
Lecture Notes in Civil Engineering

Arnab Jana
Pradipta Banerji   Editors

Urban 
Science and 
Engineering
Proceedings of ICUSE 2020



Lecture Notes in Civil Engineering

Volume 121

Series Editors

Marco di Prisco, Politecnico di Milano, Milano, Italy

Sheng-Hong Chen, School of Water Resources and Hydropower Engineering,
Wuhan University, Wuhan, China

Ioannis Vayas, Institute of Steel Structures, National Technical University of
Athens, Athens, Greece

Sanjay Kumar Shukla, School of Engineering, Edith Cowan University, Joondalup,
WA, Australia

Anuj Sharma, Iowa State University, Ames, IA, USA

Nagesh Kumar, Department of Civil Engineering, Indian Institute of Science
Bangalore, Bengaluru, Karnataka, India

Chien Ming Wang, School of Civil Engineering, The University of Queensland,
Brisbane, QLD, Australia



Lecture Notes in Civil Engineering (LNCE) publishes the latest developments in
Civil Engineering - quickly, informally and in top quality. Though original research
reported in proceedings and post-proceedings represents the core of LNCE, edited
volumes of exceptionally high quality and interest may also be considered for
publication. Volumes published in LNCE embrace all aspects and subfields of, as
well as new challenges in, Civil Engineering. Topics in the series include:

• Construction and Structural Mechanics
• Building Materials
• Concrete, Steel and Timber Structures
• Geotechnical Engineering
• Earthquake Engineering
• Coastal Engineering
• Ocean and Offshore Engineering; Ships and Floating Structures
• Hydraulics, Hydrology and Water Resources Engineering
• Environmental Engineering and Sustainability
• Structural Health and Monitoring
• Surveying and Geographical Information Systems
• Indoor Environments
• Transportation and Traffic
• Risk Analysis
• Safety and Security

To submit a proposal or request further information, please contact the appropriate
Springer Editor:

– Pierpaolo Riva at pierpaolo.riva@springer.com (Europe and Americas);
– Swati Meherishi at swati.meherishi@springer.com (Asia - except China, and
Australia, New Zealand);

–Wayne Hu at wayne.hu@springer.com (China).

All books in the series now indexed by Scopus and EI Compendex database!

More information about this series at http://www.springer.com/series/15087

mailto:pierpaolo.riva@springer.com
mailto:swati.meherishi@springer.com
mailto:wayne.hu@springer.com
http://www.springer.com/series/15087


Arnab Jana · Pradipta Banerji
Editors

Urban Science
and Engineering
Proceedings of ICUSE 2020



Editors
Arnab Jana
Centre for Urban Science and Engineering
Indian Institute of Technology Bombay
Mumbai, Maharashtra, India

Pradipta Banerji
Department of Civil Engineering
Indian Institute of Technology Bombay
Mumbai, Maharashtra, India

ISSN 2366-2557 ISSN 2366-2565 (electronic)
Lecture Notes in Civil Engineering
ISBN 978-981-33-4113-5 ISBN 978-981-33-4114-2 (eBook)
https://doi.org/10.1007/978-981-33-4114-2

© The Editor(s) (if applicable) and The Author(s), under exclusive license to Springer Nature Singapore
Pte Ltd. 2021
This work is subject to copyright. All rights are solely and exclusively licensed by the Publisher, whether
the whole or part of the material is concerned, specifically the rights of translation, reprinting, reuse
of illustrations, recitation, broadcasting, reproduction on microfilms or in any other physical way, and
transmission or information storage and retrieval, electronic adaptation, computer software, or by similar
or dissimilar methodology now known or hereafter developed.
The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication
does not imply, even in the absence of a specific statement, that such names are exempt from the relevant
protective laws and regulations and therefore free for general use.
The publisher, the authors and the editors are safe to assume that the advice and information in this book
are believed to be true and accurate at the date of publication. Neither the publisher nor the authors or
the editors give a warranty, expressed or implied, with respect to the material contained herein or for any
errors or omissions that may have been made. The publisher remains neutral with regard to jurisdictional
claims in published maps and institutional affiliations.

This Springer imprint is published by the registered company Springer Nature Singapore Pte Ltd.
The registered company address is: 152 Beach Road, #21-01/04 Gateway East, Singapore 189721,
Singapore

https://doi.org/10.1007/978-981-33-4114-2


Organization

Program Chairs

Arnab Jana, Indian Institute of Technology Bombay, India
Pradipta Banerji, Indian Institute of Technology Bombay, India

Program Committee

Pradip Kalbar, IIT Bombay, India

v



Preface

This book presents selected papers from the 1st International Conference on Urban
Science and Engineering (ICUSE 2020), which cover three themes: A. Sustainable
infrastructure, mobility and planning, B. Urban water and sanitation, and C. Smart
buildings engineering. Selected papers represent diverse topics ranging from urban
planning, transportation planning and engineering, building sciences, building
management, urban economics, urban water management, sanitation, and solid
waste management. The book is interdisciplinary in scope and addresses a host of
different areas relevant to urban research, making it of interest to scientists,
policymakers, students, economists, environmental activists, and social scientists
alike.

Mumbai, India
July 2020

Arnab Jana
Pradipta Banerji
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Assessment of Social Cost for Limited
Stop Bus Transit Operations
in Durg–Raipur

Sachin Kumar Sahu and Vivek Agnihotri

Abstract The existing intercity public bus transit system can be improved by accel-
erated transit operation and reduce the travel time. The introduction of accelerated
operations for bus transit will not only reduce the travel time of the passengers but
will also help in increasing the comfort factor of passengers, this will lead to the
increase in ridership of the bus transit and will make the bus services more effi-
cient The research aims to identify suitable accelerated operations for the public
transit corridor and evaluate these operations based on travel time and travel cost.
A methodology is demonstrated for determining the suitable accelerated operations,
i.e., skip-stop, zonal, and express operations and to compare the social cost involved
with the operations to the existing normal operations. The study assumes the travel
demand of the corridor to be constant. A social cost function is created to calcu-
late the social cost of the operations. Based on the analysis, possible scenarios are
assumed, and new travel times are discussed along with savings in travel time.

Keywords Bus transit · Limited-stop operations · Social cost · Travel time

1 Introduction

Transportation in urban influences the form of cities and their livability. It also shapes
the economic, social, and environmental characteristics of any city. Trends indi-
cate that the use of the public transportation system decreases considerably with an
increase in vehicle ownership. In developing countries, the role of public transit is
greater than that of the second part of the world due to its catchment of service to
a greater number of people. Public transportation also offers better capacities that
a highway cannot provide in rapidly growing cities. In Tier-II Indian cities, a big
share of the working population travels intercity for work, education, business health
purpose during their day-to-day lives. In developing Indian states like Chhattisgarh,
public transportation systems are not that efficient as in bigger cities of other Indian
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2 S. K. Sahu and V. Agnihotri

states. This increases private vehicle ownership. The state capital Raipur had an
increase of 12% in private vehicle ownership in the past decade. Regional mobility
plan for greater Raipur indicates that an average of 30 lakh passengers per month
travel betweenRaipur andDurg.Durg andRaipur are twomajor urban growth centers
of Chhattisgarh state. The distance between these two cities is only 40 km, which is
one of the major reasons for such a heavy commute per month. For intercity public
transit, bus and rail are only two available options. The frequency in the case of
rail transit is lower as compared with bus transit. Whereas, long travel time is the
major problem for bus commuters between these two cities. The long travel time is a
result of traffic congestion [1]. One of the major disadvantages of bus services is long
in-vehicle travel time resulting from frequent stops. It makes the choice unattractive
for many commuters [2]. Limited-stop bus services on high-demand corridors have
the advantage of shorter in-vehicle times for passengers and shorter running times
that enable bus operators to serve more demand with the same number of buses and
reduced operating costs [3]. Such services are successfully being operated in cities
like Chicago, Montreal, New York City, and Santiago [6]. This study focuses on the
improvement of bus transit, by similarly introducing accelerated operations [5]. The
primary goal of the research is to minimize the total travel time of the passengers
traveling in buses between Durg and Raipur.

2 Methodology

Durg and Raipur have connectivity through Durg–Raipur expressway. The public
bus transportation system is privatized in Chhattisgarh. Different travel agencies are
authorized by the Department of Transportation, Government of Chhattisgarh to take
bus transit operations. The case of Durg–Raipur is no different.

The regional mobility plan of the Greater Raipur region indicates that there are
30 lakh commuters, who commute between Durg and Raipur monthly. Out of these,
46% of the commuters use the intercity bus service and 32% of the passengers use
suburban railways. Pause times at stop points hold a significant component of travel
time on transit lines. For a trip length of 20–30 km, the services sometimes become
too slow due to frequent stops. The three basic accelerated operations are skip-stop,
zonal, and express/local operations. If stop numbers and locations are fixed, the only
way to increase speed is to introduce accelerated operations. In such operations, some
of the transit units do not stop at certain stations. Accelerated operations are primarily
applicable to long lines with many stations. It also requires frequent services. Thus,
they apply to many rapid transit lines, particularly during peak hours. In skip-stop
operations, skip-stop pairs are selected in transit lines, and alternate stops are skipped
by consecutive buses. This results in reduced stop times. Therefore, the total travel
time reduces. In zonal operations, a line is divided into two or more sections, referred
to as zones, and each zone is served by a different set of buses. Then the first bus,
leaving the city center, goes nonstop to the farthest zone and stops at all its stations.
The next bus goes nonstop to the next-closer zone and serves its stations. Transit lines



Assessment of Social Cost for Limited Stop Bus Transit Operations … 3

in large cities, mainly serving commuters from large suburban areas to city centers,
such as regional rail lines in New York, London, often have a zonal operation. In
local-express service, the only way to provide regular services among all stations,
as well as higher-speed services stopping only at major stations, is to operate both
local and express services [7]. Express/local operations are implemented in transit
networks where boarding/alighting is higher between two and three major stations
and the selection of station is done according to the boarding alighting data of the
stations.

The objective of this study is to reduce travel time by introducing accelerated
operations. It is a difficult process to identify which operation will be more beneficial
to the commuters. Here comes the social cost or generalized cost function of the
trip. By calculating the cost of the trip, we can decide upon which operation will
be most beneficial for the passengers. A generalized cost function was created for
calculating the cost of various limited-stop operations and to compare it with the
standard operations. Origin Destination matrix was generated by using boarding and
alighting counts for both peak hours and nonpeak hours for each trip. Based on
secondary data, travel time matrices, normal fare matrices, express fare matrices, the
value of time matrices were derived. Various optional models were created by using
the boarding and alighting matrix. It was followed by the selection of stations for
transit operations. As shown below, a social cost function was derived to compare
the accelerated operations by introducing different stopping strategies. The social
cost of each operation for both peak and nonpeak hours was calculated using the
generalized equation and results were evaluated.

Social Cost =
∑n

i

{(
I V T T i j +WT i

) × Ci j )+ Farei j )× Tdi j
}

where
IVTT = in-vehicle travel Time between two stops (in Minutes)
WT =Waiting Time at stop j (in Minutes)
Tdij = per trip Travel Demand between stop i and j.
Fare = Express or Normal Fare as Applicable
Cij = Value of Time per km.
With the help of the above formula, the value of time was calculated by regression

of the primary data for travel time savings. The social cost was calculated using the
cost function for all the operations, i.e., skip-stop, zonal and express services, and
for both Raipur–Durg, and Durg–Raipur. The social cost of accelerated operations
was compared with normal operations and the result was analyzed to check the
feasibility of that operation. The proposals and recommendations were made based
on the results obtained through the above analysis.
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3 Data Collection

Data were collected through primary surveys and secondary sources such as local
authorities, mobility plans, etc. The sample size of the primary survey was 50. It was
collected during the commute by intercity buses fromDurg to Raipur. The secondary
data consisted of bus fleet sizes, operation frequencies, fare structures, and average
operational costs. The details of per capita trip rates, bus terminals infrastructurewere
gathered from the state urbandevelopment agencies andDPRsof buses’ procurement.
Public opinion survey, demand forecast, trip purpose arrival, and dispersal modes
were extracted from the Comprehensive Mobility Plan of Greater Raipur Region.

The operation time of the bus services was found to be from 5:30 AM to 9:00
AM, the peak hours of the service were found to be between 8:00–11:00 AM and
4:30–6.30 PM. For peak-hours, the operational frequency was 5min while frequency
for nonpeak hours was 10 min. The buses had a seating capacity of 28 passengers
and a standing capacity of 14 passengers. There were 13 stops in between Raipur
and Durg while 11 between Durg and Raipur and it took an average of 110 min and
90 min, respectively, for the journey.

4 Observation and Results

The survey results along with secondary data were analyzed. A boarding alighting
survey was conducted en-route for both peak and nonpeak hours. The data indicated
that the maximum boarding would occur at Raipur bus station for both peak and
nonpeak hours followed by Tatibandh, whereas maximum alighting would occur at
Durg bus stop, followed by Powerhouse. The maximum onboard passengers were
found between Tatibandh and Khursipar. For peak hour, the maximum on vehicle
load was observed between Tatibandh and Bhilai-3.

In the case of Durg–Raipur, for both peak and nonpeak hours, maximum boarding
would occur at Durg followed by Powerhouse. Whereas, maximum alighting would
occur at Raipur followed by the powerhouse. In this case, the onboard passengers
were higher between Supela and Kumhari.

Per day travel demand to and from Durg to Raipur was collected from the State
Urban Development Authority. It was observed from the OD Matrix and boarding-
alighting count that the major commuting station pairs were Durg–Raipur, Durg–
Powerhouse, Durg Tatibandh, Supela–Raipur, Powerhouse–Durg, Raipur–Durg,
Raipur–Powerhouse, Raipur–Nehru Nagar, and Tatibandh to Durg.
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5 Analysis

The major problem identified during the primary survey of the passenger was a long
travel time for Durg–Raipur. Most passengers traveling in between these bus stops,
and the passengers commuting to intermediate sections of the route, faced congestion
and overcrowding. A different set of accelerated operations was planned based on the
boarding alighting count, O-D matrix, and passenger survey. The stopping strategy
formulated using accelerated operation is shown in Fig. 1. This stop-strategy was
considered for the calculation of generalized cost between Durg and Raipur.

The parameters to evaluate the operations and to find out the best options for
intercity travel were travel time savings and economic feasibility. The evaluation was
done after calculating the social cost by analyzing per trip travel demand, in-vehicle
travel time, fare, and value of travel time. All the matrices were used for calculations
and the results were analyzed. The generalized cost calculated is discussed in Table
1. The calculation shows that introducing skip-stop operation is beneficial as the
reduction in total social cost and was found to be greater than 5%when the frequency
of 5, 10, and 15 min was applied. Forzonal operation, the reduction was found to be
greater than 23% as shown in Table 2 (Fig. 2).

Raipur–Durg (Nonpeak Hours)

Fig. 1 Accelerated operations for analysis
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Fig. 2 Social Cost of
Accelerated Operation
Raipur–Durg (Nonpeak
Hours)
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(Combine)
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Raipur–Durg (Peak Hours)

For peak hours, the reduction was more than 11.36% and for zonal, it was even high,
i.e., 33%. The reduction in cost was greater than peak hours because travel demand
was higher during peak hours (Table 3 and Fig. 3).

Durg–Raipur (Peak Hours)

In the case of Durg–Raipur for skip-stop operation, the cost reduction varied from 3
to 8%. While in zonal operation, the cost was increased by 33%. It was concluded
that zonal operation would not be advisable for Durg–Raipur (Fig. 4 and Table 4).

Durg–Raipur (Nonpeak Hours)

For Durg–Raipur, the cost for accelerated operation for both zonal and skip-stop
operation was higher in comparison to all stop operation (Fig. 5).

6 Discussion

The accelerated operations were evaluated and analyzed, and it was found that for
skip-stop operations, travel demand should be higher, for nonpeak hours imple-
menting skip-stop or express stop operation would lead to an increase in waiting
time.
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Fig. 3 Social Cost of Accelerated Operation Raipur- Durg (Peak Hours)

In the case of Raipur–Durg, both zonal and skip-stop operations, the cost was
reduced for both peak and nonpeak hours. In Durg–Raipur, for nonpeak hours, both
zonal and skip-stop operations had a higher cost than all stop operations. While for
peak hours, skip-stop operations had a lower cost than all stop operations. Different
scenarios were evaluated, and skip-stop operation was selected over the zonal oper-
ations and expresses operation. The reason for selecting the skip-stop operation is
discussed herewith.

The travel pattern in the corridor is many too many. It is not advisable for zonal
operation in case of many to many travel patterns. Although the difference between
the generalized cost for zonal operation and all stop operation is found to be very
high, the capacity cannot be utilized by the bus and it would reduce the revenue. In
nonpeak hours, the Skip stop operation is proposed for the peak hours only.

Considering the O-D matrix of the transit corridor, and waiting time for the bus,
following two skip-stop strategies both for Raipur–Durg, and Durg–Raipur should
be proposed for the transit corridor, this would help in reducing the travel time and
would be optimized for a small social cost.

Durg–Raipur (Skip-stop Operation) (Fig. 6).
The travel timebetweenDurg–Raipurwas reduced to85min from97min similarly

the other details are as follows. The travel time between the stops in the above scenario
is shown in Table 5.
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Fig. 4 Social cost of Durg-Raipur (Peak hours)

The travel time savings achieved in this case is shown in Table 6.
The study presented a method to calculate and compare the social cost of the

accelerated transit operations with normal all stop operations. It should be noted
that the running time of a bus was assumed to be a constant which, as a matter of
fact, maybe random or fuzzy under the influence of traffic signals, road conditions,
and driving psychology. Therefore, it is necessary to treat the transit scheduling
problem under a random or fuzzy environment [4]. Following significant conclusions
regarding the study can be drawn:

• The savings obtained by offering limited-stop services are significant, amounting
in some cases to more than 5% over a normal service visiting every stop on a line
at its optimal frequency.

• The demand variability among different O–D pairs, should be an important factor
in the design of limited-stop services: among the scenarios studied, the greater
the demand variability the higher the benefits associated with the implementation
of limited-stop services.
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Fig. 5 Figure 24 Social cost of accelerated operation durg Raipur (Non-Peak Hours)

Fig. 6 Proposed skip stop
operation Durg–Raipur

Bus 2

Table 5 Travel time after implementing accelerated operation and reduction in travel time. (Durg–
Raipur)
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Table 6 Travel time after implementing accelerated operation and reduction in travel time (Durg–
Raipur)
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Carrying Capacity and Performance
Assessment as Quantitative Tools
to Assess the Sustainability of Coastal
Tourism Sector

Riya Sethia and Bimal Puthuvayi

Abstract This paper attempts to perform a sustainability assessment of coastal
tourism in a region through quantitative measurement tools. Coastal tourism is one of
the dominant economic activities in coastal areas, often susceptible to overexploita-
tion through unregulated anthropogenic activities. Hence, it results in an immediate
need to understand the impacts and devise strategies to ensure coastal sustainability.
An objective understanding of the impacts of such anthropogenic activities demands
the formulation of quantitative tools to measure the benefits and the impacts. Quan-
titative assessment of sustainability is a complex process as it involves tangible and
intangible factors. The paper proposes a quantitative tool, performance assessment,
which compares economic benefits incurred fromcoastal tourismwith environmental
and social impacts. It is derived from the Green Productivity Index. It attempts to
measure the implications as monetary expenditure needed to mitigate the impacts.
Carrying capacity assessment is another tool adopted to determine the thresholds for
various thematic areas associated with coastal tourism. It also attempts to measure
the Effective Real Carrying Capacity, which implies the volume of tourism an area
can sustain with available physical, social and economic capacities. Action-oriented
understanding is developed through contextually identified impacts and indicators.
It helps to calculate the existing economic benefits and cost of impacts per tourist
and hence determines the area’s sustainable loading capacity based on effective real-
carrying capacity. These results can be further used to optimize the limiting factors
and enhance tourism carrying capacity sustainably through planning interventions.
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1 Introduction

1.1 Concept of the Project

Coastal tourism is one of the dominant contributors to the coastal economy of a
region. It has been and continues to be the primary economic driver for many coun-
tries in the world. These incessant economic benefits lead to imbalance due to unreg-
ulated anthropogenic activities. Overexploitation of resources, loss of biodiversity,
pollution and sociocultural impacts are the major anthropogenic activities defining
this imbalance between coastal economic growth and sustainable coastal planning
[1]. The impacts of coastal tourism on sustainability form a vicious cycle wherein
impacts on the environment result in declining attractiveness and hence affecting
economic benefits. The impacts can be classified into three broad dimensions, i.e.,
environmental, social and economic [1]. Thus this project attempts to identify these
impacts and formulate tools to quantify the extent of impacts of the coastal tourism
sector on the sustainability of the coast. Further, the assessment results are used to
compare sustainability among selected destinations for the project and propose the
application of the tool at various replicable locations.

1.2 Identification and Delineation of the Study Area

Identification of study area. Predominantly, the decision to choose project loca-
tion in Kerala, which is better known by its tagline God’s own country, was made
in line with its established image as a significant coastal tourism destination in
the country. To choose a study area within the state, two major factors considered
were—economic benefits and high unsustainable and over-exploited tourism activ-
ities. Ernakulum district generated INR 9541.64 cr. and INR 10533.78 cr. from the
tourism sector in 2017 and 2018, respectively, which corresponds to 22%and 29.05%
of the total earnings from the tourism sector in the state [2, 3].

Being the most preferred destination by domestic and foreign tourists, coastal
destinations in Ernakulum is highly overexploited and degraded due to the unregu-
lated functioning of coastal tourism activities. Hence, Ernakulum district is consid-
ered as a suitable study area for the project, and significant beaches in the district are
selected to conduct a detailed study. The rationale for choosing beaches within the
district is based on factors like popularity of beaches among tourists (domestic and
foreign), annual footfall trend (as recorded fromKerala Tourism Statistics) and status
of most visited or exploited destinations (referred from articles/reviews/news). Two
beaches selected for detailed study under the scope of the project are Fort Kochi and
Cherai Beach to Munnambam Beach stretch, as shown in Figs. 1 and 2 and Table 1.

Delineation of study area boundary. The boundary is based on existing
administrative boundaries, proximity from beach and accommodations within
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Fig. 1 Map showing coastal areas chosen for study in Ernakulum district [4, 5]

Fig. 2 Delineated area in Fort Kochi and Cherai to Munnambam stretch respectively [4, 5]

Table 1 Study area
necessary details [5, 6]

Details Fort Kochi Cherai to Munnambam
beach

Population and HH 10,279 and 2578 26,364 and 6591

Area 1.66 km2 5.19 km2
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walking/cycling distance. The study area at Fort Kochi is defined as an administra-
tive ward boundary, i.e., ward 1 of Kochi Municipal Corporation [4]. The boundary
at Cherai beach is based on natural features like water body, existing main road,
existing wards and extent of hotels/resorts within walking distance from the beach.
The stretch chosen extends from Cherai to Munnambam beach, comprising of 12
wards in Pallipuram panchayat [5].

2 Methodology

Various studies on methods to measure the impacts of unregulated tourism on
coastal sustainability are available. Qualitative methods adopt techniques like beach
appraisal through perception surveys, local community response analysis, etc. Quan-
titative techniques in most studies mainly incorporate carrying capacity analysis
(CCA) conducted in multiple ways. This paper attempts to propose a new method
(comparing benefits with social and environmental impacts) along with modification
in conventionalmethod ofCCA (formulating contextual correction factors, indicators
and thresholds).

2.1 Performance Assessment

Performance assessment is a derived tool to evaluate the economic and sustain-
ability performance of the coastal tourism sector by comparing the economic bene-
fits incurred from the sector with the monetary cost of environmental and social
impacts. The basic framework of this assessment is derived from the concept of
Green Productivity Index (GPI—developed by Asian Productivity Organization in
1996) [7].

GPI = Productivity

Environmental Impacts (E)
(1)

Modified GPI. GPI was evolved based on the context of impacts of coastal
tourism; environmental and social as negative (as shown in Tables 2 and 3) and
economic considered as positive under the project scope. Economic benefits include
revenue from local businesses and employment generated; prominent positive social
impact. The idea is to compare positive versus negative impacts in the form of a ratio.

GPI = Productivity of a sector (x)

Environmental and Social Impacts of the sector (y1 + y2)
(2)
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Table 2 Identified environmental impacts and indicators for monetary valuation of impacts

Environmental
impacts

Indicator Monetary measurement

Reduction in
vegetation/forest
cover/wetlands

Amount of loss (ea’) =
Initial area − Existing
area

Ecosystem valuation based on cost/unit of area
for ea’

Excessive water
use causing
shortage

Shortage of water (eb’)
= Amount of water in
shortage

Cost of production for eb’ quantity of water

Improper solid
waste management

Amount of solid waste
not collected and treated
(ec’)

Cost of collection/treatment of ec’ quantity of
waste

Untreated night
soil

Amount of untreated
liquid waste (ed’)

Cost of treatment of ed’ quantity of wastewater

Source [9] Source [8]

Monetary valuation (y1) Environmental cost

Table 3 Identified social impacts and indicators for monetary valuation of impacts

Social impacts Indicator Monetary measurement

Economic
inequality—local
resentment

Limit to local employment (sb’) =
Total jobs generated − Local jobs
provided

Potential total pay worth of
sb’

Shortage of medical
facilities

Number of required medical
facilities (sc’)

Cost of provision for sc’

Increase in major crimes % of tourists unwilling to visit Reduction in profit due to
decreasing tourists

Low satisfaction and
complaints by Tourists

% of tourists unwilling to visit Reduction in profit due to
decreasing tourists

Culture erosion—local
resentment

% of locals feeling tourism
influencing local culture

Source [9] Source [8]

Monetary valuation (y2) Social cost

The productivity of a sector is calculated as revenue generated from coastal
tourism (x). Environmental and social impacts (y1 + y2) are calculated as the miti-
gation cost of these negative impacts. The concept is referred from PwC’s TIMM
methodology [8]. If GPI [x/(y1 + y2)] > 1, economic benefits are higher than the
cost of impacts. If GPI [x/(y1 + y2)] < 1, cost of impacts are higher than economic
benefits.
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2.2 Carrying Capacity Assessment

Carrying capacity in its basic form refers to the maximum number of people who can
use a place without an unacceptable alteration in the physical environment and an
unacceptable decline in the quality of recreational space [10]. It is a well-established
tool to assess the sustainability of tourism in an area through various methods and
techniques. The methods adopted in most studies include Boullon Formula [11],
Grid-based assessment using the multicriteria scheme, Indicator-wise assessment
through defined thresholds [14] and computing PCC, RCC and ERCC method
[12, 13]. Grid-based assessment works efficiently for continuous longer stretches
and hence is not suitable for the project as in this case, two confined study areas are
selected. Two methods selected with modification (determining contextual thresh-
olds, indicators and correction factors) w.r.t. the study areas are: Indicator-wise
assessment method and Computing Effective Real-Carrying Capacity [13] (ERCC)
method. Method of calculating ERCC is highly practical and accurate as it considers
natural, infrastructural and managerial limitations in the study area unlike Boullon
formula, which calculates capacity solely based on the beach area. The second
method, i.e., indicator-wise assessment, provides a more profound and detailed
insight about specific factors in terms of high, medium or low carrying capacity.
This enables mainstreaming of interventions contextual to limitations and impacts
for any destination.

Determination of indicators and respective thresholds. The relevant indicators
under each component (physical, social and economic) for various types of tourism
impacts identified and measured based on the DSPIR process are referred from the
EEA report [9]. Analysis of each indicator is done by comparing with the defined
threshold values for each through standards/benchmarks, physical limits, etc. referred
from case studies [14] as shown in Table 5.

Computing PCC, RCC and ERCC. Boullon formula (PCC) considered just
beach area and space required per tourists to calculate carrying capacity. In contrast,
RCC and ERCC incorporate correction factors or limiting factors, i.e., factors that
restrict the tourist activities in an area [12, 13].

Physical Carrying Capacity (PCC) = A

Au
* Rf (3)

where Rf = rotation factor = daily open period/average time of visit.
A = area of beach, Au = area required per user

Real Carrying Capacity (RCC) = PCC ∗Cf1 ∗ Cf2 ∗ . . . Cfn (4)

Effective Real Carrying Capacity (ERCC) = RCC ∗Cf1 ∗Cf2 ∗ . . . Cfn (5)

C f = 1 − Lmx

Tmx
(6)
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where Cf = correction factor, Lmx = limiting magnitude of variable x and Tmx
= total magnitude of variable x.

Correction factors, indicators and their thresholds are formulated based on case
studies, study area characteristics and coastal tourism, as shown in Tables 4 and 5.

Table 4 Contextual correction factors to calculate ERCC

Thematic areas Category Correction factors

Weather Environment Cfw = [1 − (number of days of
excessive heat/Total number of days in a
year)]
Cfw’ = [1 − (number of days of extreme
rain/Total number of days in a year)]
Cfw” = [1 − (number of days of
excessive wind/Total number of days in
a year)]

Beach quality Environment Cfb1 = [1 − (eroded beach area/initial
beach area)]

Tourism infrastructure (bed spaces) Social Cft = [1 − (number of unoccupied
beds/Total number of available beds)]

Water Environment Cfwa = [1 − (number of
accommodation and vendors facing
shortage/Total number of
accommodation and vendors)]
Cfwa’ = [1 − (number of households
facing shortage/Total number of
households)]

Waste Environment Cfsw = [1 − (amount of solid waste not
collected or treated/total amount of solid
waste generated)
Cflw = [1 − (number of households and
accommodation without septic tank/total
number of households and
accommodation)

Overcrowding Social Cfo = [1 − (per tourist additional space
required as per existing
footfall/Prescribed area per tourist as per
WTO standards)]

Safety Social Cfs = [1 – (number of crimes against
tourists/total number of crimes
recorded)]

Satisfaction level Social Tourists:Cfst = [1 − (number of tourists
not satisfied/total number of tourists)
Locals: Cfsl = [1 − (number of
households not satisfied from tourism
development in the area/total number of
households in the area)

Source Cifuentes’s methodology [12, 13]
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Table 5 Effective carrying capacity indicators and defined thresholds for Indicator-wise Analysis

Thematic area Indicators Thresholds

Overcrowding Overcrowding—area of accessible
coast occupied by a tourist

[11]
10m2 (WTO),

If > 10 (High cc)

< 10 (Low cc)

= 10 (Medium cc)

Tourism
infrastructure

Shortage of beds in peak season If > 0 (Low cc)

= 0 (High cc)Shortage of beds in offseason

Water % of HH facing water shortage If > 0% (Low cc)

= 0% (High cc)% of tourist facilities facing water
shortage

Solid and liquid
waste

Volume of solid waste collected or
treated/total solid waste generated

If = 1 (High cc)

< 1 (Low cc)
Number of households and
accommodation with septic
tank/total number of households and
accommodation

Land Number of beds per hectare [15]

If <= 50 beds/hectare (High cc)

> 50 beds/hectare (Low cc)

Ratio of—Tourist beds/permanent
population

[15]

If < 0.5 (High cc)

> 0.5 (Low cc)

= 0.5 (Medium cc)

Employment Ratio of—Migrants employed/Total
employed

If > 50% (Low cc)

= 50% (Medium cc)

< 50% (High cc)

Health Shortage of medical facilities =
Existing medical
facilities—Prescribed standards as
per URDPFI

If = 0 (Medium cc)

>= 1 (High cc)

< 1 (Low cc)

Satisfaction
level—tourists

Ratio of—Number of tourists
satisfied/Number of tourists not
satisfied

If = 1 (Medium cc)

< 1 (Low cc)

> 1 (High cc)

Satisfaction
level—locals

Ratio of—Number of locals
satisfied/Number of locals not
satisfied

If = 1 (Medium cc)

< 1 (Low cc)

> 1 (High cc)

Source [9] Source [9, 14]
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Table 6 Sample size determined for each survey type

Survey type Fort Kochi Cherai to Munnambam beach

Population Condition
applied

Sample
Size

Population Condition
applied

Sample
Size

Households 2578 95%
confidence
level, 10%
margin of
error

93 6591 95%
confidence
level, 10%
margin of
error

95

Tourists Infinite 97 Infinite 97

Accommodation
providers

215 67 75 43

Vendors 300 73 32 25

2.3 Data Requirement and Collection

The calculation of indicators involves finalizing a contextual andflexible data require-
ment list and data collectionmethodology,which is followed by an analysis of results.
The data requirement involves both primary and secondary data sources based on
the availability of data. The process also includes the scope of the pilot survey to
check the effectiveness of data collection methods, approach to analysis, determine
sample size, etc. The major secondary data sources are Kochi Municipal Corpora-
tion, PallipuramPanchayatOffice, KeralaWaterAuthority, Tourist Police Station and
NASA Meteorological data. The three primary data collection techniques proposed
are: Observation survey, Questionnaire survey (local residents, tourists, vendors,
accommodation providers) and Interview of ward councilors.

Sampling technique and sample size. Sampling technique for household survey
is simple random sampling, for tourists and vendors is random sampling on beach
area and for accommodation providers is stratified sampling, i.e., more samples in
beach proximity. Sample size calculated based on condition applied is explained in
Table 6.

3 Results and Discussion

3.1 Performance Assessment

The mitigation cost of identified environmental and social impacts is estimated and
compared with the economic benefits to calculate GPI, as shown in Table 7.

Inference. In Fort Kochi, economic benefits and cost of impacts are almost equal,
indicating a potential threat to sustainability if planning measures aren’t proposed. In
Cherai beach, as profits are slightly dominant over impacts, sustainability measures
are necessary to reduce any future increase in cost with increase in tourists’ footfall.
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Table 7 Calculation of GPI for both study areas

Fort Kochi beach Cherai to Munnambam Beach

Revenue/cost of
environmental and social
impacts

Rs.8,72,95,862
Rs.7,36,95,880

Rs.2,70,53,734
Rs.1,46,0,002

GPI Value 1.18 (0.68 future potential if
crimes occur)

1.85 (0.85 future potential if
crimes occur)

Net Benefit % =
x − y1+y2

x ∗ 100

15.5% 46%

Source for results derived—Analysis based on Primary and Secondary data collected

Fig. 3 Comparing PCC, RCC, ERCC and existing footfall in Fort Kochi study area

3.2 Carrying Capacity Assessment

Inference. In Fort Kochi, carrying capacity is saturated with overcrowding, waste
management and inequality in jobs as the primary concerns. In Cherai Beach,
there is the potential to increase footfall as per the existing footfall scenario. Still,
water availability and waste collection/treatment have low carrying capacity, as
shown in Figs. 3, 4 and Table 8. Quantitatively assessed results can be directed
to policy/strategic/design proposals in the context of study area limitations using
the detailed knowledge of specific indicators, its cost of impact, estimated quantity
required and exact extent of augmentation to be proposed.

4 Conclusion

The paper has attempted to develop a system to compare economic versus socioen-
vironmental performance and determine sustainable loading capacity. The results
calculated for two different locations can be utilized to frame specific proposals,
optimizing limiting factors and enhancing carrying capacity. Fort Kochi has already
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Table 8 Effective carrying capacity—indicator wise analysis

Cherai Beach Stretch Fort Kochi Beach Stretch

Thematic Area High Medium Low High Medium Low

Overcrowding

Tourism Infrastructure 

Water 

Solid & Liquid Waste 

Land availability

Inequality in jobs

Health 

Satisfaction: Tourists

Satisfaction: Locals
Source – [9] Source for results derived – Analysis based on Primary and Secondary data collected

reached its carrying capacity with the cost of impacts equating to economic benefits.
In contrast, Cherai has a high carrying capacity yet to be utilized with economic
benefits almost double to the cost of impacts but holds certain limiting factors. The
overall purpose is to guide tourism development, keeping sustainability intact.

Limitation. The formulated GPI considers the cost of impacts as mitigation
cost; however, multiple ways of monetary valuation of impacts may be considered.
Also being subjective and perception based, an attempt to convert social impacts
into monetary terms can be challenged. Hence identifying other suitable ways of
comparing benefits and impacts holds potential exploration. The impacts and limi-
tations considered to calculate GPI and ERCC are based on study area context; thus
may require minor revision when replicated at other destinations.

Acknowledgements We are thankful to government offices for providing data, faculties at NITC
and friends to assist in the survey.
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Spatial Distribution of Socioeconomic
Factors and Its Impact on Urban Land
Use Dynamics: An Agent Based
Modeling Approach

Vivek Kumar Singh, Vaibhav Kumar, and Arnab Jana

Abstract In spite of existing development guidelines, the current policy cannot
accommodate the increasing resource demand. Therefore, leading to haphazard
growth of the cities, especially in the developing nations. The unplanned advance-
ment leading to extreme heterogeneity and complex socioeconomic profiles pose a
great challenge in modeling their growth. To address these challenges, a novel Land-
use Simulation and Decision-Support system (LSDS) for cities has been designed.
The system comprehensively explores the interference and impact of natural environ-
ment, socioeconomic factors, spatial neighborhoods, individual choice, and national
macro-policies on land use and cover change. LSDS applies the cellular automata
(CA) model to examine land use land cover (LULC) changes over time, and agent-
based model (ABM) to observe the role of different socioeconomic drivers in the
LULC prediction process. When applied to the Dehradun city of India, quantitative
analysis of spatial patterns achieved an overall built-up area accuracy of 10.62% (rela-
tive error) and Kappa accuracy value 79.73%. It was observed that most of the urban
agriculture areas converted to medium compact residential areas occupied by higher
and middle-income groups. An expansion of low-density residential in the southern
and northeastern parts of the city was observed. Most of the land in the northeast
part of Dehradun city was predicted to be owned by high-income group. The study
can benefit the decision-makers in generating various redevelopment scenarios and
efficient resource planning.
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1 Introduction

More than half of the population is predicted to live in cities by the year 2030.
Better planned cities with well managed urban spaces can be a potent tool to cater
the demand [1]. Land use and land cover (LULC) modeling system using analyt-
ical frameworks is one of such tools. However, such a system requires modeling
of complex interaction between physical and socio-economical drivers [2, 3]. The
challenge is even bigger due to the gap in the literature concerning modeling at finer
scales, especially in the cities of developing nations [4].

The microscopic land-use growth is extremely sensitive by local constraints [5,
6]. These constraints have various constituents such as population density, number
of households, literacy rates, construction of roads, schools and hospitals, distance
from CBD (Central Business District), police stations, administrative policies, etc.
Further, socioeconomic factors, as local constraints also directly correlate to the
patterns of urban land use [7]. The existing research for developing nations is less
focused on modeling these constraints, thus leading to unrealistic solutions [8]. The
main objective of the study is to address this gap.

In recent decades, Remote Sensing (RS) and Geographic Information Systems
(GIS) have given answers to these problems [9]. Researchers have coupling GIS
tools with geostatistical models to capture the city growth dynamics [10]. Cellular
Automata (CA), first developed in the 1940s, is one such modeling technique [11].
The lattice-based approach has beenwidely adapted in land use prediction [6, 11–13].
Despite several advantages, CA has limitations regarding (a) reaction to an external
event (b)modeling neighbor character (c) absence of variance in transition rulewhich
defines the success of the model [4].

Further, a significant disadvantage of cellular automata modeling is its inability
to incorporate socioeconomic factors in the simulation, which play an essential role
in the urban growth prediction. As a result, a new era of generic algorithms was
developed to incorporate causal factors (such as socioeconomic), which give better
understanding of urban growth.One such generic algorithm isAgentBasedModeling
(ABM) and simulation [14].

This technique captures the complex network of interactions and connections that
make up real systems and makes it possible to model complex systems involving
emergent patterns and unexpected changes and events [15]. It also allows capturing
the emergent phenomena that result from the interactions of individual entities. In
the past, many studies have applied ABM in urban land use planning [15–17]. In a
recent study, Liu et al. [12] coupled CA and ABM models to deduce better results
in predicting future urban growth. However, the exclusion of socioeconomic details
influencing neighborhoods remains a drawback of the research. In this study, we
aim to overcome this limitation by modeling granular socioeconomic datasets and
physical parameters such as circle rate of land parcels in predicting future household
type.
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1.1 Contribution of the Study

This study proposes a Land-use Simulation and Decision-Support system (LSDS),
which integrates an ABM, and a CA model, over a GIS-based system with the
following contributions:

• Effectiveness of LSDS is demonstrated while predicting LULC, while modeling
socioeconomic factors.

• ABM is implemented to identify and predict the granular land use attributes
such as suitable areas for different residential classes based on socioeconomic
factors [17], heterogeneous nature of the urban environment, and their response
to various socioeconomic variables such as literacy, financial status, circle rate,
neighborhood, etc.

• The system can be extended to multiple scales and use-cases for informed
decision-making.

2 Case Study: Dehradun City

To apply the methods Dehradun, the capital of the Indian state of Uttarakhand,
was selected as the case. Field survey and digitalization techniques were applied
to map urban features like roads, settlements, urban agriculture, industries, institu-
tions, urban forest, public and semi-public institutions, commercial and recreational
areas (parks and gardens). Urban settlement areas were classified into three groups:
low-density residential areas, medium-density residential areas, and high-density
residential areas, based on footprint compactness. Spatiotemporal distribution of
urban land use pattern of Dehradun city was prepared for the years 2007, 2013, and
2019 (see Fig. 1). These maps are prepared using Landsat 7 satellite data {March
month (cloud free)}. Table 1 lists urban services and socioeconomic factors that were
considered in the study. The urban service datasets such as distances were derived
using spatial methodologies and census data socioeconomic datasets were procured
from the decision-making agency Dehradun Nagar Nigam. Figure 2 shows the circle
rate map for the study area.

3 Simulation Framework

This aim to simulate the spatiotemporal urban growth scenario is achieved through
various sequential steps, as explained in Fig. 3. In the first major step (Step 1), the
CAmodel is developed to predict LULC for 2019. In the second major step (Step 2),
the CA-based model is combined with the developed AMBmodel for more accurate
results for the year 2019. The IDRISI GIS Analysis tools in the TerrSet software was
used to implement the CA-Markov model. The Recursive Porous Agent Simulation
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Fig. 1 LULC maps for the year (a) 2007, (b) 2013, and (c) 2019

Table 1 List of urban services and socioeconomic factors used in the study

Urban services Socioeconomic factors

Circle rate, distance to roads, schools, and
hospitals

Population density, household density, literacy
rate, income (census data)
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Fig. 2 Circle rate map

Fig. 3 Steps involved in developing the LSDS
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Toolkit (Repast) a free and cross-platform, simulation toolkit was used to implement
the ABM model.

3.1 CA Model for Urban Growth Estimation

Growth expansion depends on the properties inherited by the neighboring cell of the
grid [6, 13]. In CA-Markov prediction model, the transition area matrix is calcu-
lated for all the classes for LULC 2007 and 2013. After calculating the transition
area matrix and transition probability matrix for a time-period of 6 years for LULC
2007–2013, these matrices are considered as input to the CA-Markov model for
the prediction of LULC 2019. Predicted LULC 2019, was generated and accuracy
assessment was carried with actual 2019.

3.2 ABM to Incorporate the Impact of Socioeconomic
Factors on Urban Growth Estimation

Agents are classified into two groups: vector group and generic group (see Table 2).
Here low-income residential means residential areas that house people having less
income. Similarly, medium and high income corresponds to areas having citizens
from high-income class. Such details were derived using the census datasets. Vector
group consist of those agents who take decision based on the outcome of the generic
agents. The generic group agents are defined each for socioeconomic factors. Their
interactionproduces outcomes that are consideredbyvector agents tomakedecisions.
Interactions of an agent with multiple agents and with the environment are derived
from proximity rules which are the conditions that influence any land use land cover
change.

3.3 Defining Proximity Rules

Rule-1: Household builds a house where the size of the house is adequate.
Rule-2: Household moves to areas where schools and hospitals are easily
accessible.
Rule-3: Neighborhood qualities play a role in influencing household choice.
Rule-4: The socioeconomic status of the area influences the type of house chosen.
Rule-5: Households will move to areas where transport routes are accessible.
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Table 2 List of vector agents and generic agents developed in the study

Vector agents Generic agents

Low-income residential, medium-income
residential and high-income medium
residential

Distance to roads, schools, and hospitals,
population density, circle rate, household
density, literacy rate, and built-up

Based on the income group:

Low-income residential: Circle rate (10,000)

Distance to road (3–4 km)

Distance to school and hospital (3–4 km)

Distance to built-up and number of household
density

And literacy rate

Medium-income residential: Circle rate (10,000–25,000)

Distance to road (1–3 km)

Distance to school and hospital (1–3 km)

Distance to built-up and number of household
density

And literacy rate

High-income residential: Circle rate (25,000–40,000)

Distance to road (1–3 km)

Distance to school and hospital (1–3 km)

Distance to built-up and number of household
density

And literacy rate

Commercial: Circle rate (25,000–40,000)

Distance to road (1–3 km)

3.4 Simulation Algorithm

Step 1 and step 2 are considered for CA and step 3 to 5 are used to incorporate CA
with ABM.

Step 1: A matrix size of 5 * 5 grids was iterated over the grid to obtain changes
in the urban LULC pattern at intra city level. Classified map of 2007 and 2013
in Fig. 1a, b were also resampled to the same grid size. Using the Markov chain
process, transition rules were obtained. These rules describe the probability of
each cell to retain or change its suitable state.
Step 2: CA was run for a classified map of 2007 and 2013 (see Fig. 1b) using
transition probabilitymatrix and areamatrix. The classified predictedmap of 2019
was deduced, and accuracy assessment was carried out.
Step 3: Proximity rules mention in Sect. 3.1 are implemented on each of low-
density, medium-density, and high-density residential built-ups.
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Step 4: Agents decide the effect of the neighborhood (Eq. 1) is based on socioe-
conomic status, existing agents, and physical drivers such as distance to road,
school, and hospital.

NE(dt) = K · d(m)i,j (1)

where, d(m) is the Euclidean distance of each driver, m is the socioeconomic driver,
K is the proportional constant which is directly proportional to the distance to various
socioeconomic drivers (Dij) from a grid (i, j), for NE (dm) ∈ [−1, 1]. Selection of
new grids for agent movement from current grid (Lulcij) to new grid is based on
the maximum number of available neighborhood grids. Equations (2)–(6) describe
the procedure to identify the neighbors and perform the transition of one class to
another. Suitability weightage (Sij) of each LULC class k for grid (i, j) (Lulcij) for
time t (2007 in our case) is calculated in Eq. (2) and for (t + 1) which is 2013, in
Eq. (3).

Sij(k)t = P
(
Lulcij(k) × Wt(k)

)
(2)

Sij(k)t+1 = P
(
Lulcij(k) × Wt(k)

)
(3)

Here, Wt (k) denotes the weight of each class k calculated from transition proba-
bility matrix obtained in Step 2. Equation (4) corresponds that LULC class k is equal
to proportional constant K.

Lulcij(k) = K ∼ Dij(i = 0 . . . n, j = 0 . . . n) (4)

Equation 5 calculates the suitability weightage ratio used for the predicted time-
period (pt). In our case, pt is considered as 2019, for which we have predicted the
LULC.

S(kpt) = Sij(k)t+1/Sij(k)t (5)

The maximum number of neighborhood grid Nk
pt is deduced as follows:

Nk
pt = Nk

t + d(Nk)

d(t)
∗ S

(
kpt

)
(6)

Nk
pt = maximum of the grid for class k, d(Nk)

d(t) = rate of change of cell, and Nk
t

= Number of cells allocated for each class.

Step 5: Each rule defined in Sect. 3.1 was validated for each grid (i, j). After every
rule is satisfied, the agent takes move to a new grid.
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Step 6: The process continues until all the rules are satisfied for each cell. Once
all grids are visited the algorithms stops.

3.5 Accuracy Assessment

In this study, Kappa statistics was selected as the metric for accuracy assessment.
The value of Kappa statistics lies between 0 and 1. The closer the value is to one
more accurate is the outcome.

4 Results and Discussions

It can be noted that low-density residential andmedium-density residential has shown
a higher tendency to occupymore area by converting urban agriculture or vacant land
into the built-up area as shown in Table 3. It was found that low-density residential
classes converted to medium-density residential classes at a transition probability
rate of 0.3% from the year 2013 to 2019, in the CAmodel, whereas in ABM, the rate
was observed to be 1.7%. These areas were mostly toward the western and southern
parts of the city. Few low-density residential areas were identified in the outskirts of
Dehradun city . These residential areas are on the southern and eastern side of the
city.

It can be noted that due to less availability of land in the center of the city, high-
density residential classes spread in the southeast part of the city. The northeastern
part of the city witnessed a similar growth pattern. From 2007 to 2013, a trend
was observed in the northeastern part of the city, where vacant land converted into
low-density residential areas. Similarly, the southern and southeastern parts of the
city witnessed similar conversion trend, in which agricultural land converted into
low-density residential areas. The trend was also observed in the medium-density
residential areas. Accuracy assessment was done for each class by comparing the
predicted 2019 with actual 2019 LULC. Overall, kappa accuracy was deduced to be
79.73%. It was found that the relative error in the area occupied by households was
10.62%. Figure 4 shows the final predicted map.

5 Conclusion

The study proposes a Land-use Simulation and Decision-Support system (LSDS),
which is an artificial intelligence simulation model. LSDS integrates microscopic
ABM and CA model on the GIS platform. The system can solve the microscopic
influence of socioeconomic and service utility drivers in quantifying spatiotemporal
urban growth at the micro level. Taking the case of Dehradun city, in India, the
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Fig. 4 Predicted classified map of Dehradun for the year 2019

system successfully demonstrates how socioeconomic factors affect the urban land
use pattern, what the different drivers affect the growth at intra city level, and how
these were integrated with geo-computational models for future prediction. Various
transition of LULC classes were successfully captured. With limited land resources
and dynamic property of urban land-use patterns, major changes were observed in
the southeast and southwest parts of the city. The northeastern part of the city had a
large area under vacant land class, which converted into settlement classes. A similar
trend was observed in the southern part of the city. The results were obtained at very
high accuracy which highlights the significance of applying agent based modeling
in capturing the interaction between socioeconomic drivers and LULC dynamics.

The set of rules considered in the study has some limitations due to heterogeneous
nature of agents such as the dynamics of the market price to buy land. Limiting the
group of certain classes in the LULC to maintain certain green areas can also be
implemented. Further, establishing the relationship between vector agent and generic
agent and adding more socioeconomic variables remains as future work. Addressing
the limitation also remains our future work. The development could predict the
accurate growth profile of the city; thus it can help decision-makers foresee the
demand for informed decision-making the diverse urban setup in a country like
India.
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Deciphering the Indore Story: Assessing
Municipal Solid Waste Management
in the Last Mile of Operations

Subodh Wagle and Arpit Arora

Abstract The municipal solid waste management (MSWM) sector has remained
quite neglected in India. As a result, most rapidly growing cities are eclipsed by
heaps of garbage left in the open. Bulk of literature on the MSWM sector discusses
a certain range of technoeconomic and managerial issues as major challenges. This
paper, however, takes the policy perspective with the focus on operations in the last
mile of the sector. It investigates the role of front-line workers involved in the last
mile functions of collection and transportation of the solid waste in the city of Indore,
which rose from the 149th rank in 2014 to 1st rank in 2017 in the national-level clean-
liness survey and then remained at the top in 2018 and 2019. The paper concludes by
underscoring critical importance of various reforms in the human resource manage-
ment (HRM) in the city of Indore, such as stringent attendance system and system-
atization of working procedures in the last mile of operations. These reforms were
supported by innovative tactical measures for ensuring accountability of citizens
and front-line workers and by accommodating crucial actors from the old system.
Together, these measures have helped Indore to rise and remain at the top-position
in Cleanliness Ranking in the country.

Keywords Municipal solid waste management · Indore · Front-line worker

1 Background

1.1 Introduction

Rapid urbanization and swift economic development have not only resulted in the
increase in population and areas of cities but have also exerted substantial pressure
on the existing infrastructure of cities across the country [9]. In India, the level of
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urbanization has risen from 27.8% in 2001 to 31.6% in 2011 and it is projected that
nearly 50% of country’s population will reside in urban settings by the year 2021
[13].

With urban local bodies (ULBs) striving for improvements in services like
water, electricity, and transportation, a crucial public service—municipal solid waste
(MSW) management—has remained neglected in India [14]. This led to a situation
in which rapidly growing cities are eclipsed by heaps of garbage left in the open
[11]. Effective MSW management in the country experiencing exponential popu-
lation growth and significant improvements in living standards has now become a
burning issue, though; the concerned ULBs have no solution to effectively address
it [8].

1.2 Current Scenario of MSW Management in India

MSW, being one of the most neglected sectors across cities, typically has a limited
budget allocation. Further, around 95% of the allocated budget is spent on activities
of waste collection and transportation. Less than 5% of the budget is left for disposal
and treatment of waste [1]. The collection system relying on bins located across
communities is the predominant mode of waste collection in the country with no
standardization of capacity, size, or locations of these community bins [15]. Further-
more, across the country, segregation of waste at source is practiced at a marginal
level.

Another highly problematic practice involves the use of samevehicles for dumping
the waste at dumping sites as well as for collecting waste from community bins.
These vehicles are open from top and uncovered. This leads to spilling of waste
on roads, leading to spread of unhygienic conditions across the city. In most urban
regions, waste is disposed by directly dumping it in low-lying areas outside the
city boundaries. No specific plans are prepared or implemented for management
of the dump sites and the MSW is not weighed or compacted while dumping [7].
Additionally, the practice of unauthorized burning of MSW at landfills in order to
reduce the volume of waste is prevalent across the country. This is often attributed
to the rag pickers in most cities who operate without any regulation [12].

Thus, the existing MSW management system in most cities is overwhelmed by
multiple challenges and issues. Some of themajor issues underscored in the literature
include: lack of awareness among policymakers, administrators and citizens about
waste segregation, lack of financial resources in the MSWmanagement sector, inef-
fective implementation of rules on ground, lack of planning and coordination among
multiple authorities involved, and use of dilapidated equipment and old technology
[2, 6, 8, 15].
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1.3 Structure of the Paper

While the bulk of literature on the MSW sector thus highlights the above-mentioned
issues, this paper takes a policy perspective with focus on operations in the last mile
of the MSW sector. With the country witnessing a dismal scenario in the MSW
sector that is discussed in the previous section, performance of the city of Indore in
managing the activities related to MSW provides hope of transformation. The city
jumped from 149th position in 2014 in the national-level cleanliness rankings to the
top position in 2017 and remained at the top for 3 consecutive years. The existing
literature credits this miraculous transformation of the city of Indore to the efforts
of the Indore Municipal Corporation (IMC). This research focuses on the changes
in human resource management, especially in the last-mile operations, and effects
of these changes on front-line workers—i.e., workers who work at the lower end of
the organizational bureaucracy and are in direct contact with citizens or clients—and
their performance.

Coming to the structure of the paper, in the second section after this introduc-
tion, the paper discusses the research methodology adopted for conducting the study
and provides a brief introduction to the field of study: Indore. The third section
highlights the last-mile operations in the activities of collection and transportation
of MSW in the city of Indore. The section introduces multiple actors involved in
the activities of MSW collection and transportation and various stages at which
these actors operate and interact with each other. The fourth section delineates major
changes in human resource management carried out by the IMC and discusses the
effects of these administrative changes on the performance of front-line workers. The
paper concludes by outlining key factors responsible for transformation of the city
of Indore, emphasizing on the role of front-line workers and their efforts in making
Indore the cleanest city in India.

2 Literature Review and Research Methodology

As mentioned before, majority of literature discussing issues related to MSW
management emphasizes on importance of awareness among citizens regarding the
segregation ofwaste, role of dilapidated equipment and technology, and lack of finan-
cial resources in the sector of SWM. The existing literature neglects the importance
of role played by human resources which are responsible for “getting the job done”
at the front lines. This research highlights the critical importance of the role played
especially by front-line workers. It focuses on the last-mile operations and delves on
the work and performance of front-line workers involved in carrying out functions
of collection and transportation of MSW in the city of Indore.

The city of Indore, unlike its less commercial cousin and administrative head-
quarter of the state, Bhopal, is considered as a commercial hub of the state ofMadhya
Pradesh with little to offer in terms of charm and visual beauty [3]. The city houses
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approximately 3 million people [4] with a daily floating population of 3–5 hundred
thousand people [10]. The city is spread in an area of approximately 275 km2 with a
population density of about 10,000 people/km2. According to IMC reports, the city
generated approximately 1,115 MT of waste per day in the year 2017.

The MSWmanagement sector in Indore, like many cities, was plagued by several
issues till 2016. The services of waste collection and treatment, provided by private
contractors, were of poor quality. The dustbins in the city were in dilapidated condi-
tion, creating an ugly look for the city with very low levels of waste handling
capacity. The IMC staff was demoralized and citizens had a very poor image of them.
Public participation in MSW management activities was negligible and insufficient
infrastructure and machinery added to the misery [5].

Asmentioned before, due to the initiatives taken by themunicipal corporation and
local residents, the city reached the top spot in Cleanliness Survey rankings in 2017,
and it continued to be at top for the consecutive 3 years of 2017, 2018, and 2019.
The city received ODF (open defecation free) status in December 2016. Efficiency
of collection and transportation was found to have increased with introduction of
GPS tracking systems along with stringent monitoring of tasks carried out by front-
line workers by IMC. The workers were found to be working more diligently and
actively and residents were found to become more responsible and receptive toward
the strategies introduced by the IMC.

In this background, this research investigates a general research question: How
changes in operating systems and human resource management helped improve
performance of front-line workers in MSW management sector in the Indore
city? This exploratory and descriptive research takes a qualitative approach, using
semistructured interviews and nonparticipant observation as the main data collection
methods.

The data are collected by interviewing stakeholders frommixed land-use zones in
the city, which have both, commercial and residential activities. The study conducted
inmixed zones provides an opportunity to simultaneously understand different strate-
gies employed by the administration for commercial and residential generators of
garbage. The research primarily relies on interviews of 26 respondents from different
stakeholder groups such as: front-line workers, their immediate supervisors, higher
level municipal officials, and NGO representatives. The method for the selection of
respondents involved purposive sampling across the categories followed by snowball
sampling within the category. The respondents were selected from different levels of
the bureaucracy of themunicipal corporation in order to ensure a holistic and detailed
understanding of the transformation process and the impact this transformation had
on the performance of front-line workers according to officials posted at different
levels of the IndoreMunicipal Corporation. For analysis of qualitative data, the study
used the technique of thematic analysis.
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3 Last-Mile Operations in Indore: Collection
and Transportation of MSW

This section provides an overview of the organization structure of Municipal Corpo-
ration in the Municipal Solid Waste Management sector (Please refer to Fig. 1). The
section also presents the description of various stages in the functions of collection
and transportation ofMSWas organized in the city of Indore. It also identifies various
factors involved in each stage of collection and transportation (please refer to Fig. 2).

The Municipal Solid Waste Management plan comes under the Indore Smart
City Mission headed by the Municipal Commissioner. One out of the six Additional
Municipal Commissioners is responsible for the MSWM in Indore. The Additional
Municipal Commissioner is assisted by the City Sanitary Inspector along with two
Assistant City Sanitary Inspectors. The Project incharge is responsible for ensuring
the entire system of MSWM (explained in Fig. 2) works smoothly. The project in-
charge is assisted by the assistant project incharge followed by computer operators
for each of the 19 zones in the city.

Multiple front-line workers are involved at different levels and stages of the
waste management system. The workers who directly interact with residents during

Fig. 1 Organization structure of municipal corporation for MSW management
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Fig. 2 Actors involved in MSW management

waste collection process are: D2D (i.e., door-to-door) helper, D2D vehicle driver and
NGO representative accompanying the helper and driver. The NGO representative is
responsible for carrying out awareness campaigns and collecting feedback about the
services provided by the corporation from residents. With the onus of segregation
on the residents, the helpers are responsible for ensuring that segregation of waste in
three categories (wet, dry, and domestic hazardous) is done properly by the resident.
The vehicle driver assists the helper in this task. The daroga, who is the immediate
supervisor of the front-line workers, is accountable to the citizens for the services
provided by the workers. The daroga handles complaints from the citizens regarding
issues related to cleanliness and quality of work provided by the front-line workers.
According to the officials and residents, daroga is the person who “takes heat” from
all the directions. S/he has to ensure that workers complete their designated amount
of work and with desired quality. In case of absenteeism of workers or any other
issue faced by the workers, the daroga is expected to resolve these issues and ensure
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the completion of work. On the client side, the daroga is responsible for acknowl-
edging and acting upon the grievances of clients. In addition to handling the issues
of workers and clients, the daroga is also supposed to report the progress of the
ward-level MSW activities to her/his superior daily.

The collected segregated waste from households in D2D vehicles is sent to a
transfer station for unloading. At the transfer station, all three types of waste (dry,
wet and domestic hazardous) are weighed using a three-way weigh bridge for each
D2D vehicle. The transfer station helper is responsible for keeping a record of the
quantity of different types of waste unloaded from each vehicle. The station helper is
also responsible for ensuring that the waste being dumped at the station is properly
segregated. Once the waste is received at the transfer station, it is then compressed,
filled separately (dry and wet) and transported to the trenching ground in the capsules
(special type of vehicle). Each capsule has a capsule helper along with the driver.

The capsule helper assists in dumping of waste at the trenching ground (T.G.).
The capsule helper, along with the T.G. staff, ensures that the waste is dumped at
a designated spot. The disposal spots for dry waste and wet waste are different at
the T.G. facility. The dry waste is dumped at the Material Recovery Facility (MRF)
where rag pickers segregate the dry waste further in 13 different categories. The
T.G. staff is responsible for ensuring that segregation is carried out as effectively as
possible and that each rag picker gets equal share of waste to segregate.

4 Major Changes in Human Resource Management
and Their Effects

This section of the paper presents major administrative changes related to human
resource management carried out in Indore. It also presents major improvements in
the performance of front-line workers due to these administrative changes, and the
effect of improved performance of front-line workers on the state of the MSW sector
in the city.

4.1 Major Changes in Human Resource Management

One of the key administrative changes in the human resource management (HRM)
in Indore was introduction of a well-defined, strict, multimodal attendance system.
The new HRM system involved taking attendance twice a day, both, at the start
and end of a shift. The system of biometric attendance was introduced as per the
guidelines of National Cleanliness Survey. Attendance registers were still used to
cross-check availability of a particular worker on the day and avoid problems with
network, affecting the biometric system.
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The previous system saw workers completing their designated work in two to
three hours, with no fixed shift timings. In the new system, mandatory 8 h long shift
was introduced for front-line workers. This measure combined with introduction of
biometric attendance at the start and endof the shift guaranteed availability ofworkers
throughout their shift. This ensured well-defined work timings for the workers and
availability of workers whenever need arise.

The old HRM system lacked suitable mechanisms to monitor and ensure quality
of work performed by front-line workers. This resulted in managerial and on-field
problems because it was easier for workers to escape the responsibility of deliv-
ering adequately good quality of work output. Along with the multimodal attendance
system, VTS (vehicle tracking system) was incorporated in the new HRM system to
ensure strict monitoring at the lowest level of operations. Frequent visits by darogas
were made mandatory to check the quality of work output delivered by front-line
workers.

In the previous system, definite work locations were not assigned to worker. Their
work areas had to be changed frequently, depending on the availability of other
workers. Instead, the tool of deployment chart was introduced in the new system
for systematic and well-defined work allocation. This ensured that each worker had
a designated working spot and allocated work area. The darogas were given some
discretion to alter the allocation of work but only in certain special cases.

Along with these administrative changes discussed above, regular acknowledg-
ment and appreciation of work done by front-line workers were made as part of
the new HRM system. This helped to boost the morale of front-line workers. The
workers gave a positive response to such appreciation and it encouraged them to keep
working diligently.

4.2 Major Improvements in Performance of Front-Line
Workers

Introduction of strict, multimodal system of attendance resulted in significant reduc-
tion in rate of absenteeism of front-line workers. In addition, mandatory attendance
twice in a shift compelled workers to remain available during designated number
of hours. This step, however, was opposed by certain sections of front-line workers,
whichmainly includedworkers having a permanent position. Nonetheless, the absen-
teeism rate was found to have reduced from 60 to 70% in the previous system to 20
to 30% in the new system.

In addition to increase in the quantum of work output due to well-defined shift
timings, the quality of work also improved. The workers were compelled to stay
at their spots throughout their shift. Further due to reduction in absenteeism rate,
more front-line workers were available for work and hence the work pressure was
not significant on an individual worker. This had a positive impact on the quality
of service provided by workers. Some front-line workers, especially young females



Deciphering the Indore Story: Assessing Municipal Solid … 47

working in themorning shift, however, expressed concerns over suchfixed timings for
entire shifts. This was because such timings made it difficult for them to deal with
their family responsibilities such as looking after young children and performing
other household chores.

As a result of reduction in work pressure, sufficient time became available to
each worker to complete her/his allocated work effectively. Thus, work environment
significantly improved and instances of sudden increase in work pressure for worker
have reduced drastically. The workload has become relatively stable as compared
with the previous system. Despite extension of work hours, in order to achieve clean-
liness targets, the number of front-line workers was increased. Significant increase
in staffing led to significant increase in the wage bill, leading to increased financial
burden. However, the salary of front-line workers remained the same and a smaller
number of people were offered permanent posts by IMC. This issue was considered
as a severe threat to the sustainability of the system.

Alongwith improvement inwork environment and health conditions, introduction
of segregation ofwaste at source, othermeasures led to improvement in compliance of
citizens. This resulted in significant reduction in drudgery, filth handing, and health
risk unlike in the previous system wherein workers were forced to collect mixed
waste from large community bins using hand-held ploughs. Mandatory provision
of PPE (personal protective equipment), according to the Cleanliness Guidelines,
and provisioning of additional health benefits to workers increased the occupational
safety of front-line workers.

Accountability of front-line workers was found to have increased with introduc-
tion of the deployment chart. All thesemeasures resulted in effective cleaning of each
area. This was because, with this measure, it became easier to identify the defaulters
who delivered work outputs of below-par quality.

Furthermore, motivated front-line workers were able to shift the onus of segre-
gation of waste on their clients (citizens). Through sustained pressure and through
tactics involving both appeal and coercion, the workers succeeded in enforcing a
behavioral change in the residents of the city. Citizens also responded positively to
efforts of front-line workers by accepting the responsibility of segregation of waste
at the source and by adhering to regulations of IMC.

4.3 Effect of Improved Performance of Front-Line Workers
on MSW Sector

Due to the sustained improvement in performance of front-line workers, Indore
witnessed a remarkable transformation in itsMSWmanagement sector. Door-to-door
collection of MSW is now prevalent throughout the city. By providing satisfactory
services, the front-line workers are successful in eradicating the entrenched vested
interests of middlemen called jagirdaars, which were active in the previous system.
These actors possessed significant nuisance-making ability because they possessed
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intimate knowledge of ground-level functioning of MSWmanagement system in the
city. Additionally, they were aware of vulnerability of the system and thus, could
pose a serious threat of sabotaging the new system. Elimination of these actors
significantly reduced challenges faced by IMC in implementing any new initiative.

Thus, as a result of efforts of front-line workers and with citizens responding
positively to initiatives of IMC, efficiency of collection and transportation of MSW
increased significantly. The positive feedback from citizens served as an impetus for
IMC, which was once a demotivated and untrustworthy organization.

Finally, the improved performance of the overall MSW management system of
the city helped Indore win the title of cleanest city in the national-level cleanliness
survey of cities for the first time in 2017. The city retained the top spot in 2018 and
2019 as well.

5 Conclusion

With introduction of technology-based interventions like biometric attendance, one
of themajor issues of absenteeismof front-lineworkers inMSWmanagement depart-
ment was successfully dealt with. As a result, absenteeism rate reduced to 30% from
60% in the previous system.

In the case of front-lineworkers, due to changes in the attendance system, effective
monitoring and stringent attitude adopted by local authorities toward absenteeism
and quality of performance, there has been significant reduction in workload on a
particular front-line worker in comparison to the previous system.

Serious reduction in drudgery was affected and due to provisioning of facilities
like PPE and medical services, there was a significant improvement in working
conditions of front-line workers. In addition, regular appreciation of work was found
to keep workers motivated. Another key reason for the diligent and effective working
of workers was transfer of onus of waste segregation on clients/citizens. This led to
significant improvement in quality of work output from workers and acted as an
incentive for them to continue their work diligently.

Thus, the study concludes by pointing at major factors underlying transforma-
tion of the city of Indore: (a) appropriately designed and effectively implemented
initiatives to change the human resource management system fundamentally, (b)
successful strategies and mechanisms to ensure diligent and effective performance
of front-lineworkers, and (c) successful strategies andmechanisms to ensure citizens’
compliance.

Though this study is entirely focused on the city of Indore, the findings of the
study are certainly relevant for a wide range of Class 1 cities in the country. It is very
much possible for these cities to incorporate administrative changes affected by the
Indore Municipal Corporation as most of these cities face problems and barriers that
are very similar to those faced by the municipal administration of the city of Indore.
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ICT and Its Use in Solid Waste Collection
Systems for Route Optimization

Nikhil Kumar, Mayank Gupta, and Arnab Jana

Abstract Solid Waste Management has been a significant challenge for rapidly
urbanizing cities of developing nations, consequently increasing the stress on envi-
ronmental sustainability. The existing system of “door to door” waste collection is
mostly random, resulting in high operating costs. To address the limitations, the trans-
portation of waste from an urban area to the landfill needs adequate infrastructure
and optimal resource allocation strategies. In this study, we proposed a methodology
for waste collection in a city using a capacitated vehicle routing problem. Opti-
mized routes were assigned to collection vehicles based on 1 day prior information
from citizens regarding waste collection. We assumed the use of Information and
Communication Technology to collect information from citizens regarding collec-
tion from their bins on a day. For this study, a dataset for Bandra (Mumbai) was
created by geotagging of houses and marking the road network. The objective func-
tion was set to minimize the distance traveled by the garbage pickup vehicles. We
simulated 40 scenarios for a particular day to analyze the effectiveness of method-
ology by extracting estimation of distance traveled to the finish collection process.
The results showed that when the number of pickup locations was reduced, there
was a significant reduction in the distance traveled, and time was taken by vehicles.
For 70% coverage of bins, an average distance saving of 22.8 km was achieved. The
methodology showed significant potential for efficient decision-making for SWM.

Keywords Information and communication technology (ICT) · Solid waste
management (SWM) · Geographical information system (GIS) · Route
optimization · Resource allocation
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1 Introduction

Solid waste management (SWM) is a significant concern for all the countries, irre-
spective of the development scenario in the country. With global population growth,
development, and urbanization, there is an increase in solid waste generation [1].
The upsurge in the amount of Municipal solid waste (MSW) has created a need for
proper wastemanagement policies for the collection and disposal of it. Among all the
steps for waste management, solid waste collection (SWC) is the most demanding.
Collection and transportation of waste is the major cost contributor and can reach up
to 70% of the total waste management budget [2]. Due to which there is a concern
regarding the efficiency of SWC methods and route designs [3]. There have been
numerous studies that have tried to reduce the expenditure for SWM and increase
collection efficiency [4] using optimization models. Various optimization models for
routing and transportation of waste have been tried to reduce the cost of themunicipal
solid waste management system (MSWMS) [5].

The most commonly applied approach is the vehicle routing problem (VRP),
which leads to an effective waste collection route. There are possibilities of
constraints in a VRP problem. The most common is the capacity constraint. When
a capacity constraint is added to a VRP, it is named the capacitated vehicle routing
problem (CVRP). Studies use CVRP approach with different algorithms and soft-
ware. The metaheuristic approach is popular for the optimization of CVRP [6]. A
large number of software packages are available for waste collection optimization.

Despite having better optimization techniques and software, there is a gap in data
for analyzing demand. Due to the lack of a proper monitoring system, the SWC
process becomes inefficient. In the case of bins which are not full yet, it will be a
waste of resource to travel to an empty bin [7]. The data gap can be covered by
the use of Information and communication technology (ICT). Multiple studies have
used geographic information systems (GIS) in combination with geographic position
system (GPS), radio frequency identification (RFID), general packet radio service
(GPRS), andWi-Fi technologies as parts of ICT to overcome the data gap. However,
most of the studies have not considered bin capacity or waste level. Thus this study
aims to fill the research gap concerning the use of ICT and CVRP for SWC route
optimization.

This study focuses on proposing a framework for an ICT interface that involves
people’s participation and transparency of data to all the bodies involved inMSWMS.
The study is executed in a simulation environment where assumptions have been
made for analyzing demand. A CVRP model with a meta-heuristics algorithm has
been used. The objective of the study is to check the feasibility of the proposed
methodology concerning reduction is the distance traveled by SWC vehicles.
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Fig. 1 Information and communication technology framework to be used for waste collection

2 ICT-Based SWM Framework

The ICT-based SWM framework uses ICT tools to monitor and manage the waste
from its point of creation to the point of its disposal with a focus on the SWC. The
principal objective of this framework is to create real-time data and information
modules for all the stakeholders involved in MSWMS of a city. For ICT use in SWC
systems, there is a need for data that include, geotagging of waste bins, geotagging
of houses, collection of road network data, size of the bins, the volume of waste, type
of waste, number of vehicles, types of vehicles, number of waste collection workers
and other SWM related data. All the information is stored on a GIS platform under
the central management system (CMS) in the municipal authority. In Fig. 1, the ICT
framework is presented. The first step is to get a request for waste removal from
community bins (RFID bins if they are full) and household/apartment bins with the
help of a mobile app-based system. The CMS collects details on the location, amount
and type of waste will be known. Based on the information, CMS will carry out the
CVRP optimization to provide routes and assign to vehicles to pick up the waste.
The vehicles will be monitored with the help of GPRS, and the collection details
and locational feedbacks will be sent to the CMS and the app user. The app will also
help in creating a support directory, which will look after the user’s complaints and
suggestions.

3 Methodology

To apply the proposed framework and test its viability in increasing waste collection
efficiency, a CVRP model was used with a metaheuristics algorithm. A dataset was
prepared for evaluating the possible travel distance savings after route optimization.
A total of 40 scenarios were created for a particular day to analyze the effectiveness
of methodology by extracting estimation of distance traveled, fuel usage, and CO2

emission to the finish collection process. Thirty scenarios were simulated to cover
collection from bins where it was considered that only 65–95% of them were full.
Ten scenarios were considered when 70% of the bins were full. The full bins were
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randomly selected using a random function. The base case has been considered to
be an optimized route for 100% of the bins to be full.

3.1 Mathematical Formulation, Assumptions,
and Simulation Setup

The mathematical formulation of the CVRP problem where the decision variable
depends on the capacity of the vehicle C, decision variables are modeled according
to Eqs. (1) and (2).

Xi jk =
{
1,
0,

i f vehiclektraversesarc(i, j)

otherwise
(1)

Yik =
{
1,
0,

i f binibelongstorouteo f vehiclek

otherwise
(2)

The objective function is to minimize the travel distance of the garbage pickup
trucks as in Eq. (3).

min
n∑

i=0

n∑
j=0

k∑
k=1

di j Xi jk (3)

Subjected to assumptions: All the vehicles start from the depot Eq. (4).

n∑
j=1

k∑
k=1

X0 jk = 1 (4)

The vehicles were empty Eq. (5).

n∑
j=1

q0 jk = 0,∀k = 1, 2 . . . K (5)

Each of the bin locations was visited and by only one vehicle Eq. (6).

n∑
i=0

K∑
k=1

Xi jk = 1,∀ j = 1, 2 . . . n (6)

Vehicles that enter a vertex also leave the node Eq. (7).
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n∑
j=1

Xi jk =
n∑
j=1

X jik = Yik,∀i = 0, 1, 2 . . . n; k = 1, 2 . . . K (7)

Any bin location visited by a vehicle was emptied Eq. (8).

n∑
i=0

K∑
k=1

qi jk −
n∑

i=0

K∑
k=1

qi jk = C j ,∀ j = 1, 2 . . . n (8)

Thewaste collected in the vehicle from the bins cannot exceed the vehicle carrying
capacity Eq. (9).

n∑
i=1

ci Xi jk ≤ C,∀ j = 0, 1 . . . n; k = 1, 2 . . . K (9)

After collection, all the vehicles return to the depot Eq. (10).

n∑
i=1

K∑
k=1

Xi0k = 1 (10)

The distance between the two nodes was the same in both directions Eq. (11).

disti j = dist ji ,∀i = 0, 1, 2 . . . n; j = 0, 1, 2 . . . n (11)

A tabu search metaheuristic optimization method was applied to determine the
origin–destination matrix for the shortest path and time between the waste pickup
locations along with the network. The algorithm constructs an initial solution by
inserting pickup location one at a time onto the most appropriate route, which is
improved upon by resequencing pickup locations of each route, moving pickup
location from one route to another, and exchanging pickup location between routes.

