintenance. This article compares real estate companies with
other types of ownership. Albatici et al. [24] and Šijanec Zavrl et al. [25] merged mainly energy-related
databases for the Italian and Slovenian building stock to model scenarios of developments toward
energy efficiency. Our additional contribution is to work toward the development of methods that also
include socio-economic parameters of building stock development.

Matschoss et al. [17] made a larger European summary of renovation policy that include tenure
and found that incentives for condominium owners to energy retrofit buildings are needed in Europe to
reach the 20-20-20 targets. This article sheds light on the renovation activities of multi-family dwellings
in Sweden in two main ways. First, it describes methods developed for analyzing energy usage and
investment in renovation in different ownership groups intended to be applied future analysis of
impact of building regulations and subsidies. Second, we add to the literature on decision-making
by presenting an empirical analysis of a large sample of homogeneous organizations, where one can
distinguish between individual and social decision making.

Real-Estate Ownership in Sweden

To analyze the impact of regulations and subsidy schemes, it is necessary to distinguish between
different ownership for which decision-making structures, taxation rules, subsidies, and the availability
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of funds are different. In addition, there is a variation between the ownership types in living
area per person and in the resident profit or increased cost from improved living standards and
energy performance.

Swedish multi-family dwellings are primarily of two tenure types: rental apartments or resident
owned apartments, which is a type of tenure comparable with condominiums. Residents own a
tradable share in a resident’s organization that gives them the right to inhabit a specific apartment
of the building. Member of the resident’s organization are required to pay a membership fee toward
maintenance and capital costs.

The rental apartments can be divided in two larger groups: municipally owned and privately
owned [26]. From 1960 to 1975, a national initiative was initiated with the aim to build one million
dwellings to cover an urgent housing need in Sweden [26,27]. The multi-family dwellings constructed
during this period were constructed as privately owned rental apartments (20%), municipal rental
apartments (50%), and resident-owned apartments (30%) [26]. Details about the building age typology
can be found in Table A1. The main construction types in the Gothenburg multi-family building stock
are slab block, enclosed block, point block, and gallery access block.

Private real estate firms are for-profit organizations that typically are family controlled, though
investment funds are growing in importance within this group. Private real estate firms span from
private individuals that own one building to large firms that own properties nationally as well as
internationally. The modus operandi of private building owners is expected to be that of for-profits in
general—to maximize asset value over time. For this reason, renovation as investments in general by
private building owners are more likely to take place in attractive areas where risk is lower. With lower
risk, the value added to money invested is higher. Some variation should also be found between
different private tenants in how they make decisions. For instance, large firms possess superior
organizational capacity and have better access to external finance. This means that they are likely to be
better equipped to make investments in general and thereby are more inclined to follow through with
investments [23].

Municipality owned multi-family dwellings in Gothenburg consist of four large companies.
Municipally owned apartments are located in both areas with higher and lower income. They differ
from private firms as they, historically, have not had profits as an organizational goal. In fact, they have
not even been allowed to make profits. Instead, their focus has been to provide sufficient and affordable
housing. The pro-social goal of these firms indicates that they are more inclined to make investments
in lower income areas. Renovation can also be more common in municipally owned building due the
fact that these companies have had access to cheaper finance through municipal bails.

Resident-owned apartments differ from both private and municipal housing companies. To start
with, they are not subject to rental regulation. That means that they can increase their member fees
for supplying value-adding features to their members in ways that rental housing companies cannot.
For instance, if a private real estate company invests in reduced energy usage and improved indoor
climate, this investment has to be carried by the cost reductions from the lower energy usage only.
They are not allowed to charge a higher rent for the improved indoor climate and area branding.
The group of resident-owned apartments, by contrast, can internalize such features in their member
fees. This should increase the scope for more far-reaching renovation.

However, investments in resident-owned buildings are dampened by obstacles associated with
social choice. In particular, if the membership fee is increased, the market value of the apartment
decreases, making it difficult for all tenants to agree on a time when renovation should happen.
Mastschoss et al. [17] studied barriers to energy retrofitting of owner-occupied multi-family dwellings
in nine European countries, not including Sweden, finding that collective decision problems is a
challenge in every country and that lack of professional experience of real estate management is
another challenge. Indeed, suboptimal decisions in co-ops can be costly [28].

As part of the strategy to tackle the housing need that existed before the 1960–1975 era,
two cooperatives for groups of resident owned apartments were founded, HSB and Riksbyggen.
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These cooperatives constructed buildings that were sold to their member groups. The cooperatives
also manage and maintain the resident-owned buildings. The cooperatives promote maintenance
plans and certain types of renovations. The economic model may include a larger maintenance plan
with more frequent visits and thus require less renovation projects.

After the Swedish bank crisis in 1991, privately owned rental apartments were converted into
resident-owned apartments at an increased pace. It is more common with resident-owned buildings
in attractive parts of the city, and the price increase of apartments in resident owned buildings has
had a strong positive development during the past 20 years. During the same period, municipally
owned multi-family dwellings have been sold to private capital funds in order to finance renovation
and maintenance [29].

2. Materials

In this chapter, the materials from several Swedish authorities and institutions are described.
Sampling was not necessary because 82% of the Gothenburg multi-family dwellings are covered by all
matched datasets. Buildings were grouped based on the described ownership types and conversions.

2.1. Matched Datasets

Some datasets used for the analyses in this article were previously described in an article on the
data quality of Swedish EPC data [30] and an article describing the renovation and energy retrofitting
need in Gothenburg [31]. In these articles analyses of aspects related to the work behind this article
such as data uncertainties can be found. Data on real-estate ownership was extracted from the Swedish
National Land Survey and Retriever Business was matched with the EPC and base area socio-economic
information. Base areas are the smallest demographical statistics area in Sweden containing 50 to 4000
residents. The combined geocoded datasets that describe the Gothenburg building stock are presented
in Table 1.

Table 1. Details on datasets and data providers for multi-family dwellings in Gothenburg.

The National Board of Housing
Building and Planning

Swedish Land Survey
Gothenburg City
Executive Office

Retriever Business

Aggregation level Building Building Base area 1 Organization

N 6320 64,600 434 1140

Information used
in this article

Heating and energy usage, identified
energy saving measures, number of

apartments, heated floor area 3

Construction year, renovation
year, value year 2,building owner,

corporate form

Average income,
number of inhabitants

Organization
establishment year

1 Base areas are the smallest demographical statistics area in Sweden containing 50 to 4000 residents; 2 Value year
is further explained in 3.1 Renovation extent; 3 Heated floor area is a measure specifically developed for EPC in
Sweden (Atemp). Heated floor area is defined as the heated floor space including shared spaces and footprints of
walls but not including garages.

The Swedish Land Survey information contains the corporate form under which the building is
owned. This makes it possible to separate the resident-owned buildings and the municipal housing
companies. Due to legal limitations, socio-economic data had to be aggregated to base area level.
For studies in 2019, it is recommended to aggregate sensitive socio-economic inhabitant information to
the multi-family dwelling level.

2.2. Characteristics of Building Ownership Groups

The three tenure types are described in 1.1. Real estate ownership in Sweden was further
subdivided to reflect differences in regard to the distinction between individual and social
decision-making and area attractivity. The privately owned group was further subdivided into
buildings owned by: private persons, private companies, or owned by foundations based on the
distinction between individual and social decision making. To be noted is that student housing with a
total heated floor area of 200,000 m2 is owned by foundations.
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Income was previously used as an indicator to geographically separate the city into more and
less attractive areas in Gothenburg by Mangold et al. [31]. The threshold of average income of
200,000 SEK/year before tax was used to divide the ownership groups municipally owned and private
company owned into dummy groups of more disadvantaged suburban areas or more attractive rental
areas (1$ = 8.26 SEK as of 1 March 2018). It should be noted that this separation does not reflect the
official low-income definition, which is 60% of median income, 148,000 SEK/year. The resident-owned
buildings were divided into buildings that were built by the cooperatives for resident owned-buildings
(HSB and Riksbyggen) and buildings that have been converted into resident-owned buildings.
The details for the ownership groups can be seen in Table A2.

2.3. Buildings Converted into Resident-Owned Buildings

Retriever Business is a register of all companies in Sweden including organizations of
resident-owned buildings, which contains establishment year. Most of the buildings registered as
resident-owned in Retriever Business are registered as resident-owned in the Swedish National Land
Survey—see Table A3—but there are overlaps with other ownership groups due to a few different
verified reasons: change of ownership between the records were made, split ownership of the building,
and a company can own a share of a resident owned building. From 2000 to 2009 the buildings
registered as resident owned increased from 901,000 to 2,280,000 m2 heated floor area. During the same
time the group “private company owned, higher income” decreased from 3,380,000 to 2,550,000 m2

heated floor area. This made it possible to identify under which tenure renovations have taken place
by comparing establishment year and reconstruction year.

3. Methods

The regressions were made to find and compare patterns of renovation investments and energy
usage. The intention is to use these types of regressions for the assessment of building regulations and
subsidy schemes in 2019. However, there are several other data analysis methods and visualization
tools that are needed to communicate results with decision makers. The categorization of the building
owners in this paper is an illustration of how to make the comprehensive building specific information
more understandable. Timelines is another way to illustrate development that make it easy for
practitioners, academics and decision makers to work together in the development of policy.

Regressions were made in R to explain variance in renovation investments and energy
performance, see Table 2. Renovation investments and energy performance were derived from value
year and renovation year in the register of the Swedish National Land Survey and from the Energy
Performance Certificates (EPC). The value year is initially the year of construction, but as the building
is renovated, the value year will be changed depending on the cost of the renovation. This is further
described in Table A4. The purpose of recording a value year is to have an official record of anticipated
remaining service life of buildings [32].

Table 2. Description of models in the regression analyses.

Type Dependent Unit/Value N

Model 1 Ordinal Renovation group 0, 1, 2, 3 6244
Model 2 Linear Renovation extent % 6244
Model 3 Linear Energy performance kWh/m2.year 5725
Model 4 Linear Energy performance excluding energy for heating domestic hot water kWh/m2.year 5697

3.1. Renovation Investments

In Sweden, renovations are registered on a municipal level. The Swedish Tax Office require that a
renovation is registered as a change in value year depending on the cost of the renovation in relation
to new building cost as described in Table A4 and Equation (1). New building cost is revised yearly by
the Swedish tax authority to reflect inflation and changes in construction costs.
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Renovation extent =
Renovation cost

New building cost
=

Value year − Construction year
Renovation year − Construction year

(1)

The groups in Table A4 were used in the ordinal (logit) regression in model 1. The groups are
further described in Table A5. Using Equation (1), it was possible to calculate the renovation extent
and equivalent cost of previous renovation projects from the value year and reconstruction year for
group 2. The renovation extent was used as a dependent in model 2.

3.2. Energy Performance

Most EPCs for multi-family dwellings in Gothenburg were issued in 2008 and 2009 [30]. Since only
one measurement of energy use is available from the EPC the statistical analysis for the relationship
between building energy performance and investment in renovation the buildings were divided using
renovation year of 2009 as a watershed. Energy performance of buildings renovated before 2009 include
the impact of renovations. Only these buildings were used to analyze the importance of renovation
investment for building energy performance, N = 5697. The buildings renovated after 2009 were used
to analyze the importance of energy savings advice provided in the EPC for renovation investments.

The EPC will be renewed in 2019. This will make it possible to replace energy performance with
change in energy performance as a dependent in the future analyses of success and impact of changed
building regulations and subsidy schemes.

Energy for heating domestic hot water is included in the energy performance presented in the EPC.
However, regression analyses have been made for both energy performance including and excluding
energy for heating domestic hot water. There is a large difference in registered heating for domestic
hot water between the building ownership groups in Gothenburg (see Figure 1). Removal of outliers
was conducted with the criterion 2.5 standard deviation above average buildings energy performance
(223 and 182 kWh/m2.year for energy performance with and without energy for heating domestic
hot water).

 

Figure 1. Energy usage in the Gothenburg multi-family dwellings separated into ownership groups.
The energy for heating domestic hot water is teal.

Some studies suggest that water usage can be used as a proxy for number of inhabitants and time
spent at home [33]. In Figure 1, the energy for heating of domestic hot water has been separated from
the energy performance to illustrate the differences between the ownership groups. Living area per
person has impact on both the need of renovation and on energy usage in buildings.
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3.3. Independent Variables in Regression Analyses

Nominal, ordinal, and scalar variables were used in the regression analyses. The independent
variables building age, heating system, and ownership group are nominal variables that were converted
into nominal groups of variables for the linear regression analyses. One variable in each group was
kept outside of the linear regression analyses as a reference category; these are indicated with asterisk
in Table A6. In the regression analyses, it was also possible to use base area average income as an
independent variable instead of separating private company and municipal ownership into subgroups.
For the statistical analyses of building energy performance, the importance of the time period in
which the renovation happened was studied by creation an ordinal variable in segments 1979–1989,
1990–1999, and 2000–2009. This variable was excluded in the analyses of renovation investment
because of the strong interdependence of the two variables both derived from renovation year.

3.4. Robustness Checks

In order to estimate renovation investments made in the entire building stock and be able to make
a linear regression for the renovation costs, costs for renovations for group 1 and group 3 in Table A4
were assumed. The robustness of these assumptions was checked through the comparison between
model 1 and 2, as well as an additional linear regression for only group 2. The assumptions caused no
larger differences in the predictions.

Data on building ownership from Swedish National Land Survey only describe the building
ownership in 2014. The changes in ownership were included by the addition of conversions registered
in Retriever Business. The analysis of investment in relation to conversion was done only for the
buildings registered in Retriever Business.

4. Results

Analyses of total costs and estimates of future cost of renovations and energy retrofitting were
conducted by Mangold et al. [31]. In Figure 2, past renovation costs have been separated further in
the ownership groups. A difference in how consistently the members in ownership groups invest in
renovations can be seen and the economic crises in 1991 and 2000 are observable.

 

Figure 2. Costs of renovation registered for ownership groups.

The division of areas into higher and lower income is based on income statistics from 2015
which means that changes in income is not reflected in Figure 2. Some of the renovation costs in the
municipally owned, higher income areas in the 1980ties and 1990ties were made in central areas that
had a lower income level when they were renovated but are now higher income areas.

The renovation costs in Figure 2 include buildings from all construction periods. In the two largest
ownership groups of multi-family dwellings constructed during 1960–1975—HSB and Riksbyggen
and municipally owned, lower income—there is a considerable amount of multi-family dwellings
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that has not been renovated (see Table 3). The group resident-owned contain the most renovations
that have been conducted with a cost of less than 20% of new building cost in Table 3. It is easier for
resident that own their buildings to agree on and carry out smaller renovation investments than it is
for other ownership groups.

For the discussion on municipal or private ownership of rental buildings in lower income areas,
it is relevant to notice that private companies, and especially private persons, have registered fewer
investments through renovations than municipal companies in Table 3.

Table 3. Share of heated floor area (103 m2) in the renovation cost groups of the buildings built
during 1960–1975.

No Renovation Less than 20% 20–70% More than 70% Grand Total

Municipally owned, higher income 44% 20% 9% 26% 398
Municipally owned, lower income 50% 23% 20% 6% 2390

Private company owned, lower income 50% 38% 9% 3% 745
Private company owned, higher income 37% 41% 18% 3% 1019

Private person owned 92% 8% 0% 0% 119
Resident owned 30% 55% 12% 2% 570

HSB and Riksbyggen 68% 26% 6% 0% 1358
Foundation owned 74% 12% 3% 12% 167

Unmatched 100% 0% 0% 0% 30

In Figure 3, the renovation costs in relation to conversion to resident ownership have been
illustrated. Right after the conversion renovation projects are the most frequent. Fewer buildings were
renovated and then converted. In connection with the analysis of shared ownership (such as resident
owned buildings) it was hypothesized that larger multi-family dwellings would be less renovated.
However, a separation of the building stock in regard to building heated floor area did not show any
significant relationship between resident owned buildings’ size and renovation cost.

 

Figure 3. Costs of renovations of resident-owned building summed by the years between renovation
year and the year the building tenure was converted into resident ownership, for only buildings
registered as resident-owned in Retriever Business.

Regression Results

The coefficients in Table 4 mostly reflect expected patterns in the building stock of Gothenburg.
This is a promising result for the later analysis of changes in energy usage connect using the same
methods for the national building stock in 2019. However, there are also some important considerations
to be made when applying these methods.

156



Sustainability 2018, 10, 1684

Table 4. Ordinal (logit) and linear regression results.

Model 1 Model 2 Model 3 Model 4

Variable Estimate Sig. Coefficient Sig. Coefficient Sig. Coefficient Sig.
Constant 73.594 *** 0.000 167.775 *** 0.000 132.131 *** 0.000

Renovation extent [%] −0.084 *** 0.000 −0.092 *** 0.000
Energy performance [kWh/m2.year] −0.007 *** 0.000 −0.156 *** 0.000

Private company owned 0
Municipality owned 0.335 *** 0.000 3.018 ** 0.010 8.089 *** 0.000 −1.656 0.063

Private person owned −1.080 *** 0.000 −16.991 *** 0.000 −0.116 0.935 −1.56 0.094
Resident owned −0.475 *** 0.000 −11.061 *** 0.000 −1.129 0.264 1.8 0.079

HSB and Riksbyggen −0.483 *** 0.000 −6.947 *** 0.000 −2.36 * 0.034 −0.222 0.866
Foundation owned 0.106 0.560 5.331 0.065 19.369 *** 0.000 13.48 *** 0.000

Base area share of university degree [%] 0.094 0.572 0.005 0.437 7.503 *** 0.000 11.803 *** 0.000
Base area average income [KSEK] −0.001 ** 0.005 −0.037 *** 0.000 −0.047 *** 0.000 −0.037 *** 0.000

Was recently renovated 1.86 *** 0.000 1.27 ** 0.005
FTX or other heat recovery from ventilation 0.643 *** 0.000 6.041 *** 0.000 −2.865 ** 0.007 −3.362 *** 0.001

District heating 0
Heat pumps −0.453 *** 0.000 1.521 0.502 −68.443 *** 0.000 −51.217 *** 0.000

Electricity −1.187 *** 0.000 −9.632 ** 0.003 −32.891 *** 0.000 −29.621 *** 0.000
Boiler −0.335 *** 0.000 −7.85 * 0.028 5.982 * 0.028 6.413 * 0.010

Constructed before 1945 0
Constructed 1945–1960 −0.754 *** 0.000 −16.415 *** 0.000 0.511 0.628 −1.049 0.279
Constructed 1960–1975 −1.631 *** 0.000 −35.937 *** 0.000 1.732 0.157 −1.424 0.206
Constructed after 1975 −3.583 *** 0.000 −49.154 *** 0.000 −27.724 *** 0.000 −26.676 *** 0.000

Heated floor area [103 m2] 0.014 0.356 −0.039 0.868 −0.852 *** 0.000 −0.564 *** 0.001
Sides with other buildings −0.085 0.033 −0.78 0.237 −5.325 *** 0.000 −4.3 *** 0.000

Number of floors −0.026 0.107 −1.047 *** 0.000 −1.074 *** 0.000 −0.847 *** 0.000
Number of staircases −0.006 0.559 −0.061 0.701 −0.301 * 0.015 −0.258 * 0.024

Heated basements 0.232 *** 0.000 0.463 0.621 −6.591 *** 0.000 −5.582 *** 0.000
Heated garage ratio to building [%] −2.115 ** 0.004 −31.77 ** 0.001 1.096 0.832 6.279 0.191

N 6235 6235 5725 5697
Unit % kWh/m2.year kWh/m2.year

R2 adjusted 0.255 0.484 0.400

* Coefficient is significant at the 0.05 level (2-tailed); ** Coefficient is significant at the 0.01 level (2-tailed);
*** Coefficient is significant at the 0.001 level (2-tailed).

Models 3 and 4 explain variance in energy performance including and excluding heating for
domestic hot water. This separation is important to make in order to understand why municipally
owned multi-family dwellings have worse energy performance registered in the EPC than other
ownership groups.

More costly renovations have resulted in lower energy usage, but buildings that have been
renovated during the last decades have a higher energy usage when accounting for current heating
system, ownership, and resident socio-economic background. As seen in Table 4, parts of the variance
in energy performance are explainable by variables describing the energy systems of the buildings.
The types of energy systems also differ between the ownership groups, as seen in Table 5. This should
also be considered when comparing the energy performance of the different ownership groups.
The group heat pump stands out in the regression analysis because the energy supplied to the
heat pump is recorded in the EPC, and not the energy provided by the heat pump to the building.
Installation of ventilation with heat recovery and changing heating systems from electricity or boilers
to heat pumps or district heating have been registered as renovations. Buildings constructed after the
1975 and after the oil crises were built with better energy performance.

Table 5 also illustrates how different ownership results in different types of energy savings
measures. Installing heat pumps have been a profitable energy savings measure for especially private
persons and residents owning their buildings. The price of district heating is close to the price of electric
heating directly which incentivizes building owners to install heat pump. However, for municipal
housing companies, buying district heat from waste heat and more carbon-neutral heating distributed
by the municipal energy company is the most prevalent solution. Other commonly used energy
savings measures in Sweden have been roof insulation, ventilation heat recovery, wall insulation,
replacement of windows, and balcony heat bridge mitigation.

Table 4 also illustrates that municipally owned real estate companies make most of the
larger investments in renovations. Fewer renovations are registered for resident owned buildings.
Contributing factors to this pattern are that: parts of the renovations cost are shifted from the building
owner to the apartment owner, ownership of the apartment reduces needs of maintenance, it is
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more difficult to agree on larger investments in larger groups of owners, HSB and Riksbyggen sell
maintenance services which reduce the need for more costly renovations, and finally one unverified
interpretation is that buildings built by HSB and Riksbyggen are in larger need of renovations.

Multi-family dwellings in base areas inhabited by economically disadvantaged people have a
worse energy performance and fewer renovations have been made in these areas. This emphasizes
the importance of including affordability aspects in the sustainability analysis of renovations of
multi-family dwellings.

Table 5. Multi-family dwellings with different heat sources and energy efficient ventilation (FTX or
heat recovery) in building ownership groups.