3.2 Measuring Parameters

It is noteworthy that CO2 emission is not modeled in optimization in finding the best
path. Instead we have found distance-based path and deduced carbon emission of
them to analyze their emission efficiency. The results were then compared depending
on the distance traveled by a vehicle, the fuel consumption, and the CO2 emission.
Fuel consumption was calculated using Eq. 12 [8].

fconsumption = ftotal − ( ftempty + ft f ull )/W (12)
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Here, f consumption was the fuel consumption for collection (L/tonne), f total was the
total fuel in the vehicle to travel the given distance as well as the wait time, f t_empty
was the amount of fuel it took the empty vehicle to reach the first bin location, f t_full
is the fuel consumed from the last bin location to the depot and W is the amount of
waste collected. In the case of this study, since we considered the location of depot
just in the middle outside the site, f t_empty and f t_full have been considered zero. CO2

emission rates were calculated using Eq. 13 [9].

ECO2 = W × D × EFf uel/(F × Wave) (13)

Here,W is the waste transported by one vehicle, D is the distance traveled by the
vehicle, EFfuel is the CO2 emission factor of the fuel, F is the fuel consumption rate
Eq. 14 and W ave is the average waste collected by all the vehicles Eq. 15.

F = D/( fcollection × W ) (14)

Wave =
∑

W

No.of vehicles
(15)

4 Results and Discussions

4.1 Study Area

A dataset was prepared in GIS using the existing scenario of Bandra, Mumbai, the
total area of 10-km2. Figure 2a shows the location ofBandra and the building footprint
of the area. A total of 3478 buildings were considered for the study. In Fig. 2b, the
location of bins has been shown. The bin locations were assumed near the buildings
depending on the type of the building and its connectivity to the major roads. A total
of 2434 bin locations were made. A random volume of waste was allotted to every
bin from 1, 2, to 5 units, it was done using a random function. In Fig. 2c, the road
network has been shown with the nodes and vertices. The nodes represent the places

Fig. 2 Study area. a Building footprint and road network. b Location of bins. c Network
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where a 360° turn is possible for a vehicle. The location of the depot was assumed
just outside of the selected site for easier comparison of results.

To validate the efficacy of the proposed ICT framework and route optimization,
a total of 40 simulation scenarios were created and compared against each other.
The assumptions made for the vehicle carrying capacity were 500 volume units. The
maximum number of orders a vehicle can go to 170. To pick up waste from a bin
takes a maximum of 2 min. A total of 15 vehicles were considered for the study
looking into the total volume of waste at full area coverage SWC. Here we have
considered that not all bins are full on a particular day. Hence a percentage of the
bins were full and need to be emptied.

4.2 All Bins Are Full Condition

Based on the methodology described thus far, a CVRP model is applied to simulate
the results considering that all bins need to be emptied. In Fig. 3, the optimized
route for waste pickup was shown according to the vehicle numbers. The result of
the optimized route can also be used to decide which vehicle and crew will leave to
pick up waste on what route. All 15 vehicles were needed to go out for pickup and
return to the depot within the assumed maximum time of 480 min. All the vehicles
were full before reaching the assumed maximum visited bin location count of 170
per vehicle. The total distance traveled to collect all the waste was 172.7 km. The
average distance traveled by a garbage vehicle is 11.5 km, and the average stop time
for a vehicle to pick up waste is 335 min. Engine of the vehicle was kept running
during the transfer of waste from the bin to the garbage vehicle. The cumulative time
for which the vehicles are running was 5577 min, and the amount of CO2 emission is
1.2 metric tons. Using the emission factor of the moving vehicle and that of a waiting
vehicle were used to calculate the total carbon emission. The results from simulation

Fig. 3 Simulated route of the trucks at full coverage scenario
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Fig. 4 Distance traveled and carbon emission by each garbage truck at full coverage scenario

have been considered as the base case condition, and all the later results have been
compared to it to see the amount of savings possible when the ICT framework is
used.

In Fig. 4, the breakup of the distance traveled by each vehicle to pick up the waste
and the amount of carbon emission by them. Depending on the location of the bins,
garbage truck 1 (GT-1) traveled the least distance of 5.4 km and was full at 132 order
count. Whereas GT-12 traveled 28.8 km and was full at 166 order count. Depending
on the bin count, each vehicle visits the wait time was calculated. The significant
change in carbon emission is seen cause of the waiting time as the difference between
the distances traveled by the vehicles was quite minimal at a city scale of things. GT-
14 and GT-11 are full have visited a total of 170 bin locations, but the distances
traveled by them are small to be in the time constraint of 480 min.

4.3 Varying Coverage from 65 to 95%

Thirty scenarios were assumed, with 65–95% of the bins considered to be full. For
each scenario, the bins considered to be full were selected using a random function.
Though the waste volumes in the bins stayed the same. In Fig. 5, the cumulative
distances traveled by the vehicles in all the scenarios have been shown. The number
of vehicles required to collect the waste varied according to the percentage of the
bins to be visited. Vehicles required to pick waste from 65 to 67% were 10, from 68
to 75% were 11, from 76 to 81, 83% were 12, from 81, 82, 84 to 88% were 13, and
from 89 to 95% required 14 vehicles. The number of bins visited by the added new
vehicle is quite less in the next following scenarios. In the scenario with 89%, the
total distance traveled to visit all the bins is 173.2 km, which is higher than the total
distance for a 100% bin visit scenario. Though the total distance was more, but it
uses one less vehicle to complete the collection process. In the scenario with 84% bin
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Fig. 5 Cumulative distance traveled by each garbage vehicle for coverage percentage scenarios
from 65 to 95%

visited, the number of vehicles used is 12, which is one less than that of scenario 82–
83%bin visit scenario. However, a gradual increase in the total cumulative time taken
by the vehicles to collect waste for the increasing percentage of bins can be seen.
The cumulative time taken to collect waste from 65% of bins visited was 3730 min,
which gradually increase to 5297min at 95%of bins visited. Thus, the time of vehicle
operation allows us to estimate the carbon emissions in each scenario. Increase in
number of simulations for each scenario with random selection of bins would allow
to estimate potential carbon emission. However, due to high computational demand,
we have limited our simulations.

4.4 Ten Simulations at 70% Coverage with Randomly
Selected Bin Locations

In order to assess the variation in allocation of resources and carbon emission
depending on the spatial variation of bin orders, we did cross-sectional simulations
at demand of 70% of total bins for Bandra, Mumbai. A total of 10 simulations were
conducted where 70% of the bins were considered to be full for waste collection.
The locations of the bins were selected using a random function in all the scenarios.
The volume of the waste was kept unchanged for all the bins. In Fig. 6, the mean of
the distance traveled, and carbon emission by each vehicle was represented with its
maximum and minimum values in different scenarios. GT-10 had the most distance



60 N. Kumar et al.

0

20

40

60

80

100

0

5

10

15

20

25

30

GT1 GT2 GT3 GT4 GT5 GT6 GT7 GT8 GT9 GT10GT11GT12GT13GT14GT15

Ca
rb

on
 e

m
is

si
on

 in
 K

g

Di
st

an
ce

 in
 K

m

Garbage Trucks

Mean travel
Mean CO2
Max travel
Min travel
Max Co2
Min CO2

Fig. 6 The mean, minimum, and maximum distance traveled and CO2 emission by each garbage
truck at 70% coverage

covered at 22.22 km, with a maximum of 28.7 km and a minimum of 11.84 km.
GT-1 travels the least distance with an average of 7.3 km, a maximum of 8.4 km, and
a minimum of 5.3 km. In the case of carbon emission vehicles, which visited more
number of bins had more stoppage time, which leads to an increase in the collection
time, which was directly proportional to the carbon emission from the vehicle. GT-
10 average carbon emission was 0.094 metric tons, GT-11 average carbon emission
was 0.057 metric tons. To collect waste, the total average distance traveled by all
the vehicles combined came to be 150 km, with the maximum at 151.24 km and a
minimum of 142.47 km. The cumulative average time taken for the waste collection
was 4005 min, with minor variations in the minimum and maximum values. The
average carbon emission for the collection process came to be 0.85 metric tons.

5 Conclusion

The study mainly emphasized on improvement of the SWC system using the CVRP
model integrated with ICT for the collection of data. A GIS environment was created
to test run the assumptions for collection and transportation schemes. Forty scenarios
were created by considering the number of bins full and ready for vacating in percent-
ages (65–95%), the bin locations were selected randomly. The results confirm the
importance of considering only full bins for vacating as there was a considerable
amount of savings in fuel and less carbon emission happened during the collection
process. In case where all the bins were considered full the total distance travelled
by the vehicles came to be 172.7 km and total carbon emission was 1.2 metric tons.

In the case of full bins, percentage being 65–95%. The results showed less usage
of vehicles, and the cumulative carbon emission was less than the base case scenario.
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Though in some of the scenarios, the total distance traveled crossed 172.7 km due to
the less number of vehicles being used.

At 70% of the bins to be full and ready for pick up, the results showed an average
of 150 km, which is 13% less than the full coverage scenario. The average cumulative
time for collection is 4005min, which is 28% less than the time taken to collect waste
from all the bins. The low carbon emission came to be 0.85 metric tons, which was
29% less than the emission produced by visiting all the bins.

The results of the study demonstrated the importance of route optimization tech-
nique for MSW collection for minimal fuel consumption and carbon emission. The
work also recommends the use of ICT for a transparent, user-friendly system for the
data collection on full bins. In future works, the very same methodology can be used
for other delivery and pickup services too.
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Association Between Built-Environment
and Livability: Case of Mumbai Slum
Rehabs

Ahana Sarkar , Nikhil Kumar, Arnab Jana , and Ronita Bardhan

Abstract Daylight and ventilation effective design guidelines remain under-
researched in the current habitat design policies of India. This study is of its first kind
where environmentalmetrics and occupant health statuswere investigated together in
the recently developed two hyperdense multirise slum rehabilitation housing (SRH)
of Mumbai. A mixed-mode research methodology involving in-situ environmental
sensor deployment, computational simulation coupled with household survey and
statistical analysiswas adopted here to investigate the interrelationship between built-
environment geometrics, environmental characteristics and occupant health. Compu-
tational Fluid Dynamics (CFD) simulations predicted indoor airflow elucidated that
the apartments lacked adequate airflow due to dearth of cross-ventilation. Sky View
Factor (SVF) and Daylight Autonomy (DA) levels showcased that the tenements
lacked adequate daylight. As a validation, regression analysis elucidated that the
householdswith higher household size, staying at lowerfloor levels, devoidof exhaust
fans, with shutwindows,were found to have higher probability of incidence of Tuber-
culosis. These results conclude a strong association between built-environment and
health status. This study would further aid in formulating forthcoming habitat design
guidelines and rehabilitation designing policies.
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1 Introduction

The multidimensional concept of liveability embraces cognate notions of sustain-
ability, quality of life, and more importantly health of communities. Yet, detrimental
living condition leading to degraded liveability ultimately exposes the low-income
population to greater health risks. Poor built-environment design often contributes to
degraded liveability in these communities. This phenomenon gets aggravated espe-
cially in cities of developing nations where inevitable urban growth couples with
extreme land and housing shortage.

The metro cities have recently resettled the slum dwellers to hyperdense low-
income high-rise rehabilitation apartments with secured tenure, free housing and
individual-level basic infrastructure [1]. Yet, these slum rehabilitation policies
focusing only on occupancy maximization principle barely consider the liveability
parameters like indoor environmental quality, thermal comfort etc. which indirectly
affect the occupant health [2]. Therefore, a systematic process-oriented evaluation
of these liveability parameters becomes urgent.

The effect of built-environment on the indicators of physical liveability like
daylight levels, indoor air quality, ventilation rate and thermal comfort, which indi-
rectly impact occupant health turns integrally crucial. Furthermore, distinguishing
the roles played by built-environment design in controlling the significant indicators
of natural daylight and ventilation has the prospective to add to advanced design
methods to formulate forthcoming climate-sensitive slum rehabilitation housing
(SRH) design policies. This assessment becomes exigent especially for the afford-
able housing, where space and financial complexities restrain the population from
utilizing active lighting and cooling techniques to attain desirable indoor comfort
levels.

Literature on the association of architectural design and environment has majorly
focused on parameters like building disposition, orientation, canyon ratio, court-
yard, balcony etc. While the effect of neighborhood, building-envelope and interior
level built-environment design parameters on natural ventilation potential has been
explored widely, speck of researches on the same parameters on indoor daylight
levels elucidates the blind-spot in literature [3, 4]. There also lies a distinct lack of
comprehensive research that dealswith aggregated impact of same built-environment
design parameter on both natural ventilation and daylight quotient. Only a few studies
have further linked this association to the occupant health conditions.

Therefore, the novelty of this study lies in embracing an environmental planning
analysis from aggregated daylight and natural ventilation perspective on housing
design taking Mumbai slum rehabilitation housing (SRH) as case study. The evalu-
ation tool employed here highlights how built-environment design parameters affect
the liveability and indirectly health conditions of the low-income population?While
natural ventilation and daylight are well-established preconditions of livability, poor
health conditions are fallouts of degraded livability. The research aims to (a) under-
stand the built-environment design in different SRHs, (b) identify the particular built-
environment parameters that significantly impact the daylight and natural ventilation
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levels in these SRHs, and (c) to understand the impact of built-environment variables
onpresent occupant health-statuswithin theseSRHs.As the built-environment design
is governed by city-level Development Control Regulations (DCRs), the only alter-
native remains is to modify these guidelines so as to warrant that the health of people
residing in these tenements is not compromised due tomere design faults. This study,
therefore by observing the health and liveability facet of slum rehab policies, investi-
gates the architecture-environment interlinkage, thus pointing the current blind-spot
of SR schemes. The inferences from this study would aid in formulating the low-
income habitat design guidelines of developing nations especially in the global south
in future.

2 Background and Study Area

These recently developed hyperdense multirise slum rehabilitation housing are
mostly located at disadvantageous sites often sharing adjacency with dumping
grounds, biomedical incinerators, refinery as well as ecologically sensitive zones
like mangroves, coastal lines etc. This study has considered two SRHs of the M-east
ward of Mumbai as case study areas (see Fig. 1).

Fig. 1 Study area (two slum rehabilitation colonies in Mumbai)
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2.1 Natwar Parekh Compound

The Natwar Parekh SRH compound, constructed in 2008 under in-situ slum reha-
bilitation program consists of 4800 dwelling units allocated in 59 housing blocks.
These tenements are accessed via single-loaded corridor around the periphery of the
block, with the toilet and kitchen abutting through an internal ventilation duct. The
tenements are single multipurpose rooms of approximately 21 m2 area consisting of
an unsegregated kitchen and individual level toilets. The net housing density is 1103
dwelling units/ha.

2.2 Lallubhai Compound

The Lallubhai Compound, constructed in 2003 in Markund, Mumbai consists of
seven-floor high 65 towers and around 6318 dwelling units, thus raising the density
to 1099 DU/Ha. The one-room tenements of 21.47 m2 with individual toilets and
unsegregated kitchen are placed against a two-meter wide double-loaded corridor
and are connected to a common stair-well.

3 Data and Methods

A mixed-mode methodology involving computational simulations coupled with
statistical analysis was adopted here to investigate the relationship between built-
environment, environmental characteristics and health indicators (see Fig. 2). The
study was conducted in two broad stages: (i) simulating the indoor daylight and
ventilation conditions of the SRHs followed by (ii) testing the association of the
occupants’ health conditions with built-environment variables.

The study initiated with built-environment detail measurements of the building
blocks as well as tenements, so as to understand the physical conditions of the
housing. This was coupled with in-situ environmental sensor deployment, where
lux meter and Testo 480® anemometer were utilized to retrieve the daylight and
natural ventilation data within the tenements. These experimental data were utilized
as boundary conditions for the simulations. While computational fluid dynamics
(CFD) simulations were performed to interpret the indoor airflow characteristics,
Sky View Factor (SVF) and Daylight Autonomy (DA) were estimated to eluci-
date the indoor and outdoor daylight levels. The second stage of the study design
consisted of a paper-based household survey within these two SRHs to collect infor-
mation concerning current built-environment conditions and illness symptoms of the
residents.
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Fig. 2 Methodology adapted in this study

3.1 Simulating Airflow Distribution

This study used CFD simulations in the commercially available CFD tool of ANSYS
FLUENT v16.2 to investigate the indoor airflow distribution. However, numerical
estimation of natural ventilation becomes challenging owing to unreliability like
stochastic behavior of wind flow [5]. Hence this study adopted a deterministic simu-
lation approach using double precision, three dimensional, parallel, and finite volume
pressure-based solver. Fine tetrahedral mesh with three times refined meshing was
applied in the window (here, air-inlet) and door (here, air-outlet) to resolve the
high gradient regions of the flow field with higher accuracy and precision level.
The Reynolds-Averaged Naiver–Stokes (RANS) standard k-ε turbulence model was
employed to calculate the flow fields. Second-order UPWIND scheme and SIMPLE
(Semi-Implicit Method for Pressure-Linked Equations) algorithm were utilized to
discretize the convection term in the governing equation and couple the pressure and
velocity components, respectively. Hybrid initialization with a minimum of 10,000
iterations were used to attain the convergence. Apart from the grid independence
test, the solution was considered to converge till 10–6 (RMS) of the residuals of the
air velocity profile in all the simulated models. The CFD simulations were supported
by in-situ environmental sensors. The air was assumed to enter the unit through the
window (velocity-inlet) and escape through the door (pressure-outlet). The middle
of the window was maintained at a constant atmospheric temperature of 300 K
(26.85 °C) with 5% turbulent intensity. The pressure was constant across inside and
outside boundaries of the tenement unit, while the ventilationwas solely wind driven.
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3.2 Simulating Daylight Metrics

The urban climatology measuring tool of “Sky-Helios” was utilized here to simulate
the environmental indices of sky view factor (SVF). SVF, being a geometrical concept
is a dimensionless parameterization of the quantity of visible sky at a given point and
is expressed as a value ranging between zero and one. While the value zero refers to
the phenomenon where taller flanking objects completely obstruct the sky visibility,
the value of one refers to the situation where the entire hemisphere of sky is clearly
visible. Daylight Autonomy (DA), a climatological metric of daylight performance
is expressed as the percentage daytime hours received by a given point in space
above a specified illumination level (here, 300 lx). The DA level also depends on the
building orientation, contextual weather conditions and geographical location of the
point in space.

3.3 Data Collection

In October 2018, a preliminary paper-based random survey was conducted in the
SRHs to understand their current health status and built-environment conditions. Any
household member staying in the house, and at least one from each floor was selected
as the respondent. The questionnairewas segregated into threemajor sections starting
with the socioeconomic details including age, gender, occupation, household size,
duration of residency, and household income. While the health status questions
retrieved information on incidence of upper respiratory diseases including Tuber-
culosis, the housing conditions related information included occupant behavior data
of window operating schedule, floor level, room layout, and active cooling technique
usage etc.

A total of 3548 households were surveyed, from Lallubhai and Natwar Parekh
compound.Binary logistic regressionmodelswere estimated to investigate howbuilt-
environment and user behavior impact incidence of occupant ill-health conditions,
where reported cases of Tuberculosis (an upper respiratory disease) was consid-
ered as dependent variable whereas the built-environment conditions were taken as
independent variables. While natural ventilation and daylight are well-established
preconditions of livability, poor health conditions are fallouts of degraded livability
variables. Around 167 households in Natwar Parekh compound and 187 households
in Lallubhai compound used to shut more than 50% of the windows to use them
as storage spaces. Additionally, around 1123 households in Natwar Parekh and 976
households in Lallubhai compound had household size of equal to or more than 5,
indicating overcrowding in these colonies.



Association Between Built-Environment and Livability … 69

4 Results and Discussion

4.1 Analyzing Indoor Airflow Distribution

The CFD predicted indoor airflow distribution in the tenement units is illustrated
in Fig. 3. The “dark blue” bands represent low-air velocity zones (0–0.14 m/sec),
inferring that natural ventilation would not be sufficient to provide adequate thermal
comfort and desirable indoor air quality within the living spaces. Whereas the “green
to red” bands represent high indoor air velocity (0.60–0.96 m/sec), where thermal
comfort can be attained without the aid of any electromechanical ventilation tech-
niques. Subjective interpretation of Fig. 3 reveals that the indoor air velocity of the
tenements ranged between 0.15 and 0.85m/sec when outdoor velocity was measured
0.98 m/sec, indicating that built-environment design affects indoor air movement
pattern.

Natwar Parekh tenement performed poor in terms of airflow performance with
average velocity of 0.15 m/sec in the living space. This can be attributed to the
window and door locations, where the air-inlet and outlet (here, door) was located
on the same side, thereby, reducing cross-ventilation effectiveness. Since the air
entering the living space, moved out through the door without getting distributed
in the active zones, the air exchange rate in the living space turned extremely low.
Similar airflow characteristic was observed in Lallubhai compound, where despite
the window and door were placed opposite to each other, the cross-ventilation was

Fig. 3 CFD predicted indoor air velocity in Natwar Parekh and Lallubhai Compound
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enabled only at a particular section, while prevailing low air velocity over the living
zones. The average air velocity near the air plume measured 0.66 m/sec, however,
the indoor airflow was ranged as low as 0.06–0.15 m/sec in the rest of the living
space. This phenomenon is majorly due to the location of the outlet with respect to
inlet.

The evidence-based thermally comfortable air velocity in tropical countries ranges
between 0.2 and 1.5 m/sec [6]. Natwar Parekh and Lallubhai compound with average
air velocity of 0.06 m/sec is much lower than the reported comfortable air velocity.

4.2 Analyzing Daylight Levels

SVF analysis, (see Fig. 4) demonstrated the importance of building disposition in
impacting urban microclimate. Natwar Parekh and Lallubhai Compound performed
had SVF values of 0.1 and 0.2, respectively. The hyperdense building disposition
with tall and bulky building blocks surrounding narrow alleys deteriorated the view
of sky from the ground. These low SVF values indicated that these colonies also lack
access to sunshine and adequate daylight [7].

DIVA-for-Rhino was used for simulating the environmental metric of Daylight
Autonomy (DA) [8]. The daylight availability data concerning annual occupancy
schedule of 8 a.m.–6 p.m. forwintermonths and 7 a.m.–5 p.m. for rest of the yearwere
utilized as boundary conditions. The simulated DA levels in Lallubhai compound
measured up to 30% only, when a single building was considered. On accounting the
surrounding buildings, the DA levels decreased to 5–10% for 1st and 2nd floor and
gradually increased to 20–30% for 5th and 6th floors. The key factor behind the low
DA levels is the inadequate inter-building gaps, eliminating the inflow of daylight
into the tenements. Natwar Parekh performed better in terms of DA levels, with 65%
DA for single building scenario. This phenomenon can be attributed to the single-
loaded open corridor layout of Natwar Parekh SRH, which increased the daylight
availability on the corridor. However, due to highly compact development, the DA
level reduced to 10% for lower floors, when surrounding blocks were considered.
For Natwar Parekh, Fig. 4ic illustrates that only the corridor received the daylight,
keeping the lower-floored tenements in dark.

4.3 Analyzing Built-Environment Design

While National Building Code of India (NBCI) and Greater Mumbai Development
Control Regulations (GDCR) had recommended a housing density of 500DU/Ha and
200 DU/Ha, it was relaxed for special SRA guidelines, i.e., DCR 33(10), where no
maximum threshold for density has been mentioned. This has led to the development
of SRHs with housing density as high as 1100 DU/Ha. Despite, the household size
of Mumbai is 4.6, but for SRH colonies, but for SRHs it is 5.3, thereby further
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Fig. 4 Daylight simulations of Natwar Parekh and Lallubhai Compound, i(a) and ii(a) Sky View
Factor of SRHs, i(b) and ii(b) Daylight Autonomy levels while considering single, i(c) and ii(c)
Daylight Autonomy levels of 1st floor and 2nd floor while considering neighboring buildings

increasing the population density. While the prescribed and desirable inter-building
gap should be one-third of the adjacent building height, the canyon ratio (Height
of building: width of adjacent alley) for the SRHs was found to be 8.33. Another
major built-environment design parameter is the window number, size and location.
While the prescribed window-to-wall ratio (WWR) is 17%, the WWR values were
10 and 16% for Lallubhai and Natwar Parkeh compound, respectively. Additionally,
the windows in Natwar Parekh compound are located on the same side and adjacent
to the open common corridor, owing to which the occupant tend to keep them shut
in lieu of maintaining privacy, safety and security. This has led to lack of indoor
airflow thereby lowering the air exchange levels. Additionally, due to extreme space
constraint the occupants used to close windows and use them as storage spaces,
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further deteriorating the indoor ventilation rate. The higher household size already
resulting in over crowdedness, coupled with extreme housing density, ill-designed
building arrangement, lower inter-building gaps, inadequate integrated open spaces,
and lowWWR values resulted in poor daylight and indoor natural ventilation levels.

4.4 Validating with Household Data

Binary Logistic (BL) regression was estimated to explore the relationship between
built-environment parameters and reported cases of Tuberculosis (see Table 1).
Around 10% of the households reported cases of at least one member being infected
by TB in their family. The dependent variable considered in themodels was “whether
the household had at least one person with TB infection.” The independent variables
consisted of built-environment were the floor-level of the tenement, household size,
the number of exhaust fans available in the apartment, and percentage of windows
that was shut to utilize as storage space. The BL estimates demonstrated that the
households staying in higher floor levels had lower reported cases in Natwar Parekh
compound. Another significant factor was the crowding effect or the household size.
For both the SRHs, the factor of household size turned positive and statistically
significant. For instance, in Natwar Parekh compound, out of 40 eight-membered
households (tenement size: 18.53 m2), 10 households were reckoned to have at least
one member affected by TB. Next, when the impact of ventilation was tested, the BL
models estimate demonstrated that the number of exhaust fans in a household had a
negative relationship with the reported cases of TB. However, this parameter turned

Table 1 Binary logistic regression model estimation results

Natwar Parekh Compound Lallubhai
compound

Duration less than
5 years (N = 858)

Duration more
than 5 years (N =
920)

Duration less than
5 years (N = 626)

Duration more
than 5 years (N =
1144)

Variables Beta Std
Er

Beta Std
Er

Beta Std
Er

Beta Std
Er

Constant −2.389*** 0.376 −2.754*** 0.362 −3.095*** 0.451 −2.762*** 0.259

Floor level −0.152*** 0.059 −0.048 0.052 – – – –

Household
size

0.159*** 0.041 0.137*** 0.035 0.057 0.080 0.147*** 0.039

Exhaust fan −0.101 0.273 −0.343 0.231 0.181 0.374 −0.459* 0.251

Window_shut 0.004 0.004 0.011** 0.005 0.017** 0.008 0.002 0.006

Model summary

2loglikelihood 550.067 658.356 333.897 779.170

Note Significance level—*** at 99% CI, ** at 95% CI, * at 90% CI
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significant only for the households residingmore than 5years inLallubhai compound.
Also, the householdswith higher percentage ofwindows closed reported higher cases
of TB. These results indicate that ventilation either mechanical or naturally wind
driven, turns integrally crucial for maintaining healthy indoor environment.

5 Conclusion

This study adopts a pluri-dimensional methodological approach to explore the rela-
tionship between built-environment design and liveability especially health condi-
tions in low-income resettlements. This study identified that the architectural design
parameters of integrated open space, inadequate inter-building gaps at neighbor-
hood scale, internal corridor design, floor-level, window number, size and location
at building envelope level has a strong relation with site-based and indoor ventilation
potential and daylight availability levels. Moreover, the window opening behavior
might impact the indoor health conditions. This study through statistical analysis
indicated that the built-environment has a strong association with occupant health
status (especially, upper respiratory diseases like Tuberculosis).

Use of exhaust fans, openable windows and high-level air-outlet or ventilator
should be promoted in the SRH tenements for efficient ventilation rate. Buildings
in a site should be laid and oriented in a way to enable air penetration and daylight
availability. In this case, rational building disposition is necessary. The urban canyon
ratio, a crucial morpho-metric should be designed in a way to enable airflow in lower
floors of the buildings. The regulation of height of building to width of adjacent
road in the current DCR should be modified. The parameter of building footprint
or ground coverage ratio should also be taken into consideration while designing
the mass scale housing. Adequate integrated courts or open green spaces should be
provided for enabling adequate ventilation and daylight. The other crucial environ-
mental metrics such as humidity, CO2, and distinct indicators of TB incidence like
proximity to patients, personal hygiene etc. have not been reflected in this study and
hence needs further investigation. These afore-mentioned design parameters need to
be incorporated in the bye-laws for formulation of forthcoming low-income housing
in cities of developing nations especially in global south.
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NO ROAD CITIES; Study on the Effects
of Road Infrastructure on Land Use,
Environmental Quality and Human
life—A Case of Sarovaram Bypass,
Calicut, Kerala

Arun Baby M. Wilson and M. A. Naseer

Abstract Roads are the backbone of transportation network. As described in
Wegener’s Land use—Transportation cycle, transportation brings in changes in land
use, which accelerates the growth. In India, the car ownership is skyrocketing which
posing a high threat on roads to bear a much higher volume of vehicular traffic
than their capacity. A very important fact we ignore is that all these growths are
happening at the cost of our environment. Environmental degradation is happening
as road infrastructure is getting further developed. This study attempts to analyze the
impact of road transportation on the environment and human life. On identifying the
adverse impacts of road infrastructure, a proposal is being put forward highlighting
its advantages and effects on the environment and human life. The main objective of
the study is to analyze the changes that can occur if the already laid road infrastruc-
ture is scrapped off from the ground surface and provide with other means where
sustainable alternative transportation modes are available.

Keywords Sustainability · Environmental engineering · Road transportation ·
Wegener’s land use—transportation cycle · Surface paving

1 Introduction

The cities are now being filled with vehicles and services related to it. The change in
land use pattern is so evident that the open and recreational spaces are decreasing as
the land uses related to the transportation sector is increasing drastically. The impact
that these changes causing upon our ecosystem is alarming [1]. While discussing
all these issues, consider a situation where there is no road present. There is a
concept being discussed worldwide among the ecocentric communities which is
being addressed as the “PARKING TO PARKS” concept. The concept tells the idea
of converting the parking plots into park spaces which eventually benefits the quality
of our life.
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Transportation is the key component of development. Every development is been
always served by a transportation network, which leads to progress in economy and
development. With the variety of modes of transportation, the need for transportation
networks is increasing day by day as everyone is depending upon the motorized
movement for various purposes. The car ownership statistics is drastically increasing
in an alarming fashion as the transportation infrastructure would face a deficiency in
infrastructure in the near future. As the transportation is helping in economic growth
of the humanity, it impacts the environment and the human health very adversely.

While thinking about a life without roads, there is always a question on how to
survive without road transportation. For a city to function without roads is not easy
as it would be the most used mode of transportation. Keep that in mind, this study is
trying to understand how the environment and human life is affected if the landcover
used for road transportation is cut down to theminimum. To evaluate this, the concept
of “No Road Cities” is put forward as an idea in which the city is free of congested
roads and polluting traffic.

This paper is intended to study the environmental and land use impacts the road
transportation is possessing upon a region and the changes that could be observed
if the road is taken off. To put the analysis and results into real world, a study had
conducted upon the impact of road transport and related activities on the land cover
and the environmental conditions in an area of interest which is at the city of Calicut
in Kerala, a portion of Sarovaram bypass road stretching from Eranhippalam to
Arayidathupalam.

1.1 Objectives and Relevance of the Study

The major area of focus is the environmental impacts and the change in land use
pattern that is happening due to the presence of the transportation infrastructure. The
objectives are framed considering the key areas that need to be addressed through
the study. The objectives are as follows:

1. Study the land use pattern of the area related to road transportation
2. Study on environmental conditions
3. Identification of alternative transportation methods
4. Assessment of conditions after implementing alternative methods (Fig. 1).

A study on the impact of road transportation is important because of the adverse
effect it is creating upon the environment and the human life. When considering the
area selected, the unique ecosystem that present is suffering from various negative
impacts because of the road transportation and development happening due to the
presence of the road [2].

The relevance of the study is understood based on the observations made on
the following criteria as the road transportation is affecting the daily life and the
environmental quality in different ways.
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Fig. 1 Illustration showing the cost differences in different modes of transportation

1. Increased transportation infrastructure

a. Attracts more traffic
b. Addition of more roads

2. Change in land use pattern

a. Environmental pollution
b. Change in environmental quality
c. Fuel combustion emissions
d. Noise
e. Permeability of surface

3. Increasing temperature—Heat island

a. Change in tree cover and ground cover
b. Heat reflectance of the paving materials

4. Importance of the eco-system present

a. The mangrove forest present
b. Nonrenewable unique ecosystem.

There always rise a question on this concept, “Why No Roads”? Consider all the
costs associated with road transportation and it is understood that the road transporta-
tion is the costliestmethodof transportationwhen taking the account of line-haul cost.
When looking into the overall cost associated with the road transportation, taking
all the parameters associated, the most important cost is the cost of environmental
degradation.
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Fig. 2 Land use pattern related to road transportation; a Houston, TX, b Little Rock, AR

Table 1 Land use pattern related to road transportation of Houston, Tx and Little Rock, AR

Land use Color code Houston (%) Little Rock (%)

Surface parking 21 26.5

Garage parking 3.7 2.7

Park space 2.6 0.0

Street area (including sidewalks) 39.7 32.0

Total area for rights-of-way plus off-street
parking

64.7 61.2

1.2 Road Transportation and Land Use

A study had conducted in different places in the USA and found that the land area
occupied for road transportation and related activities is much higher compared with
other land uses and it literally killing the open spaces and atmospheric quality. Similar
methodology is opted for studying various cities and the change in land use pattern
is observed allover is same (Fig. 2 and Table 1).

1.3 Methodology

The study starts with secondary data collection on the environmental impacts of
the transportation infrastructure. Then the analysis on the site identified is performed
based on the data collected and on field visits. The change in climatic parameters and
environmental quality are assessed according to the land use pattern of transportation
infrastructure.

A baseline data analysis was performed to study the adverse effects of road infras-
tructure upon the environment and human life. The area selected is a stretch of
Calicut city in Kerala having the most environmental importance in the city and
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witnessed significant changes in land use and other related changes. To establish the
advantages for not having a road infrastructure along the selected stretch, a docu-
mentation on change in land use pattern with road infrastructure had done. The
environmental characteristics were listed out with measured and observed changes
in atmospheric conditions, pollution level, geographic properties, hydrology and
social aspects. Alternative transportationmodes (Pedestrian pathways, cycling tracks
and Waterway transportation) have proposed using the available stretch of land and
water canal. A post implementation analysis had done in terms of economic and
environmental effects of the proposal with the help of data collected.

2 Literature Reviews

2.1 Geithoorn, Netherlands

Geithoorn is being called as the “LittleVenice ofHolland”.As the nickname suggests,
the village is very much similar to the Venice in its characteristics. The major attrac-
tion of the village is that there are no roads present within the village. The entire
village is connected to each location through water ways and canals. The village
is located on the northern part of the Netherlands and in close proximity to the
Mediterranean Sea.

The waterways are laid across the village connecting all portions and every
residences and buildings are accessible through water. The use of an alternative
transportation system had benefitted the entire village in various aspects (Fig. 3).

Along with the extensive presence of canals and bridges, there are also numerous
cycling and walking paths crisscrossing the town. This is how they promoting the
zero-emission mobility to all through non-motorized transport.

Fig. 3 Images of waterway system in Geithoorn and the only ground vehicle is bicycle
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The major advantages that the community is getting for not having roads in the
village are satisfying the quality of life and environment in the area. The advantages
are:

• Land used for transportation is 1.2% of the total land
• No heat generation due to vehicular movement—1.5° Celsius lesser temperature.
• Road accidents are not there
• No Parking spaces—improves park spaces
• Pedestrian friendly—child friendly village
• Very less air contamination—no vehicular exhaust
• No hard ground covers—not opposing the water permeability.

Geithoorn is a tourist village right now. But the use of alternative transportation
system to avoid surface road transportation is making the area a very good example
of preserving the nature as it is. The village is an example in explaining the fact that
life is possible even without roads.

2.2 Freeway to Greenway, Seoul

There are regions where the society and government had realized the threat that the
transportation infrastructure is posing upon the environment and people and decided
to go choose environment over economy. The freeway to Green way project in Seoul
is a classic example of reducing the transportation infrastructure and re-inventing the
richness of nature.

The project was to remove a freeway, which was an elevated road of 50 mwide, to
revitalize the urban stream lying beneath. The two sides of the freeway were totally
separated with the road structure and through the project the central area became a
beautiful urban recreational space and it acts as a bridge between the two sides of
the street.

Key elements

The government was decided to go with the proposal of removing the 50 m wide
freeway of 5.8 km length even though itwill cause a huge financial loss, but ultimately
it could result in better atmospheric conditions and quality spaces. The procedure as
follows;

• Removal of elevated highway concrete structure.
• Daylighting of a previously covered urban stream.
• Creation of an extensive new open space along the daylighted stream.
• Creation of pedestrian amenities and recreational spaces (two plazas, eight

thematic places).
• Construction of 21 new bridges, reconnecting the urban fabric (Fig. 4).

As a result of the project, they experienced and documented a huge difference
in so many factors related to urban life. The below listed are the major results of
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Fig. 4 a The 50 mwide freeway bridge in Seoul, b The stream turned into urban park after removal
of the bridge

Fig. 5 The changes happened after the introduction of urban park in Seoul

the project after implementation. It shows how well the environmental quality is
enhanced with the introduction of the urban park instead of transportation network.
All these factors collectively enhance the quality of life and healthy lifestyle for the
people (Figs. 5, 6 and Table 2).

The environment is preferred over the economy in this project where reinventing
the urban stream would benefit the entire region and community. The revived urban
park served as the best recreational place in the region, which attracts so many
visitors both domestic and foreigners. This shows the possibility of renewing the
environmental quality through the best interventions and practices such as restricting
actions that degrade the environment and natural habitats.
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Fig. 6 Section showing the profile of the area before after the urban park

Table 2 Priorities of the project on environment over economy

Economy v/s Environment

• Economic growth at the cost of Environment • Environmental quality will improve

• Loss of money spent or Environmental
benefits

• The character of the area would change from
just a road to the hub of various activities

• Scrapping of the roads will result in a loss of
huge amount of money

• Improves health and well being

• The movement becomes slower • The emphasis is on Quality

• Emphasis on the Quantity

3 Impact of Road Infrastructure on Human Life
and Environment

The different cases discussed showed the extend of the relation between road infras-
tructure and the human life and environmental quality of an area. To analyze this in a
real case, a stretch of Sarovaram bypass in Calicut, Kerala had taken in consideration
and studied different aspects to forecast the environmental and life quality if the road
is not present.

3.1 Sectors of Canoli Canal

The Canoli Canal has been divided into eight sectors for the ease of management
of the cleaning project. Each sector been assigned to the residents and institutions
nearby to maintain and undertake the cleaning process. The sectors are demarcated
with proper signages and Sector boards are installed along the banks of the canal.
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Fig. 7 Sector 6 of canoli canal—sarovaram biopark section

The sector division had done based on major landmarks and traffic intersections.
The quality and cleanliness are differing from sector to sector based on the activities
that have been taken place along.

The most important sector is sector 6 when considering the potential and activity
along the area. Sector 6 is stretching from Eranhipalam junction to Arayidathupalam
junction. SarovaramBioPark is along this stretchwith the presence of largemangrove
forest and marshy land, which is having a very unique ecosystem. The Sarovaram
bio park is utilizing the biodiversity and ecosystem present along the canal. But
the invasion of commercial activity had taken out the region and the area are no
more suitable as a recreational place. The most pristine water that been coming from
the Elanthur river is now becomes as dirtier as the wastewater from an industry on
reaching sector 6 (Fig. 7).

3.2 Sarovaram Bypass

Sarovaram bypass is along the canoli canal stretch sector 6. The road is connecting
two major nodes; Arayidathupalam junction and Eranjipalam junction. These two
junctions are the nodes, which are connecting all themajor roads fromoutsideCalicut
to the core city. These junctions are supposed to experience the highest peak traffic
volume in the city. During office and school timing, the bypass is overcrowded and
the traffic is slow moving.

The presence of unique ecosystem is giving this area more importance than any
other region along the bypass. Themangrove forest is amust preserved ecosystemand
hence the canal also. The land use pattern along the bypass is mostly of commercial
land use, which are related to road transportation. Fuel stations and parking lots are
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also there along this stretch. There is not much of other activities happening along
the road as it is just a connecting road between two major junctions (Fig. 8).

The area is being denoted as dream city in the proposed master plan of Calicut
city for the year 2035. High density commercial land use and mixed-use land use are
proposed for the region along the bypass. For reviving the Cannoli canal, there should
be proposed a green corridor by scrapping of the road that is present. The nearby roads
got developed because of the existing Sarovaram bypass. This constantly pulling
higher volume of traffic into this region (Table 3).

With an urban park being introduced the land use pattern of the entire region will
change as there will not be any commercial activity related to transportation would
be happening [3].

Fig. 8 Sarovaram Bio Park, Calicut, Kerala

Table 3 Land use
distribution along Sarovaram
Bypass

Land use Area with road
(sq.km)

Area without road
(sq.km)

Water body 0.11 0.11

Mangrove 0.46 0.46

Recreational 0.01 0.20

Vacant land 0.06 0

Road 0.1 0

Fuel stations 0.006 0

Commercial—TR 0.05 0

Commercial 0.02 0.1

Public 0.01 0.01

Parking and footpath 0.06 0.02
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3.3 Urban Infrastructure to Urban Park, Sarovaram Bypass

The land use pattern sows that the area is being developed based on the transportation
network present and bigger future proposals had also put up in making this stretch of
the road into a commercial hub. This will impact the environmental quality of the area
to a very greater extent. With the help of collected data from various organizations
and departments on the environmental quality, a post situation analysis is done for
the same stretch of road as what would be happening if the road running through is
scrapped off (Fig. 9).

Ground Cover Change

There is a change in the ground cover due to the black topping of the roads. This
creates a mask over the natural ground cover of the area preventing sunlight from
directly reaching the surface.

• Ground cover change—216,000 sq.m

– Paved area—asphalt concrete, cement concrete and paving blocks
– Heat reflection of surfacing materials
– Asphalt—0.05–0.1 sq.km
– Concrete and pavers—0.35–0.116 sq.km
– Increases the temperature by 3–4 degree Celsius.

Fig. 9 Land use area distribution along the Sarovaram bypass before and after the urban park
introduction
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Water Permeability

As the surface is being covered, the surface paver is restricting the water penetration
into the earth. This will result in reduction in groundwater table and reduced fertility
of the ground.

• Water permeability reduction

– Soil—0.1–1 cm/s
– Asphalt Concrete—0.00001 cm/s
– Cement Concrete—0.00000001 cm/s

• Rate of decrease in groundwater

– Canoli Canal—40–60 cm decrease in water level over 6 years

• Increased surface runoff

• Impact on the environment and Ecosystem

– Earth became more dry
– Not suitable for growing plants—drying out of plants
– Mangrove forest depletion

Change in Tree Cover and Vegetation

The entire region is just asphalt covered and concrete paved and thus there is no
vegetation is present. For making a road and related services occupied the land
surfaces, the vegetation and tree cover are chopped off. This results in changes in
climatic conditions.

• Change in tree cover and vegetation
• Reduction in CO2 absorption
• One acre of tree removes 2.6 tons of CO2/year—21,600 sq.m = 5.34 acre, could

remove 13.9 tons of CO2 every year
• Reduced oxygen supply
• One acre of trees produces oxygen for 18 people for 1 year—5.34 acre—could

produce oxygen for 96 people a year
• Loss in UV shield—tree shade reduces UV exposure by 50%

Pollution levels

Because of the increased tree cover and reduced vehicular traffic, the atmosphere
and the environment will see a greater increase in the environmental quality as
pollution levels will be getting lowered. The level of SPM content in the air can be
brought down by 30–45%within 1 year and thus enhancing the environmental quality
a lot [4].
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Fig. 10 Present condition of Sarovaram bypass

3.4 Post Situation of Sarovaram Urban Park

To understand the impact on human life and environmental quality, along with the
forecasted data, a post situation is visualized to give it a clearer idea. Illustrations
prepared to bring in the post situation are as follows (Fig. 10).

High-density commercial land use and mixed-use land use are proposed for the
region along the bypass. This will attract more intensive development into the area
and thus will destroy the unique ecosystem present. Considering all these factors
along with the renewal of the Cannoli canal, there should be proposed with a green
corridor by scrapping of the road that is present. There are nearby roads which got
developed because of the Sarovaram bypass. This constantly pulling higher volume
of traffic into this region. There will always be a question on removing the road as
it is economically not viable, but taking the environmental benefits that are going to
be achieved into account, the solution seems very much feasible [3] (Fig. 11).

The urban green corridor will have complete tree cover and vegetation with
waiting benches and areas. Bicycle paths would be demarcated to encourage NMT.
A complete stretch of commercial shops can be provided as the pedestrian shop-
ping area will receive more activity than a shopping area along a road with moving
vehicular traffic [5].

The entire canal has to be cleaned and renewed. But bypassing the traffic that the
roads along the canal receives are much difficult in all other regions compared with

Fig. 11 Sarovaram bypass after urban park implementation



88 A. B. M. Wilson and M. A. Naseer

Fig. 12 Section showing Sarovaram bypass before and after urban park implementation

Sarovaram bypass. There are roads already developed near the bypass, which are
connected to the main road and can be used to steer the traffic.

As in the case of freeway to greenway project in Seoul, the vehicular traffic will
get reduced after some time of implementation as no one would willing to come by
their own vehicles if road and parking spaces are not available. The activity being
offered along the urban green corridor would attract more people as it is completely
along a natural ecosystem and the presence of waterway transportation can benefit
the tourism sector in future (Fig. 12).

4 Conclusion

Through this study, it is found that the road infrastructure is having a very prominent
role in defining the land use pattern and the development of an area. The land being
used for different activities related to road transportation is taking up the major part
in the land use distribution.

Analyzing the environmental changes that could bring in by the introduction of
urban parks and reducing the road infrastructure, the inferences drawn out say how
the road transportation land use is killing the environment and human life. On the
other hand, we have to realize that the introduction of urban park in the area of study
could bring in oxygen supply for only 96 people every year. So, the amount of green
cover needed to produce oxygen for the entire population lives in urban area is really
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huge. The fact that we still eating up our environment in the name of development
without understanding that we are literally risking our own life is alarming.

The “No Road Cities” concept is an extension to the “parking to park” concept
as it can bring in a very healthy environment utilizing the alternative transportation
methods available and strategically distributing the transportation network so that it
will not sprawl into the ecosystems present and thus not harming the environmental
quality.
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Informal Settlement as a Self-sufficient
Responsive Neighborhood: A Case
of Hollywood Basti—Gulbai Tekra,
Ahmedabad

Digisha Mehta, Pratyoosh Madhavi, and Yasin Kabaria

Abstract Slums in India are characterized by unhygienic living conditions like filthy
streets, cramped houses, insufficient light and ventilation and poor services. Apart
from this their lies an organic solution of housing brought by democratic will of the
dwellers within. Though not created by architects or planners, they are housing by
the people responding to their specific needs. The concern of this paper is to bring
out those specific features, which should be retained while working on betterment
of slums. Government’s answer to this issue has always been addressed in various
programs under housing needs. Since early 70s till today, there have been schemes
like Environmental Improvement of Urban Slum scheme (1972), Sites and services
scheme(1980),Urban basic services for the poor(1985), The night Shelter Scheme for
Pavement dwellers (1990), National SlumDevelopment Programme (1997), Valmiki
Ambedkar Awas Yojana (2001), National Slum Development Programme (2006),
Rajiv Awas Yojana (2013), Pradhan Mantri Awas Yojana (2015) etc. Whether to
relocate and rehabilitate them, or redevelop and give them better-living conditions
in the same location, government has constantly been struggling with various appro-
priate alternatives for finding solutions to these issues. But still one struggles to
find a successful slum improvement program or project that can be studied and its
approaches or principles can be adopted while finding solutions to similar issues. It is
obvious that there cannot be a one size fits all solution to deal with such an issue. The
specific needs and links have to be addressed in solutions provided for betterment of
these slums. The intent of the paper is to understand the characteristics of the built
fabric of an informal settlement by adopting the framework of IanBentley in the book,
Responsive Environments, which is an outcome of concerns over the loss of human
considerations in the modern urban environment. The methodology adopted for this
paper relies on primary survey of the slum through visual observations, personal
interviews and detailed documentation of one “Vaas.” The case taken in this paper
is of an informal settlement, which lies in a central location of Ahmedabad named
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Hollywood Basti in Gulbai Tekra. It is well known for sculpting using Plaster of
Paris and has a good hold on market at local and national level. This settlement
lies in a high development potential zone as it is surrounded by mixed use landuse
and falls under Transit oriented Development zone as per Ahmedabad Development
Plan. The settlement has gradually evolved from a small group of people native of
Rajasthan, who migrated and settled here since 1856 and have blended well with the
Gujarati culture over time. This paper brings forth various aspects under permeability,
variety, legibility, robustness, richness and personalization that need to be consid-
ered and retained while undertaking any initiatives for upgradation or rehabilitation
of these informal settlements.

Keywords Informal settlements · Spatial fabric · Social needs · Organic growth ·
Responsive features

1 Introduction

Informal settlements are solutions found by people themselves while struggling to
cope with the challenge of financial feasibility, housing shortage, growing market
prices, etc. along with the need to survive in an urban setting for economic reasons.
They have found a way of surviving and living with the limited resources available
to them. Although their living conditions are identified as unhealthy, filthy, densely
packed, unorganized, etc. but within it, there also lies an underlying order which
is a direct outcome of their social, cultural and all the basic needs. These settle-
ments are alive with activities throughout the day owing to the manner in which they
are designed and used by its residents. They are a highly democratic, personalized
setting created by the users themselves, a direct reflection of them and their lifestyle
embedded into their built form. Although it is extremely necessary to give them
better hygienic and safer living conditions but it is also important to understand the
underlying order existing within their built fabric to better understand them and their
needs before any solution could be suggested.

Informal settlements are one of the prime concerns of the government and various
approaches have also been considered for dealing with the same. One feels that there
is a gap between what is offered through rehabilitation or redevelopment programs
and the actual needs of the people whether in terms of lifestyle, culture, work-life
connectivity, etc. One understands that there cannot be a one size fits all solution to
deal with such an issue. The specific needs and links have to be addressed in solutions
provided for betterment of these slums. Some such attempts where efforts have been
made to retain the social dynamics of the slum without disturbing the work-place
link along with reinforcing needed infrastructure and services are Aranya housing
at Indore and IFFCO Housing, Gandhinagar by B. V. Doshi, Netajinagar Pune by
Prasanna Desai, etc.
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Informal settlements have been a popular topic of research for a number of aspects.
But one rarely finds a study on the built fabric and spatial character of the settle-
ment. Therefore, various approaches for study and analysis of built form by various
researchers and planners have been studied for developing the framework for this
study. Since the study aimed at understanding the users, their lifestyle, choices, etc.,
by understanding their spatial fabric which they have designed for themselves, one
of the major criteria for the framework was the understanding of the degree to which
the built fabric responds to its users. Lewis Mumford rightly said at a time when the
planners were dealing with various urban issues and concerns owing to the Industrial
Revolution and the sudden outburst of urban migration and population growth in his
paper titled “What is a City?” that in a city its “….social facts are primary and the
physical organization of a city, its industries and its markets, its lines of communi-
cation and traffic, must be subservient to its social needs” [7]. Aristotle in his book
“Politics” defines a city as one in which each citizen should be able to know all
the others by sight [4]. Besides this authors like Kevin Lynch have also focused on
the imageability of a city (here built environment) giving five parameters that can
be considered as primary elements that create the image of a city among its users
[5]. Jane Jacobs talks about the importance of users and their built environment that
makes the spaces alive and bustling or dead and unsafe [2].

This paper has taken Ian Bentley’s book—“Responsive Environment” as a frame-
work for studying different characteristics of the built environment of the slum since
this book begins with the idea that “… there are important relationships between
social life and the arrangement of the built environment.” This book is an outcome
of concerns over the loss of human considerations in the modern urban environment.
This book is intended to be a handbook for designers to provide users with an essen-
tially democratic setting enriching their opportunities by maximizing a degree of
choice available to them, an idea he terms as “Responsive.”

This paper is an attempt to take this framework and analyze an organic setting,
Hollywood Basti—Gulbai Tekra, Ahmedabad, which is democratically made and
has emerged out of the specific needs of those people. The authors have conducted
a detailed survey of the built environment of Hollywood Basti. This paper tries to
extract the underlying responsive features deeply rooted within the fabric which need
to be retained while adopting any slum development measures.

1.1 Hollywood Basti, Gulbaitekra, Ahmedabad

In around 1856, a group of about 15 sculptor families migrated from Rajasthan and
settled in Ahmedabad. Over the period of years, this group has grown to a squatter
settlement of a group of about 800 families, all settled in an area of about 5.2 ha.With
the growth of the city and expansion, the area occupies one of the prime locations in
the center of the city of Ahmedabad. The slum is known as Hollywood Basti. The
real reason behind the name is unknown. As per the anecdotal stories, the name is
probably due to its carefree lifestyle [9]. A photographer Kannagi Khanna had also



94 D. Mehta et al.

documented women of the basti comparing them with Hollywood actresses (Fig. 1).
The slum is popular for the sale of plaster of Paris idols, specially Ganesh idols.
People from all over Ahmedabad and from other parts of India come here to buy
these idols (Fig. 2).

Due to the high development pressure on the area and Government’s consistent
efforts toward its rehabilitation and redevelopment, one senses a feeling of insecurity
among the residents of the settlement. The government had attempted to relocate and

Fig. 1 Photo documentation of women of Hollywood Basti by Kannagi Khanna

Fig. 2 Hollywood Basti and its context
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resettle a few families from Gulbaitekra that had to be removed during expansion of
the main road to the outskirts of Ahmedabad in a government Rehabilitation scheme
in Odhav area. The scheme offering apartment to the residents completely failed as
it could not achieve live-work balance and showed no consideration to their ground
oriented lifestyle which existed in Hollywood Basti.

The settlement is divided into four different parts also locally termed as “Vaas.”
The name of the Vaas was given after the leaders who were accepted as heads by the
residents of each Vaas. With time the boundaries of these Vaas have merged. This
paper has taken “Anda Mukhi no Vaas” as a sample for analyzing each feature in
detail.

2 Hollywood Basti Through Lenses of Ian Bentley: Finding
Order in Chaos

Ian Bentley, an architect, urban designer and an academician has done extensive
research and study on designing strategies for regeneration of run-down inner-city
areas and effects of property development process on urban form, building imagery,
architectural theory etc. The book “Responsive Environments” is an outcome of
the involvement of the authors in a series of projects, lectures and seminars held in
Department of Architecture and Joint center for Urban Design at Oxford Polytech-
nique. The book defines responsive as that quality of built environment that provides
its users with “a democratic setting, enriching their opportunities by maximizing the
degree of choice available to them [1].” The book is a research, which focuses on
the users for whom the built fabric is designed. Therefore, this paper uses the frame-
work provided by the book to analyze one of the most democratic settings created by
the users themselves for a better understanding of the users, their lifestyle and their
preferences.

This book gives seven parameters to the designers that act as tools or devices that
can be used to create and provide built environment that is responsive to its users.
The seven parameters include—Permeability, Variety, Legibility, Robustness, Visual
Appropriateness, Richness and Personalization [1]. Thus the existing built fabric of
the settlement is viewed through the lens of each of these parameters.

2.1 Permeability

Permeability is the property of being permeable or passable, penetrable, pervious
or porous [6]. Ian Bentley defines permeability in a built environment as the extent
to which it allows people a choice of access through it, from place to place and is
a key measure of its responsiveness. He discusses the importance of both physical
and visual permeability through a built environment and how variations in the public
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Fig. 3 Parameters for assessing responsiveness of Hollywood Basti

spaces, private spaces and their interface within the built environment have different
implications for permeability [1].

Hollywood Basti, as can be seen in Fig. 4, is extremely porous and consists of
numerous entry points to enter the settlement, but the permeability is observed to
be unidirectional and the settlement is self-contained and introvert with no specific
entry point for outsiders. The outsider contact is limited to only the periphery of
the site abutting the road, i.e., the public–private interface can be seen only at the
periphery of the site as seen in Fig. 4. Figure 5 shows how the narrow streets of the
studied Vaas open up midway creating interesting chowk and nodes. These chowks
were mostly found near existing trees of the area.

Oneof themajor reasons for lackof outsider permeability is due to the privatization
and personalization of spaces within and the manner in which the internal spaces
have been organized and designed. The narrow winding streets lead to lack of visible
permeability for outsiders. The way in which the internal public spaces have been
personalized through various spillover of the household activities, it gives an outsider
passing through the lanes, the feeling of a trespasser in a private territory. This leads
to the alienation of the settlement from the surrounding context. Besides this, the
settlement has also gained attention due to a number of antisocial activities existing
within [9]. This can be attributed to the intense introvert nature of the fabric and lack
of permeability for the outsiders (Fig. 4).
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Fig. 4 Permeability of the settlement

Fig. 5 Internal permeability in ‘Andamukhi Vaas’
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Fig. 6 Sketch showing various activities within the settlement

2.2 Variety

Ian Bentley defines “variety” as the experiential choice offered by the built envi-
ronment. It is a quality extremely important to the place since accessible places are
valuable only if they offer experiential choice. He further explains a variety of expe-
riences through variety in forms, uses and meanings within the built environment
[1]. In Hollywood Basti, one finds a wide variety of forms, functions and people but
limited to the residents of the settlement. Therefore as a resident one finds a variety
of activities, functions, choice available within the settlement but as an outsider the
form seems monotonous with limited choice of activities found within. One finds
a resident using the settlement for almost all his daily activities, the spaces within
being used to their full potential at different times of the day for varied activities and
therefore constantly changing its meaning. For an outsider the streets are filthy, left-
over spaces between the massing of their houses but for the residents those leftover
spaces hold multiple meanings. They turn into a spill over space from their living
spaces where they can sit with neighbors and have a discussion, do kitchen work like
cutting vegetables, extend their idol making work, may convert to a small tea stall
where they can have a chat over a cup of tea, or a space for children to play or a space
to sleep for the family at night, etc. (Fig. 6)

2.3 Robustness

Similarly, Ian Bentley defines Robustness in a built environment as the quality of
an environment or place, which offers their users to use them for many different
purposes and therefore offer their users more choice than places whose design limits
them to a single use. He expresses the concern of specialized spaces for specific
activities designed in public spaces [1].

According to Bentley compartmentalization of activities reduces the intensity of
robustness of that place. For a public space, the robustness is important because
people do not generally come to enjoy one particular activity but they want to enjoy
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the variety the place offers every time it is visited. Public spaces that are devoid of
such flexibility are not much appreciated or acclaimed by users [1].

Hollywood Basti is a very good example in terms of how beautifully it encom-
passes so many varied activities within the same limited space and how it constantly
changes its character at various times of the day and year to accommodate the same.
Robustness in Hollywood Basti is not just limited to its spaces but is a part of their
lifestyle. People have various occupations throughout the year for incomewithin their
family and therefore people here are involved in occupations like animal husbandry,
labor, salesman, sculptor, etc. But during the time of Ganesh Chaturthi, almost every
family will be involved in the process of idol making. Thus the character of the entire
settlement changes during that time. The spaces within their houses that were used
for sleeping and day to day activities convert to storage spaces for idols and the family
shifts to outdoor spaces for sleeping at night. The houses unlikemodern urban houses
do not have specific labeled rooms like bedrooms, living rooms, etc. but they have
spaces where various activities can occur flexibly. Unlike urban environment, there
is no clear demarcation between the private and the public realm, their household
activities spill over and extend in the public spaces outside (Figs. 7 and 8).

When one looks at their public spaces including their streets and chowks, one can
understand how such aminimum space can have somanymultiplemeanings attached
to it. The street is not just a movement space but also acts like a gathering space, a
space where women can sit outside their houses and do their household chores along
with chatting, a space for children to play, a space where a resident can set up a tea
stall in an offset and people can gather over a cup of tea near it, or a workspace where
they can work on preparing the idols or a space for sleeping at night. The chowks
turn into a space for a small shrine, or for gathering, or for keeping the cattle, etc.
Thus each space here holds multiple meanings and it keeps changing constantly.

Fig. 7 Transformation of space as per the need of the users during day time (1), during night (2)
and during the time of Ganesh festival (3) [8]



100 D. Mehta et al.

Fig. 8 Plan of part of a street amid few houses used as a spill over space for cooking, playing,
drying clothes and other daily activities during day time (1) and its transformation into a sleeping
space night time (2) [8]

2.4 Legibility

As per Ian Bentley, Legibility is the quality that makes a place graspable. He feels
that people can take advantage of the qualities of Permeability and Variety that a
built environment offers only when they can grasp a place’s layout and the activities
that happen there and therefore the quality of Legibility of a built environment is
equally important. He expresses the importance of Legibility at two levels for a built
environment—Physical form and Activity patterns. Ian Bentley also talks about the
key physical elements that help make the physical form of the built environment
more legible [1]. He quotes Kevin Lynch and suggests the consideration of the five
key elements from his book “Image of the city” for Legibility, i.e., Path, Nodes,
Landmarks, Edge and District [5].

Considering Hollywood Basti as one district, one needs to understand this district
with two perspectives—Legibility of Hollywood Basti to an outsider and second for
the residents or people within the settlement.

Legibility to an outsider—This district is surrounded on three sides by prime roads.
The two roads shown in Fig. 9 form the edge of the settlement, which acts as the
interface where outsiders meet the residents. This edge is lined with shops by the
residents and act like a landmark of the city too owing to the activity of sellingGanesh
idols. Out of the three corners formed the one shown in the Fig. 9 acts as a major
node of the settlement. There lies a temple named Bodiyadev shrine at the node. This
temple is considered to be nearly 200 years old and acts like an important landmark
for the dwellers as well as outsiders. The space around is also used for celebrations
and festivals throughout the year.

Legibility within the district—All the streets within the built fabric are narrow
winding pedestrian streets formed as the resultant spaces between the houses. They



Informal Settlement as a Self-sufficient Responsive … 101

Fig. 9 Streets acting as edge and temple acting as landmark for outsiders

vary in size, scale, enclosure and are full of different activities at all times of the day.
The scale is very intimidating,making it uncomfortable for an outsider to enter. But as
one enters these streets open up to larger open spaces acting asmajor nodes for people
to gather and communicate. These nodes are formed generally near existing trees
many times also consisting of a small shrine or temple or spaces for the cattle, thus
reinforcing its character strongly. There are many shrines within the fabric (Fig. 10),
which act as a landmark at a very small scale but the scale of these shrines is too
small to make it legible and appear as a surprise suddenly while walking along the
paths.

2.5 Visual Appropriateness

Ian Bentley feels that the interpretations people put on a place should not conflict
with its activities and appearance. This quality he terms as visually appropriate [1].
Hollywood Basti is a self-contained and introvert development, grown over a period
of time responding to self-need. The purpose of house building by residents has never
been to get an approval by outsiders over aesthetics or its appropriateness. The entire
cluster is like an uninviting private space meant only for them. The only public space
or an interface where they come in contact with the outsiders is the edge along the
main road. This is a commercial edge, which gives idol making a market for the
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Fig. 10 Plan showing location of shrines acting as landmarks within ‘Andamukhi Vaas’

residents. Hollywood Basti has fetched maximum benefit of its core location and the
prime roads it is surrounded by. The edge is visually appropriate for the purpose it
intends to serve. It attracts more buyers and acts as an active interface between the
outsiders and the residents.

2.6 Richness

According toBentley,Richness is the quality of the varied sensory experiences a place
offers to its users [1]. With respect to sight the settlement is a kind of unpredictable
labyrinth. It is full of variations in terms of scale of spaces, light, activities, etc. as one
moves through them. For an outsider, its winding streets generate curiosity in terms
of what the space offers next. As one moves through these lanes one finds a variety
of various personalized spaces each unique in their own manner. In this respect, it
is important to mention the spillover spaces of the houses, which accommodates
various household activities, a rare sight in an urban context.

The place provides a varied kind of sensory experience related to hearing and
smell. The neighborhood feels highly alive and active with the sounds of varied
activities like the sound of children playing in the lanes, people chatting at tea joints,
women chatting with each other sitting at the entrance while doing household chores,
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Fig. 11 Sketches showing residences with personalized facades and spaces created by the dwellers

sound of animals like cow, goat and hen reared by the people, etc. Along with that
one also constantly experiences various smells of Plaster of Paris, food stalls, the
cattle, the drains and the sewage not properly managed, etc. while moving through
its streets.

The fine grain of this fabric makes this experience unavoidable by any person who
visits this place.

2.7 Personalization

Ian Bentley describes Personalization as the degree towhich people can put their own
stamp on a place [1]. Since Hollywood Basti is completely designed by its residents
and does not follow any rules, one finds an extremely personalized approach within
the fabric. Each house, cluster or even the public spaces within the fabric have been
designed for specific need of a collective group of residents or an individual with their
personal approach. Unlike modern urban housing facades, where without a house
number it is difficult to reach, here everyone has a personalized mark of identity
since each house has been designed by the resident himself and it is difficult to find
two similar houses (Fig. 11).

3 Conclusion

As Ian Bentley says that design should be humane, we find through the case of Holly-
wood Basti that the humane features which are part of democratic design get lost in
modern design. A lot of learning come from this study under different parameters.
The extreme internal permeability offered byHollywood Basti for their own dwellers
leads to high social bonding. But the lack of outsider permeability has also led to
issues of various antisocial activities and therefore it is felt that there is a need to
increase the outsider permeability up to a certain extent. Similarly, the variations in
private and public spaces are reflection of their lifestyle, culture and tradition. Holly-
wood Basti provides high degree of robustness. Multiple use of space at its optimum
can be learned from this settlement. The transformation of spaces throughout the
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day and then through the year can be taken as learning for space design providing
flexibility. Personalization of space is also something getting lost in modern modular
design. In Hollywood Basti, we see that though facing same situation the design
of each house is different. The play with outside and inside space is also different.
People are not bound by labeled spaces, they use the space the way they want and
what suits them best.

Any betterment plan for the slums should retain the essence of the place. The
solution should be specific to the settlement addressing their need and lifestyle.
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Evaluation of the Performance
of Permeable and Porous Pavements
in the Urban Landscape

Nipun Dinuka Dias Wahalathanthrige and Nandika Miguntanna

Abstract Excess stormwater runoff and the pollution of natural water recourses
from the stormwater runoff have become severe global problems nowadays. With
the high urbanization, the area of impervious surfaces significantly increases. Conse-
quently, the quantity of stormwater runoff is increasing and therefore the higher loads
of pollutants carried by the stormwater runoff to receiving water resources leading to
severe degradation of their water quality. The use of pervious pavements in car parks
and lightweight driveways in place of traditional impervious surfaces have become
one of the innovative, environmental friendly and widely used structural measures
globally for past decade. It has a potential to significantly reduce the runoff volume
and improve the water quality by trapping the sediments in the infiltrated water.
The paper has focused on to investigate the performance characteristics of pervious
surfaces and compares their performance against a conventional impervious surface.
Three pavement lab models of permeable interlocking concrete pavement (I shaped
block), porous interlocking concrete pavement (Grass paving) and impervious inter-
locking concrete pavement were designed and used for data collection. Data collec-
tion was done in two phases: Using stormwater runoff collected from a street and
rainwater directly from the sky. Quality analysis were done for both rainwater and
stormwater runoff for parameters such as pH, Nitrates, Nitrites, Total Phosphorus
(TP), Total suspended solids (TSS) and Electrical conductivity (EC). Quantity anal-
ysis was only done for rainwater directly from the sky. Considerable reduction runoff
volumes, pollutant concentrations and loads were obtained from the relevant exper-
iments. The findings of this research may contribute to identify the performance of
each pervious interlocking concrete pavement and also increase the use of pervious
interlocking concrete pavements minimizing the ordinary impermeable pavement
surfaces as a stormwater management practice.
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1 Introduction

Many scientists and researchers have found that a rapidly increasing urbanization is
the main reason for the excess stormwater runoff. According to the United Nations
reports [1] half of the global population already lives in cities, and by 2050 two-
thirds of the world’s people are expected to live in urban areas. When the amount
of the impervious surfaces is increased, it directly affects the quality and quantity of
surface runoff. The traditional approach to stormwater management is based on the
development of urban drainage networks to convey stormwater away from developed
areas quickly. With the high urbanization, the impermeable surfaces are increasing
and the problems mentioned above like floods and pollution of water recourses can
be occurred due to overloading the existing drainage infrastructure.

Pervious interlocking concrete pavements can be used as an alternative option
rather thango for an expensive buildupof a newdrainage system. Pervious pavements
have been shown to significantly reduce stormwater runoff volumes and increase
evaporation compared to conventionally constructed pavements. Moreover, higher
rate of filtration through the pervious pavement structure supports to improve the
water quality.

Furthermore, researchers [2–10] have noted a considerable reduction of runoff
volume and enhancements to water quality parameters in pervious interlocking
concrete pavements when compared with impermeable interlocking concrete pave-
ments. According to [7], there are two types of pervious pavements; either can be
porous or permeable. Even though they are having similar benefits, they differ signif-
icantly in their appearance and in the way they operate. In the South Asian region,
there are not many research findings of analyzing the performance of pervious pave-
ments especially experiments’ done using local use pervious concrete pavement
blocks. The purpose of this research is to study and compare the performance of
commercially available permeable and porous interlocking concrete pavements with
impermeable interlocking concrete pavement using physical lab models.

2 Literature Review

Stormwater runoff is rainfall that flows over the ground surface. It is created when
rain falls on the different paved surfaces and the water does not infiltrate into the
ground because of the impermeability. According to [11], stormwater runoff is the
primary nonpoint source that pollutes both groundwater and surface water resources.
Because the excess surface runoff carries loads of different types of pollutants and
adds them to the water bodies. Urbanization occurs due to increase in the population
in the cities and towns.Due to the rapid urbanization, the underlying surface condition
has changed massively [12]. In addition to that, increasing impervious surfaces are
highly affected by the surface runoff and the risk of urban floods adversely.
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Due to the infiltration process of pervious surfaces through the soil, it filters out
some amount of pollutants and recharges the groundwater table. Impervious surfaces
act as solid barriers that do not allow water to penetrate through the surface, so all
the stormwater flows over the surface as surface runoff. Pervious surfaces reduce the
pressure of the urban drainage system effectively by reducing a part of surface runoff
[13]. There are three types of common pervious pavements, namely porous concrete
(PC), pervious interlocking concrete pavers (PICP), and porous asphalt (PA) [14].

Pervious interlocking concrete pavements consist of a pervious wearing course
and an aggregate subbase course typically built on an open-graded, crushed stone
base. Filtering materials such as geotextile can be used in pavement structure
depending on the paving type and hydrological conditions [13]. As infiltration
trenches, pervious interlocking concrete pavements support pedestrians and vehicles
by paving over them [15]. When considering the benefits of pervious interlocking
concrete pavers, the main advantage is the ability to reduce the water flow and to
improve the water quality properties of natural surfaces and vegetation. Smith [16]
shows that the reduction of runoff by as much as 100% from frequent when the
runoff consists of low-intensity and short-duration storms. According to [10], heavy
metals like Pb, Cu, Cd and Zn are captured by both drainage cells of the layers of
pervious pavement structure and geotextile layer below the base material. Pervious
pavements are widely used in developed countries but in the South Asian region it
is not very common. The main gap has identified as the lack of information and
findings of the performance of pervious pavements and their adaptations in local
conditions. From these research findings, it is expecting to fill those gaps through
a performance analysis of pervious pavements and comparing the results with the
impermeable pavement.

3 Methodology

This study evaluated the efficiency of permeable and porous interlocking concrete
pavements with their capacity to filter rainfall and stormwater runoff and to compare
the efficiencywith impermeable interlocking concrete pavement. Three experimental
setups were produced, and two pavement models with pervious layers (Porous and
permeable) and one with the impervious layer (Impermeable) were tested. Mainly,
the data collection was performed in two phases. First, directly using actual rainfall,
and then using stormwater runoff collected from a street. Following flowchart (Fig. 1)
is a summary of the procedure, which was followed.

The pavement typeswere selected using a questionnaire survey based on few inter-
locking manufactures. Preliminary, it was conducted to identify the available types
of pavement blocks in Sri Lanka (Pervious and impervious), widely using pavement
types locally and to identify problems that occurred when using pervious pavements.
I shaped block (Permeable category-Fig. 3), grass paving (Porous category-Fig. 4)
and cobble type smooth finish (Impermeable category) were selected. Three glass
boxeswere used to produce the experimental setups from different interlocking block
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Fig. 1 Summary of the procedure used in this study

types mentioned in above and one empty glass box was used as the control box.
Each experimental setup consisted with three aggregate layers and one interlocking
concrete block layer at the top as in following Fig. 2 (Following Figs. 2, 3 and 4 are
captured during the experiment),

Fig. 2 Structure of the pervious pavement experimental setup

Fig. 3 Experimental setup
of I-shaped interlocking
concrete block pavement
(Permeable pavement)
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Fig. 4 Experimental setup
of grass paving interlocking
concrete block pavement
(Porous pavement)

To test with direct rainfall from the sky (Phase 1), the models were kept and
exposed to rainfall at the outdoors. For the quantity analysis, for a certain period of
time (10–15 min), the amount of rainfall volume, runoff volume and the infiltrated
water volumeweremeasured. Tomeasure the rainfall volume at each event, an empty
box was used as control. The experiment was repeated for 15 different rainfall events
throughout the month of November to get a much accurate and precise value of
percentages for each pavement surface.

After the quantity analysiswas performed for the direct rainfall, the collectedwater
(Rainwater, Infiltrated rainwater through cobble paving, I-shape and grass paving)
was filled into label bottles to transport them to the testing laboratory. The bottles
were kept under 4 °C in a thermal box and all the bottles were sealed until they were
carried to the testing laboratory. Five infiltrated water samples were collected over
three different rainfall events (totally 15 water samples) in each pavement surface
type to get an average value for the increase of accuracy.

In phase 2, the Sheet flow method was used to collect stormwater runoff from
the streets as it is one of the simplest and standard methods to collect stormwater
samples manually. Water sample collection was performed according to the standard
guidelines and all the samples were collected within the first 5–10 min (first flush)
of the rainfall event. Then the collected water samples were spread over the models
using a showerhead, simulating the rainfall falling over the pavement surface. The
same procedure was repeated for three different rainfall events to get five infiltrated
water samples to analyze (altogether 15 water samples).
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4 Sample Analysis

4.1 Quantity Analysis

To evaluate the rainwater infiltration capacity of each pavement model, rainwater
infiltrated through each pavement surfacewas comparedwith the amount of rainwater
collected in the control (Empty) box after each rainfall event. As mention in Fig. 1,
quantity analysis is only done for phase 1. The amount of water infiltrated was
obtained by using this equation, E= (V1−V2)/V1; here E is the percentage amount
of rainwater infiltrate through the pavement models; V1 is the rainwater volume
stored in the control box; V2 is the runoff water volume from each surface.

4.2 Quality Analysis

Quality analysis was done for both phase 1 and phase 2. With the limiting resources
available, water samples were analyzed for general parameters including pH, Elec-
trical conductivity, and pollutants TSS (Total Suspended Solids), TP (Total Phos-
phorus), Nitrates and Nitrites. All parameters were measured using the standard
analytical methods according to the standard guidelines.

5 Results and Discussion

5.1 Quantity Analysis

It was possible to measure rainwater volumes from 15 rainfall events during the
experimental period between the 5 and 30 of November 2019 throughout the month.
Because October–November is the seasonal rainy period (second inter monsoon
season) of the country, enough rainfall events were occurred during the experimental
period to get much accurate and precise data for quantity analysis. The storm that
occurred 7 October did not produce any runoff from both grass and I-shaped pave-
ment surfaces, furthermore it did not produce any runoff from the grass paving surface
on the 5 October. E values (%) of each surface according to the rainfall event are
presented in Table 1.

From Table 1, it is clear that the E values of permeable and porous pavement
models are much higher compared with the impermeable pavement model. The
higher amounts of voids and infiltration ability of the surfaces are the main reasons
for the higher E values of permeable and porous pavement models. If compares
the I-shaped (Permeable) and grass paving models, E values are higher in grass
paving models. The absorption capability of grass and the higher surface void area
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Table 1 E values (%) of each
surface relevant to different
rainfall events; N/A—not
average

Date Cobble type
(Impermeable)

I-shaped
(Permeable)

Grass paving
(Porous)

05/11/2019 4.9 54.15 N/A

06/11/2019 5.83 62.08 67.083

07/11/2019 4.35 N/A N/A

09/11/2019 4.27 64.77 72.95

12/11/2019 6.04 55.77 70.60

15/11/2019 N/A N/A N/A

16/11/2019 4.71 57.85 71.98

18/11/2019 5.29 59.29 N/A

19/11/2019 N/A N/A N/A

20/11/2019 5.15 57.22 N/A

22/11/2019 5.32 63.12 68.44

23/11/2019 4.68 57.31 71.64

25/11/2019 N/A N/A N/A

28/11/2019 5.29 62.5 N/A

30/11/2019 5.44 58.17 70.2

Fig. 5 Percentage of reduction in runoff volumes of pervious pavements compare to impermeable
pavement model

of the grass paving model compared with the I-shaped pavement are the possible
reasons to higher E values of grass paving model than the I-shaped pavement model.
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According to results gained in Table 1, the minimum rainfall required producing
runoff from Cobble, I-shaped and grass paving surfaces are 4 mm, 10 mm and
12 mm, respectively. Following chart gives the % reduction in runoff from the I-
shaped surface model and the grass paving surface model compared with runoff
from the impermeable surface model,

Here, X axis—Date of the rainfall event and Y axis—Infiltration Percentages (%).
Figure 5 indicates that the average percentages of reduction of runoff volume

compared with impermeable cobble type pavement, which varied between 51% and
63% for the I-shaped surface model and 65–75% for the grass paving model. From
the values presented in Table 1 and Fig. 5, it is verified that pervious pavements
are able to manage stormwater flow effectively by infiltrating the surface runoff.
Many researchers have found previously [17] that the percentage reductions in the
runoff volume through pervious pavements are between 34 and 47%. Therefore, it
is confirmed that from this quantity analysis, the results obtained from the I-shaped
pavement model and grass paving model within the range or give much better results
than the values obtained by previous researchers (even by using the local pervious
pavement blocks).

5.2 Quality Analysis

As mentioned earlier, quality analysis was done in two phases. In the first phase
(Rainwater directly from the sky), the quality of infiltrated rainwater through the
pavement models was compared with the quality of the rainwater, which has stored
in the control box. In the second phase, infiltrated stormwater runoff was compared
with collected stormwater runoff samples from the streets. The following table
(Table 2) indicates the average concentration values of each parameter (Average
value taken from five collected and infiltrated water samples from each pavement
model over three rainfall events for both phases).

According to the rainwater quality guidelines and recommendations, the pH value
of rainwater should be within 6.5–8.5. The average pH values obtained for rainwater
and stormwater runoff are just higher than the minimum required pH value except
for the pH value of direct rainwater sample (Slightly lower than the minimum) but
when rainwater and stormwater were infiltrated through the pervious surfaces, the
pH values are increased within the allowable limits. On average 8–12% from the I-
shaped pavement surface and 12–19% from the grass paving surface are increased.As
a reason, it could be assumed that when the water infiltrates through each pavement
model aggregate layers added some impurities to the infiltrated water. Therefore, the
pH values of infiltrated water are comparatively higher.

Electrical conductivity is a measure of water to conduct electrical current. It
directly depends on the total dissolved solids in water. Total dissolved solids can
be positive or negative charged ions. In this experiment, when the water is infil-
trated through each layer the number of dissolved solids getting reduced. There-
fore, the electrical conductivity values are decreased because the ion concentrations
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Table 2 Average concentrations of all parameters; R/W—rainwater, S/W—stormwater runoff

Parameter Collected samples Infiltrated rainwater samples Infiltrated stormwater samples

R/W S/W Cobble I-shaped Grass
paving

Cobble I-shaped Grass
paving

pH 6.3 7.2 6.7 7.1 7.7 7.3 7.8 8.1

EC
(µS/cm)

36 135.6 34.2 17.5 11.3 126.4 12.4 11.8

TP
(mg/L)

0.2 0.92 0.17 0.065 0.075 0.85 0.323 0.374

Nitrite
(mg/L)

0.01 0.36 0.009 0.002 0.036 0.29 0.084 0.11

Nitrate
(mg/L)

3.94 9.2 3.12 0.886 1.225 8.64 2.488 3.421

TSS
(mg/L)

13.1 151.3 12.7 1.143 1.023 149.6 12.452 11.131

decreased, and the electrical conductivities of collected water samples are lesser
than the maximum allowable value recommended by rainwater quality guidelines
which is 2250 µS/cm. When rainwater and stormwater are infiltrated through the
pavement models, both I-shaped and grass paving surfaces decreased the electrical
conductivities of the infiltrated water samples.

On average TP, nitrites, nitrates and TSS concentrations reduced between 60%–
70%, 65%–75%, 70%–75%, and 90%–95%, respectively, from I-shaped pavement
surfacemodel and52–60%, 60–65%, 60–65%, and92–95%fromgrass paving. These
removal efficiencies of each water quality parameter were calculated comparing the
concentrations of water quality parameters from I-shaped and grass paving pavement
surfaces with the cobble (Impermeable) pavement surface. The voids of grass paving
model consist with soil and coir dust mixer but in I-shaped the voids are filled with
chip aggregates, so it can be assumed that when the water is infiltrated through the
grass paving model, it added some extra pollutants or contaminants than in I-shaped
model,whichmight reason to reduce removal efficiencyvalues of grass pavingmodel,
and it was identified that the samples taken at the beginning the nitrate and nitrite
concentrations are higher. The reason was identified that the leaching of nitrate and
nitrite from the subbase of the pavements.

6 Conclusion

This study was carried out to investigate the performance characteristics particu-
larly in terms of reduction of surface runoff volume and pollutant concentrations of
commercially available pervious interlocking concrete pavements with impermeable
interlocking concrete pavement using physical lab models. Percentage reduction in
runoff volume from pervious pavements varied between 50 and 75%when compared
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with conventional impermeable pavement model. Grass paving pavement model was
infiltratedmorevolumeofwater than the I-shapedpavementmodel because it consists
ofmore voids and less impervious surfaces comparedwith the I-shapedmodel. Refer-
ring to the above results gained, it is verified that both pervious pavements can reduce
the stresses on drainage systems by effectively managing the stormwater runoff. The
water retained within the pavement structure will evaporate back to the atmosphere.

The results obtained from the experiments verified that the filtration ability of
the pervious pavements compared with impermeable pavement. From this pervious
pavement experiments, it was observed that the water quality enhancement of the
collected infiltrationwater samples,with reductions inTSS,TP, nitrites and nitrates of
around 90%–95%, 50%–70%, 60%–75% and 60%–75%, respectively, confirming
findings by previous researchers. The average pH value for the rainwater sample
slightly less than the minimum but it increased after the infiltration process and
pH values for other samples are also increased after the filtration by the models.
Electrical conductivity values are within the allowable limits and it further decreased
after infiltrated by the models. If compares to the filtration capacity of the I-shaped
pavement model with the grass paving pavement model, the results indicated that the
I-shaped surface has more filtration ability to reduce the pollutant concentrations.

From this study, it is also expecting to create awareness amongurban designers and
planners about the importance of using pervious pavements in place of conventional
pavements. The final results of this study provide a great privilege to select a suitable
pavement type according to anyone’s need (Porous or permeable). As an extension
of this research in the field of urban planning, it could be suggested that the filtration
water of pervious pavements can be used for rainwater harvesting through a special
drainage system or any other useful work. According to the literature review, few
researchers have shown that there is a possibility in pervious pavements to filter out
heavy metals like Pb, Cu, Cd and Zn. Due to limited resources, the present study was
focused only on fewwater quality parameters (pH, electrical conductivity, TP, nitrate,
nitrite, TSS) but it should be recommended to carry out analysis for heavy metals
as well in future studies, and also problems that have identified from the literature
review like clogging of pervious pavements, maintenance required to facilitate the
performance continuously, use the infiltrate water for different useful purposes like
etc. are the areas that require further study.
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Strategic Planning for Greenfield Cities:
A Holistic Evaluation of Efficiency
and Smartness

Surbhi Bhavsar and Saikat Paul

Abstract This paper aims to develop a framework to evaluate the planning and
performance efficiency of greenfield cities as an indicator of their smartness. The
contextual prioritization of identified smartness and efficiency indicators and a
comparative analysis of proposed landuse alternatives through modeling of city effi-
ciency and smartness have been carried out in this study. This framework could
potentially act as a standardized system to gauge the viability of a certain proposal.
The preparation of framework has been backed by studies pertaining to the various
attributes that are essential indicators of landuse efficiency and smartness in addition
to a study of landuse models, trends, modeling tools and techniques, case studies,
etc. Quantifiable parameters for both these evaluations have been identified which,
if required, could then be used for benchmarking and verification. This method was
applied to compare and rank the landuse efficiency and smartness of three landuse
plans proposed for the development of Pushpak Nagar, Navi Mumbai as a smart city.
This approach recommends physical planning and infrastructure development strate-
gies for a smart and efficient city. The resultant toolkit is useful in determining the
effectiveness of development interventions and their implications on policy formu-
lation. It will assist in the identification and addressing inadequacies, prioritization
of provisions, and viable allocation of landuses and amenities.

Keywords Smart city evaluation · Landuse efficiency · Transportation ·
Infrastructure · Environment

1 Introduction

1.1 Overview

Measuring the comparative efficiency levels of cities and urban development projects
is an essential prerequisite for creating sustainable urban futures. Comprehensive
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development of physical, institutional, social and economic infrastructure is required
to cater to the growing urban population, drive economic growth and improve
people’s quality of life by developing replicable planning strategies. This has engen-
dered the need for employing assessment frameworks [1] as key mechanisms for
measuring the impacts of development [2] and as a key policy instrument for
supporting the transition to a smart and efficient urban development. Assessment
using indicators and indexing methods has gained recognition mainly because of the
visualization of a phenomenon and the reliability of quantifiable variables.

1.2 Need for Study

Previously vacant land over 250 acres developed around cities to absorb their growing
population, and address their needs constitute greenfield developments. These areas
need not be within the limits of an Urban Local Body or an Urban Development
Authority but require innovative plan financing, implementation and planning mech-
anisms [26]. The limited availability of land and resources warrants planning that
ensures their optimum utilization. Thus, there is a need for a successful replicable
prototype for efficient greenfield smart city development [3, 4], the formulation of
which defines the novelty of this paper. With the advent of new technologies, there
is a need to analyze and inculcate the implications of the Internet Of Things (IOT)
and Information & Communication Technologies (ICT) on the Quality of Life, an
integral aspect of the development of Smart Cities. Despite the ongoing discussion
of the recent years, there is no agreed definition about smart cities, whereas strategic
planning in this field is still largely unexplored [25]. As proposed by several authors,
the smartness of a city is not only a function of the technological interventions but
also the efficiency of its planning and functioning [5, 6]. For this purpose, especially
in developing countries, it is often advisable to rely on spatial reorganization aided by
information technology [5, 7, 8], instead of complete dependence on expensive tech-
nological tools. This study tries to evaluate the planning and performance efficiency
of greenfield cities as an indicator of its smartness.

2 Background and Study Area

Maharashtra is India’s third-largest state by area and also the world’s second most
populated subentity. It is not only the country’s trade capital but also the wealthiest
and most developed states in India. Navi Mumbai, a planned multinucleated town-
ship for about 11 lakh people was developed by City and Industrial Development
Corporation Ltd (CIDCO), as a holistic, affordable sister city for Greater Mumbai,
to act as a counter magnet for Greater Mumbai to successfully reduce its housing,
employment and infrastructural burden, and is now vying to be one of the smart
cities. CIDCO also proposed its smart city Pushpak Nagar to be developed as a
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Greenfield site. The site with an area of about 230 Ha is supposed to cater to a popu-
lation of 240,000 and generate about 8.7 lakh high-end jobs [24]. Located toward the
southern end of the Navi Mumbai boundary, the area delineated for Pushpak Nagar
has the NH4B passing through it (Fig. 1), and is in close proximity to the proposed
Navi Mumbai International Airport. The area (Fig. 2) is currently under potentially
monocropped uncultivated farmlands acquired under CIDCO’s 22.5% and 12.5%
schemes. A stream of the Panvel creek delineates its western flank. The primary
principle of development is proposed to be Integrated Development.

Fig. 1 Pushpak Nagar, site location
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Fig. 2 Visual survey of site
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3 Methodology

Theoverallmethodologyprimarily comprised of literature review, data identification,
collection and analysis followed by modeling and comparison of three proposed
alternatives, culminating with the identification of the most efficient and smart land
use alternative.

3.1 Literature Review

Smart Cities, LandEconomics Theories andUrbanGrowthModels: Smart cities
are a representation of a conceptual urban development model that utilizes human,
collective and technological capital [1]. An exploration of the recent history of smart
cities can help to identify certain shaping forces that lead to the conceptualization
of “smart city” [23]. For a better understanding of the implications of a landuse
proposal, land economics theories [9] and the evolution of urban growth models
were studied.

Landuse Efficiency: The planning of cities needs cognizance of several factors to
arrive at optimized ideal solutions for a given context. This has prompted considerable
research on the various dimensions of landuse efficiency that can be fairly generalized
and applied to most planning interventions [9]. Largely, the priorities have included
spatial structures [10, 11], energy [12] and transportation efficiency [8], city networks
[13], density, size and form as well as policy integration [4].

Modeling Landuse: Logical reasoning may not always suffice to ensure that the
landuse plan proposed is the most efficient, ideal solution for a certain context. Thus,
quantitative modeling considers land market and ownership, environment, demog-
raphy, transportation, landuse and urban form, social and institutional amenities,
infrastructure and development investment, socioeconomic and biophysical factors,
livability, human and technological capital as well as the economic and political
environment as some parameters [13, 14].

Modeling Smart Cities: The spurt in smart city initiatives around the world,
necessitated the need to set benchmarks and quantify the smartness of a city, based
on the extent and efficiency of the initiatives proposed. The parameters considered in
research so far have predominantly included environment, governance, civil society,
energy, transportation, built form, livability and economy [7].

Assessment Models: Hard and soft models, the revised triple helix model, fuzzy
logic, coverage index, Fuzzy Delphi Model, the Analytic Hierarchy Process, the
Analytic Network Process, Analysis of Variance, Life Cycle Impact Assessment,
Input–Output Analysis, Cost–Benefit Analysis, Entropy Method, PROMETHEE,
Planning Support System, Score Transformations, expert opinions analysis and
data collection are some of the most commonly used assessment tools for landuse
efficiency and smartness [1].
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Fig. 3 Landuse efficiency and smartness modeling methodology

The eight smart city projects were studied including the greenfield sites at
Naya Raipur (Chhattisgarh, India), Amaravathi (Andhra Pradesh, India), GIFT City
(Gujarat, India), Dholera SIR (Gujarat, India), PlanIT (Portugal), Songdo IBD (South
Korea), aswell smart city interventions inBarcelona (Spain) andAmsterdam (Nether-
lands). The key findings included the importance of provisions of future growth,
justification of need and suitability, significance of technological innovation, the
importance of phasing and scaling of interventions, disaster preparedness, public
participation, and prioritization of transportation, infrastructure and sustainability as
well as efficiency optimization.

3.2 Modeling Methodology

The indicators for Evaluation of Landuse Efficiency as well as for Smartness Evalu-
ation were selected based on contextual viability as well as data availability, assisted
by primary, secondary and visual surveys carried out as a part of data collection.
Figure 3 gives a detailed process for both these evaluations.

3.3 Landuse Alternatives

The site is currently completely vacant with no settlements or agricultural land, yet its
location being close to the dynamic city of Mumbai, demands a holistic development
in sync with the existing urban development, as a proliferating urban continuum. It
is a necessity that the development does not occur in isolation, to avoid any future
instances of incompatible landuse conflicts.
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Alternative 1: The first alternative has been proposed by CIDCO itself. Like
most other nodes, the proposal is based on a gridiron pattern. About 48% of the
land has been demarcated for residential use, with 5% mixed-use, i.e., residential +
commercial. The site slope has been utilized, such that higher ground gets utilized
for services such as storage reservoirs, whereas the lower ground close to the Panvel
creek can be used for water treatment plants, etc., while the creek and its surrounding
area form the primary recreational space.

Alternative 2: This alternative proposes a combination of radial and grid-iron
layout for its transit and infrastructure convenience and efficiency in terms of noise
mitigation. The core concept is based on compact decentralization, proposed through
sectoral divisions, beneficial for administrative purposes with hierarchical distribu-
tion of all amenities in addition to parking lots and detention basins. Green corridors
connect all the sectors and a multimodal transit hub. A scenic peripheral highway
helps to capitalize on resultant higher land values. An industrial hub has been located
to the NorthWest, such that pollution is diverted away from the site, while also acting
as an economic.Much like the first alternative, the primary recreational area is located
close to the Panvel Creek with Treatment Plants following the site slope. There is a
seamless integration of all economic groups with suitable FSI provisions to ensure
aesthetic integrity in terms of building profiles as well as economic feasibility.

Alternative 3: The third alternative inspired by Indian planning layouts incorpo-
rates a Central Business District constituting a stadium, a water body, and primary
commercial and institutional spaces close to the Transit Hub. This alternative is
based on the concept of sectors and decentralization of commercial and institutional
services, such that every sector has optimal facilities to cater to its population. Green
corridors connecting the sectors as well as a green buffer between the industrial and
residential areas are important features of the alternative. Table 1 gives a summary
of the three landuse alternatives.

4 Results and Discussion

The alternatives proposed were analyzed individually for the preidentified parame-
ters. The parameters or indicators identified for analyzing Landuse Efficiency and
Smartness as listed in Tables 2 and 3, were evaluated individually under Transporta-
tion, Physical Infrastructure, and Environment, based on suitable criteria. Although
smartness and efficiency are interrelated, the paper evaluates their indicators sepa-
rately. This enables independent applicability of the process, as deemed necessary.
AHP or Analytical Hierarchical Process [15, 16] employed here for evaluation, is
essentially a theory of measurement involving pair-wise comparisons dependent
on preferences of one parameter over another. It is a useful multicriteria decision-
making tool dependent on consistency, measurement and relationships within and
between sets of indicators. The process entails the selection of preferred parameter
and assignment of comparative scores by experts, arrival at weightages, evaluation of
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Table 1 Landuse alternatives-comparison

Landuse plan Landuse distribution

Alternative
1

Alternative
2

Alternative
3
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Table 2 Landuse efficiency
evaluation criteria and
weightings

Landuse efficiency Criteria Weightage

Transportation 20.3

Distance to nearest
transit modes

Proximity to 11 m
roads

18.7

Transit adjacency to
residents

Proximity to 11 m
roads

30.4

Transit adjacency to
services

Proximity to
commercial areas

13.6

Distance and number of
vehicle trips

Walkability for
work-home-others

7.9

Bicycle Coverage Streets with bicycle
tracks

5.4

Pedestrian coverage Streets with
pedestrian tracks

7.5

Parking supply Provision of parking
lots

3.7

Regional connectivity Layout 12.8

Infrastructure 53.4

Residential water
consumption

Management 33

Wastewater generation
and management

Street sections and
network

23

Solid Waste generation
and management

Street sections and
network

16

% households with
phone access

Street sections and
network

11

% households with
waste removal access

Street sections and
network

4

Wastewater treatment
state

Management 3

% households with
internet access

Street sections and
network

3

% households with
toilet access

Street sections and
network

7

Environment 26.3

Groundwater
availability

Detention basin 52

Stormwater runoff
pollution

SCS method 13

Energy use Light and thermal
comfort

25

Noise pollution
generated

Leq calculations 6

Greenhouse emissions Air quality index 3



Strategic Planning for Greenfield Cities: A Holistic Evaluation … 125

Table 3 Smartness evaluation criteria and weightages

Smartness Criteria Weightage

Transportation 23.5

Min transport of people and goods Network 34

Optimum network Distances 24

Transportation fatalities per population Major intersections 16

Travel time between inner-city areas Distance to/from
CBD/recreational/institutional

11

Usage of public transportation Transit node distance (11 m roads) 7

Convenience of commuting Transit node distance(11 m roads) 5

Taxi fare Public transportation service 2

Infrastructure 18.5

Centralized services efficiency Management and street network 3

Smart grids Management 44

Water quality Management 30

Waste management Management 11

Public lighting Management (road length) 8

Cyclic processes Management 5

Environment 58

Level of green coverage Recreational area 7

Comfort level of temperature Thermal comfort 32

SPM, SO2, NO2, CO2 emissions Air quality index 3

Percentage of renewable energy used Management(solar energy) 24

Green/renewable energies Management(50% roof area) 17

Percentage of paper recycled Management 10

ISO 14,001 certification Management 2

Contextual feasibility Regional, geographic 5

consistency ratios and generation of an Eigen vector that allows ranking of identified
parameters.

A square matrix of size n × n is constructed for each expert for each category,
where, n = number of indicators.

Comparative scores are assigned to each cell (higher values if preferred more,
reciprocal values if less)

Pa = ka/�ka (1)

where, ka = the nth root of the product of the values in the row for indicator a, Pa =
priority vector for each indicator a, m = number of categories
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Table 4 Landuse efficiency
and smartness category
ranking

Rank Landuse efficiency Smartness

1 Infrastructure Environment

2 Environment Transportation

3 Transportation Infrastructure

CI = λmax − n/(n− 1) (2)

where, CI = Consistency Index, λmax = �R, R = Pa × Sa, Sa = sum of the values
in the column for indicator a

CR = CI/RI (3)

where, RI = Random Index (derived from a RI table), CR = Consistency Ratio
(Ideally <= 0.01).

A similar procedure is followed for evaluating CR for all categories.

Ca = �(Pab ∗ Pb) (4)

where, Pb = priority vector for each category b, Pab = priority vector for indicator
a under category b, Ca = Final score for each indicator (forms basis for ranking).

A total of seven experts were referred to for ranking the indicators and assigning
weights. The consistency ratio for the scores assigned for Smartness and Efficiency
as well as the categories under each of them were under 0.01 and thus were valid, for
all seven experts. Table 4 gives the rankings for all three categories of Smartness and
Landuse Efficiency, while Tables 5 and 6 give the final rankings for all the indicators
under Transportation, Infrastructure, and Environment for Smartness and Landuse
Efficiency.

The spatial evaluation was carried out using EnviMET [17] simulations (Fig. 4)
and GIS-based analysis (Fig. 5) on a case-specific basis for each indicator. Based
on the EnviMET simulation, it can be observed that the third alternative has slightly
more cooler areas, whereas the second alternative allows slightly higher wind speeds.
From the GIS simulations, it can be observed that the second alternative allows better
accessibility to services and streets with public transport accessibility. Contextual
feasibility in terms of environment, economy, transportation, livability, and gover-
nance was determined based on expert opinion. While some parameters required
evaluation based on benchmarks or standard calculations, the following metrics have
been used in this study:

Thermal Comfort and Energy Use

ISO 7730 proposes the use of the Predicted Mean Vote (PMV) model [18], which
predicts the mean value of thermal assessment of a large group of people exposed
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Table 5 Landuse efficiency indicator ranking

Rank Transportation Infrastructure Environment

1 Transit adjacency to
residents

Residential water
consumption

Energy use

2 Distance to nearest transit
modes and junctions

Wastewater generation Groundwater availability

3 Transit adjacency to
services

Wastewater treatment state Runoff and pollution

4 Regional connectivity Waste generation Noise pollution

5 Distance and number of
vehicle trips

% households with waste
removal

Emissions

6 Pedestrian coverage % households with toilet
access

7 Bicycle coverage % households with phone
access

8 Parking supply in
employment centers

% households with internet
access

Table 6 Smartness indicator ranking

Rank Transportation Infrastructure Environment

1 Convenience of commuting Smart grids Level of green
coverage

2 Minimum transportation of
people and goods

Water quality % of Renewable
energy used

3 Travel time between inner city
areas

Waste management Green/renewable
energies

4 Usage and punctuality of
public transportation

Cyclic processes Comfort level of
temperature

5 Optimum network Centralized service
efficiency

% of paper recycled

6 Transportation fatalities per
unit population

Public lighting Emissions

7 Taxi fare Contextual feasibility

8 ISO 14,001
certification

to the same environment in a 7-point thermal sensation index, rated from −3 to +3
given by the following equation:

PMV = f
(
ta, tmrt, v, pa,M, Icl

)
(5)

where, ta = air temp, tmrt = Mean Radiant Temp, v = relative air velocity, pa =
Humidity, M =Metabolic Rate, Icl = Clothing Insulation.
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Fig. 4 EnviMET simulations

Fig. 5 GIS simulations

The Predicted Percentage of Dissatisfied (PPD) people predict the percentage of
thermally dissatisfied people in a given thermal environment. PPD is a function of
PMV and is calculated using the following equation:

PPD = 100− 95 ∗ exp
(−0.003353 ∗ PMV 4 − 0.2179 ∗ PMV 2

)
(6)
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Noise Level

Noise levels have beenmodeled by various researchers [19–22] to assess noise pollu-
tion in urban areas due to road traffic and industrial activities. The following equation
has been used to quantify the noise levels:

LeqPa(D) = 10 log (10LI(D)/10
eq + 10LC(D)/10

eq + 10LR(D)/10
eq + 10LS(D)/10

eq (7)

where
LeqPa(D) is total equivalent continuous sound pressure level in dB, LI(D)/10

eq is Leq

for industrial areas, L
C D

10
eq is Leq for commercial areas, LR(D)/10

eq is Leq for residential
areas, LS(D)/10

eq is Leq sensitive areas.

Runoff Generated (SCS Method)lx

Runoff curve number (CN) is the main factor in determining runoff in the SCS (Soil
Conservation Service) based hydrologicmodelingmethod. SCS-CNmethod is based
on the following relationship between rainfall, P (mm), and runoff, Q (mm):

Q = (P − 0.2S)2/(P + 0.8S) (8)

where, variable S (mm) is potential maximum retention after runoff begins, which
varies with antecedent soil moisture and other variables, which can be estimated
using the following equation:

S = (1000/CN) − 10 (9)

and

CN = CNp ∗ (1− Fn) + (CNnn ∗ Fn) (10)

where
Fn = nonpermeable area %, CNp = CN for permeable surface, CNn = CN for

nonpermeable surface.
CN is a dimensionless catchment parameter having values ranging from 0 to 100.

A CN of 100 represents a perfectly impermeable catchment with zero retention and
100% runoff, whereas, a CN value of 0 represents absolutely no runoff irrespective
of the rainfall.

The scores arrived at for every indicator had varying units based on the purpose
and evaluation criteria. Thus the scores were then normalized and final uniform
scores were arrived at through the Weighted Sum Method.

Based on the above results (Table 7), it can be inferred that the second alter-
native proposed fares better than the other two in terms of landuse efficiency as
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Table 7 Final scores Alternative 1 Alternative 2 Alternative 3

Efficiency

Transportation 1039.45 1257.41 1193.44

Infrastructure 2761.68 3457.42 2964.26

Environment 706.77 918.26 865.38

Total efficiency 4507.90 5633.08 5023.07

Smartness

Transportation 694.52 1027.89 951.72

Infrastructure 751.38 1258.46 1124.34

Environment 1377.97 546.64 655.02

Total smartness 2823.87 2832.99 2731.08

Total 7331.77 8466.07 7754.16

well as smartness. Some of the favorable factors included an integrated grid-iron
decentralized design among other strategies.

5 Conclusion

The primary purpose of this study was to put forth a process to evaluate the efficiency
of a proposal and to gauge its smartness. It could also be considered as a cumulative
summary of relevant existing research. It covers a broad spectrum of indicators that
are essential in determining the effect of proposed interventions, such as changes in
landuse or FSI, urban design or street configurations or policies for utility provisions.
This methodology could prove to be an indispensable tool for planners, not only for
physical planning but also as an aid for policy formulation. It may also assist in
prioritization of provisions, on a case-by-case basis, as well as the allocation of
landuses and amenities, not just for smart cities but also, to ensure efficiency and
viability. Further research could entail the implementation strategies of smart city
initiatives. Evaluation of Smartness and Landuse Efficiency enables identification
and addressing the inadequacies in not just greenfield sites but also existing cities
thus facilitating better integration and contiguity.
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Real-Time Flood Mapping
with Temporal SAR Images Using
ESA CloudToolbox Service

V. S. K. Vanama and Y. S. Rao

Abstract Flood events are increasing at a drastic rate throughout the globe and
became a major threat of increasing concern. The Synthetic Aperture Radar (SAR)
system is capable of acquiring images during heavy rains and cloud cover. Many
studies have proven the potential of SAR images in disaster management studies. In
this study, a recent flood event inKerala state, India, which occurred duringAug 2018
is analyzed using the European Space Agency (ESA) CloudToolbox service. To map
the flood area, the C-band Sentinel-1 temporal SAR images and Sentinel-2 temporal
optical images that are available within the duration of flood event are used. To
process this massive volume of data, the Sentinel Application Platform (SNAP) with
Graph Processing Framework (GPF) is used. The flood mapping approach adopted
for each image is automated through XML code which is implemented in GPF.
Kittler and Illingworth threshold algorithm is used to obtain the optimum threshold
for flood identification. The results are validated against the ground truth data. The
results indicate that ESA’s CloudToolbox service is quite efficient in handling the
big volume of data and real-time information extraction.
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1 Introduction

Flood events are increasing at a drastic rate throughout the globe and become a sig-
nificant threat of increasing concern. Many Indian cities are vulnerable to at least
one out six types of natural disasters as per millennium ecosystem assessment report.
During the flood disasters in India, organizations like Indian Space Research Organ-
isation (ISRO), India Meteorological Department (IMD) provide the near-real-time
information for the end-users. Remote Sensing (RS) technology plays a major role
in flood disaster monitoring and management. Optical RS images are often lim-
ited by cloud cover, whereas Synthetic Aperture Radar (SAR) signals can penetrate
through the clouds and operate day and night particularly the C-band and L-band
SARmissions. Thus, a SAR system is capable of acquiring images during heavy rains
and cloud cover. Many studies [1–3, 8] have proven the potential of SAR images
in disaster management studies, especially in the domain of flood monitoring and
management [7, 27]. Flood inundation modelling combined with thresholding the
ENVISAT ASAR images is demonstrated on 2008 flood event of Po river, Cremona,
Italy [26]. Thresholding combined with region growing, segmentation and change
detection methods were implemented on various flood events [9, 20, 21]. Flood area
mapping from high incident angle Radarsat-2 images was tested on Kosi basin flood
event [16]. A combined approach of thresholding, region growing and fuzzy logic
yielded 96% overall accuracy when tested on multiple flood events [18]. The role
of interferrometric coherence in accurate flood mapping was also explored [23, 24].
SAR-based flood damage assessment was found to be more reliable [6]. Various
change detection algorithms such as Normalize Change Index (NCI) [22, 29], Ratio
Index (RI) [10] and Normalized Difference Flood Index (NDFI) [5] are explored for
flood area mapping.

With the advancement of technology and many Earth Observation (EO) satellites
in space, it is now possible to minimize the intensity of disaster-induced damages.
The numerous satellites present in the space are generating tons of data every day
[12, 15, 28] confronting us to many challenges like rapid data processing, infor-
mation extraction and real-time information dissemination to end-users. For India,
ISRO’s Bhuvan geoportal provides the near-real-time information using state of art
technologies for the end-users. However, they utilize the classic algorithms to extract
the flood information from the satellite images thus consumes long processing time.
The Bhuvan portal only disseminates the information but doesn’t allow users to cus-
tomize the flood mapping procedure. Other cloud processing tools such as Water
Mask Processor (WaMaPro) [11], Rapid Mapping of Flooding tool (RaMaFlood)
[19], TerraSAR-X Flood Service (TFS) are the in-house tools developed by DLR
[17]. The European Space Agency (ESA) provides a CloudToolbox service to pro-
cess and analyze the SAR images. The end-users can download, process, analyze
and extract the useful information from SAR images on the cloud and can transfer
the results to their local machines. The advantage of CloudToolbox service is that
users can customize and develop their own algorithms.

However, few studies have demonstrated the utility of ESA’s CloudToolbox for
flood mapping applications. Therefore, in this study, a major disastrous flood event
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in the history of Kerala state, India, occurred during Aug 2018 is taken to assess the
applicability of ESA’s CloudToolbox service. Access to the CloudToolbox service is
obtained through a research proposal approved by ESA. The multiple tasks involved
in thefloodmapping procedure are completely processed onCloudToolbox. Section 2
describes the study area and datasets used in the research. The research methodology
is given in Sect. 3 followed by results and discussions in Sect. 4. The conclusions of
the work are given in Sect. 5.

Fig. 1 Study area showing the parts of Alappuzha, Eranakulam and Kottayam districts in Kerala
State, India
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Table 1 EO datasets used for analyzing the 2018 flood event of Kerala, India

DOA Satellite Acq. mode/ Pol/ Flood condition

Pass Bands

05 Jan 2018 Sentinel-1 IW VV Pre-flood

09 Aug 2018 Sentinel-1 IW VV During-flood

21 Aug 2018 Sentinel-1 IW VV During-flood

22 Aug 2018 Sentinel-2 M1LC B3/B7/B12 During-flood

DOA Date of Acquisition; Acq. mode Acquisition mode; Pol Polarization

2 Study Area and Datasets

During Aug 2018, Kerala state of India experienced a disastrous flood resulting in
numerous socio-economic losses [4]. Two major rainfall spells occurred during Aug
2018 affected 13 out 14 districts in Kerala, India [13]. Unprecedented rainfall along
with landslides and dam water release at many locations made the situation worst. A
low-lying region covering parts of Kottayam, Alappuzha, Ernakulam districts which
are severely affected by flood is taken as the study area as shown in Fig. 1. The study
area is characterized by multiple land uses and is rich in mangroves and wetlands.
Also, a major water body Vembanadu lake, a RAMSAR [25] recognized site present
in the study area to which many rivers drain into it.

The temporal Sentinel-1 SAR images acquired during the flood are used to analyze
the flood event. The temporal SAR images used in study are acquired in level-1
Single Look Complex (SLC) Interferometric Wide (IW) swath mode. For a better
understanding of flood event, the Sentinel-2 optical RS images are used for validation
purpose. The characteristics of EO datasets used in the study are given in Table 1.

3 Methodology

Themethodologyof the research is divided into twomodules viz., data pre-processing
and flood mapping. The first module deals with various steps in data pre-processing
and clipping images to the study area extent. The secondmodule deals with optimum
threshold identification and flood mapping procedure.

3.1 EO Data Pre-processing

TheEuropeanSpaceAgency (ESA)developedSentinelApplicationPlatform (SNAP)
image processing software which is used to process all the temporal Sentinel-1 SAR
images. ESA’s CloudToolbox service is equipped with SNAP software. The study
area (blue rectangle as shown in Fig. 1) is covered in two Sentinel-1 scenes. There-
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Fig. 2 Spatial distribution of flood area for the Sentinel-1 images acquired on 09 Aug 2018 and 21
Aug 2108

fore, the “Slice Assembly” operator in SNAP is used to assemble (red rectangle as
shown in Fig. 1) the two Sentinel scenes. Followed by this “TopSAR Split”, “Apply
Orbit File”, “Calibrate”, “TopSAR Deburst” and “TopSARMerge” SNAP operators
are implemented. Rather than processing the entire image, the required sub-swaths
(orange rectangle as shown in Fig. 1) are processed to save the computational time
and resources. Further, “Subset”, “Polarimetric Matrix”, “Polarimetric Speckle Fil-
ter” and “Terrain Correction” operators (blue rectangle as shown in Fig. 1) are imple-
mented. Finally, the terrain corrected σ 0

vv images are produced which will be used
for further analysis.

The Sentinel-2 optical images are pre-processed to produce the reflectance values
from DN values using Sen2Corr processor operator. The thematic indices like Green
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NormalizedDifferenceVegetation Index (GNDVI),ModifiedNormalizedDifference
Water Index (MNDWI) are developed fromSentinel-2 images.Abashfile is created in
CloudToolbox to automate the pre-processing task for processing the multi-temporal
EO images.

3.2 Flood Mapping

The water bodies that behave as the smooth reflecting surface result in low radar
backscatter values which helps in classifying flood from other land use classes. The
co-polarized (VV) images are used for flood mapping. Kittler’s [14] thresholding
algorithm is implemented on the terrain corrected σ 0

vv images to obtain the optimum
thresholding algorithm. The pixel values that are less than the optimum threshold
values are considered as flooded. The pre-flood Sentinel-1 SAR image is used to
generate the Permanent Water Body (PWB). To reduce the over estimation of flood
area, the permanent water bodies are masked out from the flood area using PWB
mask.

4 Results and Discussions

The optimum backscatter values are−18.7 dB and−21.2 dB for flood identification
from the images acquired on 09 Aug and 21 Aug 2018, respectively.

Quantitatively, the flood area obtained from the temporal SAR images is 84.1 km2

and 151.4 km2, respectively. The spatial distribution of flood area is shown in Fig.
2. From the results, it is observed that the flood area has increased drastically from
09 Aug to 21 Aug 2018. This is due to the major rainfall spell in the month of Aug
2018. The same can be verified from the optical Sentinel-2 image derived thematic
indices like GNDVI, MNDWI as shown in Fig. 3. Although there is a significant
time (1 day) gap between Sentinel-1 and Sentinel-2 image acquisitions, the flooded
area surrounding the Vembanadu lake is significantly detected.

5 Conclusions

The 2018 flood event of Kerala state of India is analyzed using multi-temporal EO
images in ESA’s CloudToolbox service. With the launch of future SAR mission,
the CloudToolbox service is quite useful for rapid information dissemination during
the critical time of disasters. The temporal dynamics of the flood are captured for
Kerala flood event. This study can be further extended by identifying the role of
interferometirc coherence in flood mapping.
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Fig. 3 GNDVI and MNDWI indices developed from Sentinel-2 optical image acquired on 22 Aug
2108
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Evaluation of Hedonic Price Models
that Explain Transit Induced Impact
on Housing Prices

Karan Barpete and Arnab Jana

Abstract This reviewarticle evaluates housingpricemodels and their configurations
across 21 housing projects in different parts of the world that have a transit project
being in close vicinity. These projects try to explain the impact of transit projects on
the housing prices. The housing projects and their respective hedonic price models
are studied to compile all the dependent and explanatory variables used in them. The
explanatory variables are then classified into six categories, namely (i) Proximity
variables, (ii) Proximity premium, (iii) Land/Structural variables, (iv) Neighborhood
variables, (v) Accessibility variables, and (vi) Temporal variables. In most of these
studies, the dependent variable is a variation of price (rent price, sale price, land
price, etc.). The differences in the dependent variables are noted and highlighted
in the evaluation. The comparison of different functional form of HPM is done to
establish the difference in results and the applicability of them in appropriate models.

Keywords HPM(Hedonic price Model) · Transit · Housing

1 Introduction

1.1 Effect of Metro Rail on Real Estate in Its Vicinity

Although results are somewhat heterogeneous across study areas, many researchers
have identified a positive effect of metro or transit station proximity on housing
price [11, 13]. While some results have shown nonsignificant results, no studies
were found showing a negative impact of metro rail proximity to housing prices.
In research assessing the effect of metro lines on housing prices, a wide range of
proximity premiums were found: from as low as 0.3% in Seoul [4] to as high as 75%
in London (Banister 2007).
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In Bangalore, the Metro system was found to uplift property values by 10.7%
within a 500 m catchment area [38]. Gadziski and Radzimski [15] examined the
effect of a new transit line on three variables: travel behavior, housing choices, and
property prices. They found a significant influence of the transit line on at least one of
the three studied components in every examined region. Metro rail provides quicker
and easier access to jobs and can increase housing demand, and thus prices, in a
given region. In a Bangkok study, researchers found a significant impact of proximity
to mass transit stations, along with proximity to other transportation infrastructure
such as arterial roads, on housing prices [2]. Interestingly, it seems that even the
announcement of a planned transit line can have an impact on rental prices [17].

Many articles call attention to the positive impacts of land value increase due to
metro rail—e.g., opportunities for city governments to earn revenue through land
value capture [38]. However, some authors have highlighted the possible negative
effects of proximity to transit stations. For example, in the USA, new transit stations
(particularly “walk and ride” transit stations) can lead to gentrification or displace-
ment of residents by increasing rent in the catchment area of the station [26]. Addi-
tionally, proximity to transit can be a disamenity due to additional noise or crime
risk [37]. However, generally speaking, results have indicated positive relationships
between access to metro stations and land value.

While many articles have been published quantifying the effect of metro rail on
housing prices in urban areas, the present research has much to add to the literature.
First, as Mumbai currently has one operational metro line and multiple planned
lines, the present study can test the effect of both operational and nonoperational
metro lines on housing prices. Second, a majority of published articles assess metro
systems in the global north. This article is one of few addressing a metro system in
a rapidly developing nation, and one of even fewer addressing an Indian city. The
nature ofMumbai, particularly its dynamic and rapidly expanding real estate market,
makes this study extremely relevant. Third, this paper features several different data
sources and two methodologies. This multiple-methods approach allows for internal
validation of results.

Some of the studies [5] that focus on the large-scale operational and established
urban rail/metro investments study the impact on property values. However small-
scale mode like LRT/trams are not studied as much. There lies a research gap for
these modes. Multiple studies [13, 14, 20] have confirmed similar positive effect
of having urban rail transit system closer on the property prices. Although there are
other studies that undermine the effect and call it marginal or only important when the
supporting conditions are favorable. Out of 24 North American cities studied in 19
different studies, 13 tested positive correlation in property prices, while 4 were found
to have no effect of LRT infrastructure. However, 7 cities showed signs of decline in
property prices. The results are not ambiguous because the negative correlations have
an explanation. The cities where increase in socioeconomic inequality was triggered
by the LRT infrastructure, the benefits of accessibility and proximity to LRT are
outweighed by negative externalities like rise in crime, noise levels.

The conclusions of these studies suggest that the significance of the positive effect
of LRT on real estate can be guided by appropriate and supportive policies. This will
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require context-specific empirical studies because the generalized solution from the
case studies of the Anglo-Saxon countries andWestern Europe will not be suitable in
India. The conclusion of these reviews hangs in the form of three primary questions:

1. How does the proximity to the new transportation infrastructure affect travel
behavior in the residents of locality?

2. How does the transportation infrastructure affect the quality of life environment
of the locality neighborhoods? How satisfied are the residents with their housing
choices?

3. How does the proximity to public transportation network influence the property
prices in the study area?

2 Hedonic Price Modeling

“Hedonics” comes from a Greek word hedonikos, which means pleasure, and in
economics it refers to the satisfaction one gets from consumption of goods and
services, i.e. utility [10]. HPM is extensively used in housing value and real estate
research and even though the accuracy of the results may sometime be off the mark,
but it continues to be valid for empirical research in the real estate market [10]. HPM
analysis does economic analysis with following five assumptions:

• Homogenous land/housing market.
• Perfect competition in the market.
• Consumers and suppliers are free to enter and exit the market.
• Consumers and suppliers are perfectly informed about the products and prices.
• Market is at equilibrium and prices and attributes have no inter-relationship.

HPM applies least squares regression analysis, and there is a linear relationship
between the dependent variable and explanatory variables. In case of housing/land
market, the observed price (P) is explained using the following parametric land price
equation.

Pi = f
(
X j ;β j

) + εi (1)

• Pi is the assessed land/residential property price of the ith observation,
• X j is a vector of quantitative and qualitative attributes of land/residential property,
• β j is the unknown hedonic hidden price, of the land/residential property for

attribute j, and
• εi is the stochastic error term.
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2.1 Functional Form of Hedonic Price Models

As the association between the explanatory and dependent variables in HPM of
Housing markets is mostly nonlinear, there are different configuration of HPM
functional form for Housing, land and real-estate models to bypass this lack of
linearity, which assume that explanatory variables are continuous, not binary in
nature. Hannonen [19] proposes that the methodology choice of the correct func-
tional form for the HPM decides the accuracy of estimation process, and an inap-
propriate choice can make the subsequent analysis invalid. In parametric research, it
is essential to work on a variety of alternative model configuration to decide, which
suits the land, housing market or its submarket being analyzed. An incorrect selec-
tion of functional form can result in unreliable estimates [6, 10]. And even though,
it has been practiced for a long time, the theory lacks guideline on the decision
of choosing correct functional form for varying application. Among the variety of
hedonic price models, themostly used ones are (i) Linear HPM, (ii) Log-linear HPM,
(iii) Linear-Log HPM, and (iv) Double-Log HPM.

The following tables (Tables 1 and 2) summarize the different forms of hedonic
price models used in the 21 projects around the world. They also tell us the degree of
success thesemodels had in describing the pricing of these housing projects. Tables 3,
4, 5 and 6 list down the respective independent variables as used in these models.
The ID column in the latter tables relates with the Tables 1 and 2.

3 Conclusion and Identified Research Gaps for Further
Study

Some of the studies [5] that focus on the large-scale operational and established
urban rail/metro investments study the impact on property values. However small-
scale modes like LRT/trams are not studied as much. There lies a research gap for
these modes. Multiple studies [13, 14, 20) have confirmed similar positive effect
of having urban rail transit system closer on the property prices. Although there are
other studies that undermine the effect and call it marginal or only important when the
supporting conditions are favorable. Out of 24 North American cities studied in 19
different studies, 13 tested positive correlation in property prices, while 4 were found
to have no effect of LRT infrastructure. However, 7 cities showed signs of decline
in property prices. The results are not ambiguous because the negative correlations
have an explanation. The cities where increase in socio-economic inequality was
triggered by the LRT infrastructure, the benefits of accessibility and proximity to
LRT are outweighed by negative externalities like rise in crime, noise levels.

The conclusions of these studies suggest that the significance of the positive effect
of LRT on real estate can be guided by appropriate and supportive policies. This will
require context-specific empirical studies because the generalized solution from the
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Table 1 Hedonic price models studying impact of BRT and LRT projects

Id. Author Location and transit
system

HPM form HPM #
Obs.
(model
R2)

Dependent
variable

BRT1 Rodriguez and
Targa [35]

Bogota, Colombia
TransMilenio BRT

OLS—linear,
log/linear, log/log

494
(0.71)

Linear, log
(rental
cost)

BRT2 Rodriguez and
Mojica [34]

Bogota, Colombia
Trans Milenio BRT

OLS
WLS—log/linear

3976
(0.694)

Ln
(Advert.
Sale Price)

BRT3 Perk and Catala
(2009)

Pittsburgh, USA,
MLK, Jr East Busway

Robust
LS—linear

128,717
(0.8)

Praised
value (fair
market
value)

BRT4 Cervero and Kang
[7]

Seoul, South Korea,
Seoul BRT

Multi-level logit 25,410
(0.992)

Land value

BRT5 Mulley and Tsai
[32]

Sydney Australia
Liverpool-Parramatta
BRT

ANOVA & OLS 1167
(0.67)

Ln (sale
price)

LRT1 Golub et al. [17] Phoenix, USA,
Phoenix LRT

OLS—log/log 88,308
(0.533)

Ln
(adjusted
sale price)

LRT2 Atkinson-Palombo
[3]

Phoenix, USA,
rezoning around the
phoenix LRT

GLS log/linear 9177
(0.76)

Ln (sales
price)

LRT3 Du and Mulley
[12]

England, UK, tyne &
wear light rail

OLS & GWR
log/linear

1700
(0.38)

Ln (house
price)

LRT4 Cervero and
Duncan [8]

San Diego, USA LRT OLS—linear 14,756
(0.605)

Sale price

LRT5 Garrett (2004) Missouri, USA St.
Louis Metrolink LRT

OLS log/linear 1516 (−) House
price

case studies of the Anglo-Saxon countries andWestern Europe will not be suitable in
India. The conclusion of these reviews hangs in the form of three primary questions:

(1) How does the proximity to the new transportation infrastructure affect travel
behavior in the residents of locality?

(2) How does the transportation infrastructure affect the quality of life environment
of the locality neighborhoods? How satisfied are the residents with their housing
choices?

(3) How does the proximity to public transportation network influence the property
prices in the study area?
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Table 2 Hedonic price models studying impact of metro & commuter rail projects

ID. Author Location &
transit system

HPM form HPM # Obs.
(model R2)

Dependent
variable

Metro 1 Banister (2007) London, UK,
London metro
Jubilee line

GWR – Land and
property
valuations

Metro 2 Gatzlaff and
Smith [16]

Miami, USA
heavy rail/metro

OLS linear
log/linear exp.
log/log

912
(0.72–0.84)

Sale price

Metro 3 Laakso [28] Helsinki, Finland
Helsinki Metro

OLS log/linear 6732 (0.940) Ln (sale
price)

Metro 4 Bae et al. [4] Seoul, South
Korea Heavy
Rail

GLS
Log/Linear

956 (0.9542) Ln (sales
price)

Metro 6 Celik and
Yankaya [33]

Izmir, Turkey
Izmir Metro

OLS
Linear
Log/linear
Log/Log

360 (0.83) Sale price

Metro 6 Modelewska and
Medda [31]

Warsaw, Poland
Warsaw Metro

OLS
Log/Linear

1130 (0.696) Sale price

CR1 Cervero and
Duncan [8]

San Diego, USA
Commuter Rail

OLS 25,923 (0.7) Sales price

CR2 Sedway Group
[36], Mathur and
Ferrell [30]

San Francisco
USA
Bay Area Rapid
Transit (BART)

OLS
Log/Log

2133
(0.74)

Ln (Sales
Price)

CR3 Gruen
[18],Chaney [9]

Chicago, USA
METRA,
Commuter Rail

OLS
Log/linear

796 Property
value

CR4 Voith [39] Pennsylvania &
New Jersey, USA
Commuter Rail

OLS 571 (0.711) Property
value

CR5 Lochl and
Axhausen [29]

Zurich,
Switzerland,
commuter rail

OLS, spatial
autoregressive
model, GWR,
Log/Log

8592 (0.85) Ln (rent)
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Table 4 Explanatory variables in HPM models with LRT

ID Proximity
variable

Proximity
premium

Land/structural
variables

Neighborhood
variables

Accessibility
variables

Time-based
variables

LRT1 200ft 25% Living size,
Lot size,
Age,
#Patios,
#Bath,
#Floors,
Pool,
TOD Zoning

Dist. to LRT
Stn.,
Dist. to LRT
Alignment,
Dist. to CBD,
Dist. to
Airport

Time
dummies
Prior NEPA,
During NEPA
Review,
Planning &
Design,
Construction,
Operations

LRT2 1/2 mile 17%
Transit
34%
Transit +
TOD
Overlay

Lot Size
House size
Pool
Age

Socio
Economic
Data
TOD Overlay
Zoning

LRT Ped
Catchment
Dist. to Fwy
Dist to CBD

Pre and Post
dates from
the
introduction
of the TOD
overlay

LRT3 200 m 17.1% House Type,
#Bedroom,

Local School
Indicator,
%
unemployed,
%Higher
Profession
Occupation

PT Access
(School,
College…),
Car Access
(School
College…),
Dist. to LRT

LRT4 400 m 3.8% to
17.3%

Size,
#Units
#Bath,
Bed,
Age

Housing
Density
Income
Race Profile
%Senior
%Vacant Land

½ Mile LRT
Dist. to
Hwy/Fwy
Dist. to Fwy
Ramp

Time
Dummies
Monthly to
reflect
different sale
times

LRT5 700 m 32% #Bed
#Bath
#Stories
Garage
Pool
Age
Lot Size
House size

Dist. to Hwy
interchange
%Res. With
College
Education
Income
Property Tax
rate
School
District Test
Scores
Does nearest
LRT have
P&R?

Dist. to
nearest LRT
Stn
Noise impact
from LRT by
Dist. to LRT

–
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Table 5 Explanatory variables in HPM models with metro rail

ID Proximity
variable

Proximity
premium

Land/structural
variables

Neighborhood
variables

Accessibility
variables

Time-based
variables

Metro
1

2000 m
Access to
metro

75% Comm. &
environ.
amenity
Car ownership
Socio.
economic

Access to
shops
Dist. to
School
Access to
metro

–

Metro
2

Dist. to
metro

Mixed
between
stations

House area
Lot size
Age

Est. house
price index

Dist. to
metro

Construction
announcement
dummy

Metro
3

250 m 3.5% to 6% Ln (age)
Ln (area)
Terrace house
Pool
Indoor sports
Health Stn
Library
Day care

Ln (%Park)
Ln (income
quartile)
Dist. to Coast
Ln (Dist. to
CBD)

Metro
station
dummies
Feeder bus
dummies
Commuter
rail dummy
Shopping
center
dummy

Transaction
time dummies

Metro
4

400 m 0.3% to
2.6%

Apart. size,
Age,
#Houses block
#Parking
Heating Type
Dist. to Park

Dist. from
Han River
School
District
Pop. Density
Job Density

Dist. to
Subway
Dist. to CBD
Dist. to Sub
center

Time
dummies
Sales in 1995
Sales in 1997
Sales in 2000

Metro
5

500 m 0.7% to
13.7%

House size
#Apt in Bldg.
#Apts. in Floor
Age
#Bed
#Storey of
Bldg.
Corner
location
Parking
Heating

Location
Type of
ground

Dist to
Subway
Dist. to Bus
Dist to Shop

Metro
6

1000 m 6.7%-7.13% Area
#Rooms
#Floors in
Bldg.
Age
Parking

School
District

Dist to
Hospital
Dist. to
Green Area
Metro
Catchment
dummy

Time Dummy
for year of
sale
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Table 6 Explanatory variables in HPM models with commuter rail projects

ID Proximity
variable

Proximity
premium

Land/structural
variables

Neighborhood
variables

Accessibility
variables

Time-based
variables

CR1 ½ mile −7.1 to
46.1%

House size
Lot size
#Bath
#Bed
Age

Housing
Density
Income
%White
Neighbourhood

½ Mile
Commuter
Rail
Dist. to Hwy
Ramp
Job Access
Hwy
Job Access
Transit

Time
Dummies
Monthly to
reflect
different
sale times

CR2 ½ mile 20%
1.5%

House size
Lot size
#Bath
#Bed
Age

Income
%Hispanic
Neighbourhood

Dist. to
BART
Dist. to Bus
Dist. to
Hwy/Fwy

Time
Dummies
for years
1995–2002

CR3 400 m 14.5 to
20%

House Size
Lot Size
#Bath
Age
Furnished
Garage
Fireplace
House Type

Dist. from
Station
Dist. from
Hwy
Squared Dist.
from Station
Squared Dist.
from Hwy

CR4 ½ mile 6 to 10% Size
Detached
Age
#Rooms

%Black
Neighbourhood

Auto
Commute
Station
Rail
Commute

–

CR5 500 m 4 to 8% House Size
Lift
Balcony
#Bath
Age
Furnished
Garage
Fireplace
Single house
View

Within 100 m
Autobahn
Air Noise
Job within 1 km
Pop. Density
per hectare
%Foreigners
per Hectare
Local Tax level
Slope

Dist. to CBD
Car Access
time to
employment
PT Access to
employment
Rail stn.
catchment

Transaction
time
dummies
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Strategies for Sustainable, Efficient,
and Economic Integration of Public
Transportation Systems

Challa Prathyusha, Sandeep Singh, and P. Shivananda

Abstract In India, the city and intercity State Road Transport Undertakings
(SRTUs) cater 6.8 million passengers/day over a length of 1.48 billion passenger-
km/day during 2015–2016. The average occupancy ratio of 47 SRTUs has decreased
by 1.56%, from 70.74 in 2014–2015 to 69.65 in 2015–2016. The traditionally
followed operational plan for the public transportation system in urban areas results
in a financial loss of 7% in SRTUs; from Rs. 10,587.98 crore in 2014–2015 to Rs.
11,349.78 crore in 2015–2016. In order to achieve the equalization of public service,
there is a necessity for operational integration of the public transportation system to
reduce the financial losses to public buses. The public transportation system produc-
tivity and efficiency could be maximized through the components of the Intelligent
Transportation System (ITS) like Electronic TicketingMachines (ETMs) and Global
Positioning System (GPS) equipped with Vehicle Tracking Unit (VTU), which helps
in the collection of data for a network. In this paper, the bus transit frequency is eval-
uated for one route with even headway by point check method. The bus service
frequency software (Visual Basic-VB6) is developed to estimate user and oper-
ator costs for economic analysis. The results show that the waiting time cost of
the passenger and the fleet size is minimized using deficit function as the solution
for timetable synchronization and vehicle scheduling.
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1 Introduction

In the context of Indian cities, the dependence of the urban trips on public trans-
port is based on numerous parameters like the city size, geographical considerations,
land use, and functional segregation of activities over the city. The Multiple Criteria
Decision-Making (MCDM) method enhances the traveling behavior, and the provi-
sion of better transit service is challenging in the cities [1]. In India, the city and inter-
city State Road Transport Undertakings (SRTUs) cater 6.8 million passengers/day
over a length of 1.48 billion passenger-km/day during 2015–2016. The average occu-
pancy ratio of 47 SRTUs has decreased by 1.56%, from 70.74 in 2014–2015 to 69.65
in 2015–2016. The traditionally followed operational plan for the public transporta-
tion system in urban areas results in the financial loss of 7% in SRTUs, from Rs.
10,587.98 crore in 2014–2015 to Rs. 11,349.78 crore in 2015–2016 [2]. In urban
areas, public transit remains to be a challenge due to an increase and variation in
travel demand [3]. There is a necessity for public transport transit integration: orga-
nizational, physical, and operational, which can be achieved through push and pull
measures [4]. If the demand for public transportation is less, then flexible service
is desirable and conventional service method during high demand. The integration
of these two methods develops a variable-type service [5]. In order to achieve the
equalization of public service, there is a necessity for operational integration of the
public transportation system to reduce the financial losses to public buses.

2 Literature Review

The public transportation system productivity and efficiency could be maximized
through the components of the Intelligent Transportation System (ITS) like Elec-
tronic Ticketing Machines (ETMs) and Global Positioning System (GPS) equipped
with Vehicle Tracking Unit (VTU) which helps in the collection of data for a
network [6]. Public transportation performance is checked through various service
level benchmarks: headway, service coverage area, transit-accessible area, average
waiting time, high-frequency accessible area, boarding,% transit ridership, organized
Public Transportation (PT), peak hour, and availability of PT. The modified indicator
was operating ratio, which is defined as the ratio between cost/km and earning/km
[7]. According to [8], the SRTU performance indicators in the Indian context were
(1) Capacity-fleet size and vehicle seat capacity; (2) Serviceability-revenue per km,
passengers per km, load factor, passengers carried, and number of routes; (3) Safety-
number of accidents, fatalities, and injuries; (4) Productivity-operating cost, cost per
km, maintenance cost, traffic revenue, non-traffic revenue, operating ratio, and cost
recovery; (5) Reliability-trip scheduled, regularity, actual trips operated, departure
and arrival timings, number of breakdowns, and rate of breakdown; and (6) Comfort-
average age fleet were considered in the frequency and time table scheduling of the
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bus. The various factors influencing the efficiency of a bus operating system are reli-
ability of service, frequency, route coverage, excessive transfers, fare and low profit
[9]. Reliability of travel time is one of the concerned aspects for both user and oper-
ator and the bus arrival time will be influenced by various factors such as boarding
and alighting of passengers, weather, and congestion [10]. However, to predict the
travel time, weekly, daily, and hourly patterns need to be analyzed. The different
arrival time prediction models are time series, regression, Kalman filtering, artificial
neural networks, and super vector machines [11]. The time series model is used for
the travel time of the bus at the stops. The bus service reliability is evaluated to
improve the operational efficiency in two stages: strategic and tactical planning [12].
The 12 cities have been surveyed to know the satisfaction and dissatisfaction levels of
the user from the bus service (primary mode-53.6%), and overcrowding is the most
critical aspect of dissatisfaction; this can be improved through higher frequency [13].
The strategic-network design and the tactical-frequency setting and timetabling are
given more importance in public transportation planning. The objective function,
constraints, and decision variables of user and operator are used to optimize public
transportation [14].

3 Aims and Objectives

In Indian context, the public transport system productivity and efficiency could be
maximized through the basic operational planning process. In this paper, the bus
transit frequency is evaluated for one routewith evenheadwaybypoint checkmethod.
The bus service frequency software (Visual Basic-VB6) is used to estimate user and
operator costs for economic analysis. The main objectives are as follows:

• To develop a model for frequency setting for a route.
• To develop a model for scheduling of bus for a particular route.

4 Model Formulation

The four basic operational planning processes include network route design, setting
timetables, scheduling vehicles to trip, and assignment of drivers [15]. A cost-
effective frequency setting is one of the most complicated strategic planning for
public transportation due to variations in travel patterns along the routes. The major
service attributes route, operation, vehicle, user-level, and cost are considered with
transit operators. The optimal frequency for different time periods of a single route
for a single time period is determined considering user and operator attributes and
parameters in “Bus Service Frequency Setting Software,” which is mathematical
programming in Visual Basic (VB6). The service efficiency constraints in the transit
assignment such as cost per passenger, passenger per vehicle-kilometer, cost recovery
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ratio, number of trips per vehicle, number of passengers per trip per vehicle, opera-
tion cost per trip per passenger per vehicle with the objective to minimize the fleet
size, and maximize the patronage. The regional bus scheduling problem [RBSP] is a
network problem [NP], which is solved in this paper using a bi-level programming
model [16] and which helps in integrating the frequency and timetable of a single
route [14].

4.1 Assumptions

1. In frequency setting for a bus, any size of the time period for a single day (service
period≤24 h), stop to stop operation cost, for each stop minimum dwell time, for
every passenger lost-penalty cost, passengers in-vehicle travel time and waiting
time, seat availability, and standing cost are considered.

2. Different bus sizes and capacity, access, and egress time are not considered.
3. In the sequence of bus departures, bus bunching considered were short turning,

overtaking, and stop skipping not allowed.

The simulation executed under the following conditions:

1. Buses dispatched for a given headway.
2. The constraints of the user and operator are followed while assigning the

passengers for each bus.
3. Historical boarding and alighting of passengers are applied for each bus.

Let on route k, i = 1, 2, 3…V denotes a set of vehicles dispatched from the stops
j = 1, 2, 3 … S, vehicle type Z with a seating capacity QZ

i . The arrival, departure,
and dwell time are denoted as tarri j , tdepi j and tdwell

i j , respectively, for a given period h
= 1, 2, 3 … H. To set vehicle frequency, boarding and alighting of passenger count,
passenger arrival rate, and stop to stop travel time are necessary from the operator’s
point of view [17].

4.2 Cost Minimization

The user and operator cost attributes influence the bus operating system. The overall
cost is minimized considering two objective functions, minimum user and oper-
ator cost for a given route. The cost function is estimated using the handbook on
feasible service delivery ranges for bus transit in the Indian Context part 2-operator
perspective, chapter-4 for a given service period [17] as follows:

Overall Cost (CS) = User Cost(CU) + Operator Cost (CO) (1)
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User Cost (CU ) = Waiting Time Cost (CW) + In - vehicle Seating Time Cost (CTseat)

+ In - vehicle Standing Time Cost (CTstand)

+ Passenger Inconvenience Cost (CP) (2)

Operator Cost (CO) = Fuel cost (CF) + Depreciation Cost (CD)

+ Crew Cost (Ccrew) + Maintenance Cost (CM)

+ Operator Penalty Cost (CP′) (3)

4.3 Frequency

Frequency is defined as the minimum number of vehicles requires for a given period
[18]. In this work, the frequency is estimated for the baseline scenario using an hourly
load point.

Fhk = max [Pmh
/
γhQ,Fmhk] (4)

Fhk Frequency (Number of vehicles for a given period on route k).
Pmh Total number of passengers at maximum load point.
γh Load Factor.
Q Capacity of bus.
Fmhk Minimum required frequency.

The constraint is formulated on route k subject to the minimum objective function
CS for departures:

1. αmax
k < αroute

k < αmin
k (5)

2. hwmax
k < hwroute

k < hwmin
k (6)

where α = Crowding level, h = Headway.

5 Solution Method

5.1 Theorem 1

The set of all trips arrives and departs within a scheduling horizon and does not
consider Dead Heading (DH); the minimum number of vehicles required to serve all
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the trips is equal to the sum of all deficits. This is known as the fleet size theorem.

MinimumV =
S∑

j=1

D(S) =
S∑

j=1

Maximum( j, h)|h = 1, 2, 3, . . . H | (7)

5.2 Deficit Function

Deficit function (DF) is defined as the necessity of a minimum number of vehicles
required to complete N trips in the scheduling. In the scheduling, the change of the
departure timings reduces the fleet size and waiting cost of the passenger. The failure
of this method results in unbalanced loads, overcrowding, empty, and bus bunching
problems, so DF is studied carefully while assigning vehicles to the trips.

If the precedence relation R is satisfied, then vehicle is serviced sequentially as
follows:

R: i < (i − 1) → tarri j ≤ tdep(i− j) j and j iarr = j i−1
dep (8)

A deficit function is also known as step function changes by−1 and+ 1 for every
arrival and departure times of each trip during the service period.

MinimumV =
S∑

j=1

Maximum{DF(j, h)|h = 1, 2, 3 . . . .H| (9)

5.3 Maximum Flow Fleet Theorem

min N = V − maxCO (10)

N Chain of the trip.
V z Number of vehicles of size Z.

Proof Given i = 1, 2, 3, 4 … V, each trip is assigned to i vehicles for Up and Down
by the vehicle i, the required fleet size can be reduced where the flow CO can be
saved by linking the trips together. Therefore, the minimum fleet size is required to
perform all the trips.
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5.4 Passenger Boarding and Alighting Prediction Algorithm

The historic data of passengers and capacity of the bus is considered to predict the
passengers boarding and alighting.

The predicted number of boarding passengers:

Pbi+1
j+1 = a j+1(PT

i+1
j+1,A − t ij+1,A) + Ri

j+1 (11)

Pbi+1
j+1 Number of boarding passengers for bus (i + 1) at stop (j + 1).

λ j+1 Number of passenger arrival rate at stop (j + 1).
PT i+1

j+1,A Arrival time of bus (i + 1) is predicted at stop (j + 1).
t ij+1,A Arrival time of bus (i) at stop (j + 1).

PT i+1
j+1,A − t ij+1,A Headway for the bus (i) is predicted at the stop (j + 1).

Ri
j+1 After the departure of the bus (i), remain passengers from stop

(j + 1).

The number of passenger’s in-vehicle:

Ni
j+1 = Ni

j + bij+1 − aij+1 (12)

Ni
j+1 In-vehicle passengers for bus (i) after departure from stop (j + 1).

Ni
j In-vehicle passengers for the bus (i) after departure from the stop (j).

bij+1 Boarding passengers for bus (i) at stop (j + 1).
aij+1 Alighting passengers for bus (i) at stop (j + 1).

Check for bus capacity:

Ci
j+1 = Pi − Ni

j+1 (13)

Ci
j+1 saturation of capacity for bus (i) after departure from stop (j + 1).

If Ci
j+1 ≤ 0 it presented that the number of passengers in the bus i reached the

capacity.

Ci
j+1 After departure from stop (j + 1), in-vehicle passengers for bus (i).

Pi Maximum number of passengers can be in the bus i.

If the vehicle capacity of the bus is exceeded, then the remaining passengers
are supposed to wait for the next bus. The remaining number of passengers can be
calculated as

Ri
( j+1) = Pbi( j+1) − bi( j+1),C

i
( j+1) ≤ 0

0,Ci
j+1 > 0

(14)

where
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Ri
j+1 After the departure of the bus (i) from the stop (j + 1) remaining passengers.

Pbij+1 Passengers boarding for bus (i + 1) at stop ( j + 1).
bij+1 Passengers boarding for bus (i) at stop (j + 1).
Ci

j+1 After departure from the stop (j + 1), a saturation of capacity for the bus (i).

The number of alighting passengers can be estimated by passenger’s in-vehicle:

pai+1
j+1 = σ j+1C

i+1
j+1 (15)

where

pai+1
j+1 predicting alighting passengers for bus (i + 1) at stop (j + 1).

Ci+1
j+1 In-vehicle passengers for bus (i) after departure from stop (j + 1).

σ j+1 % passengers alights at stop (j + 1).

6 Case Study

Bengaluru Metropolitan Transportation Corporation (BMTC) is one of the most
dominant modes with a fleet size of about 6165 buses, including feeder services to
metro covering 53,984kmcatering 45 lakh commuters per day along2194 routeswith
43 depots during 2016–2017 [19]. The fleet utilization of BMTC buses is decreased
by 7.1% from 2013–2014 (91.2%) to 2018–2019 (84.1%). The revenue of BMTC
for the non-air conditioned bus is Rs. 41.48/km, whereas the operating cost is Rs.
57.88/km [20]. Hence, there is a necessity for operational integration to reduce the
loss of BMTC buses.

The selected bus route-290E goes along the route Yelhanka to Shivajinagar,
located in the northern part of Bangalore city. It has a route length of around 20.1 km
with 13 major bus stops. The input details for morning peak hour 08:00:00 a.m. to
08:59:00 a.m. in the software are given in the tables as follows (Tables 1, 2, 3 and 4):

Themodel and software developed balances the bus service operation for different
service periods considering upper and lower constraints. Figures 1 and 2 illustrates
the developed time table for up and down directions, respectively and for a given
service duration, the performance details are listed below:

Total Number of buses Yelahanka Old Town to Shivajinagar (UP) = 5.
Total Number of buses Shivajinagar to Yelahanka Old Town (Down) = 5.
Crowd = 1.5, Departures from A −12, Departures from B = 12.
Minimum Fleet Size = 12, Maximum Fleet size = 15.
Vehicle–Kilometer = 482.4, Fuel Consumption = 96.95 L.
Fuel Cost = Rs. 5817.18, Vehicle Depreciation Cost = Rs. 31963.47.
Crew Cost = Rs. 1,44,000.00, Maintenance Cost = Rs. 2412.00.
User Cost = Rs. 192,313, Operator Cost = Rs. 29660.08.
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Table 1 Distance and travel time between stops

Origin Destination Distance (kms) Travel time (min)
(Up)

Travel time (min)
(Down)

Yelahanka Maruthinagar 2.2 4.9 4.5

Maruthinagar Kogilu 1.5 4.5 4.1

Kogilu Ittige Factory 1.3 6.1 5.7

Ittige Factory R.K. Hedge Nagar 3.7 17.55 16.2

R.K. Hedge Nagar Thanisandra 1.8 5.7 5.3

Thanisandra Nagavara 2.3 10.6 9.8

Nagavara Arabic College 1.0 6.9 6.4

Arabic College Kodugondanahalli 1.3 12.2 11.31

Kodugondanahalli Periyar Nagar 1.3 2.0 1.9

Periyar Nagar
Circle

Coles Park 1.5 4.1 3.8

Coles Park CSI Park 1.5 10.6 9.8

CSI Park Shivajinagar 0.7 5.3 4.9

Table 2 Boarding and alighting of passengers up and down

Place Passenger
arrival rate
(Pass/min)
(Up)

Passenger
arrival rate
(Pass/min)
(Down)

Boarding Alighting

Up Down Up Down

Yelahanka 6.5 0.0 44 0.0 0.0 23

Maruthinagar 4.5 1.9 2 5 12 11

Kogilu 3.9 4.5 7 4 13 16

Ittige Factory 11.0 4.1 16 5 24 18

R.K Hedge Nagar 5.4 3.5 9 18 3 14

Thanisandra 5.7 4.9 24 5 18 17

Nagavara 4.2 3.8 4 4 19 5

Arabic College 3.9 5.1 9 18 7 11

Kodugondanahalli 3.1 4.9 30 10 15 2

Periyar Nagar
Circle

4.5 10.0 14 6 8 6

Coles Park 3.9 3.5 3 5 8 4

CSI Park 2.1 4.1 8 8 13 3

Shivajinagar 0.0 5.9 0 42 30 0
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Table 3 Service level constraints

Service level constraints
1. Headway range: minimum—2 and

maximum —5
2. Crowding level range: minimum—1.2 and

maximum—1.5
3. Increment factor: 1 min
4. Maximum waiting time: 25 min
5. Maximum number of unserved buses: 4

Vehicle specifications
1. Bus seat capacity (C): 65
2. Vehicle life span: 15 years
3. Vehicle life span: 800,000 vehicle-km
4. Vehicle fuel consumption: running-5 kmpl,

engine idle-2 L/h
5. Number of doors: 2

Operation specifications
1. Minimum layover time: 0 min
2. Average boarding time: 5 s
3. Average alighting time: 3 s
4. Minimum dwell time: 0 s
5. Number of crew on board: 2
6. Bus bunching threshold: 1 min
7. Minimum bus holding time: 1 min

Operation cost specifications
1. Cost of vehicle: 7,000,000 INR
2. Fuel cost: 60 INR/Lit
3. Vehicle maintenance cost: 5INR/km
4. Crew cost: 300,000 INR/Month
5. Operator penalty: 10 INR/Lost-Passenger

User cost specifications
1. Waiting time cost: 0.8 INR/Min
2. Travel time cost: seating—0 INR/min and

standing—0.4 INR/min
3. User inconvenience cost: 0 INR/Pass

Table 4 Route fare chart

Stops 1 2 3 4 5 6 7 8 9 10 11 12 13

1 0 5 10 15 19 20 20 22 22 22 23 23 24

2 5 0 5 10 15 19 20 20 22 22 22 23 23

3 10 5 0 5 10 15 19 20 20 22 22 22 23

4 15 10 5 0 5 10 15 19 20 20 22 22 22

5 19 15 10 5 0 5 10 15 19 20 20 22 22

6 20 19 15 10 5 0 5 10 15 19 20 20 22

7 20 20 19 15 10 5 0 5 10 15 19 20 20

8 22 20 20 19 15 10 5 0 5 10 15 19 20

9 22 22 20 20 19 15 10 5 0 5 10 15 19

10 22 22 20 20 20 19 15 10 5 0 5 10 15

11 23 23 22 22 22 20 20 19 10 5 0 5 10

12 23 23 22 22 22 20 20 19 15 10 5 0 5

13 24 23 23 22 22 20 20 20 20 15 10 5 0

7 Conclusion

The study results point out the frequency of a single route for a single time period
considering user and operator costs. The simulation-based frequency through math-
ematical programming considering operator and user service constraints caters to
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the sustainable, efficient, and economical public transportation system, which saves
resources and provides an environment-friendly transportation system in urban areas.
Thewaiting time cost of the passenger and the fleet size isminimized using theDeficit
function as the solution for timetable synchronization and vehicle scheduling. The
objective function is the same for pre- and post-COVID-19. However, the desired
occupancy constraint values vary under social distancing, frequency, and timetable
synchronization of a particular route that can be evaluated using this model based on
demand variation. Thus, the routes are rationalized based on the variation in boarding
and alighting of the passengers between the origin and destination.