Boiler District Heating Electricity Heat Pump Total
Energy Efficient

Ventilation

Municipally owned, high income 10 1020 13 26 1069 169
Municipally owned, low income 0 810 9 1 820 86

Private company owned, low income 1 293 2 8 304 40
Private company owned, high income 13 975 14 38 1040 111

Private person owned 5 368 9 26 408 15
Resident owned 40 1188 67 165 1460 204

HSB and Riksbyggen 18 908 0 65 991 104
Foundation owned 0 140 1 11 152 25

Unmatched 0 49 0 26 75 37

Grand Total 87 5751 115 366 6319 791

Separate statistical analyses were also made for the buildings renovated between 2009 and 2014
(N = 485). The EPCs were issued in 2009, so for this analysis, the recorded energy performance was
instead seen as a predictor of renovation. It was found that buildings with a poor energy performance
were prioritized for larger renovations after 2009. The average building energy performance (excluding
heating for domestic hot water) was 161 kWh/m2.year for renovation investment cost Group 3 (N = 17);
compared with total average energy performance of 131 kWh/m2.year. However, it was not possible to
establish a significant relationship between suggested energy saving measures and renovation extent.

For the statistical analysis of the socio-economic information, we found that using base area
as a level of aggregation for socio-economic information introduces error sources and limitations
for the interpretation of results. Existence of other building types made it difficult to establish clear
links between number of residents in multi-family dwellings and base areas. Analyses that explain
socio-economic status of areas would need to include information aggregated to the multi-family
dwelling level.

5. Discussion

In this article methods of analyzing building-specific investment and energy performance have
been described. The methods are intended to be used to present decision makers with analyses of
developments in the multi-family dwelling stock. The interpretation of results is highly context specific
and is also a political matter. Different subsidy schemes apply for the separate ownership groups and
priorities in housing policy are based on political decisions.

Hsu [34] also used comprehensive building energy usage and engineering audits and found that
variance in energy performance of buildings is not sufficiently explained by building and heating
system characteristics. In this article we demonstrate that variance in building energy performance
can be further described when adding building ownership and area socio-economic information.
Huber et al. [20] studied the challenges of renovating and energy retrofitting multi-family dwellings in
socio-economically disadvantaged areas. In this article, we find that the municipally owned real estate
companies in Gothenburg are most exposed to those challenges. Trade-offs need to be made between
energy usage reductions, rent increases, and increased living standards. Curtis et al. [35] used EPC
data matched with census data for the Irish building stock, and found building energy performance to
be worse in buildings in socio-economically disadvantaged areas.
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Michelsen et al. [23] found that larger real estate companies outperform smaller companies in
terms of extensive renovations, but that smaller companies can be better at continuous maintenance.
Company size was not part of the analysis in this article. However, we would like to add that the least
number of renovations were registered for private person owned rental buildings. The municipally
owned real estate companies are large, and they have executed most large renovation projects.

Matschoss et al. [17] compared energy efficiency renovations in multi-family dwellings in
eight European countries with regard to building ownership, not including Sweden. They found that
resident joint ownership may have internal barriers to making larger investments in energy retrofitting.
In Sweden, the costs of renovating the interior of the resident owned apartments are not included in
renovation cost of the entire building. Interior apartment renovations are frequent in resident owned
buildings, due to the strong market development of resident owned apartments. Including these
renovations costs and associated environmental impact would be necessary to make a more complete
evaluation of multi-family dwelling resident ownership as a tenure type. Furthermore, other studies
have shown that it is not possible to establish that energy usage cost calculations in the EPC affect the
price of the resident owned apartments [36–39].

For rental apartments, the landlord–tenant problem can be a barrier to energy retrofitting and
renovation [10,12–14]. It was difficult to isolate these aspects in the analysis of the Gothenburg
multi-family dwellings. In Sweden, the real estate owner pays the heating cost. In the past decades,
individual volumetric metering billing of electricity and water have been increasingly installed in
rental apartments in Gothenburg [40].

Central for the regression analyses with building energy performance as dependent was the
removal of domestic hot water heating. Only a minor share of the heat in domestic hot water
remains in the building after usage. Most of the heat exits the building in the waste water [41].
Excluding heating for water usage from energy performance, which is most strongly predicted by
living area per person [33,40], is one manner of separating the impact of user behavior. When excluding
energy for heating domestic hot water, no significant association between energy performance and
building ownership could be made. This finding is relevant in the context that European countries
are reissuing EPCs in which more countries will include measured, instead of calculated, energy and
water usage. Because of the differences in water usage between the ownership groups, there are risks
that groups of multi-family dwellings that are more crowded appear as have comparatively poorer
energy performances depending on how the energy performance certification with measured energy
usage is implemented in European counties.

6. Conclusions

This article analyzed variance in investments in renovations and building energy performance of
multi-family dwellings, based on building ownership, location and building characteristics. We found
that both building ownership and socio-economic area characteristics are useful in explaining variance.
Central findings are that energy used for heating domestic hot water and heating systems varies
between ownership groups and that municipally owned real estate companies face challenges in the
renovation of building in socio-economically disadvantaged areas. Including affordability aspects
in the sustainability analyses of larger renovations in such areas is necessary since economically
disadvantaged groups are overrepresented in multi-family dwellings with poor energy performance.
Buildings which have had higher energy usage are overrepresented in the group of buildings having
gone through larger renovations in recent years. Large renovation is a predictor of lower energy
usage. However, when accounting for current heating system, ownership, and resident socio-economic
background, buildings that have been renovated during the last decades have a higher energy usage.

Building ownership is context specific, but the overall renovation progress and energy
performance of buildings in different types of ownership groups can be described using official
and publicly accessible databases. Comprehensive building specific information, separated in
ownership groups, made it possible to demonstrate the differences in renovations and building
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energy performance between ownership groups. Furthermore, statistical analyses of the data can be
used to reinforce conclusions.

Future Studies

The EPCs were designed to be renewed every 10 years. This will make it possible to describe and
explain the changes in energy usage in Sweden in 2019. These studies will investigate predictors of
energy retrofitting projects and changes in socio-economic inhabitation characteristics. Ideally, casual
relationships can be made between these changes and changes in building regulation and subsidy
schemes. In this study, sensitive socio-economic inhabitant information should be aggregated to the
multi-family dwelling level during the time of the two waves of EPCs.

In this article, information about the Gothenburg multi-family dwelling stock has been studied.
Johansson et al. [42] also used the information sources described in this paper to develop methods
for connecting the entire Swedish national databases. This will make it possible to provide decision
support to the national authorities which are responsible for building regulation and subsidy schemes.

Adding building-specific energy models would enable comprehensive strategic advice for
building owners [43,44]. Using the records of renovation cost and energy performance linked
with scenarios will make it possible to point out which building owners should be in line for
energy retrofitting.
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Appendix A Tables with Descriptions of Ownership Groups and Variables for the
Regression Analyses

Table A1. Heated floor area of multi-family dwellings in Gothenburg divided by construction periods
and ownership groups [103 m2].

Built before 1931 1931–1945 1946–1960 1961–1975 1976–1990 1991–2005 Built after 2005

Municipally owned, higher income 512 383 788 398 320 169 76
Municipally owned, lower income 34 31 746 2387 94 7 7

Private company owned, lower income 21 21 351 745 1 1 17
Private company owned, higher income 389 624 383 999 208 65 62

Private person owned 180 275 123 119 12 6 2
Resident owned 919 467 402 590 194 235 252

HSB and Riksbyggen 87 159 755 1358 346 183 51
Foundation owned 58 19 43 167 9 66 41

Unmatched 11 1 4 31 22 1 151

Total 2211 1980 3595 3049 1206 733 659
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Table A2. Descriptions of the ownership groups. Geographical analyses were conducted to verify the
validity of the groups.

Number of
Buildings

Heated Floor Area
[103 m2]

Average Income
[SEK/Person.Year]

Higher Education 1

Municipally owned, higher income 1069 2646 241,000 44%
Municipally owned, lower income 820 3305 153,000 27%

Private company owned, lower income 304 1156 156,000 30%
Private company owned, higher income 1040 2729 263,000 48%

Private person owned 408 717 264,000 54%
Resident owned 1460 3059 283,000 52%

HSB and Riksbyggen 991 2939 243,000 38%
Foundation owned 152 403 238,000 68%

Unmatched 75 223 286,000 19%

Table A3. Retriever Business data description and overlap with data from Swedish National
Land Survey.

Buildings
Registered as

Resident Owned

Heated Floor Area
in Retriever

Business [103 m2]

Overlap of the
Datasets

Average
Construction

Year

Average
Organization

Registration Year

Municipally owned, higher income 53 147 6% 1944 2004
Municipally owned, lower income 1 1 0% 1977 2005

Private company owned, lower income 5 20 2% 1931 2006
Private company owned, higher income 185 578 21% 1941 2004

Private person owned 98 214 30% 1937 2005
Resident owned 696 1561 51% 1944 1990

HSB and Riksbyggen 94 481 16% 1957 1956
Foundation owned 7 10 3% 1958 2006

Table A4. Methods for setting a value year based on renovation costs according to Swedish Tax
Agency [32].

Renovation Cost Method of Setting the Value Year

Group 1
Less than 20% of the new building
cost 1. Assumed to be 10% in the

linear regression model.
No change in Value year

Group 2 20–70% of the new building cost 1
The value year is set based on the cost of the

renovation compared with the cost of constructing
a comparable building using Equation (1).

Group 3
More than 70% of the new

building cost 1. Assumed to be
90% in the linear regression model.

Value year is set to the year of the renovation

1 New building cost is set and updated by the Swedish tax authorities. In order to calculate and compare renovation
costs between years New building cost of 2012 [32] is be used in this article, which was 15,300 SEK/m2 (1$ = 8.26 SEK
as of 1 March 2018). The new building cost is increasing based on Inflation, changes in construction costs and
property value.

Table A5. Description of renovation cost groups. Renovation cost is presented as a percentage of New
building cost as specified by the Swedish Tax Agency [32].

Number of Buildings Heated Floor Area [103 m2] Average Building Size [m2] Average Construction Year

No renovation 3090 8050 2610 1966
Group 1 984 3770 3830 1958
Group 2 1040 2750 2640 1943
Group 3 1210 2610 2160 1937
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Table A6. Independents in the regression analyses.

Type Variable Unit Average Std. dev.

Nominal Private company owned 1 Yes/no 0.198 -
Nominal Municipality owned Yes/no 0.308 -
Nominal Private person owned Yes/no 0.068 -
Nominal Resident owned Yes/no 0.219 -
Nominal HSB and Riksbyggen Yes/no 0.170 -
Nominal Foundation owned/student housing Yes/no 0.025 -

Scalar Base area share of university degree % 0.433 0.196
Scalar Base area average income KSEK 238 64.7

Ordinal Was recently renovated (decades from 1988) Ordinal 0.924 1.18
Nominal FTX or other heat recovery from ventilation Yes/no 0.123 -
Nominal District heating 1 Yes/no 0.903 -
Nominal Heat pumps Yes/no 0.062 -
Nominal Electricity Yes/no 0.020 -
Nominal Boiler Yes/no 0.015 -
Nominal Constructed before 1945 1 Yes/no 0.353 -
Nominal Constructed 1945–1960 Yes/no 0.215 -
Nominal Constructed 1960–1975 Yes/no 0.224 -
Nominal Constructed after 1975 Yes/no 0.208 -

Scalar Heated floor area 103 m2 2.63 2.97
Ordinal Sides shared with other buildings Integer 0.500 0.807
Ordinal Number of floors Integer 4.17 2.26
Ordinal Number of staircases Integer 3.58 3.89
Ordinal Number of heated basements Integer 0.700 0.494
Scalar Heated garage ratio to building % 0.090 0.044

1 Variable used as reference category in the regression analyses.
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Abstract: Human well-being can be affected by the loss of ecosystem services from conversion
of agricultural lands. Uncovering negative ecological consequences of rural-urban conversion is
important for regulating rural-urban land conversion. This paper evaluates the impacts of rural-urban
land conversion on the ecological well-being of different interest groups in China and makes policy
recommendations for mitigating them. This research empirically quantifies and compares changes
in the ecological well-being of rural and urban residents due to rural-urban land conversion and
examines how transformation factors affect such changes in Hubei, China using the Fuzzy Synthetic
Evaluation Model. Results show that compared with urban residents, rural resident ecological
well-being level declines more obviously with rural-urban land conversion. Two socio-demographic
characteristics, age and education level, as well as zoning characteristics, influence both rural and
urban resident well-being changes. It is argued that there is a need for quantitative measurement
of agricultural ecosystem services changes and that the construction of ecological compensation
policies in areas undergoing rural-urban land conversion is essential for regulating rural-urban land
conversion and for maintaining resident ecological well-being.

Keywords: ecological well-being changes; rural-urban land conversion; transformation factors; urban
residents; rural residents; China

1. Introduction

Humans are dependent upon the services provided by nature and unless we effectively account
for the range of values from ecosystems in our efforts to protect the environment, we cannot sustain
human well-being [1,2]. Land use and land cover change (LUCC) is a driver of global change that
directly influent the status and integrity of ecosystems and in last term its capacity to supply ecosystem
services [3]. While human well-being, as an endpoint and central yardstick for sustainability, is widely
recognized as an important issue but is difficult to be studied empirically [4–6]. One of the outcomes
of urbanization in China, “rural-urban land conversion” is the change from agricultural land in rural
areas to developed urban land which is a kind of LUCC [7,8]. Rural-urban land conversion provides
land element for urban sprawl, industrial development and economic growth. But it also presents a
challenge to the ecological system because many ecosystem services provided by agricultural land are
lost in the process of conversion, which can be described as the negative external ecological effects
of rural-urban land conversion [9–13]. Fortunately, such losses in human well-being have received
increasing attention in economic analysis and public policy making, based on the ecosystem services
functions as well as human well-being indicators made in the Millennium Ecosystem Assessment
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(MA) [14–17]. Currently, some empirical studies aimed to uncover the relationship between land use
change or ecosystem services and human well-being have been reported in many countries, including
the U.S. [18], Brazil [19], South Africa [20], China [6], Spanish [3] and the U.K. [21]. However, the
issue of how to quantify the changes in ecological well-being of rural and urban residents due to
rural-urban land conversion and how conversion factors affect such changes has not been adequately
studied [22–24]. In view of this, this paper constructs an ecological well-being index for residents,
quantifies the changes in ecological well-being of residents caused by rural-urban land conversion
and examines the impact of transformation factors (socio-demographic characteristics and zoning
characteristics) on these changes for rural and urban residents.

The agricultural social-ecological system includes agricultural land, the natural environment
and human interventions. It is commonly characterized as semi-natural and semi-artificial [25–27].
The agroecosystem provides not only agricultural products including grain, fiber, vegetable, wood
and fishery products but also multiple ecological services such as air purification, climate regulation,
soil stability and eco-landscapes [14,28,29]. With the acceleration of land-based urbanization in China
since the 1980s, the population has been migrating to urban areas triggering unprecedented, fierce land
competition and tremendous land use changes. The character of rural-urban land conversion in China
in the last 30 years has been described as ‘accelerating urban expansion, establishing the eastern part
of China as the center of gravity and extending out to the Midwest of China’ [16]. Rural-urban land
conversion transfers the semi-natural landscapes to a landscape of buildings and roads. The biological
community, soils, water flow and surface structure of agricultural lands is destroyed in this process
which means that the land’s original ecosystem degrades [30–32]. The capability of agricultural land
to providing various ecological services is diminishing and declining accordingly [33]. Therefore,
rural-urban land conversion which is a common social-economic phenomenon in developing countries
has significant negative externalities from the ecological point of view [13,31,34,35]. Such land use
transitions had negative effects on local ecological systems and human well-being may decline when
these negative externalities are ignored and incorrectly treated [3,36,37]. In 2005, the MA presented a
conceptual framework which revealed the interactions between ecosystem services, human well-being
and the driving forces of change and it pointed out that ecosystem services (including provision
services, regulating services, cultural services and supporting services) are closely related to human
well-being. Human well-being was explained as the basic material for a good life, health, good social
relations, security and freedom of choice and action [38,39]. In view of these, the human well-being
discussed in this paper is limited to those factors closely associated with ecosystem services and termed
“human ecological well-being”.

The existing research usually focuses on the evaluation of a certain kind of ecological service
from the agricultural ecosystem, such as supply services that underpin basic livelihood capacity [40],
coordinating services that can prevent extreme weather, conserve water and purify the air [31,41],
support services that provide habitat for plants and animals and maintain the potential for sustainable
use of agricultural land resources in the future [42,43], as well as cultural services that include
educational opportunities, inspiration, entertainment and local identity [44–46]. Scholars in China
have paid close attention to the changes in the overall welfare of some stakeholders in the process
of rural-urban land conversion [11,47,48], especially the overall welfare of farmers [49–51]. Most
of these papers used the theories and methods of welfare economics to calculate the economic or
material welfare changes caused by rural-urban land conversion, while neglecting the impact of
ecosystem change on human well-being from the externalities of land use change [40]. In recent years,
some scholars have begun to link human ecological well-being loss with ecosystem change from
the perspective of the relationship between ecosystem services and human well-being, based on the
framework for ecosystem services as well as human well-being constituents from the MA [15,17,52].
Such research calls for the investigation of resident ecological well-being changes in the process
of rural-urban land conversion. Of quantitative measurement methods, the most commonly used
methods are stated-preference methods including the Contingent Valuation Method (CVM), Choice
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Experiment Method (CE), etc. [44–46]. However, these methods have some inherent defects, to be more
specific, CVM can only estimate a well-being change caused by one certain state of environmental
change and the accuracy of its result is affected by more than ten kinds of inherent latent deviations
such as hypothetical deviation, partial-global deviation, strategic deviation, etc. [53,54]. Although CE is
able to calculate the economic value of different attributes of resources, its estimation accuracy depends
on the authenticity and reliability of the survey data and is influenced by embedding bias, hypothetical
deviation, etc. [55]. Therefore, the systematic research on the relationship between agroecosystem
services and human well-being needs to be further advanced in terms of content and method.

Moreover, for the sake of protecting limited agricultural land, China implemented the world’s
most stringent Land Use Control System starting in the 1980s, upgrading to Land Use Spatial Control
in recent ten years. It can be seen as a conversion from reserving the quantity of agricultural land to
regulating agricultural land protection spatially [13,56,57]. Specifically, Land Use Spatial Control in
China divides the entire land space into four major function oriented zones including the Optimizing
Development Zone, Key Development Zone, Restricted Development Zone as well as the Forbidden
Development Zone according to resource and environment carrying capacity, existing development
density and development potential, natural environmental constituents, the level of socio-economic
development, ecosystem characteristics and the spatial differentiation of human activities in different
areas. This raises some questions, notably, when rural-urban land conversion occurs in the different
zones, are there different changes in the ecological well-being of residents? Investigation of this
question can provide a basis for the implementation of spatially heterogeneous ecological compensation
mechanisms for agricultural land protection.

The goal of this paper, therefore, is to examine the specific human well-being constituents that
closely relate to the ecological services from agricultural lands and which foster “human ecological
well-being”. We construct an evaluation index for resident ecological well-being, quantify the changes
in ecological well-being of residents due to rural-urban land conversion and analyze the effect of
individual and zoning transformation factors. We examine impacts on both rural and urban residents:
we hypothesize that both are affected by the agroecosystem because of spillover effects but that they
are affected differently owing to their different relationship with and distance from agricultural lands.
The research findings from this study provide a foundation for evaluating impacts of conversion on the
ecological well-being of different interest groups, for regulating rural-urban land conversion by zoning
and for establishing an efficient ecological compensation mechanism for rural-urban land conversion.

2. Constituents of Resident Ecological Well-Being

The Millennium Ecosystem Assessment (MA) was called for by United Nations Secretary-General
Kofi Annan in 2000 and had lasted for 4 years since it was initiated in 2001. The objective of the
MA was to assess the consequences of ecosystem change for human well-being and to establish the
scientific basis for actions needed to enhance the conservation and sustainable use of ecosystems and
their contributions to human well-being. Two of the four core questions of MA are “Who caused the
ecosystem and their services change and how these changes affected human well-being?” In 2005,
the MA presented a conceptual framework which revealed the interactions between ecosystem services
and human well-being and it pointed out that ecosystem services (including provision services,
regulating services, cultural services and supporting services) are closely related to human well-being
(including the basic material needs for a good life, health, good social relations, security and freedom
of choice and action) [38]. On this basis, series indices are selected in this paper to set up the evaluation
index system for resident ecological well-being based on the classification for human well-being
constituents of MA, combined with the characteristics of agroecosystem and the existing literature
about human well-being (Figure 1 and Table 1). In view of the different ecological impacts on rural
and urban residents from rural-urban land conversion, the specific indices of ecological well-being for
the two groups are slightly different (Table 1).
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Figure 1. Relationship between agro ecosystem services and human ecological well-being.

Table 1. Index system of resident ecological well-being.

Constituents of
Ecological Well-Being

Criterion
Indices

Rural residents Urban residents

Security X1
Access to clean and secure living spaces Waste recycling capability X11

Reduction of environmental attack and
threats

Frequency of agroecosystem-related meteorological disasters
(such as drought, floods, soil erosion and desertification) X12

Basic material for a
good life X2

Access to resources for income and
livelihood

Obtain daily staple food X21
Obtain daily vegetables X22
Obtain daily meat X23

Health X3

Access to clean air Satisfaction with air quality X31

Access to adequate and clean water Satisfaction with water quality X32

Obtain adequate nutrition Safety of food, vegetables and meat consumption X33

Avoidance of preventable diseases Pollution-related diseases X34

Good social relations
X4

Opportunities to express cultural and
spiritual values associated with the
ecosystem

Rural life nostalgia X41
Children’s rural experiences X42

Opportunities to experience the aesthetic
and recreational values associated with
the ecosystem

Frequency of ecotourism X43
Satisfaction with the natural
landscape X44

Freedom of choice and
action X5

Achieving the status of valuable survival
state Livelihood choices X51

2.1. Security

The MA recognizes that the security refer to safety of person and possessions, secure access to
necessary resources and security from natural and human-made disasters [38]. Rural-urban land
conversion weakens the land’s capacity for water conservation, weather moderation and waste
recycling [31,40]. The recycling of surface runoff and flood regulation are significantly affected [31].
This paper selects the indices of waste recycling and the frequency of meteorological disasters (such as
drought, floods, soil erosion and desertification etc.), which are related to the agricultural ecosystem,
to characterize resident well-being level for the security constituent. What needs to be explained is that
the index of waste recycling capability is only for rural resident survey and analysis, because waste
needs ecosystems to degrade in many rural areas where still short of complete waste disposal system.