Appendix

Fig. 1 Time table for up direction
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Fig. 2 Time table for down direction
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Do Socioeconomic Characteristics Affect
Travel Time and Transport Perception?
Insights from Mumbai, India

Neenu Thomas , Arnab Jana , and Santanu Bandyopadhyay

Abstract The influence of socioeconomic condition and perception on travel
behavior has been a subject of research for the past few decades. However, both travel
behavior and transport perception may have an association with the socioeconomic
characteristics of an individual, which is rarely explored. In developing countries
like India, where the socioeconomic disparity is significant, understanding the rela-
tion of socioeconomic characteristics with travel behavior and perception is relevant
for transport policies. Hence, the study aims to investigate the association of travel
time (in different modes) and perception on sustainable transportation, among the
individuals in Greater Mumbai, India, through a Socioeconomic Index representing
different socioeconomic characteristics. The study uses the data collected from 722
individuals residing in Greater Mumbai. Initially, the study focuses on the formu-
lation of the Socioeconomic Index using Principal Component Analysis. Consec-
utively, the variation in mode-based travel time and transport perception among
individuals with different index scores are analyzed separately to capture the behav-
ioral differences. Ridit analysis is used to interpret the perception of sustainable
transportation. The results reveal that with the increase in the socioeconomic index,
overall travel time and time spent onwalking and public transport are reducing signif-
icantly, while time spent on private and paratransit modes are increasing. Besides, the
perception study indicates that the tolerance for sustainable transportation is weaker
among high index scored individuals. The study identifies the disparity in percep-
tion and behavior, which can benefit policymakers in distinguishing the different
ways to provide and encourage sustainable transportation specific to an individual’s
socioeconomic condition.

Keywords Socioeconomic index · Travel time · Transport perception · Principal
component analysis · Ridit analysis

N. Thomas (B) · A. Jana
Centre for Urban Science and Engineering, IIT Bombay, Mumbai, India
e-mail: thomas_neenu@iitb.ac.in

S. Bandyopadhyay
Department of Energy Science and Engineering, IIT Bombay, Mumbai, India

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2021
A. Jana and P. Banerji (eds.), Urban Science and Engineering, Lecture Notes
in Civil Engineering 121, https://doi.org/10.1007/978-981-33-4114-2_14

171

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-33-4114-2_14&domain=pdf
http://orcid.org/0000-0002-4743-4602
http://orcid.org/0000-0001-8210-1566
http://orcid.org/0000-0002-0892-4799
mailto:thomas_neenu@iitb.ac.in
https://doi.org/10.1007/978-981-33-4114-2_14


172 N. Thomas et al.

1 Introduction

Individuals spend a fraction of the day traveling in different transport modes for
completing their daily activities. However, choice of transport mode, time spent on
traveling, and perception of different transport settings may vary among different
individuals. The socioeconomic condition of an individual affects travel behavior
[1], as well as transport perception [2]. Besides, the studies on transport poverty
show their association with the individual’s socioeconomic status [3, 4]. The lower
socioeconomic condition may cause restricted access to different transport options
[4], which even becomes a hindrance to several opportunities in life [4]. Nevertheless,
the reality of transport poverty and variations in travel behavior among individuals
from cities in a developing country, which has a vast disparity in socioeconomic
conditions among the population, are explored relatively lesser.

While providing safe, affordable, and accessible transportation to the urban popu-
lation itself is a strenuous task for most developing countries, enforcing control
measures for automobile penetration is also relevant for achieving sustainable trans-
port goals. The count of two-wheeler and four-wheeler vehicles is increasing dras-
tically in the densely populated cities of developing countries, such as India and
China [5], affecting transport efficiency and the environment negatively [5]. Hence,
an investigation of the travel behavior such as choice of mode and time spent for
travel to complete their daily activities, and perception on the use of sustainable
transport options, through socioeconomic perspective, can guide planning authorities
and policymakers in understanding the transport preference and transport disparity.
Thus, the study can help in achieving sustainable transport goals persuasively for a
heterogeneous society like India.

The study aims to explore the association of (i) travel time (in different modes)
and (ii) perception on sustainable transportation, among the individuals in Greater
Mumbai, India, through a single indicator representing different socioeconomic char-
acteristics. The research contains three sections. The initial section of the study
focuses on the formulation of the single indicator (named as Socioeconomic Index),
representing the socioeconomic characteristics of an individual, using Principal
Component Analysis. The second and third sections focus on the association of
the socioeconomic index with mode-wise travel time and transport perceptions,
respectively.

2 Data Collection and Description

The study uses the data collected through a computer-assisted personal interview
survey, which was conducted at the household level in the administrative area of
Municipal Corporation of Greater Mumbai (MCGM) between the period of April
2016 and July 2016. The interview was applied to individuals aged more than five
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years. The survey captured the revealed and stated information related to an indi-
vidual’s travel behavior and transport perception along with the socioeconomic char-
acteristics. The samples for the surveywere chosen cautiously to capture the represen-
tative information of people from different behavioral segments (formal and informal
settlements) residing across Mumbai.

Based on the objectives of the study, necessary data cleaning was done, and a
sample of 722 individuals was used. Three sections of the questionnaire were used
for the study; (i) socioeconomic conditions, (ii) travel diary of the weekday trips, and
(iii) the perception of individuals towards traveling and transport conditions. House-
hold income, residence type, and individual literacy are the variables considered for
the representation of the Socioeconomic Index. Individuals’ perception of public
transport, shared rides, and environment-friendly modes is considered the transport
perception study.

The data gathered for the study shows trips made on foot (walk) share maximum
travel time among weekday trips, which is about 41.54%. Mumbai’s travel pattern
shows that public transport plays a vital role in the city’s urban transportation. The
share of public transport in total travel time is 77.64% among the motorized trips.
However, the share of people who use public transport for at least one trip in a
weekday is not more than 54.7% of the sample size. Besides, the data indicates
that 77% of the public transport users are either residing in informal settlements or
Slum Rehabilitation Authority (SRA) housing. Evidently, travel characteristics are
dissimilar among individuals from different socioeconomic conditions.

3 Research Methodology

The research focuses on the exploration of the association of travel behavior and
transport perception with socioeconomic characteristics. The study comprises of
three sections: (i) Developing the socioeconomic index to capture the behavioral
differences among individuals, (ii) Analyzing the association of mode-based travel
timewith socioeconomic index, and (iii) Perception study to identify the perceptional
differences between the individuals with varied characteristics using the index score.
The research framework is depicted in Fig. 1.

3.1 Socioeconomic Index

The travel behavior studies have found a significant association between transport
choices and individual-specific characteristics such as socioeconomic conditions.
Generally, such variables become transport dis/advantage factors that are affecting
transport choice behavior. In this study, a socioeconomic index (SEI), a single index
to represent different socioeconomic characteristics, is developed. The motive of
developing a socioeconomic index is that the individuals can be ranked based on the
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ception of residents in the city 

Fig. 1 Research framework

index score obtained by them. Subsequently, the index helps in exploring the change
in travel behavior and transport perception with the change in socioeconomic condi-
tions. Hence, SEI is a quantity to indicate the socioeconomic status of an individual,
and it is a composite index expressed with the different socioeconomic variables. Ten
unidentical variables were selected based on the literature and the correlation test
was conducted to identify the variables with medium to high correlation. Income,
residence typology, and literacy are the socioeconomic variables selected for the
study (see Table 1).

SEI is developed using Principal Component Analysis (PCA), a dimension reduc-
tion technique that can be used to formulate the composite index. That is, the index
is developed with the weighted aggregation of the observed variables corresponding
to an index. Income, residence typology, and literacy are the observed variables in
the study. The mandatory steps such as check for suitability of data, check for the
percentage of the variance captured in the first loading, and identification of the
weight of variables are considered for the development of the index formula [6]. The
equation for SEI calculation is expressed as below.

SEI = a1V1 + a2V2 + · · · + anVn (1)

Table 1 Description of variable considered for SEI calculation

Index Individual-specific variables Variable description

Socio-economic index (SEI) Income (I) Household income

Residence typology (R) Number of separate bedrooms in
the residence

Literacy (L) Whether the individual is literate; 1
= if yes; else 0
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where an is the weight of the variable, and Vn is the normalized value of the nth
variables corresponding to an individual. The value of SEI can range from0 to 1where
1 implies that the individual is among the topmost category with best socioeconomic
characteristics and 0 implies that the individual is among the bottom-most category
with rest to socioeconomic characteristics values.

3.2 Association of Mode-Based Travel Time
with the Socioeconomic Index

Travel choices of individuals are considered to be a rational decisionmade subjective
to their capabilities and constraints. Socioeconomic index (SEI) is capturing the
disparity prevailing among the individuals in Mumbai city. The travel time variation
of individualswith different index score is analyzed to observe the behavioral changes
in using the different transport modes available in the city to complete the daily trips.
A significant association between the time spent on different modes and the index
score is anticipated.

3.3 Ridit Analysis for Perception Study

The study explores the perception of different transport settings using ridit analysis.
The data for perception studies was in the format of ordered categorical responses.
Ridit analysis is themethod developed to analyze such data that can neither be treated
as ordinal data nor as nominal data [7, 8]. Ridit analysis helps comparing individuals
with different SEI and the analysis is explained in terms of a reference group. The
steps involved in the ridit analysis is explained below.

Step 1: Prepare the frequency distribution table: Identify the frequency f ij of each
ordered category j (strongly disagree, somewhat disagree, neutral, somewhat agree
and strongly agree) corresponding to every obtained value of index score, i. Similarly,
identify the frequency f sj of each ordered category j for the total sample, s. The total
sample is the reference group in this study.

Step 2: Calculate the proportion Pij and Psj of each ordered category j.

Proportion of category j,Pij = fij
∑

j fij
∀i (2)

Proportion of category j in the total sample, Psj = fsj
∑

j fsj
(3)

Step 3: Calculate the ridit value Rsj of each ordered category j for the reference
group.
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Table 2 Statements analyzed
for perception study

Statements analyzed for perception study

a Feels safe traveling in public transport

b Tired of the crowd in the sub-urban train

c Environmental factors play a major role in the mode of travel

d Ready to share rides

Ridit value of category j for the reference group, Rsj =
j∑

j=1

Psj − 1/
2Psj (4)

Step 4: Comparison of the index groups with the reference group (total sample):
Calculate the mean ridit score Si corresponding to each index group i.

Mean ridit score of index group i, Si =
n∑

j=1

(Pij × Rsj)∀i where j = 1, 2, . . . , n

(5)

The mean ridit score of the reference group must be 0.5. If the mean ridit score
of an index group is above 0.5, the result indicates there is a higher probability that
a random individual chosen from the index group agrees to the perception statement
than a random individual from the reference group. Besides, the study also looks
separately into the behavior of individuals who use public transport for their daily
trips. The statements analyzed for the perception study are mentioned in Table 2.
The selected statements can reveal the attitude of people towards public transport
and environment-friendly modes and that can be analyzed along with the time spent
on different transport modes.

4 Results

4.1 Formulating the Socioeconomic Index

The socioeconomic index (SEI) is formulated using PCA, and this index is the
measuring tool used to categorize individuals based on their socioeconomic charac-
teristics. Data suitability for the PCA method was checked prior to the calculation
of variable weight. The correlation of parameters was considered for choosing the
variables for the PCA technique. In addition, a sample of 722 is a very good sample
size for the application of the PCA technique [9]. Subsequently, PCAwas performed
for the data set to compute the variable weightage. The KMO test for the measure
of sampling adequacy gave the values above 0.5, which is in the mediocre category.
However, Bartlett’s test of sphericity shows a significant p-value which confirms the
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Table 3 Result of principal component analysis

Index Socioeconomic index (SEI)

Suitability of
data for PCA

KMO test 0.547**

Bartlett’s test 0*

PC1 Variance 49.44%

Component
loading of
variables

Factors Income (I) Residence
typology (R)

Literacy (L)

Loading 0.796 0.806 0.447

**Adequate, *Significant p-value

acceptability of PCA for the data tested. The variable weights are obtained from the
component loading of variables in the first principal component. For both the indices,
the total variance of data captured by the first principal component is above 40% (see
Table 3).

Based on the obtained component loadings, the socioeconomic index score of an
individual can be calculated as expressed below in Eq. 6. The component loading of
Residence typology and Income is approximately about 0.8. In contrast, loading of
Literacy is lesser, representing approximately 64% of the variance (square of loading
value) of the two variables are explained by the index. In comparison, only 20% of
the variance of the variable Literacy is being explained by the index developed.

SEI = 0.796 × I + 0.806 × R + 0.447 × L (6)

4.2 The Link Between the Mode-Based Travel Time
and the Index

The association of travel time in different types of mode and index developed for the
study is examined graphically by plotting the average travel timewith the index scores
of the individuals. The graph is plotted for index scores with a significant number
of samples (index score representing less than three samples are not included). The
trendline of the travel time variation corresponding to differentmode types is depicted
in the graph (see Fig. 2). Furthermore, the likelihood of the association between travel
time and index was also estimated.

The graph shows that the total travel time is gradually decreasing with the
increasing socioeconomic index. Similarly, the average travel time in active modes
decreases with the increase in the socioeconomic index (SEI). While the average
travel time of active mode trips for individuals with the least SEI score is about
55 min, it has decreased to 20 min for high SEI score individuals. Travel time on
public transport is also decreasing after the average score of SEI. However, the time
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Fig. 2 Association of mode-based travel time with socioeconomic index

spent on paratransit and private modes are comparatively high for individuals with
higher SEI scores.

4.3 Ridit Analysis for Perception Study

The study uses ridit analysis to explore the perceptional differences among individ-
uals with different index score. Unlike the typical application of ridit analysis with a
limited number of groups (2–5 groups) compared to a reference group, this study has
several SEI groups that are compared with a total population. Therefore, we choose
to represent the measurement of perceptional differences in the graphical format
(see Fig. 3). In addition, the figure also represents perceptional variation between the
whole sample and the individuals using public transport.

The graphs indicate that an individual with a low socioeconomic index (SEI)
is more open to sustainable transport options than the high SEI score individual
even though low SEI groups are tired of traveling on a crowded train. Among the
four perception statements tested, ride-sharing is the option with the least variability
within the sample, and higher SEI groups least prefer ride-sharing. Interestingly, the
low SEI group up to a score of 0.2 does not show variation in their preference for
ride-sharing, and slowly the ridit score decreases below the average for high SEI
group with a score more than 0.6. Besides, the graph also shows that environmental
factors play less role in mode choice for higher SEI groups compared to other popu-
lations. Although there is no considerable perceptional difference between the public
transport users and non-users from higher SEI groups, among the same lower SEI
score individuals, public transport users feel safer and tired in public transport than
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Fig. 3 Perception of transport condition varying with an index score

the non-users. These results show lower socioeconomic groups’ inclination to use
sustainable transport options like public transport and ride-sharing.

5 Discussion and Conclusions

The socioeconomic condition of an individual does affect their travel behavior and
transport perception. The study highlights the time spent traveling in a day, choice of
transport modes, and the perception of transport settings of an individual vary signifi-
cantly among individuals fromdifferent socioeconomic conditions. The present study
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was undertaken in Mumbai, the densest city in India, where a significant proportion
of the population stays in informal housing settlements. The study gives limelight
to the existing transport disparity in developing nations. On a regular day, an indi-
vidual with better socioeconomic conditions tends to travel lesser time compared to
an individual with a lower socioeconomic condition. The average time spent walking
by an individual with the lowest socioeconomic condition is more than twice that
of the highest. Besides, the choice of lesser sustainable transport options (such as
private transport and paratransit) are majorly made by the individuals with higher
socioeconomic conditions, while the lower socioeconomic group prefers traveling
more in public transport or walking. The perception study also reveals that the toler-
ance to public transport and ride-sharing decreases with increasing socioeconomic
conditions. The observations discussed indicate;

(i) Higher travel time and more active mode trips among lower socioeconomic
groups might be highlighting the disparity in transport accessibility and afford-
ability prevailing in the Mumbai city. This result could be an indication that
individuals with a reduction in socioeconomic status tend to use slow modes
which are cheap and need to spend more time traveling to achieve the work
opportunities.

(ii) People tend to feel public transport is less safe, and the use of private transport
and paratransit increases with the increase in socioeconomic conditions. Thus,
the efficiency and quality of public infrastructure might be affecting the quality
of travel in the city.

The observations are relevant for the planning authority and the policymakers to
provide better public transportation, accessibility to the workplace, and containing
the use of private modes. A limitation of the study is that weekend trips were not
considered for the study. Further research can include this into consideration. The
major limitations in the data are that the sample contains a smaller number of high net
worth households, and the number of variables for the perception study was limited.
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Understanding the Household
Transportation Characteristics in Calicut
City Using System Dynamics

P. Deepa and P. Bimal

Abstract System dynamics is an effective tool to model dynamic relationships
between various parameters that interact, interrelate, and influence each other. This
paper attempts to model transportation characteristics of a household in terms of
vehicular ownership and its daily usage, which are influenced by socioeconomic
parameters such as household size, household income, household structure, age cate-
gories, educational status, and working status which are interrelated with each other.
Once a model is generated at the household level, the number of trips generated and
the traffic volume generated from the neighborhood can be calculated. A model can
be generated using the system dynamics technique. This study conducted at Calicut
city has used primary data collected from 103 households. Which are considered
as the agent module, which can be replicated to higher scales of an urban system.
Data collected has been analyzed using statistical and a causal feedback diagram is
generated using these parameters and their inter relationship with one another at a
household level has been established. Further, a system dynamicsmodel is built using
STELLA. It is found that socioeconomic parameters such as age of the household
member and education status highly influence the income of the HH and their readi-
ness to spend for a comfortable and convenient travel mode. Similarly, vehicular
ownership was also found to be a function of the number of graduates, postgrad-
uates, retired members, and household income. The integrated model of all these
parameters provides household travel characteristics in terms of quantifiable data of
vehicular ownership and daily usage of vehicles.
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1 Introduction

Transportation is one of the vital infrastructures which enable the functioning of
the cities efficiently. In the recent past, there is a tremendous increase in the use of
personalized motor vehicles for transportation, especially the use of two-wheelers
and cars [1]. This has led to various transportation and traffic woes [2]. Planning
interventions for improving the transportation scenario in many cities could not find
the result, as transportation planning has been carried out in isolation where the plan-
ning was done to anticipate the future travel demand. Increasing the transportation
infrastructure as the demand grows is not a sustainable solution for transportation
problems. A few attempts have been made to integrate transportation planning with
land use planning where the attempt was to reduce the need for traveling [3]. Other
than land use there are lots of other factors that influence the travel behavior in a city.
Household socioeconomic characters are one of these factors particularly income
[4]. It is very clear that household vehicular ownership plays role in the personalized
vehicle usage on the roads [4]. In this context, this paper tries to answer the question
of whether or not increased household ownership of the vehicles has a significant
impact on the personalized trip generated in the urban areas. This study presents the
development of a system dynamics model for household vehicular ownership using
household demographic and socioeconomic characteristics.

Systemdynamics is a holistic approach [5] to understand the behavior of a complex
system over a period of time. It involves modeling, simulation, and validation based
on the system concept. A system functions as a whole with the several interactions of
the subsystems. All the subsystems are interlinked and interdependent to each other
and function as a whole. If one of the subsystems of the system or combination of few
subsystems defunct or take a lead role during its function, its effect can be seen in the
entire system over a period of time. In system dynamics, the structure and function
of the system is explained by causal loop diagrams that explain the interactions and
feedback mechanisms within a system. Further, these diagrams are developed as
stock–flow diagrams and system dynamics models area built. Thus, built models are
simulated, validated, and policy recommendations are made. Thus, this technique
enables to analyze dynamics systems of various complexities [6]. In this study, a
household will be considered as a system with various parameters interlinked and
interrelated to each other which affect the functioning of the household as a whole.

2 Research Background

This study is an enquiry into the conviction that increased personalized vehicular
ownership leads to increased personalized trips on the road which probably cannot
be accommodated by augmenting the road infrastructure. The root cause of this
could be either the inefficiency of the existing public transportation system or the
socioeconomic and demographic characteristics of the household [7]. This study
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attempts to identify these characteristics of the householdwhich leads to the increased
personalized vehicle ownership and its usage ondaily commutes. This scenario can be
best approached through a systemconceptwhere all socioeconomic and demographic
parameters as the parameters that are interrelated and influence each other and as a
whole contribute to the household as a system. So the aim of this study is to develop
a system dynamics model for vehicular ownership and usage at the household level
using household demographic and socioeconomic characteristics. Challenge lies in
identifying the parameters influencing the vehicular ownership at the household
level and establishing interactive relationships among these parameters. The model
thus developed may be used for simulating future household car and two-wheeler
ownership, usage, and the number of daily trips generated.

2.1 Methodology and Tools

A primary data collection is conducted from 103 households in Calicut city, Kerala,
to gather socioeconomic and demographic parameters at the household level. These
parameters include household size, staying status, age of members, gender, marital
status, education status, working status, household income, household expenditure
profile, ownership of the car and two-wheeler, usage of the car and two-wheeler,
distance to workplace, travel time to workplace, travel distance, trip cost. Further,
the relationships between various parameters are identified using statistical methods.
Initially, the parameters that are significantly correlated are identified using correla-
tion. Further, a regression analysis is done with the variables of interest as the depen-
dent variables and household characteristics as the independent variables. Multiple
linear regression and binary logit regression has been employed for this. Once the
relationships have been established between various parameters, a causal feedback
diagram has been generated which then further developed into a system dynamics
model. SPSS software has been used for statistical analysis, ANYLOGIC for causal
feedback diagram and STELLA has been used for system dynamics modeling.

2.2 Data Sources

The study has been conducted in the Calicut Corporation, Kerala. A cross-sectional
data has been collected from 103 households. Random sampling method has been
used for this. Calicut is the third largest urban agglomeration in Kerala, spreading
over an area of 125 km2 with a total population of 4.3 lakh and density 3464 persons
per sq.km. 48% of the total population of the Calicut corporation constitute male
and the remaining 52% is female population. Literacy rate of the study area is 97%
which higher than the state average of 93.91% and national average of 74.04%. 32%
of the population belongs to working-class and is mainly engaged in tertiary sector.
53% of the total male population is working and only 13% of the female population
is employed.
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2.3 Data Analysis

In this study, parameters and interrelationships has been identified and established
through statistical analysis. Correlation analysis has been done to find out the signifi-
cant parameters that are directly interrelated to and influence the variables of interest
viz. monthly income, travel expense, car ownership, car usage, two-wheeler owner-
ship, and two-wheeler usage. The parameters that are found to be significantly
correlated are graphically represented in the Fig. 1. The dependent variables are
represented in color red in the figure. They are monthly_income (monthly household
income),monthly_expense_travel (monthly travel expense of household), TW_usage
(daily two-wheeler usage), TW-ownership (two-wheeler ownership), car_ownership
(car ownership of the household), car_usage (daily car usage).

These five interesting variables are assumed to be dependent on the socioeco-
nomic characteristics of the household. From the correlation analysis, the probable
parameters that influence monthly income, vehicular ownership, and its daily usage
has been identified. Further, regression analysis has been done to identify the exact
parameters and establish a mathematical relationship among these variables, which
can be modeled using system dynamics.

Fig. 1 Interrelationships among various parameters (Source Author)
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3 Modeling

3.1 Regression Model

Multiple linear regression models are formulated for dependent variables monthly
income and travel expense using all the parameters as the independent variables,
while a binomial logit regression is used to represent vehicular ownership and its
daily usage.

Monthly income: Total monthly income can be expressed in terms of number of
postgraduates, number of graduates, number of unemployed women, number of
retired persons, and number of males. The average household income is found to be
24886.527 and it increases by Rs. 25,267, 8651, 15,455, and 6260 by the presence
of a post-graduate, graduate, retired, and males, respectively. The household income
is also found to be less by 19,911 than of an average household if the household has
unemployed women. Regression model follows as below.

Monthly income = 24886.527 + 25266.935(number of post graduates)

+ 8650.848(number of graduates)

− 19911.277(number of unemployed women)

+ 15454.791(number of retired) + 6259.528(number of males)
(1)

The regression was carried out by entering all logically related socioeconomic
parameters as independent variables and the model has automatically omitted the
insignificant variables. It is found that independent variables number of postgrad-
uates, number of graduates, number of unemployed women, number of retired
members, and number of males are the significant predictors. The R value of 0.533
indicates these independent variables collectively have a good correlationwith depen-
dent variable income. R2 value of 0.509 indicates that 50.9% variation in income is
explained by this model. Statistical significance of this model is tested and found that
F value is 22.173 with a P value less than 0.005, and thus rejects the null hypothesis.
Therefore, the model is statistically significant.

Monthly travel expense: Monthly travel expense is found to be a function of house-
hold characteristics such as householdmonthly income, number of unemployedmen,
number of HH who belongs to education category up to 4, and the number of HH
belonging to age category 36–45 years. Average monthly expense is Rupees 1008,
which increases by rupees 0.44, 1018, and 627 as per unit increase inmonthly income,
number of HH of education up to 4 and age category 36–45, where it is less by rupees
2336 as per unit number of the unemployed men. Regression equation follows as
below.
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Monthly expense on transport

= 1008.486 + 0.044(monthly income) − 2336.007(number of unemployed men)

+ 1017.720 (number of HH of education upto 4)

+ 627.007(number of HH of age 36 − 45) (2)

The regression was carried out by entering all logically related socioeconomic
parameters as independent variables and the model has automatically omitted the
insignificant variables. It is found that independent variables monthly income,
number of unemployed men, number of households with education status up to
4, number of households of age category 36–45 are the significant predictors. The
R value of 0.430 indicates that these independent variables collectively have a good
correlation with the dependent variable, i.e., monthly travel expense. R2 value of
0.398 indicates that 39.8% variation in monthly travel expense is explained by this
model. Statistical significance of this model is tested and found that F value is 16.17
with a P value less than 0.005, and thus rejects the null hypothesis. Therefore, the
model is statistically significant.

Probability of owning a car: A binary logistic regression was performed on car
ownership as the outcome and educational status,working status, and family structure
as the predictors. Insignificant predictorswere automatically removed and thenumber
of graduates, postgraduates, and retired members is found to be the strong predictors.
A test of the full model with all these 3 significant predictors (Significance less than
0.005) against a constant only model was statistically significant with Hosmer and
LemeshowChi-square 2.665 and rejects the null hypothesis that addingvariables does
not significantly increase the models ability to predict the outcome. Table shows the
regression coefficients Walds statistics and odds ratio. Among these predictors, the
number of postgraduate is found to be a strong predictor with a Walds chi-square of
13.59 and with a p value less than 0.001. It is clear from the table that the presence
of postgraduate member and retired member increases the probability to own the car
by 5 times, whereas the presence of a graduate member in the family increases this
probability only by 2 times compared to that of households without these category
members.

Probability of owning car

= e(−1.216−1.927∗MILs20000−1.029∗MI20000_40000+1.182∗NoPoGR+0.597∗NoGR+1.509∗NoRTD)

1 + e1.216−1.927∗MILs20000−1.029∗MI20000_40000+1.182∗NoPoGR+0.597∗NoGR+1.509∗NoRTD
(3)

Probability of owning a Two-wheeler: Similar analysis to that of car ownership
was performed on two-wheeler ownership as the outcome and educational status,
working status, and family age structure as the predictors. Insignificant predictors
were automatically removed and only the age structure of the family is found to be the
strong predictors. They are the number of members belonging to age group up to 5,
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Table 1 Identified socioeconomic parameters

Socioeconomic characteristic of households Parameters

HH members Number of males

Age structure Upto 5, 36–45, 46–55, 56–65

Education status Number of HHs with education up to 4, number of
graduates, number of postgraduates

Working status Retired, number of full time employed, number of
unemployed men, number of unemployed women

Economic Total monthly income, monthly travel expense

between age 36–45, 46–55, and 56–65. A test of the full model with all these 4 signif-
icant predictors shows that this model has 80.6% predictability against a constant
onlymodel.Model is statistically significantwithHosmer andLemeshowChi-square
11.268 and rejects the null hypothesis that adding variables does not significantly
increase the models ability to predict the outcome. Table shows the regression coef-
ficients Walds statistics and odds ratio. Among these predictors, number of members
between ages 36–45 is found to be a strong predictor with a Walds value of 7.535. It
is clear from the table that the presence of family members belonging to age group
36–45 and age up to 5 increases the probability by 3 times, whereas age members in
the age category 46–55 and 56–65 increases this chance by 2.5 times compared to
that of households without these category members.

Probability of owning two − wheeler

= e(0.867+1.376∗NoAG5+1.242∗NoAG36_45+1.035∗NoAG46_55+0.954∗NoAG56_65)

1 + e(−0.867+1.376∗NoAG5+1.242∗NoAG36_45+1.035∗NoAG46_55+0.954∗NoAG56_65) (4)

From regression analysis it is found that the following are the household socioeco-
nomic and demographic parameters that influence aHouseholds vehicular ownership
and its daily usage. They can be summarized as Table 1 and the relationships are as
shown in Eqs. 1–4.

3.2 System Dynamics Model

A causal feedback diagram has been developed with a polarity which represents
whether they are directly or inversely related to each other. This casual feedback
diagram has been further developed into a system dynamics model (Fig. 2).

In the system dynamic model, there are stock variables and flow variables. In this
model-dependent variables viz. monthly income,monthly travel expense, probability
of owning the car and daily use of the car, and probability of owning a two-wheeler
and its daily usage has been taken as stock variables. Knowing the demographic
characteristics of Calicut city such as total population, average household size; the
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Fig. 2 Causal feedback diagram for household transportation dynamics

total vehicular ownership and its contribution to daily trips can be simulated using
this model (Fig. 3).

3.3 Simulation

In order to demonstrate how the developed system dynamics model can be applied to
future predictions, simulations are conducted to predict car ownership, two-wheeler
ownership, and daily trips generated under different hypothetical scenarios. The
simulation was conducted for Calicut city demographic data. In all scenarios, the
average household size is taken as 5 and a combination of parents, 2 children, and
a grandparent, and the possibilities are explored if the parents belong to various
categories of age groups.Model has been simulated for different scenarios as follows.

Scenario 1: Changing the education status of the household members and the
rest of the parameters as constant.

Scenario 1a: Parents belong to the age category of 36–45 and grandparent in
the age of 56–65 and children are not likely to fall in any of the significant age
categories (Table 2).
Scenario 1b: Parents belong to the age category of 46–55 and grandparent and
children are not likely to fall in any of the significant age categories (Table 3).
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Fig. 3 System dynamics model for household transportation dynamics (Source Author)

Scenario 1c: Parents belong to the age category of 56–65 and children at the age
of 36–45 (Table 4).

Scenario 2: Changing the working status of the household members and the
rest of the parameters as constant.

Scenario 2a: Parents belong to the age category of 36–45 and grandparent in
the age of 56–65 and children are not likely to fall in any of the significant age
categories (Table 5).
Scenario 2b: Parents belong to the age category of 46–55 and grandparents and
children are not likely to fall in any of the significant age categories (Table 6).
Scenario 2c: Parents belong to the age category of 56–65 and children I the age
of 36–45 (Table 7).

4 Results and Discussion

4.1 Scenario 1: Changing the Education Status
of the Household Members and the Rest
of the Parameters as Constant

It is observed from the simulation statistics that asmonthly income and car ownership
increases as the education status of the household members are high whereas car
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usage and travel expense does not increase drastically (Figs. 4, 5 and 6). From the
model value, it is clear that in scenario 1a, only 15.8% are likely to own the car and
only 5.7% of the HHs are likely to use the car on daily basis, but for scenario 1b,
27.7% of the HHs are likely to own the car and 18.5% are likely to use it on a daily
basis, whereas in scenario 1c, 27.6% of the HHs are likely to buy a car and 27.5% of
the HHs are likely to use it on daily basis. This result implies that as the educational
qualification of the HH members increases, they tend to possess a car. Only in HH
where the majority of the members are highly qualified are likely to use it on a daily
basis. In a city of households with a combination of these in equal proportion, 71.2%
of the HHs are likely to own a car and 51.8% are likely to use it on a daily basis.

Fig. 4 Simulation result for scenario 1a

Fig. 5 Simulation result for scenario 1b
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Fig. 6 Simulation result for scenario 1c

4.2 Scenario 2: Changing the Working Status
of the Household Members and the Rest
of the Parameters as Constant

Simulation 2 statistics show that as monthly income and car ownership increases as
the working status of the household members are high whereas car usage and travel
expense does not increase drastically (Figs. 7, 8 and 9). From the model value, it
is clear that in scenario 2a, only 15.9% are likely to own the car and only 5.8% of
the HHs are likely to use the car on daily basis. But for scenario 1b, 25.1% of the
HHs is likely to own the car and 11.6% are likely to use it on a daily basis, whereas
in scenario 1c, 22.8% of the HHs are likely to buy a car and 5.8% of the HHs are
likely to use it on daily basis. This result implies that as the working status of the HH
member’s improves, they tend to poses a car. But their daily usage is not significant
compared to that of scenario 1. In a city of households with a combination of these

Fig. 7 Simulation result for scenario 2a
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Fig. 8 Simulation result for scenario 2b

Fig. 9 Simulation result for scenario 2c

in equal proportion, 63.3% of the HHs are likely to own a car and 23.3% are likely
to use it on a daily basis.

If we compare both scenarios, the education status of the household plays a major
role in car ownership and car usage. Employment status of the household influences
car ownership, however, it doesn’t lead to daily car usage. Employment status of
the household in combination with high educational qualification leads to daily car
usage. Similarly, simulation can be done for two-wheelers as well.

5 Conclusion

The simulated model in the context of Calicut city suggests that as the socioeco-
nomic status of the household increases in terms of higher educational qualifica-
tions, working status and income, the vehicular ownership, and usage also increases.
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In both scenarios, more than 60% of the HHs in Calicut city (71.2% in scenario 1 and
63.3% in scenario 2) own a car at home and its usage is for daily commuting is 51.8%
and 23.3% for scenario 1 and 2, respectively. Here it indicates that owning a private
vehicle is more than a means for daily commutation, it is an asset. It is a symbol of
status and their newly attained affluence. In the case of Calicut city, it is unlikely that
these cars significantly contribute to the daily trips generated in the city. Most of the
people use either public transportation or two-wheelers for their daily commutation.
But there is a high chance of daily usage of cars in a situation where public trans-
portation fails to provide a safe, convenient, and comfortable travel experience to
the users. Measures shall be taken to ensure an efficient public transportation system
with well networked last mile connectivity.

Household demographic and socioeconomic characteristics are significant param-
eters that influence car ownership and travel behavior of a household. The interactions
among these parameters can be modeled using the system dynamics technique as
discussed. Such a model developed at the household level can be used as an agent
representing a typical household in a city. This model may be calibrated for different
classes of households in the city. Thus, it may be used in conjunction with a suit-
able agent-based modeling platform to predict the resulting vehicular ownership and
usage for a given context. The model would give a specific conclusion about the
transport characteristics of the cities based on the socioeconomic parameters.
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Informal Settlements and Workplace
Spatial Dynamics—A Case Study
of Vijayawada

Ekta and Faiz Ahmed Chundeli

Abstract In the recent past, the policy response to informal settlement planning
has predominately been to evict and relocate in the form of resettlement, rehabilita-
tion, and redevelopment. Since the inception of the master plan preparation process,
planning for informal settlements is still unaddressed or under-addressed. In addi-
tion, informal settlements and their workplace spatial dynamic for drawing plan-
ning guidelines are often not carried out. This is also evident from the mass exodus
of millions of migrant laborers across India, after the Covid19 lockdown. In this
research, spatial relation between informal settlement and their workplace dynamics
with respect to landuse types has been exercised, with an intent to draw direc-
tions for inclusive informal settlement planning. Multi-regression analysis has been
carried out between slum location (slum population) and landuse types for the entire
VijayawadaMunicipal Corporation area. Further, five identified informal settlements
in Vijayawada, India, is studied as pilot cases. The study includes mapping of all
the five informal settlements and extraction of their spatial correlation with work-
places using GIS. Overlay analysis and origin-destination matrix for pilot cases
were performed to understand the spatial dynamics and location preferences of slum
dwellers. Besides, random surveys from pilot cases were interviewed to comprehend
and ascertain the socioeconomic status and the travel pattern of slum dwellers. The
results indicate and reiterate that socioeconomic conditions of informal settlements
force people to live as close as possible to their workplace and the need for inclusive
policy and urban planning measures at a zonal scale. The study draws the attention
of researchers, planners, and policy makers to carry out further research to include
informal housing into city development plans.
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1 Introduction

1.1 Urbanization and Growth of Informal Settlements

Urbanization is taking place at an unprecedented rate. Thirty percent of the world
population was urban in 1950, and within a span of 100 years, it is expected to
reach sixty-eight percent by 2050. Approximately half of the world’s urban dwellers
reside in the small settlement of less than 5,00,000 inhabitants, while around one-
eighth live in 33 megacities with more than 10 million inhabitants. According to
the report, slum dwellers account for almost one-third of the world’s population
[15]. Further, the United Nations millennium program recommends the government
to strategize the issues of urban poverty, slums, and informal settlements at the
national level. The need for inclusion of such national development strategies in India,
can be seen in the eleventh five-year plan that highlights the strategy of “inclusive
growth” as a key paradigm, where the inclusion of poor and disadvantaged sections
in the planning and growth processes is deliberated [9]. As the demand for inclusive
planning and development increases, a relook into the missing gaps in our current
policy approach demands thorough investigation. The focus of our policy and urban
planning measures must shift towards the disadvantaged and lower income people
to achieve the goal of inclusive sustainable development.

1.2 Need for a New Policy Approach

The Government of India and the local state government across the country have
been exercising various approaches/schemes towards providing houses for the low-
income group from industrial housing to low-income affordable housing, from evic-
tion and relocation to resettlement and rehabilitation. Narayan [10] in his study,
groups the government policies towards slums and squatters in three categories: First,
“Laissez-faire Policies” where existing slums and informal squatter settlements are
ignored over the development of other sectors. Second, “Restrictive or Preventive
Policies” where the focus of the planning policy has been eliminating or reducing the
low-income settlements. In such policy measures, basic urban infrastructure, social,
physical, and economic aspects within the slums are neglected [8]. This is another
exclusion strategy adopted by the authority for evicting or relocating the residents
outside the core city. The third, “End Supportive Policies” where deliberate policy
measures are taken to exclude slums and informal squatter settlements from the
national policy on the development of urban land and housing policy [10]. However,
the housing policies which have been adopted in India, since the first five-year plans
(1951–61) have exercised various concepts of a subsidized housing scheme for indus-
trial workers and the economically weaker section, for instance, The Low-Income
Housing Scheme of 1954, Slum Clearance and Improvement programme of 1956,
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etc. These schemes, however, were not as effective as expected because of a concep-
tual flaw in the policies. The reasons for failure are the unaffordability and poor
location choices of relocated slums. As a result, it is inevitable for policy and deci-
sion makers to consider and understand the spatial relationship dynamics of job and
slum locations [4]. During the 1970–90’s, major programs such as the Environmental
Improvement of Urban Slums (EIUS) in 1972 and the Urban Basic Services (UBS)
Scheme launched in 1986, were initiated focusing on the provision of basic infras-
tructural facilities for social services. These schemes include the initiatives such as
learning opportunities for women, vocational training, pre-school programs for chil-
dren, and the setting up of community organizations [4]. Further, in the 1990s Urban
Basic Services for the Poor (UBSP) and Nehru Rozagar Yojana tried to integrate
employment and housing. In the twenty-first Century, within The Jawaharlal Nehru
National Urban Renewal Mission (JNNURM), schemes of Basic Services of Urban
Poor and the Integrated Housing and Slum Development Programme (IHSDP) were
launched to tackle infrastructural and housing challenges. This may be noted that
RajeevAwasYojana (RAY) aimed for slum free India. In recent years, PradhanMantri
Awas Yojana (PMAY) has been launchedwith an intent to provide housing for all [4].
This is clear from the above policy measures and planning initiative that a number of
schemes have been experimented so far, including concepts of relocation slums, reha-
bilitation, and subsidies on loans, etc. Traditionally, slumdemolition and resettlement
of slum populations were the dominant methods implemented by local and national
governments to deal with the “slum problem” [3]; Macharia, 1992). However, the
slums continue to exist and they keep growing. To summarize, our approach towards
slums and informal housing so far has been treating slums as problems and trying
to solve them. However, informal settlements have become an integral part of our
urban systems that cannot be negated. The city cannot afford to function without
the support services extended by people living in informal settlements. Therefore, in
recent initiatives, steps are taken to integrate informal settlements within the urban
planning processes.New schemes in the formof 35% reservations for low income and
informal housing at zonal level plan is being experimented with. However, such inte-
gration poses a number of novel questions that need to be resolved before new policy
and urban planning measures are derived. One such question is being investigated
in this paper, i.e., the relationship between the informal settlements and workplace
dynamics, to develop new policy and planning measures.

1.3 Location Theories and Workplace Relation of Informal
Settlements

To explain the slum location and workplace dynamics, the following parameters
are used, i.e., private-sector housing location, travel-cost minimization, the travel-
cost/housing-cost trade-off, andmaximumhousing expenditure. A detailed summary
of these theories is given by Balchin et al. [2]. Of these theories, one of the major
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observations drawn is that, given an opportunity, a perfect mobile household would
move to a plot where it can satisfy its spatial requirements while paying accept-
able transport costs [11]. According to Harvey [5], there are three determinants of
residential location, namely accessibility, environmental characteristics, and rent.
There is a trade-off of accessibility and environmental characteristics against rent
[7]. Urban poor prefer to stay in unplanned settlements, often against the rules and
stay close to their employment opportunities to avoid the burden of expenditure
on transportation [1]. Further, the finding of Tiwari [14] suggests that the lowest
income group relies heavily on walking—indeed, more than half of all of the trips by
this group are conducted on foot. Tiwari [14] also points out that trip distances are
typically low for low-income groups as the poor tend to live as close as possible to
their workplaces, often in sub-standard housing in unplanned settlements, because of
long working hours and the need to minimize transport expenditure. Although, broad
policy measures on workplace dynamics and slum locations are widely discussed,
however, their impact on spatial planning is less explored. In this study, an attempt is
made to explore the linkages between the spatial land-use plan and slum locations.

2 Methodology

In this study, a three-layered analytical approach is adopted. First, the existing poli-
cies on slums have briefly been studied to understand the current procedures, policy
measures, and planning approaches in practice for addressing the issues of informal
settlements in cities. Secondly, the residential location theories (in general) have
been explored to understand the logic of slum location choices. Further, an attempt
has also been made to understand in specific, the criteria used by the slum dwellers
of low-income households in Vijayawada, on housing location choices. Thirdly,
landuse intensity analysis for commercial, mixed, public, semipublic, and residen-
tial is done for all the slums in Vijayawada Municipal Corporation Area (VMCA)
to establish a relationship between the land-use and slum locations. Land-use inten-
sity maps for various land-use typologies were derived for the city of Vijayawada
using GIS. In addition, 150 socioeconomic sample surveys were collected from five
different pilot case slums to comprehend and ascertain the socioeconomic status and
the travel pattern of slum dwellers. Further, the relationship between the workplace
and place of residence has been established through the origin-density (OD) survey.
Spatial dynamics of land-use typology and their relation with slum location through
destination attraction survey points are simulated.
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3 Case Area

Vijayawada is the second largest city in the newly formed state of Andhra Pradesh,
India. Vijayawada is surrounded by the Krishna River on the east and west and the
Budameru River on the north. The northern, northwestern, and southwestern parts
of the city are covered by a low range of hills, while the central, southwestern, and
northwestern parts are covered by rich and fertile agricultural lands with three major
irrigation canals [12]. Vijayawada Municipal Corporation (VMC) population as per
the 2001 and 2011 census was 8, 45,217, and 10,48,000, respectively. The biggest
contributors to the city’s population growth are mainly the natural increase and
immigration from the surrounding villages. Vijayawada also serves as a business hub
in terms of wholesale agricultural products, particularly specializing in vegetables,
fruits, and spices [13]. Further, Vijayawada is known for automobile body building,
garment, iron, and hardware small scale industries. The Jawahar Lal Nehru Auto
Nagar Industrial Estate in Vijayawada, is one of the largest hubs of the automobile
industry in Asia. There are about 3000 automobile accessory units in and around the
city and about 100,000workers are employed in these industries. Apart fromworkers
of the city, people from other parts of the state come for work in the industrial estate
[12]. The slum population of VMC as per the 2001 and 2011 census was 1,69,043
and 2,87,983, respectively. The total area of the city is 61.88 Km2 and the slum area
is estimated to be 9.27 Km2 which is 14.98% of the total area as shown in Fig. 1. A

Fig. 1 Pilot slum case study location along with residential and commercial land-uses for VMC.
Source Map generated by Authors, based on secondary sources, 2020
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Table 1 Demographic details of the five pilot case study slums

S. No. Name of the slum Ward
No.

Population No. of
households

Area (in
ha)

Slum
density

1 Christurajapuram 3 4458 1276 17.30 258

2 Moghalrajapuram
Hill Area East

7 757 208 5.80 131

3 Ramaligeswara
Nagar

14 2541 818 4.54 560

4 Ranigarithota 16 7642 2102 9.40 813

5 Devi Nagar 53 3693 1101 16.64 222

total of 111 slums spread over 59 electoral wards are found in VMC, of which 20 are
hazardous and 91 are nonhazardous slum category. Out of 111 slums, 58 slums are on
state government land, 22 on private land, 27 on lands owned by the local body, and
4 are on railway land. Further, it is observed that 81 slums are in Residential areas,
22 in Commercial areas, and 8 are in Institutional areas. Eighteen slums are spread
in an area of more than 15 Ha, with Prakash Nagar Slum being the largest occupying
a maximum area of 35 Ha. It is observed that 81.32% of the slums are located in
tenable locations in the city. It is also observed that 81% of the slums have an area
greater than 1.2 Ha [6]. In this pilot study, Ramalingeswara Nagar, Ranigarithotta,
Christurajapuram, Moghalrajapram, and Devi Nagar slums as shown in Fig. 1 are
studied. Basic demographic details of the identified five pilot case study slums are
shown in Table 1.

4 Analysis and Results

A primary survey was carried out between 16–21 February, 2020 at Moghalra-
japuram ,DeviNagar, Christurajapuram ,Ranigarithota , andRamalingeswaraNagar,
the five pilot slum case areas. Thirty survey samples were taken from each of these
slums. Three main characteristics of the slum dwellers were mapped during the
survey, i.e., their travel expenses,mode, and distance traveled forwork. These outputs
of the survey questions were spatially mapped to understand slum locations and their
workplace dynamics. Based on the survey results, it is observed that most of the slum
dwellers live with meager income and the majority have migrated to the city around
twenty years ago from the nearby villages for jobs. Most of them are illiterate and
are from socially backward communities and the majority of them work as unskilled
daily wage labor. Further, it was observed that many of the slum dwellers are tenants
and do not own houses. As a result, they are settled across the city in an unorganized
manner illegally. Since, these settlements are in existences for over a few decades
now, themunicipal authorities have facilitated access to water and electricity services
to these slums, however, despite the lack of land tenure records.
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4.1 Landuse Intensity and Slum Locations in VMC Area:
Multiple Regression

Based on landuse intensity analysis and multiple regression, it is observed that slum
landuse is very intense (2.8–7.5) in about ten wards. Of these wards, the highest
residential landuse is found in ward no. 23, 36, 45, 54, 57. Interestingly, about 80%
of the slums are located in residential landuse across the city. These wards are in the
vicinity of commercial zones with a commercial landuse intensity of 4.2–8.6 units.
Slum landuse intensity is observed to be very low (up to 1.6) in ward no. 8,9, 19,
21,28, 39, 40,41,42, 47, and 50. Coincidently, the commercial intensity is observed
to be very high ranging from 1.6–8.6 units. Therefore, confirming the slum location
proximity and nearness to the workplace. Further, multiple regression for each of the
slum with a buffer of 0.5, 1, and 2 km were analyzed and within each buffer multiple
regression analysis are carried out, taking the population as the dependent variable
and residential, commercial, mixed use, and public-semipublic land use intensity as
the independent variable.

From the multi-regression analysis, it is found that the R-square value within the
range of 0.5 km, 1 km, and 2 km is 0.18465, 0.210851, 0.154301, respectively. The
results signify that the landuse intensity (residential, commercial, public-semipublic,
and mixed land use) accounts for 18, 21, and 15% for the same range. The overall
regression results obtained are found to be significant and for specific distance
following R2 values are obtained,

1. within 0.5 km buffer, F (4,93) = 5.27, p < 0.001 (0.000723009), R2 = 0.18465
2. within 1 km buffer, F (4,93) = 6.21, p < 0.001 (0.000178442, R2 = 0.210851
3. within 2 km buffer, F (4,93) = 4.24, p < 0.00 (10.003373), R2 = 0.003373

Hence, from the analysis, it can be said that the slum population is strongly
affected by the variations in landuse intensitywhich demands the attention of physical
planners to consider the same while planning cities or to retrofit the existing master
plans.

4.2 Case Area Buffer Analysis with Landuse Intensities

Within the buffer of 500 m commercial landuse intensity (CLUI), mixed landuse
intensity (MLUI), and public-semipublic landuse intensity (PSPLUI) is 0.7, 1, and
0.9, respectively in Moghalrajapuram , it is evident from the survey results that 30%
of the respondents travel less than 1 km for their job. 10% of people travel more than
5 km. About 35% of the people rely on two-wheelers for commuting, while 80% of
the females travel less than 1 km for work. In Christurajapuram, 50% of the samples
surveyed walk/cycle up to 3 km for job purposes, as CLUI, MLUI, and PSP LUI
is 1.03, 1.15, and 1, respectively. However, the settlement is on a steep slope and
vehicular access is not feasible, as a reason, only 7%of the surveyed respondents own
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Table 2 R-Square values for different buffer zones

S. No. Item Buffer of 0.5 km Buffer of 1 km Buffer of 2 km

1 R-Square 0.18465 0.210851 0.154301

2 Significance F 0.000723009 0.000178442 0.003373

two-wheelers. While about 43% rely on auto and public mode of transport. MLUI,
PSP LUI is 0.65 and 0.74, respectively, within the 500 m range in Ranigharithota and
about 31% of people go to work by walk, while 31% prefer two-wheelers. Further,
CLUI, MLUI, PSP LUI is 1.49, 1.59, and 1.35, respectively, with 50% of the people
commute to work within the 2 km range. In Ramaligeswara, about 45% of people
who go to work travel by two-wheelers and about 20% rely on a public mode of
transport, while 50% of the people travel more than 5 kms for work. In Devi Nagar
slum, 17% of people prefer walking and 41% rely on two-wheelers, for commuting
(about 60% of people travel more than 5 kms for work) to the workplace. Further,
it may be noted that MLUI of 0.61 within 500 m signifies the people going to work
by walk. Table 2 shows landuse intensity for all the slums with a buffer range from
500 to 2000 m (Table 3).

4.3 Origin-Destination Matrix

Based on the primary survey conducted and the response obtained from slumdwellers
on the place of work, origin-destination (ODmatrix) sightlines were generated using
GIS. Figure 2 shows all the five pilot slum case locations and responses obtained
on travel destinations for work. It is observed from the results, that Auto Nagar,
Besant Road, Sidhartha Nagar are the primary workplace destinations of the pilot
case slums. It is observed from the analysis that; furthest slums have higher and
longer travel sightlines indicating an increased number of trips from slum location to
theworkplace.However,most of the slumdwellers as shown in theFig. 2 travelwithin
a 1 km radius from the place of residence indicating the natural location choices of
slums. Further, almost 90% of the travel is within a 3 km radius as indicated from
the survey results. Thus, a strong relationship and spatial dynamics exist between
the slum location and workplace. In addition, it is observed from the study that, over
a period of time, most of the slums have organically evolved around the commercial
activities of the city. This also reiterated from theODmatrix as shown in Fig. 2, where
most of the slum dwellings travel within a 3 km radius to save travel cost. However,
slums which are located 8—0 km away from the city, such as Ramalingeswara Nagar
show higher and longer sightlines, indicating high volumes of daily travel pattern
among the slum dwellers. Thus, the workplace and slum location spatial dynamics
are clearly visible through the pilot study. Such a relationship is well established in
major literature as well. However, such influx of travel from the informal settlements
must be absorbed and contained through spatial policy and deliberate urban planning
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Fig. 2 OD Matrix of pilot case slum locations and their workplace, 2020

interventions.Master plans prepared in this regardmust include the allocationof lands
for informal housing within the vicinity of commercial activities. Such thoughtful
inclusion of informal housing settlements would pay the way for just and inclusive
city planning. Amendments in the existing city planning policy and regulation are
required to be taken up for inclusive growth.

4.4 Discussion

The results from the pilot case studies indicate that many of the slum dwellers prefer
living close to their workplaces. Similar observations are made in many pieces of
literature . These results also highlight and reconfirm that socioeconomic conditions
of people are one of the decisive factors in slum location determinants. Further, it
may be noted that 80% of the slums are located within residential land-use typology
and the reach of commercial zones (major workplace spots) as shown in Fig. 1,
confirming the slum location and workplace nearness dynamics.

Further, many of the slum dwellers prefer to live as close as possible to their work-
places, so to avoid travel-related expenses. However, such observations are rarely
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adhered while preparing master plans and development plans. Location specific
guidelines must be developed for handling slums and informal settlements in the
city. Master plans must be dynamic in nature to observe such fluxes. New policy
and planning measures must be developed to include informal settlements within
the planning norms of city planning. In the case of existing cities, required amend-
ments in the development plan must be carried out. Integrating informality into the
existing land-use typology must be experimented. Further, workplace and slum loca-
tion dynamicsmust carefully be studied, understood documented across the planning
area, while preparing development plans. The influx ofmigrants for economic oppor-
tunities shall continue in major cities, therefore, inclusive sustainable urban planning
and policy measures are required to be institutionalized at the earliest.

5 Conclusion

In this paper, the spatial relation between slum location and their workplace dynamics
is presented with an intent to draw directions for developing inclusive informal
settlement planning guidelines. Five identified informal settlements in Vijayawada,
India, are studied as pilot cases. Random surveys from pilot cases were interviewed
for establishing socioeconomic status and their travel pattern. Overlay analysis and
origin-destination matrix for pilot cases were simulated using GIS to understand the
spatial dynamics. The results indicate and reconfirm that socioeconomic conditions
of people in informal settlements force them to live as close as possible to their
workplace. Land-use planning and policy measures must take into consideration to
allow the existence of slums within the central business districts of the city and
commercial zones in a planned manner. Thus, there is a need for inclusive planning
for the urban poor within the accessible range of the workplace along with affordable
housing options. Further, the study draws the attention of researchers, planners, and
policy makers to carry out further research in this direction to define the accessibility
range of travel for the urban poor, housing location, and choices. Further, the use
of scientific and advanced spatial planning support tools must be encouraged and
used for attaining sustainable and inclusive planning of cities. As established and
proved in the paper that slums are found near the work locations. The majority of
the workplaces fall within the commercial, public-semipublic, and mixed landuse.
People who come and settle down in slums are economically weak. The intent behind
this study is to emphasize the need for affordable residences for the migrants and
low-income people while planning commercial areas. Public-semipublic and mixed
landuse areas are the potential workplace for low-income slum dwellers. Therefore,
the provision of affordable residential near theworkplace, on the one hand, shall fulfill
the housing requirements of the low-income people and also aid in the formation of
new slum clusters. Further, if “X is the commercial, mixed or Public-semipublic
landuse intensity” then it would result in “Y number of slums population” in and
around such landuse typologies. So, while population projection, this “Y number of
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slum population” must be considered. Further, research to integrate the same into
urban planning processes may be carried out.
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The Value of a Life: Potentials
and Challenges for Road Safety
of Non-motorized Transport Users
in Ahmedabad

Aparna Ramesh and Pratiksha Surpuriya

Abstract Despite its high modal share, Ahmedabad suffers from poor quality,
uncomfortable and unsafe infrastructure for walking and cycling. As a result, pedes-
trians and cyclists have become themost vulnerable road users, accounting for 43%of
the fatalities despite their significantly shorter trip lengths (JP Research India (2017)
Accident research status report Ahmedabad January to July 2017). This paper aims
to identify the barriers to providing safe, secure and comfortable facilities for pedes-
trians and cyclists inAhmedabad. InNovember 2018, as the first phase of this study, a
road design and safety audit was undertaken at three of the city’s accident hotspots so
as to examine the situation on ground. The results of the survey revealed the appalling
conditions of the footpaths and the complete absence of segregated cycle tracks in
the selected accident hotspots. To understand the possible reasons for this gap, the
second phase of the study mapped the roles of stakeholders involved in the alloca-
tion of road space for walking and cycling and interviewed five diverse stakeholders
among them. Discussions with the stakeholders revealed three critical, interrelated
issues that affected the implementation of NMT infrastructure in the city—conflicts
in the technical versus socio-political decision-making on road space allocation, lack
of a coordinated, multidimensional approach by the government for urban transport
and skewed cultural perceptions about walking and cycling.

Keywords Urban mobility · Non-motorized transport · Road safety · Pedestrian
infrastructure · Road safety audit

1 Introduction

Non-motorized transport (NMT), such as walking and cycling, is truly a low carbon
mode of mobility. It is not dependent on the use of fossil fuels, produces no tailpipe
emissions and is associated with several positive externalities like improved health,
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reduced traffic congestion and lower levels of air pollution [1]. Comprehensive
studies show that walking and cycling account for more than a third of all trips
in Indian cities [2]. Apart from being the preferred mode for short trips, first- and
last-mile connections to public transport, several low-income households are often
entirely dependent on these modes to access essential services like education and
employment.

Despite the high modal share, Indian cities often have very poor quality, uncom-
fortable and unsafe infrastructure for walking and cycling. As a result, pedestrians
and cyclists have become the most vulnerable road users, accounting for nearly half
of all road accident fatalities [3]. Road traffic accidents always have severe and
irreversible impacts on the lives of their victims. Apart from the immediate pain,
grief and emotional suffering, the victim’s families inevitably endure the inimical
ripple effects of the accident for many generations to come. In November 2015, India
signed Brasilia Declaration on Road Safety, thereby officially committing to United
Nation’s Sustainable Development Goal 3.6—to halve the total number of fatal road
accidents by 2020. If we are to achieve this goal, it becomes imperative to re-examine
the issue of road safety keeping in mind the needs of the most vulnerable users.

2 Aim

Using the city of Ahmedabad as a reference case, this paper aims to identify the
barriers to providing safe, secure and comfortable facilities for both pedestrians
and cyclists in Indian cities. By examining the current situation on ground and then,
analytically mapping the conflicts and contestations among the various stakeholders,
this paper highlights the three most critical challenges that need to be overcome in
order to ensure the provision of essential NMT infrastructure.

3 Ahmedabad—Past Plans and Projects

Ahmedabad, home to 5.5 million people, is the commercial capital of the state
of Gujarat [4]. The Ahmedabad Municipal Corporation (AMC) is the local self-
government in the city and covers an area of 466 km2 [5]. Similar to other Indian
cities, the modal share of pedestrians and cyclists is significantly high at 37% and
9%, respectively [6]. They account for nearly 36 lakh trips every day with an average
trip length of 2 km by walk and 3 km by cycle. In stark comparison, cars account for
only 4% of trips in the city with average trip lengths of 5.5 km.

Since 2005, the city, with the support from the state and national governments,
has invested heavily in building mass rapid transit infrastructure—nearly 100 km of
Bus Rapid Transit System (BRTS) and approximately 40 km of metro rail [7, 8]. In
order to integrate these transport infrastructure projects with the land use planning,
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a regional-level transport plan, “Integrated Mobility Plan for Greater Ahmedabad
Region” (IMP), was prepared alongside Development Plan 2021.

Several attempts have beenmade to plan for a well-designed and safe NMT infras-
tructure in the city. The IMP proposed the preparation of Local Area Access Plans to
improve footpaths and provide cycle tracks around mass transit stations. Similarly,
the street redesign schemes for the BRTS project also proposed wide footpaths and
over 20 km of segregated cycle tracks. The most recent plan, Smart City Plan for
Ahmedabad, proposed pedestrian-friendly development with plazas, wide footpaths
and vehicle-free zones as a key feature of its area-based development project [9].
However, the service-level benchmarking exercises reveal a huge gap between what
is planned and what exists on ground. In 2015, only 16% of Ahmedabad’s major
roads had footpaths; a meager 3% of its total road network had cycle tracks out of
which 50% was encroached upon at the time of survey [10].

Studies of road accidents in the city paint a sordid picture. From the accidents
examined, pedestrians and cyclists together account for 43% of the fatalities despite
their significantly shorter trip lengths [11]. The same study also identifies the lack
of road infrastructure, particularly poor road marking/signage, lack of pedestrian
infrastructure for crossing and substandard intersection design, as one of the three
main factors causing accidents. As a result of increasing motorization, deteriorating
NMT infrastructure and high risks toNMTusers, the share ofNMTusers has declined
rapidly over the last four decades in Ahmedabad [3]. This is a distressing trend and,
therefore, must be addressed.

4 Road Design and Safety Audit

As the first phase of this study, a road design and safety audit was undertaken at
three of the city’s accident hotspots. These hotspots were identified based on the
locations of road accident fatalities from Urban Road Accident Study conducted by
JP Research India in 2016–17. The selected hotspots were

1. Patiya Circle (Narol-Naroda Road)
2. S.G. Highway (between Thaltej and Ambli Road)
3. Naya Vadaj Circle (toward Sabarmati railway station)

Theywere located onmajor arterial roads in different parts of the city and exhibited
varying road design and traffic characteristics (Table 1).

The parameters used to audit the NMT facilities were identified based on guide-
lines issued by Indian Road Congress (IRC) and Urban Road Safety Audit Toolkit
published by Ministry of Urban Development [12, 13]. The audit was divided into
two parts—facilities for walking and facilities for cycling. Separate parameters for
walking and cycling examined the quality and level of service of footpaths, cross-
walks and cycle tracks present in the city. The combined list of parameters forwalking
and cycling were
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Table 1 Characteristics of road design and safety audit locations. Average network speed for
four-wheelers was sourced from IMP [6]

Area/Road name Right of way
width

Avg. speed for
four-wheelers

Character Length surveyed

Patia Circle
(Narol-Naroda
Road)

60 m Partly >30 kmph
and partly 15–25
kmph

Major arterial road
with small
commercial retail
outlets. This
location serves as a
stop for intercity
services by
GSRTC (Gujarat
State Road
Transport
Corporation).
BRTS route runs
along this road

1.16 km

SG Highway
(between Thaltej
and Ambli Road
junctions)

75 m >30 kmph Major arterial
Road with
commercial retail
outlets and large
shopping malls.
Service Road
provided on both
sides

1.36 km

Naya Vadaj Circle
(toward Sabarmati
railway station)

30 m >30 kmph Major arterial road
with small
commercial
outlets. BRTS
route runs on this
road. The proposed
metro rail is also
being constructed
along this stretch

1.25 km

1. Footpath/Cycle track width
2. Footpath/Cycle track surface
3. Obstructions
4. Encroachment
5. Potential of Vehicular conflict
6. Continuity
7. Security
8. Comfort
9. Walking environment

While the first six pertained to the physical characteristics of the footpath facility,
the latter three were user-based factors (Annexure 1). A survey form was prepared
to conduct the road design and safety audit and the available facilities were graded
on a 3 point scale, from poor to good (Annexure 2). To collect information and grade
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the user-based parameters, the authors themselves walked and cycled at the selected
locations during peak and off-peak traffic hours.

4.1 Results of Road Design and Safety Audit

Facilities for walking. At all three locations, the available footpaths were less
than 1.5 m wide. The footpaths were paved with concrete paver blocks and had
a raised edge. However, most often these blocks were damaged or uprooted from
their locations leaving behind irregular and unevenly paved surfaces. The walking
facilities were not continuous as significant stretches of the footpath were either
absent, severely damaged or encroached by a variety of objects (electric poles, street
lights, electricity meter boxes, advertisement boards, parked vehicles, bus stops and
public toilets) and people (street vendors, auto-rickshaw drivers, homeless beggars,
people waiting at the bus stop, etc.). At Patiya Circle, ironically the traffic police
themselves had set up their monitoring station on the available footpath and, thus,
had obstructed it entirely. Lack of continuous, segregated walking facilities resulted
in pedestrians walking at the edge of the carriageway for vehicles. The high network
speeds (>30 kmph) increased the potential of human-vehicular conflicts at all three
locations. Crosswalks were spaced at an average distance of 500–700 m at Patiya
Circle and Naya Vadaj Circle but on SG highway, the crosswalks were on an average
more than 700 m apart. The crosswalks are uncomfortable and unsafe to use as the
medians are higher than 450 mm with no refuge islands, and there are no pelican
signals for cars to stop. As a result, crossing the road at these locations tookmore than
60 s, and the authors observed most other pedestrians choosing to jaywalk across
the road wherever there was a break or damage in the median. The walking facilities
were not shaded and did not have any street furniture for pedestrians. While they
remained sufficiently well-lit at night with light poles at regular intervals, the lack
of security arose from the poor quality of walking surfaces (Table 2).

Facilities for cycling. Segregated cycle tracks were planned, and space was allocated
along the Narol-Naroda Road as a part of the BRTS project. However, at the time
of the survey, the road space allocated to cycling was fully encroached by parked
cars and trucks. The cyclists used the edge of the carriageway and wove danger-
ously through the pedestrians and motor vehicles. The authors’ own experience of
cycling at the survey locations was terrifying and daunting. With every automobile
whizzing past on the undivided carriageway, their self-awareness heightened and
every reflected light, every honk and every screech of car breaks metamorphosed
into danger signals. Inevitably, cyclists were pushed to the tattered edges of the road,
but the multitude of obstructions forced them to swerve back into the oncoming
fast-moving traffic. The bicycles that were meant to be an aid to mobility turned into
an Achilles heel, inhibiting freedom of movement (Table 3 and Fig. 1).
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Table 2 Results of road design and safety audit for pedestrian facilities

Parameters

Findings
Site 

(1)
Site 

(2)
Site 

(3)
Narol-

Naroda 
Road

S. G. 
Highway

Naya 
Vadaj 
Circle

D
1

D
2

D
1

D
2

D
1

D
2

1 Footpath width
2 Footpath surface
3 Footpath height
4 Obstruc on
5 Encroachment
6 Con nuity
7 Security
8 Disable friendly in-

frastructure
9 Comfort
10 Walking Environ-

ment
11 Availability of 

crossings
12 Time taken for 

crossing

Absent
Good
Fair
Bad

Table 3 Results of Road design and safety audit for cyclist facilities

Parameters

Findings
Site (1) Site (2) Site (3)

Narol-Naroda Road S. G. Highway Naya Vadaj 
Circle

D1 D2 D1 D2 D1 D2
1 Cycle Track width
2 Cycle Track surface
3 Shade
4 Parking facili es

5 Conflicts and Contestations on Urban Roads

5.1 Mapping Stakeholders

The results of the survey revealed the appalling conditions of the footpaths and the
complete absence of segregated cycle tracks in the selected accident hotspots. To
understand the possible reasons for this gap, the second phase of the present study



The Value of a Life: Potentials and Challenges … 221

Fig. 1 Typical road sections and photographs at survey locations
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Table 4 Key and other stakeholders involved in the planning and provision of NMT infrastructure
in Ahmedabad

Service Key stakeholders Other stakeholders

Laying out of norms,
regulations and legislations
with regard to NMT

Ahmedabad Municipal
Corporation (AMC)

Roads and Buildings
Department, Government of
Gujarat; Ministry of Housing
and Urban Affairs

Planning of footpaths, cycle
tracks and
pedestrian-priority zones

AMC, Private urban planning
consultants contracted by
AMC

Traffic Police, Ahmedabad
Urban Development Authority,
Academia, Research Cells such
as Center of Excellence for
Urban Transport and CEPT
University

Undertaking investment and
construction of planned
infrastructure

AMC Ahmedabad Urban
Development Authority and
National Highways Authority of
India

Monitoring and data
collection

AMC, Traffic Police Academia, Research Cells and
Civil society organizations

Operation and maintenance
of infrastructure

AMC Private construction companies
and utility providers hired by
AMC

Enforcement of regulations
on the roads

AMC, Traffic police Civil society

mapped the roles of stakeholders involved in the allocation of road space for walking
and cycling and interviewed five diverse stakeholders among them. The stakeholders
were mapped based on their service mandates and accordingly, “key” stakeholders
who were empowered to make decisions about the outcomes of the projects as well
as “other” stakeholders who were involved in the projects but had limited influence
on the outcomes were identified (Table 4).

The stakeholders interviewedwere primarily from three sectors—the city and state
government, private consultants to the government and civil society organizations
(Table 5). With the help of a structured interview (Annexure 3), the authors recorded
the stakeholder’s viewpoints on the barriers to the implementation of essential NMT
infrastructure in the city.

5.2 Analysis, Inferences and Recommendations

Discussions with the stakeholders revealed three critical, interrelated issues that
affected the implementation of NMT infrastructure in the city, namely
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Table 5 Barriers to NMT implementation from the stakeholders’ perspectives

Sector Role Barriers to NMT

Government Senior road engineer, AMC Rising number of private motorized
vehicles require more space on the
roads

Poor maintenance of existing road
infrastructure by numerous private
contractors who are hired to lay utility
pipelines below the roads

Increased availability of public
transport caused a modal shift from
cycling

Personal discomfort during walking
and cycling in high outdoor air
temperatures

Walking and cycling are viewed as the
poor man’s mode of transport

Government Senior executive officer, AMC Different road functions—street
vending, parking and NMT are not
coordinated

Limited use of existing cycling
facilities

Encroachment of footpaths by street
vendors

Private Urban designer and planner Popular misconception of AMC that
wider footpaths lead to nuisance with
the influx of hawkers and footpath
dwellers

Lack of holistic city-level policy or
plan that covers pedestrians and
cyclists and also providing universal
access to the differently abled

Unclear traffic rules and signs and
hence, lack of awareness among
motorists and cyclists on how to drive
in the presence of each other

Private Transport planner and street design
expert

Those in charge of executing NMT
infrastructure projects are primarily
road engineers trained to prioritize the
smooth flow of vehicular traffic

Misconceptions about the need for
wider roads for smooth traffic flow
result in existing footpaths being
narrowed to accommodate more traffic
lanes

(continued)
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Table 5 (continued)

Sector Role Barriers to NMT

Misconceptions about hawkers as a
menace result in AMC breaking down
and narrowing footpaths

AMC’s piecemeal and uncoordinated
efforts provide only short-term
solutions. Evicting hawkers from
footpaths does not solve the core issue
of inequitable allocation of road space

Civil Society CEO, NGO promoting road safety and
green mobility

Lack of legal accountability among
road infrastructure providers—both
public and private

Limited opportunities for engagement
from civil society members at the
planning stage

1. Technical versus socio-political decision-making on road space allocation,
2. Lack of a coordinated, multidimensional approach by the government and
3. Skewed cultural perceptions about walking and cycling.

The politics of road space allocation. The results of the road safety audit revealed
the extreme inequities in road space for non-motorized modes such as walking
and cycling. These inequities are not merely the result of purely rational, technical
decisions but the result of a socio-political division of available road space.

Urban sociologist Lefebvre theorized that space is not only thatwhich is physically
built but also that which is socially interpreted, produced and reproduced many times
over through social relations [14]. Post liberalization in the 1990s, the steadily rising
incomes of the burgeoningmiddle-class population increased access to private motor
vehicles. As a result, the ideal Indian city came to be popularly imagined as global
and “world-class”, where wide, smoothly paved, unobstructed roads became primary
conduits for “free-flowing traffic” [15]. Since then, much effort has gone into the
production and reproduction of this particular idea of the road. It is now so deeply
ingrained in people’s minds that it continues to dominate despite the cost paid by
all other alternative modes (cycle, walk and pushcarts) and activities (street vending,
socializing, resting, etc.).

During the interviews with the stakeholders, the city engineer cited the rising
number of private vehicles to be the rationale for widening carriageways at the cost
of narrowing footpaths. Street vendors were seen as a hindrance to traffic flow and
hencewere being evicted forcefully in a series of anti-encroachment drives across the
city [16, 17]. Additionally, the private consultants also highlighted instances where
innovative proposals for footpathswider than specified in the national guidelineswere
rejected as they would lead to the loss of precious road space for motorists. While
national-level documents such as National Urban Transport Policy have already put
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forth alternate, more equitable visions for urban road space, these ideas have not
percolated to the city-level actions in the last decade.

Lack of a coordinated, multidimensional approach by the government. Ahmed-
abad lacks a holistic policy document that considers the needs of pedestrians, cyclists
and ensures universal access to the differently abled in the city. As a result, AMC’s
efforts over the years have been contradictory and piecemeal in nature. The senior
engineer himself highlighted the troublesome issue of “Road Opening (RO)” permits
issued by the AMC to nearly 90 odd private contractors. He complained that these
contractors had dug up over 800 km of road edges to lay electricity and gas supply
pipelines in the city but did not replace the paving after completion of their task.
Similarly, one consultant cited the case of AMC haphazardly removing cycle tracks
and narrowing footpaths over 2 m wide along stretches of the BRTS corridor to
prevent street vendors from using these spaces.

By preparing a comprehensive NMT policy, a comprehensive network plan for
cycling along with statutory city-specific street design guidelines for footpaths, cycle
tracks and vending, the AMC along with other stakeholders can coordinate their
efforts toward achieving well-defined goals and measurable targets.

Cultural bias against walking and cycling. Discussions with the stakeholders
revealed that the city’s wealthier residents viewed walking and cycling as the poor
man’s mode of transport. The city’s senior engineer cited this bias as the primary
cause behind the failure to attract cyclists to the few cycle tracks in the city. In stark
contrast, data on cycle ownership reveals a different picture—48.8%ofAhmedabad’s
households own one or more cycles [4]. With increasing investment in mass rapid
transit systems, the demand for safer, more efficient and comfortable first- and last-
mile connections on foot is going to increase. Therefore, it is essential to reimagine
the societal ideas of poor and rich man’s transport. After all, in different situations,
the pedestrian is the motorist and vice versa.

Learning from successful cities. Several cities have overcome similar issues
and have successfully integrated non-motorized transport into their daily lives by
adopting a multi-pronged approach—a drastic modification of the existing physical
infrastructure, technology integration, radical changes in transport policy and, most
importantly, reimagining, as a society, the act of cycling and walking. Cities like
Chicago and Copenhagen have tackled the issue by preparing comprehensive pedes-
trian and cycling policies and plans. In Chicago, the Plan sets out policy actions that
stretch beyond the purview of Department of Transportation, and involve various
city agencies and community organizations in the development and maintenance
of vibrant, livable streets [18, 19]. In the Copenhagen city government, an inte-
grated planning organization encourages knowledge exchange between urban, trans-
port and bicycle planners and thus, creates an environment of understanding for
different professional views on planning [20]. In Germany, Bike Academy funded
by National Cycling Scheme was specially set up to provide continuing education
to city government officials on the benefits of cycling [21].
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Closer home, Pune, has taken decisive steps by institutionalizing its best practices
for NMT. In 2016, with the help of vocal civil society organizations and a visionary
government, the city published its own city-specific street design guidelines that
prioritized people not vehicles to recreate a vibrant public realm on Pune’s roads
[22]. Backed by a comprehensive transport policy for Pune Metropolitan Region,
Pune Municipal Corporation introduced a special Non-Motorized Transport cell to
implement the comprehensive bicycling plan for the city [23]. A technical committee
on NMT in the city government ensured that various stakeholders from within the
government and outside voiced their concerns.

Along with such systemic changes, cities across the world are consciously
promoting the creation of cycling and walking culture. Take, for example, Copen-
hagen’s Cycle Chic campaigns that were able to transform the meaning of cycling in
the Danish imagination, associating it with positive values such as freedom, health
and personal energy. Today, Copenhagen has nearly 265,000 bicycles with even the
Danish Prime Minister cycling to work. Similarly, in Sweden, Ministry of Transport
through their Vision Zero Initiative has changed the way people think about road
safety. By setting the target of bringing down the road traffic accident fatalities down
to zero, both the government and the public shifted their vision of road safety from
more transport engineering-oriented goals to a more radical humanist approach—
acknowledging that every road traffic accident is a human catastrophe with physical
and mental health implications for all those involved.

6 Conclusion

Cities are in dire need of new paradigms for envisioning and implementing sustain-
able urban transport. In this scenario, non-motorized transport provides an invaluable
opportunity to achieve the Sustainable Development Goal of improved road safety
while also reducing greenhouse gas emissions and saving on rising import costs of
fossil fuels.

The present state of NMT infrastructure in Indian cities is abysmal. In Ahmed-
abad’s most accident-prone roads, footpaths are severely damaged or encroached,
crosswalks are unsafe and poorly designed, and cycle tracks are absent altogether.
Relegated to the tattered edges of the roads, pedestrians and cyclists have become
the most vulnerable to road accidents.

From discussions with key stakeholders, three critical interrelated issues emerged
as the primary barriers to implementing essential NMT infrastructure, namely (i)
technical versus socio-political factors affecting the government’s decisions of road
space allocation, (ii) lack of a coordinated,multidimensional approach by the govern-
ment and (iii) the skewedcultural perceptions aboutwalking and cycling in the society
at large. Cities across the world have overcome similar challenges by adopting a
multi-pronged approach—a drastic modification of the existing physical infrastruc-
ture, technology integration, radical shifts toward a more humanist transport policy
and, most importantly, reimagining, as a society, the act of cycling and walking.
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Appendix 1: Road Design and Safety Audit Parameters

Parameters Reasoning/Description

1 Footpath/cycle track width Minimum obstacle-free walkway width adjacent to
Residential/Mixed use land uses: 1.8 m
In case of commercial land use: 2.5 m
This is based on the minimum width required for two people
to cross paths comfortably

2 Footpath/cycle track surface A firm, even paved and slip-resistant surface
Vertical deviation not more than 5 mm
Raised edge of footpath
Tactile pavers laid continuously

3 Obstruction Obstructions in the form of electric poles, trees, bins, etc.
should not be within the minimum 1.8 m width of the
walkway

4 Encroachment The extent of encroachment should not rise above a level that
the footpath facility becomes inaccessible/non-usable by the
pedestrian

5 Potential of vehicular conflict Footpaths to be distinctly separate from roads by raising
footpaths and providing guardrails along roads where there is
fast vehicle movement

6 Continuity Raised crossings
Change in level made clear using bright contrasting colors
and tactile pavers
Provision of curb ramps for maintaining the continuity

7 Security Street lighting at 20–30 m, lighting fixtures of not more than
4 m height
Separation of pedestrian and vehicular traffic

8 Comfort Carefully planned provision of trees to protect from
inclement weather
Providing seats and benches and rain shelters at regular
intervals
Provision of disable friendly facilities

9 Walking environment A clean footpath free of stink
This can also be subjective and pertains to the individuals’
experience
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Appendix 2: Road Design and Safety Audit Survey
Questionnaire for Walking and Cycling Facilities

Part 1—Facilities for walking

Indicators (A) (B) (C)

Absent:
0

Good Fair Poor Total Remark

Present:
1

(1) (0.5) (0.2) (A) ×
(B)

Width of the
footpath

1.8–5 m 1.5–1.8 m <1.5 m

Footpath
Surface

Concrete/Paver
blocks/Tar and
anti-slip, tactile

Tiles Unpaved/non-metaled
surface

Height of
footpath

Max <100 mm 100–300 mm >300 mm

Obstructions
(such as trees,
electric poles,
and signage)

No obstructions Pedestrian has
to slow down
sometimes

Pedestrian has to slow
down most of the time

Encroachments
(by hawkers,
vehicles, etc.)

No
encroachment

Pedestrian has
to slow down
sometimes

Pedestrian has to slow
down most of the time

Continuity
(curb ramps,
distinctive
change in level)

Presence of
both

Provided in
some places

No continuity

Security (light
poles at
20–30 m, height
max 4 m)

Light poles at
regular interval

Light poles
less frequent

Mostly no light poles

Provision of
disable friendly
infrastructure

Present Some
infrastructure
available

Mostly absent

Comfort
(shading
devices,
benches and
seats)

Present Some
infrastructure
available

Mostly absent

Walking
Environment
(cleanliness and
maintenance)

Well maintained Need better
maintenance

Not maintained

Availability of
crossings
(frequency)

Average
spacing <500 m

Average
spacing
500–700 m

Average spacing
>700 m

(continued)
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(continued)

Indicators (A) (B) (C)

Time taken for
road crossing

10–30 s 30–60 s >60 s

Part 2—Facilities for cycling

Indicators (A) (B) (C)

Absent:
0

Good Fair Poor Total Remark

Present:
1

(1) (0.5) (0.2) (A) ×
(B)

Width of
the cycle
track

1.8–5 m 1.5–1.8 m <1.5 m

Cycle
track
surface

Concrete/Tar/Asphalt Interlocking
blocks

Unpaved/non-metaled
surface

Height of
track

Max <100 mm 100–300 mm >300 mm

Shade Complete Mostly shaded Mostly not shaded

Parking
facilities

Within 250 m of the
station

250–500 m of
the station

Informal parking
within 500 m of the
station

Appendix 3: Interview Questions

To initiate the discussion on barriers to the implementation of essential NMT
infrastructure, the following questions were asked to the various stakeholders.

1. What are the road planning, construction and maintenance projects you have
worked on in the city?

2. Why do many of the city’s roads lack essential infrastructure such as footpaths?
3. While several street design guidelines from the central government are readily

available, they remain unimplemented on the city’s roads.What were the barriers
that prevented their implementation?

4. In your opinion, what are the ways to overcome these challenges?
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Urban Envelope: Representing Audio
and Visual Features Extracted from Deep
Learning Techniques

Deepank Verma and Arnab Jana

Abstract The study focuses on automated classification and representation of envi-
ronmental features present in the surroundings. The aim of the study is twofold.
Firstly, it compiles a set of Deep Learning (DL) algorithms that are capable of
extracting features from street collected images and audio clips. Secondly, it proposes
a graphical method to represent such features. The method explains the extracted
audio and visual features in a simple illustration that can be automatically created
and displayed by analyzing a pair of photographs and audio clips for a particular
location. To achieve the objectives, camera and audio recorders are used to collect
the street view photographs and sound clips at several locations. These clips are then
processed by algorithms to obtain detailed information from such collection. At a
given location, auditory and visual features are combined to represent the envelope
of sensory information.

Keywords Urban surroundings · Deep learning · Sound classification · Urban
envelope · Street view images

1 Introduction

Quantifying encountered visual and acoustic environments is essential in under-
standing and documenting urban areas. The information regarding the presence of
sounds of birds, vehicles, and crowds and count of pedestrians and vehicles can be
used for justifying site planning, development regulations, and other local bylaws
[1]. These measurements may assist in scientific research related to urban health,
sociocultural aspects, urban design, and planning. Studying these sensory features
is especially relevant to urban perception research, which deals with human prefer-
ences in urban surroundings [2]. Such studies frame relationships between a variety
of these features with human thoughts and emotions.
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The current methods of recording environmental characteristics require rigorous
manual surveying, which consistently loses its significance when dealing with large
urban areas due to biases in logging information. Recent advancements in data anal-
ysis fueled by Artificial Intelligence (AI) techniques and the availability of large
datasets have made such investigations possible at the city-wide scale [3]. Studies
have widely utilized large databases such as Google and Tencent street view imagery
to calculate greenery [4], sky view factor [5], perception of safety and liveliness [6],
and health prospects [7].

The quantification or counting of the features is a two-step process (a) data collec-
tion, and (b) data analysis. The data is actively collected and analyzed in situ by
sensory organs such as eyes, nose, and ears. Alternatively, devices can also be used
to record audio and video, which can help gather inferences passively with the help
of data analysis algorithms. The devices such as camera and audio recorder emulate
the visual and auditory stream closely to that of humans; however, tools to record
smells are relatively uncommon [8]. Describing smells has been linguistically chal-
lenging and much dependent upon the inherent cultural and linguistic experience of
the observer [9].Hence, the research involving assessment of the olfactory landscapes
has mainly comprised of subjective evaluation. The researchers have relied on inter-
views and personal descriptions of the encountered smells to gauge the perception
of smell and to create smell maps at the local and regional scale [10, 11].

2 Machine-Based Quantification

While the human brain is trained to identify, count, and perceive elements present
in the sensory realms, intentionally indulging in such an endeavor is time taking
and mentally and physically exhausting. With the recent push in large-scale data
collection and analysis, mainly using AI, gathering inputs on the presence of features
in the surroundings canbemade fully automated.However, not all the sensory streams
could be processed by machine-based systems. As discussed, visual and auditory
datasets such as photographs and sound clips are easier to collect and interpret,
while olfactory details are not. This study focuses on street-level images and audio
datasets to capture environmental attributes.

The data processing algorithms are capable of extracting High and Low-level
features from the datasets. The algorithms detect Low-level Features (LLFs) through
variation in intensities in values of local fundamental units in the data such as pixel
information in images or audio signals in the recorded audio clip. The values of
pixels can be used to generate an estimation of colors, edges, shapes, and blobs in
the image. Similarly, the values in the waveform in sound clips can be processed
to provide Sound Pressure Levels (SPL) measured in decibels and other psychoa-
coustical features. The High-level features (HLFs) offer details that are more in tune
with how we perceive the audio and visual data with our own senses. The algorithms
to capture LLFs are simpler to implement, whereas HLFs mostly require the use
of relatively complex algorithms such as Deep Learning (DL) models. Two of the
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extensively used and proven DL algorithms, Convolutional Neural Networks (CNN)
and Recurrent Neural Networks (RNN), are used in the study.

CNNs are the category of Deep Neural Networks that specializes in image
processing. It utilizes Convolution layers, which act as filters that capture spatial
dependencies between parts of the images. The variations of the regular CNNmodels
are used to perform tasks such as Image Classification, Object Detection (OD), and
Semantic Segmentation (SS) [12] (Fig. 1). Similarly, Recurrent Neural Networks
(RNN) specializes in learning features from thedata that contain temporal dimensions
such as time series analysis, language translation, stock prediction, and audio clas-
sification. RNNs store variable-length sequences of information in memory layers,
which are utilized tomakepredictions [13]. The regularCNNsaremodified to achieve
various tasks such as (a) detecting and counting features. (b) determining the compo-
sition of the image, and (c) gathering contextual information from the pictures, such
as information regarding the presence of slums, plazas, shops, and markets. Simi-
larly, RNNs are utilized to classify sources of sounds and detecting sound events in
the sound clips collected in urban streets.

On providing these algorithms with a chunk of datasets along with annotated
labels, the model learns a mapping function from inputs to the outputs labels, and
after sufficient training, provides inferences on similar sets of new data. The trained
model can then be used as a standalone file to process the datasets for which the
training datasets are not required. The classes used for training the models vary
according to the specifics of the usage. In this study, Faster RCNN NAS-based

Fig. 1 Outputs from object
detection and semantic
segmentation tasks
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OD model trained on the COCO [14] dataset is used, which provides information
on detected transient features of the scene, such as vehicles and pedestrians in the
streets. Similarly, Pyramid Scene Parsing Network (PSPNet) [15] model trained on
ADE20K [16] is used for SS, which estimates the proportion of different classes in
the image.

Such pretrained models are not widely available for sound classification tasks.
Most studies in this domain have developed solutions for particular use cases utilizing
comparatively smaller datasets; therefore, most of these results are not generalizable
for the task discussed in this study. This study follows the AudioSet data-based
street-level sound classification [17].

We used three DL-based algorithms to analyze images and audio clips. The OD
task counts the number of people and different transportation modes such as cars,
trucks, motorcycles, and bicycles. We aggregated the results into two classes: (a)
people and (b) vehicles. The detector identifies the exposed human body as a person;
hence bike riders are counted towards the person class, while bikes, cars, and trucks
are counted as vehicles. TheSS task classifies each pixel in the image into classes such
as sky, greenery, buildings, roads, vehicles, and persons. However, the categories,
such as persons and vehicles, are not considered through this task as they are already
accounted for in the OD. As the vehicles and person class pixels occlude the streets in
most cases, the road pixels are removed from the SS output. The Sound Classification
task takes a 10 s sound clip and provides the probability of the presence of each of
the three classes such as (a) Anthropogenic, which consists of sounds of vehicle and
engines, (b) Biotic, which includes sounds of bird calls and silence, and (c) Human-
based, which comprises of sounds of people conversing, children playing and the
crowd.

3 Data Collection

Data collection is done with the help of 16 Megapixel (MP) point-and-shoot camera
and H4NPro handheld audio recorder with binaural microphones. With the help of
algorithms, the information regarding the presence of audio and visual features is
extracted. For this study, such image and audio pairs are collected for a few locations
once each hour (0700–1900 h) during the day to capture the temporal characteristics
[18].

4 Results

Each collected pair is introduced in the discussedDLalgorithms to obtain information
on eight audio and visual features.While the data gathered from one pair of the clip is
not overwhelming, such information, if scaled to include multiple locations coupled
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Fig. 2 [Left] Street view image collected at a random location i. [Right] Vector graphic for feature
representation

with different time intervals, would prove challenging to study and compare via pie
charts, bar graphs, and histograms.

The envelope-shaped vector graphic is designed to cater to such constraints that
can represent the feature values with the help of colors and color gradients (Fig. 2).
The graphic is created using basic shapes such as triangles and rectangles and saved as
anSVGfile format. Each shape object in the graphic corresponds to the value obtained
from the analysis of audio or visual clip. These values are represented by color maps
(https://matplotlib.org/3.1.0/tutorials/colors/colormaps.html) given by the
Matplotlib python library.

The inner shapes (1, 2, 3, and 4) represent street view image mapped as one-
point perspective drawing with the vanishing point on the horizon. Shape 1 corre-
sponds to the percentage of visible sky represented by Blues sequential color map
(Table 1). Shape 2 and 3 correspond to the mix of street’s built and green character
on the left and right side of the road, respectively. The output of the SS task is divided
into right and left halves to calculate these values. The color in each of these shapes
is determined by the proportion of greenery to that of built. In other words, for each
half of the image, the higher value of greenery (>0.5) corresponds to the greenish
hue and vice versa, while the color yellow represents the same value (0.5) of both
the classes. The number of vehicles is represented by shape 4, while the number of
pedestrians, by shape 5. Similarly, the results of audio classification are represented
by shapes 6, 7, and 8with the probability values of anthropogenic, biotic, and human-
based sounds, respectively. Shape 9 is subdivided into 12 shapes, indicating the time
interval at which the data is collected.

As evident from Table 1, all the values except the count of vehicles and persons
are proportions with defined intervals. The counts, on the other hand, are tricky to
map with the selected color maps without predefined upper bounds. From the results
gathered after analysis, it is found that not more than 20 persons and 15 vehicles

https://matplotlib.org/3.1.0/tutorials/colors/colormaps.html
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are detected in one street view image captured from the eye view level. Hence, we
defined the upper bounds of these classes to 20 and 15, respectively.

Figure 3 shows the 12-interval representation of audio and visual features for a
randomly selected location. The percentage of the sky, built, and green character is
the fixed characteristics at location i, which do not change with time. On the other
hand, the gradual increase and decrease of intensities in transient features such as
sounds and counts of vehicles and people are seen over the peak hours in the morning
and evening. Sounds of birds are audible during morning hours (t1 and t2) and during
evening hours (t7 and t8) due to less amount of vehicle sounds at that time. A gradual
increase in the number of vehicles is evident peaking at t4 in the morning hours

Fig. 3 Temporal representation of audio and visual features collected at random location i from t1
to t12
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and t10 and t11 in the evening hours. Further, the number of pedestrians remains
relatively constant during the day, except during morning hours. It can also be seen
that the counts of vehicles and pedestrians are correlated with anthropogenic and
human-based sounds.

As the created envelope shape is provided as an SVG file, it can be automati-
cally generated and rendered with color with simple programming scripts. While
this method offers a new view on data analysis and representation to map urban
surroundings as experienced by the bystander, one of the main limitations is impor-
tant to discuss. This method selectively focuses on presenting HLFs only. Although
previous studies have extensively worked on understanding the relationship between
the presence of LLFs such as colors, edges, noise levels, which are equally crucial
in the quantification of surroundings, this study favored simplicity in data represen-
tation. Future studies may attempt to find better techniques to represent both High
and Low-level features.

5 Conclusion

This study discussed the significance of documentation of surroundings and the
methods to achieve the same. The quantification helps in identifying the character-
istics of the immediate environment, studying which can further provide answers
to questions related to urban design and health. However, the methods used in such
studies are overly dependent on human surveyors for data collection and analysis,
which introduces bias and limit the scale of such an exercise. With the help of DL
tools such as CNN andRNN, the high-level features can be extracted from the images
and audio clips collected from the streets. These features can then be plotted with the
help of a designed vector graphic. The graphic illustration provides a quick overview
of the audio and visual content of the scene and helps in temporal analysis of the
location in question. The outputs can be automatically generated and plotted to study
transient characteristics of urban surroundings and comment on urban design and
planning.
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Desk-Farmer: Cultivation
on the Office-Desk

Rishikesh Madan, Sourav Jena, Rathin Biswas , and Kavi Arya

Abstract In this study, we developed a framework to explore how cultivating food
plants in an office-workplace affects its occupants and deployed a solution to test
it. The solution was a low-cost, low-resource, low-maintenance device called Desk-
Farmer,which consists of a small plant holding container, a nutrient solution tank, and
an automated, self-contained lighting&ventilationmodule. It was implemented after
a thorough review of multiple variables involved in indoor hydroponic growth, such
as the growing medium, nutrient solutions, lighting systems, temperature, humidity,
etc., while incorporating insights gained from industrial design to design a neat,
ergonomic and convenient solution. In addition to food production, one of the core
aims was also boosting psychological parameters such as concentration, comfort,
etc. To measure these, we designed and conducted a survey (n = 36) to validate
various psychological effects indicated in the existing literature. Our survey results
indicate how the presence of plants in the workspace brings significant positive
effects in certain psychological parameters viz. concentration, happiness, comfort,
aesthetics, etc. A perception score was derived from aggregating responses to a
structured questionnaire targeting the aforementioned psychological parameters. The
presence of plants brings a 15% better perception score than the absence, that is, pre-
and post-deployment of the system. This study is beneficial for designers, planners,
and occupants of indoor spaces. Further studies can be carried out to experiment with
the differences in these parameters with food versus ornamental plants.
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1 Introduction

1.1 Background

There is a consensus on increasing food production to meet projected future demand,
with current methods being altered in some ways to do so [1–3]. Solutions proposed
include increasing efficiency of present land under cultivation, managing inputs such
as water, soil and fertilizers more effectively to do so, and altering ‘demand-side’
variables such as consumption patterns, while addressing problems such as food
wastage that occur throughout the supply chain. There is also a need to build resilience
against supply chain disruptions, particularly in the light of events such as theCOVD-
19 pandemic raging at the time of this writing. Growing food locally is a solution
to current and anticipated future disruptions in food supply [4, 5]. In urban areas,
urban farming has the potential of providing a pathway for sustainable communities
[6] while increasing food security [7].

On the other hand, various studies demonstrated the achievement of positive
psychological and physical effects due to the presence of plants in their workplace
[8, 9], and inside built environments in general [10].

In this study, we aimed to combine these two aspects, and measure whether
producing plants as food in front of users’ eye on their own office-desk, led to
similar outcomes or not. This was done with the intention of introducing people to
the parameters involved in food production, viz. plant choice, plant nutrition and
environmental factors in an accessible and familiar setting.

As proposedbyHekkert et al. [11], the design seeks tomerge novelty and typicality
in the usage of the platform, retaining typical features and aesthetics of desk-lamps
and indoor plants, with the novel aspect of the lighting being controlled automatically
&wirelessly along with the potential to monitor plant health. This along with a focus
on being easily implementable, low-cost and low-resource, were the main drivers of
the design.

1.2 Recent Trends

Soil free farming, urban farming.

1.3 Purpose

The purpose of this study is to explore and develop a low-cost information and
communications technology-enabled compact urban farming system that can be
placed even at the smallest available space such as workspace, along with a pre
and post-deployment analysis of human perception about the developed system.
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Fig. 1 Methodology

2 Method

The overall methodology is shown in Fig. 1, where there are two major segments in
this study- development of a compact urban farming system and post-deployment
analysis related to human or users’ perception. For the development of compact
systems suitable for farming in the smallest possible urban area, such as workspaces,
a 2× 3 feet conventional office desk or table with a desktop-computer (DC) is chosen
for our study. Half of the remaining vacant space on the tabletop is considered to
place our urban-farming system orDesk-Farmer (i.e., 1× 2 feet approx.). The system
consists of an electronic unit, a vegetation unit, and a peripheral structural unit. The
detailed design and implementation are discussed in the subsequent sections. After
the development, the system is deployed on the office-desks in an office. A survey
was designed to assess human perception. The survey was conducted twice among
users. In order to get both the pre and post-deployment feedback related to human
perception, a total of 36 responses were collected and analyzed, out of which 10
respondents were common during both the pre and post-deployment phases.

3 Desk-Farmer

Todevelop theDesk-Farmer, off the shelf components are used like 50WGrowLight,
ESP32 Devkit, BXTS13A—CPUCooling Fan by Intel, AC to 5 VDC converter, AC
to 12 V DC converter and a BT136 triode for alternating current (TRIAC) module.
All these components are readily available; that’s the reason behind our choice so
that anyone who wants to replicate this can easily do it without having to search for
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uncommon components. The circuit is designed to enable the user to easily switch
on and off the grow light via an App. For this setup, the nRF Connect App [12] is
used, which is available on the Google Play Store. This App was chosen because of
its perceived ease of use and intuitiveness compared to other similar apps. Bluetooth
Low Energy (BLE) is used to establish one-way communication between the Desk-
Farmer and the App. ESP32 is used to add Bluetooth capabilities to the Desk-Farmer.
It turns on or off the grow light and the cooling fan when it receives commands from
the App via a BLE link.

3.1 Circuitry

Regular wall outlet which gives AC supply is used to power the Desk-Farmer. Some
of the components in the circuit (Fig. 2) require DC supply; therefore, two AC to
DC converters are used. The first AC to DC converter is used to supply pure 5 V DC
to ESP32 Devkit. The second AC to DC converter is used to supply 12 V DC to the
cooling fan.

The 50 W Grow Light that is used in the Desk-Farmer requires AC supply. To
switch on and off the AC power supply to the Grow Light and the AC to 12 V DC
converter a BT136 TRIAC is used. The base of this TRIAC is connected to pin

Fig. 2 Circuitry
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GPIO15 of ESP32, which is a general-purpose input/output (GPIO) pin. When the
ESP32 receives the command to turn on the Grow Light from the App via BLE link,
then ESP32 makes GPIO15 high, thus turning on the Grow Light and the Cooling
Fan together. When the ESP32 receives the command to turn it off, then it makes
GPIO15 go low, which turns off the TRIAC, thus cutting off the power supply to the
Grow Light and the AC to DC converter of the Cooling Fan.

3.2 Vegetation Unit and Peripheral Structure

Desk-Farmer can accommodate two vegetation units, as shown in Fig. 3. For a single
vegetation unit, a small plant holding container is used to hold the stem of the plant
straight to avoid the plant lean or sag while it is growing. This container is placed in
a nutrient solution tank made up of a 2 L plastic soda bottle. This tank holds a 1.75 L
of 30% fertilizer solution, which is enough for the lifecycle of a leaf cabbage plant.
This growing method is derived from the suspended pot non-circulating hydroponic
method [13] and does not require electricity or pumps for water circulation, thus
reducing cost and maintenance requirements.

The skeleton of the Desk-Farmer is made using PVC pipes. Because PVC pipes
are sturdy, lightweight and easily available, they are suitable for this purpose. To
hold the lighting unit on top of the plant, zip ties are used to fix it with the PVC pipe
structure. To make Desk-Farmer aesthetically pleasing, the PVC pipes are painted
in black and a thin cardboard sheet is used to cover the vegetation units. Four faux
leather fabric sheets are fixed at the top, in case the user wishes to cover the side(s)
of the unit. These sheets can be rolled and unrolled, making them act as blinds for
the user.

Fig. 3 Vegetation unit and peripheral structure
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4 User-Perception Analysis

4.1 Survey Design

In order tomeasure human or users’ perception, a survey questionnaire was designed.
It consists of a total of 14 statements or seven attributes represented in two ways,
seven with positive sentiments and seven with negative sentiments. These statements
are used to assess human or users’ perception on various attributes such as- comfort-
ability, attractiveness, performance, concentration, experience and feeling on indoor
air quality, impacted by the presence of plants in the workspace. Users were asked to
evaluate these statements on a Likert Scale (LS) of “1” to “5” where “1” represents
“StronglyDisagree” and “5” represents “StronglyAgree.” The surveywas conducted
twice- once before the system was deployed and once after the deployment, to draw
the comparison illustrating the change in human perception.

4.2 Assessment

The Likert Scale responses (LS_response) of various Perception-Attributes (PA)
are recorded to form an Individual Score (IS) for every individual participant. This
scoring is partially inspired by the mechanism of usability scoring stated by Brooke
[14]. For individual participants, each attribute’s score contribution ranges from 0 to
4, corresponding to the LS response from 1 to 5.

• For attributes with positive statements, the score contribution towards IS is
(1 − LS_response).

• For attributes with negative statements, the score contribution towards IS is
(5 − LS_response).

After adding all the score contributions for both types of statements, the sum value
is normalized and further divided by 56 to get the normalized IS, where 56 is the
highest possible score since there are a total of 14 statements and each of them can
carry a maximum-score of 4. The calculated and normalized IS further converted
into the percentage. The IS from all the participants are averaged out to get the final
Composite Score (CS). The whole assessment is carried out twice to get the two CS,
one for pre-deployment and another for post-deployment of Desk-Farmer, which
helps to draw a clear comparison on the change in participants’ or users’ perception.

4.3 Impact

The average Likert Scale (LS) responses of various Perception-Attributes (PA) are
demonstrated through Figs. 4 and 5. For positive statements, the higher LS response
denotes the positive change in human perception. For negative statements, a lower
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Fig. 4 Human-perception attributes with respect to positive statements

Fig. 5 Human-perception attributes with respect to negative statements

LS response denotes the position change in perception. It is clear from both the
figures that “plant in work-space” can bring significant positive changes in human
perception related to performance, concentration, aesthetics, comfort, happiness and
feelings over air quality. Only the “work experience” is slightly not following its
peers in case of human-perception attributes with a negative attitude.
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The Composite Score (CS) is calculated by averaging the Individual Score (IS).
There are two CS, one is before deploying Desk-Farmer and the other one is after the
deployment. TheCS for pre-deploymentwas 65%andwas 75% for post-deployment,
which clearly justifies the fact that “presence of plants in work-space” significantly
advances (~15%) the positivity in human perception. A comparison of Individual
Score (IS) distribution among the common-respondents shows the post-deployment
scores are slightly higher for most of the participants.

5 Discussion

By 2050 the world will need to feed an additional two or three billion people [15]
living in cities. Not only will the demand for food increase, but space available for
agriculture in urban areas is expected to reduce. As found from literature, “soil-free
vertical farming” [16] can be the way to deal with such pressing issues. Deriving
from this literature, we developed a conceptual framework to explore how culti-
vating food plants in the workplace affects its occupants and deployed a solution to
test it. We implemented a low cost, low resource (capital and labor) “Desk-Farmer”
approach focusing on the maximum utilization of indoor space (such as office desks)
for sustainable food production. We optimized the system to require minimal main-
tenance. We have measured how our system affects users’ perceptions on various
psychological parameters such as concentration, comfort, etc., through a survey. This
solution aims to bring benefits in the form of cultivated products for offices and other
indoor environments with minimal manpower. Desk-Farmer was implemented after
a thorough review of multiple variables involved in indoor hydroponic growing, such
as the growing medium, nutrient solutions, lighting systems, temperature, humidity,
etc., while incorporating insights gained from industrial design to design a neat,
ergonomic and convenient solution. It consists of a small plant holding container,
a nutrient solution tank and an automated, self-contained lighting and ventilation
module. The system occupies a fraction of a typical office-desk. In our study, we used
Desk-Farmer to grow leaf cabbage in an office space in the IIT Bombay campus. Leaf
cabbagewas chosen formultiple reasons: (I) The amount ofwater consumed by a leaf
cabbage plant in its lifecycle can be accommodated in the aforementioned nutrient
solution tank, which is present below the plant holding container, thus circumventing
the need for regular watering, leading to a set-it-and-forget-it system. (II) Due to its
large green coverage, in order to experiment with the psychological effects of plants
on the workspace occupants. We further designed and conducted a survey to vali-
date various psychological effects. In conclusion, we designed and deployed Desk-
Farmer, a low-cost,modular, low-maintenance system for growing foodplants by effi-
ciently using existing office-desk space. Our survey results indicate how the presence
of plants in the workspace brings significant positive effects in certain psycholog-
ical parameters viz. concentration, happiness, comfort, aesthetics, etc. A perception
score was derived from aggregating responses to a structured questionnaire targeting
the aforementioned psychological parameters. The presence of plants brings a 15%
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better perception score than the absence, that is, pre- and post-deployment of the
system.

6 Conclusion and Future Scope

In this study, “Desk-Farmer” is introduced, designed and deployed, which is a low-
cost, modular, low-maintenance system for growing food plants by efficiently using
existing office-desk space. The core aims of developing Desk-Farmer were food
production and boosting psychological parameters such as concentration, comfort,
etc. In order to measure the latter, a questionnaire was designed, and a survey was
conducted among a focused-group of users two times, before and after the imple-
mentation of Desk-Farmer on users’ table/desk inside the office. The outcome of the
survey reveals “plant in workspace” can bring significant positive changes in human
perception related to performance, concentration, aesthetics, comfort, happiness and
feelings over indoor air quality.

For the next version of the Desk-Farmer, we wish to try hydroponic and aeroponic
farming techniques. We want to compare the output of these techniques with the
current technique which we are using. We also want to compare the feasibility and
ease of setting up these versions of Desk-Farmer.We further wish to experiment with
the difference in environmental and psychological parameterswith food-growing and
ornamental plants.
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Analysing the Impact of Interior Design
on Indoor Ventilation in Low-Income
Housing of Mumbai

Ahana Sarkar and Ronita Bardhan

Abstract The deteriorated indoor environment not only creates thermal discomfort
but also coerce the inhabitants to utilize energy-intensive cooling measures. This
calls for a design outline to improve the indoor environment in order to sustain good
health. Interior design, despite a subject of individual choice and socio-cultural prac-
tices, has a spin-off influence on the indoor environment. The objective of this study
is to identify and explore the association between interior design parameters and
indoor ventilation perception. The study was initiated with a target-group primary
survey of 80 low-income households. Information pertaining to the tenement’s room
characteristics, fenestration design aspects, occupant behaviour and furniture details
were reckoned. Logistic Principal Component Analysis (LPCA) coupled with an
ordered probit regression model, were performed to analyse the impact of indoor
built-environment on indoor ventilation perception. Results explained that the house-
holdswith smaller room area, attached to the double-loaded corridor, located at lower
floors and with higher household size had a higher proclivity towards experiencing
poor ventilation. A strong and statistically significant correlation was also observed
between window-related variables, such as number, location, opening schedule with
ventilation perception. This study establishes that interior design parameters might
strongly impact the indoor ventilation, and hence should be rationally designed for
a better future and also should be incorporated in future low-income habitat design
guidelines.
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1 Introduction

With people spending 90% of their time indoors, indoor built environment becomes
integrally crucial to human health and well-being [1]. Creating healthy indoor envi-
ronments should be a priority for building designers, and evidence-based design deci-
sions should be used to ensure that the built-environment delivers healthful benefits
to the occupants [2]. The natural environment has a positive impact on psycholog-
ical well-being. Therefore, connecting natural ventilation with the built-environment
may improve occupant well-being.

Built-environment characteristics significantly impact the indoor environment and
human health by controlling indoor air quality and thermal comfort. Building char-
acteristics like building age, floor level had a strong and positively significant corre-
lation with the incidence of sick building syndromes (SBS) in residential apartments
of Hong Kong [3]. Enhanced ventilation can effectively improve occupants’ health
and also reduces health expenditure by 18% [4]. Built-environment design at neigh-
bourhood [5] and building envelope level [6] considerably control indoor ventilation
characteristics.

But it is yet to investigate whether interior layout affects the indoor ventilation
perception of the occupants. Studies have examined the impact of interior material
finishes and surface material like wall and floor materials on indoor air quality and
human health. Indoor surface materials act as sorbents or sources of Volatile Organic
Compounds (VOCs) emission, advertently affecting human health. Partition wall
and furniture layout have been observed in a few pieces of research to affect the
indoor electro-mechanical ventilation characteristics within offices. A recent study
identified building typology, dwelling area, layout of the unit, window type, window
operating schedule and ventilation system as major built-environment parameters
that affect indoor air quality in low-income housing [7].

To date, studies dealingwith the association between built-environment and venti-
lation have focussed either on macro-scale involving neighbourhood and envelope
level built-environment design parameters or at micro level parameters like surface
materials. Furthermore, research of the field has investigated single parametric based
analysis. Relatively little is known about the aggregated impact of different interior
level built-environment design parameters on indoor ventilation. The specific interior
design parameters which need to be explored while designing healthy habitats still
remain a blind-spot in built-environment and health literature.

In this study, we aim to investigate the impacts of different interior level built-
environment design parameters on indoor ventilation perception at natural ventilation
condition in slum rehabilitation low-income housing of Mumbai with the following
objectives:

1. To identify the specific interior design parameters that impact indoor ventilation
perception in natural ventilation conditions.

2. To investigate the strength of the impact of interior design parameters on indoor
natural ventilation perception and incidence of occupant health risk.
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2 Data and Methods

The proposed mixed-mode methodological framework is illustrated in Fig. 1. A
primary survey of 121 households was undertaken in March–April 2019 with the
intention of identifying the interior-level built-environment determinants of indoor
natural ventilation performance evaluation criteria. A survey questionnaire was
utilised here to quantify the interior built-environment determinants and their rela-
tionship with ventilation perception issues in the slum rehabilitated colonies of
Mumbai. A self-administered questionnaire was developed based on the parameters
obtained from literature as well as reconnaissance field visits.

Data were collected from specific slum rehabilitated sites of (1) Lallubhai
compound, (2) Ramabai colony, and (3) Kanjurmarg colony in Mumbai. The ques-
tionnaire, divided into three parts, initiatedwith the collection of respondents’ general
information like age, household size, etc. However, personal information repre-
senting the respondent’s education level and employment status were not enquired.
While the second section involved an examination of four variables pertaining to
‘Room Characteristics’ of a tenement unit, including (i) Room Area, (ii) Corridor
Type, (iii) Floor level and (iv)RoomDensity (Table 1). The respondentswere asked to
deliver information about the tenement unit regarding its total area, the floor number
of the dwelling and whether the tenement was abutting to a single-loaded or double-
loaded corridor. Another parameter crucial to indoor ventilation level is the ‘Opening
Characteristics’. The variables under this category included information regarding
the fenestrations in the tenement like number and type of windows, their locations,
presence of air-outlet (ventilator). These variables were selected, keeping inmind the
evidence-based effectiveness of cross-ventilation strategy and better indoor airflow

Fig. 1 Methodology adopted
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Table 1 Indoor built-environment variables

Interior built-environment characteristics Description (1 if yes, 0 if no)

Room area (RC1) Whether the area of the tenement unit is less than
250 sq.ft or not

Corridor type (RC2) Whether the internal corridor is double-loaded or
not

Floor level (RC3) Whether the floor level is between the 1st and 3rd
floor or not

Room density (RC4) Whether the room density is more than 0.0160, that
is, number of household members staying in 225
sq.ft area is more than 4 or not

Number of windows (OC1) Whether the total number of windows in living
space is more than or equal to two or not

Type of window (OC2) Whether the window is fully-openable or not

Position of window (OC3) Whether the windows are placed on the opposite
side or not. (Assumption: opposite placed windows
enable cross-ventilation)

Presence of ventilator (OC4) Presence of high-level air outlet (ventilator) on the
opposite side of the window or not. (Assumption:
Air-outlet enhances cross-ventilation)

Window opening schedule (OC5) Whether occupants open window during cooking or
not

Kitchen type (SC1) Whether the kitchen is segregated or not

Bedroom type (SC2) Whether the unit has a separate bedroom or not

Storage system (SC3) Whether the tenement unit has a bunk or storage or
vertically segregated sleeping space or not

Number of wardrobes (FC1) Whether the unit has equal to or more than two
storage wardrobes or not

Number of bed (FC1) Whether the unit has equal to or more than two beds
or not

characteristics in the presence of windows. Literature has majorly identified size,
type, position and number of windows as significant fenestration design indicators
affecting ventilation. Occupant behaviour related information suchlike whether the
inhabitants used to open windows during cooking activities, were also noted. The
questions in the subsequent sections included information about whether the kitchen
was segregated and whether the tenement had a separate bedroom. Studies in low-
income housing have elucidated that unsegregated kitchen-living zone within the
tenement units degrade the indoor environment and create thermal discomfort by
increasing high temperature trapped zones, thereby affecting human health condition
[1, 2].

It also recorded individual information regarding their health status, in partic-
ular, the respiratory diseases related symptoms. In health-related studies, symptoms
included discomfort or problems regarding breathlessness, frequent coughing and
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other allergies. First, the respondents were required to answer whether any of their
household members were affected with any health risks in ‘yes’ or ‘no’. Next, they
were asked specific questions regarding diseases like tuberculosis, upper respiratory
diseases, asthma, coughing problem, skin allergies and others. Respondent’s like-
lihood of indoor ventilation and perception of overall indoor air quality was also
noted.

2.1 Data Description

Out of 121 surveyed data, a final set of 80 responses were screened, with Lallubhai
Compound (29), Kanjurmarg SRA (21), and Ramabai SRA colony (30). The
exploratory analysis elucidated that only 10% of the respondents were satisfied
with indoor ventilation levels, while 25% of the households reported health risks
occurrences. Of the room specific characteristics, 81.3% of the studied houses were
connected by a double-loaded corridor. Around 90% of the surveyed households
were located at lower floor levels (i.e. from floor level 1 to 3), while the buildings
were six to eight floors high (see Table 2). 76.3% of households had high room
density, indicating that maximum households had more than four members residing
in a single multi-purpose tenement unit. The tenement units’ size in the surveyed
buildings varied from 180 to 270 sq.ft; with 93.8% of the households having room
area less than 250 sq.ft. Figure 2 illustrates the double-loaded corridors and single-

Table 2 Data description
showing the percentage of
surveyed households with
built-environment details

Interior built-environment
characteristics

Percentage of households (N =
80) (%)

Room area (RC1) 93.8

Corridor type (RC2) 81.3

Floor level (RC3) 90

Room density (RC4) 76.3

Number of windows (OC1) 65

Type of window (OC2) 5

Position of window (OC3) 22.5

Presence of ventilator (OC4) 11.3

Window opening schedule
(OC5)

86.3

Kitchen type (SC1) 86.3

Bedroom type (SC2) 42.5

Storage system (SC3) 7.5

Number of wardrobes (FC1) 93.8

Number of beds (FC2) 90
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Fig. 2 Double loaded corridor, Windows closed, Partition wall acting as space separators, Bunks
used for storage and sleeping areas in different households

multi-purpose tenement units in typical low-income slum rehabilitation housing of
Mumbai.

When ‘opening characteristics’ concerning variables were explored, it was reck-
oned that although 65% of the units had equal to or more than two windows, only
22.5% of the households had possibilities of cross-ventilation. This can be attributed
to the positioning of both the windows on the single side due to design constraints,
thus inhibiting cross-ventilation. Furthermore, only 5% of the households had fully
openable windows. Figure 2 also illustrates that most of the occupants in SRA units
tend to close their windows during daytime, especially during cooking times, to
maintain privacy, safety and security. While other occupants obstruct the windows
by utilisingwindow space as storage areas.While 86.3%of the households had segre-
gated kitchen space, 13.8% of households were exposed to open cooking-living area.
It was reckoned from the field visits that the majority of the households used taller
items of furniture such aswardrobes or curtains as a space-separator between cooking
and living zones. However, despite being smaller in size (one multi-purpose unit
with an average area 225 sq.ft), nearly 90% of the households were found equipped
with furniture such as wardrobes and beds. Due to larger household size, around
25% of households had equal to or more than two beds and wardrobes, indicating
extreme space-constraint. Figure 2 also shows the occupant behaviour of vertical and
horizontal space segregation using varying types of bunks and partitions.

2.2 Statistical Analysis

Despite the rehabilitation scheme deliver similar size and layout designs, the indoor
built environment characteristics turn heterogeneous because interior design, space
arrangement and furniture layout is a predilection of individual choice, occupant
behaviour and socio-cultural context. The coupled method of binary dimension-
ality reduction, Logistic Principal Component Analysis (LPCA) and ordered probit
regression was utilised here to analyse the impact of interior design parameters on
ventilation perception (see Fig. 1).
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Of the various aspects studied, 12 criteria were selected for the LPCA. The vari-
ableswere initially clustered under homogenous groups of ‘room’, ‘opening’, ‘space’
and ‘furniture’ characteristics. Logistic Principal Component Analysis (LPCA), an
extension of Pearson’s PCA is a dimension reduction technique used to construct a
unidimensional measure out of many variables to capture variability in the indoor
built-environment characteristics, especially when the captured variables are binary.
It ismotivated as an extension of ordinary PCAemploying amatrix factorisation, akin
to the singular value decomposition, that maximises the Bernoulli log-likelihood and
minimises Binomial deviance [8]. ‘LogisticPCA’ package developed by Andrew J.
Landgraf in 2016 in R software was employed here to perform the LPCAmodel anal-
ysis. Three individual logistic PCAs were executed for the three clusters of ‘Room
Characteristics’, ‘Opening Characteristics’, and ‘Space Characteristics’ as shown in
Fig. 1.

Nevertheless, the two specific design variables under ‘Furniture characteristics’
were individually accounted for here. The output from the logistic PCAs deliv-
ered a component score coefficient matrix, which was used to generate the three
final components. Next, the first principal component (PC1) component factors were
utilised through an ordered probit regression analysis to understand the aggregated
impact of interior built-environment characteristics on indoor ventilation perception
levels.

3 Results and Discussion

The first linear regression model, refer to Table 3, was undertaken to understand the
impact of all built-environment characteristics accounted individually on the indoor
ventilation perception of the occupants. The R-square value of the model is 0.325.
No variables were removed from the model based on their low significance level
since all variables are of interest and are expected to have effects on ventilation.
As Table 3 denotes, the space-constrained single multi-purpose households with a
higher number of tall and bulky items of furniture like wardrobe had a lesser likeli-
hood towards improved ventilation perception. Due to the extreme space constraints,
occupants often tend to locate the furniture near the windows, advertently hindering
the incoming air path by acting as an obstruction.

Model 1

The linear regression results also showcased that window-type affected ventilation
effectiveness. The households with fully openable windows had exhibited improved
indoor ventilation rates. A fully openable window delivers a higher open area for air
exchange, which increases the ventilation levels than that of the sliding windows,
where 50% of the window area remains blocked. Model 1 also estimated that the
householdswith high roomdensity, that is larger household size and lesser room area,
were found dissatisfied with indoor ventilation levels. Space constraint in the tene-
ment units of slum rehabilitation colonies in addition to larger household size leads to
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Table 3 Linear regression model of ventilation perception and individual parameters

R-square: 0.325 Beta t-stat

Dependent variable: Ventilation perception levels (1 = very satisfied, 2 =
satisfied, 3 = neutral, 4- dissatisfied, 5 = very dissatisfied)

Intercept 2.80 0.17

Double loaded corridor 0.18 0.58

Low floor level −1.39** 2.11

High room density −0.76** −2.13

Low room area −1.87** −2.21

Bed more than equal to 1 0.28 0.63

Wardrobe more than or equal to 1 1.03* 1.89

Windows more than or equal to 2 0.14 0.50

Windows with cross ventilation −0.23 −0.60

Fully openable windows 0.27** 2.51

Open windows during cooking time 0.28 0.72

Ventilator present 0.11 0.25

Presence of bunk for sleeping or storage 2.11** 2.50

Segregated Kitchen 0.38 0.98

Segregated Bedroom 0.22 0.69

Note * significant at 90%, ** significant at 95%, *** significant at 99% CI

overcrowding, which in turn deteriorates air freshness and ventilation effectiveness.
The survey identified that in 76.3%of the households,more than fourmembers reside
in a single multi-purpose tenement unit of less than 250 sq.ft area. Furthermore, the
households staying at lower floor levels were reckoned to be satisfied with indoor
ventilation rates.

In Model 1, a few built-environment related parameters turned non-significant.
Hence, the binary variable dimensionality reduction technique was next applied to
explore the association between the clustered built-environment characteristics and
ventilation perception. When the parameter of ‘Room characteristics’ was taken into
consideration, most of the correlationswere found significant at alpha < 0.05. Among
the four ‘Room Characteristics’ related design variables considered, a high correla-
tion was found between the variables like Floor Level (RC3) and Room Area (RC1),
and medium correlation was observed between Room Density (RC4) and Room
Area (RC1). Similarly, while accounting ‘Opening Characteristics’, four out of five
parameters were found significant at alpha < 0.5. Amedium correlationwas observed
between the variables of the Presence of Ventilator (OC4) and Number of Windows
(OC1) and Position of Windows (OC2). For ‘Space Characteristics’, a medium
correlation was observed between Storage System (SC3), Kitchen Type (SC1) and
Bedroom Type (SC2). No two variables in any of the clustering were strongly corre-
lated, and therefore, all variables were considered for PCA and regression process.
The results of three logistic PCAs showed KMO values above 0.5.
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In the LPCA model, a matrix (x) was initially formed with all binary variables.
The k value, referring to the number of principal components to return from the
model was considered equal to 1. The value (m) to approximate the saturated model
was taken 4 based on literature [8]. The first logistic PCA for ‘Room Characteris-
tics’ resulted in the formation of one single principal component which was above
the Eigenvalue of 1. The data used to derive the principal component (PC) from
composite interior built-environment parameters specifically indicates the influence
on ventilation performance of the tenement unit. The first PC is the linear combi-
nation of exploratory variables that explains the maximum variation in the data.
From logistic PCA results, it was noted that the first principal component of ‘Room
characteristics’ explains the maximum variance in the data (32.4%). Similarly, the
first component for the logistic PCAs of ‘Opening’, and ‘Space’ characteristics had
26.9%, and 41.5% variance.

In order to relax the restrictive functional assumption, this study re-estimated
the data using an ordered probit model with a multinomial distribution function
which is demonstrated below in Eq. 1. The ordered probit can be estimated via
several commercially available software packages and is theoretically superior to
other models for the ordinal data analysed in this work. The following specification
was used here:

T ∗
n = βZn + εn(1) (1)

where T*
n is the latent and continuous measure of ventilation satisfaction reported

by the households n, Zn is a vector of explanatory variables describing the built-
environment design variables, β is a vector of parameters to be estimated, and εn is
a random error term (assumed to follow a standard normal distribution).

To analyse the effects of the ordinal responses, the observed and coded satisfaction
variable, Tn, is determined through the ‘threshold concept’ from themodel as follows
[9]:

Tn = {1 if −∞ ≤ T*
n≤ μ1(very dissatisfied),

2 if μ1 ≤ T*
n≤ μ2(dissatisfied),

3 if μ2 ≤ T*
n≤ μ3(neutral),

4 if μ3 ≤ T*
n≤ μ4(satisfied),

5 if μ4 ≤ T*
n≤ ∞ (very satisfied),

where the μi represent thresholds to be estimated (along with parameter vector β).
Model 2 in Table 4 showed a high significance level of the ventilation perception

very dissatisfied, dissatisfied and neutral with respect to very satisfied ventilation
perception, thereby indicating the importance of employing ordered probit regres-
sion. Due to the increasing nature of the ordered classes, the interpretation of the
model’s primary parameter was set as follows: positive sign indicates higher satis-
faction level as the associated variables increase, while negative signs suggested the
converse [9].
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Table 4 Ordered Probit Regression demonstrating the relationship between the LPCA derived
constructed design variables and the perception of indoor ventilation

Dependent variable: ventilation perception levels (1 = very dissatisfied, 2 =
dissatisfied, 3 = neutral, 4 = satisfied, 5 = very satisfied)

Beta t-stat

Thresholds

μ1 −3.09*** −4.60

μ2 −1.96*** −3.06

μ3 −1.43*** −2.27

μ4 −0.20 −0.32

Space characteristics 0.43 1.28

Opening characteristics −0.67* −1.81

Room characteristics −0.84* −1.87

Furniture characteristics

Bed more than or equal to 2 −0.15 −0.33

Wardrobe more than or equal to 2 −0.99* −1.87

−2 Log-likelihood 221.63

Note * significant at 90%, ** significant at 95%, *** significant at 99% CI
Chi-square: 294.960, df: 303, Sig: 0.627, R-square: 0.055.

Model 2

Model 2 estimated that the clustered built-environment design parameter of ‘Room
characteristics’ and the number of furniture in the tenement unit exhibited a statis-
tically significant and negative relationship with the ventilation perception. This
indicates that the households with lower room area, higher room density, located at
lower floors and attached to double-loaded corridor had a higher probability of being
dissatisfied with indoor ventilation with respect to the very satisfied households.
Also, the households with a higher number of wardrobes were observed to be less
satisfied with the indoor ventilation than those satisfied households. The constructed
parameter of ‘Opening characteristics’ had a negative and statistically significant
relation with indoor ventilation perception, indicating that the households with fully
openable cross-ventilated windows, ventilators or air-outlets as well as those who
used to keep windows open during cooking were surprisingly dissatisfied with venti-
lation rates. Despite this result is counter-intuitive, one possible reason behind this
phenomenon can be attributed to the floor-level of the surveyed tenements. Most of
the SRA colonies are located in close proximity to the garbage dump-yards, incin-
erators, chemical and petroleum factories, etc. Moreover, the recent SRA housing
designs are characterised by tall and bulky buildings adjacent to 3 m wide alleys.
These unutilised alleys, ultimately turn into public refuse and garbage dumps due to
lack of adequate maintenance. Hence, the degraded environmental condition in the
tenements, especially in the lower floors, are forced to keep their windows closed due
to extreme outdoor garbage-induced foul smell. Since 90% of the surveyed respon-
dents dwell on lower floors, they tend to keep their windows shut in order to avoid
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extreme adverse outdoor conditions and perceive better ventilation by not opening
windows.

This result shows that outdoor maintenance should be given increased priority, as
degraded outdoor atmosphere and setting results in higher dissatisfaction from venti-
lation, even if a cross-ventilated higher number of windows, outlets are present in the
tenements. Therefore, even with the same window-to-wall ratio (WWR), the tene-
ments at lower floors are forced to under-utilise the ventilation benefits of openings
due to degraded outdoor conditions (foul smell, the breeding ground of mosquitoes
and flies).

Lastly, a check was made of the robustness of the statistical results concerning the
health hazards and risk occurrences. In the questionnaire, respondents were asked to
statewhether theyhadbeen suffering fromanyhealth hazards, particularly respiratory
problems. The responses showcased that 25% suffered from respiratory problems.
It was observed that 52 out of 69 respondents who had segregated kitchen did not
suffer from health hazards. 67.65% of the tenement units with separate bedrooms
and cooking zones did not suffer from any health hazards.

4 Conclusion

This section attempted to identify an association between the interior-level built-
environment design parameters and indoor ventilation perception levels. The results
showcased that built environment parameters like crowding factor, floor-level of a
tenement; the unit area affected the indoor ventilation perception in the slum rehabil-
itated colonies. Due to extreme space constraints, adequate items of furniture within
a single multi-purpose room hindered the indoor airflow characteristics and dete-
riorated the ventilation rates. Hence a negative correlation was observed between
a higher number of bulky items of furniture and indoor ventilation perception (see
Model 1 and 2). Other crucial design parameters included the number and design
typology of windows. Future extension of this study would cover the analysis of
increased sample size and built-environment variables to strengthen the association.
These results shed light on the fact that indoor air quality and ventilation efficiency
is a subject of interior built-environment design. This study would aid in the revision
of forthcoming sustainable and liveable low-income habitat design guidelines.
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Optimal Routing of Solid Waste
Collection and Disposal in Nagpur City
Using GIS

Smita

Abstract In the Indian context, Municipal Solid Waste Management (MSWM) has
become a critical subject of concern because of lopsided urbanization and wavering
consumption pattern and the serious health risk it poses due to the degrading envi-
ronment. Although municipal authorities in India endorse the eminence of adequate
solid waste collation and disposal as well as resource recovery and recycling, it is a
pressing challenge to deal effectively with the growing amount of solid waste gener-
ated by the expanding cities. The present study analyzes MSW collection system
and provides optimal routing for solid waste collection and disposal in Nagpur City.
Based on the preliminary research, short/long term strategies were recommended
with the aim of improving MSW collection system. Web-based applications such as
Open Data Kit (ODK) and ARC GIS were employed for mapping waste generation
and the collection as well as the optimization of routes for transporting wastes and
compost plant setting. Maps generated using GIS builds the relationship between
various factors responsible for the generation of solid waste and its management.
This study could significantly enhance the planning, strategies and decision-making
of municipalities to optimise their transport distance, time and cost for MSW.

Keywords Municipal solid waste Management (MSWM) · Nagpur · ARC GIS

1 Introduction

India, with a rapid increase in urbanization, industrialization, and population, has put
a substantial challenge to its MSWM infrastructure and policies [1, 2]. Ministry of
Housing and Urban Affairs, in its annual report for the year 2016–17, had estimated
a total generation of solid waste of approximately 1,50,000 T/day. Although approx-
imately 90% (1,35,000 MT/day) is collected but due to infrastructural, financial and
institutional debilities, only 20% (27,000 MT/day) is processed and the remaining
80% (10,8000MT/day) goes to dump sites [3]. Mismanagement of MSW not only
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poses a serious health risk with a degrading environment but also can greatly impact
the socio-economic wellbeing of the people. Discrete advents related to MSWM are
important to study for the waste generation (domestic household wastes) in Indian
city so that burden on depot site can be restricted. The right technological tool to
support decision making in planning/policies and reliable collection of data can
provide substantial help in MSWM. Web-based applications such as Open Data Kit
(ODK) and ARC GIS [4–6] can help in multi-criteria evaluation of geographical
sites for optimization of several competing variables for efficient MSWM [7].

Objective and Novelty: The objective of the present study is to analyze MSW
collection system and provide optimal routing for solid waste collection and disposal
in Nagpur City. Here Open Data Kit (ODK) and ARC GIS are employed for data
collection and optimization of transport routes, including identifying the potential
site for compost plant setting. Additionally, we also identify pertaining challenges to
solidwaste collection and disposal system and recommendations to address the same.
Primary and secondary data is collected by employing a survey research method [8]
in the study area to cover each ward of Nagpur, which is divided into ten zones. Data
collected was analyzed and maps were developed according to the need in ARC
GIS. The present study could significantly help in improving planning, strategies
and decision making of municipalities to optimise their solid waste collection and
disposal system, which in turn will optimise cost, time and infrastructural needs [9].

2 Materials and Methods

Overall, extensive literature as well field study was conducted on SWM in Nagpur
city. Information regarding prevailing policies, administration and general informa-
tion on solid waste management was collected from Nagpur Municipal Corporation
(NMC) and various past studies. Information about waste quantities and charac-
teristics were collected from the NMC. Field studies were conducted solely by the
author to understand the dynamics of solid waste management of the city.Web-based
application Open Data Kit (ODK) and ARC GIS were employed for carrying out
various tasks such as data collection, generating maps, analysing mapped data, etc.,
throughout this study.

2.1 Study Area

Nagpur is the third-largest city in the state of Maharashtra, produces approximately
1100–1200 tons of waste per day. Despite being a progressive urban local body, with
a population of 2.4 million (census 2011), the city faces several challenges related
to waste management. According to the Swachh Sarvekshan Survey 2017 by Govt.
of India, Nagpur was ranked 137 out of a total of 434 cities surveyed [10].
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The study is limited to household wastes only. The survey research method is
employed to collect data at the household level. For this, a web-based application;
‘Open Data Kit’ was used in the entire study to collect data. Nagpur city is divided
into 10 zones for administrative purposes and is further sub-divided into 136 wards.
Samples were collected from all 136 wards. A ward-wise list of households was
obtained from the NMC and a simple random sampling technique was employed
for the selection of 4700 households from all the wards. This sample size is suffi-
cient and more than 10 times larger than the minimum sample size (margin of error
5%, confidence interval 95%) obtained from the Krejcie and Morgan [11] formula
considering the total population of 24 lakhs for Nagpur.

3 Generation and Characteristics of Urban Solid Waste

Waste generation and its estimation is the key component of waste management.
In 2017, a study related to solid waste management and its problem in detail was
conducted by the National Environmental Engineering Research Institute (NEERI),
Nagpur in order to provide NMC with an economically feasible solution for the
implementation of proper waste management. The characterization of municipal
solid waste was one of the main components of this study. Table 1 presents the
details of waste characterization of 34 samples which were collected from all the 10
zones of the city.

3.1 Physical Characterization of Waste

The results for the zone-wisewaste characterization (primarily residential waste from
households) can be seen in Table 2 that indicates a very high percentage of the organic
fraction in the waste (77%), followed by plastics (11.60%), and paper (7.66%). The
balance (3.74%) constitutes inert, textile and cardboard.

Table 1 Details of samples
collected for waste analysis

SI No Particular Number of
samples

Zones (Z)

1 Residential area 10 All zones

2 Secondary
collection point

14 All zones

3 Commercial area 3 Zone 5 and 7

4 Institutional area 3 Zone 1 and 4

5 Dumping site 4 2 old and 2 new
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Table 2 Average Physical Characteristics of Solid Waste of all 10 zones (Z) in Nagpur

S. No Item Z-1 Z-2 Z-3 Z-4 Z-5 Z-6 Z-7 Z-8 Z-9 Z-10 Z Avg

1 Paper 8.9 7.99 4.0 ND 8.91 12.5 11.6 ND 12.5 10 7.66

2 Cardboard 8.9 ND ND ND ND ND ND ND ND ND 0.9

3 Plastic 9 7.86 11 9.6 11.8 15 21.6 6.5 13 10 11.6

4 Textile 9.0 1.33 ND ND ND ND ND ND ND ND 1.04

5 Organic 55 79.8 8 90 79 72 66 93 74 80 77.2

6 Inert 8.3 2.93 4.4 ND ND ND ND ND ND ND 1.57

7 Wood ND ND ND ND ND ND ND ND ND ND ND

8 Thermocol ND ND ND ND ND ND ND ND ND ND ND

9 Metals ND ND ND ND ND ND ND ND ND ND ND

10 Glass ND ND ND ND ND ND ND ND ND ND ND

ND- Non-Detectable

3.2 Existing Solid Waste Management in Nagpur

In 1996, NMC started with door to door collection in which only 30% area was
covered. Due to the absence of timely services, in 2003, NMC entrusted this respon-
sibility of implementing the project to CDC on a tender basis and later to private
contractors. Presently, NMC has hired a private company, Kanak resources, to
manage the solid waste management collection and transportation services to the
dumping site. Figure 1 describes the administrative setup for waste management of
NMC.

Solid waste quantification: The data collected from all the 136 wards were
run through ARCGIS to generate maps showing the estimation of the quantity of
waste generated from all the wards. When quantified mathematically, it turned out
to be approximately between 1100 and1200 tonnes of waste. The red areas in the
map presented in Fig. 2a show the highest waste generation wards of the city that is
higher than 15 tonnes of waste generation/day. Blue, Orange and light green wards
show the frequency of 10–15 tonnes, 5–10 tonnes and 0–5 tonnes of waste genera-
tion/day, respectively. Zone 9 was found to generate maximum waste as it is charac-
terized mostly by slums. Zone 6 and zone 7 are the core areas of the city, producing
more waste as they are densely populated. Although the area of zone 7 and 4 is
comparatively less but generates more waste because of mixed land-use.

Solid waste collection and segregation: Nagpur has a door to door collection
system whose efficiency is found to be 97% from the survey. The GIS map in Fig. 2b
gives ward wise data of waste collection. The area in the map marked with light
green, dark green, orange, red shows the frequency of waste collection is every day,
every alternate day, once in a week, once in 15 days, respectively.

The numbers of community bins have been significantly reduced in the city under
the ‘bin –free city’ project. Now there are only 170 bins located overall in Nagpur
city, which are also collection points for garbage through bigger vehicles. Some areas
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Fig. 1 Administrative setup of Nagpur Municipal Corporation in waste management

Fig. 2 GIS based map showing ward wise data of a waste generation b waste collection

of zone 10, 9, 6 and 5 experience open dumping at the points where previously bins
were located. From Fig. 3a, it is clear that no zone is experiencing 100% collection.
Some wards of zone 10 and zone 9 are facing issues in the waste collection as they
are fringe areas of the Nagpur city and transportation vehicles do not come often
for collection. Whereas, some fringe areas of zone 8 and zone 3 experience garbage
collection once a week and in the rest of the zones, some wards experience the
collection of waste on alternate days. We also explored whether the gap between
waste generation and collection efficiency is influenced by income groups. Data
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Fig. 3 a Bar chart showing comparison between waste generated and waste collected b Percentage
of waste segregation at the zone level

comparison revealed that both factors are independent of each other. The core areas
produce a high amount of wastes because they are densely populated, irrespective
of income groups. These areas are predominant by Medium Income Group (MIG)
though some are Low Income Group (LIG) as well.

3.3 Solid Waste Segregation

Solid waste segregation is the key step if we are planning for waste management.
Developed nations practice waste segregation at point source that is at the generation
stage itself, unlike developing nations. Similarly, is the case seen in Nagpur. When
surveyed, it was found that only two zones out of 10 zones practice source segregation
of waste. Zone 1 segregates 17%, whereas zone 9 does it 19% only. Though NMC
does waste segregation at transfer stations before the waste is transported to the
dumping site, but segregation at the source is negligible, which is a big challenge.
Recyclables such as plastics, iron and papers are separated by the labourers at all
the transfer stations and sold to the rag pickers. As the segregation is done before
transportation to the dumping site, NMC is saving about Rs. 10 lakhs monthly on 60
TPD of garbage. Figure 3b presents a scenario of source segregation at zone level in
Nagpur.
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4 Problems and Perspectives

We did the SWOT Analysis after collecting and analysing all the data. To identify
the problems at the smallest unit of the city that is at ward level, the data collected
from the primary survey was divided into four stages of waste management, whereas
data collected from the secondary survey was divided into two stages, mainly, trans-
portation and processing and disposal. Figure 5 describes the identified problems
after analyzing data.

• Collection of waste: The collection efficiency is 97%.
• No source segregation: The waste is collected from door to door without any

segregation. About 50–60% of the waste collected from households is organic in
nature. Hence it could be treated as a resource and can be used in the making of
vermicomposting.

• Transportation and collection efficiency: Somewards generate a higher amount
of wastes and collection frequency is low. The reason is Nagpur city has radial
expansion and it has evolved with organic transformation. The core areas were
also not planned; rather, they have evolved. Roads leading to the interior of the
city make transportation difficult as vehicles could not enter those areas. These
are the areas of high density with more waste generation. Secondly, due to less
transfer stations, more vehicles are engaged in the collection and transporting of
waste to the dumping yard, which results in higher fuel consumption and hence
increased transportation cost.

Processing and disposal: Despite of being a million-plus city, Nagpur lacks the
facilities and infrastructure for the efficient treatment of waste. From the institutional
survey, it was found that by the end of 2020, Nagpur will start processing its waste.
Presently, no sanitary landfilling is done, which is creating a nuisance to the people
living in nearby areas of dumping yard.

5 Recommendations

As per the scenario in Nagpur, advertising the 3R concept could help in minimising
waste generation. For this, awareness campaigns at theward level should be organized
by the NMC. For slum areas, NMC should organise an awareness program for the
daily disposal ofwaste to the nearby temporary bins (provided byNMC). Segregation
of waste at source should be made mandatory. NMC should provide separate bins
to each household for the segregation of waste without any user charge. The waste
collector should refuse to collect the waste if it is not segregated.
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5.1 Collection and Transportation

NMC should use GPS technology for tracking and monitoring vehicles, whether
the vehicle is collecting the waste effectively or not. This will likely enhance the
efficiency of the collection, especially in the fringe areas of the city [12]. Every
waste collector should be facilitated with separate bins for the collection of waste.
Some user charges at a weekly/monthly basis should be charged. To strengthen the
collection and transportation of waste in a decentralised way, seven transfer stations,
as per accessibility to the landfill site, are proposed. The location of transfer stations is
linked with the outer ring road of the city so that the vehicle can move timely without
facing the congestions of the internal roads. From the transfer station to the dumping
site, the separate vehicle should be used for biodegradable and non-biodegradable
waste.

5.2 Processing

Processing of waste should be done in a decentralised way so that the waste send
to the landfill site can be minimised. This will also reduce the transportation cost of
solid waste from the transfer station to the dumping site. Construction of compost
plant in the fringes of the city and biogas plant at the proposed transfer stations for
processing of biodegradable waste within the city.

Biogas Plant: Since 50–60% of waste is organic, this can be treated in the decen-
tralized biogas plant located in the city. The outcomes are the manure and methane
gas, which can be used for generating electricity. The area required for installing a 5
MT/day biogas plant is 500 m2 and the cost of the plant is approximately 40–50 lacs.
The maintenance cost of the biogas plant is also low as only three to four people are
required for efficient working of the plant. A 5 MT/day biogas plant can generate
300–400 units of electricity depending upon the quality of the waste.

Figure 6 demarks the position of all proposed biogas plants, the position of all
the proposed transfer stations and the proposed route from all transfer stations to
the dumping site. Nagpur city has an outer ring road. Transfer stations have been
proposed on such locations so that the waste collection vehicles of higher volumes
do not face the traffic problem. Hence connecting all the transfer stations, a route to
the dumping site has been proposed, which is going from the outer ring road. Every
zone is proposed with a biogas plant so that the organic fraction of the waste can be
used as a resource.

Compost Plant Setting

Compost plant should be located at least 10–15 km radius outside of the airstrip
aerodrome of township so as to avoid bird menace for aircraft safety. A detailed
survey, soil and hydrological investigation should be carried out, including the status
of the groundwater table so as to design civil structures properly. The site selected
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Fig. 4 a Pre-Monsoon and Post-Monsoon water level in Nagpur. b Site preference for compost
plant as per water level in the city

should not be a waterlogged or marshy land as it would increase the civil work
by more than 100%. Figure 4a shows the pre and post-monsoon water levels in
Nagpur city. Based on the above criteria, site 1, site 2 and site 3 in zone 5, 6 and
10, respectively, are suited for compost plant. Figure 4b presents the criteria for
site selection. Site 1 lies on the existing disposal path and also near the agricultural
land where by-products can be readily used. Site 2 includes areas such as Pardi in
Nagpur, which consists of undeveloped land where land cost is relatively low and
better transport connectivity due to the outer ring road. At site 3, a small composting
plant can be proposed to minimise open dumping in zone 9 and zone 10, as observed
from the primary survey. 100 TPD composting site of area 1.1 hectare at site 1 whose
production capacity is 30.76 TPD can be developed (Figs. 5 and 6).

6 Future Scope

The study was conducted at the ward level and is restricted to household waste only.
Studies onHospitalwaste, construction anddemolitionwaste could also be conducted
in order to analyse the proper composition and projection of wastes. Studies at a basic
level such as ward level propose a good estimation for policy and decision making
for Urban Local Bodies (ULB).
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Fig. 5 Problems identified at ward level for waste management in Nagpur
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Fig. 6 Proposed route from transfer stations to dumping site and biogas plant
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Need for Integrated Planning
of Environmental Services for Small
Town: A Case Study

Meghraj Garad , Megha Nikam , Bakul Rao , Kanchan Malkhede ,
and Hemlata Suryawanshi

Abstract India has been facing the challenge of overcoming the problem of open
defecation, provisioningproper sanitation services, and supplying safe drinkingwater
to the entire population. For bigger cities, a degree of systematic efforts have gone
in designing model Water and Sanitation (WATSAN) systems, but similar efforts
for smaller towns are rare. Several councils have tried to undertake the designing
of WATSAN systems with local consultants, with a lesser degree of a systemic
approach, resulting in poor performance as depicted in various assessments. The
study to assess the need for integrated planning was conducted in Vadgaon Maval. A
social survey of 100% households was conducted to understand the performance of
the four systems and water quality testing was also done, wherein it was found that
there was high inequality in water distribution. A total of 50 out of 53 samples were
with E. coli signifying inefficient treatment or intrusion of sewage in the pipeline
while supplying. The piped drainage system served for a limited part of the town
but with inaccurate slopes and it carried both wastewater and storm-water. The solid
waste collectionwas not 100%, resulting in people throwingwaste in the open, which
ultimately led to drain blockages. Thus, solid waste blocking the drains and drains
contaminating the water supply lines crossing them, affecting the drinking water
quality, is the current scenario. This necessitates the need for integrated planning
and designing of four systems with consideration of the town’s expansion while the
implementation could be in phases.
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1 Background

In the development arena, India has been facing the challenge of overcoming the open
defecation problem and provisioning of proper sanitation services in both urban and
rural areas. Added to this is the problem of supplying safe drinking water to the entire
population. Some of the issues related to water and sanitation systems commonly
found in India are as follows.

Water supply issues Sanitation issues

• Inadequate water supply
• High UFW (Unaccounted for water)
• Corrosion and scaling in pipes
• Illegal connections
• Intermittent water supply
• Low pressures
• Improper planning of natural and
storm-water drainages

• Inadequate storm-water drainages
• High reliance on groundwater
• Inadequate water treatment
• Low Taxes and Inability and Unwillingness
to pay taxes

• No sanitation systems
• No wastewater collection systems
• No/inadequate water quality monitoring
• Mixed drainages between storm-water and
wastewater

• No treatment of wastewaters
• On-site treatment of sewage–septic tanks
options inadequate

• Septic tanks with no soak pits, water left into
drains

• Inadequate FSM Technology available
• Focus on conventional sewerage systems
• Inadequate capacity of towns
• Inadequate technical support from the centre
to the state to the towns

Bigger cities and towns have systematic efforts in designing model WATSAN
systems, but similar efforts for smaller towns are rare. Challenges for town admin-
istrations include a lack of capacity to undertake such projects on their own. Several
councils have tried to undertake the designingofWATSANsystemswith local consul-
tants, with a lesser degree of a systemic approach, resulting in poor performance as
depicted in various assessments. This study indicates the need to tackle the problems
systematicallywhile understanding the town in totality. The first phase of the ongoing
research is to assess the on-ground reality of the four environmental services, that
is, Water Supply, Waste Water Management, Solid Waste Management, and Storm
Water Management, and the need for planning them by understanding the town.

2 Literature Review

In India, around 32% of HHs live in urban areas. Among these, about 62% of urban
households receive water from a treated source through tap while 8% of urban HH
receives it from an untreated source through tap and remaining HH receive the water
from other sources such as open wells, borewells, and other sources without the tap
connection [1]. Even households connected to the public supply system receive, on
average, only three hours of drinking water supply a day and an average of 75 L per
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capita as opposed to the norm of 135lpcd [2]. Following the same, the wastewater
collection scenario is completely different. According to Census 2011, nearly 45%
of urban households are connected to closed drainage, and only 33% of the urban
households are connected to a piped sewer system [1]. In numbers, only 300-odd
cities in India are estimated to have a sewerage network in place [3]. Most of the
treatment capacity is in Class I cities. There are 211 treatment plants in Class I cities
as compared to 31 in Class II cities and 26 in the remaining cities [4]. In the case of
Maharashtra, only 56% of HH receive treated water through tap connection, and 63%
HHs have closed drainage out of these, only 38% are with piped sewer connections.
Though the collection is there, most cities lag in treating the wastewater; however,
the percentage of water treated is less than 10% in class B and class C cities [5].
Out of 230 Municipal councils, only 12 have underground sewage connections, and
9 have STPs [5]. The lag in the water cycle leads to the sanitation problem, and poor
sanitation is a major cause of diseases in developing countries such as India, and the
urban poor suffer disproportionately from this [6].

A statistical study conducted by the Indian Institute for Human Settlements (IIHS)
shows that small and medium-sized towns have a more significant percentage of
householdswith inadequate access towater and sanitation [7]. This study also empha-
sizes the policy-making considering a more balanced approach to cover a wide range
of towns and essential to recognize that a differentiated approach might be needed
for these towns. The study by Wankhade K. also highlights the need for focusing on
access to water and the full cycle of sanitation for the urban poor, as fundamental
to addressing the sanitation challenge [8]. Sewerage networks, where they exist, are
poorly maintained: there are frequent blockages, siltation, and missing or broken
manhole covers. There is hardly any preventive maintenance, and repairs are made
only in case of crises [9]. Often, storm-water enters sewers, which are not designed to
take these loads, leading to overflow onto the surrounding areas. Improper disposal
of solid waste also tends to block sewer lines [8].

National Strategy for ‘Water Supply and Sanitation 2014’ by the Government of
Bangladesh aims at the integration of water supply, sanitation and hygiene [10]. The
study conducted by the World Bank shows the potential and importance of rapidly
growing towns in Africa on integrated urban water management as an alternative to
lack of natural resources and adoption towards urbanization [11]. In this approach,
the African water facility came forward and started reforms through the Sustainable
Water and Sanitation in Africa (SUWASA) program in sub-Saharan Africa, taking
up IUWM concepts [12].

In relevance to this, the Government of India also recommended that water supply
of 135lpcd can be supplied through piped water supply in the towns where sewerage
system is existing/contemplated [13]. The Government of India is focusing on water
andwastewatermanagement throughvarious schemes such as ‘AtalMission forReju-
venation and Urban Transformation (AMRUT)’ and ‘Urban Infrastructure Develop-
ment Scheme for Small and Medium Towns Scheme’ (UIDSSMT) launched on 5
March 2012 which had funding pattern of 80:10:10, that is, 80% by GOI, 10% by
state and balance 10%byCouncil. After completion of this program, theMaharashtra
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government launched the scheme. ‘Maharashtra Suvarna Jayanti NagarosthanMaha-
Abhiyan’ to provide funding support to small cities and towns for basic facilities
such as water supply, sanitation and solid waste management and other such types
of works. The funding support ranges from 90 to 70% based on types of Munic-
ipal Council, that is, C-type to A-Type, respectively. GOI has a program called
‘Total Sanitation Campaign’ (TSC), which was later renamed as ‘Swaccha Bharat
Mission’ (SBM), to tackle the sanitation problem in India. All these programs run
independently and there is a lack of interaction of water, wastewater and solid waste.