2.2. Basic Materials for a Good Life

Basic material for a good life refers to the ability to have a secure and adequate livelihood,
including income and assets, enough food and water at all times, shelter, ability to have energy to
keep warm and cool and access to goods [38]. Agroecosystem synthesize organic compounds by
solar energy and artificial auxiliary energy, providing the fundamental materials for human life [58].
Rural-urban land conversion changes the basic material conditions of rural residents as the direct users
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of agricultural land. Therefore, the existing compensation institutions for agricultural land acquisition
should not only take economic compensation into account but also compensation for degradation of
access to ecosystem resources [40]. In the assessment's conceptual framework of interactions between
ecosystem services and human well-being constructed by MA, one of the services—the provisioning
service—refers to the products obtained from the ecosystem. Changes in provisioning services such
as food, water and fuelwood have very strong influences on the adequacy of material for a good
life. And it is also stated that the access to these materials is heavily mediated by socioeconomic
circumstances [38]. This research focuses on agroecosystem which produce food mainly. Besides, in
many underdeveloped rural areas in China, farming is still the main way for farmers to get food to
meet the basic need of life. Therefore, this paper uses changes in the way that rural residents obtain
daily ingredients (staple food, vegetables and meat) to represent the change in basic materials for a
good life. It should be noted that the relationship between an urban resident’s basic materials for
a good life and the agroecosystem is not significant, because on the one hand, they have no direct
connection with the agricultural land (they do not farm), on the other hand, as a relatively wealthy
group, local changes in ecosystems may not cause a significant change in their access to necessary
material goods [38]. Accordingly, this paper considers that the basic materials for an urban resident’s
good life remain unchanged in rural-urban land conversion. So the indices of obtained daily staple
food, obtained daily vegetables and obtained daily meat, which are employed to characterize the
constituents of basic materials for a good life, are only used for the rural resident survey and analysis.

2.3. Health

The MA states that the constituent of health is the ability of an individual to feel well and be strong,
or in other words to be adequately nourished and free from disease, to have access to adequate and
clean drinking water and clean air and to have the ability to have energy to keep warm and cool [38].
Rural-urban conversion destroys the nutrient recycling capacity of agroecosystem [59–62]. Therefore,
this paper investigates the satisfaction of rural and urban residents with their daily consumption of
staple food, vegetables and meat to measure the change in their capability of obtaining enough nutrition.
Existing studies also suggest that agroecosystem have the function of blocking and absorbing a certain
amount of particulate waste [63], preventing the deterioration of river water [64] and controlling the
spread of epidemic diseases [58]. In view of these, in this paper, the capability of avoiding preventable
diseases is measured by the indices of number of ecological pollution-related diseases. Access to
adequate and clean water as well as clean air is measured by the indices of resident satisfaction with
water quality and air quality separately.

2.4. Good Social Relations

Good social relations can be explained as the presence of social cohesion, mutual respect and the
ability to help others and provide for children [38]. The capability of providing aesthetic values and
interactions between human and the ecological environment offered by agricultural lands have been
recognized as vital service functions [17,65]. Rural-urban land conversion typically triggers aesthetic
damage [66]. For urban residents, the decline of agricultural land reduces their opportunities for rural
tourism, agritainment, etc. In this paper, the constituents of good social relations for urban residents
are measured by indices of frequency of ecotourism and satisfaction with the natural landscape.
Agroecosystem fosters specific agricultural cultures which include agricultural production activities
and rural lifestyles [67] and also the link between humans and nature as well as humans and society [44].
In China, farmers are strongly attached to their agricultural land. A deep and irreversible ruin
of the cultural and spiritual heritage of rural areas takes place when rural-urban land conversion
proceeds [68].Therefore, the constituent of good social relations for rural residents is characterized by
indices of rural life nostalgia and children’s rural experiences.
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2.5. Freedom of Choice and Action

Freedom of choice and action refers to the ability of individuals to control what happens to them
and to be able to achieve what they value doing or being [38]. The basic livelihood of rural populations
depends mainly on the services provided by agroecosystem [40]. Agricultural populations who live in
poor areas are influenced by land use change more directly and profoundly [69].

Before rural-urban land conversion, rural residents have the freedom to make choices between
farming and working in urban areas. However, after the rural-urban land conversion, their livelihood
choices are more limited because they have no other choice but to work in urban areas. Their low level
of education and inadequate non-agricultural labor skills exacerbate this limitation. While for urban
residents, rural residents entering urban areas to work compete for the available jobs. Therefore, this
paper uses livelihood choices as an index to measure changes in resident freedom of choice and action.

3. Materials and Methods

3.1. Study Area

Wuhan City and Shiyan City in Hubei Province were selected as the study area (Figure 2). Wuhan
City which is located in a Key Development Zone according to the Main Function Oriented Division
(MFOD) is a megalopolis in middle of China. Wuhan City, with an urbanization rate of 71.7% at
the end of 2016, significantly higher than any other city in Hubei province, is developing at soaring
speed in recent years. It is in the phase of accelerated urbanization which accompanies rapid urban
expansion. Wuhan City has 13 districts, including 7 central districts and 6 suburban districts. The latter
is composed of Jiaxia district, Caidian district, Huangpi district and so on and the area with the
highest rate of rural-urban land conversion in the last few years. However, Shiyan City, located
in the northwest border of Hubei Province, is in a Restricted Development Zone. It is not only a
poor region of the Qin-ba mountain area but also the Core Water Source Area of the Middle Route
of the South-to-North Water Diversion Project. This city, which has adopted a “focus on ecology
externally and focus on humanities internally” as its development strategy is now facing the dilemma
of balancing ecological protection and economic development.

 
Figure 2. Study areas (Color should be used).
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3.2. Questionnaire Design and Data Collection

In general, the questionnaire collected information regarding (1) a brief description about the
multifunction of agricultural land and agricultural land loss in the process of rapid urbanization
in China (2) respondents’ perception of the ecosystem services changes caused by rural-urban land
conversion. Questions are designed according to the indices showed in Table 1 (i.e. “Do you think
the Frequency of drought/floods/soil erosion/desertification increased?” If “yes,” “Do you think
it is related to rural-urban land conversion?” The five-point Likert scale (i.e. strongly disagree,
mildly disagree, unsure, mildly agree and strongly agree) was used for respondents to choose (3) the
socio-demographic information of area residents. It must be noted that, considering the specific indices
of ecological well-being for the rural residents and urban residents are slightly different (Table 1),
two different questionnaires were developed for these two groups of respondents. Specifically, rural
residents were asked to compare the state of each kind of agroecosystem services before and after they
lost their agricultural land (either positive or negative). If they think there were changes, they needed
to indicate their opinion about whether those changes were related to rural-urban land conversion
as well as the degree of relevance. Urban residents were asked to clarify their perception of the
changes of each kind of agroecosystem services in the last fifteen years and also needed to indicate
their views on whether those changes were related to rural-urban land conversion as well as the degree
of relevance. To avoid investigators deviation in survey, we made no effort to force respondents to
provide arguments; they were given the option to not provide an argument if they did not recognize
any change [3,70].

In this research, respondents are composed of two groups, rural residents and urban residents,
defined according to the census registration system in China. “Rural residents” refers to people who
are registered in a village and are generally eligible to be assigned agricultural land to work and make
a living from. “Urban residents” are those who are registered as urban permanent residents and live
in urban areas. Major Function Oriented Zoning Division (MFOZD) of China which is the guideline
for optimizing the spatial pattern of regional development in China is put forward in 2011. Based
on comprehensive analysis on regional resources and environment capacity, existing development
density and potential, MFOZD divides the land space of China into a series of regional units according
to a specified major function for each area. Some regions are planned as urbanizing regions (develop
functional regions) whose major function is providing industrial products and services. Such areas
are named “Priority Development Zone” or “Key Development Zone”. Other regions are planned as
agricultural regions (ecology functional areas) whose major function is providing ecological services.
Such areas are named “Restricted Development Zone” or “Forbidden Development Zone”. In order
to investigate the impact of location on resident ecological well-being changes, Wuhan City and
Shiyan City of Hubei Province are selected as study areas in this study. The two cities belong to a
Key Development Zone and a Restricted Development Zone, respectively, according to the MFOZD
of China.

Specifically, survey sites for rural residents were selected in the suburbs, where rural-urban
land conversion has been frequent in recent years, while for urban residents the sites selected were
open spaces or parks with a large flow of people. Ultimately, rural residents were surveyed in
five administrative villages including Xingfu Village, Xiangyang Village, Fangliang Village, Liuhe
Village and Chunhe Village in the Jiangxia District of Wuhan City, as well as in five administrative
villages including Erdaopo Village, Caijialing Village, Wolonggang Village, Qinglongshan Village
and Changping Village in Yunyang District of Shiyan City. Urban residents were surveyed in two
central districts including the Hongshan District and Hangjiang District in Wuhan City as well as the
Zhangwan District in Shiyan City. Sample size was estimated using the following sampling formula
proposed by Scheaffer [71].

N∗ = N/
[
(N − 1)σ2

]
+ 1
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where N∗ is the needed theoretical sample size, N is the population of study area, σ is the sampling
error (σ = 5%) [71]. By the end of 2015, the population of Wuhan and Shiyan were 1166.24 × 104

obtained from Wuhan Statistical Yearbook (2016) and Wuhan Statistical Yearbook (2016), including
729.57 × 104 urban residents and 436.67 × 104 rural residents. Accordingly, the sample size required
for our research should be at least 402. Considering the possible unresponsive or invalid samples,
a total of 500 interviewees including 220 rural residents and 280 urban residents were randomly
selected to be surveyed in the study areas mentioned above. Our research team which was composed
of 8 postgraduates majoring in land resource management took face-to-face interviews to obtain
data throughout the entire data collection periods in May 2015 and May 2016. Interviewers were
asked to learn the contents of the questionnaire, especially the key issues and questions, through
pre-training and pre-research to avoid investigators deviation. Besides, each interview was limited
to 20–25 min to avoid length of residence time bias. After a brief description of the purpose of our
research and obtaining permissions, we explained meaning of each index embedded in the questions
of the questionnaire. And their answers were faithfully recorded by the interviewers. Ultimately, valid
questionnaires were obtained from 209 rural residents and 266 urban residents after discarding invalid
samples that included illogical or incomplete information.

3.3. Methods

3.3.1. Fuzzy Synthetic Evaluation Model

The core essence of Fuzzy Mathematics is regarding fuzzy concepts as study objects, employing
fuzzy sets to determine imprecise or complex things and adopting the value of membership function to
describe the degree to which a certain constituent belongs to a fuzzy set, which is employed to describe
imprecision or vagueness [49]. The ‘human ecological well-being’ which is studied in this paper is
one aspect of the concept of ‘human well-being.’ Researching the impacts of changes in life status
and the subjective feelings and psychological characteristics of rural residents and urban residents as
they are related to the ecosystem of agricultural land is essential to exploring this issue. Since most of
these constituents are subjective and vague, the Fuzzy Synthetic Evaluation Model has a significant
advantage for dealing with the subjective evaluation indexes is appropriate for this study.

X is defined as the fuzzy set of resident state of ecological well-being. W is a subset of X which
represents the possible change in ecological well-being as a result of rural-urban land conversion. Then,
the ecological well-being function W(n) of the nth rural dweller or urban dweller can be expressed
as follows:

W(n) = {x, μw(x)}
where μw(x) is the membership value function for x belonging to W, μw(x) ∈ [0, 1] and x ∈ X. It is
well accepted that the higher the membership value is, the higher the ecological well-being level is.
When the membership value is 1, the ecological well-being of residents is the best; when it is 0 it is the
worst and 0.5 is the medium state, neither good nor bad.

3.3.2. Forms of Membership Function

The membership function is one of the critical points of the fuzzy synthetic evaluation method
and the membership function is different according to the different types of variables used. Variables
are usually divided into three types: virtual dichotomous variables, virtual continuous variables
and virtual qualitative variables. Let xij represent the value of the jth evaluation index of the ith
constituent of the resident's ecological well-being. xi is the ith constituent subset of resident ecological
well-being which is determined by the primary index xij. The initial index of ecological well-being is
x =

[
x11, · · · , xij, · · ·

]
.

There are only two cases of virtual dichotomous variables which are commonly described by
“true” or “false”. For example, the question “Whether you and your family have had diseases that are
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related to ecosystem?” applies to the virtual dichotomous variable whose membership function can be
expressed as follows:

μ
(

xij
)
=

{
0 Xij = 0
1 Xij = 1

(1)

When the respondent has diseases due to ecological environmental pollution, Xij is 0, otherwise
Xij is 1.

Virtual continuous variables are the indices that have continuous values. Their membership
function can be expressed as follows. Equation (2) describes the positive relationship between Xij and
the state of ecological well-being, while Equation (3) describes the negative relationship between them.

μ
(
xij

)
=

⎧⎪⎪⎪⎨⎪⎪⎪⎩
0 0 ≤ xij ≤ xmin

ij
xij−xmin

ij

xmax
ij −xmin

ij
, xmin

ij ≤ xij ≤ xmax
ij

1 xij ≥ xmax
ij

(2)

μ
(
xij

)
=

⎧⎪⎪⎨⎪⎪⎩
0 0 ≤ xij ≤ xmin

ij
xmax

ij −xij

xmax
ij −xmin

ij
, xmin

ij ≤ xij ≤ xmax
ij

1 xij ≥ xmax
ij

(3)

where xmin
ij and xmax

ij represent the minimum and maximum value of Xij respectively.
Quantitative data are generally not available for some ecological well-being indices as some can

be described by qualitative words only. Examples like this including the respondents’ answers about
“How satisfied are you with the air quality,” “How about your nostalgia about rural life?” etc. These
kinds of indexes are dealt with by a Likert scale which assigns the range of agroecosystem services
from 1 through 5 at equidistant intervals. When satisfaction is measured, a larger value indicates a
better ecological well-being state. On the contrary, when a negative indicator such as the frequency
of agroecosystem-related meteorological disasters is measured, a larger value indicates a worse state.
The membership function μ

(
xij

)
of the virtual qualitative variable is as follows:

μ
(
xij

)
=

⎧⎪⎪⎪⎨⎪⎪⎪⎩
0 0 ≤ xij ≤ xmin

ij
xij−xmin

ij

xmax
ij −xmin

ij
, xmin

ij ≤ xij ≤ xmax
ij

1 xij ≥ xmax
ij

(4)

μ
(
xij

)
=

⎧⎪⎪⎨⎪⎪⎩
0 0 ≤ xij ≤ xmin

ij
xmax

ij −xij

xmax
ij −xmin

ij
, xmin

ij ≤ xij ≤ xmax
ij

1 xij ≥ xmax
ij

(5)

where xmin
ij and xmax

ij represent the minimum and maximum value of Xij respectively.

3.3.3. Weight Determination

The Delphi method and the Analytic Hierarchy Process are commonly used in the calculation of
weights but these are questioned due to the subjectivity of their results. This paper uses the weight
definition proposed by [72] and employs the weight function as modified by [49,73].

ωij = ln
[
1/μ

(
xij

)]
(6)
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3.3.4. Aggregate the Membership Values of Indices

According to the different types of the constituents described above in Section 3.3.2, corresponding
membership functions are selected to calculate the indices membership value. And then the constituents’
membership value is calculated according to the weight function. Therefore, the membership value of
resident ecological well-being is as follows:

W(n) =
I

∑
i=1

μ
(
xij

)n·ω(n)′
ij /

I

∑
i=1

ωi (7)

3.3.5. Transformation Factors

Well-being can be described as an individual’s satisfaction with some aspects of his/her life as
determined by his/her individual life states, physiological conditions and psychological factors [74].
It is recognized as the freedom and capability to choose different kinds of lifestyles in order to get
access to a beautiful life, a healthy state, rich experiences, good social relations, cultural identity,
a deep sense of belonging, respect and self-realization etc. in the process of natural ecosystem
utilization and development [75,76]. Capability approach was put forward by Sen and he discussed
the relationship between an individual’s functioning, capability and values (or utilities which are
defined in the usual terms of pleasures, happiness, or desire fulfillment) [77–79]. On this basis,
the changes of farmers’ economic and non-economic well-being in the process of rural-urban land
conversion have been researched [49,51,73]. It figured out that the conversion degree and efficiency
by which the goods or service changing to well-being are significantly different for each individual
due to the differences in personal, social and environmental conditions which are conceptualized as
“transformation factors”. For example, different age groups have different anticipations when facing
same environmental changes, more highly educated groups have better ability for livelihood selection
and further environmental cognition [51,80]. In addition, an individual’s preference for ecosystem
services is affected by local environmental resources endowments to some extent [29]. Transformation
factors could explain that why different people in same state have different levels of well-being.
Sen (1999) studied five categories of conversion factors including the heterogeneity of individual,
the diversity of the environment, the difference of social atmosphere, the difference of interpersonal
relationship and the distribution of the family. Considering that the social atmosphere is stable in
certain period of time in China, interpersonal relationship mainly reflect different social differences
and ecological well-being is closely related to personal perception not the family internal distribution,
this paper uses ‘transformation factors’ which influence the impact of rural-urban land conversion on
an individual’s ecological well-being to further investigate the effects of rural-urban land conversion.
Socio-demographic characteristics including gender (T1), age (T2) and education level (T3), as well as
zoning characteristic which is represented by location (T4) are selected as transformation factors which
are employed to analyze the differences of ecological well-being change between rural residents and
urban residents.

4. Results

4.1. Changes in Resident Ecological Well-Being

According to the actual situation obtained through the survey, the membership values of rural
resident ecological well-being indices including satisfaction with air quality, satisfaction with water
quality, rural life nostalgia and children’s rural experiences are all set as 0.5 which means that the state
of rural resident ecological well-being mentioned above is neither good nor bad before rural-urban
land conversion and the membership values of their ecological pollution-related diseases is set as 1
which means they did not get diseases due to ecological environment pollution. The membership
values of urban residents’ each ecological well-being index and overall ecological well-being are all
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set as 0.5 which means that the state of their ecological well-being is neither good nor bad before
rural-urban land conversion. Resident ecological well-being changes are displayed in Table 2.

Table 2. Fuzzy evaluation results of resident ecological well-being change due to urban-rural
land conversion.

Ecological Well-Being
Constituents

Rural Residents Urban Residents

Membership Value Weight Membership Value Weight

Before After Before After Before After Before After

X1 0.553 0.509 0.593 0.676 0.500 0.437 0.657 0.828
X11 0.542 0.518 0.565 0.487 — — — —
X12 0.564 0.500 0.573 0.693 0.500 0.437 0.657 0.828
X2 0.677 0.417 0.390 0.876 — — — —
X21 0.770 0.397 0.261 0.924 — — — —
X22 0.692 0.417 0.368 0.875 — — — —
X23 0.615 0.438 0.486 0.826 — — — —
X3 0.500 0.456 0.693 0.786 0.500 0.377 0.739 0.976
X31 0.500 0.420 0.693 0.868 0.500 0.373 0.739 0.986
X32 0.500 0.479 0.693 0.736 0.500 0.389 0.747 0.944
X33 0.500 0.380 0.693 0.968 0.500 0.437 0.715 0.828
X34 1.000 0.708 0.000 0.345 0.500 0.325 0.627 0.724
X4 0.500 0.250 0.693 1.385 0.500 0.520 0.723 0.654
X41 0.500 0.211 0.693 1.556 — — — —
X42 0.500 0.301 0.693 1.201 — — — —
X43 — — — — 0.500 0.585 0.615 0.536
X44 — — — — 0.500 0.473 0.763 0.749
X5 0.413 0.202 0.884 1.599 0.500 0.487 0.597 0.719
X51 0.413 0.202 0.884 1.599 0.500 0.487 0.597 0.719

Overall 0.507 0.326 0.500 0.447

4.1.1. Changes in the Ecological Well-Being of Rural Residents

Rural resident overall level of ecological well-being in Wuhan City and Shiyan City declines from
0.507 to 0.326 with urban-rural land conversion, a decrease of 35.67% (Table 2; Figure 3). In fact, levels
of all the five well-being constituents decline.

Security

Basic material for
good life

HealthGood Social Relations

Freedom of choice and
action

Before

0.7
0.6
0.5
0.4
0.3
0.2
0.1

Figure 3. Membership value changes with the constituents of rural resident ecological well-being due
to rural-urban land conversion.
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• Security

Before rural-urban land conversion, waste in rural areas was normally disposed of using
traditional methods (landfill, incineration, natural piling, etc.). Most livestock manure, litter, food waste
and other production and household waste can be degraded by agroecosystem automatically. The
survey found that although garbage collection boxes were provided in the study area after rural-urban
land conversion, the inadequate infrastructure of garbage disposal and untimely recycling of garbage
made the environment worse and some of the wastes that are still disposed of using traditional
methods cannot actually be degraded by the environment any more. Consequently, the level of rural
resident ecological well-being due to recycling capacities declines (from 0.542 to 0.518). In addition,
rural-urban land conversion promotes the transfer of a huge amount of agricultural land to urban
construction land in China. Changes in the surface environment trigger off declines in soil water
holding capacity, which further weakens the local environment’s capacity for moderating floods,
droughts and other extreme weather. Results show that the level of rural resident ecological well-being
about the frequency of agroecosystem-related meteorological disasters declines by more than 10%
(from 0.564 to 0.500). In general, the overall level of the rural resident ecological well-being as related
to security declines by 7.96% (from 0.553 to 0.509).

• Basic materials for a good life

With the rural-urban land conversion, the ability to have a secure and adequate livelihood of
rural resident turns from a good status (0.677) in a negative direction (0.417), which breaks through
the fuzzy state of neither good nor bad (0.500) and changes toward a bad direction (Table 2). The way
that rural residents get access to daily necessities is changed directly by rural-urban land conversion.
Before rural-urban land conversion, rural residents basically obtain daily staple food (rice, flour and
beans), vegetables and meats from their own farms. A small amount of supplementary vegetables
and meat products are purchased from the market. When farmers lose their agricultural land after
rural-urban land conversion, they are forced to buy daily foods in the market. Our survey reveals that
this change greatly increases their living expenses and makes their lives difficult.

• Health

Due to rural-urban land conversion, agricultural land’s original ecosystem services such as
atmospheric regulation and air purification are weakened. In addition, air pollution, construction dust
and sewage disposal soar early in land development. The two effects are superimposed so that the
indices of air quality satisfaction and water quality satisfaction fall by 16.00% (from 0.500 to 0.420)
and 4.20% (from 0.500 to 0.479) separately. Further, rural residents have to purchase for the original
materials of food from the market which was previously acquired from farming. This raises the risk of
food safety issues. The index of safety satisfaction with staples, vegetables and meat falls by 24.00%
(from 0.500 to 0.380). Moreover, the membership value for the index of ecological pollution-related
diseases rises (0.708 > 0.500) after rural-urban land conversion but still has a certain degree of decline
(from 1.000 to 0.708). On the whole, rural resident ecological well-being for the constituent of health is
declines by 8.86% (from 0.500 to 0.456).