The program on Integrated Urban Water Management (IUWM) conducted by
Arghyam, Banglore, showed similar field-level complexities in the water sector in
small towns [14]. IUWM started eight pilot projects in different wards of four major
cities, that is, Jaisalmer andKishangarh inRajsthan state and Ichalkaranji andSolapur
in Maharashtra state. The results of this pilot project helped in developing a toolkit
for planning and guideline about sharing the idea of IUWM to more than 30 cities
in Maharashtra.

Another problemwith the inefficient planning and operation of such large schemes
is the inadequate capacity at theMunicipal Council level. All theMunicipal Councils
come under the Directorate of Municipal Administration at the state level and each
Municipal Council is headed by Chief Officer in Maharashtra. However, in terms
of technical capacity, each Municipal Council has only one or two city engineers
who look after all the works such as sanctioning the plans, preparation of estimates,
operation of schemes, etc. Operators at the local level are the one who operates and
run the water supply, wastewater and solid waste schemes and they lack in technical
knowledge.

3 Study Area and Methodology

The town was selected for the study after considering parameters such as population,
size of the town, density variation among the town, and accessibility. The chosen
town Vadgaon Maval, with a population of 15,041 as per the Census 2011, is located
near Pune and is a newly formed Nagar Panchayat. This town is the headquarters of
the Maval block in the Pune district.

The methodology comprises the collection of secondary data from various
secondary sources, the collection of primary data, and field observations related
to the status of environmental services in the town. The primary data was collected
through a social survey of 100% households (3927 HH) using the KoBoCollect app
[15] (an open-source Android-based app) by structured interviews. The format for
the social survey comprised of questions related to demographics, drinking water,
wastewater, solid waste, and storm-water. Water quality was analyzed by testing
water samples from source, water treatment plant, and household tap connections
and compared with BIS 10500: drinking water quality parameters [16]. The existing
water supply scheme was studied by mapping pipe networks with valve operators
andmeasuring the flow and pressure at various endpoints of the network duringwater
supply hours (Fig. 1).
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Fig. 1 Methodology for study

4 Results and Discussion

4.1 Water Supply

Amongst the 3,927 households surveyed, 77% HH had tap water connection, and
18% had community tap connection while the remaining 5% had other sources such
as open well, bore well or packed drinking water, etc. Amongst the 77% private
connections, 41% were receiving water for less than an hour, that is, they were
receiving less than 80 L per capita per day (lpcd) with the average flow ratemeasured,
and 47% received the water supply for 1 to 3 h while 12% received water for more
than 3 h (Fig. 2).

Only 17% of households did not practice any household-level treatment while
responding that they were satisfied with the quality of the water supplied. The
remaining 87%, households (HH) practice household level treatment such as the
use of filter or alum or chlorine, etc., before consumption, thus reflecting a negative
perception towards the water quality despite spending on treatment by the Nagar
Panchayat. To assess the quality of the water supplied, a total of 53 water samples
were tested in the lab in four phases. It was found that 50 samples were contaminated
with E. coli, while only three samples were tested negative for E. coli as per IS 10500
[16] and ASTM testing [17]. These three samples were taken immediately after the
chlorination unit of one of the two water treatment plants, indicating a substantial
scale of intrusion of sewage into the water supply during distribution (Fig. 3).

The unavailability of the water distribution networkmap at Nagar Panchayat leads
to an unorganized expansion of the network, which further leads to unequal water
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Fig. 2 a Drinking water sources and bWater distribution in Vadgaon Maval

Fig. 3 a Household level treatment. bMap of water distribution network

distribution. During the mapping of the pipeline network, with the help of valve
operators, it was found that at some places, larger diameters were connected ahead
of smaller on stakeholders’ request, which lead to a drop in the residual head thus
leading to an inadequate water supply and ultimately forcing stakeholders to use
motors to extract water from the pipeline. It was found that the town has two Water
Treatment Plants (WTP). The old WTP was incapable of treating the water at the
required efficiency due to a lack of regular maintenance of its components. The new
WTP was not running at its full capacity because of low inflow due to the splitting
of the rising main into two rising mains supplying water to two WTPs, that is, old
and new WTP.
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Fig. 4 a Toilet coverage. b Sanitation scenario in Vadgaon Maval

4.2 Wastewater and Sewage Treatment

According to Swachha Bharat Mission (SBM), the town is open defecation free
[20]. However, 0.36% of households mentioned open defecation during household
surveys, while the remaining 99.64% of households use either an individual or shared
or community toilet.

As per census data 2011, only 32.7% of urban households have proper sewer
connections in India, and as per the results of the HH survey inVadgaonMaval, it was
found that only 24%ofHHswere connected to a piped sewer. This primarily includes
the households in multi-storeyed buildings, while remaining HHs discharged the
wastewater in a partially-closed/open drain or an open area. There was nowastewater
treatment facility available in the town. Most households have septic tanks, and the
septage coming from the septic tankwas not treated at all. At several places, the piped
drains were available, but the slope of the pipeline was not adequate, and storm-
water also flows through the same pipe. There were blockages at several places and
inadequate maintenance leading to non-efficient usage of the sewerage (Fig. 4).

4.3 Solid Waste Management

VadgaonMavalwas aGrampanchayat till 2018, andon3February 2018got converted
into an Urban Local Body as Nagar Panchayat. The entire solid waste is being
dumped and burned in forest land without any treatment. Vadgaon Maval reported
92% collection of solid waste with door to door scenario and 6% with dust bin near
the house while remaining 2% either deal with the waste on their own or throw it
in the open spaces nearby their house. The frequency of solid waste collection was
daily in 80% of households, while 10% of households replied with alternate day
collection (Fig. 5).
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Fig. 5 a Solid waste collection status. b Solid waste collection frequency in Vadgaon Maval

4.4 Key Observations on the Field

The key observations based on the field survey are enlisted below:

1. The water supply network was not of adequate diameter throughout to serve the
water to the population using intermittent supply leading to high inequality in
distribution.

2. The water distribution network was a dead-end system leading to a high loss of
water (Fig. 3b).

3. The three sources ofwater,with eachhaving adifferent risingmain connecting to
twoWTP or directly to the distribution reservoirs, led to the supply of untreated
water to several parts of the town and treated water to the remaining parts.

4. Inadequate water treatment capacity and inefficient treatment by components
resulted in degraded quality of water.

5. Few piped drainage lines were observed on the field, but due to improper slopes,
the drainage is affected, leading to blockages.

6. At many places, water supply lines were interfering with the drains. Either these
lines are passing through open drains/closed drains or crossing the drains at the
same level of crossing (Fig. 6).

7. Most drains being open were clogged due to the dumping of solid waste into it
(Fig. 6) or due to lack of regular cleaning of accumulated debris such as fallen
leaves of trees, etc.

8. There were no separate drains to carry storm-water and sewage, so no treatment
of sewagewas possible, and thus, sewage andwastewater get discharged directly
in natural drains and ultimately into the Indrayani River, which is one of the
sources of drinking water for Vadgaon.

9. Whenever new pipelines for newly developed areas are required, the authority
is permitted to extend the lines with approximate diameter from the nearest
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Fig. 6 Photographs showing conflicts among four systems in the Vadgaon Maval

larger diameter without checking the capacity of connecting pipe and pipelines
were laid along the roads and sometimes even through drains.

10. Many natural streams were blocked or diverted to open land or to the opposite
direction of its natural slope during the construction of large buildings.

11. Storm-water gets accumulated at several places ranging from a few hours and
days inside the dense locality due to improper drainage and gets mixed with
sewage.

12. Therewas accumulated solidwaste at several places, and the respondents nearby
those areas responded to this that most of the factories/offices/labourers were
not able to put their solid waste into collection vehicles due to a mismatch of
timing, and they throw it on their way to the office.

The Fig. 6 shows some of the photographs of the field observation about conflicts
among different environmental services.

5 Conclusion

In the current study, the assessment of all four environmental services viz. water
supply, wastewatermanagement, storm-watermanagement, and solidwastemanage-
ment was conducted using a social survey of 100% households, measurement of flow
and pressure, network mapping, lab testing of water samples, and on-field observa-
tions. The study found that drinking water supply was with high inequality having
supply quantity of less than the norms of 135lpcd to more than half the population,
and the quality was not up to the mark as per drinking water standards. Wastew-
ater was not collected 100% and not treated at all. Observations found that the solid



284 M. Garad et al.

waste collectionwas not 100%, resulting in people throwingwaste in the open, which
ultimately led to drain blockages. Thus, solid waste blocking the drains and drains
contaminating the water supply lines crossing them, affecting the drinking water
quality, is the current scenario.

Three systems, that is, water supply, sewerage and wastewater treatment, and
storm-water, are part of the water cycle and solid waste mismanagement as inter-
ference to them. Thus, it necessitates the need for planning and designing of four
systems in an integrated manner with consideration of the town’s expansion while
the implementation of the system could be in phases.
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Understanding the Effect of Occupant
Behaviour on Thermal Comfort
and Energy Use in Slum Rehabilitation
Housing

Jeetika Malik , Ronita Bardhan , and Pradipta Banerji

Abstract A transverse field study was conducted in 1216 slum rehabilitation
housing units of Mumbai to understand the occupant behaviour towards thermal
comfort and energy consumption. The data were analysed using a structural equa-
tion modelling approach to investigate the effects of occupant factors on thermal
comfort perceptionwithin the low-incomepopulation. Three latent constructsHouse-
hold Income, Adaptive Behaviour and Built Environment Character were developed.
The causal model revealed that thermal comfort perception was significantly influ-
enced by occupants’ adaptive behaviour and their household income levels. The
results also indicated the indifferent outlook of occupants towards their built environ-
ment. A direct effect of household income on adaptive occupant behaviour further
informs that occupant behaviour can play an important aspect in diminishing the
future rebound effects of energy consumption. The findings from this work would be
helpful in integrating occupant behaviour into thermal comfort and energy consump-
tion assessments to improve building performance and predicted energy gap within
low-income housing.
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1 Introduction

Comfort is the outcome of interaction of physical exchanges, physiological, psycho-
logical, social and cultural rights and is thus considered as a complex subject [1].
The existing comfort standards often fail to predict comfortable conditions in other
geographical regions and contexts, different from the ones that they were designed
for [2]. This incorrect estimation of indoor comfort conditions results in overheating
or overcooling leading to building performance gap. It is imperative to have a
better understanding of thermal comfort; keeping in mind the socio-cultural and
economic dimensions of comfort; to improve building sustainability and reduce
energy consumption.

Occupants play a critical role in determining thermal comfort by interacting with
their indoor environment to adapt to the thermal surroundings. Behavioural adjust-
ment, that is, the use of adaptive actions; psychological effects such as habituation
and expectations; and physiological influence related to age, gender, etc., collec-
tively influence occupants’ thermal adaptation and thus their comfort perception
[3]. However, in most of the building design practices and operation processes, the
impact of occupant behaviour on thermal comfort and energy use remains under-
recognised [4]. This study emphases on occupant behaviour and related factors such
as expectations, experience and perceptions within low-income housing of India.
Housing policies for the low-income population often neglect the indoor comfort
aspect and merely emphasize the cost and ease of construction of housing units.
Nonetheless, providing comfort to the vulnerable low-income population is essen-
tial for improving productivity, health and well-being of the occupants. The key
objectives of this study are- to investigate the effects of occupant behaviour on their
thermal comfort perception and discuss how occupant behaviour can affect energy
use in low-income residential buildings. The scope of this work is limited to the slum
rehabilitation housing located in warm-humid climate of Mumbai, India.

2 Materials and Methods

Five slum rehabilitation housing (SRH) colonies of Mumbai were selected for data
collection using a transverse survey method to capture occupant behaviour towards
thermal comfort. SRH are low-cost tenement units provided to the slum inhabitants
for free. These dwellings are constructed in public–private partnership under the
‘Slum Rehabilitation Scheme’ with an aim to improve the living conditions of slum
dwellers. SRH units having an area of around 22m2 are stacked in six to eight storied
vertical towers. Research within SRH suggests that these densely populated urban
housing clusters have poor living conditions and inadequate indoor environment [5].

Data collection method comprised of cross-sectional household surveys adminis-
tered in the summer months of Mumbai within five SRH location. Samples were
randomly stratified according to the age of the respondent, floor location, and
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Table 1 Questionnaire details

Section Description

Socio demography Age, gender, education and household size

Occupant behaviour Adaptive actions, appliance setpoints and occupancy hours

Appliance ownership and usage Appliances owned, daily usage and monthly electricity
expenditure

Subjective votes Comfort perception, indoor environment quality and housing
satisfaction

condition of the housing unit. Surveys were conducted using a computer-aided
personal interviewing system to improve the data quality and processing time. The
questionnaire was carefully designed after a thorough literature review of relevant
studies and consisted of six distinct sections. This study focuses on four sections:
socio-demographic enquiry, occupant behaviour responses, appliance ownership and
subjective comfort experience. Housing characteristics such as floor area, construc-
tion materials and spatial configuration were similar across the samples. Table 1
presents the structure of the survey questionnaire.

Data pre-processing, along with statistical analysis, was carried out using Statis-
tical Package for Social Science (SPSS) version 25. Path analysis technique of
structural equation modelling (SEM) was performed in AMOS-20 to understand the
factors influencing thermal comfort perception and the causal relationships among
them.

3 Conceptual Model

Based on the existing literature, a conceptual model is developed, as presented in
Fig. 1, that links occupants’ adaptive behaviour, household income and built envi-
ronment to the perception of thermal comfort. The endogenous variable ‘thermal
comfort perception (TCP)’ represents the thermal experience and was enquired on
a seven-point thermal sensation scale ranging from cool (−3) to hot (+3) where 0
corresponds to thermal neutrality. Occupants voting within−1 to+ 1 are considered
as comfortable and the rest as uncomfortable.

The first exogenous variable, ‘Household Income’ (HI) represents the total income
of the occupants’ household and is based on the premise that higher income levels
alter occupants’ comfort expectations, and they desire thermal pleasure rather than
thermal neutrality [6]. Thus, household income is expected to have a negative effect
on thermal comfort perception. The next variable, ‘Adaptive Behaviour’ (AB) corre-
sponds to commonly implemented adaptivemeasures by the occupants for improving
their indoor thermal comfort. It is known that occupants adapt to a wider range of
temperature or humidity through the use of adaptive measures, and thus thermal
discomfort is expected to have a positive association with AB. The third exogenous
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Fig. 1 Conceptual model

variable, ‘Built Environment Character’ (BEC) corresponds to the occupants’ experi-
encewithin their built environment and reflects characteristics of indoor environment.
BEC is anticipated to have a positive effect on thermal comfort perception. Here,
we propose that occupant factors- expectations (HI), behaviour (AB) and experience
(BEC) shape their thermal comfort perception.

Figure 1 illustrates the conceptual model where the arrows represent proposed
pathways and interdependencies among the exogenous and endogenous variables.
Occupants’ thermal comfort perception (TCP) is influenced by the occupant factors-
household income, adaptive behaviour, and built environment experience. At the
same time, occupants’ household income also affects their adaptive behaviour
towards comfort actions.

4 Results

The questionnaire survey yielded 1216 valid set of responses comprising of 23 vari-
ables from a total of 1267 sets. An item to item correlation was applied to remove
multicollinearity and improve the reliability of the dataset leading to the removal of
four variables. Next, the overall reliability of the survey instrument was examined
using Cronbach’ alpha test. A resultant value of 0.7 was observed, which was within
the acceptable range [6], thus establishing the internal consistency of the dataset. The
final dataset comprising of 19 variables, as presented in Table 2, was then subjected to
two-step structural equationmodelling analysis discussed in the subsequent sections.

Exploratory factor analysis (EFA) was performed to examine how well the
response variables describe the latent constructs. Principal component analysis with
varimax rotation was used to extract the factors. The adequacy of data was examined
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Table 2 Description of the response variables

Code Variable name Variable type

Age Age of the occupant Ordinal (18–30 years = 1; 31–40 years =
2; 41–50 years = 3; 51–60 years = 4;
Above 60 years = 5)

Gen Gender of the occupant Dichotomous (Female = 1; Male = 0)

Edu Education level of the occupant Ordinal (Below Primary = 1; Primary =
2; Secondary = 3; Graduation = 4;
Above graduation = 5)

HCI Housing Crowding Index (total number
of co-residents per household divided by
the dwelling size) [7]

Continuous

Comp Appliance ownership: Computer Dichotomous (Yes = 1; No = 0)

Ref Appliance ownership: Refrigerator Dichotomous (Yes = 1; No = 0)

AC Appliance ownership: Air-conditioner Dichotomous (Yes = 1; No = 0)

WM Appliance ownership: Washing Machine Dichotomous (Yes = 1; No = 0)

TV Appliance ownership: Television Dichotomous (Yes = 1; No = 0)

EC Appliance ownership: Evaporative
air-cooler

Dichotomous (Yes = 1; No = 0)

Windoor Opening windows or door for comfort Dichotomous (Yes = 1; No = 0)

Cur Drawing curtains for comfort Dichotomous (Yes = 1; No = 0)

Clo Adjusting clothing levels for comfort Dichotomous (Yes = 1; No = 0)

Rwet Roof wetting or floor wetting for comfort Dichotomous (Yes = 1; No = 0)

Pln Using planters for comfort Dichotomous (Yes = 1; No = 0)

EExp Monthly electricity expenditure in INR Continuous

IAQ Indoor air quality Likert scale (Very poor = 1; Poor = 2;
Average = 3; Good = 4; Very good = 5)

HSAT Housing satisfaction in terms of needs Likert scale (Very much dissatisfied = 1;
dissatisfied = 2; Average = 3; satisfied =
4; Very much satisfied = 5)

TCP Thermal comfort perception measured as
acceptable thermal conditions

Dichotomous (Comfortable = 0,
Uncomfortable = 1)

through Kaiser–Meyer–Olkin (KMO) statistics and a value of 0.62 was found which
is within the acceptable range. Next, Bartlett’s test of sphericity was checked, which
was highly significant (p < 0.001) and thus, factor analysis was considered as an
appropriate technique for further analysis. EFA resulted in 14 variables under three
distinct factors influencing thermal comfort perception. The first factor comprised
of appliance ownership variables: Comp, Ref, AC, WM and TV. This factor serves a
proxy to household income construct since income-related questions led to a response
bias among the occupants. In the absence of income data, it is common to use house-
hold asset ownership as a surrogate. The next factor contains four variables related to
adaptive occupant behaviour:Windoor, Clo, Cur, Pln. The third factor represents the
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built environment construct and includes HCI, IAQ and HSAT. Socio-demographic
variables (Age, Gen and Edu), energy expenditure (EExp) as well as adaptive use
of roof wetting (Rwet) were removed because of low factor loadings (<0.5). The
reliability values of the selected factors were in the range of 0.76–0.87.

A confirmatory factor analysis (CFA) was carried out using maximum-likelihood
estimation in AMOS 20. CFA examines the relationship between observed variables
and underlying latent constructs [8]. The set of 14 variables derived from EFA were
subject to CFA. The reliability and validity estimates of individual constructs were
ascertained by the master validity tool [9]. Next, the model fit of the measurement
model was improved through modification indices of covariance. The final model
has all the model fit indices within the acceptable range (see Table 3), suggesting
that the underlying constructs can be explained by the causal model to a great extent.

Figure 2 illustrates the structural equation model with standardized path coeffi-
cients (ß) and significant levels (p-value). The results indicate that adaptive behaviour
(AB) and household income (HI) were statistically significant factors affecting
thermal comfort perception of slum rehabilitation occupants, while built environ-
ment character (BEC) yielded non-significant results. AB has a positive effect on
TCP with a path coefficient of 0.08 (p < 0.01). This association indicates that adapta-
tion measures in the form of opening doors or windows, clothing adjustment, use of
curtains and planters enhanced comfort levels among the respondents. Curtains and
clothing adjustment had higher coefficients than the use of windows and doors or use
of planters thereby suggesting greater influence on comfort perceptions. HI yielded a
negative and significant effect on TCP, having a path coefficient of−0.10 (p < 0.01).

Table 3 Model fit indices of the resultant model

Model fit Indicators Results Acceptable values [10]

Absolute fit measures Chi-square significance 0.00 <0.05

Root mean square error of
approximation

0.03 <0.06

Adjusted goodness of fit
index

0.97 >0.80

Goodness of fit Index 0.98 >0.80

Standardized root mean
square residual

0.03 <0.08

Incremental Fit measures Normed fit index 0.92 >0.90

Comparative fit index 0.96 >0.90

Incremental fir index 0.96 >0.90

Tucker Lewis Index 0.94 >0.90

Parsimonious fit measures Parsimonious ratio 0.70 >0.50

Parsimonious normed fit
index

0.65 >0.50

Parsimonious comparative
fit index

0.68 >0.50
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Fig. 2 Structural equation model for thermal comfort perception

Appliance ownership factors, which were treated as income proxy- refrigerators, air-
conditioners and washing machines yielded standardized coefficients of 0.78, 0.55,
0.44, respectively (p < 0.05). This association could be attributed to the existence of
‘thermal delight’ among the occupants such that households having higher income
levels exhibit higher comfort expectations and lower acceptability. Similar inferences
have been drawn by researchers for other income categories within residential build-
ings [8]. BEC yielded insignificant results, indicating occupants’ experience within
their built environment does not influence in shaping comfort perceptions. These
results seem plausible, given the peculiar characteristics of SRH. SRH are considered
as ‘vertical slums’ with poor indoor environmental quality; however, studies have
still reported occupants to be majorly satisfied with the number of rooms, housing
needs or the indoor thermal environment [9, 11, 12]. These findings indicate that SRH
occupant are indifferent about their built environment, and thus, their perception of
comfort is not affected by the BEC factor. Further, the interrelationships among the
latent factors reveal that AB is negatively affected by HI. The rationale for this rela-
tionship is that with an increase in income, occupants move towards energy-intensive
comfort actions such as the use of air-conditioners or evaporative coolers, thereby not
fully exercising the adaptive opportunity available to them. In other words, occupants
give away the adaptive opportunity available in the form of passive measures.

The analysis presented in this study throws light on the thermal comfort perception
of slum rehabilitation housing (SRH) dwellers,where the human aspect emerges to be
a central factor. Next, we discuss the implications of electricity consumption, referred
as energy use, on occupant behaviour within SRH. Monthly electricity expendi-
ture was uncorrelated with thermal comfort acceptability in low-income house-
holds owing to the limited availability and restricted use of energy-intensive devices.
However, it is expected that SRHwill experience a rebound effect in energy use with
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the rise in household income levels and they would consume more electricity than
anticipated [13]. A direct effect of household income on adaptive occupant behaviour
(ß=−0.12, p < 0.01) further strengthens this supposition and informs that occupant
behaviour can play an important aspect in diminishing the future rebound effects
of energy consumption. It is therefore of utmost importance that housing schemes
focusing on the low-income population such as Pradhan Mantri Awas Yojana, Slum
Rehabilitation Scheme acknowledge and incorporate occupant behaviour and its
related effects in estimating energy consumption. The study would be helpful in
improving building sustainability within low-income housing apart from enhancing
the comfort and well-being of the occupants.

5 Conclusion

Thermal comfort in slum rehabilitation housing is amultifaceted subject where occu-
pants adapt to their thermal environment in myriad ways. A two-stage structural
equation modelling approach was adopted to examine how occupant behaviour and
related factors influence thermal comfort perception in slum rehabilitation housing
of Mumbai, India. The results indicate that occupant behaviour and their household
income are critical factors contributing to the behavioural and psychological thermal
adaptation process and thus comfort perception. Adaptive comfort actions adopted
by the occupants in the form of opening of windows or doors, using curtains to cut
off glare, using planters for shade and adjusting their clothing levels witnessed a
positive effect on thermal comfort. On the contrary, household income accounting
for comfort expectations demonstrated a negative effect on thermal comfort levels
in SRH. The study also highlights the indifferent attitude of SRH occupants towards
built environment factors such as crowding index, housing satisfaction or air quality
experience. The findings from this work would be helpful in integrating occupant
behaviour within thermal comfort and energy consumption assessments to improve
the building energy and performance gap within low-income housing. Additionally,
the inferenceswould also aid in providingdesign recommendations for future housing
units to be built under ‘Slum Rehabilitation Scheme’. The broader goal is to improve
occupant comfort and health of the marginalized population. The limitation of this
study was that the data collection process did not include measurement of indoor
environment variables, which could have helped in interlinking comfort conditions
with the perception of comfort. Secondly, direct income data was not available due
to reporting bias, which may have underestimated the results. Future efforts should
include the investigation of physiological adaptation factors for a holistic perspective
on comfort perception within low-income housing.
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Governance of Domestic Water Supply
in Small and Medium Towns
of Karnataka
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Abstract Following the liberalisation of the Indian economy in 1991, the framework
of urban domestic water supply governance in Small and Medium Towns (SMTs) in
Karnataka has been primarily impacted by the devolution of functions and finances
through the 74th Constitutional Amendment Act 1992 and the conditional urban
reforms led by multilateral financial institutions (MFIs). However, despite continued
investments in institutional development, the urban local governments (ULGs) are
constrained by poor financial resources and limited technical and managerial capaci-
ties. Therefore, this study attempts to understand how past reforms, particularly those
in place as a result of conditional multilateral lending, helped in improving munic-
ipal capacities for domestic water supply provision in Karnataka’s SMTs. Further,
the study aims to identify the challenges and constraints still faced by ULGs in
Karnataka’s SMTs in the process of domestic water supply provision. The critical
review of multilateral, national and state-level policies, programmes and associated
reforms for urban water supply provision along with a comprehensive examina-
tion of municipal governance in two SMTs, Shivamogga Municipal Corporation
and Chitradurga City Municipal Council revealed that coercive MFI-led reforms
have resulted in the limited devolution of functions, centralised planning with a
decentralisation of financial risks to ULGs, ad hoc institutional arrangements with
state-level bureaucrats taking key decisions instead of democratically elected ULGs,
private consultants and parastatal agencies steering the urban development agenda,
key local level functions delegated to the district administration and finally, irre-
spective of varying size and capacities, all SMTs are prescribed uniform policies,
legislations and recommendations.
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1 Introduction

Studies on urbanisation across the developing world have noted that Small and
Medium Towns (SMTs) play an important role in the overall development of any
region and are often seen as a viable alternative to the concentration of industrial
productivity, high-income employment and economic development in the handful
of million-plus cities [1–5]. Despite the important role of SMTs in India’s urbani-
sation trajectory, their condition today is cause for much concern due to high levels
of poverty, a large share of informal employment, lack of access to basic services,
limited ability to raise their own revenues and limited technical capacities with the
urban local governments [2, 6, 7].

The most recent definition provided in the Urban Infrastructure Development
Scheme for Small and Medium Towns (UIDSSMT) programme guidelines terms all
urban settlements with population ranging from 20,000 to 1 Million as SMTs [8].
Further, the Census of India noted that in 2011, 224 million people, accounting for
60% of India’s urban population, lived in Class I towns (urban settlements with a
population greater than 0.1million) [9].Moreover, 82%of the 502Class I settlements
had populations in the range of 0.1–0.5 million and 27% of India’s urban population
lived in such towns. Therefore, the present study was focussed solely on SMTs with
a population between 0.1 million to 0.5 million.

2 Background: SMTs in Karnataka

With 23.6 million urban residents, the level of urbanisation in Karnataka is higher
than the national average at 38.6% [9]. 22 SMTs (with a population between 0.1 and
0.5Million) across Karnataka account for 22% (5.1 million) of the urban population.
Further, the number of such SMTs has increased from 15 in 1991 to 22 in 2011.

Further, Karnataka has two legislations that deal with urban local governments in
SMTs—the Karnataka Municipalities Act 1964 (KM Act 1964) and the Karnataka
Municipal Corporations Act 1976 (KMC Act 1976) [10]. City Municipal Councils,
Town Municipal Councils and Town Panchayats are governed by the former while
Municipal Corporations are governed by the latter. Additionally, legislative provi-
sions for the function of urban planning are provided under the Karnataka Town and
Country Planning Act, 1961.

Despite the differences in sizes of each ULG, the functions devolved through the
KM Act 1964 and the KMC Act 1976 are quite similar. Further, the scope of the
function of ‘Water supply for domestic, industrial and commercial purposes’ has been
devolved in a limited manner as an Obligatory function listed under Section 87(b)
‘watering public streets and places’ of KM Act 1964 and under Section 58(2) ‘the
watering and cleansing of all public streets and public places in the city’ of KMC
Act 1976.
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In 1994, Amending Act 35 and Amending Act 36 amended the provisions of the
KMC Act 1976 and the KM Act 1964 respectively to give effect to the provisions of
74th Constitutional Amendment Act. Soon after, the 11th Central Finance Commis-
sion as well as the Planning Commission’s Working Group on Expenditure Norms,
listed ‘water supply’ as a core function to be assigned to ULGs [11]. Yet, while
several other functions listed under the 12th Schedule, such as ‘maintaining schools
for pre-primary education’, ‘slum improvements and up-gradation’, ‘urban forestry,
protection of environment and promotion of ecological aspects’ and ‘urban poverty
alleviation’, were devolved through these Amending Acts 35 and 36, the scope of
water supply provision by ULGs remained unchanged.

3 The Karnataka Model of Urban Development

Post liberalisation of the Indian economy in 1991, funding for development
programmes from the central government declined and ‘second generation reforms’
for improvements in governance became an area of increased focus of both central
government and multilateral financial institutions (MFIs), such as the World Bank
and Asian Development Bank [12, 13]. Karnataka agreed to adopt rapid reforms
in fiscal and public expenditure reform and administrative reform for better service
delivery [12]. As a result, it was able to secure several sector-specific funding agree-
ments from the Asian Development Bank (ADB) and the World Bank for various
projects in urban development such as water supply, drainage, sewerage and public
transport (Table 1).

4 Central Research Question, Aim and Objectives

The central research question for the present study is—how have past reforms,
particularly those in place as a result of conditional multilateral lending, helped in
improving municipal capacities for domestic water supply provision in Karnataka’s
SMTs. The scope of this study is limited to studying legislations, policies and
programmes focused on urban domestic water supply provision and associated
municipal governance reforms directed at SMTs in the State of Karnataka. It is
supported by the preparation of in-depth case studies of two such SMTs.

5 Methodology

The objectives of the study were achieved in the two stages. The first stage involved a
critical reviewof the policies, programmes and legislations of urban local government
and urban water supply in the state of Karnataka. The findings from this initial study
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Table 1 Focus areas of projects funded by multilateral financial institutions in Karnataka’s SMTs
[14–16]. Source: Compiled from various sources by author

Year MFI Name Project components/focus areas

1995 ADB Karnataka Urban Infrastructure
Development Program (KUIDP)

Environmental sanitation
Road improvement and truck and bus
terminals
Poverty reduction
Development of industrial sites and
services
Implementation assistance and
institutional strengthening
Low-income housing finance

1999 ADB Karnataka Urban Development and
Coastal Environment Management
Project (KUDCEMP)

Capacity building, Community
participation, and poverty reduction
Water supply rehabilitation and
expansion
Urban environmental improvements
Street and bridge improvements
Coastal environmental management,
Implementation assistance

2001 WB Karnataka Economic Reforms Loan
(KERL)-1

Fiscal and public expenditure
management reforms;
Administrative reforms;
Reforms to promote private sector
development
Poverty and human development
monitoring

2002 WB KERL-2

2002 WB Karnataka Municipal Reforms
Project (KMRP)

Support for implementation of
State-wide reforms and provision of
technical assistance
Support for upgrading urban services
Bangalore Capacity Building Support
and Bangalore Investment Support
Project management support to
KUIDFC and DMA

2004 WB Karnataka Urban Water Sector
Improvement Project (KUWASIP)

The state-wide urban water policy
framework
local-level reform
Preparation of a business model and
private sector participation process for
service provision in the three
participating ULGs

2006 ADB North Karnataka Urban Sector
Improvement Program (NKUSIP)

Sanitation infrastructure,
Water supply infrastructure,
Slum improvement,
Nonmunicipal infrastructure,
Urban transport infrastructure,
Institutional development, and
Investment Program assistance facility

(continued)
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Table 1 (continued)

Year MFI Name Project components/focus areas

2015 ADB Karnataka Integrated Urban Water
Management Investment Program
(KIUWMIP)

Strengthen UWSS infrastructure in 3
towns
support reforms such as the
establishment of an urban local body
incentive fund
Support capacity development,
including project management and
administrative capacity

2016 WB Karnataka Urban Water Supply
Modernisation Project (KUWSMP)

City-wide access to a continuous piped
water supply in three selected cities
Strengthening service delivery
arrangements at the city level

were mapped to create a timeline connecting policies, programmes and associated
legislative reforms. In the second stage, two SMTs—Shivamogga and Chitradurga,
within the population range of 0.1–0.5millionwere chosen as case studies to examine
municipal governance in practice in greater depth.

Semi-structured interviewswere heldwith local government officials, both elected
and appointed, at these two SMTs. Additionally, discussions with stakeholders,
such as the local offices of KUWSDB, were also conducted. The budgets of the
ULGs available online (2011–2016) were also scrutinised to understand the flow
of funds required to carry out projects under various state government and national
government programmes.

Two methods were adopted to critically examine municipal governance in prac-
tice. Firstly, an accountability framework was prepared to analyse the relationships
between the various stakeholders in the recent urban water supply infrastructure
projects in the two towns. Next, based on the patterns identified in the distribution
of functions and the flow of finances, the various functions involved in the water
supply were unbundled and an Activity Map was prepared. On the basis of analysis
from these exercises, the challenges to realising an effective and empowered local
government in the chosen SMTs were identified.

6 Karnataka: A Critical Review of Policies, Programmes
and Legislations

Karnataka’s history of urban reforms can be divided into three distinct phases—the
first phase between 1995 and 2004 which saw the initial wave of lending fromMFIs,
the second phase between 2005 and 2013 which saw the convergence of national
and state-level agendas for urban development and finally, the third phase from 2014
till the present day where water and sanitation in SMTs have emerged as areas of
continued interest for both national and state governments, as well as MFIs (Table
1).
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7 Shivamogga and Chitradurga: Examining Municipal
Governance in Practice

A brief overview of the selected case study SMTs and their location in the state of
Karnataka are provided in Table 2 and Fig. 1, respectively.

7.1 Projects and Processes: Analysing Implementation
of Urban Water Supply Projects Through Accountability
Frameworks

Interviews with public officials and an analysis of the two ULG’s annual budget
reports revealed that, in the last decade alone, funds from four different programmes
have been used to invest in urban water supply projects in the two towns—(i) Chief
Minister’s Small and Medium Town Development Programme (CMSMTDP), (ii)
Mukhya Mantri Nagarothana Yojana—Special Grant of Rs. 100 crore Program
(100 cr. Program) (iii) Karnataka Municipal Reforms Project—Municipal Invest-
ment Component (KMRP) and (iv) Atal Mission for Rejuvenation and Urban
Transformation (AMRUT) (Table 3).

While AMRUT is a national urban development scheme of the central govern-
ment, CMSMTDP and the 100 cr. programmes are state government programmes

Table 2 Overview of the selected towns. Compiled by author from various sources [9]

Parameter Shivamogga Chitradurga

ULG Shivamogga Municipal
Corporation

Chitradurga City Municipal
Council

Governing legislation Karnataka Municipal
Corporations Act 1976

Karnataka Municipalities Act
1964

Population (Census 2011) 322,650 145,853

Decadal growth rate 18% (2001–2011) 15.87% (2001–2011)

Area 77.10 km2 29.5 km2

Geographical location Eastern foothills of Western
Ghats

Rocky, drought-prone peninsular
plateau

Annual rainfall 1813 mm 680 mm

Major water sources Major rivers—Tunga and Bhadra
Smaller rivers—Kali,
Gangavathi, Sharavathi and
Tadadi
Nine major water reservoirs in
the district, including the
Linganamakki, Ambligola and
Tunga reservoir

Lies in the Vedavathi river basin,
which is a tributary of the
Krishna river
Existing sources of groundwater
are subject to over-exploitation
and contamination from nitrates
and fluorides
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Fig. 1 Location of
Shivamogga and Chitradurga
in the state of Karnataka

SHIVAMOGGA

CHITRADURGA

BENGALURU

Table 3 Recent investments in urban water supply infrastructure in Shivamogga and Chitradurga

Programme ULG Funding pattern

Chief Minister’s Small and
Medium Town Development
Programme (CMSMTDP)

CCMC 50% grant from state government
50% loan from KUIDFC

Karnataka Municipal Reforms
Project—Municipal Investment
Component (KMRP)

CCMC 40% Loans from KUIDFC
50% grants from state government
10% from ULG revenue

Mukhya Mantri Nagarothana
Yojana—Special Grant of Rs. 100
crore Program (100 cr. Program)

SMC 50% grant from state government
50% loan from KUIDFC

Atal Mission for Rejuvenation and
Urban Transformation (AMRUT)

SMC and CCMC 50% grants from central government
20% grants state government
30% from ULG revenue



304 A. Ramesh and A. M. Basu

STATE LEVEL COMMITTEEKARNATAKA 
WATER 

SANITATION 
POOLED FUND

GOVT. OF KARNATAKA

DIRECTORATE OF MUNICIPAL 
ADMINISTRATION (DMA) DISTRICT DEPUTY COMMR. OFFICE

DISTRICT LEVEL COMMITTEE

Members – MPs of Lok Sabha & Rajya 
Sabha, MLAs, MLCs, President of CCMC
Dy. Commissioner, CCMC Commissioner 

Executive Engineer of  PWD 
Member Secretary – Project Director, District 

Urban Development Cell

SUPERINTENDING 
ENGINEER, DMA

CHIEF ENGINEER, 
PUBLIC WORKS 
DEPARTMENT

KUIDFC

50% 
funds as 
Loan

FINANCES PLANNING MONITORING GRIEVANCE REDRESSAL

SHIVAMOGGA DISTRICT 
DEPUTY COMMISSIONER 

CHITRADURGA CITY 
MUNICIPAL COUNCIL

URBAN LOCAL GOVERNMENT

LOCAL REPRESENTATIVES

KUWSDB
PRIVATE 

CONTRACTORS

CITIZENS/ END USERS

PROJECT 
MGMT. 

CONSULTANTS

CHAIRMAN : MINISTER IN CHARGE OF 
CHITRADURGA DISTRICT, GoK

Release of Funds - KUIDFC Loans + State govt. grants 

Pay for DPR preparation

Services provided Water charges

Informal complaints
Formal complaints

Technical 
sanction of 
DPR

Administrative 
Approval of DPR

Draft DPR prepared

Progress Review

Periodic 
Progress 
Review

Preparation  
&
Submission 
of initial  
Action Plan

Draft DPR 
submitted

Approval of Initial 
Action Plan

Procurement as per KTPP Act 1999
Tender based hiring

Fig. 2 Implementation framework for water supply projects under CMSMTDP in Chitradurga City
Municipal Council

tailored to the needs of ULGs in Karnataka. In contrast, KMRP is a programme
jointly promoted by the Government of Karnataka (GoK) and the World Bank, an
international development and lending agency.

Although all projects were implemented within the municipal limits, the institu-
tional arrangements stipulated by the major funding agents—theWorld Bank as well
the central and state governments, these projects brought together various stake-
holders apart from the ULG in the implementation process. Each of these stake-
holders shared varying levels of accountability to theULG, the democratically elected
government of the town (Figs. 2, 3, 4 and 5). Details of the implementation process
were gathered frompublished guidelines for each of the projects aswell as from inter-
viewswith local and state government officials. Accountability frameworks detailing
the project planning and implementation processes along with agreements for oper-
ations and maintenance were prepared for urban water supply projects undertaken
under these programmes in the two SMTs.

7.2 Activity Mapping: Unbundling the Functions Under
Urban Domestic Water Supply

In order to further scrutinise the similarities and dissimilarities in the implemen-
tation arrangements of the four different projects, an Activity Map was prepared.
The Activity Mapping technique was developed to appraise the inter-governmental
assignment of functions for rural local governments in India. However, such an
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Yojana, Special Grant of Rs. 100 crore Program in Shivamogga Municipal Corporation
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Fig. 4 Implementation framework for water supply projects under Atal Mission for Rejuvenation
and Urban Transformation (AMRUT) in Shivamogga Municipal Corporation

activity map has never been prepared before for the function of domestic water
supply in urban areas or any of the other functions carried out by ULGs.

The first step in the activity mapping process is the identification of an individual
sector and a particular service under that sector. Next, the service is unbundled or
broken down into smaller components, namely activities. Finally, the activity maps
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Fig. 5 Implementation framework for water supply projects under the Karnataka Municipal
Reforms Project (KMRP)—Municipal Investment Component in Chitradurga City Municipal
Council

prepared for rural local governments prospectively indicate the different levels of
government towhich eachof the unbundled activities should be assigned.However, in
this study, the activity mapping technique is adapted to identify the existing practices
of urban governance and, therefore, map each activity to the level of government or
the organisation that is currently responsible for its delivery in the two SMTs.

The scope of the study identified the urban water supply sector and the service
of piped water supply for domestic use. This service was first broken down into
5 larger categories—(i) policymaking, (ii) policy implementation, (iii) monitoring,
(iv) operations and maintenance and finally, (v) promotion of information, education
and communication campaigns. Subsequently, these categories were further unbun-
dled into 41 sub-components (Table 4). Based on the review of legislation, policies,
programmes and the in-depth analysis of the four case study projects in the Shiv-
amogga and Chitradurga, activity maps indicating the devolution of functions in
practice in each town were prepared.

8 Challenges and Constraints

Based on the critical review of relevant policies, programmes and legislations from
these periods certain key themes from Karnataka’s history of urban reforms were
identified. Coercive MFI-led reforms have resulted in the limited devolution of func-
tion, top-down policy shifts towards increased private sector participation, misdi-
rected measures for institutional capacity development and an increase in bureau-
cratic decision-making structures parallel to elected local governments. Substantive
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Table 4 Brief overview of activity mapping for urban domestic water supply. Source: Compiled
by author from various sources

S. No. Function Level of government

Policy Making

1 Articulate legislation on rights and
obligations of entities involved in
water supply service provision

State

2 Prepare policy on water resource
allocation

State

3 Establish targets for service levels
and benchmarks

State

4 Develop and approve appropriate
technologies for water supply
provision

Centre

5 Develop approaches and contractual
principles for private sector
participation

State

6 Take decisions on allocation of
finances

Centre and State

7 Formulate and approve financial
models and business plans

State

8 Prepare financial management and
accounting guidelines

State

9 Prepare guidelines for tariff setting
and collection

State

10 Arbitration and dispute resolution State

11 Determine staffing requirements State

12 Develop recruitment guidelines for
staff

State

Project Planning and Asset Creation

13 Project accounting Local

14 Identify schemes and locations,
estimate costs and formulate
projects

State

15 Preparation of Detailed Project
Reports

State

16 Technically appraise and approve
schemes proposed

State

17 Financially appraise and approve
schemes proposed

State

18 Procure additional loans/ grants for
approved projects from the capital
market and national/ bilateral/
multilateral banks

State

(continued)
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Table 4 (continued)

S. No. Function Level of government

19 Form partnerships with private/
public sector agencies for the
implementation of water supply
schemes

State and Local

20 Grant/Renew licenses to private
service providers

Local

21 Construct/Award contracts for the
execution of bulk water
supply/major schemes outside ULB
limits

State in Shivamogga
Local in Chitradurga

22 Construct/Award contracts for the
execution of schemes within ULB
limits

Local

Monitoring and Evaluation

24 Periodically collect water samples
for tests

State

25 Capture data on service levels State

26 Collate and analyse performance
indicators

State

27 Monitor and supervise the progress,
quality of work and target
achievement

State

28 Periodically report progress and
status of schemes

State

29 Public grievance redressal Local

30 Appraisal of progress reports,
contract monitoring and corporate
oversight

State

31 Asset Valuation Local

Operations and Maintenance

32 Award management and/or service
contracts for operation and
maintenance of infrastructure

State in Shivamogga
Local in Chitradurga

33 Appoint operators wherever
necessary

34 Operate and maintain drinking water
schemes

35 Tariff setting and revision Local

36 Billing and collection of water
charges

State in Shivamogga
Local in Chitradurga

(continued)
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Table 4 (continued)

S. No. Function Level of government

37 Establish water testing laboratories
for control of chemical and biogenic
impurities

State

38 Periodically chlorinate open wells
and treat water

State

39 Pay for electricity charges required
for water supply

Local

Promote Information, Education and Communication campaigns

40 Capacity building measures for
technical staff

State

41 Public education on hygiene and
water use

Local

public accountability through representative democracy at the local level has given
way to nominal citizen participation. Further, state andnational governmentswere not
unwilling victims to MFI-led policy shifts but were active participants in facilitating
policy transfer in exchange for external funding.

Based on the four project cases reviewed and the activity map delineating the
present intergovernmental assignment of functions, the following challenges faced
by SMC and CCMC in ensuring effective urban local governance were identified.
It was found that despite promises of institutional development as a part of infras-
tructure investments, ULGs in SMTs remain critically challenged and constrained
in effective governance of domestic water supply. While the process of planning
for urban infrastructure remains centralised with minimal participation from ULGs,
they are nevertheless required to share the financial burden and reduce risks to the
MFIs and private investors. Regardless of the constitutional mandate for devolution
of functions to the ULG and the important role of its elected council and standing
committees, ad hoc institutional arrangements have been put in place to make crit-
ical decisions for each project. On the whole, urban development in SMTs is driven
by fragmented efforts of short-term private consultants who collaborate with paras-
tatal agencies to implement individual projects. As the ULGs are considered lacking
in capacities to monitor these parastatal agencies and private consultants, several
key monitoring and evaluation functions are delegated to the district administration,
which essentially acts as the local agent of the state government. Finally, irrespective
of size and previous achievements ULGs in SMTs are treated uniformly in poli-
cies, legislations and recommendations. Thus, the opportunity to provide targeted
improvements to technical, managerial and financial capacities was missed time and
again.

The major constraints to effective local governance are in the form of limited
involvement ofULGs in shaping state-level legislation on urban development, restric-
tions on external borrowingwithout state and central government guarantees, absence
of executive authority with the elected representatives of the ULG Council as well
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as restricted public access to information on urban development processes. While
some of these constraints can be overcome through potential changes in legislation
and institutional arrangements, others, such as the constitutional provisions of the
Indian federal system, act as limits to the possible recommendations for a revised
framework for effective local governance.

9 Towards a Revised Framework

In the 25 years since the 74th Constitutional Amendment Act 1992 has come into
effect, both state and national government policies and reports have continued to
pay lip service to the need for democratic decentralisation and effective devolu-
tion of functions, finances and functionaries to urban local governments. However,
the examination of Karnataka’s history of urban reforms and review of governance
in two SMTs in the state showed not only the complete lack of functional and
financial autonomy of the ULGs but also the increasing importance of the district
administration and state-level parastatal agencies in urban development and service
provision. Therefore, there is a dire need to rethink the existing arrangements of
urban governance and identify an effective means to ensure successful democratic
decentralisation and devolution even in SMTs.

Based on the findings from the assessment of urban governance in SMTs, certain
strategic recommendations for effective urban domestic water supply governance in
SMTs have been suggested.

i. The clarity in the inter-governmental assignment of functions to local govern-
ments vis-à-vis state governments and parastatals for urban planning and devel-
opment is ensured through legislative amendments and periodic preparation of
activity maps. Apart from keeping in mind the principles of economies of scope
and scale, heterogeneity in the assignment of functions for ULGs of various
sizes and environmental profiles must be considered seriously [17].

ii. On the basis of the devolution of functions, key institutional arrangements are
put in place for the long-term through suitable legislation to plan, implement and
manage assets created as a part of large-scale urban infrastructure development
projects. In order to buildmunicipal capacities over time, it is essential that these
institutional arrangements are not modified for each project.

iii. While the ULG itself need not be involved in all aspects of the production and
provision of key services such as water supply, it is essential to ensure that
all service providers, from both private and public sector, operating within the
ULG’s jurisdiction remain accountable to the directly elected ULG Council.

iv. Suitable checks and balances to the autonomous functioning of local govern-
ments are put in place through multiple effective accountability relation-
ships with citizen groups, local and state-level elected representatives, senior
managers and frontline workers at parastatal water utilities as well as the media.
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v. To transform the disaggregated information collected through each project, an
open framework for sharing data with independent scholars and the general
public can be created. This will assist in the generation and sharing of applicable
knowledge on urban areas, their governance and development trajectories, thus
dramatically increasing the demand for public accountability.

vi. Rethinking political and institutional hierarchies to provide formal and informal
arrangements for inter-municipal co-operation and collaboration to negotiate
with powerful state-level policymakers and monopolistic parastatal agencies.

With the number of SMTs inKarnataka showing an increasing trend, it is necessary
to rethink urban governance frameworks so that citizens in these towns have equitable
access to not just basic urban infrastructure, public services and opportunities but
also platforms for democratic participation.
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Feasibility Analysis of PV-Battery
and PV-TES for Cooling Application
in Buildings

Brijesh Pandey and Rangan Banerjee

Abstract Battery storage is often used in PV-grid connected system to offset the
peak electricity demand but is an economically costly option. Thermal energy storage
(TES) could be an economically viable option due to its less installation and O&M
costs. Literature shows techno-economic feasibility of the PV-TES and PV-battery
and, also reveals that PV-TES leads to less self-consumption of the PV compared
to PV-battery due to poor control, which causes misalignment of the PV generation
and TES operation. In this study, an advanced control strategy, i.e., Model Predictive
Control (MPC) is proposed to operate PV-TES for cooling of the built environment
and compare its performance with PV-battery. For the techno-economic compar-
ison of the PV-battery and PV-TES using MPC, a co-simulation framework between
EnergyPlus (Building Energy Simulation tool) and MATLAB for MPC deployment
is used. An air-conditioned building having a floor area of 463 m2 and residential
operation schedule integrated with PV-battery (PV installed capacity 32 kW and
battery capacity 86 Ah) and a TES tank (capacity 0.6 GJ) is modelled with Ener-
gyPlus. A MATLAB MPC toolbox is used to formulate and train the MPC model.
Feasibility of the considered energy storage systems has been quantified by PV-ratio,
Energy storage self-consumption (ESSC) and levelised cost of storage (LCOS). The
present study addresses the key question of cost-effectiveness, attractiveness and
ready to make essential contributions to flexibility (in demand response of power to
cooling) of PV-TES over PV-battery.

Keywords PV · Thermal energy storage · Demand response · Battery · Model
predictive control

B. Pandey (B) · R. Banerjee
Department of Energy Science and Engineering, IIT Bombay, Mumbai, India
e-mail: brijeshpandeyby715@gmail.com

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2021
A. Jana and P. Banerji (eds.), Urban Science and Engineering, Lecture Notes
in Civil Engineering 121, https://doi.org/10.1007/978-981-33-4114-2_25

313

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-33-4114-2_25&domain=pdf
https://orcid.org/0000-0003-0999-8180
mailto:brijeshpandeyby715@gmail.com
https://doi.org/10.1007/978-981-33-4114-2_25


314 B. Pandey and R. Banerjee

1 Introduction

The use of air conditioners and electric fans to stay cool accounts for 20% of the
total electricity consumption worldwide in the building sector [1–3]. This trend is
likely to increase in the future due to the shifting of the world’s economic growth to
the south of the world, that is, tropical countries and an increase in living standards.
Nearly 70% of all the air conditioners are globally in residential buildings and has a
major share in the household’s electricity bill. Solar photovoltaic (PV) installed on
the rooftop of the residential buildings can contribute in reducing the grid electricity
demand and consequently electricity bill. However, electricity generated by PV and
electricity demand of the households does notmatch always and hence energy storage
becomes essential to utilize the PV-generated electricity.

Luthander et al. [4] has investigated that for the off-grid households, energy storage
is a necessity and he further mentioned that energy storage strategies are popu-
larly being adopted in on-grid households to increase the PV self-consumption and
provide services to the electricity grid. In literature, mainly batteries are mentioned
as a popular energy storage option to store PV-generated electricity and supply it
to the household’s utilities when the demand arises [5, 6]. Very few studies are
mentioned pertaining to the use of batteries for cooling application in buildings [7].
Thermal energy storages are popular options to store PV-generated electricity for
the heating/cooling application in buildings [8]. However, the integration of energy
storage options with the PV systems and cooling systems is decided not only on the
performance of the energy storage solution but especially on its economic viability,
self-consumption and efficiency in storing electricity supplied by solar PV [9].

Merei et al. [10] performed a sensitivity analysis for a supermarket deriving energy
need from the PV integrated battery storage system in Germany. It has been observed
that the battery storage option is viable onlywhen the prices fall below200 euro/kWh.
Further, it has been concluded that for different commercial load profiles, battery
storagemight be feasible. Arteconi et al. [11] analysed a case study where PV system
integrated with the chilled water tank has been used for demand-side management
of an industrial building. Building requires cooling during the daytime on weekdays
and PV system is used to charge the chilled water tank on weekends. The author
has used a dynamic simulation model to predict the performance of the system and
economic calculations. It has been observed that system’s cooling electricity demand
increases; however, the energy cost decreases because of the cheap PV energy used
for charging the chilled water tank.While economic calculation, it has been observed
that the initial cost of the chilled water tank was not considered. Adding the initial
investment cost of the thermal storage system may increase the payback period of
the PV integrated cooling systems.

Parra et al. [12] have conducted the techno-economic analysis for the PV-coupled
battery and hot water tanks for a dwelling in UK. They have reported that among the
batteries Li-ion battery has lower levelised cost than lead-acid (PbA) battery due to
greater round-trip efficiency and cycling capability. They further observed that the
best economic case was for the hot water tanks with a size ranging between 100 and
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200 l, which were able to achieve the internal rate of return higher than the discount
rate, especially when the hot water tank was already in the dwellings. But the author
has reported that PV self-consumption is low for the hot water tank compared to
the PV coupled battery system due to poor control of transferring the excess power
generated by solar PV to the hot water tank.

It is clear from the literature that due to a mismatch of supply of power gener-
ated by PV system and demand profile of the building, the control stability will
be challenged and the control states in the air conditioning system will experience
a rather serious fluctuation before reaching a new control balance. Therefore, an
advanced model predictive control (MPC), considering its robustness on the control,
would be preferable to be used for the optimal control issues of the central air condi-
tioning systemduring supply and demandmismatch of the PVcoupled energy storage
system for the cooling application in buildings. It is also evident from the literature
that techno-economic analysis of the PV integrated thermal energy storage systems
and battery storage system has been reported individually, but there is little research
available comparing the performance and economics of the PV integrated thermal
storage system vis-à-vis PV integrated battery storage system for cooling application
in buildings. It is reported in the literature that chiller plant control is crucial for the
integration of a thermal energy storage system with the PV.

The objective of this study is to apply the model predictive control strategy for
the chiller plant loop control in the PV integrated thermal energy storage system and
compare its performance and economics with the PV-battery system. A residential
reference building is analysed with the PV-thermal energy storage system and PV-
battery system with the proposed methodology for the warm and humid climatic
conditions. Amajor portion of the building’s energy demand accounts for the cooling
energy demand. An energy simulation model has been developed with the help of
EnergyPlus, a whole building simulation tool.

2 Scenario Description

In this paper, a grid-connected house in the warm and humid climate of Mumbai is
analysed with regards to the integration of PV coupled energy storage. The house
considered is one storey and has a gross floor area of roughly 463 m2 with a typical
residential operation schedule. The air conditioning need of the house is served
through 20 kW water-cooled variable air volume chiller for all days with cooling
setpoint ranging from 22 to 26 °C. The typical operation schedule of the house used
in this study is shown in Fig. 1.

It can be observed from the figure that themaximum load occurs during night-time
when solar energy is not available. Two energy storage options are considered in this
study viz., battery (electrical energy storage) and ice tank (thermal energy storage)
for cooling application in the house. For the PV coupled battery system battery is
sized for eight hours of power backup for the cooling application. Excess power
generated from the PV is stored in the battery through an inverter and is used during
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Fig. 1 Typical operation
schedule of building

night-timewhen the solar energy will not be available. In the case of PV coupled TES
system, an ice tank of capacity (0.6 GJ) is connected to the central chiller system.
Excess energy generated by PV is used to charge the ice tank by turning the central
chiller system on. During night-time, when the solar energy will not be available,
electricity will be used from the grid and the central chiller will be off. Only the pump
and fan will be in operation to circulate the heat transfer fluid from the ice tank to
meet the cooling demand of the built environment. As chiller accounts for the major
part of the cooling electricity consumption, integration of the thermal energy storage
system with the chiller and use of PV electricity to charge the thermal energy storage
to meet the cooling demand shifts the peak cooling electricity demand to off-peak
hours.

Annual simulation has been performed for the Mumbai climatic conditions. The
building load profile, building components data, weather data for the location of
Mumbai, PV system size as well as battery and ice tank size serve as inputs for the
simulation model.

3 Simulation Models

The simulation model of the PV coupled battery and thermal energy storage along
with the building has beenmodeled using EnergyPlus 9.2. Figure 2 shows schematics
of the different simulation models. Figure 2a shows that the model contains the PV
array, battery and a grid-connected inverter that supplies electricity to the central
chiller as well as to the grid in case of excess generation. In case of insufficient
solar power availability, the deficit power between the supply from solar PV and
demand from the house is fulfilled by the grid electricity. The battery stores excess
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Fig.2 Schematic of a PV-battery and b PV-TES system for grid-connected house

power generated by solar PV until it is charged at 90% state of charge instead of
supplying all excess electricity to the grid and supplies the load to the house until it
is discharged at 10% of state of charge. The grid supplies to the house when battery
is fully discharged. This phenomenon increases the self-consumption of solar PV.

Figure 2b shows that the model contains PV arrays, an inverter and an ice tank
connected to the central chiller plant. The inverter supplies excess electricity to the
chiller plant during sunshine hours to charge the ice tank so that it can be used during
night-time to meet the cooling demand. During night-time, electricity is provided by
the grid to the house to run the utilities. During night-time chiller plant remains off,
and only the pump and fan are switched on to circulate the heat transfer fluid from the
ice tank to meet the cooling demand. The thermal load on the ice tank connected to
the chiller is determined by the inlet flow rate, inlet fluid temperature and outlet fluid
temperature. A positive load indicates a request for cooling and the tank discharges.
A negative value indicates a request for charging the ice tank. A zero load indicates
that no cooling is required, and flow bypasses the tank.

3.1 Building Model Validation

The building considered in this study has been taken from the EnergyPlus reference
building template [13]. PV ismodeled using the simplemodel where usable electrical
power produced by PV can be given as

p = Asur f ace × factive × GT × ηcell × ηinvert

where, Asur f ace is the net area of PV surface, factive is the fraction of surface area
with an active solar cell, GT is the total solar radiation incident on the PV surface,
ηcell is the module conversion efficiency and ηinvert is the DC (direct current) to AC
(alternating current) conversion efficiency. The battery model of Manwell et al. [14]
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and the detailed ice storage tank model of Strand et al. [15] have been incorporated
into the EnergyPlus model. The detailed PV-battery and PV-TES integrated building
models have been validated individually with the respective example template of
EnergyPlus.

3.2 Model Predictive Control

In order to increase the self-consumption of PV system, an advanced control mech-
anism model predictive control [16] is implemented to control the chiller power.
Dry bulb temperature, solar insolation on the house, the internal heat gain due to
the equipment, occupants and lights affect the occupant’s thermal comfort. In this
study, these variables are used as disturbances to the MPC model and a predefined
setpoint is provided as a reference value to theMPCmodel.MPC solves the objective
function, that is, minimization of error between the observed variable (zone mean
air temperature) and reference (setpoint) by manipulating the chiller power over the
prediction horizon. The manipulated power demand of the chiller helps in utilising
the PV-generated electricity efficiently and thus increases the PV self-consumption.
MPC formulation can be written as

Minimize(z) =
prediction hori zon∑

i=1

(
Tpredicted − Tref erence

)2

0 ≤ Chiller power ≤ 5.7 kwh

22 ◦C ≤ Observed variable (air temperature) ≤ 26 ◦C

(1)

4 Performance and Economic Indicators

The impact of the energy storage system on the cooling application is quanti-
fied by two different performance indicators, viz. PV-ratio and energy storage
self-consumption.

4.1 PV-Ratio

PV ratio, defined in Eq. (2), is the ratio between the amount of annual PV generation
supplied to the ES system (i.e. ES charge) and the total annual PV generation.

PVRatio = Annual PV generation supplied to ES

Total annual PV generation
(2)
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4.2 Energy Storage Self-consumption

Energy storage self-consumption defined in Eq. (3) is the ratio of requirement met
by the ES system’s discharge to the annual demand (electricity in case of battery and
chilled water in case of ice tank).

ESSel f Consumption = Discharge of ES

Cooling demand
(3)

4.3 Levelised Cost of Energy Storage

Levelised cost of energy storage defined in Eq. (4) is calculated for the comparison
of the economic benefits of the PV integrated TES and battery systems. LCOS is
defined as the ratio of the life cycle cost of the energy system to the lifetime energy
discharge of the energy storage system and can be written as

LCOS =
I nvestment cost + ∑t

i
O &M Cost

(1+r)i∑t
i

Edis

(1+r)i

(4)

The numerator of Eq. (4) assumes that all investment costs are incurred in the
first year, and it is summed with recurring cost of each year (i) up to the system’s
lifetime (t), discounted by the discount rate (r). In denominator, discharge power
of the energy storage systems is discounted by the discount rate up to the systems’
lifetime. For the LCOS calculation discount rate is assumed as 10%, lifetime of
the system is assumed as 20 years. Investment and maintenance cost for battery is
considered as 350 and 6.5 ($/kWh), respectively. The considered investment cost for
ice storage tank is 2254 $ and O & M cost is 5% of the investment cost.

5 Results and Discussion

Figure 3 shows the dynamic simulation data of PV-battery and PV-TES system for the
summer design week (19th May to 23rd May) of Mumbai. From the figure, it can be
observed that in the case of PV-battery system battery is charged during the sunshine
hours and it supplies electricity to chiller by discharging during night-time. The
figure also shows that during early morning battery is not able to meet the electricity
demand for cooling and deficit electricity to run the chiller is supplied through the
grid. Figure 3 shows that in the case of PV-TES system thermal energy storage,
that is, ice tank decouples the chiller operation from the cooling electricity demand,
which means that the chiller operates only when the solar power is available. The
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Fig. 3 Dynamic simulation data for the summer week of Mumbai for PV coupled battery (left)
and PV coupled TES (right)

figure shows that during night-time, power needs to be imported from the grid. The
ice tank is mainly charged once the chiller turns on and peaks in the afternoon when
solar insolation remains at maximum. In the night-time, when demand for cooling
arises, heat transfer fluid is flown through the ice tank and supplied to the occupant’s
zone with the help of a pump and fan to meet the cooling demand.

Figure 4a shows the self-consumption of energy storage for battery (electricity
energy storage) and ice tank (thermal energy storage). It can be observed that for
fixed cooling demand of house energy storage, self-consumption is lower for PV
coupled TES compared to PV coupled battery systems. The reason behind the low

Fig. 4 a PV self-consumption and b PV ratio for the PV-TES and PV-battery system
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self-consumption of energy storage for PV-TES system is the loss of energy from
the tank surfaces. The self-consumption of the PV-TES system can be increased by
better insulation of the TES system and through optimisation of the chiller operation
and its power consumption.

Figure 4b shows the PV ratio of PV-battery and PV-TES system. It can be observed
that for fixed PV-generated electricity, the amount of electricity used to charge the
energy storage system to meet the cooling demand is higher for the PV-TES system
compared to the PV-battery system. The reason behind this is the low round trip
efficiency of the battery.

Figure 5a, c show the parametric study of self-consumption of the PV-battery
and PV-TES system. Figures show that to meet the cooling demand completely by
discharging of the energy storage system, i.e., full self-consumption of energy storage
system battery capacity should be greater than 50 kWh and TES capacity should be

Fig. 5 Energy storage self-consumption for battery and TES (a, c) and PV ratio for the PV-battery
and PV-TES system (b, d)
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Fig. 6 LCOS of PV-battery and PV-TES system

Fig. 7 LCOS of PV-battery and PV-TES system

greater than 50 GJ. Figure 5b, d show the parametric study of PV ratio for the PV-
battery and PV-TES systems. Figures show that to fully utilize the PV generated
power, battery capacity should be greater than 80 kWh and TES capacity should be
greater than 25 GJ.

Figure 6 shows the LCOS for PV-battery and PV-TES. It can be observed that
LCOS for TES system is lower than PV-battery system. This is due to the high capital
cost of the battery. Figure 7 shows the LCOS of PV-battery and PV-TES system for
various capacities. It can be observed that for all the capacities, LCOS is low for the
PV-TES system compared to the PV-battery system.

6 Conclusions

In this paper, two storage options, i.e., battery and ice tank coupled with photovoltaic
(PV), are compared for the cooling application in buildings. Both the energy storage
options are applied to a residential building in a warm and humid climate using
EnergyPlus, a whole building simulation tool. An advanced model predictive control
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strategy has been also proposed for the better operation of the chiller to increase the
self-consumption of PV. Results show that energy storage self-consumption is higher
for the PV-battery case compared to the PV-TES. This is because of the heat loss
from the ice storage tank. It can be improved through better insulation and sizing of
the thermal storage tank. Results also show that levelised cost of storage is higher for
the PV-battery system compared to the PV-TES system due to the high capital cost
of the battery. The space required for the PV coupled TES is higher compared to the
PV coupled battery system to meet the cooling demand due to low energy density
of the ice storage tank. Latent heat storage using high energy density material as
thermal storage media would be an interesting alternative.
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Inducing Dynamism in the Process
of Planning Through Crowdsourced Geo
Tagged Photograph

Vipul Parmar

Abstract Millennials think of urban areas to be both physically and digitally acces-
sible with a wholesome view of the same available in their palm. However, the
traditional urban planning process is incompatible with addressing the emerging
requirement of this technologically advanced era. Technological interventions have
changed how individuals interact with their surroundings. Cities are always planned
for fulfilling the requirements of people socially, economically, and culturally. Urban
planners must have adequate and comprehensive knowledge about the current situ-
ation of the city to make an effective plan. Though this paper, a systematic method
is described to know about the neighbourhood, the point of interest of people in the
neighbourhood, and planning for it as per need for the people. This paper seeks to
explore sentiment, which is linked with different places of the city. In the study,
initially, data were extracted for Indore city from open pages of Instagram, and
then especially the survey was done for selected areas. Crowdsourced geotagged
photographs can be used to know about the public’s points of interest in a neighbour-
hood that may signify some potential or problem which needs to be addressed. Such
an approach facilitates urban planning at a micro-level. It is a more people-centric
approach that increases the probability of acceptance of subsequent planning inter-
ventions by the public. This collection of the crowdsourced database from various
social media platforms periodically can provide dynamism to the conventionally
static nature of planning.
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1 Introduction

Millennials think of urban areas to be both physically and digitally accessible with
a wholesome view of the same available in their palm. Urban planning is the study
related to an urban area, concerned with effective uses of land and provides a healthy
environment for people living in the urban area. Cities are growing very rapidly and
these changing conditions are challenging the urban planning processes to be more
efficient and effective [1]. To face challenges, such as urbanisation, globalisation, and
environmental changes, there is a need for more inclusive and informed planning [2].

Cities are always planned for fulfilling the needs of the people—socially, econom-
ically, and culturally. Urban planners must know the current situation of the city to
make an effective plan. This can be possible by making the planning process more
participatory. Participatory urban planning is a user-centric approach that gathers
information such as how people experience and use place, what are the issue in
their environment and why it is so [1]. It involves the participation of all kinds of
users irrespective of ages, gender, caste, and economic status. Participation plays an
important role in exchanging knowledge and raises voices together for solving the
problem of localities [3, 4, 5].

Technological advancement has completely changed the scenario worldwide. The
development of information and communication technology (ICT) has changed the
way of interaction and communication between the people and forming a virtual city
in which information flows frequently [6]. Data and information are generated by
the people, which can be utilised for knowing the characteristics of the city [7]. Big
data, data analytics, or data mining has enhanced the feedback system, which helps
to fulfil the demand as per the need of the user [8].

The increasing use of social media and smartphones leading people to share their
routine habits online and leaving their digital footprints in the urban environment [9,
10]. These footprints can be used to make urban planning more participatory as well
as dynamic. For example, Google uses real-time location data to analyze vehicular
movement and provides user live traffic details. Location-based social media datasets
can be used to analyze the travel pattern and understand the spatial interaction of
people in cities [11, 12].

Technological interventions are one of the important factors in the development
of any country. Developing countries such as India are enhancing their capabilities
with the use of the technological intervention. In India, the era of the fourth industrial
revolution (2010–present), technology becomes fully integrated into the daily lives of
the people, such as the Internet of Things, Artificial intelligence, cloud technology,
smartphones, social media, etc. These intervention has completely changed how
people interact with each other. Indian monthly data usage is expected to rise fivefold
from 3.9 GB in 2017 to 18 Tb by 2023 [13]. India’s social network subscribers were
326.1 million in 2018, and it will reach 447.9 million in 2023 [14].

Social media are the platformwhere people can share their thoughts, ideas, issues,
emotion without any hesitation. This datasets generated by people is collecting by
businessmen, politicians, and other stack holders to improvise the facility and attract
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the customers to purchase the product. This leads to the continuous evolution of
markets, and it became a challenge for urban planners to plan for it. There is no
shortage of smart city projects globally, but participation by the millions who work,
live in cities is missing. The datasets generated by people can be collected and
converted into useful information, which can give more meaningful insight about
different places of the city. Participation of the people helps planners to plan effec-
tively and data generated by social media platforms can be one of the new approaches
to enhance the participation of the public directly or indirectly. Improvement in
communication technology and the availability of internet service at a cheaper rate
has resulted in generating an enormous amount of data every second. Continuous
up-gradation of this real-time information can help to make the planning process
more dynamic and participatory.

2 Related Work

2.1 Spatial Mapping of Social Media Dataset

Social Media Dataset as a source of the user-generated database that has been inter-
preted for many purposes such as event detection, urban socio-spatial inequality,
or understanding the behavior of people. Different scholars have used social media
datasets to understand the occurrence of any emergency event, to know about the
characteristic of the place. In the field of urban planning, geospatial mapping plays
an important role. Locational data which are linked with the post on social media
can be used for spatial mapping of the activity. Such a kind of mapping was done
to know the popular area of sport for the Alicante city of Spain [15]. Similarly, land
use detection was done through the classification of messages, phone calls using K-
mean algorithms for a complete day for Beijing city of China [9]. This study better
makes in predicting the dynamic land use pattern of the city. Frias-Martinez and
Frias-Martinez [15], proposed a technique to determine the urban land use pattern
by clustering the areas with similar kinds of activity patterns. The clustering model
can cluster the similar kind of activities and helps in understanding the dynamics of
the city [15, 16]. Spatial analysis of the social media dataset enables urban planners
to learn about the various locations, the different events in the city.

2.2 Photostory with Hashtags

People use social media platforms to share their thought, view, and ideas in the form
of images, videos, or text. Usually, each post over social media platform consists
of some textual expression. The text associated with the image or video provides a
reference to the posted media. Kress and Leeuwen [17] has introduced the concept
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of photostory with hashtags1 which have been used worldwide to take participate in
certain kinds of events or to bring similar kinds of people to discuss the special issue.
There are very less researches available on how hashtags are used by different social
bodies for collaborating with people all over the world [19]. PON (photostory of
neighbourhood), it is a competition which provides a perspective of the people about
their surroundings. It consists of different sets of hashtags that are to be considered
during posting any kinds of images related to the urban area [20]. This also helps
in finding out a common point of interest of the people in their surroundings. The
text-based story enables the planner to gain the perception of the people for their
surroundings.

2.3 Sentiment Mapping

In the field of urban planning, space and place are often considered to be synonym but
they are different from each other. Space can be an area, but places are spaces with
emotions and feelings. Understanding of such sentiments related to different places
assist planner to plans for space into a place. Sentiment mapping allows identifying
sense associated with the places, which added qualitative aspect in the field of urban
planning. It can be done after performing a sentiment analysis. Sentiment analysis
relies on analysing the human language to figure out the polarity of the sentence. It can
bepossible by certain algorithms that are used forfindingopinions and sentiment [21].
People share their feeling on the social media platform in the form of statements as
well as hashtags. Such kind of information can be utilised to understand the behavior
of the people. It can also be used for influencing the people [6]. Different places
in the city are associated with different kinds of feelings or emotions. Fathullah
and Willis [22], the study has shown that how people feel in different places when
they travel from one point to another in the neighbourhood which further helps in
improvising the location where people feel depressed due to surrounding. Such kinds
of intervention are very important when planning for any area.

3 Research Methodology

3.1 Data Collection

Social media platforms are a digital platform where people share different kinds of
information related to them. It may be a personal message/image or a post related
to different places in the city. Before directly proceeding towards the extraction of
the dataset from the social media platform, a survey was performed through google

1Hashtags are semiotic codes started with #, for example #food [18].
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Fig. 1 Research methodology

forms, and resultswere analysed for carryingout further study.Approximately 40,000
social media posts were extracted from Instagram open pages related to the Indore
city. Spatial mapping was done and a micro-study area was identified for study. A
Survey of 450 people2 was conducted using EPI collection after the identification
of a micro-study area where the further analysis was performed. Figure 1 showing a
framework through which research was conducted.

3.2 Identification of Micro Study Area

To understand the Dynamic of the City in detail, it is required to have much more
dataset from different social media platforms, that is, based on only 40,000 posts,
it is not possible to tell about the dynamic of the city. Due to privacy concerns, it
is difficult to extract more datasets from these platforms. Therefore, hotspot anal-
ysis was performed on the extracted data point from the geotagged crowdsourced
photograph.

From Fig. 2, it can be seen that there are three zones where the density of points
is high, and if a particular area has high dot density, mix-up of all kinds of activities
and has been changed its character in the past few years, is considered for further
study. Therefore, from these three zones, ward no 74—Vishnupuri was selected
because the center and northeast zone were already commercialised. Vishnupuri is
another developing area of Indore city. Due to the high concentration of coaching

2Sample size is calculated by considering a 95% confidence level and 5% marginal error.
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Fig. 2 Hotspot analysis of the geotagged location of the photograph for selection of micro-study
in Indore City

institutions in this area, it is also known as a student hub.3 A further detailed analysis
was performed on this selected micro study area to find out the point of interest of
the people in the neighbourhood.

4 Research Findings and Proposed Framework

4.1 Qualitative Response

From Fig. 3, it clear that 76% of respondents from the primary survey shares infor-
mation related to the city in their post while 24% of people do not share anything
related to the city. Post related to city consists of recreational areas where people
spent their quality time. This post can be extracted from social media platforms and

3It was known during the qualitative survey.
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Fig. 3 The percentage share
of people share posts related
to the city on their social
media account

text encoded with the post can be used for knowing the importance of a place or the
feeling associated with that place. This helps to urban local body to identifies the
issue and monitor the city’s need from the people’s feedback, which are indirectly
posted over the internet.

The text associated with the post will be helpful when performing text-based
classification and analysis. Peoplewrite a captionwith the post, but nowadays, people
used hashtags,which are a singleword or combination of fewwordswhich are utilised
directly to express the feeling and emotion attached to that post. From Fig. 4, it can
be seen that 65% of people use hashtags, that is it can be concluded that different
types of hashtags classification be used for analysis.