• Good social relations

This constituent is greatly influenced by rural-urban land conversion. Agricultural land is the
material carrier of farming culture. Rural residents in China have a strong sense of dependence on
agricultural land which is the basis of maintaining good social relations. Rural-urban land conversion
cuts off their access to agroecosystem and cultures, which makes the indices of rural life nostalgia
and children’s rural experiences fall by 57.8% (from 0.500 to 0.211) and 39.8% (from 0.500 to 0.301)
separately. As a whole, the membership value of the constituent of good social relations declines by
50.00% (from 0.500 to 0.250).
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• Freedom of choice and action

Rural residents’ freedom of choice and action is constrained by their lower ability to make a
living, so it is at a low level before the rural-urban land conversion (0.413 < 0.500). With the loss
of agricultural land, this constituent appears to be the constituent that declines most significantly,
by 51.09% (from 0.413 to 0.202). The reason is that rural-urban land conversion directly reduces the
natural capital of rural residents, which has a critical impact on their livelihoods [81]. In the surveyed
area, the young landless rural residents have to work in township enterprises nearby or work in cities
but their inadequate vocational skills make them poor. While older residents basically lose their way
to make a living by farming and most of them can only stay at home. Considering the irreversibility of
rural-urban land conversion, the decline of their freedom of choice and action is permanent.

4.1.2. Changes in the Ecological Well-Being of Urban Residents

Similar to the analysis of changes in rural resident ecological well-being, changes in the ecological
well-being of urban residents can be summarized as follows briefly. Table 2 and Figure 4 show that
the rural-urban land conversion makes the overall ecological well-being level drop from 0.500 to
0.447, 10.64%. Specifically, the three constituents of urban resident ecosystem well-being including
security, health and freedom of choice and action all declines after the rural-urban land conversion.
The constituent of health declines most significantly by 24.67% (from 0.500 to 0.377), within which the
two indices including satisfaction with water quality and experience of ecological pollution-related
diseases drop strikingly. The constituent of security declines by 12.60% (from 0.500 to 0.437) which
reveals that urban residents approve of agricultural land’s ecosystem services functions to a certain
degree. Different from the rural residents, urban residents’ freedom of choice and action is not affected
by rural-urban land conversion significantly, it only drops by 2.60% (from 0.500 to 0.487) because urban
residents are not closely linked with agricultural land and they have pluralistic livelihoods. It should
be noted that the membership value of the constituent of good social relations rose slightly (from 0.500
to 0.520). Although the frequency of ecotourism reflects good social relations and has positive impact
on resident ecological well-being, we discovered in the survey that the rise in this index’s membership
value is mainly due to improvement in people’s living standards, allowing them to participate in
ecological recreational activities more frequently. In other words, it is not closely related to the increase
or decrease of agricultural land.
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Figure 4. Membership value changes with the constituents of urban resident ecological well-being due
to rural-urban land conversion.

4.1.3. Comparison

Comparing the ecological well-being of rural and urban residents, it can be observed that
there are obvious differences between these two major stakeholder groups. The changes in rural
residents overall ecological well-being and in each constituent of ecological well-being, are all greater
than in urban residents. As direct users of agricultural land, rural residents are more closely and
complexly interact with the agroecosystem than urban residents [82]. Owing to their high dependence
on the agroecosystem, rural residents' ecological well-being unavoidably suffers from rural-urban
land conversion. Rural residents are forced to move away from their original residence, lose their
agricultural land and directly experience ecological deterioration, etc. Different than for rural residents,
the link between urban residents and the agroecosystem is indirect, regardless of the spatial distance
to the agricultural land or the intensity of interactions with the ecosystem.

4.2. Impact of Transformation Factors on the Changes in Resident Ecological Well-Being

4.2.1. Rural Residents

Table 3 displays the impact of transformation factors on the changes in rural resident
ecological well-being.

• Impact of socio-demographic characteristics

Results show that the ecological well-being of the oldest sample group is the most affected,
declining by 37.54%, followed by the least educated sample group, declining by 37.11%. Observing
the impact of transformation factors on each constituent of rural resident ecological well-being, it is
obvious that their age and education level have a momentous impact on both the ecological well-being
constituents of good social relations and freedom of choice and action. The survey which reveals that
the older and the less educated the interviewees are, the greater the dependence on their original way
of life and the more difficult it is for them to find jobs after rural-urban land conversion. In other words,
older and less educated rural residents have less opportunity to express cultural and spiritual values
associated with the ecosystem and have less livelihood choices after losing their agricultural land.

178



Sustainability 2018, 10, 527

• Impact of zoning characteristics

As described above, there are fundamental differences between Wuhan City and Shiyan City
in terms of zoning. Specifically, the former is mountainous, while the latter is plains; in view of the
MFOZD of China, the former is in a Key Development Zone, while the latter is located in China’s
Restricted Development Zone; from the ecological perspective, the latter’s ecological vulnerability
is higher than the former’s. The overall change in the rural resident ecological well-being in Shiyan
City (declines by 38.19%) is much greater than in Wuhan City (declines by 31.27%) (Table 3). Zoning
characteristics have greatest impact on the ecological well-being constituents of freedom of choice
and action (declines from 0.426 to 0.211 for Wuhan City and from 0.413 to 0.198 for Shiyan City, both
of which declines more than 50%). The decline in the overall ecological well-being levels of rural
residents in Wuhan City is mainly due to the decline in two constituents including basic material for
a good life and freedom of choice and action. However, in Shiyan City, the dominant constituent in
addition to the two above is the constituent of good social relations.

4.2.2. Urban Residents

Table 4 displays the impact of transformation factors on the changes in urban resident
ecological well-being.

• Impact of socio-demographic characteristics

There are no significant differences in the impacts of socio-demographic characteristics on the
overall levels of ecological well-being for urban residents. This field survey found urban residents’
perceptions of changes in the ecological environment is more diverse and that they also have more
diverse capabilities for adapting to the changes in the ecological environment brought about by
rural-urban land conversion. In comparison, women’s ecological well-being declines more than men’s
when rural-urban land conversion occurs and in the meantime, the older and the less educated the
interviewees are, the greater their overall ecological well-being declines.

• Impact of zoning characteristics

Compared with Wuhan City with a higher level of urbanization and higher frequency of
rural-urban land conversion, Shiyan City with its rich ecological resources endowment is part of
China’s key ecological function area and has higher environmental sensitivity. In other words, in
comparison with Wuhan City, rural-urban land conversion occurring in Shiyan City will make the
marginal benefit of ecosystem services decrease much more, resulting in the fact that urban residents
in Shiyan City have more intense perceptions about ecological environment changes.
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5. Discussion

This study investigated changes in the ecological well-being of rural and urban residents due
to rural-urban land conversion, as well as the impact of transformation factors. It confirms what
previous studies have indicated: Changes in rural resident overall ecological well-being and in
each constituent of ecological well-being are all greater than those of urban resident [29,49,51,80,
83]. And transformation factors including age, education level as well as location have significant
influence on both rural and urban resident ecological well-being but the degree of influence is different.
Rural residents and urban residents have different perception of the ecological services provided by
agricultural land because they have a different degree of linkage with agricultural land and different
knowledge of agroecosystem functions [60,84,85]. Rural resident ecological well-being experiences
greater decline compared to urban residents, because they have closer and more direct contact with
agricultural land [82]. Therefore, it is of great practical significance to analyze the ecological well-being
changes brought out by rural-urban land conversion from the perspective of different interest groups.
In addition, this is the first time location has been used in this way, representing zoning characteristics
as a transformation factor for analyzing the effects of rural-urban land conversion on the ecological
well-being changes in residents living in different areas with different ecological resources endowments.
It could provide a theoretical foundation for regulating rural-urban land conversion by zoning.

This paper reveals the change amplitudes in ecological well-being brought out by rural-urban
land conversion using a fuzzy synthetic evaluation model. How to quantify the currency value of
the loss of resident ecological well-being is still a big challenge for researchers. The key point is
how to transfer natural science field variables employed to quantify ecosystem services change into
social science field variables which can be employed to quantify the human ecological well-being and
measure changes. An effective linkage in needed. Additionally, different preferences for ecosystem
services among interest groups should be identified in decision making and policy formulation, such
that the response of interest groups and the priorities for ecosystem services compensation should be
set up and decided both based on the revealed preference difference.

Previous studies have fully explained the significant effect of rural-urban land conversion on
water, soil, climate and other aspects of ecosystem [38,55,69]. Combining the assessment of ecosystems
by MA with the findings in this paper, it is found that the ecosystem functions of agricultural land
including supply services, regulatory services, cultural services and support services are degraded or
limited due to agricultural land loss which is a result of rural-urban land conversion. Consequently,
resident ecological well-being, consisting of security, basic material for a good life, health, good social
relations and freedom of choice and action declines. In China, this loss of ecological well-being
ca not be compensated due to the lack of an eco-compensation mechanism. In other words, the
loss of ecological well-being brought about by rural-urban land conversion exists in the form of
a negative externality which has not been accounted for as a part of the cost of rural-urban land
conversion. It can be recognized as one of the explanations for why the loss agricultural land in China
is excessive. Therefore, it is necessary to establish efficient eco-compensation policies for rural-urban
land conversion from the perspective of ecological well-being.

6. Conclusions and Future Work

Rural-urban land conversion in the process of urbanization in China causes a sharp decrease
in agricultural land, resulting in the loss of its original ecosystem services. Consequently, people’s
opportunities for accessing various ecological services from agro-ecosystems are reduced and their
freedom of choice and actions is limited. The ecological consequences in the form of negative
externalities lead to a decline in people’s ecological well-being. This paper constructs ecological
well-being indices for rural and urban residents and then estimates the changes in resident ecological
well-being caused by rural-urban land conversion using the Fuzzy Synthetic Evaluation Model.
In addition, the differences of ecological well-being changes and the impact of transformation factors
for ecological well-being changes between rural and urban residents are analyzed. Compared to
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urban residents, rural resident ecological well-being declines more due to rural-urban land conversion,
because of the more serious ecological damage. For rural residents, all the five ecological well-being
constituents including security, basic material for a good life, health, good social relations and freedom
of choice and action show varying degrees of deterioration and the constituent of freedom of choice
and action deteriorates most seriously. For urban residents, after rural-urban land conversion, all
the ecological well-being constituents except the constituent of good social relations shows varying
degrees of deterioration and the constituent of health deteriorates most seriously. The impact of
transformation factors are also investigated in this paper. Two socio-demographic characteristics
including age and education level as well as zoning characteristics have influence on both rural and
urban resident well-being. Moreover, we argue that there is a need for quantitative measurement
of agroecosystem services and for the construction of an ecological compensation mechanism for
the process of rural-urban land conversion in China, as it is essential for regulating rural-urban land
conversion and maintaining ecological well-being.

Our research is a starting point for quantifying the changes in ecological well-being of residents
caused by rural-urban land conversion and examining the impact of transformation factors in this
process. Since it was conducted at a provincial level, further research in a larger study area in future
research is needed.
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Abstract: The emissions of carbon dioxide generated by urban traffic is generally reflected by urban
size. In order to discuss the traffic volume generated in developed buildings and road crossings
in a single urban block, with the metropolitan area in Taichung, Taiwan as an example, this study
calculates the mutual relationship between the carbon dioxide generated by the traffic volume and
building development scale, in order to research energy consumption and relevance. In this research,
the entire-day traffic volume of an important road crossing is subject to statistical analysis to obtain
the prediction formula of total passenger car units in the main road crossing within 24 h. Then,
the total CO2 emissions generated by the traffic volume in the entire year is calculated according to the
investigation data of peak traffic hours within 16 blocks and the influential factors of the development
scale of 95 buildings are counted. Finally, this research found that there is a passenger car unit of
4.72 generated in each square meter of land in the urban block every day, 0.99 in each square meter of
floor area in the building and the average annual total CO2 emissions of each passenger car unit is
41.4 kgCO2/yr. In addition, the basic information of an integrated road system and traffic volume is
used to present a readable urban traffic hot map, which can calculate a distribution map of passenger
car units within one day in Taichung. This research unit can be used to forecast the development scale
of various buildings in future urban blocks, in order to provide an effective approach to estimate the
carbon dioxide generated by the traffic volume.

Keywords: CO2 emissions; transport; urban block; urban design

1. Introduction

According to the statistical data of the International Energy Agency (IEA), the global CO2

emissions increased by 88.7% from 1971 to 2004 and according to the energy consumption structure of
the transportation department in Taiwan, the energy consumption of road transportation accounts
for maximally 90% of the total energy consumption of the transportation department [1]. Prior to the
Revolution, the content of CO2 in the atmosphere was about 280 ppm and this concentration increased
to 403.3 ppm in 2016 [2].

At present, the energy consumption of the transportation department and CO2 emissions increase
continuously and there are many factors influencing urban energy consumption [3]. The location
of the housing and its size are the dominant factors determining energy use and greenhouse gas
emissions [4]; however, in the future, research should be conducted regarding the relation between the
large proportion of energy consumption in urban transportation and the development of buildings.
In addition to the fact that urban areas have great influence due to land use control, zoning and building
design scale, it is required to carry out overall research and analysis of the CO2 emissions generated by
traffic demand, in order to effectively and completely know the overall urban energy consumption.
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1.1. Method of Research on the Energy Consumption of Urban Building Groups

Of the various energy consumptions in urban areas, electricity accounts for the most and urban
energy consumption can be calculated from the urban electric energy consumption model or energy
use intensity, in order to obtain the urban energy consumption amount.

There are many researches in Taiwan, which are used to count and investigate the power
consumption regarding the usage category, scale, or total power consumption of various buildings,
in order to discuss the future power use mode or energy consumption situation of various buildings
and provide forecasts and simulations in the future. In terms of power use analysis of various buildings,
the building shell energy consumption ENVLOAD simple algorithm [5] is taken as the 12 variable
factors to simplify climate and building design and effectively evaluate the annual air conditioning
load and usage as the energy saving design method of evaluating the building shell.

In another research, the total carbon dioxide generated by a building is calculated through the life
cycle assessment (LCA) [6], where the fossil fuels and electricity consumed are calculated to obtain
the total amount of building material, the total amount of electricity used by the buildings, in order
to calculate the complex variable regression model of CO2 emissions of RC buildings. In the current
building specifications of Taiwan [5], the emissions of CO2 in RC buildings are 331 kg/m2, as obtained
through the assessment of CO2 reduction indicators in the green building evaluation system.

In addition, urban energy is analyzed with the total energy consumption relation of various
buildings in the urban block and the mutual change relation with the scale and use form patterns
of various buildings. For various buildings, the “dynamic Energy Use Intensity (EUI) indicator
method” [7] is employed to calculate the energy consumption density standard EUI (kwh/(m2·yr)) of
various classified spaces and power consumption can be calculated after the summary. By calculating
carbon emissions from buildings according to electricity emission factor released by the Bureau of
Energy and energy usage intensity [8]; in this manner, the carbon dioxide emitted during the use of
various buildings can be calculated.

Regarding the research literature of the total power consumption of all buildings in a block of
a residential area [9], the site area is used as a single variable, where the floor area ratio, block shape
and location, business factor, road and park area proportion, etc., are included as the variables, in order
to forecast and master all power usage behaviors in the residential area. After conversion of the power
consumption in the residential area, the annual power consumption is equivalent to the emissions of
about 650 mt CO2.

As stated above, there have been relevant researches for the simulation and forecast mode of the
relation between a single building and the total power consumption and CO2 emissions of a block and
such achievements should be further used in the future.

1.2. Research Method of the Carbon Dioxide of Traffic Systems

In the exiting transportation planning forecast mode, regarding the analysis and forecast mode
of travel demands, the overall procedure planning of traditional transportation planning is usually
adopted, which is classified into trip generation, trip distribution, model split and traffic assignment
processes [10] and after calculation by sequence, the trip generation in an area is forecasted or calculated
for traffic planning.

Additionally, regarding the assignment of static traffic volume, it is assumed that the traffic flow
and traveling time within a road section do not change with the time [11], thus, the user equilibrium
and system equilibrium [12] of traffic assignments, as proposed by Wardrop [13], are applied for
further simulation in order to calculate the traffic assignment mode under a mixed traffic flow. Then,
the design reference of the highway capacity is considered to calculate and distribute the expected
design vehicle speeds to complete the overall traffic planning of urban transportation planning.

The proposal and execution of a traffic project can promote urban land use and will influence land
price in the future [14]. Regarding the influence of urban form on travel demand [15], the potential
variables and measured variables of three aspects, “urban form”, “travel demand” and “control factors”
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are used for inclusive empirical analysis on the influential relationship. The research results show that,
in the urban form characteristics, while higher development density will increase the trip generation
rate, it can reduce the opportunity of selecting private vehicles; meaning the higher equilibrium of
mixed land use will reduce the trip generation rate but will increase the selection of private vehicles.

Analysis of the relation of local temperature to the land use, which residential areas, traffic areas
and greenhouse agricultural areas all contributed to an increase in local temperatures [16].

In addition, in the research of the relation between measured CO2 concentration and land use [17],
the land use type is classified into buildings and built-up areas with impervious pavement and the
urban environments are free city spaces [18]. Then the road service level and highway capacity of the
original design are used to calculate the traffic volume of various roads and “vehicle mileage emission
factor method” is used to calculate the CO2 emissions. Therefore, the transportation system must
estimate the passenger car units (PCU) per hour from different road service levels, or calculate the
total CO2 emissions according to the statistical data of the usage rate of different vehicle types, or with
the calculated parameters, such as different vehicles, mileage, fuels and emission coefficient.

Urban spatial and statistical data for metropolitan Tainan in southwestern Taiwan are used to
explore inside and outside of the CO2 system of the city and estimate the amount of CO2 emissions from
road traffic. Therefore, CO2 emissions are concentrated in over-urbanized areas, where the population
density is higher than 5000 people/km2 [19].

Road engineering designs, such as different road slopes, road widths, speed limitations and
pavement types will also influence vehicle speed, traffic flow and fuel consumption rate [20]. Regarding
urban roads with two-way 4 lanes without central dividing strip, the result of analysis on the influence
of road width on vehicle speed shows that, during the off-peak period, with every reduction of 0.3 m
for the lane width, the average vehicle speed will be reduced by 0.97 km/h [21].

According to the research of Ardekani and Sumitsawan (2010) on roads in Texas, upon comparison
of fuel consumption rate changes of vehicles traveling on flexible payment materials, the result
shows that rigid pavement can reduce the required fuel amount by 3–17%. Regarding CO2 and fuel
consumption tests aimed at special vehicles, the statistics show that slope has a present correlation
trend with carbon dioxide, where the larger the slope, the greater the carbon dioxide [22].

As stated above, in the calculation of internationally emitted greenhouse gases, the “IPCC
Guidelines for National Greenhouse Gas Inventories” rules are usually used and the estimation
of CO2 emissions by the transportation department can be classified into large-range estimation by
considering the fuel type, fuel consumption and carbon emissions of various fuels, where priority
calculate is the total amount of fuel, then calculate the types of the fuel consumption rate, namely the
Top-down approach; while small-range estimation calculations are based on the Bottom-up principle,
according to the activity strength with a fuel consumption rate and this applies to the assessment of
the small-range traffic management strategy [23].

Whether applying the Top-down principle or Bottom-up principle, the total CO2 emissions
generated by traffic is calculated by multiplying the type of vehicles (such as passenger car, truck and
bus) by the fuel type (diesel, gasoline, etc.) and then by the emission factor for the usage of unit fuel or
the emission coefficient of unit mileage [17].

1.3. Existing Carbon Dioxide Issue

In this research, based on existing transportation planning and execution procedures and methods
of urban planning, the following research topics are proposed upon review.

Issue 1: Transportation analysis was mainly based on large-scale networks, lacking the information
from the urban blocks

Regarding the calculation method of existing transportation planning, the regional total traffic
volume can be estimated only by large investigations of the urban road networks and numerical data of
road facilities. Moreover, the investigation and statistical method of the existing urban transportation
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traffic volume is to conduct model splits and traffic assignments on the vehicle flows in various regions,
in order to form large-scale transportation results in urban areas.

However, follow-up urban planning or regular overall inspections adopt zoning and cooperate
with traffic road system planning to form various basic divided urban block units. Therefore, measured
investigation on road vehicle flow is salutatory and there is a lack of research on the mutual influence
between the usage characteristics of urban block units, building scales, road system, etc.

Issue 2: There is no effective permitted data for the buildings to integrate the overall forecast of urban
energy consumption

During an application for a building permit, if it is required to assess the environmental impact or
consider urban design, the traffic volume in that region must be evaluated and measured. However,
in the current document application, under the condition of no integrated application, it is impossible
to immediately and properly use the relevant legally considered data above, which reduces the added
value after consideration, or requires further application by the government or folk practitioners.

Therefore, in the application of environmental impact assessment or urban design review, in addition
to the stated measured traffic volume data for the region, it is possible to integrate and analyze traffic
data and building permits, in order to evaluate the application in the overall urban development.

Issue 3: The design of transportation planning lacks mapping of urban traffic environment characteristics

In transportation system planning, set the model split according to the data collection and
measured investigation, forecast trip generation and trip distribution in the future and then evaluate
the optimal feasible plan. In the follow-up design of a road system, the road geometry, road slope,
running speed, etc., are used for planning and alignment.

The transportation system above is planned according to the completion of the road geometrical
design and only the numerical design and calculation are taken as the main achievements, which
lack a map evaluation mode of integrating the urban form and transportation trunk into complete
readability [24] and urban traffic hot spots.

1.4. Research Purpose and Improvement Countermeasures

In this research, the small-scale application mode is used to analyze the urban energy consumption
of urban areas, thus, with a single urban block as the basic unit to estimate traffic volume, the research
purpose and countermeasures are proposed as follows:

To completely analyze the overall energy consumption of entire urban areas and taking the urban
block as the basic analysis unit, in combination with the vehicle flow generated at the junction of
the road system, as the basic application unit, develop and analyze the overall energy consumption
correlation of the urban areas and establish the forecast model.

To effectively integrate the legal application deliberation of the documentation of a building
permit and be beneficial to the follow-up modification of urban planning, this research applies and
analyzes the report of the urban design review in order to research the influential factors of block
development and building design, conduct in-depth analysis of the mutual relation with the traffic
carbon dioxide and evaluate the total CO2 emissions generated by urban development in the future.

This study used the basic urban block units formed by an urban road system, where relevant
road systems and road engineering are simplified into road design factors and upon this research,
the simple forecast model of urban roads and urban planning configurations are analyzed and the
basic information of the traffic volume is presented to obtain a readable traffic volume map of urban
areas. In addition, the research results will be conveniently and rapidly used in the follow-up revisions
of urban planning, or the periodical overall review of urban planning.

2. Research Method

The research area is located in Taichung, which is in the middle of Taiwan, with a land area of
2214.9 km2 and a total of 29 administrative regions. The research scope is mainly the 8 administrative
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regions in the Taichung metropolitan area, with a land area of 163.4 km2, population of 1,121,128
(March 2015) and population density of 6612 persons per square kilometer.

The Taichung metropolitan area is a metropolitan form of commercial service and commercial
mixing, the west is an industrial zone and the east is the Dakeng Scenic area (Figure 1).

Figure 1. Location of Taichung city (Taiwan).

Due to the forecast mode of traffic volume, the investigation range of the traditional transportation
planning method must often contain the regional characteristics formed by dozens of urban blocks and
then, the measured traffic volume is used, thus, it belongs to large-range investigation and research.
Regarding the mutual relation between land use control and building scale in urban areas, it is difficult
to conduct in-depth research and analysis.

This research is aimed at the number of vehicles at four junctions in the urban blocks of Taichung’s
metropolitan area, as well as the applied development cases of various buildings in the urban blocks,
in order to further calculate the total CO2 emissions generated by the traffic volume and investigate
and analyze the building development scale factors.

2.1. Estimation Model of Total Traffic Volume in the Urban Blocks

Regarding the main urban road crossings in this research, the number of vehicles within 24 h is
measured and investigated. During an application for a building permit, the environmental impact
evaluation case should be dominated by law. Due to the assessment contents of environmental
impact, for the measuring of traffic volume generated by motorcycles, passenger cars and buses, it is
required to calculate the passenger car unit (PCU) at the road crossings, as specified in the Taiwan
Highway Capacity Manual [25], in order to obtain the traffic volume of the entire day as the basis of
environmental impact assessment and design considerations.
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First, this research analyzed the total number of vehicles of five main road crossings and then
analyzed the forecasted regression formula of dependent variables during the morning peak and
evening peak hours with the measured vehicle flow data of 07:30–08:30 in the morning and 17:30–18:30
in the evening.

In this research, the traffic investigation data of morning peak and evening peak hours in the
urban design review cases are substituted into the forecasted regression formula of total number of
vehicles in the five main road crossings, in order to respectively calculate the passenger car units in
each junction of the block within one day.

Regarding the four road crossings in an urban block, the measured data of traffic volume are
taken as the case and on the basis of practical cases, there is an extreme lack of hard-won cases, which
are difficult to obtain. Therefore, in this research, hundreds of cases of urban design reviews over the
years (2011–2013) are screened to determine the application of the site area of the blocks and those
with road crossing investigation data are the preferred cases. Then, those with traffic volume in three
crossings are taken as the minor cases.

Next, passenger car unit (PCU) at the road intersection in the city block was estimated and
the Geographic Information System for metropolitan Taichung was used to calculate the length
of each side road in the block as the travel distance of automobiles. The amount of fuel used by
an automobile to travel an entire road was estimated on the basis of the travel distance per liter of
fuel of the automobile in the city (9200 m), which was calculated using the research data published
by the Industrial Technology Research Institute [26]. The carbon emission coefficient of gasoline
was accordingly estimated to be 2.26 kgCO2/L [27]. The carbon emission coefficient of gasoline was
multiplied by the total PCU and the travel distance of the automobile was subsequently estimated.
In this way, the total CO2 emissions from traffic were estimated using Equation (1).

n

∑
t=1

PCEi = Ni × FE × EC × Di (1)

where, PCEi is the CO2 emissions generated by each passenger car unit (kgCO2/PCU); Ni is the
passenger car units (PCU) for each of the road, FE is the fuel consumption rate (0.000109 L/m), EC
is the CO2 emissions coefficient (2.26 kgCO2/L), Di is the length of the vehicle driving in the block
(m). There are 64 data of the total traffic volume in each section, as well as the total CO2 emissions
generated by the vehicles.

2.2. Statistical Model of Building Development Factors

The building design case should be subject to the urban land use zoning and provisions of the
Building Act to be convenient for the building design. Therefore, in this research, legal buildings are
used as the main research targets. Upon reference to the “building cadastral mapping” system of
the competent government building authority (Figure 2), after inquiry of construction permits in all
buildings, the building permit data are referred and the design value is logged in.

Due to insufficient official government budget and in order to accelerate obtaining the public
facility reserved land of urban areas, provisions on encouraging floor area for those who have obtained
public facilities have been established, that is to say, after private practitioners obtain public facilities
and give them to the government free of charge, the equivalent building floor area is obtained through
private transformation and moved to the future development site area, in order to increase the actual
floor area ratio of buildings in the future.

In addition, in order to award the private practitioners, the government increases the parking space
to solve the urgent parking demand in urban areas; those private practitioners who have increased the
parking space obtain the award of increased floor area. In addition, due to the insufficiency of green
parkland space in urban areas, for example, a site area is reserved with a square up to a certain scale by
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law, which is connected for pedestrians and is opened to the public for passing or recreation; private
practitioners also can obtain the award of increasing the floor area of the open space.

 

Figure 2. Study case reference to the “building permit data mapping” system of the competent government
building authority.

Therefore, in order to reduce building development costs and consider increasing the value
of building development products, private practitioners usually need to increase the building
development scale and will often apply for the legal provisions applicable to the above three measures
for awarding floor area. Thus, in addition to incorporating the general building plan of influential
factors in this research, floor award area factors are also considered, in order that the research forecast
result is pragmatic and broader in application.

As stated above, in this research, regarding the major analysis method of traffic volume and
block-related factors, in addition to the site area, building coverage ratio, floor area ratio, etc. (Table 1),
as stated in the building permit, the thirty-four factors of various buildings, green coverage areas,
green coverage rate, etc. of the entire block are summarized. Therefore, the land use zoning in this
research case is dominated by the residential area, for a total of 16 blocks, the building purpose is
dominated by residential use; however, in some buildings, the first floor is used as shops, for a total of
95 buildings.

Table 1. Statistical for block-related factors.

Case
The Total Area of

an Urban Block (m2)
Site Area (m2)

Building Development
Land Ratio (%)

1 10,291.7 9971.5 96.9%
2 16,679.2 11,773.1 70.6%
3 13,554.5 10,047.6 74.1%
4 9747.7 6145.4 63.0%
5 3822.4 2944.5 77.0%
6 16,143.3 14,387.3 89.1%
7 6606.4 4843.9 73.3%
8 16,400.0 9739.2 59.4%
9 6856.0 6145.4 89.6%
10 3522.3 3127.7 88.8%
11 20,261.5 16,617.5 82.0%
12 7548.9 7548.9 100.0%
13 9813.0 8432.7 85.9%
14 9831.8 3767.8 38.3%
15 9264.0 9264.0 100.0%
16 26,498.8 10,548.6 39.8%
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This research constructed a map of the total carbon budget of traffic, buildings and parks
in metropolitan Taichung, central Taiwan [19]. Carbon emissions from buildings in the city were
estimated according to electricity usage [28,29], e-Question results, a common building type in Taiwan
(i.e., residential and commercial mixed-use building) and the energy consumption of low-story and
high-story apartments, office buildings, hospitals, educational institutions and other building types.
Therefore, the total CO2 emissions from buildings in Taichung were measured according to 15 different
building uses, EUI, land types as specified during urban planning and presented in grids of 100 × 100 m
and the total floor area, with the estimation results shown in Table 2.

The forms of energy used in a building vary according to how the energy is used. For example,
some residential buildings use fuel gas for cooking and heating bath water, whereas others use
electricity in kitchens, industrial buildings have diverse use of energy, while other types of buildings
use mainly electricity. Therefore, CO2 emissions from buildings in grids were estimated as follows:

CO2eBuilding =
[
EUelec + EUgas

]× CCO2 (2)

EUelec = ∑n
t=1 EUIi × TFAi (3)

where EUelec (kWh/yr·grid) is the usage of electricity; EUgas (kWh/yr·grid) is the usage of fuel gas
(which is estimated to consume 0.23 times more domestic energy than does electricity, according to the
CO2 emissions data for residential buildings provided in [6]) and CCO2 is the amount of CO2 emissions
per kWh of electricity generated in Taiwan in 2014. On the basis of the amount of CO2 emissions per
kWh of electricity generated in the year, the EEF was estimated to be 0.521 kgCO2/kWh.

Table 2. Carbon budget coefficients of buildings and green spaces.

Land use
CO2

(kgCO2 m−2 yr−1)
References

Building carbon
dioxide emission

Residential I (House) 15.29 Lin [28]
Residential II (Apartment without elevator) 13.09 Lin [28]
Residential III (Apartment with elevator) 18.62 Lin [28]

Commercial 111.33 Lin [28]
University/High school 30.74 Lin [28]

Junior high school 28.66 Lin [28]
Elementary school 21.88 Lin [28]

Traffic Station 184.96 Lin [28]
Post office/Government agencies 63.04 Lin [28]

Stadium 97.43 Lin [28]
Industrial area 105.76 Lin [28]

Hospital 136.03 Chen [29]
Religious buildings 80.76 Lin [28]
Traditional Market 42.71 Chen [29]

Landfill 44.81 Lin [28]

Carbon dioxide
absorption

Water −0.02 Lin [28]
Park −2.24 Huang [30], Lin [28]

Farmland −4.59 Huang [30]

The CO2 absorption of different land types (i.e., parks, soils and water bodies, as determined
during urban planning) in metropolitan Taichung was analyzed and the carbon sink in each grid was
estimated using the following equation:

CO2Sink = ∑n
t=1 CSi × Ai (4)

where CO2Sink (−kgCO2/yr·grid) is the total amount of CO2 absorbed in each grid, CSi (−kgCO2/m2)
is the CO2 absorption coefficient of each land type and Ai (m2) is the area of each land type.

194



Sustainability 2018, 10, 112

Upon counting the design values of various buildings in the urban block, as well as the total
number of traffic volume in each road section, as well as the respective calculations of the total CO2

emissions generated by fuels, multiple regression analysis is applied on the relations of various relevant
factors of overall urban energy consumption, in order to obtain the research results of the influence of
changes in various dependent variables on the corresponding variables.

3. Results

3.1. Result of the Relation between Urban Blocks and Traffic CO2 Emissions

In this research, regarding the forecast analysis model of the total traffic volume in each road
crossing in the urban block, after counting the total number of vehicles within 24 h in the road crossing,
linear regression analysis is conducted according to the morning peak and evening peak data (Figure 3).

In this research, the forecast of total traffic volume in the road crossings is obtained as shown in
Equation (5) as follows:

y = 2261.52 + 2.36y1 + 10.18y2 R2 = 0.99 (5)

 

Figure 3. Relational diagram of the traffic volume at the morning peak and evening peak.

This formula is the passenger car unit (PCU/day) generated at the road crossings in an entire day,
where y1 is the morning peak hours (PCU/h) and y2 is the evening peak hours (PCU/h).

In this research, the total area of an urban block, the total floor area of buildings, the total traffic
volume generated at the four road crossings of the block and the total CO2 emissions generated by
the total number of vehicles (Table 3), are analyzed and counted (Figure 4) and the research results on
the distribution of the total CO2 emissions generated by total number of vehicles in each block is as
follows (Figure 5):

Regarding the influential relation between the development scale of various buildings and the car
traffic volume, through the analysis result in this research, each square meter area in the urban block
generates a passenger car unit (PUC/day) of 4.72 every day. Each square meter of floor area of the
building generates a passenger car unit (PCU/day) of 0.99 every day. Each passenger car unit (PCU)
generates total CO2 emissions of 41.4 kgCO2/yr throughout the year.
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Table 3. Statistical of the total traffic volume generated and the total CO2 emissions generated by the
total number of vehicles.

Case
The Total Area of

an Urban Block (m2)
The Total Floor

Area (m2)
The Total Traffic

Volume (PCU/Day)

The Annual CO2

Emissions by the Total
Vehicles (kgCO2/yr)

1 10,291.7 106,516.1 48,015 699,090.5
2 16,679.2 130,662.3 92,276 1,295,753.5
3 13,554.5 75,925.2 48,654 616,086.0
4 9747.7 26,305.0 47,321 455,057.5
5 3822.4 12,675.2 31,922 215,804.7
6 16,143.3 107,978.7 27,933 395,774.9
7 6606.4 42,656.7 10,945 98,181.4
8 16,400.0 47,283.0 94,676 1,511,754.3
9 6856.0 47,341.0 28,063 249,743.9

10 3522.3 18,860.2 81,547 616,230.2
11 20,261.5 62,957.3 63,484 1,028,001.9
12 7548.9 63,631.0 89,963 854,514.5
13 9813.0 44,720.1 24,158 245,017.3
14 9831.8 16,838.6 45,465 571,277.4
15 9264.0 38,424.3 16,007 160,771.2
16 26,498.8 40,730.6 130,807 2,441,902.1

 
Figure 4. Relational diagram of street blocks and total traffic volume.

 

Figure 5. Relational diagram of total emissions and total traffic volume.
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3.2. Results of Relation between an Urban Building Complex and Overall Traffic Energy Consumption

This study conducts in-depth analysis of the relation between traffic volume and building design
scale. Regarding building design in this research, due to the applicable factors of award decrees
of various floor areas, the ultimate design of the building scale is influenced, thus, this research
incorporates the total area of the reward of building capacity with parking, total area of the reward of
building capacity with open space and the urban building capacity transfer with floor area (Figure 6)
and the result is shown as follows (Table 4).

 
Figure 6. Relational diagram of applicable factors of award decrees of various floor areas.

In this research, an urban block is taken as the basic unit, the total traffic volume generated at the
four road crossings of the block is analyzed in order to forecast the mutual relation and efficiently and
conveniently estimate the overall urban energy consumption. The research result is as follows:

The relation between the total annual CO2 emissions of urban blocks generated by vehicles and
the total area of an urban blocks (Figure 7) is as follows:

y = 79.5 × TA − 212,719 R2 = 0.64 (6)

 
Figure 7. Relational diagram between the total area of an urban block and the total CO2 emissions all
year round.
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This formula is the total annual CO2 emissions of vehicles in the blocks (kgCO2/yr) and TA is the
total area of an urban blocks (m2).

The relation between the total annual CO2 emissions of urban blocks generated by vehicles and
the total floor area of buildings (Figure 8) is as follows:

y = 3.3 × FATA + 532,167 R2 = 0.04 (7)

 
Figure 8. Relational diagram between the total floor area of buildings and the total CO2 emissions all
year round.

This formula is the total annual CO2 emissions of vehicles in the urban blocks (kgCO2/yr) and
FATA is the total floor area of buildings (m2).

After analysis of the 16 blocks, this research aimed at the seven important factors influencing
building planning and the total CO2 emissions of vehicles and the multiple regression forecast formula
of the total annual CO2 emissions of vehicles in the blocks is concluded as follows:

TVC = 14,359.71 + (109.94 × TA) − (60.92 × SA) − (88.17 × BA) + (15.36 × FATA) − (65.30 × FAP)
− (118.30 × FAO) − (39.60 × FAT) R2 = 0.84

(8)

where, TVC is the annual CO2 emissions generated by the total vehicles (kgCO2/yr), TA is the total
area of an urban blocks (m2), SA is the site area (m2), BA is the building area (m2), FATA is the total
floor area of buildings (m2), FAP is the total area of the reward of building capacity with parking (m2),
FAO is the total area of the reward of building capacity with open space (m2) and FAT is urban building
capacity transfer with floor area (m2). In this research, the relation between seven important design
factors of the building design and the daily passenger car unit is further analyzed and the forecast
multiple regression formula of the total passenger car units of the blocks within one day is concluded
as follows:

TV = 30,065 + (4.72 × TA) − (4.99 × SA) − (2.19 × BA) + (1.09 ×FATA) − (6.47 × FAP)
− (6.38 × FAO) − (3.39 × FAT) R2 = 0.57

(9)

where, TV (total vehicles) is the passenger car unit per day (PCU/day) and other symbols are the same
as Equation (8).

Regarding the total floor area, new households and actual construction and development rate of
blocks of building designs in an urban block, the forecast regression formula is concluded as follows:

TV = 94,042 − (59,234.2 × BE) + (0.86 × FATA) − (181.65 × HH) R2 = 0.66 (10)
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where, TV is the passenger car unit per day (PCU/day) and BE is the building development land ratio,
which is the ratio of applied land for a building permit divided by the total block area, FATA is the
total floor area of buildings (m2) and HH is the number of households.

Regarding the relation with the total traffic volume, as generated by the urban traffic system
within one day, the forecast regression formula in this research is concluded as follows:

TVi = 8873.61 − (116.28 × Rdi) + (7.51 × Rai) R2 = 0.83 (11)

where, TVi is the passenger car unit per day (PCU/day) generated on road i, Rdi is the length of the
road (m) at block i and Rai is the area of road (m2) at block i.

3.3. Result of the Distribution Map of One-Day Vehicle Volume in Urban Areas

According to the “Code for design of urban roads and auxiliary engineering” (1999) and the
general practical application, the method to plan a lane usually depends on lane width. If the road is
15 m wide, planning is dominated by car lanes and motorcycle vehicle mixed lanes; if the road width
is more than 20 m, the division of two lanes is taken as the principle.

In this research, in order to analyze the road width, as well as the mutual relation between the
length of each road in the block and the amount of traveling vehicles generated in the road throughout
the day, three road widths are classified (Type A: 8~12 m; Type B: 15~20 m; Type C: 23~60 m). This
research found that the relation between the passenger car unit and road length in the three road
widths is, the wider the road is, the longer the road and larger the traffic volume will be (Figure 9),
thus, there is non-positive correlation for urban roads with a width less than 12 m.

 
Figure 9. Relational diagram between the length of each road in the block and the amount of traveling
vehicles generated in the road by three road widths.

This research takes the Geographic Information System data of Taichung in a scale of 100 × 100 m
mesh, the urban planning road by law is taken as the main explanation target and the research result
of Equation (11) is used to calculate the road length and road area; after calculation and layer analysis,
the distribution map of passenger car units in Taichung within one day is presented (Figure 10) and
amount of CO2 emissions from traffic (Figure 11) and the urban traffic environmental characteristic
map can effectively provide the basic information to judge traffic volume.

This figure presents a large distribution of traffic volume in the Taichung metropolitan area, which
is dominated by linear distribution in the main external road, while a great characteristic is formed
with the traffic flow on the ring road. In addition, for roads with higher traffic volume, a single hot
spot is generated at the main road crossing.
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Figure 10. The distribution map of passenger car units in Taichung metropolitan area within one day.

Figure 11. Amount of CO2 emissions from traffic in Taichung metropolitan area.

Finally, the total CO2 emissions from traffic and buildings in each 100 × 100 m grid in Taichung
were estimated according to the type of land specified and the effects of the city’s carbon sinks (e.g., rivers
and parks) on that estimated volume of CO2 emissions were analyzed. On the basis of these results,
a carbon budget map for the city was constructed (Figure 12).

Figure 12. Annual total CO2 emissions of Taichung metropolitan area.
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4. Discussion

Due to climate change and the influence of the reduction of CO2 emissions, in this research regarding
the method and purpose of forecasting traffic volume and estimations of CO2 emissions, the discussion
and model application limitations are proposed as follows:

Daily traffic volumes were measured largely at thoroughfares; little such data were collected at
typical roads. To increase the availability of traffic volume data at different types of roads, future
studies can collect this data continuously and measure the traffic volume of both thoroughfares and
common roads on a daily basis and analyze these data to improve the accuracy of prediction models.
This research summed up hourly traffic volumes measured at thoroughfares and conducted a regression
analysis of maximum traffic volumes at thoroughfares during morning and evening peak hours.
Therefore, the CO2 emissions from road traffic predicted by this research were characteristically large.

Regarding urban road travel distance, due to different forms of vehicles, different carbon emissions
are generated; in terms of calculation, due to simplification and no consideration of types of fuels,
driving speeds, road slopes and other fuel consumption influences, the research result belongs to the
result of a larger forecast value. In the four road crossings in a single block in an urban area; regarding
the case of measured data of existing traffic volume, practical data are difficult to obtain, thus, this
research suggested that in order to increase the accuracy of the estimation formula, in the future,
researchers can directly measure the road crossing traffic volume at the four road crossings of a single
urban block and expand it for use.

The fuel usage and efficiency and CO2 emissions of vehicles in use vary according to their
types and road infrastructure planning. Therefore, future studies that analyze the amount of carbon
emissions in an entire city can account for vehicle types and road infrastructure plans to inform their
estimation of carbon emissions from road traffic. To estimate the amount of carbon emissions from
buildings, future researchers can measure, on the basis of local EUI, the amount of CO2 emissions from
electricity used by different types of buildings. The carbon-sink effects of constructed landscapes such
as trees or green spaces on the amount of CO2 emissions from different types of buildings can also be
measured to explicate how these effects on individual buildings help reduce CO2 emissions on the
scale of city blocks.

5. Conclusions

By simplifying the transportation demand mode in this research, the forecast formula of the total
traffic volume at important road crossings throughout the day in Taichung is obtained and the relation
between building complex development factors and traffic volume generated by the overall urban
blocks is analyzed.

Regarding the relation between the development scale of various buildings and the influence of
vehicle traffic flows, this research calculates the passenger car units generated by each square meter
of area every day, as well as the result of the total annual CO2 emissions. This research aimed at the
relation between seven important design factors influencing building design, as well as the total traffic
CO2 emissions, in order to further obtain the multiple regression forecast estimation model of the total
annual carbon dioxide of vehicles in the blocks.

Furthermore, it is possible to propose the integration of practical deliberation case information of
building permits, such as urban planning laws and the Building Act, thus, when an architect designs
the development factors, or when urban planners regularly conduct overall inspections of urban
planning, it is possible to easily and effectively plan and evaluate urban areas and rapidly calculate the
traffic volume in the future. Moreover, after proposing the cooperation of the conversion Geographic
Information System information in urban areas, it is possible to clearly obtain the basic information of
the traffic volume and present a map of urban traffic environmental characteristics.
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Abstract: Carbon emissions from the construction material industry have become of increasing
concern due to increasingly urbanization and extensive infrastructure. Faced with serious
atmospheric deterioration, governments have been seeking to reduce carbon emissions, with carbon
trading and carbon taxes being considered the most effective regulatory policies. Over time, there
has been a global consensus that integrated carbon trading/carbon tax policies are more effective in
reducing carbon emissions. However, in an integrated carbon reduction policy framework, balancing
the relationship between emission reductions and low-carbon benefits has been found to be a critical
issue for governments and enterprises in both theoretical research and carbon emission reduction
practices. As few papers have sought to address these issues, this paper seeks to reach a trade-off
between economic development and environmental protection involving various stakeholders:
regional governments which aim to maximize social benefits, and producers who seek economic
profit maximization. An iterative interactive algorithmic method with fuzzy random variables
(FRVs) is proposed to determine the satisfactory equilibrium between these decision-makers. This
methodology is then applied to a real-world case to demonstrate its practicality and efficiency.