Fig. 4 Percentage of a share
of people use hashtags in
their post
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Fig. 5 Point of interest of the people based on collected dataset

4.2 Point of Interest of People

The point of interest4 of the people in the location, which is identified as the most
prominent area of any ward. For the identification of the Point of Interest, data
extracted from the social media platform is not sufficient, so for a more accurate
and effective result, a primary survey was conducted. Based on the occurrence of a
particular location from social media as well as from the primary survey, response
frequency is calculated for different places or location points of the city.

From Fig. 5 it can be seen that Bhawarkua Chouraha, Tinku’s Café, and Regional
Park in the neighbourhood are having the highest number of frequency. These points
are the main point of interest of the people. But this interest varies from person to

4Point of interest is the places or location which has been shared by people repetitively.
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Fig. 6 Traffic congestion

person, that is, further analysis of text associated with them leads to knowing about
issues related to these places.

Bhawarkua Chouraha is a point of interest of the people because most of the
coaching institutes are situated around this. The students find out this attractive
because all the facilities are available there, but few tags also tell about the problem
of the traffic congestion and accident. Figure 6 consists of hashtags which tell about
traffic congestion at the Bhawarkua Chouraha. Similarly, Fig. 7 consists of tags
related to the parking problem near the coaching institution which is situated on the
Bhawarkua Chouraha.

Tinku’s cafe is another point of interest for the people. This is famous for its food.
From the primary survey, it is known that student spent their quality time over there.
This café acts as an attraction point for other café’s. During the visit, it was identified
that more then 10–15 new café has been set up in the last few years after Tinku’s
café.

Regional Park is one of the recreational areas developed by Indore Municipal
Corporation. It has many fun activities, such as boating. People usually go over there
to enjoy themselves in the evening and during holidays. This place consists of tags
related to boating, hangout, greenery, Happy, fun, etc.



334 V. Parmar

Fig. 7 Parking problem

4.3 Sentiment Analysis

Sensitivity analysis is performed based on text associated with the post of a particular
location. Due to the availability of lots of hashtags and captions, it is classified
into three categories, that is, positive, neutral, and negative, for the long statement
analysis, polarity check was done with the help of VADER and TextBlob using
python. Similarly, hashtags were also classified and weightage was given to the
statement.

It can be seen that from Fig. 8, an activity such as food/café has more positive
responses or sentiments concerning other areas. Regional park has more positive
sentiments as compared to other areas of the surroundings. Most of the areas have
neutral responses since, due to the lack of availability of data points, fine-tuned map
generation is not possible. It can be concluding that availability of green spaces as
well as places for hanging out such as food shops/café enhance the positivity of the
surrounding area.
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Fig. 8 The sentiment are extracted from the caption as well as positive hashtags

4.4 Proposed Framework

Data Collection and Information generation strategy

Social media is a platform where people share their thoughts, feeling and personal
stuff frequently. There are lots of posts which contain details related to the city. There
are many places which are frequently visited by people or places where people spent
their quality time with friends and families. Planning, according to the needs of the
people, is one of the major tasks in the field of urban planning. Different places
have different characteristics, which leads to the requirement of a special type of
area-based intervention in that particular locality. As day by day, improvement in



336 V. Parmar

Fig. 9 Proposed framework

the ICT leads to change in the way of interaction of the people within the city as
well as smartphones made humans as sensors for sensing their urban environment.
Crowdsourced data generated from the people can act as a source of qualitative
information which can be used for planning the city. Figure 9 showing that the
initial stage is to collect the crowdsourced data from different social media platforms
such as Facebook, Instagram, and other, which people use more frequently. Data
collection mainly require information such as a photograph, its location, textual
caption attached to the images. Since privacy is one of the major concern by most of
the researchers but only allowing the content without revealing the actual identity
of the person, this dataset can be used.

During the study, it has been noted and analysed that there are divides in using
the caption in the form of hashtags by the elder people. So only the text classification
method is not sufficient to extract the information. There is a need for image classi-
fication techniques. Deep learning and artificial intelligence is the key to extracting
more information from the image generated by the people. There are certain negative
sides to social media. Bots are encoded computer program which generates text and
information which can reduce the quality of data and hurdle in using the social media
dataset as a tool. But with the advancement in technology, bots can be identified with
the use of a certain algorithm. This helps to improve the quality of the data set.
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Interactive Mapping

Interactive spatial mapping of the data set is another step for the proposed framework.
Spatial mapping of the collected points allows the identification of the activities in
different parts of the city. Interactive mapping of this data point encourages people
to share more valuable comments related to the city. It was noted that people are
willing to share more posts and information as they see their information is utilised
formeaningful purposes. Spatialmapping of these pointswith their caption or activity
can be compiled and an interactive map for the city can be prepared, which helps
in area-based planning intervention as per the need of the people. Through this
kind of mapping, the urban local body can also provide suggestions to the different
stakeholders and businessmen in selecting the appropriate sites. It will help in the
economic growth of the city as well as deciding the growth direction of the city.
Sentiment Mapping used for finding out the sense of different place which can be
used for improving the location which spreads negativity. This will also improve the
health of people and increase their productivity.

Database Management

Data is the foundation for any kind of researched work, or any kind of intervention
is required in the field of planning. Technological advancement provides real-time
data set that helps in detailing any activity at a very micro level very effectively.
Maintaining privacy is one of the important concerns when dealing with the crowd-
sourced dataset. From the primary survey, it was concluded that people are willing to
share the data if it is used for the development of the city. Continuous extraction and
maintains of the data set is one of the important aspects two understand the evolution
of any particular locality, to identifies the changes in the activity, to know about the
point of attraction. Spatial mapping of such data points will help in knowing the
dynamics of the city. As can be seen from the above analysis, which was performed
for a very small area, has given in-depth knowledge about the city at a very cheaper
cost as compared to extensive primary survey exercise. Periodically maintains and
updating such a dataset is a very important constraint for understanding the dynamics
of the city. It also enhances the feedback mechanism and increases the transparency
between the Urban local body and the people. While dealing with such kind of data,
any kind of personal information must not be used. Only spatial references and posts
which provide details about different activities in the city should be extracted or
collected from people.

Data Validation Authority

Crowdsourced data generated over the internet have lots of information, but it is in
an unstructured format and requires technical skills and resources to convert the data
into meaningful information. The Command and Control Centre of a smart city has
the capabilities and resources to handle such an amount of data. They can extract
the dataset and can convert that data into useful information with the help of text-
based classification throughmachine learning algorithms that can further be spatially
mapped out. This mapped layer can be used by the urban local body or Town and
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Country Planning Organization for making plans for any particular area. This body
will also act as a data validation authority.

5 Conclusion

Social media platforms are one of the important parts of peoples’ day to day life.
Peoples are sharing their thought, invitation, feeling over this platform in the form of
images, videos, or text. These datasets are utilised by different stakeholders for their
business growth. Such kind of dataset can also be used in the field of urban planning.
As it can be seen that crowdsourced geotagged photographs with caption or hashtags
can be used to know about the public’s points of interest in a neighbourhood, signify
some potential or problem which needs to be addressed. Such an approach facilitates
urban planning at a micro-level. Being a more people-centric approach increases the
probability of acceptance of subsequent planning interventions by the public. It also
brings down the gap between the urban local body and people.

A crowdsourced dataset is also used for understanding the behavior of the crowd
towards any kind of event, product or place. It can be noted that spatial mapping
of sentiments which are related to different places helps the planner to under-
stand the relation between different land use and feeling associated with them. It
will help in making and designing the places which spread positivity in the city,
which increases the productivity of the people. The collection of the crowdsourced
database from various social media platforms periodically can provide dynamism to
the conventionally static nature of planning.
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A Review on Methods for Estimating
Quantities of Fecal Sludge Produced
in Urban India

N. Chandana and Bakul Rao

Abstract Urban slums and unplanned settlements in India depend on highly on-
site sanitation systems (OSS). Fecal Sludge (FS) produced in OSS is one of the
most dangerous pollutants that have the potential to spread many diseases. The
Government of India is emphasizing proper collection, treatment, and disposal of
FS by launching various programs and schemes (such as NUSP, AMRUT, smart city
mission,UIDSSMT, etc.). The private sector plays amajor role in the collection of FS,
while very little if any, treatment exists for the FS collected. The design and sustain-
ability of any FS treatment depend on the accurate knowledge of the quality and
quantity of FS at the city/town level. This paper systematically reviews the existing
methods of FS quantification and its drawbacks in Indian conditions. In the literature
on FS, two theoretical approaches (i) FS production method (FSP), (ii) FS collection
methods (FSC) are being used for quantification. Most of the Indian practices use
the FSP method for FS quantification, which is similar to conventional wastewater
quantification. However, in India, the data on the amount of excreta produced and
sludge accumulation rate (SAR) in different OSS are seldomly found. This results in
the usage of data available in developed countries leading to over/underestimation of
FS on which treatment facilities are designed. This study concludes that the design
of FSM for Indian conditions requires basic research on excreta produced and its
degradation properties in different OSS.
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1 Introduction

On-site sanitation systems (OSS) are partial treatment units designed for degrada-
tion of human excreta and the sludge produced, thereby termed as FS is spreading
microbes that cause diseases [1–6]. In urban India, around 30 million households
(HHs) depend on OSS and the FS thus produced is either not emptied or legally
dumped. Having understood the problem, India is focusing on building the FS collec-
tion, transportation, and treatment plants. In India, desludging of OSS is usually done
by private vendors; they mostly dump the FS in water bodies or on barren land and in
a storm/sewer lines where manholes are accessible. Further, it should be noted that
one of the principal reasons for the breakdown of sewage treatment plants (STPs)
is the unauthorized dumping of FS in sewers. Usually, the design of STPs caters
to treat wastewater containing 250–600 mg TSS/l, while FS has concentrations of
12,000–52,500 mg TSS/l, and mixing these high loads often leads to failure of the
STPs [7]. This shows that the sanitation sector is lagging due to a lack of knowledge
of FSM. The status of FS treatment in India is in its developing stage and requires
precise knowledge on load and quantities reaching the treatment. Unlike wastewater,
FS characteristics and load, differ in a town or city, so it is important to note that
treatment technologies need to be designed on accurate load and quantities for the
sanitation system to be sustainable.

In this paper,we begin by explaining the importance of FS quantification, followed
by a critical review of FS quantifying methods existing in the literature. The factors
affecting each method in Indian conditions and a framework to select an appropriate
method based on existing knowledge are discussed. The article concludes by summa-
rizing the key challenges and limitations of present FS quantification methodologies
in Indian conditions.

2 Quantification of FS from OSS

In the absence of FSM practices, any efforts of improved sanitation facilities
would still degrade the surface and groundwater resources [5, 7–9]. The viability
of any FSM design for a city/town level depends on the appropriate calculation
of FS getting generated, collected, and reaching the treatment facility. The major
challenge in FSM is the scattered data available and experiences being concen-
trated in a few parts of the world. Also, as it is a relatively new field, much
of the existing knowledge remains with the practitioners without much docu-
mentation. The volume of FS produced depends on (i) socio-economic profile
of the inhabitants, that is, income, number of inhabitants, water usage and
food habits (ii) type of OSS, that is, the retention time of sludge, construc-
tion quality (lined/partially/unlined/improved/collapsed/abandoned/watertight) of
containments, and soil characteristics (bearing strength, slippage, water retention
capacity), and (iii) climatic conditions. All the above parameters result in significant
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variation in the volume and characteristics of FS and making its estimation difficult.
Arriving at accurate or near to accurate volumes is important; it would determine the
collection, transportation, treatment, and end-use of the FS. In literature, two theoret-
ical approaches (i) Fecal Sludge Production method and (ii) Fecal Sludge Collection
method, have been used [10, 11].

3 Fecal Sludge Production (FSP) Method

FSP method estimates the FS on the HH level and is further divided into two sub-
methods, one based on contribution directly from the population, and the other is
based on the number of OSS that exist and likely to be constructed in the service
period of the treatment facility. According to the author’s opinion, the FSP method
is suitable for a new/planned city.

3.1 FSP—Population Method

In the first method, the load on the FS treatment is calculated by considering the
population and average excreta produced by them, as shown in Eq. (1). This method
depends on the average value of excreta produced, which varies daily because of
dietary habits (i.e., high fiber will lead in high quantities of excreta) and on factors
such as liquid consumption, the physical activity carried out by the user and climate.

V f s = AMe ∗ Poss
Noss ∗ Eoss

(1)

Vfs Volume of FS produced
AMe average of excreta produced
POSS population using OSS
NOSS inhabitants per OSS
EOSS Number of OSS emptied per day

This method does not account for the FS dependency on water availability, water
used for cleaning, and greywater mixing or not. Also, the sludge accumulation
rate depends on degradation characteristics and frequency of desludging (if the
desludging rate is high, time for degradation is less, the sludge accumulation would
be more or less equal to the FS produced).
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3.2 FSP—OSS Method

In thismethod, the number ofOSS that is existing and likely to be constructed through
the enforcement of pollution control law/rule is taken into account. As shown in
Eq. (2), FS is quantified by multiplying the volume of FS generated by the emptied
OSS numbers. This method is better than the FSP-population method, as it takes into
account degradation and the other materials entering the OSS. However, this method
does not account for FS loss in collection and transportation due to the inaccessibility
of OSS.

V f s = VFsoss ∗ Eoss (2)

Vfs oss Volume of FS produced in OSS
EOSS Number of OSS emptied per day.

3.3 FSP—Combined Method

This method uses an average of excreta sludge accumulation rate per person in FS
quantification for the population, as shown in Eq. (3).

V f s = SAROSS ∗ P (3)

SAR OSS Sludge accumulation rate of OSS in l/person/day
P Total population

The FSP method does not account for the FS not collected fully, loss during
the collection, and directly disposal into the environment. In addition to the FS
produced, accessibility of the OSS also plays an important role in quantification of
FS to treatment, as not only the location of OSS but width of the road (if using a
truck, roads need to be wide enough to accommodate the truck or sludge emptying
equipment), also affect the quantification. This could lead to overestimating of FS
volumes reaching the treatment facility and leading to over design of the treatment
facilities.

4 Fecal Sludge Collection (FSC) Method

The FSCmethod estimates the FS quantity at the collection system and can be applied
to only places having an FS collection system. As shown in Eq. (4), FS is quantified
based on the volume of FS reaching the disposal point. In this system, the volume
of FS produced depends on FSM infrastructure, regulations (i.e., legal discharge
location available or not, discharge fees structure), and enforcement of rules to stop
illegal dumping available.
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V f s = VFsEc ∗ Eoss (4)

Vfs Ec Volume of emptying vehicle container
EOSS Number of OSS emptied per day

This method depends on the quality of data available and is suitable for saturated
towns or cities, which have the infrastructure for FS collection. Besides, previous
researchers mentioned that the FS quantified based on existing data will be an
underestimation, as it is expected to increase due to the market for FS [7, 10].

5 FS Treatment Technologies and Method Used for FS
Quantification in India

In 2009–10, theministry of urban development of India conducted a rating of cities on
sanitation parameters and found that none of the 423 cities surveyed met the bench-
mark of sanitation [12]. After this, the Indian government is developing a different
sanitation service benchmark based on the requirement of places. In this context, few
cities where the FS collection system is already available are selected to build FS
treatment technologies, as shown in Table 1. The advisory note on septage manage-
ment in Urban India [12] has mentioned both FSC and FSP method for quantifica-
tion of the FS and CPHEEO manual has suggested to be 40–53 l/person/year (0.1–
0.15 l/person/day) for dry pits and 95–114 l/person/year (0.26–0.31 l/person/day) if

Table 1 FS treatment technologies in India and its method of FS quantification

FS technology, location The method used for FS quantification

DEWATS, Devanahalli, Karnataka 6 KLD—FSC excreta based

Sludge Drying Beds with Co-composting,
Bansberia, West Bengal

12 KLD—FSC excreta

DEWATS—Bhubaneswar, Odisha FSP, used SAR as 0.41–0.55 l/person/day

DEWATS—Phulera-Sambhar, Khandela and
Lalsot Rajasthan

FSP method, SAR as 0.21 l/person/day

Unnao City, Uttar Pradesh FSP method mix of excreta and accumulation
method, SAR as 0.21 l/person/day

Co-treatment in STP, Puri, Odisha FSP-method, used SAR as
0.41–0.55 l/person/day

Planted Drying Beds, Leh, Jammu &
Kashmir

12 KLD—Trial runs

USAB, Brahmapuram, Cochin 100 KLD—Trial runs

Pyrolysis, Narasapur, Andhra Pradesh 15 KLD—trial runs

Geobags, Warangal, Telangana 10 KLD—trial runs

Pyrolysis, Warangal, Telangana 15 KLD—trial runs

Note SAR-Sludge accumulation rate; Source [14–17]
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desludging is done in 2 years, whereas for 3 years desludging 67–80 l/person/year
(0.18–0.22 l/person/day) [13]. As shown in Table 1, the gap in basic research on
SAR has led to the usage of different values by the existing treatment technologies,
which may lead to the non-sustaining of technologies due to variation in load.

6 Factors Affecting the Selection of Appropriate
Quantification of FS

Themethods explained above are the majorly used quantifyingmethods of FS.Many
technical factors need to be considered while selecting the quantifying method for
the FS, some of which are described below.

6.1 Accurate Quantity of Excreta Calculation

The weight of excreta produced governs the (i) volume of excreta received at OSS,
(ii) volume of FS accumulation, and (iii) final volume of FS for the treatment. A
literature survey revealed that only very limited information exists on the generation
rate of human excreta in India. The data from other parts of the world [1, 2, 18–
24] is represented in Fig. 1 and the studies are mostly concentrated during the past
30–40 years. For developed countries, the mass of excreta was reported as 140–500
grams/cap/day, whereas for developing countries, it was 80–250 grams/cap/day [2,
18, 19]. India [20] has reported 155 grams/cap/day in 1972,whereas [22] has reported
19–1510 grams/cap/day in 1975, which are largely varying and there are no recent
studies found in this regard. As the diet habits and living conditions of Indians have
been changed a lot from 1975, detailed research on current excreta produced by the
population due to lifestyle needs to be conducted.

6.2 OSS Characteristics

Usually, OSSs are designed such that the excreta gets biologically stabilized
depending on a range of geophysical factors and biological processes [25]. The
size of OSS varies with factors such as the size of the HH, income level, type of
soil, groundwater level, plot size, weather conditions, and also the local regulations.
Previous researchers [11, 18, 24, 26] have reported a sludge accumulation rate, as
shown in Table 2, which varies all over the world. It should be noted that Indian
standards have shown sludge accumulation rates around 40–53 L/cap/year for pit
latrines and 120 L/cap/year for septic tanks, which is very less compared to ground
reality [5, 27, 28], as the living standards have been changed from then.
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Fig. 1 Mass of excreta reported by the previous researcher

Table 2 Sludge
accumulation rates reported
by previous researchers and
standard manuals

SAR in
L/person/year

Type of OSS Country References

270 Pit latrines Uganda [10]

280 Septic tank Kampala [10]

297 Cesspool Thailand [26]

133 Septic tank Thailand [26]

178 2 Cesspools Thailand [26]

179 Commercial
septic tank

Thailand [26]

40–90 All All [24]

40–53 Pit under dry
conditions

India [11, 13]

80–114 Pit under wet
conditions

India [11]

120 Septic tank BIS standards [11]

230 Septic tank USEPA [11]

85.3 Septic tank [29]

25.5 VIP South Africa [30]

29.2 Septic tank South Africa [30]
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6.3 Emptying Frequency

India stands 4th in the world for not emptying the OSS [5]. The sludge produced in
OSS depends on the emptying frequency, as per the [29] the sludge accumulation rate
falls from 0.254 l/ca/day over 6 months to 0.178 l/ca/day after 60 months. The longer
the sludge ages, it results in thick and stabilized sludge, which cannot be pumped
out by normal vacuum trucks, thereby leading to manual scavenging and the sludge
getting dumped in open areas results in not reaching the treatment plant. The main
stakeholders in FSM are residents and their awareness of OSS emptying plays a
critical role in eliminating FS mismanagement. The financial burden of emptying
the OSS has led to not emptying the OSS or unscientific way of disposal of the FS.
Previous studies [28, 31, 32] have claimed that unauthorized desludging operators in
India often charge high user fees (|3051–|5340). Hence, while quantifying the FS,
emptying frequency need to be considered as an essential parameter for a sustainable
sanitation service chain.

6.4 Policy and Regulations

The 74th Constitutional Amendment Act of 1992 bought reforms to the sanitation
sector by transferring its management from state to local bodies. However, the avail-
ability of data about the types and sizes of OSS lacks in the literature due to the
lack of importance given to the sanitation sector until recent times. In 2008, though
NUSP has highlighted the safe disposal of FS, very little attention has been given
to its management. Further, in 2013 ‘The Prohibition of Employment as Manual
Scavengers and their Rehabilitation’ act emphasized the usage of safe truck-based
emptying of FS. The National Policy on Fecal Sludge and Septage Management was
published in 2017, emphasized the safe practices and rules to be followed for truck-
based services. However, this document does not cover the existing practices and
improvising on them. Further, the OSS constructed depends on the locally available
material and training of the builder masons [16]; hence a primary survey has become
a must in designing FSM.

7 Framework for Selection of Appropriate Method
for Quantification of FS

Based on the reviews of the existing method of the quantification of FS and relevant
factors affecting them, a decision tool as shown in Fig. 2 has been developed to assist
the practitioners in finding the possible option for quantification of FS at a city/town
level, based on local geophysical and societal factors. If a new city/town is planned,
then the FSP-FS accumulation method is best suited as the population in the city can
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Fig. 2 Decision tool in selecting the FS quantification method

be monitored.Whereas in the case of the old and saturated city, FS quantification can
be done by the FSC method, as the quantification of loads based on the population
will be difficult. The application of this framework will be discussed in the next
paper.

8 Conclusion

FS quantification is a challenging task in India because of the large gap in data
regarding the sanitation sector. An accurate FS quantification is difficult due to the
following challenges:

• Excreta produced varies daily due to dietary habits, physical activity, and climate
conditions.

• The FS quantity varies widely depending upon OSS.
• Traditional emptying systems have less efficiency in empty dense and thick sludge
• Accessibility of the OSS as not only the location of OSS, but the width of the

road also affects the collection.
• The method of quantification must not only satisfy the current requirements but

also must cater to the future demand.

It is crucial to select the proper method of quantification of FS with regards to
accurate data available with locals as the sustainability of the FS treatment depends
on it. It is hoped that this critical review and the accompanying decision-making
framework may help to disseminate knowledge towards better FS quantification.
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Abstract The building stock in India is estimated to grow by five-fold from 2005
to 2030. Building causes significant environmental impact, and it is imperative to
reduce the environmental impacts of buildings to achieve Sustainable Development
Goal 11. This study integrates Building InformationModeling (BIM)with Life Cycle
Assessment (LCA). This integration supports novel decision-making paradigms of
building design as it considers sustainability parameters along with traditional engi-
neering performance parameters. The BIM-LCA integration method was applied to
a multi-storied residential building in Mumbai, India. The BIM model was created
in Autodesk Revit, and then outputs data were converted to an appropriate input for-
mat by recomputing the materials of construction. Further, the converted material of
construction in terms of physical mass units was used for analysis in OpenLCA. The
environmental impacts of the building with different materials of non-load-bearing
wall assemblies are calculated to determine the best building assembly options from
the economic and environmental perspectives. A comparative analysis of building
assemblies through its life cycle stages was conducted. The results provide a robust
decision space to make an informed decision by building designers to select opti-
mal designs, considering the trade-off between economic and environmental impact.
Green building assemblies are found to be costlier than conventional assemblies in
the product stage and construction stage of the building.
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1 Introduction

The construction industry is at the center of concerns regarding environmental impact
as construction is a very resource-intensive and non-environmental friendly process.
The building sector is recognized as the most critical consumer of natural resources.
The significant impacts are on the depletion of natural resources due to the extraction
of resources and the emissions of greenhouse gases as a result of fossil fuel combus-
tion. It is reported by earlier researchers [1–3] that globally, “it depletes 32–40% of
natural materials, consumes 40% of the total primary energy, 12–15% of the world’s
freshwater resources, generates 25% of all wastes and emits 40–50% of greenhouse
gas (GHG).”

The building stock in India is estimated to grow by five-fold from 2005 to 2030
[4]. Building causes significant environmental impact, and it is imperative to reduce
the environmental impacts of buildings to achieve Sustainable Development Goal
11. The use of sustainable building materials has become the main focus of research
and development in achieving the goal of sustainable construction, to minimize the
environmental impacts of the construction industry. Life Cycle Assessment (LCA)
provides a comprehensive approach for evaluating the environmental impacts of
building materials, buildings, and products through all of its life cycle stages. The
use of rawmaterials during building construction, maintenance, and renovation emits
harmful substances throughout the building’s life cycle, exerting a direct impact on
the environment [5].

This study contributes to existing research on integrating Building Information
Modeling (BIM) and LCA, which is in a nascent stage. The integration of BIM and
LCA supports novel decision-making paradigms of building design as it consid-
ers sustainability parameters (energy use, resource depletion, emissions, and waste)
along with traditional engineering performance parameters (cost, safety, and build-
ability) of BIM-enabled building performance analysis [6]. The combination of BIM
and sustainable design strategies has the potential to produce high performance,
sustainable design alternatives.

The Indian construction industry is growing at a swift pace accompanied by a large
volume of investment, consumes a large volume of natural resources, manufactures
a large volume of materials and products, generates employment, and impacts the
environment. Du Plessis [7] opined that the construction industry could make a
responsible contribution toward protecting the environment by using sustainable
building materials. The goal of sustainable construction can be realized by giving
more attention to the design and selection of sustainable building materials that
complement the environment and improve quality of life, user health, and comfort.

Traditional building materials, including steel, concrete, aluminum, and glass,
are high in embodied energy content. The selection of sustainable building materials
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is a difficult and challenging task in the construction industry. The LCA method
can be used as an analytical decision support tool for the selection of sustainable
material. The main objective is to determine, among the mentioned alternatives of
building assemblies, the option with the lowest environmental impact and the lowest
associated economic costs. In order to contribute to sustainability, it is intended to
understand which option is more suitable, conventional, or Energy Conservation
Building Code (ECBC) compliant building envelope.

2 Literature Review

ISO 14040 defines LCA as “A technique for assessing the environmental aspects
and potential impacts associated with a product by compiling an inventory of rele-
vant inputs and outputs of a product system, evaluating the potential environmental
impacts, and interpreting the results of the inventory analysis and impact assessment
phases.” BIM is defined as “a set of interacting policies, processes, and technologies
generating a methodology to manage the essential building design and project data
in digital format throughout the building’s life cycle” [8]. The literature recognizes
the advantages of BIM-LCA integration [9–12]. The LCA can be used as an early-
stage decision-making tool to assess design choices that impact the environment [13,
14]. Due to the unique nature of the operational and embodied energy use scenar-
ios as well as building codes and regulations applicable for various geographic and
administrative regions, it is evident a comprehensive study needs to be conducted to
quantify the actual benefits of material substitution decisions.

3 Data

ThecombinationofBIMand sustainable design strategies has the potential to produce
high performance, sustainable design alternatives. TheBIM-LCA integrationmethod
was applied to a multi-storied residential building in Mumbai, India. The subject
building is (stilt + 32 floors) with 224 residential units of 27.87m2 carpet area each.
We created a BIM model (Fig. 1) in Autodesk Revit and converted the outputs data
to an appropriate input format by recomputing the materials of construction and
converting it to physical mass units for LCA in OpenLCA.

We compiled a functional database of conventional and green building materi-
als and building assemblies commonly used in residential buildings in Mumbai. The
state schedule of rates and ecoinvent databases are used as the source of costs and life
cycle inventory data for materials, respectively. In case an exact match is unavailable,
we selected the material from the ecoinvent database based on the material proper-
ties which are closer to the actual material used in the construction of the building.
The functional unit considered is the whole building with a life cycle of 50years.
This study considers three early life cycle stages out of five life cycle stages of EN
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Fig. 1 Building Information
Model (BIM) and Building
Energy Model (BEM) in
autodesk revit

15978:2011 standard: product stage, construction stage, and use stage. We recom-
puted the materials of construction and converted them to physical mass units to suit
our analysis. Secondary data are collected and compiled from available literature on
the Sustainable Building Materials Research and LCA.

4 Method

An LCA of a building involves typically evaluating its whole life cycle, including all
the stages in the assessment: raw material supply, manufacture of construction prod-
ucts, the construction process stage, use stage, demolition, and when the materials
are disposed of or recycled. For this study, we considered the life cycle stages up to
(1) product stage (2) construction process stage and (3) use stage only. The functional
unit is defined as the “a multi-storied residential building with 224 residential units
of 27.87m2 carpet area each, for a life cycle 50years in India,” aiming to provide
shelter and protection from weather events. Earlier LCA research by Asif et al. [15]
and Reddy et al. [16] have divided the whole building based on the different types
of construction materials, and impact assessment was conducted for each type of
material. Cavalliere et al. [17] recently proposed a methodology to integrate useful
data in BIM models, which focuses on the identification of the life cycle impacts of
external walls. Sharif and Hammad [18] used the LCA and LCC methodologies to
decrease the environmental and economic impacts of a building renovation, building
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on the material take-off generated by a BIMmodel. openLCA 1.7 software is used as
the means to conduct the LCA in this study. “openLCA is the world’s leading, high
performance, open-source LCA software” [19]. openLCA offers the most extensive
collection of data sets and databases worldwide for LCA software, some for pur-
chase, some for free; altogether, almost 100,000 different data sets are available.
Ecoinvent 3.5 database is used for inventory analysis in the study.

4.1 Product Stage and Construction Process Stage (A1 to A5)

Three life cycle stages: production stage, construction process stage, and use stage
(A1-B6) are considered as the system boundary for the study. The embodied energy
is the energy required to produce the building materials, and it is related to the
production stage (A1–A3) of the life cycle stages. Construction process stage energy
(A4–A5) is consumed in the transport of materials and construction installation
process. Furthermore, the in-use energy is energy consumption related to the use stage
(B6) is considered in this study. We compiled a functional database of conventional
and green building materials and building assemblies commonly used in residential
buildings in Mumbai. The state schedule of rates and ecoinvent databases are used
as the source of costs and life cycle inventory data for materials, respectively. In case
an exact match is unavailable, we selected the material from the ecoinvent database
based on the material properties which are closer to the actual material used in the
construction of the building.

Table 1 shows the actual material used in the construction of the residence and
corresponding material selected from the database for this study. Actual transporta-
tion distances, 65km from Vasai to Bhendi Bazaar and 11km from Wadala to

Table 1 Technical specification comparison

Material Technical specification Database from Ecoinvent 3.5

Plum concrete Mix 1:3:6 M10 Poor concrete, at plant

Plain cement concrete Mix 1:2:4 M15 Normal concrete, at plant

Concrete Mix: M35 (IS:456) Concrete, exacting, at plant

Reinforcement TMT HYSD bars-Fe-500
grade (IS 1786)

Reinforcing steel, at plant

Masonry Bricks Brick, at plant

Cement mortar 1:6 (1 cement: 6 sand) Cement mortar, at plant

Cement mortar plaster 1:4 (1 cement: 4 sand) Light mortar, at plant

Cement mortar plaster 1:3 (1 cement: 3 sand) Lime mortar, at plant

Gypsum plaster Internal gypsum plaster Cover coat, mineral, at plant

Flooring Indian patent stone Poor concrete, at plant

Insulation EPS and XPS Polystyrene foam slab, at plant
aNote Bricks (minimum crushing strength 85 Kg/cm2 and water absorption maximum 20%)
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Table 2 Material and quantities

Material Quantity in m3 Quantity in kg Transport
distance (place of
production to
construction)

Means of
transport

Poor concrete, at
plant

77.00 168,630.0 11.0 Lorry >38t

Normal concrete,
at plant

483.00 1,149,540.0 11.0 Lorry >38t

Concrete,
exacting, at plant

3,850.00 939,400.0 11.0 Lorry >38t

Reinforcing steel,
at plant

– 490,000.0 65.0 Lorry 20–28t

Brick, at plant a 1,979.04 3,067,512.0 65.0 Lorry 20–28t

Cement mortar, at
plant

538.16 1,119,372.8 11.0 Lorry >38t

Light mortar, at
plant

210.42 391,381.2 11.0 Lorry >38t

Lime mortar, at
plant

91.00 160,160.0 11.0 Lorry >38t

Cover coat,
mineral, at plant

151.20 105,840.0 11.0 Lorry >38t

Polystyrene foam
slab, at plant

62.8 (XPS) 2135 (XPS) 11.0 Lorry 20–28t

219.2 (EPS) 3288 (EPS)
aNote The brick dimension considered is 230 mm × 110 mm × 70 mm

Bhendi Bazaar, are considered. The quantity of construction material transported
and assumed means of transport is as given in Table 2.

4.2 Use Stage (B1 to B5)

We have considered use, maintenance, repair, refurbishment, and replacement of
building material as negligible and hence is not part of the computation and analysis.

4.3 Operational Energy Use (B6)

Mumbai is in a warm humid climate zone, and the thermal discomfort level is
extremely high; therefore, it is assumed that the occupant of the subject building
will use HVAC for maintaining the thermal comfort level in mixed mode. Accord-
ingly, the Building Energy Model was generated in Autodesk Revit (Fig. 1), and
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simulation was conducted using Insight 360 to quantify the heating and cooling load
and energy performance of the building. The detail of the simulation studies is given
in an earlier study by the author [20]. The energy efficiency of a building is expressed
in terms of the Energy Performance Index (EPI). EPI is defined as annual energy
consumption in kWh divided by m2 of the area of the building, excluding storage
area and parking in the basement. The EPI of the subject building with the conven-
tional building envelope was 343 kWh/m2/year. A reduction of 42 kWh/m2/year was
achieved after adopting the ECBC compliant building envelope. The potential energy
saving from adopting prescriptive energy-efficient measures under ECBC resulted
in a 12.24% reduction in EPI of the residential building.

5 Results and Discussion

The Life Cycle Impact Assessment was conducted using the Recipe (H) method
with weights and normalization. Figure 2 shows the impact of building materials on
the 17 midpoint impact categories. Reinforcing Steel and Concrete have the highest
impact on eight midpoint impact categories each, and brick has the highest impact
on one impact category. Figure 3 shows the impact of building materials on the three
endpoint impact categories.

Concrete has the highest impact on ecosystem quality and human health. Rein-
forcement steel has the highest impact on resources. Substituting the conventional

Fig. 2 Impact of building materials on the 17 midpoint impact categories
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Fig. 3 Impact of building materials on the three endpoint impact categories

envelope with ECBC compliant envelope resulted in an increase of overall impact
score from 274,053 to 275,732, i.e., a 0.6% increase in impact score. Due to the
non-availability of data in the ecoinvent 3.5 database, we have excluded construc-
tion materials for waterproofing work and earthwork in the analysis. We have also
excluded material for formwork as it is used temporarily during the construction
phase only and removed after that.

6 Conclusion

With |5,237,561 increase in the cost of construction and a negligible 0.6% increase in
environmental impact score, EPI reduction 42 kWh/m2/per annumcan be achieved by
substituting conventional envelope with ECBC compliant one. This substitution will
result in 262,164 kWhavoided electricity capacity generation per annum.Accounting
for reported 23.12% Aggregate Technical & Commercial (AT&C) losses of the year
2015–16 for Maharashtra state [21], state-specific emission factor is 0.001009 ton
CO2e per kWh of end-use electricity. Therefore, 264 ton CO2e emissions per annum
for the whole building can be avoided. |1,654,254 saving per annum can be achieved
for thewhole building considering electricity price of |6.31 per kWh. LCA is a useful
analytical tool for comparison of different building construction material over the
different lifespan for eco-efficiency. However, we have considered the only three
early life cycle stages in our study. This study needs to be expanded to Cradle to
Grave and needs to consider other properties of building construction material like
longevity and durability of materials.
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Transport Carbon
Footprints—Examining
the Neighbourhoods through Residents’
Travel Behaviour

Case Study of Ahmedabad

Aashlesha Gupte and Rahul Shukla

Abstract The Transportation Sector is a key contributor to the global challenge
of Climate Change. Increase in demand for transportation, increase in the use of
the private mode of transportation, increase in trip lengths, low occupancy rate and
lower levels of fuel efficiency result in higher Greenhouse Gas (GHG) Emissions.
This research attempts to examine the Neighbourhoods with regard to the Carbon
Footprints generated by capturing the Residents’ Travel Behaviour in the context
of Ahmedabad, India. The Neighbourhoods were selected based on spatial loca-
tion, density and socio-economic groups along the public transport corridors. A
sample of 270 was recorded by a stratified random sampling method to analyse
Travel Behaviour. An integrated analysis of Transportation Energy Demand, CO2

Emissions and Neighbourhood Planning was carried out. The study revealed that
the modal share and the average trip lengths varied across distinct socio-economic
groups and purpose of trips. Vehicle Kilometres Travelled (VKT) increase with an
increase in age and ownership of motorized vehicles. Personal household income
and the ownership of motorized vehicle also have an assertive relation to the mode
of transport; so with higher income, the use of motorized vehicles for daily trips is
also high.

Keywords Travel behaviour · Neighbourhoods · Carbon footprint · Low-carbon
development strategies

1 Introduction

Today, 55% of the world’s total population resides in urban areas and is estimated to
escalate to 68% by the year 2050 [1]. Along with the upsurge in urban population,
there has also been an accelerated growth in private motorized vehicles, particu-
larly in the metropolitan cities. The increase in the demand for the private mode of
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transport is a factor of urbanization and economic growth, which ideally should be
accompanied by supporting factors like scientific traffic management system and
efficient public transportation [2]. But this isn’t the scenario in India, resulting in
several transportation issues namely traffic congestion, accidents and safety, air and
noise pollution and many other adverse environmental impacts. Among this, the
predominant issue is of Transport Carbon Emissions.

As a consequence of burning fossil fuels over the past several decades, Trans-
port Carbon Emissions have risen faster and are projected to rise even more rapidly
in the future, if the current trend continues. According to the statistics of Interna-
tional Energy Agency (IEA)—CO2 Emissions Database (2019 edition), road trans-
port significantly contributes to the growth of Carbon Emissions and is responsible
for 23% of Global Carbon Emissions [3].

The relation between urban form, travel behaviour and carbon emission is estab-
lished at both aggregate studies and disaggregate levels, through the literature. Urban
form and transportation system are interconnected with each other. The term Urban
formhas been defined in the literature by several authors as the spatial pattern of urban
components such as road network, built forms and land use [4, 5]. It is the spatial
imprint of an urban transport system as well as the adjacent physical infrastructures.
The transportation system is this context is defined as the travel behaviour of resi-
dents and is computed as distances travelled by individuals in a day and the mode
used for travel for work and non-work purposes. The basic parameters used to deter-
mine the travel behaviour are distance travelled, mode of travel, purpose of travel,
time taken and occupancy. Transport Carbon Footprints are defined to be a collec-
tive outcome of the modal split, distance travelled by different modes of transport
for various purposes, time taken to travel the particular distance and mode-specific
emission factors [6].

The relationship between Urban Form and Travel Behaviour can be studied at
different levels of planning such as region, district, metropolis, city, ward, neigh-
bourhood and along transport corridors [7]. Every neighbourhood type will have
a definite density, built urban components, land use zoning, road network patterns
and public transport system, which would support the design of a Transit Oriented
Neighbourhood. Thus, the urban form parameters that influence the travel modes
and vehicle kilometres travelled are expected to contribute to a great extent in the
variation of transport carbon emissions.

Mixed land use development provides stress on high density and a higher degree
of mix land use [8, 9]. It is a critical factor of many developments, including tradi-
tional neighbourhood planning, transit-oriented development (TOD), new urbanism,
inclusive communities [8, 10], etc. These developments are a resilient way to foster
a sustainable environment [11, 12]. According to American Public Transportation
Association, the presence of public transport amenities within walking distance facil-
itates an individual to use public transport facility and hence reduces the Transport
Carbon Footprints [13].

As socio-demographic characteristics, travel and activity patterns, and travel
behaviour of individuals are interrelated, travel behaviour is said to be a derived
function of income, socio-demographics and perception and attitude towards urban



Transport Carbon Footprints—Examining the Neighbourhoods … 365

life. Income is a predominant determinant of travel behaviour in both developed and
developing countries. The travel behaviour of residents differswith regard to different
socio-economic groups influencing their energy consumption pattern, expenditure
pattern and Transport Carbon Footprints [14]. Income has a major influence on the
affordability of a house and to own motorized vehicles [14]. Thus, it is important
to identifying the difference and understanding the dynamics of travel behaviour
within different socio-economic groups within a city, which results in better planned
neighbourhoods for all the segments of the society [14].

The study aims to analyse the Neighbourhood’s Transport Carbon Footprints
by capturing the Residents’ Travel Behaviour and correlating it with other Urban
Planning and Transportation Planning tools.

2 Study Area—Ahmedabad

Ahmedabad is the 7th largest metropolitan city and one of the key emerging urban
centres in India. Ahmedabad city’s transport network has grown in a circular ring
pattern from the city centre extending towards the periphery of the city limits. The
road network has evolved as a ring radial form, comprising 5 rings and 17 well-
defined radials. According to Ahmedabad Municipal Corporation (AMC), the total
road length of the city is 2,580 km, and the present mean trip length is 5.5 km.
There exist two public transport modes in the city, Ahmedabad Municipal Transport
Service (AMTS) and Bus Rapid Transit System (BRTS).

Through baseline analysis, six neighbourhoods were selected along the Transport
Oriented Zone (as a controlling factor), varying in distance from the city centre, built
form density and socio-economic groups (Table 1 and Fig. 1).

Table 1 Details of selected neighbourhood sites

Particulars Paldi Ambawadi Prahlad
nagar

Chandkheda Bopal Science
City

Distance from the
city centre (km)

3 5 9 11 13 16

Area (km2) 2.2 2.3 2.4 2.5 2.5 2.7

Population density
(persons/hectare)a

192 217 181 60 120 98

aWard densities
Source Compiled by Author
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Fig. 1 Location of selected Neighbourhoods in Ahmedabad. Source Compiled by Author

3 Methods

3.1 Data Collection

The data for this research was collected at three levels: City, Neighbourhood and
Household through various sources. At the City and Neighbourhood levels, census
demographics, road network, macro-scale land use, public transport (i.e., AMTS and
BRTS) nodes, routes and ridership information was collected. Household surveys
were carried out at each of the six Neighbourhoods to understand the neighbourhood
and travel characteristics.

A sample of 270 was recorded by a stratified random sampling method to analyse
Travel Behaviour and Carbon Emissions of the six selected Neighbourhoods of
Ahmedabad. The recorded information included Household Details, Travel Char-
acteristics and Neighbourhood Perception. The secondary information was inte-
grated with land use, built form and travel behaviour collected through the household
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Table 2 Emission factors
(mode-wise)

Particulars Emission factors

Two-wheeler—Scooter 0.0387

Two-wheeler—Motorcycle 0.0597

Four-wheeler—Hatchback 0.140

Four-wheeler—Sedan 0.290

Source Emission Factors provided by WRI in India Specific
Transport Emission Factors [16]

surveys of the selected neighbourhoods. The resulting database was further used in
multivariate statistical analysis.

3.2 Carbon Emission Calculation Method

The variables included in the study to calculate carbon emissions were Passenger
Transportation Activity (in vehicle-kilometre travelled—VKT), Modal Structure
and Emission Factors (in grams of CO2 released per kilometre vehicle travelled).
Maximum Emission Factors were considered for computing the Carbon Footprints
generated for the selected neighbourhoods (Table 2).

The total CO2 equivalent emissions for trips made in a day from a neighbourhood
(i) by total vehicle (j) are computed as follows:

Ci =
∑

j{[V K T (2W ) ∗ E F(2W )] + [V K T (Car) ∗ E F(Car)]} (1)

where Ci = Total CO2 emitted by households “j” from the neighbourhood “i”, VKT
= Vehicle Kilometres Travelled by a household in a day and EF = Emission Factor
for India specific road transport emissions mode-wise.

4 Results

The unit of analysis for this research is considered as individuals, for the reason that
specific attributes can be incorporated into the analysis, such as daily travel trips,
mode preference and vehicle kilometre travelled.

From the analysis mentioned in Table 3, it can be inferred that private vehicles
comprise more than 80% modal share within the city. And approximately 10% are
from public transport and amere 5% from Intermediate public transport. The average
trip length of two-wheelers and four-wheelers from the surveyed households aremore
than the mean trip length of Ahmedabad city. Also, it can be interpreted that public
transport also contributes considerably to a good distance of approximately 8.5 km
as a mean trip length of residents.
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Table 3 Average modal
share, trip length and travel
time

Mode Mode share (%) Trip length (km)

Bus 11 8.7

Auto rickshaw 05 5.2

Two-wheelers 45 6.8

Four-wheelers 39 12.6

Source Compiled by Author

In Table 4, income groups are defined as follows: Low (up to 50,000), Medium
(50,000–150,000) andHighmore than 1.5 lakh. The high- andmiddle-income groups
showed private vehicle-oriented travel behaviour in the surveyed neighbourhoods.

Table 4 Household and neighbourhood characteristics

Location of
study areas
from city
centre

Near centre Between centre and outskirt Near outskirt

Paldi Ambawadi Prahlad nagar Chandkheda Bopal Science
City

Area (Ha) 2.2 2.3 2.4 2.5 2.5 2.7

Population
density

High High High Medium Medium Low

Income
group

Low
medium

Medium
high

Medium high Low
medium

Medium
high

Medium
high

Average
household
size

3.9 4.2 3.6 4.5 4 5.3

Mixed land
use (%)

22 25 18 15 12 8

Residential
(%)

47 40 45 60 60 57

Commercial
(%)

8 12 15 4 7 5

Transport
(%)

15 16 13 11 14 15

Institutional
(%)

4 6 3 7 – –

Open space
(%)

4 1 6 3 7 15

Public
transport
connectivity

Yes Yes Yes Yes Yes Yes

BRT Yes Yes Yes Yes No Yes

Number of
bus routes

14 10 8 4 2 1

Source Compiled by Author
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Along with the ratio of the number of vehicle owned versus the number of people
having access to driving licence was more. Thus, it can be established that higher the
income, higher the ownership of private vehicles, more the number of travel trips.

The analysis shows that people belonging to low- and middle-income groups
have access to opportunities such as work and education at shorter distances. In the
study, we have analysed the variation in trip length, and modal share for work and
education trips has a negative relation to income groups. Trip length andmode choice
vary according to different income groups [14]. Since the low-income groups cannot
afford private modes of transport, their travel behaviour is more inclined towards
non-motorized or public transportation (Table 5).

Through the integrated analysis of transport, energy demand and CO2 emissions,
the results were as follows (Table 6).

Table 5 Travel characteristics

Location of
study areas from
city centre

Near centre Between centre and outskirt Near outskirt

Paldi Ambawadi Prahlad nagar Chandkheda Bopal Science City

Average vehicle
ownership (per
household)

20 48 47 50 32 65

Average trip
length

5.3 6.5 8.2 8.5 13.5 17.8

Two-wheeler 5.5 6.8 3.5 3.5 3.2 2.5

Four-wheeler 7.0 9.5 10.5 12.3 15.8 18.0

Public transport 5.5 6.3 6.5 6.0 8.5 7.5

Source Compiled by Author

Table 6 Neighbourhood carbon emission summary

Location of
study areas
from city
centre

Near centre Between centre and outskirt Near outskirt

Paldi Ambawadi Prahlad nagar Chandkheda Bopal Science City

Population
density

High High High Medium Medium Low

% of mixed
land use

High High Medium Low Low Low

Carbon
footprints (kg
CO2/km) (per
individual)

59.316 34.626 239.994 182.009 295.176 463.318

Two-wheeler 22.356 11.874 19.194 6.9696 12.936 7.452

Four-wheeler 36.96 22.752 220.8 175.04 282.24 455.84

Source Compiled by Author
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The neighbourhoods such as Paldi and Ambawadi, located within the proximity
of city centre, CBDs and workplace produced comparatively lesser carbon emis-
sions compared to the peripheral neighbourhoods. The neighbourhoods Science City,
Bopal, Prahlad nagar and Chandkheda were recorded to have high-income group
residents with higher dependency on private vehicles and generated higher carbon
emissions.

Science City, Bopal, Prahlad nagar and Chandkheda, peripheral neighbourhoods
with higher residential population density (with an exception of Science City), high-
income groups and lesser rate of public transport services recorded to have the
maximum generation of Transport Carbon Footprints.

5 Conclusion

Ahmedabad is developing rapidly with the rapid increase in motorized vehicles.
Hence, it is extremely crucial to understand the current urbanization trends to create
a framework for the implementation of Sustainable Development Goals. Neigh-
bourhood Planning being the backbone of urban planning and development is an
appropriate scale to assess the relation between urban formand transportation system.

Thus, it is necessary to look at the role of urban planning, transport and policy, and
their consequences on reducing travel demand, dependency on motorized vehicles
and carbon emissions [15]. Urban and Transportation Planning Department needs to
ensure that the undesired mode shift is detained and that the future urban expansion
does not result in an increase in the travel distances for the basic purpose of work
and education.

The study revealed that the modal share and the average trip lengths varied across
distinct socio-economic groups and purpose of trips. Vehicle Kilometres Travelled
(VKT) increasewith an increase in age andownership ofmotorizedvehicles. Personal
household income and the ownership of motorized vehicle also have an assertive
relation to themode of transport; sowith higher income, the use ofmotorized vehicles
for daily trips is also high.

In the above case study of six neighbourhoods, the Transport Carbon Footprints
reflected to have a negative relation to the pattern and distribution of city centres.
Residential population density of the neighbourhoods and the availability of public
transport infrastructure influenced in generating Transport Carbon Footprints.

There exists a need to attain positive travel behaviour, especially in developing
countries as a matter of concern from the perspective of Low-Carbon Sustainable
Transport. A positive travel behaviour can be achieved by the reduction in the usage of
the private mode of transport, reduced vehicle kilometres travelled, traffic congestion
and enhancement in transit ridership [7].

The demand for transport can substantially be reduced by adopting appropriate
land use policies and sustainably planned neighbourhoods. Reducing the need for
motorized transport can be achieved by internalizing the trip within the neighbour-
hood and providing mixed land use activities. For promoting Low-Carbon Travel
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Behaviour, medium- and high-density neighbourhoods should be encouraged [17].
Along with that, mixed land use zoning is another necessary policy tool to be
implemented so as to internalize their trips within the neighbourhoods.
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A Descriptive Analysis of Rehabilitation
and Resettlement Policies in India
Through Policy Feedback Approach

K. Sen Sharma and V. Jothiprakash

Abstract Policy Feedback Approach (PFA) considers existing policies as inputs
which reshape the political environment and eventually shape the forthcoming poli-
cies and their outcomes. PFA is a globally established policy analysis tool which
hasn’t so far been used for India’s involuntary resettlement scenario. Through our
study, we found some positive and negative feedback effects on this policy and iden-
tified some points which have a long-term diminishing effect on it. Our descriptive
analysis of Land Acquisition Rehabilitation and Resettlement (LARR) timeline of
India through PFA’s six lenses recognizes positive feedbacks like resistance, aware-
ness, participation, consent clauses, etc. and a few negative ones like stakeholders’
imbalance, clash of interests, vagueness, etc. The paper concludes with prospects to
develop a policy analysis tool aspiring better efficiency in resettlement policies.

Keywords Policy feedback · Land acquisition · Resettlement · Rehabilitation

1 Introduction

Rehabilitation and resettlement (R&R) plans have evolved over decades since inde-
pendence in India, originating from the archaic Land Acquisition Act 1894 to Right
to Fair Compensation and Transparency in Land Acquisition, Rehabilitation and
Resettlement Act (RFCTLARR) in 2015. Over the years, these plans have proven to
be the perfect examples of how policies have the power and ability to confer proper-
ties and resources towards some interest groups over others. The timeline of LARR
in India unfolds complex layers with each passing year resulting in more elaborate
policies. But this increasing complexity doesn’t ensure an increase in efficiency.
The Indian scenario of rehabilitation and resettlement (R&R) fits the definition of
‘policyscape’ [1], referring to the landscape heavily weighted by past policies which
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have established as institutions themselves. LARR caters to the urban needs of the
mass population but directly and intensely affects a smaller population (mostly poor).
Research and critique of public policies are usually done through a very idealistic
lens, through which the policy is supposed to be perfect and must cater to everyone’s
needs. Despite being unrealistic, this approach catalyses the improvement in policy-
making. The term ‘policy’ has a range of multifaceted definitions, like theory/model,
programme, output, outcome, and process.

By using very simple terminology, Colebatch states that policy is what the govern-
ment chooses to do, or chooses not to do and both remain equally important and that
the things that are not done create the base for upcoming policies [2]. The future
of a policy depends on the currently running version of it and the feedback and
lessons learnt through it. If the policy manages to gain the attention of the govern-
ment towards its journey and feedback, it’s the first and most important step towards
its evolution [3]. The policies built on the foundations of inequality often widen
the planning and implementation gap. These gaps are very evident in the case of
Indian Policies and have often emerged as major hindrances on the path of develop-
ment. Policy Feedback Approach considers existing policies as catalysts to reshape
the political environment which eventually results in new policy outcomes [4]. To
understand and pursue the policy feedback approach, it’s important to understand
the basic terminologies it’s based on. Studies by Elinior Ostrom state three different
levels of specificity when it comes to ideas of researchers in policy studies namely
Frameworks, Theories and Models [5]. With each step getting further refined and
precise, Ostrom defines framework as a ‘metaphorical language’ used for compar-
ison of theories, Theories as specific elements of frameworks and finally Models as
a set of assumptions concerning a limited set of variables and parameters [5]. Policy
scientists have used another interesting term named ‘metaphor’. The policy analysis
in this paper deals with involuntary resettlement policies due to land acquisition. The
main concern here is whether and how resettlement policies can be studied through
this approach and the major take-outs from this study. The interesting factor about
the whole ‘policy package’ around Land Acquisition and rehabilitation and resettle-
ment is the dual nature of it being both universal and catering to the urban needs of
the mass population as well as directly and intensely affecting the lives of a smaller
population (mostly poor). Political systems often distribute resources to individuals
and groups through policy incentives creating the basics of political science [6].With
LARR being such a policy which decides the incentives for the affected people by
the authorizing state, PFA seems an apt lens for its analysis. We have also established
our own definitions of ‘positive’ and ‘negative’ feedbacks of policies. Understanding
how some agencies benefit from these would yield clarity on the general public’s
situation as public policies encompass all citizens and affect them in some or the
other way [7]. The definitions of PFA are quite general and broad with little to no
specifics, which is both good and bad for the study. On the one hand, it doesn’t clearly
dictate the rules of analysis but on the other hand, it also gives us the freedom to apply
it for varying political contexts. Each policy choice when made has its own polit-
ical consequences, however, it’s hard to make specific claims about how, when and
where these consequences occur [6]. PFA to some extent sheds light on a few of these.
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Daniel Beland presents the whole concept of PFA in a relatively organizedmanner by
discussing six research streams which are interlinked yet distinct. The whole concept
can be perceived with 6 different faces of policy feedback as State Building, Interest
Groups, Lock-In Effects, Private Institutions, Political Participation, and Ideational
and Symbolic Legacies [8]. We shall carry out our discussion on the skeletal base
of these 6 streams of PFA. Partha Chatterjee’s acclaimed work establishes the idea
that the political society of India revolves around the welfare policies of the govern-
ment, including the R&R policies which try to provide relief to the people displaced
by corporate capital projects which consider them unwanted [9]. Whether the PAP
have so far been treated as obstacles, liabilities or opportunities that tell us the story
of LARR in India. Hence, given the solidarity of several researchers regarding the
impact of LARR on politics and vice versa, it’s a bit surprising how Policy Feedback
Approach being used to analyse this policy is an unexplored path. The reason we’re
inclined towards PFA is that studying a policy like LARR strictly as contemporary
polity tends to distort its understanding [10], while studying it as a multi-streamed
dynamic process can recognize the problems alongside their counteracts better.

2 Streams of Policy Feedback

2.1 State Building

Whenever a new policy is to be launched, the statemakes use of its existing capacities
and administrative arrangements to implement it efficiently, and these new policies
have the capacity to inflate the power and capacity of the state in question [8, 11].
This segment of policy feedback deals with the way in which authorities use policies
as agencies to expand and develop their administrative structures, but this expansion
may or may not proceed as per their intentions. At times, policies have even led
to the formation of strong allies which act in favour or opposing the government’s
ideals. Major social policies entrench the formation of fragments of state or political
bodies which tend to shelter the rights of stakeholders either due to political reasons
or simply for the sake of their own ideologies [8].

TheLandAcquisitionAct (LAA) 1894was used as a tool tomaintain its autonomy
over land and the population. Post independence, this act provided the government
with the ideal instrument to implement development plans, infrastructure projects
and other pro-progressive agendas [12, 13]. The basic philosophy behind LAA 1894
was to systematize the state’s power to confiscate land from unwilling private owners
as the Eminent Domain and to regulate its exercise for ‘public good’ and to regulate
compensation. The initial policies of LAA lacked a rigid definition of what ‘public
purpose’ meant in terms of the acquisition. These policies definitely helped the
state strengthen its entitlement to private property. But the ‘escape routes’ or bend-
able definitions of public purpose exempted them from transparency and clarity of
state’s alignment towards land dispossessionmovements [14]. Over the years as India
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underwent democratic awakening, the Act became more perceptive to the affected
population and their interests. From stringency to sensitivity, the state building made
the power dichotomous and every state started developing its own laws for acquisi-
tion. But the central government’s authority still prevailed over conflicts. The 2007
Bill stated central government as the ‘appropriate authority’ for projects of ‘public
purpose’ and multi-state ones. For internal acquisitions within, the state govern-
ments had the scrutinizing power. But as violent protests increased, the need for a
uniform policy was felt and the 2011 Bill further empowered the central Land Acqui-
sition Act exempting 16 other national acts, later reducing to 13. State Building also
occurred through the formation of dispute settlement authorities and project develop-
ment authorities. These departments branch out the state government’s administrative
capacities to organize the acquisition of land and project proceedings. The increased
weight of PAP’s consent and the Government’s authority over them creates a feed-
back timeline of intersection and overlaps. In the 2007 Bill, the Land Acquisition
Disputes Settlement Authority was directed to be set up. The government strength-
ened its own position even while handling grievances declaring that no civil court
shall have jurisdiction to entertain any dispute relating to land acquisition. In this
respect, the Collector or the Authority is empowered by or under this Act. It was not
until the Act of 2013 which finally made a strong statement about the consent of the
PAP. The public-private partnership (PPP) projects would require 70% consent from
the PAP. For private projects, 80% of consent was mandatory. But as soon as this Act
was declared, it was taken for amendment consideration before it could complete a
year. Later, the acquisitions for the purposes of defence, rural infrastructure, afford-
able housing, industrial corridors and social infrastructures including public–private
partnership (PPP) on a government-owned landwere exempted fromboth the consent
clause and the social impact assessment (SIA).

2.2 Interest Groups

The most significant arena of policy feedback research emphasizes how policies,
through their resources and incentives, affect social groups and their mobiliza-
tion [6]. The impacts of these policies bring some specific groups together with
similar political goals and capabilities. As per researchers, the policy programs
designed and targeted for the poormostly don’t form strong constituencies against the
policy and form vulnerable interest groups [15]. The quasi-universal social schemes
usually emerge with the most robust and politically impactful constituencies [8,
15]. However, this relationship between the targeted groups and political impacts
must be kept in the background and shouldn’t prominently affect the policy design.
Policies apart from providing incentives to the favouring groups also create counter-
mobilizations [11] but the frequency and the circumstances remain illustrative [6].
The policy feedback study of interest groups has 2 different approaches. One can be
the study of policies and correlating them to the behaviour of a specific group. The
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other is the identification of incentives used by such groups to overcome their collec-
tive issues and then determine if those were availed through the policies in question
[6]. LARR and resistance from PAP have always gone hand in hand. This policy
creates a few distinct groups, i.e. the acquirers/investors/benefitting group and the
displaced/affected/losing group. The clashes of interests between these two groups
fuel the policy transformations. It has been pointed out by researchers that in India,
land losers (especially farmers and cultivators) have been resisting more aggres-
sively to dispossession for private organizations, than to public sector projects. This
resistance is seen as a bottleneck for the liberalized economic growth model of the
country [14]. LARR and its altercations with the tribal and agricultural communities
is a well-documented subject. The protests and outcries of specific groups has also
pushed LARR into the centre of Indian politics and caused amendments [14]. These
protests have led to amendments regarding fair compensation, livelihood restoration,
acquired land being left unused, etc. It’s also been observed that active involvement
and a good organized society of the affected people always lead to better R&R imple-
mentation [16]. Apart from visible and substantive interest groups, there are several
other internal groups which are often neglected in R&R. As the social networks,
community bonds and fabrics break, the marginalized population of the scheduled
castes/tribes, the elderly and women are the ones who suffer the most. They are
often unable to express deal in their own favour [17] as baseline surveys treat fami-
lies as units. The male members are the most active participants of such surveys.
Hence, their representation and consultation at each step of R&R implementation
are extremely important.

2.3 Lock-In Effects

These are the negative impacts of old and existing policies on the new ones, which
restrict the policy’s progressive changes. The main studies and discoveries regarding
these negative lock-in effects were conducted by Paul Pierson over the years [6, 10,
18]. The established policies, as mentioned before, lead to the formation of interest
groups and an intricate economic and social network. The government officials or
agencies which try to modify or replace these policies tend to face a lot of resistance,
backlash and massive transition expenses [6]. The older the policy, the lesser politi-
cally vulnerable it becomes [18]. Change is often considered preferable in PFA. The
lingering lock-in effect in LARR is evident through the unperturbed upholding of
the archaic law LAA 1894 for so many decades before finally being challenged with
a minor amendment in 1984 and a proper one finally in 2007. The dominance of an
act over such a long period reflects a strong network, intent and inertia which were
difficult to break free from. The act of 1894 was initially practised to abolish the
system of ‘Zamindari’ in the country which was basically the stocking up of land
by the rich. The purpose was to fairly allocate the land to the poor in a just manner.
Post independence, the Act tuned into the government ‘s primary tool to implement
pro-development resolutions [12, 13]. But eventually again, the rich and the powerful
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found their way to exploit the act. The Act allowed the requiring bodies to divert and
manipulate the acquisition even before the actual process commenced. The reason
why the policy is unable to make progress and evolve for the better lies majorly in
the fact that whoever is in opposition, readily resists it and whoever is in power tries
to push it towards its older archaic versions, which are both dead ends. The best
example is the unorganized involvement of NGOs in R&R. It has been observed by
researchers how most of the NGOs are extremely vocal while opposing a develop-
ment project, but hardly accept the serious opportunity the same project offers, to
help and uplift the affected people [17]. Similarly, during the political reign of United
Progressive Alliance (UPA), the opposing party of BJP was very vocal in opposing
the Bill and actively participated in pushing forth the amendments regarding consent
and SIA in the 2013 Act, although the same party when in power nullified several of
those amendments through an ordinance which took place the very next year [19].
This cycle of protest, criticism and amendment also seems to lock-in the policy in a
way.

As mentioned before, another form of lock-in effect can be seen in the state’s
refrain from using definite terms of compulsion. When it comes to the provision
of alternative livelihood, land for land compensation or any other such incentives
other than money, there are hardly any strict regulations in the act. A lock-in effect
makes it very difficult to radically revamp the policy. The authorities often find it
challenging to make solid claims regarding the deliverables of the R&R package
and rather opt to provide soft assurance to avoid future litigations. This also exists to
make the plan flexible to various fragments of PAP and provide options for exercising
the resettlement smoothly.

2.4 Private Institutions

Since the 1990s, there have been extensive studies about the correlation between
private institutions and public policies [8, 20–23]. The focus of these studies has
been on how the private benefits which are widely desired and relied on by the
citizens impact their expectations and political mobilization in comparison to public
benefits [24]. Such private benefits become so obligatory to the people that they form
sturdy political alignment formaintaining the existing private institutionswhich avail
these benefits [24]. This may also be considered as a hindrance while enacting a
National public policy. Hacker has used Health Care as an example to explain this
phenomenon. In the U.S., large-scale private benefits of health had already emerged
which resulted in divided interests and constituencies and caused hindrances in the
path of National Health insurance and Medicare [24].

India’s liberalized model of growth and economy hugely relies on the state’s
capability to provide large chunks of land to the private and foreign investors [14].
The Indian government’s inclination towards massive private industrialists and using
Land Acquisition as a tool to aid plot collection for their private industries, factories,
IT parks, malls, etc. lately led to vast stretches of land acquired for Special Economic
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Zones (SEZs). This deprives the farmers and cultivators of their agricultural land.
The government’s active involvement here is a result of codependency. Infrastruc-
ture, which was historically provided by the State for the public good, has gradually
been privatized and turned into profit-making enterprises which now stand some-
where between public good and private commodity [25]. The state utilizes private
agencies to enable the development of quality housing, infrastructure and residential
colonies. The private companies too need the support of the state to be able to acquire
large fragments of land without facing land ‘hold outs’ [25]. The conflict of interest
between the peasantry and private companies initiates policy change. Apart from
‘public purpose’ and ‘public good’, another prominent term causing bewilderment
in the policy’s implementation has been the term ‘company’ to such extent that at
some point (1984) there was barely any difference between acquisition for state or
private enterprises [19]. Time and again organizations like Confederation of Indian
Industries (CII) and Confederation of Real Estate Developers have criticized the
LARR policies for making the acquisition process too long and complex. Although
their claims do hold strong reasons, the criticisms by Private institutions have been
felt to be a bit exaggerated by researches conducted by two renowned private financial
institutions (ICICI and Kotak) [19]. Nonetheless, the demands of private institutions
do have major impacts on the policy’s discourse.

2.5 Political Effects and Participation

The focus here is how the policies affect the electoral participation of individuals and
the political environment. The voting tendencies of elderly citizens, youth or even
working-class population are affected by the policies that have been imposed upon
the public. In the book How Policies Make Citizens, Campbell provides the empir-
ical evidence of how the Social Security Policies have made the elderly people more
active electoral participants. They aremore actively aware of their political rights and
more expressive and communicative to politics [26].When Social policies are drafted
targeting particular sections of the population, each section forms a different type of
relationshipwith the authorities, resulting in different levels of political participation.
In Marxist theories, the peasantry has often been considered as politically inferior,
and their exploitation through the accumulation of their properties has even been
termed as tragic but inevitable [27]. But it was hardly anticipated that the resisting
movements by the very same class of people might turn out to be the biggest hurdle
in the path of capitalism [25]. Primitive accumulation here didn’t directly refer to
involuntary acquisition, but could refer to anything which led to agricultural disrup-
tion and alienation of the affected people [25, 28]. The poor implementation of R&R
and unfair treatment at times reflects people’s electoral choices. The PAP incline
towards the political parties which support their cause. But the infrastructure and
other development projects when completed often cater to millions of people while
drastically uprooting a few hundreds. This major difference in this number shows a
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significant effect on votes. The voters, who didn’t lose anything to the project, often
overlook the woes of those who did and perceive such projects as progress.

2.6 Ideational and Symbolic Legacies

Symbolic pollution occurs when the ideas and the symbolic effects of previous poli-
cies are still fresh in the minds of the public and the authorities. This section deals
with the way these ideational and symbolic legacies influence political outcomes. For
example, if the public has had some bad experience with the policies of a particular
government, they might hesitate to support a member of the same political party.
Also, there are some language and symbolic factors which create a sense of security
or insecurity among the stakeholders [8]. The two major symbolic legacies which
dominate the LARR timeline in India are Development and Criticism. Development
or progress of the country is an ideational symbol every ruling body tries to put up
as a facade for the people. Since LAA 1894, the approach of the Indian government
towards development has been through the lens of collective industrialization and
that it would eventually benefit all [29]. This hasn’t much changed in recent times
as well. The mass acquisition helps the authorities to conduct gigantic infrastructure
projects (flyovers, ring roads, or metro rails), and these projects (irrespective of their
completion status) do help to create a symbol that development is happening. The
clear visibility of such projects is what makes a ruling party eager to make acqui-
sition more hassle free. As mentioned before, this explains the NDA’s desperate
seek for amendment through Ordinance in 2014 [19]. Meanwhile, the other promi-
nent symbol, i.e. Criticism and resistance, leaves a mark on the people and the civil
society organizations. It’s a common notion that whenever a project displaces people,
injustice is bound to happen. This makes both the PAP and the NGOs more inclined
to fight, resist and criticize LA rather than work towards making R&Rmore efficient
through active participation, constructive suggestions and helping the authorities in
things like maintenance and surveillance. There are several researchers who have
concluded how active participation, leadership and organized representation from
the PAP could make R&R and maintenance more efficient and how R&R can actu-
ally be used as a tool for the uplifting of the underprivileged [15, 16, 30, 31]. Hence,
it’s important to clear the symbolic pollution to change the outlook of people.

3 Discussion

TheLARRpolicies, likemost others, are subject to social structures, social diversities
and political ideologies of the area they’re applied to. Just as several other researchers
before us, we too are trying to find the most generic aspects and factors which act as
feedback driving forces for these policies to keep evolving. It’s also noteworthy that
the 6 streams of PFA enable a detailed understanding of the policy but they aren’t
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mutually exclusive. There are several aspects which fall under multiple streams.
For example, the PAP’s identity-based war for their land [32] is both a result of a
symbolic identity and an interest group formation on the basis of perceived injustice.
Hence, instead of classifying into the 6 streams, a more efficient way of classifica-
tion would be into positive and negative feedbacks. There are different approaches to
classify a policy’s endogenous forces into positive and negative feedback categories.
The commonly known theory from which we would mostly derive our analytical
apparatus for this classification is the Historical Institutional (HI) approach. This
approach is based on the particular mechanisms which reshape the state and social
actors’ capacities over time in ways that alter the reversal or expansion of the policy
[6, 11, 33]. Aligning our study with HI, positive feedbacks would be the ones which
drive the policy towards change, but have a self-reinforcing positive impact on the
policy and its effectiveness. And the feedbacks which keep the policy stable, but have
a long-term depreciative effect, would be considered as negative. A few examples
of positive feedbacks could be the justification of purpose and consent clauses, the
formation of grievance redressing bodies and the clauses against leaving an acquired
land unused over 5 years. The following are some negative effects observed. The
usage of vague terms and regulations in policy documents increases the chance
of its misuse and makes it harder to transform into a better policy. The lack of
acknowledgement and representation of gender and other differences among PAP
is another negative feedback. Another would be a great difference in the number
of users of giant infrastructure projects and the PAP which weakens their position
politically and restricts positive changes. Apart from this, the rampant criticism but
lack of constructive involvement of public organizations and NGOs keeps the R&R
from getting better. But as per our observations, even this taxonomy of positive
and negative feedbacks does have blurred edges, which we hope to clarify with our
further analysis in upcoming studies. Several feedbacks also have a neutral impact
on the policy where the positive and negative balance out. It’s important to estab-
lish these distinctions more clearly with supporting data, as there are several small
outcomes/feedbacks which may turn out to be highly impactful, while some big ones
may become irrelevant in the long run [10].

4 Conclusion

The aim of the study was to generate and enlist plausible explanations of policy
progress over time. But apart from that, we came to the realization of how PFA
provides a suitable foundation and guidance to engender a policy analysis tool. If the
negative feedbacks are balanced with counter-positive feedbacks, the result might
be a neutral or even positive one. The violent protests and resistance by the PAP
are positive and change initiating feedbacks but for the policy to move forward,
resistancemust be accompanied by active participation and constructive organization
of the PAP. Michael Cernea developed a world-renowned IRR model which has
inspired this study, and it stands on the balancing out of impoverishments and risks
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by reconstructions [34]. It’s this balance of the policy feedbacks which needs to
be maintained. Policy framing literature has a shortage of analytic models. A more
defined version of this equalization model should hopefully yield more distinctly
comprehensible policy balancing recommendations. This balance would ensure the
policy’s sustainability, i.e. checkingwhether the policy has self-reinforcing dynamics
of social adaptation and supports new interests.
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System Dynamics Approach for Urban
Transportation System to Reduce Fuel
Consumption and Fuel Emissions

Sandeep Singh and Challa Prathyusha

Abstract The world today is facing a severe environmental crisis. High fuel
consumption by the various categories of vehicles in urban areas causes fuel emis-
sions, worsening environmental conditions. This study aims to investigate and
analyze the scenario-based System Dynamics (SD) models to reduce fuel consump-
tion and fuel emissions. In this study, we built an SD model, including the factors
influencing the transportation system, energy system, emissions system, and envi-
ronment system. A broad range of policy scenarios was constructed for Chennai
city, India, which considered criteria such as model split, fuel consumption, and
fuel emissions. The SD simulation-based forecasting models are built considering
three scenarios, such as do-nothing scenario, do-minimum scenario, and desirable
scenario to project the SD parameters for the horizon year 2030. The scenarios of
augmenting the proportion of public transportation and simultaneously restricting the
proportion of private transportation by a model split of 10%:90% in the do minimum
scenario and 20%:80% in the desirable scenario led to substantial reduction in the
number of vehicles plying on the city roads. This has eventually resulted in pursuing
a significant reduction in fuel consumption and fuel emissions. The results from SD
simulation findings have led to the development of policies to regulate increasing
fuel consumption and fuel emissions, based on the estimated figures.
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1 Introduction

As the urbanization cycle accelerates, developing countries are under increased pres-
sure to make savings in energy and reduce pollution, particularly for urban regions.
Furthermore, energy consumption and CO2 emissions from the public and private
transport modes plays an important role in energy conservation and emission reduc-
tion. Travel demand models that can be used to forecast travel by mode, time of day,
length of travel, or travel locationmust be built [1] immediately to examine the impact
of one factor over the other. Enhanced capacity policies, which include mobility
management strategies for conservation and emission reduction in both developed
nations and developing nations, are required [2]. Collective actions and coordinated
government initiatives are thus the immediate requirements for addressing the prob-
lems and reducing damages to improve productivity through the usage of renewable
transport systems [3]. So, it is vital to comprehend the structures and the relation-
ships between different transportation systems, energy systems, emissions systems,
and environment systems of the urban region. As a result, the quantitative analysis
of behavioral characteristics and the process of complex transportation of urban
travelers have become important areas of study.

This work, therefore, aims primarily to study the energy and emission factors
affecting the transport sector in road transport. In addition, we have developed three
scenarios based on possible policies that could be adopted by the city administration
to predict their potential for both reducing vehicle fuel consumption and reducing fuel
emissions. The development of different alternative scenarios based on the System
Dynamics (SD) simulation models to predict potential demands for the transport,
energy, and emission sectors are also conducted. Later, the SD model scenarios are
critically reviewed and evaluated in such a way that could tackle and minimize losses
in transport, energy, and emissions. Finally, effective transport policies to ensure the
implementation of a sustainable transport system are proposed.

2 Background Literature

In the past few years, a significant number of studies have been conducted into energy
consumption and emissions.

Wang et al. [4] measured CO2 and passenger car pollutants through 2000–2005,
in order to find a reduction in the potential policies. The authors predicted the future
trend in pollutant emissions from passenger cars under three different scenarios.
Han and Hayashi [5] used the SDmodel to evaluate the influence of the supply chain
and examined the effects of policy scenarios on traffic volume, modal share, energy
conservation, and CO2 emissions.

Rentziou et al. [6] anticipated urban passenger transport volume, energy consump-
tion, andCO2 emissions based on simultaneous equations. Song et al. [7] formulated a
methodology for the development ofmesoscopic fuel consumption and fuel emission
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models to assess the environmental impacts of Intelligent Transportation Systems
(ITS) strategies.