Keywords: construction materials; green supply chain; integrated carbon policy; interactive strategy;
low carbon

1. Introduction

The “low carbon” concept was introduced at the World Climate Change Conference in
Copenhagen, Denmark, 2009, after which low carbon economies became the major focus in many
countries, leading to the development of the green supply chain (GSC) [1]. As one of the industries
with the highest carbon emissions, the construction sector accounts for over one-third of global carbon
dioxide emissions [2–5]. In addition to the carbon emissions from the daily operation of buildings,
China has been undertaking many urban construction projects [6], which has led to a tremendous
rise in construction carbon emissions [7]. In particular, as one of the six largest energy-consuming
industries in China, the construction material industry represents 9% of the total energy consumption
and 6% of total electricity consumption in China [8]. It is also a pillar industry in China since its
added value makes up about 1% of the gross domestic product (GDP) each year [9]. The construction
material industry has great potential with respect to energy conservation and carbon dioxide emission
reduction, which could be of great significance to the achievement of total energy consumption control
and transformation of low-carbon development. Enterprises, as the basic elements in the supply
chain (SC), are required to take responsibility for the environmental performance of the supply chain

Sustainability 2017, 9, 2107; doi:10.3390/su9112107 www.mdpi.com/journal/sustainability205
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participants [10]. As enterprises in supply chains are closely related, all are simultaneously affected by
any carbon emission regulations. Therefore, SC enterprises must jointly adjust their operating and
production plans to effectively achieve individual environmentally friendly performance [1]. Several
advantages of the GSC have been identified, such as a positive corporate image, improved efficiency,
and innovative leadership [1], all of which have encouraged more decision-makers to embrace GSC
management (GSCM). When carbon emission regulations are imposed in a marketplace, scientifically
designed environmental plans can enhance innovation, reduce total production costs, and highlight
enterprise value [11]. Therefore, for each GSC member, low-carbon operations can represent a valuable,
non-substitutable advantage [12]. Further, GSCM is a means for reducing potential losses from poor
carbon emission performance that can intensify regulatory pressures [13], damage an enterprise’s
image, attract government fines, and lead to customer boycotts or order cancellations [14,15].

At the same time, the focus on the protection of benefits in environmentally-related construction
issues has grown, becoming a primary norm for the development of socioeconomic policies [16–18].
Therefore, further environmental policies and institutional acts on this topic are urgently required
for greener approaches in the area of construction engineering [19]. Governments around the world
have promulgated various policies to reduce carbon emissions, with carbon trading and carbon
taxes considered the most effective policy schemes for reducing carbon emissions [20,21]. Carbon
trading, which is a mainstay in emission trading programs, is specifically aimed at reducing carbon
emissions [22]. In the carbon trading market, enterprises which want more than their allocated carbon
emissions can purchase rights to emit more, and firms who do not require their allocated carbon
emissions can sell their carbon emission rights to other enterprises [22]. There has been a sharp rise in
the number of carbon emission trading schemes in recent decades. For example, in 2005, 374 million t
of equivalent carbon dioxide were exchanged, but by 2011, the carbon trading volume had risen to
10.28 billion CO2 t, with the global carbon trading market valued at 176 billion US dollars [23].
Carbon taxes, which are a type of Pigovian tax [24], are a potentially cost-effective method for
reducing greenhouse gas emissions [25]. Many European countries, such as the Netherlands, Sweden,
Finland, and Norway, implemented carbon taxes many decades ago [26]. However, the Chinese
government only introduced a carbon tax around 2013, which has severely affected the domestic
market in China [27].

As stated above, most scholars have tended to study GSC from government or enterprise
perspectives; however, while there have been many studies on carbon trading and carbon tax,
many have only focused on the impact of a single policy on the macroeconomic development of
carbon emission reductions, and the mutual relationships between supply chain enterprise operations
and government policies have been ignored. In addition, there has been a lack of research on the
performance of integrated carbon trading and carbon tax policies. To address this research gap,
this paper explored the government and SC producer carbon reduction problems associated with
integrated carbon trading and carbon tax policies. The government initially determines the annual free
carbon emission allowances for the producer based on the average carbon emission level of the industry
and its historical emission data. To control total carbon emissions and reduce the adverse impact of
carbon emission reduction, the government, whose objective is to maximize social welfare, imposes a
carbon tax on the producers. Under the dual constraints of emission allowance and carbon tax, the SC
producers must be allocated sufficient carbon emissions to satisfy their daily operations. As the SC
producers cannot exceed emission allowance limitations, they must either trade any remaining carbon
emission allowances on the carbon trading market or directly purchase additional allowances to meet
their emissions requirements. However, now carbon tax and the consumer’s low-carbon preference
must be taken into serious consideration, while at the same time considering the carbon tax and
consumer preference for low-carbon operations. Producers can achieve emission reductions by flexibly
combining emission reduction investments and emission rights purchasing. Finally, to maximize their
own profits, the SC producers must weigh up the emission costs and benefits under different strategy
combinations to determine the final emission level and the associated product prices.
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Because of the multiple decision-makers and the complex interactions, bi-level mathematical
programming is proposed as it can accurately describe the interests of the decision-makers. Bi-level
models have been widely applied in SC management [28–32]. For example, Ghosh and Shah [28]
developed a bi-level supplier/manufacturer SC to examine SC coordination issues under a carbon
emission policy. Song and Leng [29] included the carbon emission factors into a single-cycle newsboy
model to examine the influences of different carbon emission policies on producers’ orders. Choi [30]
examined the impact of a carbon footprint tax on bi-level fashion SC systems, and the importance of the
carbon footprint tax on SC fashion management. Du et al. [31] considered an emission-dependent SC to
examine an emission-dependent manufacturer and an emission permit supplier under a cap-and-trade
system. Jaber et al. [32] researched bi-level manufacturer/retailer SC game processes and coordination
mechanisms under carbon cap-and-trade conditions.

These studies have inspired researchers with novel management insights into government carbon
emission regulations and GSC operations; however, the carbon emission regulation parameters have
been generally regarded as exogenous variables, with the governments not being involved in the
decision-making processes. Therefore, the main contributions of this paper are as follows. First,
the integration of carbon reduction policies and their relationships within GSCs are explored. Second,
optimal decision results are theoretically derived through the development of a bi-level optimization
model, in which the leader, which has a social welfare maximization objective, determines the carbon
tax and emission allowance allocations, and the following producers, which have a profit maximization
objective, determine their production output and sales quantities. Third, it is shown that the sustainable
GSC development and a trade-off between environmental protection and economic development can
be achieved by employing the proposed methodology.

The remainder of this paper is organized as follows. Section 2 gives the research and problem
statement, including the research background and the decision-making relationship analysis.
In Section 3, a methodology, including a bi-level mathematical model and an interactive algorithm,
is established as an abstraction of the real problem. To confirm the generality of the methodology,
a general case, results, and some further discussions are given in Section 4. Finally, Section 5 gives the
conclusions and suggestions for future studies.

2. Research and Problem Statement

In an integrated carbon policy-based carbon emission reduction problem, there are various
decision-makers: the government as the leading decision-maker and the GSC producers as the
following decision-makers who act based on the government’s decisions. Both parties have individual
contradictory carbon reduction targets. The government seeks to effectively reduce overall carbon
emissions, while safeguarding the economic interests of the producers, with the aim of stimulating
participation and enthusiasm for emission reduction, and maximizing total social welfare, while the
producers seek to obtain as high a carbon emission allowance as possible to reduce their emission
costs and maximize profits. Both of parties have individual but interacting decision-making variables;
the government’s decision-making variables are the free carbon emission allowances and the carbon tax;
while the producer’s variables are production and sales quantities. It is assumed that the GSC producers
have an equal market position and each independently trades their carbon emission allowances on
the open market. As the producers’ profits are considered when the government sets the carbon
emission reductions targets, the decisions made by the producers not only determine their own
objectives but also influence the government’s goals. Therefore, the government’s decisions also need
to consider the influence of the producers’ responses to its own goals. Therefore, the carbon emission
reduction problem in this paper is a dynamic optimization decision-making process, within which the
government needs to monitor the carbon trading market, assess the effectiveness of the carbon tax
level, and improve their emission reduction strategies based on the responses from the market and
the producers.
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The above analysis has shown that the carbon emission reduction decision-making process is an
interactive decision-making mechanism comprised of the government as the leading decision-maker
responsible for the overall carbon reduction plan and control, and the producers as the following
decision-makers who have independent decision-making rights in terms of their own carbon reduction
goals. As the government is in the lead decision-making position, it has the advantage of moving
first. From this description, this integrated emission reduction decision-making policy problem has the
same characteristics and mechanisms as a general bi-level decision-making problem, which is similar
to the hierarchical decision leader–followers Stackelberg game, in which the leader is more powerful
and the follower reacts rationally to the leader’s decisions [33,34]. Therefore, the bi-level Stackelberg
game can be used to examine this level of this government/producers carbon emission reduction
decision-making relationship.

This problem can be abstracted as a bi-level mathematical model for calculation, which, along with
the hierarchical structure makes it a complex problem, as shown in the concept model in Figure 1.

Objectives: economic
profits maximization

Decision-making:
1. materials production plan;
2. carbon emissions quantities;
3. carbon  allowances trading.

Government

Decision-making:
carbon tax, free carbon

emission allowance

Objective:
social benefit
maximization

Objectives: economic
profits maximization

Objectives: economic
profits maximization

Decision-making:
1. materials production plan;
2. carbon emissions quantities;
3. carbon  allowances trading.

Decision-making:
1. materials production plan;
2. carbon emissions quantities;
3. carbon  allowances trading.

Producer 1 Producer i Producer I

Figure 1. Model of the bi-level decision-making mechanism in carbon emission reduction.

3. Methodology

A bi-level mathematical model and a corresponding solution approach are proposed in
this section.

3.1. Bi-Level Programming

Assumptions, notations, objective functions and constraints of an integrated emission reduction
decision-making policy problem are introduced in this section.
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3.1.1. Assumptions

Before formulating the model, the following assumptions are given:

A1 This integrated carbon emission policy problem is a single-period decision-making problem;
therefore, a static optimization problem is assumed.

A2 The government is responsible for the initial free carbon emission allowance allocation and the
producers freely transact with other producers in the CET market.

A3 None of the producers can individually meet all the projects’ requirements [35].
A4 Each decision-maker fully understands the objective functions and inherent constraints,

and behaves rationally [36].

3.1.2. Notations

Sets:
I : Set of producers, I = {1, 2, · · · , I}.
J : Set of projects, J = {1, 2, · · · , J}.

Indices:
i : Index for the construction material producers, i ∈ I.
j : Index for the projects, j ∈ J.

Decision variables:
αi : Free carbon emission allowance for construction material producer i.
γ : Carbon tax rate for construction material production.
qi : Total construction materials produced by producer i.
qij : Total construction materials purchased from producer i for project j.

Certain parameters:
Cap : Actual free carbon allowance allocation for the construction

material industry in the last production period.
γl : Lower bounds for the unit carbon tax.
γu : Upper bounds for the unit carbon tax.
CEu

i : Carbon emissions produced by producer i with no emission reduction measure.
CEl

i : Carbon emissions produced by producer i after the carbon reduction efforts.
PCi : Unit production cost for construction material producer i.
ICi : Unit inventory cost for construction material producer i.
Pij : Price of a unit of construction material k from producer i for project j.
GPi : Production carbon emission coefficient for producer i.
PMl

i : Lower bounds for the production capacity for producer i.
PMu

i : Upper bounds for the production capacity for producer i.
SCmax

i : Maximum storage capacity of producer i.
β : Market price of carbon emission trading.
λ : Sale taxes an enterprise pays for a unit of construction material.

Uncertain parameters:
˜̄Dj : Total demand of project j for construction materials.

3.1.3. Model Formulation

This section gives a detailed description of the global model including the model of the
government and the model of the producers.

Objective 1: The government’s social benefit objective. To balance the environmental protection
and economic development of the construction material industry, the government must control carbon
emissions while also considering the social benefits. However, the social benefits are the primary
objective, which are made up of three parts; sales taxes on materials, revenue from carbon emission
trading, and the carbon tax revenue. Let λ be the unit sales tax for the construction material. The total
sales taxes for the materials are therefore λ ∑I

i=1 ∑J
j=1 qij. It is assumed that β is the carbon emission

trading price. Therefore, the total carbon emission trading revenue is β ∑I
i=1 (GPiqi − αi). Under the

carbon tax policy, construction material producers have paid taxes for their carbon emissions. Let γ be
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the unit carbon tax for producing the construction materials. The total carbon tax revenue is therefore
γ ∑I

i=1 GPiqi, and the overall social benefit for the government is:

max W = λ
I

∑
i=1

J

∑
j=1

qij + β
I

∑
i=1

(GPiqi − αi) + γ
I

∑
i=1

GPiqi. (1)

Constraint 1: Free carbon emission allocation constraint. To limit the carbon emissions,
the government initially allocates free allowances to the producers. To protect the construction
material industry, the government cannot allocate a carbon emission allowance beyond a producer’s
capacity. Therefore, there exists an upper bound, ≤ CEm

i , for producer i, which represents the
maximum carbon emissions emitted when producer i is under full-load production; this constraint
is denoted as αi ≤ CEm

i . However, to guarantee each producer’s basic rights, the government must
allocate a carbon emission allowance that ensures that the producer can produce at capacity. Therefore,
there exists a lower bound, CEl

i , for producer i, which is the minimum carbon emission allowance
allocation needed to maintain basic operations. This constraint is denoted as CEl

i ≤ αi. To ensure both
sides are fully considered, the producers’ restrictions when the government makes decisions are:

CEl
i ≤ αi ≤ CEm

i . (2)

Constraint 2: Industry free carbon emission allowance allocation constraint. As the
government must guarantee the atmospheric environment, they may alter their intentions to control the
carbon emissions of the whole industry within an acceptable range, which cannot surpass the actual free
carbon allowance allocation given to the construction material industry in the last production period,

I

∑
i=1

αi ≤ Cap. (3)

Constraint 3: Carbon tax constraint. The formulated unit carbon taxes must be within the
minimum and maximum carbon tax limitation bounds, which can be expressed as:

γl ≤ γ ≤ γu. (4)

Constraint 4: Demand constraint. As construction materials are required to ensure the project
meets its construction deadlines, the producers must satisfy the demand for each type of project
material. However, because of the inherent complexity and uncertainty in construction technology
as well as the fluctuating demand, accurate data for the material supply level is difficult to obtain.
Therefore, this demand is dealt with using an expected value operator. The material quantities
provided to each project, therefore, must satisfy the respective demands, namely,

I

∑
i=1

qij ≥ E
[

˜̄Dj

]
. (5)

Objective 2: Producer’s profit objective. With the integrated carbon policies, each producer,
as an independent decision-maker, seeks to maximize his individual profit, which is the difference
between total revenue and total cost. Total revenue comes from construction material sales ∑J

j=1 Pijqij,

while total costs are made up of material production costs PCiqi, inventory costs ICi

(
qi − ∑J

j=1 qij

)
,

sales taxes λ ∑J
j=1 qij, CET costs β (GPiqi − αi), and carbon taxes γGPiqi. Therefore, the profit

function is:

max Pi =
J

∑
j=1

Pijqij − PCiqi − ICi

(
qi −

J

∑
j=1

qij

)
− λ

J

∑
j=1

qij − β (GPiqi − αi)− γGPiqi. (6)
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Constraint 5: Producers’ carbon emissions constraint. The amount of carbon emissions for each
producer cannot exceed the emissions without a reduction measure but must not be lower than the
amount of emissions with the greatest carbon reduction efforts, that is,

CEl
i ≤ GPiqi ≤ CEm

i . (7)

Constraint 6: Production capacity constraint. When providing construction materials for
multiple projects, the material production qi of producer i must be within a specified range between
the maximum and minimum production capacity. Therefore, the production capacity constraint is:

PMl
i ≤ qi ≤ PMu

i . (8)

Constraint 7: Inventory constraint. Each producer owns a warehouse for temporarily storing
construction materials that are not yet sold. The construction material inventory level of producer i
cannot exceed the storage capacity, namely

0 ≤ qi −
J

∑
j=1

qij ≤ SCmax
i . (9)

3.1.4. Global Model

To sum up, the global model is built as in Equation (10). The decision-makers impact on each other
as the government’s decisions (αi, γ) affect the construction material producers’ decisions

(
qi, qij

)
.

The government attempts to expand the social benefit by reducing total carbon emissions, however,
each construction material producer seeks profit maximization. At the same time, the producers’
actions

(
qi, qij

)
affect the government’s subsequent actions (αi, γ). Consequently, all decision-makers

seek satisfactory solutions based on their respective optimization targets. At the beginning, based on
previous information and its own objectives, the government determines the initial carbon emission
allowance allocations, the decisions for which are then is delivered to the construction material
producers. Each producer, as a follower, sets its own plan in view of the government’s decisions,
the market demands, and their own technological conditions. The producers’ plans are then submitted
to the government, after which the government adjusts its initial decisions in consideration of each
producer’s emission performance, and an improved plan is then sent to the producers. Therefore,
the government influences the behavior of the construction material producers without completely
controlling their actions, and the construction material producers’ behavior affects the government’s
decisions. Relationships between each construction material producer are also assumed to be
non-cooperative, as each producer makes decisions independently and without collaboration [37].
Each producer, therefore, has an optimization problem, in which the other producers’ decisions are
regarded as the certain parameters. Therefore, the problem can be expressed mathematically in a
bi-level programming model. In summary, the global model is:
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max W = λ
I

∑
i=1

J

∑
j=1

qij + β
I

∑
i=1

(GPiqi − αi) + γ
I

∑
i=1

GPiqi (10)

s.t.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

CEl
i ≤ αi ≤ CEm

i
∑I

i=1 αi ≤ Cap
γl ≤ γ ≤ γu

∑I
i=1 qij ≥ E

[
˜̄Dj

]
max Pi = ∑J

j=1 Pijqij − PCiqi − ICi

(
qi − ∑J

j=1 qij

)
−

λ ∑J
j=1 qij − β (GPiqi − αi)− γGPiqi

s.t.

⎧⎪⎨⎪⎩
CEl

i ≤ GPiqi ≤ CEm
i

PMl
i ≤ qi ≤ PMu

i
0 ≤ qi − ∑J

j=1 qij ≤ SCmax
i

αi, γ, qi, qij ≥ 0
i ∈ I, j ∈ J

3.2. Iterative Interactive Algorithm

As is well known, bi-level programming optimization is a non-deterministic polynomial (NP) hard
problem even in its most common formulation [38–40]. The decision variables of the government’s
upper-level mathematical model and the producers’ lower-level mathematical models are therefore
nested in each decision-maker’s objective function and constraints of the model (10), for which an
iterative interactive algorithm based on evolutionary game theory between the two decision-makers is
established to deal with the complex model (10) interaction. The iterative interactive algorithm solves
both the upper and lower optimization problems in the bi-level programming mathematical model.
At first, all constraints in the government’s upper-level optimization model are set using Matlab R2013a
(MathWorks, Natick, MA, USA) and a feasible zone of the upper-level optimization model is built.
Then a vector (αi, γ) is generated, which is the initial solution to the upper-level optimization model,
after which vector (αi, γ) is put into the lower-level optimization model as the constant, and the model
is transformed into a single-level programming model for

(
qi, qij

)
. By employing the mathematical

toolbox in Matlab R2013a, an initial solution to the producers’ optimization model,
(
qi, qij

)
, is obtained,

which is fed back to the upper-level optimization model, and the model is also transformed into a
single-level programming model for (αi, γ) for the government. The mathematical toolbox in Matlab
R2013a is employed again to obtain an improved solution, (αi, γ). If the government is satisfied with
the improved solution, the computation is terminated. If not, the new solution (αi, γ) is again imported
into the lower-level optimization model and the solution to the model calculated, thus generating
a new vector for

(
qi, qij

)
, which is then conveyed to the upper-level model again. As an interactive

mechanism in this bi-level decision-making structure, this process is repeated several times until
an overall satisfactory solution to both the upper and lower level optimization models is obtained,
which is the final solution to the proposed bi-level optimization model. The procedures for this
solution approach are shown in Figure 2.
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The lower-level optimization problem

The upper-level
optimization problem

 An initial feasible zone for the government individual's upper
mathematical model  is bulit.

An initial vector of producers' decision-making variables     and      are
obtained.

iq ijq

  A vector of the decision-making variables      and     are randomly identified.iα λ

The initial vector of the     and     are then imported into the lower
mathematical models of the producers.

λiα

The initial vector of the     and      are then fed back to the upper level
mathematical model of the government.

iq ijq

Is the government satisfied with the improved solution?

An improved solution is acquired by the government.

End the program

Are the producers satisfied with the initial solution?

Yes

No

Yes

No

Begin the program

Figure 2. Framework for the iterative interactive algorithm.

4. Case Study

In this section, the construction material industry in City X is employed as a practical case to
probe into the integrated carbon emission reduction policy and to demonstrate the practicality of the
proposed optimization methodology.

4.1. Case Description

Industry is the dominant consumer of energy and producer of CO2 emissions in China. China’s
urbanization process has undoubtedly promoted infrastructure construction, which has stimulated
demand for cement, ceramics, glass, and other construction materials [41]. The emission reduction
potential is of great significance to the achievement of the total carbon reduction control. City X,
the main region for cement production in Shanxi province, supplies the Shanxi province with 20% of
its cement demands. The cement industry plays a key role in the economic development of City X,
however, emissions from material production are the primary source of carbon emissions, and represent
a serious menace to local air quality. In terms of air quality, City X has been judged as one of the worst
cities in the Shanxi province. Thus, reducing carbon emissions in construction material industry is
regarded as the primary goal for the local government in the next production period.
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4.2. Data Presentation

In City X, three main cement producers, referred to as A, B, and C, are engaged in the production
and supply of cement for three key projects, referred to as I, II, and III. The carbon trading price was
set at 60 CNY/t based on the average carbon allowance trading price at City X’s Emissions Trading
Institution. The lower and upper bounds for the carbon tax rate were 10 CNY/t and 30 CNY/t,
respectively, based on the recommendations from National Development and Reform Commission
experts. The unit sales tax for cement was 50 CNY/t, and the total carbon emissions in the last planning
period Cap were about 3.2 × 106 t CO2. Information for producers, such as the emission allowances,
production capacity bounds, the carbon emission coefficient, production and inventory unit cost,
maximum storage capacity, and unit prices, are listed in Table 1. From Table 1, it is clear that the
production costs were slightly higher for Producer B, but fewer emissions were generated due to the
advanced, more efficient machinery and manufacturing technology. The cement demands for the
three key projects are listed in Table 2.

Table 1. Basic information for the cement producers.
Parameters Producer A Producer B Producer C

Lower bounds for carbon emissions (105 t) 6.3 5.4 6.2
Upper bounds for carbon emissions (105 t) 14.7 13.3 14.3

Lower bounds for production capacity (104 t) 140 138 135
Upper bounds for production capacity (104 t) 180 175 180

Carbon emission coefficient (kg CO2/t) 630 608 622
Unit production costs (CNY/t) 52 46 54
Unit inventory costs (CNY/t) 24 27 26

Maximum storage capacity (104 t) 54 52 55
Unit price of cement for Project I (CNY/t) 290 305 296
Unit price of cement for Project II (CNY/t) 292 310 305
Unit price of cement for Project III (CNY/t) 280 300 286

Table 2. Project demands for cement.
Project I Project II Project III

Cement (104 t) (135,N (160, 25), 197) (146,N (172, 18), 196) (126,N (155, 20), 173)

4.3. Results Analysis

By importing the collected data into the proposed optimization model (10) and running the
iterative interactive algorithm on Matlab R2013a, the results for the proposed model were determined,
as shown in Table 3. Satisfactory solutions were obtained for both the government and the producers,
in which the social benefits for the government were estimated at W = 3.08 × 108 CNY, and the
profits for Producers A, B, and C were respectively PA = 2.56 × 108 CNY, PB = 3.17 × 108 CNY,
and PC = 3.24 × 108 CNY. The total carbon emission allowance for the construction material industry
for the government was 29.5 × 105 t CO2, of which 9 × 105 t CO2, 9.5 × 105 t CO2, and 11 × 105 t CO2

were allocated to Producers A, B, and C, respectively. The optimal carbon emissions for Producers A,
B, and C were 9.26 × 105 t CO2, 9.72 × 105 t CO2, and 11.20 × 105 t CO2, respectively, and extra carbon
emission allowances were purchased from the government.

Table 3. Satisfactory solution.

Decision-Makers
γ αi qi qij (104 t) Social Benefits (Profits)

(CNY/t) (105 t CO2) (104 t) I II III (108 CNY)

Government 20 - - - - - 3.08
Producer A - 9 147 55 50 42 2.56
Producer B - 9.5 160 55 55 50 3.17
Producer C - 11 180 50 67 63 3.24
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4.4. Carbon Tax Analysis

In this section, different values for the carbon tax were set to verify its influence on the overall
and individual emissions and economic performances, in which the γ ranged from 10 to 30 CNY/t in
intervals of 5 CNY/t. Figures 3 and 4 show the influence of the different values for the carbon tax on
industry carbon emissions, social benefits, and profits for the government and Producers A, B and C.

In Figure 3, as the carbon tax increased, the total carbon emissions in the construction industry
continued to decrease, and when γ ≥ 20 CNY/t, the total emissions were less than the government’s
annual emission objectives (i.e., 29.5 × 105 t CO2). This indicated that the a carbon tax policy could
be a good carbon emission reduction method. From the producers’ perspective, with an increase in
the carbon tax, the carbon emissions of Producers A and C decreased; however, the carbon emissions
of Producer B increased, indicating that Producer B was a lower carbon emission enterprise than
the other two producers. When the government imposed stricter carbon tax regulation, consumers
tended to purchase materials from Producer B to avoid the carbon tax being passed on. Therefore,
Producer B was able to produce a greater number of materials than previously, thereby generating
greater carbon emissions.

0.00
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10.00

15.00

20.00

25.00

30.00

35.00

40.00

10 15 20 25 30

Producer A

Producer B

Producer C

Total

Figure 3. Influence of different carbon tax values on total carbon emissions (unit: 105 t CO2).

In Figure 4, as the carbon tax grew, the government’s social benefits and Producer B’s profits
increased, and the growth rates of both when γ ∈ [20, 30] were obviously larger than when γ ∈ [10, 20].
Because the increased carbon tax revenue raised social benefits, the promoted projects purchased more
materials from Producer B. However, under the pressure of a higher carbon tax, Producers A and C had
to reduce their production output, leading to a decrease in profits. From the producers’ perspective,
when faced with different carbon tax changes, enterprises with lower carbon emissions would be more
favored by the government and the market, and enterprises with higher carbon emissions would need
to improve machinery and invest in cleaner manufacturing technology. From the industry perspective,
total profits were relatively unchanged, which indicated that the carbon tax policy had little negative
impact on the economic development of the construction material industry.
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Figure 4. Influence of different carbon tax values on social benefits and profits (unit: 108 CNY).

4.5. Comparative Analysis in Different Decision-Making Environments

The computational results were acquired by employing some fuzzy random variables (FRVs)
under a fuzzy random environment; however, the results may alter in different decision-making
environments. To measure the robustness of the methodology when some parameters from model (10)
had some perturbations, a sensitivity analysis was conducted to demonstrate the effect on the solutions
under different decision-making environments. First, model (10) under a fuzzy random environment
was compared to a model under a certain environment, in which the mean values for the FRVs were
kept to eliminate uncertainty in the determined environment. For example, for the demands for
Project I (i.e., ˜̄DI = (135, N (160, 25), 197)), the adopted value was 166, which was the mean value
from 135 and 197. The computational results are shown in Table 4. Second, model (10) under a fuzzy
random environment was also compared to a model in a fuzzy environment, in which in the fuzzy
environment the fuzziness in the FRVs was retained, but the stochastic nature was neglected. To obtain
useful data, Gaussian distributions were removed and the expectations were reserved. For instance, the
demands of Project I in the fuzzy environment were denoted as (135, 160, 197). The expected method
was also used to convert the objective functions into equivalent crisp functions. The comparative
results are also shown in Table 4.

The results in Table 4 indicated that the solutions in the determined environment had greater
deviations than those in the fuzzy random environment, indicating that model (10) under a fuzzy
random environment was able to provide more reliable references for the decision-makers. It was
also found that the results under the fuzzy random environment were also better than in a fuzzy
environment. Therefore, the proposed methodology was found to be robust in solving a carbon
emission reduction problem for the construction material industry for the government, and the use
of the fuzzy random environment was better able to match actual circumstances based on the post
hoc analysis.

Table 4. Results comparison for the government in model (10) under different environments.

Objective
Unit: Fuzzy Random Certain Fuzzy

108 CNY Environment Environment Environment

Best 3.34 3.38 3.32
W Average 2.95 2.86 2.94

Worst 2.65 2.45 2.52
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5. Conclusions

Carbon emission reduction is important to the sustainable development of the construction
material industry. Most construction material activities, such as material producer selection, material
production plans, dynamic inventories, and assignment problems, are interrelated, which means
that contradictions between the government and construction material enterprises are unavoidable.
Previous research has demonstrated that to achieve sustainable development in the construction
material industry, these contradictions need to be reduced or fully resolved [2,4,36,42].

However, research on carbon emission reduction problems in the construction material supply
chain has been restricted to a simple overall GSC system, or only a single carbon emission policy was
assumed. Therefore, there were several difficulties that remained unresolved. Firstly, the hierarchical
decision-making relationships between the government and the producers were not considered;
however, as there are multiple stakeholders within this structure, contradictions must be considered.
Secondly, linearization assumptions and simplifications were often employed to ensure model
tractability, which led to loss of generality in the mathematical models. Thirdly, uncertainty and
complications in the decision-making environment were not considered when dealing with the
collected data.

To overcome these difficulties, this paper proposed an integrated methodology for carbon emission
reduction problems under an integrated carbon reduction policy. The integrated methodology
combined a bi-level mathematical model and an iterative interactive algorithm. The bi-level
mathematical model was formulated to handle the leader–followers contradictions and competition
between the stakeholders, and FRVs were used to reflect the inherent uncertainties in the problem,
all of which made the bi-level mathematical model more complex but better related to the practical
environment. An iterative interactive algorithm was designed to solve the non-linear bi-level
mathematical model. Then, the proposed methodology was applied to a real-world case, the results
from which clearly showed that satisfactory solutions for both the government and the producers
could be obtained, and a suitable trade-off reached between economic development and environmental
protection. Solution analysis, study of the impact of carbon tax, and comparative analysis in different
decision-making environments were conducted to illustrate the applicability and robustness of the
proposed methodology.

Acknowledgments: This research was supported by Social Science Research Project in Sichuan Province
(Grant No. 17GL070), The Research Center for Systems Science & Enterprise Development, Key Research of Social
Sciences Baseof Sichuan Province (Grant No. Xq17C03) and National Natural Science Foundation of China (71702118).

Author Contributions: Liming Zhang and Wei Yang conceived the idea and designed the structure of this
paper; Liming Zhang and Wei Yang collected related study literature; Yuan Yuan and Rui Zhou contributed data;
Liming Zhang analyzed the data; Wei Yang wrote the paper.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

The following abbreviations are used in this manuscript:

FRV fuzzy random variable
GDP gross domestic product
GSC green supply chain
SC supply chain

References

1. Wang, C.; Wang, W.; Huang, R. Supply chain enterprise operations and government carbon tax decisions
considering carbon emissions. J. Clean. Prod. 2017, 152, 271–280.

2. Chau, C.K.; Hui, W.K.; Ng, W.Y.; Powell, G. Assessment of CO2 emissions reduction in high-rise concrete
office buildings using different material use options. Resour. Conserv. Recycl. 2012, 61, 22–34.

217



Sustainability 2017, 9, 2107

3. Atmaca, A.; Atmaca, N. Life cycle energy and carbon dioxide emissions assessment of two residential
buildings in Gaziantep, Turkey. Energy Build. 2015, 102, 417–431.

4. Herrera, J.C.; Chamorro, C.R.; Martín, M.C. Experimental analysis of performance, greenhouse gas emissions
and economic parameters for two cooling systems in a public administration building. Energy Build. 2015,
108, 145–155.

5. Shi, Q.; Chen, J.; Shen, L. Driving factors of the changes in the carbon emissions in the Chinese construction
industry. J. Clean. Prod. 2017, 166, 615–627.

6. Zhang, X.; Wang, F. Life-cycle assessment and control measures for carbon emissions of typical buildings
in China. Build. Environ. 2015, 86, 89–97.

7. Zhang, Z.; Wang, B. Research on the life-cycle CO2 emission of China’s construction sector. Energy Build.
2015, 112, 244–255.

8. Jiang, Z.; Lin, B. China’s energy demand and its characteristics in the industrialization and urbanization
process. Energy Policy 2012, 49, 608–615.

9. Dhakal, S. Urban energy use and carbon emissions from cities in China and policy implications. Energy Policy
2009, 37, 4208–4219.

10. Seuring, S.; Müller, M. From a literature review to a conceptual framework for sustainable supply chain
management. J. Clean. Prod. 2008, 16, 1699–1710.

11. Porter, M.E.; Van der Linde, C. Green and Competitive: Ending the Stalemate. Harv. Bus. Rev. 1995,
28, 128–129.

12. Hollos, D.; Blome, C.; Foerstl, K. Does sustainable supplier co-operation affect performance? Examining
implications for the triple bottom line. Int. J. Prod. Res. 2012, 50, 2968–2986.

13. Reid, E.M.; Toffel, M.W. Responding to public and private politics: corporate disclosure of climate change
strategies. Strat. Manag. J. 2009, 30, 1157–1178.

14. Bansal, P.; Clelland, I. Talking Trash: Legitimacy, Impression Management, and Unsystematic Risk in the
Context of the Natural Environment. Acad. Manag. J. 2004, 47, 93–103.

15. Hajmohammad, S.; Vachon, S. Mitigation, Avoidance, or Acceptance? Managing Supplier Sustainability Risk.
J. Supply Chain Manag. 2016, 52, 48–65.

16. Miccoli, S.; Finucci, F.; Murro, R. A monetary measure of inclusive goods: The concept of deliberative
appraisal in the context of urban agriculture. Sustainability 2014, 6, 9007–9026.

17. Miccoli, S.; Finucci, F.; Murro, R. Assessing Project Quality: A Multidimensional Approach. Adv. Mater. Res.
2014, 1030, 2519–2522.

18. Miccoli, S.; Finucci, F.; Murro, R. Criteria and Procedures for Regional Environmental Regeneration:
A European Strategic Project. Appl. Mech. Mater. 2014, 675, 401–405.

19. Moretti, L.; Caro, S. Critical analysis of the Life Cycle Assessment of the Italian cement industry. J. Clean. Prod.
2017, 152, 198–210.

20. Sorrell, S.; Sijm, J. Carbon trading in the policy mix. Oxf. Rev. Econ. Policy 2003, 19, 420–437.
21. Weisbach, D.A.; Metcalf, G.E. The Design of a Carbon Tax. Soc. Sci. Res. Netw. Electron. J. 2009, 33, 499–556.
22. Carbon Emission Trading, 2017. Available online: https://en.wikipedia.org/wiki/Carbon_emission_trading

(accessed on 11 November 2017).
23. Perdan, S.; Azapagic, A. Carbon trading: Current schemes and future developments. Energy Policy 2011,

39, 6040–6054.
24. Intergovernmental Panel on Climate Change. Climate Change 2007 Synthesis Report; Intergovernmental Panel

on Climate Change: Geneva, Switzerland, 2007.
25. Klemmensen, B.; Pedersen, S.; Rydén, L.; Dirckinck-Holmfeld, K.R.; Marklund, A. Environmental Policy:

Legal and Economic Instruments; Baltic University Press: Uppsala, Swdden, 2007.
26. Baranzini, A.; Goldemberg, J.; Speck, S. A future for carbon taxes. Ecol. Econ. 2000, 32, 395–412.
27. Fang, G.; Tian, L.; Fu, M.; Sun, M. The impacts of carbon tax on energy intensity and economic

growth—A dynamic evolution analysis on the case of China. Appl. Energy 2013, 110, 17–28.
28. Ghosh, D.; Shah, J. A comparative analysis of greening policies across supply chain structures. Int. J.

Prod. Econ. 2012, 135, 568–583.
29. Song, J.; Leng, M. Analysis of the Single-Period Problem under Carbon Emissions Policies; Springer: New York,

NY, USA, 2012; pp. 297–313.
30. Choi, T.M. Carbon footprint tax on fashion supply chain systems. Int. J. Adv. Manuf. Technol. 2013, 68, 835–847.

218



Sustainability 2017, 9, 2107

31. Du, S.; Zhu, L.; Liang, L.; Ma, F. Emission-dependent supply chain and environment-policy-making in the
‘cap-and-trade’ system. Energy Policy 2013, 57, 61–67.

32. Jaber, M.Y.; Glock, C.H.; Saadany, A.M.A.E. Supply chain coordination with emissions reduction incentives.
Int. J. Prod. Res. 2013, 51, 69–82.

33. Von Stackelberg, H. The Theory of the Market Economy; Oxford University Press: Oxford, UK, 1952.
34. Gibbons, R. Game Theory for Applied Economists; Princeton University Press: Princeton, NJ, USA, 1992.
35. Xu, J.; Zhao, S. Noncooperative Game-Based Equilibrium Strategy to Address the Conflict between a

Construction Company and Selected Suppliers. J. Constr. Eng. Manag. 2017, 143, 04017051.
36. Xu, J.; Yang, X.; Tao, Z. A tripartite equilibrium for carbon emission allowance allocation in the power-supply

industry. Energy Policy 2015, 82, 62–80.
37. Nash, J. Non-cooperative games. Ann. Math. 1951, 54, 286–295.
38. Ben-Ayed, O.; Boyce, D.E.; Iii, C.E.B. A general bilevel linear programming formulation of the network

design problem. Transp. Res. Part B 1988, 22, 311–318.
39. Bard, J.F. Practical Bilevel Optimization; Springer: New York, NY, USA, 1998; pp. 144–146.
40. Colson, B.; Marcotte, P.; Savard, G. An overview of bilevel optimization. Ann. Oper. Res. 2007, 153, 235–256.
41. Lin, B.; Ouyang, X. Energy demand in China: Comparison of characteristics between the US and China in

rapid urbanization stage. Energy Convers. Manag. 2014, 79, 128–139.
42. Hong, J.; Shen, G.Q.; Feng, Y.; Lau, S.T.; Mao, C. Greenhouse gas emissions during the construction phase of

a building: A case study in China. J. Clean. Prod. 2015, 103, 249–259.

c© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

219



sustainability

Concept Paper

Environmental Activation of Inner Space
Components in Sustainable Interior Design

Magdalena Celadyn

Academy of Fine Arts in Krakow, Faculty of Interior Design, pl. Matejki 13, 31-157 Krakow, Poland;
mceladyn@asp.krakow.pl; Tel.: +48-667-899-959

Received: 21 May 2018; Accepted: 7 June 2018; Published: 11 June 2018
��������	
�������

Abstract: Implementation of environmental responsibility issues into the interior design methodology
considers many aspects of the design process, but analyzes them separately. These include building
materials’ and products’ specifications based on the assessment of their parameters impact on the
users of indoor environments, or resource management within an ecological efficiency context.
This concept paper concentrates on the analysis of an environmental activation of inner space
components, identified by the author as the holistic and systemic design model, which is to empower
the foundation of a contemporary sustainable interior design model. The proposed design scheme
is supposed to assure the environmental effectiveness of interiors and their structure, as well as
complementing functional components. The contributions of interiors completed in accordance with
this concept can refer to the enhancement of the performance of building mechanical systems and
the improvement in the indoor environment quality parameters. They can be achieved with the
appropriate environmental activation-oriented structural, technical, and material solutions, applied
to the selected inner space components. The theoretical scheme presented should become the basis
for further investigations and studies to establish the comprehensive methodology design framework
assuring the integrative role of interior design in the creation of a sustainable near environment.

Keywords: environmentally responsible interior design; sustainable interior design; environmental
activation of interior elements; indoor environment quality

1. Introduction

The environmental responsibility of the interior design profession has been explored by
researchers, architecture critics, and academics since the 1990s [1–3]. The increasing recognition of
environmentally-sustainable design [1,4–6] has imposed on designers the necessity for a comprehensive
and informed approach toward the interior design process. The notion of environmental responsibility
in interior design can be interpreted as comprising the issues of: (1) an object’s ecological effectiveness,
with regard to the minimization of its negative impact on the natural environment; (2) the economic
consequences and implications of the building spaces’ energy performance; and (3) complementing
social system’s considerations related to the inner space quality parameters and their influence on the
occupants’ psychological and physical comfort. The constant interconnectedness and interdependence
of these three systems is a major factor affecting the stability of the human ecosystem model and
should be the subject of continuous investigation of environmentally-responsible interior designers [1]
when searching for the optimization of the functionality and quality of inner spaces [4].

Although the term ‘green design’ is interchangeably used with ecological, environmentally-respo
nsible, or sustainable design [3,7], it applies to the micro-scale of the interior [1]. The interior is defined
as part of the built environment being in direct mediation with the space occupants and constituting
the nearest area for their activities. It directly influences their health and well-being, and stimulates
their behavioral patterns [8], as created in accordance with the sustainability paradigm. The interior
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designers accomplishing this model are to respect the environmental implications, considering the
multiple life cycle consequences of completed objects and, therefore, addressing global environmental
problems [4]. The position of interior designers in the process of creation of the so-defined
environmentally-oriented built environment is still not precisely and comprehensively determined [1]
and appreciated. The possible range of their interventions into the indoor environment design is
mainly based on the appropriate specifications of introduced building materials, products, equipment,
and appliances. These are made with the introduction of the comparative and whole-life-material-cycle
environmental preference method (EPM) [9], consideration of the embodied energy (EE) measures,
inclusion of the life cycle assessment (LCA) method associating the energy and material flows with
potential environmental impacts [10], and the multi-criteria environmental evaluation schemes into
the interior design process. All are necessary for finding informed and knowledgeable interior
design solutions.

All these issues reflect the environmentally-oriented consciousness of designers, although they are
methodically verified under reliable research-based assessment schemes and, when being considered
separately as subsequent sustainable goals to be achieved, lack a cohesive vision designed to establish
and endorse their environment-oriented effectiveness.

The main objective of the presented study is to define the role and technical, as well as formal,
opportunities for the specific interior components’ environmental activation, which would enable
the identification of sustainable goals for interiors and the successful achievement of sustainability
requirements in architectural and interior design. The intention of the article is to propose an integrated
interior design framework, enabling the development of a perspective demonstrating the range of the
impact of interior design on the built environment performance, and the development of the holistic
approach to interior design, as postulated for the built environments’ design [11,12].

The author discusses the possible implications of the recommended comprehensive model on
the improvement in the closed spaces’ quality parameters through the coordinated design process.
Subsequent sections identify the term of the interior design’s environmental contextualization with
regard to the accomplishment of the sustainability paradigm. They also provide an overview of
possible effects obtained in the case of properly-conceived interior components which are oriented
towards the ecological effectiveness in the creation of the sustainable built environment. The analysis
of the effects of environmentally conscious interior design, presented in this article, is restricted to its
substantial features which are the question of the means of improvement in the indoor environment
quality parameters, achieved through the cohesive and evidence-based design of the interior [13], with
emphasis on the role of interior components in the optimization of sustainability goals.

2. A Model for Environmental Contextualization of Interior Components

Design strategies that are supposed to be applied to the environmentally-conscious interior design
involve meeting the demand for the sustainable use of environment and resources. This postulate
combines demands for the reduction in material resources and the enhancement of the indoor
environment quality, achieved due to the research findings derived from peer-reviewed journals
or conducted observations and surveys, which constitute a basis for design solutions concerning the
built environment [3].

The achievement of sustainable goals in interior design requires the redefinition of its position,
and the provision of the contribution of interior design to shaping the quality of built environments.
This has to be augmented by the advanced environmental contextualization [14,15] consequently
imposed on the interior and its components’ creation (Figure 1).
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Figure 1. Interior components’ multifaceted environmental contextualization as a function of the
interior design methodology adjustment. Source: author’s drawing.

The environmental context in the creation of internal spaces, by adding to this process a
multidimensional perspective within which they can be analyzed and explored, requires the
introduction of several adjustments concerning the conventionally-applied architecture design
methodology. These corrections should be oriented on holistic thinking and interdisciplinary
communication [1] marked with the inclusion of different specialists into the decision-making
process; among them are interior designers, working as partners and co-learners [16] on the basis
of integrative design teams. Intensive workshop sessions, as the interdisciplinary communication
platform for professionals involved into the design process, enable the verification of proposals based
on evidence provided by the participants in search of the optimization of buildings’ performance.
These eco-charrettes, focused on the design sustainability-compliance [6], allow the interior designers
engaged in the multi-disciplinary integrated design process, to identify the area of their possible
intervention in search for the healthy built environment and to contribute their knowledge to informing
the design.

Applying research-based design tools, as the instruments assuring systemic and comprehensive
pondering of the interior design postulates as detailed in the whole building certification system
guidelines, may enable the interior designers to identify the sustainability goals to be achieved in their
projects. Multi-criteria evaluation schemes based on the parametric assessment dedicated to the whole
building, or its inner spaces’ energy saving-, pro-ecological- and social-oriented solutions evaluation
(e.g., Leadership in Energy and Environment Design Green Building Rating System for Interior Design
and Construction LEED ID + C certification scheme established by the USGBC in 2004), have become a
contemporary professional architectural design tool for defining and measuring the sustainability of
green buildings [17]. It assists in the prevention of greenwashing effect [1]. The interior certification
systems are considered by many researchers and practitioners as formal assessment schemes ensuring
the rigorous approach leading to the achievement of sustainability features [4,6]. They are also the
reliable and systemic verification tools for the compliance with the sustainability demands of indoor
environment and are designed to define the quantitative and qualitative criteria for the main indoor
environment evaluation categories (e.g., WELL Building Standard, a certification system conceived in
2014 and administrated by the International WELL Building Institute). They seem to be specifically
recommended for interior design practitioners, enabling them a systematic approach to fundamental
sustainability demands.

3. A Model for Environmental Activation of Interior Components

The effectiveness of environmental contextualization claimed by the author assigned to the
designed inner space as an entity, and to its structural and complemented elements, relies on the
simultaneous and equivalent consideration of several involved interior areas with regard to their
impact on economic, ecological, and social systems. These design features, in terms of their role
in the space structure, include the interior layout respecting the building orientation and climatic
requirements, building materials specification based on the environmental preference methods, and
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the inner space multifunctional forming and supplementing components with emphasis on their
technical and formal solutions. The interior components’ design concept should be oriented toward
their shaping considering an active response to the question of constant interaction of natural and
man-made systems, with the provisions of its consequences as to the inner space quality endorsement
and the building’s performance.

Two aspects seem to mostly determine the components’ environmentally-oriented features, and
the effectiveness of the idea of environmental contextualization, as major sustainable interior design
imperatives. These are the multi-functionality of interior components combined with the adaptability
of inner spaces to accommodate different activities, along with the resources management framework.
They might facilitate the fulfillment of environmental postulates in practice.

Elements of inner space, as indicated by researchers and academics for decades now, should
not be created by designers in a traditional way, including functional, formal, and aesthetic contexts,
but should be conceived by interior designers in a more complex [8] and environmentally-oriented
context. This process of the creation of interior components should rely on their consideration as those
conventionally formed with the sustainability features [3] (p. 267).

The typologies of components constituting the inner space, as proposed by critics and
researchers [5,18,19], usually identify the groups according to their basic and auxiliary functions to be
fulfilled. The structural forming of indoor components, as proposed in the author’s classification [5],
comprise: external walls determined as enclosures separating the inner space from the natural
environment actively responding to the changing climate conditions and usually accompanied by
various technical devices or natural finishing on the inner side; partitions and inner space dividers of
various dimensions and finishes; raised floors; and suspended ceilings. Supplementing or completing
interior components include: furniture, furnishings, equipment, and fixtures assigned to a separate
category [5], enabling the proper usage of spaces in accordance with the exigencies.

The methods of structural forming of internal elements’ and their integration with the building
components, should be the consequence of designers’ considerations of the interconnectedness of
both natural and man-made environments, as well as predictions of possible consequences of their
mutual interrelationship. As there are both direct and indirect relations between interiors and the
environment [8] (p. 49), they should be specified, analyzed with scientific means, and reflected in the
adjusted integrated interior design methodology.

The interior components’ design strategy should identify the measures undertaken that respond
to the users’ needs, and positively affect their health and comfort, as well as minimize the objects’
environmental load through the reduction in energy consumption by building systems. The strategies
enabling the fulfillment of these, should combine the rational management of material resources,
functional efficiency and formal diversity of components, their active inclusion into the overall
integrated and indoor environment high-quality as supplementary means, and energy concepts.

Environmental Activation of Components

The presented model of multi-functionality of inner space components to be explored in the
sustainable interior design framework, can be developed in order to identify its leading role in
the consequent and comprehensive multi-faceted environmental activation of interior components.
This design concept for complex components activation can be regarded as a valuable interior
designers’ contribution to the comprehensive accomplishment of sustainability imperatives.

A successful implementation of this model based on the comprehensive and environmentally-
conscious interior design, and complying with the sustainability paradigm, requires designers to take
into account the results of scientific studies in the field of technical disciplines including building
physics, and climate engineering. The model can enable the integration of closed spaces in the built
and natural environments obtained through: (1) endorsement of building systems as a substantial
factor in the optimization of building’s performance and related savings in energy consumption;
(2) resource conservation as the result of rational management of building materials and products;
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and (3) improvement in indoor environment quality parameters (Figure 2). The latter aspect of
the suggested design model, discussed in further sections, concentrates on the presentation of the
components’ creation methods that are introduced into interior design as passive modes may influence
and positively stimulate the interior’s quality parameters.

Figure 2. Design concept for environmental activation of interior components Source:
author’s drawing.

The improvement in lowering of the environmental impact of buildings on natural surroundings
and inner spaces depends on the application of adequate technological and technical measures,
as well as on the introduction of supportive passive methods. The latter may become a valuable
contribution to the transition of interior design toward the accomplishment of sustainability
paradigm, where the ecological, economic, and societal areas of human activities, are to remain
in balance. The indicated requirements, being essential for the execution of sustainability issues in
architectural design, can be met through the complex activation of inner space elements focused on
the environmental responsibility.

Proposals for the definition of environmental activation of interior elements [14,15] are formulated
as specific means of stimulation of these components to their action, performed and based on their’
comprehensive and multi-criteria evaluation. This design method should play a substantial role in the
interior decision-making process, for its multidimensional perspectives, identifying the functional,
spatial, and temporal contexts. The main purpose of the environmental activation of interior elements,
proposed in this paper, is to reduce the dependency of indoor environment quality on mechanical
building systems, as well as to enhance the systems’ performance. The recommended components’
activation can be achieved by the properly analyzed setting of interior elements in inner spaces
according to the users’ individual requirements and organizational demands, by the elements’ formal
and structural forming, as well as their purposeful functional and formal integration with the main
building structural components or building services.

The main objectives, which may be assigned to the activation concept, remain in accordance with
a triple bottom line, which addresses the designers’ responsibility in meeting the demands for the
sustainability of economic, ecologic, and societal aspects of architectural design. These aims include
the envisaged structurally, formally, and functionally combined solutions that should be considered as
supportive building systems supplementing the passive means enabling:

• Enhancement of heating, ventilation, air conditioning (HVAC), and building lighting systems’
effectiveness, assuring the increase in building performance and the decrease in energy and water
consumption, as well as the reduction in operational costs;

• Reduction in the emission of toxic substances released in the production of building materials,
and in the course of maintenance and conservation of buildings; and

• Optimization of the indoor environment quality (IEQ) parameters, related to the inner air
characteristics, daylighting control, and acoustic conditions, in relation to the occupants’ health
and well-being.
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The analysis of the selected parameters, presented in the following sections, indicates the
possibilities of innovative spatial and technical methods to positively stimulate their optimization.
The daylight transmission and its redistribution in interiors’ regulation of solar thermal energy gains
preventing the spaces from overheating, combine the demand for reduction in material resources with
the enhancement of indoor environment quality through the applied structural solutions.

4. Components’ Activation for the Optimization of Indoor Environment Quality

The complexity of indoor environment quality issues warrants the integrated approach to the
design of buildings [20] (p. 430), which are functional-spatial-formal entities. This relates also to
their inner spaces and, specifically, to these conceived in the course of refurbishments or adaptation
of existing objects. The closer analysis of this problem being substantial for the interior evaluation
proves, that there are many considerations within the Indoor Environment Quality category for
the work of an interior designer [3] (p. 261) which should be identified while carrying out an
environmentally-responsible design. Interior designers, along with other professionals involved
in the design process, may contribute to the expected properties of the main components of integrated
Indoor Environment Quality design [21]. These features combine the inner air quality with thermal,
lighting, daylighting, and acoustic parameters, providing users with the health environment [22]
having an impact on the occupants’ health, physical and psychological comfort, well-being and
productivity [1].

These objectives can be realized by interior designers with the applied different measures based
on the determined sustainable goals, concerning the cautious selection of building materials, and the
innovative and comprehensive approach to the formation of inner structural elements oriented toward
their functional integration with the enhanced building components and systems (e.g., inner walls
designed as thermal masses and means of reduction in the consumption of heating energy).

4.1. Indoor Air Quality

The indoor environmental and air quality is strictly health-related [23] (p. 242) and, thus, its
significance should be recognized by interior designers while preparing the specifications of products
and building materials to be introduced into an inner space, as the occupants’ exposition to the
pollutants contained in products or furnishings may cause several diseases (e.g., cardiovascular and
respiratory diseases, multiple chemical sensitivity (MCS)). The selection procedures should be based
on the credible information provided by independent institutions in the result of research-based
measurement and certification processes concerning the occupants’ health-affecting attributes.
This would enable the provision of designers with the knowledge on building biology [10], which
reveals the interrelationship between humans and their living environment.

The designers’ ability to assessing impacts ( . . . ) leads to managing the risks [23] (p. 247) and,
thus, to verifying of the consequences of their presence and effects on interiors features. Prior to
the final decisions regarding the selection of constituting component products, the designers should
provide the verification of possible influences of their introduction on the users’ health, well-being,
and comfort. The carefully selected building construction materials, structural components’ solutions,
as well as finishes can improve the indoor air quality. This refers to the following concerns:

• Regulation of the amount of pollutants in closed spaces and supported air purification;
• Reduction in solar heat gains and the enhancement of the monitoring of inner temperature,

achieved by the individual users’ control on thermal conditions and the way of spaces usage (e.g.,
presence of inner solar protection equipment manually adjustable);

• Reduction in daily fluctuations of inner air temperature by the free cooling effect (e.g., introduction
of unfinished solid inner walls as passive thermal stores for the heating or cooling purposes and
being exposed to solar heat [4,24], suspended ceilings, inner side finishes of external walls or
space forming components, and partitions filled with integrated phase change materials PCM);
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• Regulation of the radiant temperature and the usage of solid internal walls’ thermal capacities with
different finishes (e.g., porous surfaces of selected materials easy in maintenance, and increasing
the heat absorption; removable wall finishing devices or hangings responding to seasonal climate
changes and enabling the solid external walls to act as thermal masses in winter; and dark finishes
of components situated in close proximity to glazed envelopes as thermal store and light finishes
reflecting the heat [22]);

• Control of the relative humidity level of inner air (e.g., the supply of an adequate amount of water
for growing plants and impeding the formation of mold in poorly-ventilated areas, ‘bioclimatic’
openwork inner walls made with materials of high permeability, components, or wall covering
made with wood fiber panes).

These exemplary passive design methods should be recommended as environmentally-respons
ible complementing means of maintaining the high-quality indoor air with the related reduction in the
number of technologically-advanced and energy-consuming heating, ventilating, and air conditioning
systems. Living walls, recommended for their air purifying- and conditioning potential, and vastly
implemented in interiors, can become the essential passive means of maintaining good air quality,
through the stabilization of the ambient temperature and indoor humidity level. The consequent
installation of space dividers in the form of active green walls can contribute to the decrease in inner
temperature, and play a complex role of airborne chemical filters, carbon dioxide absorbers, and the
source of oxygen released during the daytime into the inner space. The indoor air quality can be
further enhanced by the inclusion of living moss walls playing the role of internal buffers and helping
in the removal of concentrated volatile organic compounds (VOC) and other chemical pollutants from
the air and, thus, allowing the reduction in demanded ventilation rates. Plants broadly introduced into
closed spaces assure for the users a connection to nature and affect their well-being, responding to the
demand for the inclusion of the biophilic concept into the interior design model.

The ‘bioclimatic’ openwork inner walls and space dividers, made with gypsum, light concrete or
ceramic tiles, may be seen as another valuable solution, which contributes to the thermal microclimate
conditions and inner air relative humidity. These climate-stimulating structures in modernized and
adapted buildings can be completed with building materials recovered and reused in new spatial
contexts. Due to their abilities to exert a positive impact on the indoor environmental quality, they are
examples of innovative techniques allowing the accomplishment of sustainability principles in interior
design, through the concept respecting equally valuable design strategies.

4.2. Daylighting

The lighting scheme developed for interiors should include a vast amount of daylighting, since
the use of natural light within the building and its interior is not only fundamental for the reduction
in energy demand [5] but also for the minimization of the negative influence of seasonal affective
disorder (SAD) which is a result of deficiency of daylight. Its abundance usually positively affects
occupants’ health and well-being with respect to the circadian stimulation and its positive influence on
physical activity and perceptual effectiveness [25].

Apart from the technical devices assuring the users’ individual control of the intensity of light
at workplaces, the daylight-level and occupancy sensors or dimming devices keeping the electric
energy demands on a reasonable level, there are many other possible solutions. The effective use of
daylight can be a valuable contribution of interior designers frequently enhanced by consultations with
lighting engineers. They may advance the occupants’ well-being, ensuring their increased productivity
and satisfaction.

These are supposed to ensure good daylighting levels on the floorplates and to provide a good
amount of daylight in accordance with the enforced regulations, codes and standards. They have to be
appropriate for space purposes, their functional requirements, and should enable the achievement of a
high-quality visual environment. The main positive effects of designers’ intervention into the methods
of components’ introduction with regard to the optimization of daylighting combine:
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• Minimization of the negative glare effect by the introduction of some functional components
(e.g., manually controlled internal solar control blinds, louvers, supplementing devices eventually
mounted externally, screens modulating the brightness of glazed surfaces, other components in
the proximity of openings with highly reflective finishes);

• Minimization of the solar thermal heat gain (e.g., blinds, manually-controlled curtains);
• Ambient daylighting in fully-glazed spaces obtained with the structures suspended from

the glazed roof support, translucent perforated fabrics [6], or framing structures made with
lightweight bright finished materials mounted to the glazed envelope;

• Maximization of the quantity of incoming daylight by its reflection (e.g., window reveals finished
with light-colored surfaces or reflective materials, like safety glass or metal sheets, reflective
surfaces of internal components adjacent to openings [3], and enclosures separating spaces
situated in a distance from glazed walls with their upper parts made with transparent or
translucent panels);

• Reduction in the distracting contrast on the surfaces of working area caused by direct sunlight
(e.g., fabrics mounted to the ceiling next to windows [6];

• Penetration of distracting daylight (e.g., introduction of clerestory windows with the
complementing reflective finishing materials of sloped ceilings to optimize their performance [1,3]);

• Redirection and transmission of daylight, as well as an increase in the illuminance of daylighting
in the overall lighting supply (e.g., technical devices like reflective optical light tubes providing
under-lit spaces with the demanded daylighting quantity, translucent inner light shelves
integrated with the structure of the building’s south side glazed envelope [1,8,24], or adjustable
reflective panels suspended under the ceiling and anidolic integrated ceilings (AIC) [24,26]); and

• Diffusion of daylight (e.g., wall cladding with reflective materials supplementing the
semi-translucent diffusing panes suspended from the glazed roofs to obtain an effective daylight
distribution [27]).

The methods commonly introduced into inner spaces which enable the control of the amount
of daylight through the use of reflected light, combine the installation of blinds, curtains, louvers
configured depending on the window orientation, or more technically-advanced means including
opaque and translucent inner light shelves provided with reflective finishes of suspended ceilings.
The additional structures like passive-daylight devices introduced by designers with respect to
the existing interior layout, building orientation, and the volume of the glazing of envelopes
(e.g., translucent polymer mobile optic diffusors suspended from the skylight and integrated with
passive solar optic systems PSO), may effectively participate in the redirection of the daylight
and its transmission into the parts situated at a distance from the glazed external walls [28].
Other implemented components made with glass fiber reinforced gypsum and painted white may
enable the control of the amount of incoming daylight and the reduction of the light contrast, or
a negative glare effect inside. The above-mentioned possible effects of the installation of internal
components as passive-daylight means, define the range of the interior designers’ formal contribution
to the daylighting quality through the supportive, innovative and complex design approach, as well
as by the environmental implications of assigned components’ activation. The daylighting concept,
for its effectiveness, should be conceived in accordance with the site conditions and activity-related
illuminance requirements, measured and verified with computer simulations and integrated with the
artificial lighting concept from the pre-design planning phase [3].

4.3. Acoustic Conditions

The rising demands among users for the controlled noise levels and the improvement in acoustical
conditions of interiors, as well as the postulates of necessary acoustic privacy, are other interior design
issues that have to be carefully considered by the environmentally-conscious designer. As the surveys
conducted on the contribution of different factors to the distraction of workplaces confirm [6,29], noise
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remains the one most complained about. The acoustical comfort is one of the substantial features
in the occupants’ assessment of interior quality, influencing their health and wellbeing. On the
other hand, the internal acoustic quality still neither has been recognized by designers as a primary
issue in sustainable design [22], nor as a substantial assessment criterion of the indoor environment
quality. Interior designers can carry out a balanced acoustical design of inner spaces and obtain a
‘non-intrusive’ speech privacy level [6,29], including the elimination of uncontrolled transmitting of
distractive internal noises, absorbing sound or its masking. The efficiency of these and other applied
solutions is assured by the improved space planning, through the selection of proper building materials
and adequate formal and structural characteristics of internal components.

The design methods and techniques directed toward the improvement in acoustical comfort
consist of:

• Reduction of the internal noise transmission (e.g., a functionally-resolved interior layout and
spatial zoning, ceiling height enclosures complemented with transparent upper panes to enable
light transmission, broad introduction of the sound proofing building materials constituting the
layers of enclosures, ceiling finishes, or functional interior components); and

• Absorption of sound (e.g., acoustic absorber panels mounted directly to the ceiling, parallel to
the glazed walls, and complemented with a finishing layer adjusted to the interior’s spatial and
formal concept [24]).

The accomplishment of good acoustic conditions, through the introduction of sound-absorbing
building materials, may provide the interior design with substantial quality parameters, as well
as to enhance the space unique formal and stylistic values. The sound-absorbing finishing layer
of the composite partition wall made with demolished parts reclaimed from building bricks or
ceramic tiles, and other reused materials, can separate intensively-used circulation areas from adjacent
spaces. The exposed rough texture of the cut hollow bricks forming the inner wall layer, being a
sound-dissipating and sound diffusing multi-faceted space divider, may be seen as an innovative
means of control of the sound level, and the reduction in the reverberation time.

In addition, the building material of the finishing layer, massively incorporated as a sound
absorber, participates in the process of modification of the level of inner air relative humidity, being
one of the substantial considerations related to comfortable inner thermal conditions. Therefore,
the choice of reclaimed building materials, made on the basis of an analysis of their physical and
chemical parameters, enables the fulfillment of yet another sustainable design demand, regarding the
optimization of indoor environment parameters and interior microclimate characteristics, as essential
for the users’ comfort. The introduction of building materials reclaimed on site and implemented into
the objects’ structure, as presented in the example of the possible installation of interior components,
allows to achieve compliance with the requirement for the reduction in the amount of demolition
wastes [16], as well as the effective waste resources’ management.

5. Conclusions

This concept paper provides a proposal regarding the modification of interiors and their
structure, as well as complementing the component design methodology enabling the compliance with
the environmental sustainability paradigm. It demonstrates the multi-dimensional environmental
approach in the creation of closed spaces as the basic concept for a sustainable interior design process.

The environmental activation of interior components, as the substantial element of the design
method, results in multi-faceted benefits addressing the optimization of buildings and their indoor
environment performance, reduction of their negative impact on the natural environment, and the
establishing of real interconnectedness between manmade and natural environments.

The benefits of components’ environmental activation, as an interior design imperative enabling
the consideration of sustainability issues and the achievement of sustainable goals, in terms of the
optimization of building materials and product consumption include:
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• Efficient management of interior components related to their multi-functionality;
• Resource management optimization due to the components’ adaptability and applied structural

and technical solutions; and
• Reclaiming of dismantled or removed components and their parts from refurbished spaces and

their implementation into new structures as a design imperative to be considered within the
environmentally-responsible design process.

The social benefits of the applied design method oriented on active response of components to
their environmental interaction combine:

• Broad inclusion of stakeholders, including professionals of different specialties, owners, and
end-users into the decision-making process;

• Responsible usage of the indoor environment treated as a scenery for the accommodation of
different human activities, as well as a complex building product requiring rationality in its use
affecting its performance;

• Increase in the environmental consciousness of the interiors’ occupants through the understanding
of interior component roles in shaping the quality of the indoor environment and their impact on
natural surroundings; and

• Establishing a developed knowledge-based identity of occupants with their inner spaces in the
process of experienced results of the environments’ interconnectedness.

The components’ environmental activation, as presented in the analysis, affects the performance
of spaces within the following aspects:

• Enhancement of the building’s artificial light system achieved with the optimization of daylight
management through the implementation of multi-functional inner devices integrated with
building components;

• Enhancement of ventilation systems through the properly executed space layout and space
dividers’ configuration; and

• Endorsement of heating/cooling, as well as air conditioning systems, with the assignment of
additional functions to the components.

The qualitative assessment of the above-mentioned positive results derived from the enclosure of
environmental activation concept into the interior design methodology indicate that this innovative
cohesive approach toward the indoor environment and its components’ creation may significantly affect
the position of interior design discipline in the integrative sustainable design process. The examples of
a range of structural and formal interventions by interior designers undertaken toward the effective
compliance with the sustainability requirements presented above, prove that the concept of interior
components’ environmental activation, preceded by their multi-functionality model and multi-faceted
environmental contextualization, can become a fundamental design method for the planning of
inner spaces and the forming of components. This may assure the achievement of sustainable goals
in the creation of interiors. The assignment of the essential meaning to the interior components’
environmental contextualization in the interior design process, may become crucial in a search for
synergy in sustainable interior and architectural design, as well as mechanical systems’ designs.

The increasing recognition of environmentally-sustainable interior design [1,12] encourages
designers to modify their design methodology in order to comply with the sustainability paradigm.
The systemic problem solving applied to interior design, enabling the transition from degenerative
architectural design through the transitional phase of sustainable design, assures the achievement of
coexistence of natural and man-made environments. This can lead to a model actively supporting the
idea of regenerative [30] architectural and interior design.
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