Cheng et al. [8] explored three SD scenarios, which include fuel taxation, motor-
cycle parking management, and free bus service to potentially reduce vehicle fuel
consumption and mitigate CO2 emissions over a 30-year timeframe (from 1995 to
2025). The author suggested that the most efficient way of curbing growth in the
number of private cars, the amount of fuel usage, and CO2 emissions was both fuel
taxing and motorcycle parking management.

Malik et al. [9] have carried out a comprehensive disaggregate-level analysis to
quantify freight fleet emissions in Delhi, India. The effect of freight emissions on the
environment of the city was quantified. This research work revealed that freight vehi-
cles contribute 42.3% and 45.5% of the total PM10 and NOx emissions, respectively.
Interestingly, the light-duty freight vehicles were found to be a significant contrib-
utor to the overall pollution with 28.71% and 33.07% PM10 and NOx emissions,
respectively.

Akbari et al. [10] developed six scenarios using the SD technique and quantita-
tively analyzed them to figure out the best-performed scenario. They found that the
comprehensive policy SD scenario-based model performed the best compared to all
the other individual policies.

As can be seen from the abovementioned literature, not many studies have been
made in the past that focused on the interconnection between transport, energy, emis-
sions, and environmental systems. Furthermore, the implications of various transport
policies have still not been studied through a systemic approach covering more facets
of the urban transportation system. This has instigated the need for this researchwork
considering the importance of co-existence among the 4E systems—‘Engineering’,
‘Energy,’ ‘Emission,’ and ‘Environment.’

3 Study Methodology

A research approach to evaluate and examine the interrelationships among the trans-
port, the energy, the emissions, and the environment is proposed in accordance with
the principles of the SDmethodology. In this study, using the SD technique, the effect
of different scenarios on future fuel consumption and fuel emissions is predicted for
2018–2030. The three possible scenarios are the do-nothing scenario, do-minimum
scenario, and desirable scenario. The collected data from the different sectors are
used for the SD model conceptualization to establish the relationship between the
variables of the urban road transportation system (public and private), fuel consump-
tion, fuel emissions, and the environment sector. The analyses of the three different
scenarios were carried out by assuming the modal split ratio between public and
private modes of transport as 10:90 and 20:80 for the do-minimum scenario and
desirable scenario, respectively. The results were compared under different scenarios
to determine the benefits of the policy measures. In addition, based on the results
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Fig. 1 Flowchart showing the study methodology

obtained and comprehensive discussions, important and relevant recommendations
have been made for policy adoption. Figure 1 illustrates the study methodology.

4 Study Area

The city of Chennai, India, has been selected as the case study city to illustrate the
application of proposed scenarios. The road traffic in the city is majorly occupied by
private vehicles like Two-Wheelers (TW) and Cars (CR) and marginally by public
transport vehicles like Metropolitan Transport Corporation Buses (BUS). However,
the city roads are permanently hit by heavy traffic due to the density of the population
and the frequency of TWs and CRs, which intensifies the concentration of emissions
and energy consumption. Additionally, the rapid increase in the growth rate of the
vehicular population, especially private vehicles (TW and CR), has increased fuel
demand and emission levels. This has resulted in increased fuel prices due to fuel
imports from other nations. Hence, it is considered alarming and imperative to study
the impact of the increase in vehicles on fuel consumption and fuel emissions through
a System Dynamics (SD) approach.
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Table 1 Base year vehicle population

Class of vehicle

Particulars BUS AR TX LCV HCV PB MB TW CR

Count 7517 81,147 51,941 49,237 42,814 1677 3095 3,999,354 808,291

Percentage
composition
(%)

0.15 1.61 1.03 0.98 0.85 0.03 0.06 79.27 16.02

Source District statistical handbook Chennai district, 2016–2017 [11]

5 Data Collection

5.1 Transport Sector

The classified vehicle population data for the base year 2016–17 was acquired from
the State Transport Department, Chennai, to forecast the horizon year (2030) vehicle
population. The different classes of vehicles consist of public transport buses (BUS),
auto-rickshaws (AR), taxis (TX), private buses (PB),mini-buses (MB), light commer-
cial vehicles (LCV), heavy commercial vehicles (HCV), two-wheelers (TW), and
cars (CR). Table 1 shows the various classes of vehicles along with their population
of vehicles and the percentage composition in the city of Chennai.

Table 1 shows that the model split between public transport and private transport
is 0.15%:95.29%. The present share of public transport is less than 1%, which is
alarming. This classified vehicle population data is used to develop three different
scenarios, such as a do-nothing scenario, a do-minimum scenario, and a desirable
scenario. Furthermore, the SD models are developed on the basis of these data, and
forecasts of fuel consumption and fuel emissions for the respective vehicle population
have been made till the horizon year 2030.

5.2 Energy Sector

The energy sector is an important part of the transportation system’s driving mech-
anism. However, there are concerns about this now and in the near future, given the
limited availability of energy. The fuel consumption is measured according to the
average journey distance and fuel efficiency. In the SD-model building and simu-
lation development process presented in Table 2, the average distance traveled by
the various classes of vehicles in km/day, the efficiency of fuel in km/liters, and the
liter-year consumption of fuel are taken into account.
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Table 2 Data regarding fuel efficiency and fuel consumption by different vehicle types

Parameter BUS AR TX LCV HCV PB MB TW CR

Average distance
traveled (km/day)

151 96 21 51 55 111 22 18 24

Fuel efficiency
(km/liter)

4.1 21 13 14 4.33 5.0 8.7 53 12.9 (Petrol)
15.6 (Diesel)

Fuel consumption
(liters/year)

13,415 1669 534 1330 4637 11,863 897 124 684 (Petrol)
652 (Diesel)

Source Ministry of Petroleum & Natural Gas, Government of India, Report of The Expert Group
on a Viable and Sustainable System of Pricing of Petroleum Products [12]

Table 3 Pollutants emitted from the different vehicle types in grams/km

Class of vehicle

Type of
pollutant

BUS AR TX LCV HCV PB MB TW CR

CO2 515.2 60.3 208.3 423.84 423.84 515.2 515.2 26.6 223.6

CO 3.60 5.10 0.90 1.61 1.61 3.60 3.60 2.20 1.98

NOX 12.00 1.28 0.50 10.96 10.96 12.00 12.00 0.19 0.20

CH4 0.09 0.18 0.01 0.05 0.05 0.09 0.09 0.18 0.17

SO2 1.42 0.02 10.3 1.39 1.39 1.42 1.42 0.01 0.05

PM 0.56 0.20 0.07 0.33 0.33 0.56 0.56 0.05 0.03

HC 0.87 0.14 0.13 0.50 0.50 0.87 0.87 1.42 0.25

Source Ramachandra and Shwetmala [13]

5.3 Emissions Sector

India’s transportation sector is the third-largest emitting sector for greenhouse gas
(GHG), with the largest contribution from the highway transport sector. Chennai city,
with a population of around 10 million, and more than 75% ownership of cars, is
one of the largest emitters of various forms of pollutants. Table 3 provides data on
the types of pollutants emitted from different vehicle types.

5.4 Environmental Sector

A clean vehicle strategy and a mobility management strategy can be adopted to
reduce energy consumption and emissions of vehicles to zero levels. However, the
implementation of both such strategies requires proper and comprehensive analysis
and involvement of policymakers, government, and other stakeholders. Other emis-
sion mitigation measures can be the use of public bicycle sharing system, especially



System Dynamics Approach for Urban Transportation System … 391

during winters, and improvement in the walking environment by setting up special
driveways and pedestrian lanes, to meet the requirement of short-distance travel.

6 System Dynamics (SD) Model Development

System dynamics (SD) was first proposed by Forrester [14] to analyze dynamic
complex system feedbacks. Based on computer simulation technology, this tool can
analyze the relationships between various factors, simulate quantitative data, and
provide information about the feedback structure and systembehavior. This simplifies
the understanding of the overall system and various relationships associated with
policies related to the dynamic performance control of the system [15]. The SD
model is not only capable of analyzing a system with several interrelated variables
but is also capable of defining its complex patterns based on a limited collection
of details [5]. The SD incorporates qualitative analysis with quantitative analysis
and uses system synthesis logic to explain unknown behavioral features, making
SD a better choice when dealing with non-linear, high-level dynamic time-varying
processes. The SD models embodied the complex cycle of energy consumption and
emissions and expressed the unpredictable nature of the key issues associated with
urban transport systems. For these reasons, we have chosen an SD model to analyze
the energy and emissions of the urban transportation system in Chennai city, India.

The vehicle population, fuel consumption, and fuel emission models have been
established based on the proposed SD approach, which is presented in this section.
The developed SD simulation models for scenario I (do-nothing scenario), scenario
II (do-minimum scenario), and scenario III (desirable scenario) are shown in Figs. 2
and 3, respectively.

7 Scenario Analysis and Results

7.1 Forecasted Vehicle Population

The population is one of the key factors that affects passenger transport. The popula-
tion growth has been one of the main contributors to average distance traveled, fuel
consumption, and fuel emission. The existing growth rates in various vehicle groups
have been assumed to continue up to the year 2030, according to the do-nothing
scenario. On the basis of this, the vehicle population, fuel consumption, and fuel
emissions values have been simulated and predicted.

The development of these scenarios focuses on reducing the use of personal TWs
and CRs while increasing the use of BUS. The growth rate values of BUS (public):
TW and CR (private) have been modified to 10:90 modal split for the horizon year
2030, in the do-minimum scenario. To achieve the 10:90 modal division between
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Fig. 2 SD simulation models for scenario I (Do-nothing scenario)

Fig. 3 SD simulation models for scenario II (Do-minimum scenario) and scenario III (Desirable
scenario)
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public and private modes of transport, the former has been increased to 12.63%,
but the latter is limited to 6.98% and 8.24%, respectively. In the meantime, growth
rates for other transport modes, including the AR, TX, LCV, HCV, PB, and MB, are
slightly increased based on historical data.

The desirable scenario seeks to improve the attractiveness of public transport to
optimize the structure of public transport qualitatively and quantitatively. However,
total city trips cannot be covered by public transport while they can receive a consid-
erable amount of trips. In this scenario, the growth rate values of BUS (public): TW
and CR (private) have been altered in which a 20:80 modal split between public and
private transport modes is assumed. In order to achieve a 20:80 modal split between
public and private transport modes, the growth rate of BUS has been increased to
reach 20.66%, whereas the growth rate of TW andCR is restrained from being 4.21%
and 4.52%, respectively. Meanwhile, the growth rates of the other modes of transport
like AR, TX, LCV, HCV, PB, and MB are assumed to be marginally incremented
based on the historical data.

Additionally, it is hypothesized in this study that 30 TW and 15 CR with vehicle
occupancy values 1.5 and 2.3, respectively (Chennai Comprehensive Transportation
Study [16]), could replace one single BUS. Hence, a single BUS could have the
capacity to accommodate a maximum of 80 persons. However, CCTS-2010 [16]
reported that ‘during peak hours, the buses operate with more than 100 passengers
per bus indicating substantial overcrowding’.

7.2 Forecasted Fuel Consumption

It is well known that as the population of vehicles rises, the fuel consumption and
fuel emissions also increase for different vehicle classes, and vice versa. Figure 4

Fig. 4 Scenario I results—consumption of fuel till the horizon year
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Fig. 5 Scenario II results—consumption of fuel till the horizon year

illustrates the results of scenario I (do-nothing scenario) in which the forecasted fuel
consumption by each class of vehicle is represented.

The scenario of do-nothing indicates a rise in fuel consumption, following the
increase in the number of vehicles in the public and private transport. CR has an
expected fuel consumption of 34.02 lakh liters a day, TW has 24.11 lakh liters a day,
and BUS has a forecasted fuel consumption of only 2.61 lakh liters a day over the
horizon year 2030. Finally, all vehicles will consume 104.81 crore liters per day in
the horizon year 2030. That will contribute to the annual fuel consumption of 382.55
crore liters annually.

In the do-minimum scenario, the changes in the share rate of different transport
modes such as BUS (public): TW and CR (private) were kept at 10:90. Due to this,
fuel consumption decreased, and this is shown in Fig. 5.

Adjustments in the growth rate of the number of vehicles between public and
private transport have shown that fuel consumption varies accordingly for each
vehicle type. The fuel consumed by CR is reduced to 20.42 lakh liters per day
from 34.02 lakh liters per day (scenario I) for the year 2030. TW consumes 14.20
lakh liters per day of fuel when compared to the scenario I’s 24.11 lakh liters per
day in the year 2030. The fuel consumption for CR and TW is down by 39.98% and
41.10%, respectively. The fuel consumption by BUS mode of transport increases
from scenario I’s 2.61 lakh liters per day to 5.98 lakh liters per day in 2030, which
is about 129.12%.

It can be said from these results that the fuel consumption of BUS has increased,
but when we take the fuel consumption per person traveling in BUS into account
compared to that of people who combinedly use TW and CR, it can be said that
the former modes of transportation’s consumption of fuel is considerably less than
that of the latter. Compared to the outcome of scenario I, it can be seen that the
total fuel consumed by all vehicles in scenario II has reduced to 308.61 Crore liters
per year from 382.55 Crore liters per year in 2030, showing that all vehicles’ fuel
consumption in scenario II gets reduced by 73.94 Crore liters per year. Therefore,
annual fuel consumption savings amount to 23.95%.
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Fig. 6 Scenario III results—consumption of fuel till the horizon year

In the desirable scenario, the changes in the share rate of different transport modes
such as the BUS (public): TW and CR (private) were kept at 20:80. Due to this, fuel
consumption decreased, and this is shown in Fig. 6.

The CR fuel consumption reduces to 16.94 lakh liters per day in scenario III from
20.42 lakh liters per day (scenario II), and from 34.02 lakh liters per day (scenario I).
The TW fuel consumption reduces to 13.01 lakh liters per day in scenario III from
14.20 lakh liters per day (scenario II), and 24.11 lakh liters per day (scenario I). The
BUS fuel consumption increases to 7.98 lakh liters per day from scenario II’s 5.98
lakh liters per day, and from scenario I’s 2.61 lakh liters per day. The combined fuel
consumption of CR and TW transport is 54.44 lakh liters per day, while that of BUS
is just 7.98 lakh liters per day.

The fuel consumption in BUS has been increased, but when we take account
of the fuel consumption of individuals who travel in the BUS in comparison to
those who use both TW and CR, it can be assumed that the fuel consumption in the
former modes of transportation is considerably lower than in the latter modes. The
consequence of this scenario analysis is a combined increase. Comparing the results
of scenarios II and I, with scenario III, it was found that the total fuel consumed by
all the vehicles decreased to 276.44 crore-liters annually from scenario II’s 308.61
crore-liters annually and to scenario I’s 382.55 crore-liters annually in the year 2030.
It indicates an annual fuel consumption saving of 106.11 crore-liters, which resulted
in 38.38% fuel consumption reduction as compared to scenario I’s fuel consumption.

7.3 Forecasted Fuel Emissions

When contemplating the do-nothing scenario, the difference in the growth rate of
the number of vehicles and the fuel consumption of each type of vehicle between
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the public and private modes of transport has been found to have a significant direct
impact on fuel emissions. Figure 7 shows this.

Figure 7 reveals that the fuel emissions of CR, TW, and BUS would hit 13.15
Gg/day, 7.89Gg/day, and 0.82Gg/day, respectively, if the present pattern is permitted
up to the horizon year 2030. Consequently, all the vehicles could produce a total of
30.62 Gg/day of fuel emissions, which would result in a total annual fuel emis-
sion of 11,176 Gg/annum. This impact must be minimized by effective policies and
preventive measures, which are to be developed and evaluated with immediate effect.
Hence, the study further considers two main SD-based simulation scenario models.
The following sections discuss these SD models.

In the do-minimum scenario, Fig. 8 illustrates that the fuel emissions by CR
decrease to 9.30 Gg/day from scenario I’s 13.15 Gg/day and the fuel emissions by
TW decrease to 4.66 Gg/day from scenario I’s 7.89 Gg/day while the fuel emissions

Fig. 7 Scenario I results—fuel emissions till the horizon year

Fig. 8 Scenario II results—fuel emissions till the horizon year
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Fig. 9 Scenario III results—fuel emissions till the horizon year

by BUS increases to 1.28 Gg/day from scenario I’s 0.82 Gg/day for the horizon year
2030. The private transport emissions are 12.55 Gg/day, while public transportation
emissions only amount to 1.28 Gg/day.

It is evident from the above thatwhileBUS’ fuel emissions have risen, it can be said
to be much lower than in the former transport mode if we consider the fuel emissions
per person traveling in BUS as regards those using CR and TW combinedly. The
cumulative fuel emission vehicles in scenario II have reduced to 3094 Gg/annum
from scenario I’s 8082 Gg/annum and from scenario II’s 11,176 Gg/annum in the
2030 horizon. Therefore, fuel emissions have been reduced by 38.28%.

In the desirable scenario, the results from the contribution rate of different
transport modes to fuel emissions are shown in Fig. 9.

In the desirable scenario, the fuel emission by the fuel emissions by CR decreases
to 6.87 Gg/day from scenario II’s 9.30 Gg/day, and from scenario I’s 13.15 Gg/day.
Similarly, TWdecreases to 3.65Gg/day in scenario III from scenario II’s 4.66Gg/day
and from scenario I’s 7.89 Gg/day, while the fuel emissions by BUS show a slight
upward trend which increases to 1.88 Gg/day scenario III from scenario II’s 1.28
Gg/day and from scenario I’s 0.82 Gg/day. The private transport emissions are 10.52
Gg/day, while public transportation emissions are 1.88 Gg/day.

When these resulting values are compared with the results of scenarios II and I, it
can be seen that the overall fuel emissions of all vehicles in scenario III dropped to
6572Gg/annum from scenario II to 8082Gg/annumand scenario I to 1176Gg/annum
by 2030. As a result, the annual reduction in fuel emissions relative to scenarios I
and II was equivalent to 6572 Gg/annum and 1510 Gg/annum, respectively, resulting
in a reduction of 41.19% and 18.68% in fuel emissions in scenario III by 2030.

As ‘prepare and prevent is better than repent and repair,’ promoting fuel-efficient
vehicles on a larger scale can be obtained by enhancing and encouraging the use of
the public transport system innovatively and systematically. Further, this scenario can
bring significant amounts of annual economic savings to the people and governments
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by reducing energy consumption and adverse environmental effects.However, imple-
menting this scenario requires the huge potential of cooperation and coordination
from the top-down and bottom-up authorities.

8 Discussions and Recommendations

This study recommends that the increase in the BUS fleet size of the urban public
transportation with greater efficiency and reliability and restriction in private trans-
port may be implemented on a pilot basis for a zone or area to achieve sustainable
development. It should be remembered that it might not be possible to enforce the
desired scenario immediately. The main reason is that, because of resource and tech-
nology constraints, urban transport is difficult to make significant strides in the short
term. However, the public transportation sector should be emphasized and enhanced
due to its importance. Besides, ‘it is believed that improving the quality of vehicles
and their performance can greatly decrease fuel consumption and CO2 emissions’
[10].

Finally, this study recommends that besides implementing the conventionally
applied and the recommended mitigation measures to the 4E systems—‘Engi-
neering’, ‘Energy,’ ‘Emission,’ and ‘Environment’, calculated and strategic actions
are to be taken with immediate effect considering the additional 3E’s also, i.e., the
Education, Ethical values, and Enforcement into the 4E systems for a prosperous
and sustainable development of the city. All strategies, therefore, need tremendous
cooperation and teamwork capacity from the highest and lowest governments. These
policies will eventually reduce fuel consumption, fuel emissions, and environmental
impacts considerably to ensure that the Sustainable Development Goals (SDG),
which are adopted globally, are met.

9 Concluding Remarks

This study used SDmodels to understand the interrelationship between the transport
system, energy system, and emission system. The SD simulationmodel predicted the
fuel consumption and fuel emission levelswhen the share rate of transportwas consid-
ered as business as usual or in the do-nothing scenario, 10:90 in the do-minimum
scenario, and 20:80 in the desirable scenario. These policy measures will eventually
lead to a considerable reduction in fuel consumption, fuel cost, and fuel emissions
in the city. The study concluded that the desirable scenario gives the best results in
terms of reduction in fuel consumption and fuel emissions. The presented approach
and prediction results will help the transport planners and decision-makers to assess
the potential needs of energy expenditure and transport infrastructure needs.



System Dynamics Approach for Urban Transportation System … 399

References

1. James, J., Mark, J., & Aruna, S. (2012). A review of urban energy systemmodels: Approaches,
challenges, and opportunities. Renewable and Sustainable Energy Reviews, 16(6), 3847–3866.
https://doi.org/10.1016/j.rser.2012.02.047.

2. Litman, T. (2013). Comprehensive evaluation of energy conservation and emission reduction
policies. Transportation Research Part A: Policy and Practice, 47, 153–166. https://doi.org/
10.1016/j.tra.2012.10.022.

3. Liu, X., Ma, S., Tian, J., Jia, N., & Li, G. (2015). A system dynamics approach to scenario
analysis for urban passenger transport energy consumption and CO2 emissions: A case study
of Beijing. Energy Policy, 85, 253–270. https://doi.org/10.1016/j.enpol.2015.06.007.

4. Wang J, Lu H, Peng H (2008) System dynamics model of urban transportation system and its
application. J Trans Syst, Eng, Inform Technol 8(3):83–89

5. Han, J., &Hayashi, Y. (2008). A system dynamics model of CO2 mitigation in China’s intercity
passenger transport. Transportation Research Part D, 13, 298–305. https://doi.org/10.1016/j.
trd.2008.03.005.

6. Rentziou, A., Gkritza, K., & Souleyrette, R. R. (2012). VMT, energy consumption, and GHG
emissions forecasting for passenger transportation. Transportation Research Part A: Policy and
Practice, 46(3), 487–500. https://doi.org/10.1016/j.tra.2011.11.009.

7. Song, Y., Yao, E., Zuo, T., & Lang, Z. (2013) Emissions and fuel consumption modeling for
evaluating environmental effectiveness of ITS strategies. Discrete Dynamics in Nature and
Society. Article ID 581945. https://doi.org/10.1155/2013/581945.

8. Cheng, Y., Chang, Y., & Lu, I. J. (2015). Urban transportation energy and carbon dioxide emis-
sion reduction strategies. Applied Energy, 157, 953–973. https://doi.org/10.1016/j.apenergy.
2015.01.126.

9. Malik, L., Tiwari, G., Thakur, S., & Kumar, A. (2019). Assessment of freight vehicle charac-
teristics and impact of future policy interventions on their emissions in Delhi. Transportation
Research Part D, 67, 610–627. https://doi.org/10.1016/j.trd.2019.01.007.

10. Akbari, F., Mahpour, A., & Ahadi, M. R. (2020). Evaluation of energy consumption and CO2
emission reduction policies for urban transport with system dynamics approach.Environmental
Modeling & Assessment, 25, 505–520. https://doi.org/10.1007/s10666-020-09695-w.

11. District statistical handbook Chennai district, 2016–2017 (pp. 85–86) (2018). Retrieved May
2020, from https://cdn.s3waas.gov.in/s313f3cf8c531952d72e5847c4183e6910/uploads/2018/
06/2018062923.pdf.

12. Ministry of Petroleum & Natural Gas, Government of India,Report of the Expert Group on a
Viable and Sustainable System of Pricing of Petroleum Products. (2010). Retrieved May 2020,
from https://petroleum.nic.in/sites/default/files/reportprice.pdf.

13. Ramachandra, T. V., & Shwetmala. (2009). Emissions from India’s transport sector: State-
wise synthesis. Atmosphere Environment. https://wgbis.ces.iisc.ernet.in/energy/paper/IISc_E
missions_from_Indias_Transport_sector/index.htm.

14. Forrester, J.W. (1971). Counterintuitive behavior of social systems. Theory and Decision, 2(2),
109–140. https://doi.org/10.1177/003754977101600202.

15. Yuan, X. H., Ji, X., Chen, H., Chen, B., & Chen, G. Q. (2008). Urban dynamics and multiple-
objective programming: A case study of Beijing. Communications in Nonlinear Science and
Numerical Simulation, 13(9), 1998–2017. https://doi.org/10.1016/j.cnsns.2007.03.014.

16. Chennai Comprehensive Transportation Study (CCTS). (2010). Final report executive version
(pp. 11–40). Chennai Metropolitan Development Authority. https://www.cmdachennai.gov.in/
pdfs/CCTS_Executive_Summary.pdf.

https://doi.org/10.1016/j.rser.2012.02.047
https://doi.org/10.1016/j.tra.2012.10.022
https://doi.org/10.1016/j.enpol.2015.06.007
https://doi.org/10.1016/j.trd.2008.03.005
https://doi.org/10.1016/j.tra.2011.11.009
https://doi.org/10.1155/2013/581945
https://doi.org/10.1016/j.apenergy.2015.01.126
https://doi.org/10.1016/j.trd.2019.01.007
https://doi.org/10.1007/s10666-020-09695-w
https://cdn.s3waas.gov.in/s313f3cf8c531952d72e5847c4183e6910/uploads/2018/06/2018062923.pdf
https://petroleum.nic.in/sites/default/files/reportprice.pdf
https://wgbis.ces.iisc.ernet.in/energy/paper/IISc_Emissions_from_Indias_Transport_sector/index.htm
https://doi.org/10.1177/003754977101600202
https://doi.org/10.1016/j.cnsns.2007.03.014
https://www.cmdachennai.gov.in/pdfs/CCTS_Executive_Summary.pdf


Understanding Local-Level Political
Economy of Urban Water Access
to Poor: The Case of Mumbai

Sameer Pendharker, Subodh Wagle, and Pradip S. Kalbar

Abstract An apparent paradox inMumbai’s water scenario is the point of departure
for this study. On one hand, the city is blessed with ample water resources and
is governed by a financially and institutionally strong urban local body. On the
other hand, in stark contrast, the poorest sections of Mumbai residing in slums of
Mumbai, lack access to water. Thus, the denial of water access to the poor is the
result of unequal distribution rather than of water scarcity. The study hence aims at
unearthing the political economy ofwater operating at the slum level. To achieve this,
the study draws from in-depth semi-structured interviews, as well as a few informal
groupdiscussions involving approximatelymore than forty respondents. Thefindings
show that certain political actors dominate the slum-level political economy of water.
Each of these actors have special interests which they try to promote through diverse
activities, using different types of power which are derived from a range of sources.
The local political economydominated by local politicians and their acolytes controls
alternative channels of water provisioning while ensuring denial of access to the
formal water network to the poor. Understanding this political economy will help
on one hand, in providing formal water access to the poor and on the other hand, in
designing effective policies to regulate informal water provisioning in slum areas.
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1 Background and Context

1.1 Mumbai: A Water Privileged City

Any discussion on urban water starts and quite often revolves around two major
issues, namely; availability of sufficient water resources and availability of funds
required for the operation and maintenance of water supply systems. Mumbai is,
however, an exception to this. Mumbai receives an annual rainfall of more than
2300mm[8].This is considerably higher thanother Indianmega-cities likeBangalore
(970 mm), Delhi (800 mm), Kolkata (1582 mm), Chennai (1400 mm) [6]. Besides,
Mumbai is quite privileged when it comes to exclusive access to dams and water
resources stored in these dams. The per capita water consumption levels in affluent
areas of this mega-city are as high as 300 L per capita per day (lpcd) [7]. Bureau of
Indian Standards recently deemed water supplied by MCGM as the most drinkable
water among all other Indian cities [2].

The Hydraulic department of the Municipal Corporation of Greater Mumbai
(MCGM) bears the responsibility to provide water to the city’s residents. MCGM is
endowed with surplus financial resources unlike many other urban local bodies [9].

1.2 Water Deprived Slum Dwellers in Mumbai

Despite the availability of ample water resources and robust financial condition of
the MCGM, millions of people in Mumbai lack safe access to the formal water
network of MCGM [5]. Most of these people who lack formal water access belong
to the bottommost socioeconomic strata of Mumbai and stay in slum settlements
[4]. The partial or complete denial of formal water forces people to access water
from alternative sources of water. Such informal access to water is characterized by
insufficient quantity and poor quality of water, as well as excessive drudgery and
health, economic, and social costs to the poor [10, 11].

The alarming situation of water scarcity experienced by a huge number of families
in Mumbai cannot be fully understood solely by delving into the technicalities of the
water supply system, water resources engineering or municipal finances only [1, 3].

2 Research Methodology

2.1 Objective of the Study

It is clear from the above discussion that it is essential to investigate the economic
and political roots of the inequalities associated with water access in Mumbai. This
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study aims to understand this unequal distribution of water by exploring the political
economy factors, mainly those operating at the slum level.

2.2 Research Question

The broad qualitative research question investigated in this research is,
How does the politics at the level of slum settlements shape the access to water

for residents of slum settlements?

2.3 Data Sources, Collection, and Analysis

This exploratory study is based on mainly the qualitative data collected from four
cases represented by four slum pockets in suburban areas of the city of Mumbai.
These are situated in varied terrain-conditions, in different parts of the city, and
having different socio-religious-economic compositions. The study team interacted
with approximately forty respondents through one-to-one, in-depth, semi-structured
interviews, as well as a few informal group discussions. The method of snowball
sampling was adopted to select respondents. In addition, twenty-five semi-structured
interviews were conducted with other stakeholders such as local journalists, local
political representatives, formal and informal water service providers, academics
and researchers, and officials from MCGM. The qualitative data collected through
interviews and group discussions was analyzed using the technique of thematic
analysis.

3 Conceptual Framework

This qualitative study uses a political economy framework as a conceptual frame-
work for the collection and analysis of qualitative data that views the real-life social
phenomenon of denial of water access to slum dwellers as shaped by actions of
a variety of actors (as shown in Fig. 1). These actions of actors are driven by the
objective of protecting and promoting their respective economic, political, and other
interests. While undertaking such actions, the actors involved use different kinds of
powers emanating from varying sources, so as to achieve the aforementioned objec-
tive. In many cases, the informal power emanates from the weakness and vulner-
abilities of the poor. Therefore, in order to understand the phenomenon of denial
of access to water, the paper identifies and analyzes: (a) various activities of the
powerful actors, (b) the interests driving these activities, and (c) different sources of
power deployed or vulnerabilities of these actors exploited in order to affect these
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Fig. 1 Schematic of the conceptual framework

activities. Following specific research questions were used to collect the qualitative
data from the field.

1. Who are the powerful actors in the context of water access in slums?
2. What are the sources of power of these powerful actors?
3. What are the interests of these powerful actors?
4. What actions/activities do they undertake in order to fulfill their interests?

Figure 1 presents the conceptual framework in the form of a schematic.
For thematic analysis of qualitative data, themes emerging from this conceptual

framework were used as initial open codes.

4 Findings

The main powerful actor groups identified during the study are: (a) local politi-
cians, (b) municipal officials, (c) private water tanker providers, and (d) resourceful
residents having access to the formal water network.

The findings of the study are presented in terms of the actions undertaken by each
of these four actor groups. For each of these actions, the interests driving them and
the respective sources of power are presented.
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4.1 Local Politicians

The most important interest of local politicians is to garner votes in elections (please
refer to Table1). They garner votes by promising water or by facilitating access to
water through informal sources. They ensure that the right of the poor to water access
through the formal network is not often enjoyed by them so that the poor continue to
rely on these politicians for their water needs. To this end, they use, misuse, mystify
different rules and regulations, deny water to those who oppose or resist the activities
of these politicians, and give threats of demolition of slum-dwellers’ shanties if they
seek help from other politicians or other political parties. They draw their power to
undertake these actions from a mix of sources of two types; formal authority and
informal power. Informal power emanates from different types of vulnerabilities of
these poor slum dwellers such as poor people’s constant need for money and their
political marginalization that makes it impossible for them to fight back and resist.
These findings have been detailed in Table 1.

Table 1 Interests, actions, and sources of power of local politicians

Interests of/Benefits to
powerful actors

Actions affecting access to
water

Vulnerabilities the
poor/Formal authority

Garner votes from the
electorate by promising access
to water

Promise water connections
during elections, but avoid
delivering on the promise by
giving different excuses

Formal authority as an elected
representative

Force to accept alternative
(informal) ways of access to
water to poor that are under
their control of politicians and
/or provide benefits to
politicians or their acolytes

Economic and Muscle power

Maintain political control by
keeping the people dependent
on them for getting water

Denial of water citing different
rules and regulations

Formal authority as an elected
representative

Denial of access to formal
water network, saying that they
bought the votes by distributing
money during elections and are
not accountable

Poor people’s immediate and
constant need for money
(economic vulnerability)

Getting legal/illegal donations
for elections

Denial of tenure protection by
denial of access to formal
water network so that poor
could be evicted to clear the
land for local builders

Legal Vulnerability of the
poor people
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Table 2 Interests, actions, and sources of power of municipal officials

Interests of/Benefits to
powerful actors

Actions affecting access to
water

Vulnerabilities the
poor/Formal authority

Bribes Taking hefty commission from
licensed plumbers for
providing formal water
connections which raises the
overall cost of getting a
connection

Connections and/or economic
exchange with local plumbers

Appeasing elected
representatives (political
superiors) by facilitating their
anti-poor activities

Denying connections citing
rules and regulations at the
behest of politicians and local
builders

Official authority drawn from
the official post

Inordinately delaying
connections by confusing and
trapping people in official
paperwork

Official authority drawn from
the official post

Citing the absence of written
orders from superiors to
provide water connections
even after High court ruling
and release of GR that require
them to give connections

Official authority drawn from
the official post

Asking for proof of residence
prior to cutoff dates even when
not required

People’s lack of knowledge of
rules (information
vulnerability)

4.2 Municipal Officials

The main interests of municipal officials include earning bribes and to cater to the
pressures and demands of local politicians and their acolytes. The officials take
hefty commissions from licensed plumbers and if commission is not paid, they delay
connections by trapping people in official paperwork, rules, and procedures. Munic-
ipal officials source their power from poor people’s lack of knowledge of official
procedures and their own rights besides the official authority they possess. These
findings have been detailed in Table 2.

4.3 Water Tanker Providers

The main interest of water tanker providers is ensuring a steady sale of water in order
to earn profit from the sale of water. This they do by cartelling among themselves
and colluding with local politicians. They source their power over poor people from
economic resources they have which they provide to elected politicians as well as
from lack of other options for poor people to satisfy their water needs. These findings
have been detailed in Table 3.
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Table 3 Interests, actions, and sources of power of private water tanker providers

Interests of/Benefits to
powerful actors

Actions affecting access to water Vulnerabilities the poor/Formal
authority

To earn profit from
sale of water

Cartelling through mutual
understanding with competitors

People’s need for water and lack
of other options to obtain water

Colluding with local politicians,
who receive regular “haftas”
(bribes) from private providers
in return for protection of their
interests

Close relations (family and/or
financial) with local politicians,
as well as the exchange of
economic benefits

Table 4 Interests, actions, and sources of power of formal connection holders

Interests of/Benefits to
powerful actors

Actions affecting access to
water

Vulnerabilities the
poor/Formal authority

To earn profit out of selling
water illegally to those who do
not have formal water
connections

By colluding with engineers,
licensed plumbers, and local
politicians to prevent people
from getting water connections

Their slightly better of social
status within the slum cluster

By charging deposit fees from
customers and refusing to
return it if customers try to
switch from one such
connection holder to another

People’s basic need for access

4.4 Formal Connection Holders

Like private water tanker providers, the interest of these formal connection holders is
an economic gain in the form of additional income. These people are residents of the
same slum settlements who are economically better and/or politically connected. As
a result, they have been successful in getting access to the formal water network of
the municipal corporation through a private, formal water connection. These connec-
tion holders sell water, which they receive from the formal network for their own
consumption, to other poor people in the settlement who do not have access to the
formal source of water. They charge exorbitantly for the water as compared to what
they have to pay to the municipal corporation. They draw their power from their own
resourcefulness, political connections, and/or social status within the community.
These findings have been detailed in Table 4.

5 Conclusion

The main interests of the powerful actor groups identified in the study, fall within
the ambit of economic benefits such as earning profits, bribes, additional income,
or campaign funds. Only local politicians have political interest such as garnering
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votes. The strategies used for the fulfillment of these interests involve collusion with
other powerful actors, citing rules and regulations, trapping poor people in official
paperwork, asking for commissions, and cartelling. Coming to the source of power
while the politicians and officials mainly make use of the formal authority they have
due to their position, they also exploit the vulnerabilities of the poor people. These
include their lack of knowledge about official rules and procedures, as well as the
lack of options, available to them for obtaining water.

The local politicians and their acolytes control alternative channels of water provi-
sioning, and at the same time, ensure denial of access to the poor to the formal water
network. Thus, they hold poor residents of slum ransome using their formal authority
and informal power. Thus, in this case, benefitting from vulnerabilities of the poor
residing in these slums, political patronization, and economic exploitation of the
poor by the powerful actors, all, go hand in hand. The study found an overwhelming
sense of hopelessness and cynicism among slum dwellers with regards to water
access, which is rooted mainly in the apathy and callousness of the state (municipal
corporation) and local politicians.

The understanding gained through this study of the strategies and mechanisms
used by powerful actors, their interests, and sources of their power will help devise
necessary policies to effectively curb the malpractices involved and to regulate
informal water provisioning in slums.
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Utility-Based Road Space Distribution
Model for Vehicles, Pedestrian, Parking
and Hawkers

Solanki Ghosh and R. N. Datta

Abstract The vibrant andmultifunctional nature of the Indian roadsmakes it unique
and challenging for effective traffic management. But, in today’s urban planning
models, road space allocation is done based on automobile requirements. Hence,
there is a need to develop a methodology for optimizing the allocation of competing
road space. This study aims at calculating the utility of each competing use at any
particular space and place based on the socio-economic and functional fabric of the
area. Three road stretches in Kolkata, India, are selected and a primary survey of 300
samples is conducted. Utility maximization theory is applied to maximize the road
space utilization. Utility is assigned to every competing uses under the constraints
of right of way, level of service requirement and mode demand. The outcome of
the proposed methodology is in terms of the percentage of actual demand to be met
while allocating road space to different competing use, to maximize the social and
economic benefits. This methodology helps achieve optimal allocation of road space
for varying kinds of demand that are characteristic of Indian urban streets.

Keywords Road space · Utility maximization · Pedestrians, hawkers, social choice

1 Introduction

In Indian cities, significant numbers of roads and streets have multifunctional use.
This vibrant nature of the Indian roads makes it unique and challenging for effec-
tive traffic management. Conflict for space happens between various kinds of users
like cars, public transport, slow moving vehicles, pedestrians, hawkers, parking and
roadside shops. Demand for space for these users also differs greatly with changing
adjacent land use and socio-economic condition of the area. In general, the prime
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objective of allocating space for movement on Indian streets is biased towards auto-
motive modes, mainly cars. Should it be so? The 2011 Census of India shows that
only 4.7% of India’s population has ownership of scooter/car/jeep/van. Majority of
our population still avail public transport, bicycles, two-wheelers and even walking
as the mode of travel. Therefore, there is a need to study and develop a method-
ology for the effective utilization of road space by different users. Now the question
remains that, in which part of the city, we should give more importance to the car and
where importance is to be given to pedestrian and other modes’ movement? How
much space do we allow for the hawkers?Where on-street parking should be allowed
and where it should be restricted? How does adjacent land use and socio-economic
composition of the area accounts for the above decisions?

Hence, there is a need to develop a methodology for optimizing the allocation
of competing road space, demanded by motorized traffic, non-motorized vehicular
traffic, pedestrians, parking and vendors with respect to social, economic and func-
tional demands. The aim of the study is to develop a methodology for optimizing the
allocation of road space, to competing motorized traffic, non-motorized vehicular
traffic, pedestrians, parking and vendors with due consideration to their functional
demand and socio-economic needs. The next section of this study focuses on various
literature to arrive at the factors which contribute to the utility of any mode with
respect to its surroundings. Section 3 outlines the survey procedure and its outcomes.
In Sect. 4, a conceptual framework has been proposed for optimizing the allocation
of road space, to competingmotorized traffic, non-motorized vehicular traffic, pedes-
trians, parking and vendors. In Sect. 5, the application and validation of the proposed
conceptual framework has been done. This paper is concluded with some limitations
of the study.

2 Literature Review

There are several types of schemes/concepts that talk about reallocation of road space.
These concepts use various concepts of equity to reallocate space. Living Streets is
one such concept where priority is given to pedestrians and cyclists, and create safe
places for people to walk, cycle, play and meet friends [1]. Shared streets is another
such concept which introduces an additional ‘place’ function for urban road space
in addition to its basic functions of ‘mobility’ and ‘access’ [2, 3]. Complete Streets
give emphasis to the value of safe access for all users, not just automobiles. [4]. Land
use planning can contribute to a reduction in kilometers driven by influencing the
spatial structure area. Dense and mixed-use development helps to keep walking and
cycling attractive [5]. Most analyses identify income and automobile ownership as
primary determinants for explaining differences inmode choice [6, 7]. Both variables
are closely correlated as an increase in incomes makes owning and maintaining a
car more feasible. Additionally, higher incomes increase the opportunity costs of
travel time, and thus private motorized vehicles become more attractive. On average,
business owners overseas overestimate car uses by their customers by approximately
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20% and underestimate walking trips to local shopping areas by 13–19% [8, 9].
For some land use, like roadside shopping areas, there is a demand for pedestrians.
But with the absence of proper pedestrian facilities, people walk in a very unsafe
environment, adding to the congestion in the road by spill over. From the literature
study, the following factors are identified as factors which are most likely to affect
the demand for road space by competing uses like motorized traffic, non-motorized
vehicular traffic, pedestrians, parking and vendors:

• Land use
• Socio-economic
• Modal split.

3 Survey Procedure and Data Collection

3.1 Survey Procedure

Three road stretches, Hatibagan, College Street and Saltlake 3rd Avenue, had been
identified in KolkataMetropolitan Area having diversity in land use, socio-economic
conditions and modal split. Then detailed physical characteristics survey had been
done to collect information on right of way, lane widths and footpath width, vendors’
encroachment, pedestrian traffic spill over and street parking. A questionnaire survey
was conducted with visitors and/or shoppers, shop owners and/or hawkers and inhab-
itants to understand their demographic variance, spending patterns, mode choice,
needs and preferences. The survey procedure is indicated in Fig. 1 and Table 1.

4 Introduction to Study Area

4.1 Identification of the Stretches

Three arterial road stretches of Kolkata, India, namely, Hatibagan, College Street and
3rd Avenue of Saltlake have been selected for the study. The selection has been done
mainly on the basis of diversity of land use, socio-economic conditions and modal
split in these stretches. Table 2 describes the physical characteristics of the chosen
road stretches. College street road stretch, famously known as ‘Boi Para’ and is dotted
with small and big bookstores and kiosks. It has many educational institutions like
Presidency University, Hindu school, etc. and the famous Medical College. Along
with the bookstalls and institutes, the entire street feels like an extended campus. The
selected stretch runs from Madan Mohan Burman street (Bata junction) in the north
to B B Ganguly Street (Bowbazar junction) in the south.

Hatibagan road stretch is known for its 100 years old Hatibagan market. This
stretch is a predominantly commercial area with some public buildings, mostly
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Fig. 1 Flow diagram of survey

theatres like Star Theatre. The vendors’market here is one of the vibrant and econom-
ically thriving markets of the city. It stretches from Shyambazar 5 point crossing in
the north to Hedua crossing in the south. Saltlake is a satellite township of Kolkata
and 3rd avenue is one of the arterial roads of this township. Major adjacent land use
is public and semi-public. It also has considerable residential land use. City centre is
one major commercial establishment along this road. It also abuts the Karunamoyee
Bus Terminal.

4.2 Volume Count Survey

The existing traffic condition of the three road stretches is being summed up in the
following Table 3. Survey nodes A2 and B1 has v/c ratio more than 1, and thus need
immediate attention. Detailed analysis of PCU count has been done in the following
section.

5 Conceptual Framework

The aim of the study is to develop a methodology for optimizing the allocation of
road space, to competing uses with due consideration to their functional demand
and socio-economic needs. All competing uses have been categorized into 4 cate-
gories; Motorized Traffic (MT), Non-Motorized Traffic (NMT), Pedestrians (Ped)
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Table 1 List of data collected

Survey Secondary source Information to be derived

Physical characteristics
survey

Map: urban land use Calcutta
City; NATMO
GIS road map of Kolkata: KMDA

Land use map
Land use mix percentage
Detailed dimensions
Spill over from footpaths

Visitors’/shoppers’
survey

Modal split
Change in modal choice with
change in land use, income, etc.
Parking characteristics
% expenditure by various income
groups, mode of transport
Informal economic activity
Socio-economic survey for the
floating population

Shop/Hawkers’ survey Informal and formal economic
activity characteristics
Busiest hours of activity
No. of customers
Modal split of the customers
Change in modal choice with
change in land use, income, etc.

Socio-economic survey Census of India, 2011, 2001 and
1991

Population, HH nos, HH income
Change in modal choice with
change in income, vehicle
ownership, etc.
% expenditure by various income
groups, mode of transport
Daily transportation habits

User perception and
satisfaction survey

User perception of what should be
the optimum level of service
provided
User satisfaction from existing
services
Transportation habits

Traffic behaviour
survey

Comprehensive mobility plan,
Kolkata metropolitan area,
August, 2008; KMDA

Traffic volume
Travel time
Speed distribution of the traffic
Parking accumulation
Public transport system
Para-transport system (transport
department)

and Parking & Hawkers (PH). From the literature review, we can see that the utility
of the first three categories, MT, NMT and Ped, is dependent upon Land Use, Socio-
economic factors like gender and income, and the characteristics of the mode like
mode cost and travel time. The utility of parking and hawkers is seen as a function of
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Table 2 Physical characteristics of the road stretches

Characteristics College street Hatibagan Saltlake

Length (m) 1.2 1.5 3.4

Right of way (m) 15 18 30

Fee on on-site
parking

Present Present Present

Designated lane Not present Not present Not present

Public transport
system

Bus service present,
auto-rickshaw service
not present, tram
service present

Bus service present,
auto-rickshaw service
not present, tram
service present

Bus service present,
auto-rickshaw service
present, metro to come

Adjacent dominant
land use

Commercial and
Institutional

Commercial and
recreational

Public, Residential and
Commercial

Bus stops 3 2 4

Table 3 Volume Count Survey Results (Source: Primary survey)

Stretch Time Pcu Flow rate Pcu/hr V/C Pedestrian volume

College street Morning 101 1508 0.75 154

Evening 107 1605 0.80 206

Hatibagan Morning 93 1388 0.93 43

Evening 84 1266 0.84 70

Saltlake Morning 143 2152 0.60 385

Evening 149 2242 0.62 383

the economic benefits it brings to the area. The following Fig. 2 outlines the concep-
tual framework to arrive at a maximization equation. The utility of each category is
explained in Eq. 1 and 2 below

Ua = Social Cost ∗ (Transport SpaceUtili t y + SocioeconomicUtili t y − mode cost) (1)

where, a represents MT, NMT and Ped;

UPH = Percentage of Economic Revenue per Rs.1000 revenue of permanent shops
(2)
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Fig. 2 Conceptual framework flow diagram

5.1 Social Choice

Social choice is obtained from Soft Multi-Criteria Analysis of Users’ preferences
data. The Users were asked to rate each factor (Table 4) in terms of value and impact.
Value is the rating given to each factor in terms of much that factor influences in
mode choice of the user and the impact represent howmuch each category fares well
in each of these factors.

Table 4 Impact and value matrix (more numbers of Xs and +s higher is the impact or value
respectively)

Value MT NMT Ped

+++ Door to door travel is possible xx xx xxxx

+ More comfortable than other alternatives xxx xxxx xx

++ Less costly than other alternatives xx xx x

++ Safe to travel xx xx xx

+++ Time of travel is less xxx xxx x

++ Non-availability of other alternatives xx xx x
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Fig. 3 Centroid for categories MT, NMT and Ped, respectively

Fig. 4 Comparison of
centroids

For every category, the impact is plotted on Y-axis and the value is plotted on
X-axis for MT, NMT and Ped (Fig. 3). The centroid is obtained from all the points
is plotted in red. These centroids are then plotted in the following Fig. 4. These
centroids represent the social choice. Because in this case, the value of X-axis is the
same for all three alternatives, the value of Y-axis is taken as the social choice for
respective alternatives. This method used is soft multi-criteria analysis [10].

5.2 Transport Space Utility (L)

User preference for mode of transport for various Land use is identified from the
survey. For finding user preferences, the total modal frequency for the trip generated
for different kinds of landuse and totalmodal frequency for trips attracted for different
kinds of land use have been identified from the primary survey.WeightageLi is given
by adding the frequency and then normalizing them. This weightage will be used as
a factor for land use utility (L).

L =
∑

Li ∗ % of Land use I (3)

where Li is the Land use attraction factor for land use i (Table 5).
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Table 5 a Land use attraction factor b Transport space utility for the three stretches

5.3 Socio-economic Utility

Themode choice frequency for various socio-economic factors is calculated.Weigh-
tage is given by the weighted sum method (sg and si). This weightage will be used
as a factor for socio-economic utility (Table 6).

S = {(sgm ∗ %ofmale + sgf ∗ %of female)+
(si1 ∗ %of income1 + si2 ∗ %of income2+
si3 ∗ %of income3 + si4 ∗ %of income4 + si5 ∗ %of income5)}

(4)

5.4 Mode Cost (C)

Mode Cost is calculated using the following equation.

Mode Cost = Travel cost + Value of time − Economic benefit (5)

Travel cost factor is calculated as travel cost per km/summation of travel cost per
km of all modes * 100. Value of time is taken from ‘Road User Cost Study in India’
by CRRI [11] (Table 7).

Table 6 a Income factor b gender factor c socioeconomic utility

Table 7 Mode cost MT NMT Ped

Mode cost 55.68 50.61 – 6.28
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Table 8 Utility of PH Utility Hatibagan College street Saltlake

PH 0.21 0.8 0.8

Table 9 Total Utilities of all
categories

Utility Hatibagan College street Saltlake

MT 5.86 6.18 5.06

NMT 0.66 0.72 1.72

Ped 3.16 2.78 2.86

PH 0.21 0.8 0.8

5.5 Utility for Category PH

Utility of category PH is calculated as percentage of economic revenue to total
revenue. The normalized utility of category PH can be summarized as follows
(Table 8).

5.6 Final Utilities of All Categories

See (Table 9).

5.7 Maximizing Equation—Proposals

Maximizing equation for each category arrives in the following format:

• Max U = UMT * XMT + UNMT * XNMT + UPed * XPed + UPH * XPH
• Now,we have tomaximize the total utilityU.Given the constraints, XMT,XNMT,

XPed and XPH <= Demand and XMT * AMT + XNMT * ANMT + XPed *
APed + XPH * APH = Road width, Here, AMT, ANMT, APed and APH are per
unit area required (Table 10).

In Hatibagan and College street, Category NMT traffic should be completely
restricted. Hawkers and parking can be provided only on one side of the road. In all
cases, the proposed demand for motorized traffic is lessened considerably. In Salt
Lake, due to the presence of residential land use, the requirement of Non-motorized
traffic is considerable and it demands the provision of a dedicated lane.
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Table 10 Final results of
maximization

Hatibagan College street Salt Lake

Demand MT 1900 2500 3300

Proposed MT 1850 1050 2200

Demand NMT 700 500 1300

Proposed NMT 0 0 300

Demand Ped 1300 2100 2500

Proposed Ped 1300 2100 2500

Demand PH 240 205 335

Proposed PH 200 100 100

6 Conclusion

The proposed methodology achieves optimal allocation of road space for varying
kinds of demand that are characteristic of Indian urban streets. For existing streets,
where the constraints are more pronounced, the methodology helps to determine
a workable allocation of space to varying uses on their socio-economic priorities.
The basic form of the proposed methodology is an optimization model that aims to
maximize the utility of road space. The utility function has three components, viz.
transport space utility, socio-economic utility and mode cost as a negative utility
which have coefficients based on social choice. The objective function is maximized
under the constraints of the level of service limit, available road width and lane
capacities. Themethodology has been applied to three road stretches having different
land use characteristics in Kolkata. Application of the methodology on the three
stretches indicates that there are scopes for improvement of the existing conditions
of movement and road space usage. For green field developments, the methodology
can be effectively applied to determine proper road space allocation by drawing data
from similar existing urban places. Given the constraints of time and resource, the
study had to be restricted to some limitations. Cultural and political factors are not
considered. The impact of the solution on the greater part of the city is considered
negligible for this study. Climatic and environmental factors are also not considered.
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Assessment of Urban Foodbowl Using
Spatiotemporal Analysis of Urban
Growth

Shahana Usman Abdulla and Bimal Puthuvayi

Abstract Drastic transformations in land use often impact the sustaining capacity
of a city, the major impact being the one on the productive agricultural land available
in an urban area, termed as the “urban foodbowl”. This study tries to analyze the
transitions in the productive agricultural land of the urban area of Palakkad, a city
situated in Kerala, India, due to the impact of land cover changes. Landsat images
obtained from remote sensing data were used to map the land cover of the study
area at four time points, i.e., 2000, 2005, 2015, and 2020, which were then subjected
to supervised classification into categories of built, water, open areas, plantations,
forests, and agricultural land. The transition of agricultural land to other land useswas
determined. Then, the factors most likely to have influenced were used to analyze the
transitions measured earlier using logistic regression. An increase of 2,335,452 ha
(500%) in the built-up areawas found over a period of 20 years. The analysis revealed
an increasing trend of transition from agricultural land to built-up land use which
ranged from 1050.3 ha (2000–05) to 3540.24 ha (2015–20). The factor analysis
revealed the influence of states of neighborhood cells, distances to the roads, and
urban centers to be higher on the transition of agricultural land to other land uses.
This study brings our attention to the impacts of the transformation of the urban
landscape on the foodbowl which imposes challenges to the sustainability of food
production in urban areas.

Keywords Urban land change · Urban foodbowl · Transition analysisn.

1 Introduction

Understanding urban growth spatiotemporally is important for landscape and urban
development planning [1]. The changes in land use and land cover occur due to
urbanization caused by unplanned and uncontrolled urban sprawl which leads to
change in nature, destroys green cover, and pollutes the water resources [2]. Over
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the last 20 years, many urban areas have experienced dramatic growth, as a result
of rapid population growth and as the world’s economy has been transformed by a
combination of rapid technological and political change. Around 3 billion people—
virtually half of the world’s total population—now live in urban settlements. And
while cities command an increasingly dominant role in the global economy as centers
of both production and consumption, rapid urban growth throughout the developing
world is seriously outstripping the capacity ofmost cities to provide adequate services
for their citizens. [3]. The capacity to feed people in urban areas depends mainly on
the impact of rapid urban growth on the highly productive agricultural region on the
city fringe termed as the “Urban Foodbowl” [4].

The urban population of Kerala, one among the southern states of India, is about to
cross the 50%mark with a high rate of urbanization and if the trend continues, Kerala
is most likely to be 100% urban in the future [5]. Palakkad is one among the major
rice producing districts of Kerala. The conversion of paddy fields into residential and
commercial plots has been going on at a rapid pace in Kerala, India, since the 1980s.
The high density of population, inflow of remittance incomes from migrant workers,
and the fast growth of the services sector have created a high demand for land in the
state [6].

This study tries to analyze the impact of urban growth on the urban foodbowl
of Palakkad which would be helpful for future predictions and policy interven-
tions. The transition of agricultural land to other land uses have been analyzed using
remote sensing data and GIS techniques. The factors influencing these transitions
were analyzed using logistic regression to find the predominant causes of transition.

2 Materials and Methods

2.1 Study Area

We examined the spatiotemporal growth of the urban area of Palakkad, located in
Palakkad district, Kerala, India (Fig. 1a, b), from 2000 to 2020. Palakkad district
is one of the main granaries of Kerala and its economy is primarily agricultural
engaging more than 44 per cent of the workers. The district shares 20.45% of the
state agricultural area (Fig. 1c), expressing that agriculture is the main sector of
economy of the district [7].

Palakkad shows an increase of 10.47% in urbanization, from 13.62% in 2001 to
24.09% in 2011 [4]. The Palakkad town spreading over an area of 26.6 km2 has
agricultural land both inside and along the fringes of the town. In order to find the
impact of urbanization on the urban foodbowls of Palakkad, the study area was
delineated.

Images from Landsat 7 ETM+ (Jan 2000 and Jan 2005) and Landsat 8 OLI/TIRS
(Jan 2015 and Dec 2019) (Fig. 2a) with one scene (path 144, row 53) covering the
study area were acquired. The study area was then delineated with a buffer of 15 km
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Fig. 1 Location of the study area: a Location of Kerala in India. b Location of Palakkad district in
Kerala. c Land use of Palakkad district (Source State Urbanization Report, 2012)

a) b)

Fig. 2 Location of study area: a Landsat 8 OLI/TIRS (144, 53), Jan 2015 b Delineated study area
showing Palakkad town (Source USGS)
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from the administrative boundary of Palakkad town which was fixed based on the
distribution of growth nodes around the town in order to accommodate their impacts
on the urban growth (Fig. 2b). Thus, a total area of 8, 04, 330 ha with Palakkad town
and its surrounding areas was delineated.

2.2 Land Use/Cover Mapping

Landsat images were used to map the land use of the study area for four different
time points being 2000, 2005, 2015, and 2020. These images were obtained from
Landsat 7 ETM + (Band combination—4,3,2) acquired on 28 January 2000, 25
January 2005, and from Landsat 8 OLI/TIRS (Band combination—7,6,4) acquired
on 13 January 2015, 27 January 2020, all with a spatial resolution of 30 m. For each
time point, one scene with path 144 and row 53 was enough to cover the entire study
area.

A pixel-based supervised classification employing the maximum-likelihood clas-
sification algorithm was used to classify the images to the required categories. This
technique involved threemain steps: sample preparation, signature development, and
classification. The images were then classified into categories of built area, water,
open areas, plantations, forests, and agricultural land. The classified land use covers
were then overlaid with Google Earth imagery for accuracy.

2.3 Transition Analysis

This analysis was done inArcGIS inwhich the transitions of agricultural land to other
land uses of built, plantation, and open areas during the periods 2000–05, 2005–15,
and 2015–20 were determined. For this, an ArcGISmodel (Fig. 3) was created which
used a raster calculator to take the paddy layer during the first year of transition and
then calculate its transition to other land uses of the second year of transition using
“&” operation with the required target values of each layer.

2.4 Factor Analysis

The factors here taken are those which could most probably have an influence on
the land use transitions calculated. Based on the study area, the factors selected were
neighborhood, distance to junctions, distance to first order urban centers, and aspect
(Table 1).

For the analysis, a sample of 1 lakh pixels was taken using sampling by random
points. Firstly, the transitions calculated earlier were extracted to these sample points.
Then the neighborhood (3 × 3) pixels of each sample point for each land use were
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Fig. 3 ArcGIS model for calculating transitions of agricultural land to other land uses

Table 1 Driving factors and their descriptions

Representative factors Description

Cellular automata Represents the built and plantation land use present in 3
× 3 neighborhood cells of each sample point

Distance to first order urban centers Represents access to urban facilities

Distance to second order urban centers Represents access to urban facilities

Distance to junctions Represents access to nearby growth nodes

Distance to built-up areas Represents proximity to built environment

Distance to roads Represents access to transport facilities

Population density Represents the spread of population

Slope Represents the terrain of the study area

Aspect Represents the terrain of the study area
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Fig. 4 ArcGIS model for calculating the neighborhood land use for the sample points

calculated using an ArcGIS model (Fig. 4) utilizing focal statistics which calculated
the presence of each type of land use separately extracted to each of the sampled
points. Similarly, data of all of the other factors were extracted to the sampled points.
The whole procedure was followed for all the three time periods taken.

The data extracted from the sample points are then exported to STATA for further
analysis to find the influence of the factors on the transition of agricultural land to
other land uses. The calculated transition of agricultural pixels to built-up area, open
area, plantations, and which remained agricultural are taken as dependent variables
and the rest of the factors are taken as independent variables for analysis. These are
then subjected to logistic regression from which the odds ratio gave the influence
each of the representative factors had on the transition of agricultural land to built-up,
open and plantation areas. The factors were also checked for multi-collinearity and
the redundant factors were removed based on their correlation. Logistic regressions
and correlations were run using coding in STATA. The analysis was done to the
datasets of all the three time periods taken; 2000–05, 2005–15, and 2015–20.

3 Results and Discussion

3.1 Transition Analysis

Our results show a total loss of agricultural land being 14,940.45 ha during 2000–
2005, 15,303.33 ha during 2005–15, and 9405.09 ha during 2015–20 in the study
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Fig. 5 Loss of agricultural
land to other land uses
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area (Fig. 5). The losses were measured to land uses of built area, plantation, and
open area. Out of the losses considered, transition to built-up land use seems to be
at 1050.03 ha (7%) during 2000–05 and 1109.34 ha (7%) during 2005–15, whereas
it gets catapulted to 3540.24 ha (38%) during 2015–20. Transition to an open area is
found to be at 4077.99 ha (27%) during 2000–05, 6233.04 ha (41%) during 2005–15,
and 212.67 ha (2%) during 2015–20. The highest transition of agricultural land was
to plantations which were found to be 9812.43 ha (66%) during 2000–05, 7960.95 ha
(52%) during 2005–15, and 5652.18 ha (60%) during 2015–20.

The results clearly prove the practice of conversion of agricultural land to other
land uses as it is evident from the transition of agricultural cells to other land uses over
a period of time. The loss of the urban foodbowl is majorly attributed to plantations,
which mostly is related to the nature of the study area where the conversion of paddy
fields to coconut plantations so that the area could be further used for other purposes
is prevalent. Loss of agricultural land to built-up areas is showing an increasing
trend over the years. Urban growthmay be attributed as the major reason behind such
transitions. Since the loss of urban foodbowl to other land uses has been substantiated,
further analysis of factors has been done to find the influence behind the transitions.

3.2 Factor Analysis

The logistic regression gave the odds ratio which showed the odds of a factor influ-
encing a particular land use transition. During 2000–05, the aspect, distances to the
urban centers and junctions were found to have a higher influence on the transition
of agricultural land to built-up areas. But during 2005–15, the transition to built-up
areas is found highly dependent on the built neighborhood indicating an increase in
the urban growth during that particular period in the area. During 2015–20, again the
aspect and distances to nearby facilities become dominant in influencing transition to
built-up areas. These indicate the nature of terrain and access to urban and transport
facilities as the major reasons for the transition of agricultural land for constructing
buildings, in turn, indicating an increasing trend of urbanization.
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The distances to junctions and urban centers are found to have a higher influence
on the transition to plantations. This again substantiates the conversion of paddy lands
to plantations to be further used for construction, a prevalent practice in Kerala. And
the rough terrain and long distances to urban facilities have resulted in less or no
transition of agricultural land.

4 Conclusion

This study examined the impact of urban growth on the foodbowls of the urban area
of Palakkad, known as the “rice bowl” of Kerala, India, from 2000 till 2020, using
remote sensing data and GIS techniques. The transition analysis revealed a loss of
urban foodbowl showing an increasing trend over the course of years. The major
losses were found to be attributed to plantations and built-up areas. The transition to
plantations can in-turn be attributed to the emerging built-up areas as it is a practice
prevalent in Kerala to convert them to plantations first and then to built-up areas.
The factor analysis revealed an influence of the access to urban, transport facilities,
and terrain as the major factors influencing the transitions. Also, the nature of the
neighborhood of agricultural land has also resulted in its conversion majorly to built-
up areas. This study provided insight into the decline of urban foodbowls upon which
the food production is dependent, especially in a state like Kerala. This further results
in the deterioration of resources and urges us to depend more on other states for food
supply and survival. Analyzing such a decline would help us combat further losses
and take necessary policies for retaining a sustainable food production system. The
findings of the study could further be used to model the future land use transitions
and their probable impacts.
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Understanding the Implications
of the Loss of Peri-Urban Arable
Land—A Case of Pune Metropolitan
Region

Amruta Garud and Bakul Rao

Abstract Land, one of the non-renewable resources, is primarily used as a
commodity to cater to food, shelter, and other infrastructure demands. Urbaniza-
tion has resulted in unmonitored conversions of agricultural lands to non-agricultural
(NA) activities in the peri-urban and rural areas, which were once fertile lands. These
arable parcels of land have now been exposed to the haphazard urban sprawling. The
study aims tomap non-agricultural conversions temporally and understand the impli-
cations on the local food security and livelihood. A ground-level data extracted from
7/12 forms have been used to estimate the loss of land and the resulting impacts.
The Pune Metropolitan Region in India has been considered as a case for investi-
gation. It has recorded a total of 320 NA conversion cases for 140 villages between
2015 to 2019. The results show a cumulative loss of 4739 ha arable land, of which
1146 ha, 716 ha, and 403 ha under cereals, legumes, and vegetables, respectively. It
is also observed that 80% of the land lost was under rainfed and 13% under irrigated
agriculture. In just four years, it has been estimated that around 22,716, 74,627,
and 319,952 people have lost their local source of land for cereals, legumes, and
vegetable production, respectively. The potential local livelihood loss is estimated at
around 411 agricultural labourers per year. The research concludes that every hectare
of land converted to non-agricultural use has direct and much severe implications at
the grassroots level, especially on the local or regional food security and agricultural
livelihood.
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1 Introduction

Agriculture is one of the most essential and exploited provisioning services of the
land resource. As the global population continues to rise and require ever-greater
quantities of food [12], dependency on the agriculture sector has increased than ever,
and the constrained access to the land resource has further widened the gap between
food production and consumption [15]. As urban ecosystems themselves have less
land available for agriculture, the peri-urban lands are susceptible to take a burden
of urban sprawling [1, 15, 16]. The Ministry of Rural Development, Government of
India, in 2013, released the National Land Utilisation Draft Policy [11] to address
the growing concern due to increasing pressure on land resources and sustainable
development challenges therein. Further, the policy haswidened the ambit of the term
land by defining it as things attached to the earth or permanently fastened to anything
attached to the earth andwhich also includes benefits to arise out of the land. The said
benefits from the land resource are the offshoots of the ecosystem’s provisioning,
regulating, supporting, and cultural services [5]. The provisioning ecosystem services
primarily depends on agricultural land cover (for example, cropland versus pasture)
and management practices. Hence, the study of arable lands becomes significant.

For India, though the seventh-largest country in the world, land resource manage-
ment is critical as India has over 17% of the world’s population living in 2.4%
of the world’s geographical area. Therefore, India can no longer afford to neglect
current malpractices or inefficient planning and management of land resources. In
metropolitan regions, the dependency on the rural ecosystem for agriculture increases
as urbanization takes a heavy toll on local land-use practices. The impact of urban
sprawling on the rural ecosystem is noticeable as one travels outward from the city
limits. The ramification is paramount in the peri-urban area of the city, which once
was the most fertile arable land catering to the city’s demands. As cities grow, urban-
ization further outspread this belt of fertile land, leaving resources crunch and an
increase in resource miles in the future. So how does this arable land gets snatched?
The gimmick we are interested in here is the conversion of native agricultural lands
to non-agricultural use, otherwise referred to as NA conversion in India. This aspect
of land-use conversions and its implications on the local food and livelihood system
has not been adequately addressed in the current regional planning practices and
researches in India, making this research a valuable contribution.

2 Literature Review

A considerable number of studies have concluded that global warming and increased
concentration of greenhouse gases impacting temperature trends, as a significant
implication of land-use conversions [4, 15]. Also, some studies have precisely under-
lined the implications on themicro-nutrients and soil profile [7, 10, 13]. The changing
land-use practices such as deforestation and tillage, resulting in a net loss of soil
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carbon to the atmosphere. A study in China has found that the land-use conversion
may affect the soil organic carbon concentration distribution in the soil profile [2].
As most of the literature has focused on the environmental implications of land-use
conversions, there is a need to focus on the socio-economic implications aswell. How
dowe estimate these socio-economic implications? A study by Etter et al. [3] empha-
sized a spatially explicit understanding of existing and predicted land cover changes
and knowledge of their underlying drivers. It was also evident from the literature
review that analyses of multiyear time series of the land attributes, their fine-scale
spatial pattern, and their seasonal evolution have led to a broader understanding of
land cover change [7, 17]. Based on the literature insights and data availability, a
suitable methodology has been developed for further investigation.

3 Study Area

The PuneMetropolitan Region (PMR), identified for this study, was notified in 2014,
under the Maharashtra Regional Town Planning Act of 1966. Compared to other
metropolitan regions in India, the PMR shows substantial loss of fertile arable land
to urbanization, hence makes a suitable case for investigation. The PMR consists of
9 blocks (see Fig. 1a) of the Pune district of which Mulshi, Maval, and Haveli blocks
are included totally; andBhor, Shirur, Velhe, Purandar, Khed, andDaund are partially
included. The PMR consist of 845 villages, 13 census towns, 8 municipal councils,
and 2 municipal corporations, amounting to the overall population of 7.33 million
as of 2011. The mix of urban–rural population in this region is 42–58%. The PMR
is known for its highly fertile land and quality of produce, especially vegetables,
because of geographic and climatic suitability.

Fig. 1 A key map showing blocks and administrative boundary of PMR (a), temporal, spatial
growth of Pune city (b) and village wise spatial distribution of population density for PMR (c),
Source modified using the google earth historical imagery tool and Census of India 2011
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4 Data and Method

TheNAconversion is a commonly knownbut crucial process as several factors, stake-
holder approvals, and high conversion fees are involved. The procedure of converting
land-use to non-agriculture comes under the State governments in India, as land is
a state subject. In Maharashtra, the conversions are monitored in the purview of
the Maharashtra Land Rules (conversion of use to of land under non-agricultural
Assessments) 1969. In this research, the land-use conversion data for the past four
years has been used to establish the research problem spatially and numerically. In
Maharashtra, the land record form, commonly known as 7/12 form, is a combined
registration of Record of Right and Registration of crops (Land Record office, no
date). At the grassroots level, the land record officer, commonly known as Talathi in
Maharashtra, is responsible for maintaining the land record register for their respec-
tive jurisdictions. The compiled raw data for the PMR was acquired from the Pune
Metropolitan Region Development Authority (PMRDA). The data was in a tabular
format inwhichvillagewise non-agricultural landuse conversions, commonlyknown
as NA conversions, recorded during 2015–2019 were listed. For every NA conver-
sion listed, a form number 7/12 was acquired from the state government’s land record
website. For this study, a total of 320NAconversion cases recorded for 140 villages of
PMR are considered for further investigation. From the 7/12 form, for every conver-
sion case, data on agriculture type, crop, and season-wise area under cultivation and
its irrigation status were categorically tabulated for further descriptive analysis.

In this research, based on the data available and literature review, a suitable
methodologyhas been developed for estimating the potential implications. The socio-
economical implications have been studied here and estimated using the following
four steps. (1) estimating the loss of arable land under cultivation under cereals,
legumes, and vegetables food groups, (2) estimating the loss of agricultural produce
therein for the identified food groups, (3) estimating the number of people losing a
potential local source of production, (4) estimating a potential number of marginal
workers losing potential local livelihood due to loss of arable land to land-use
conversions.

5 Results and Discussions

The results of the study can be broadly grouped depending on the potential implica-
tions for food security and local livelihood. The summary of the analyzed year wise
and block-level cumulative data of NA conversions have been presented in Table 1.
The cumulative loss to land-use conversion, for all the food groups, is around 4739
ha of arable land fromDecember 2015 to April 2019. The studied data has shown that
the Haveli block, which encompasses the Pune city, shows maximum loss of arable
land around 40.66% of the total recorded land-use conversions and Bhor being the
lesser of all the blocks with 4.34%. Mawal and Mulshi blocks are the parts of the
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Fig. 2 Spatial distribution of (a) year wise and (b) cumulative land-use conversions recorded
between December 2015 to April 2019 and village working population percentage of (c) main
cultivators and (d) agricultural labourers as per Census 2011 in the PMR

western ghats, that is more undulating and suitable for paddy fields and vegetables,
also having functional connectivity to both the Pune city and its primate cityMumbai,
have recorder loss of 8.81% and 15.50%, respectively. Daund, Khed, Purandhar, and
Shirur, blocks with less undulating topography and less fragmented fields, are suit-
able for wheat and horticulture and have recoded 9.35%, 8.45%, 8.12%, and 4.87%,
respectively. These blocks also show amajority of the percentage of workers engaged
as agricultural labourers (See Fig. 2). These prime agricultural lands, sufficing the
local demand, show a considerable loss of arable land. Further, the spatial distri-
bution of the land-use conversions shows a spatial correlation with the transport
corridors, proximity to the urban centers, comparatively less undulating topography,
and geographically more significant villages (Refer Figs. 1c, 2b).

5.1 Cropping Season and Food Group Wise Estimation
of Loss of Arable Land

While studying agriculture within a region, it is crucial to understand the prevalent
cropping seasons, cropping pattern, irrigation type. The loss of area under cultivation
can be estimated for three prevalent cropping seasons inMaharashtra, namelyKharif,
Rabi, and Summer crops. The Kharif from June to October, Rabi from November
to March, and Summer from April to June. In the PMR region, which is blessed
with right agro-climatic conditions, the maximum loss of arable land is under Kharif
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Fig. 3 Block wise loss of arable land to NA land-use conversion and concerning (a) cropping
season and (b) food groups, recorded between December 2015 to April 2019, in the PMR Note
Data only for food groups in focus has been presented. The data for fruits, flowers, grazing land,
and grass has not been considered in the food group wise study.

cultivation, in which almost 80% of the total conversion has taken place (see Fig. 3a).
The crops in the Kharif season are primarily rainfed crops; thus, it can be said that
the loss of rainfed fields is higher compared to the irrigated crops. The Haveli block
shows the highest loss of Kharif andDaund blockwith the highest loss of Rabi season
crops. Another way of looking at these land-use conversion losses is that there is a
loss of major food groups. The loss of crop is grouped under three groups, namely
Cereals,Legumes, and Vegetables, as they form a central part of the local diet (see
Fig. 3b). The percentage losses for cereals, legumes, and vegetables are 24.19%,
15.12%, and 8.51%, respectively, and together with a total of 47.81% of the total
recorded land-use converted area. The Haveli block has shown a maximum loss of
area under cereals and vegetable cultivation.

5.2 Implications on Local Food Security

The aspect of food security considered here in this research is in terms of ‘access to a
local source of production for catering average consumption demands’ of the region.
Hence, two prime questions answered include; first, how much produce would have
been produced if the lands were not converted, and second, with that produce, to what
extent the consumption demand would have been catered? The loss of agricultural
produce due to the land conversions is calculated by multiplying the area of the loss
of agricultural land and the average productivity of the respective crop (Refer Table
2). The average productivity for cereals is 2.1 tonnes/ha, for legumes is 1 tonne/ha,



440 A. Garud and B. Rao

Ta
bl
e
2

B
lo
ck
-w

is
e
es
tim

at
io
ns

of
im

pl
ic
at
io
ns

on
fo
od

se
cu
ri
ty

de
ri
ve
d
fr
om

Ta
bl
e
1

C
ol
um

n
H
ea
d

(a
)
To

ta
lN

A
co
nv
er
te
d
ar
ea

(H
a)

(b
)
Pr
od
uc
tio

n
L
os
s
(t
on
ne
s/
ha
)

(c
)P
eo
pl
e
lo
si
ng

a
lo
ca
ls
ou
rc
e
of

pr
od
uc
tio

n

N
ot
es

(b
)
=

(a
)
*
A
vg
.f
oo
d
gr
ou
p
pr
od
uc
tiv

ity
by

th
e
lo
ca
lg

ov
er
nm

en
t

(c
)
=

(b
)/
A
vg
.f
oo
d
gr
ou
p
w
is
e
pe
r
ca
pi
ta
pe
r

an
nu
m

co
ns
um

pt
io
n
fr
om

N
SS

O

B
lo
ck
s

C
L

V
B
T

C
L

V
B
T

C
L

V
B
T

B
ho
r

41
.0
6

43
.5
1

51
.6
1

13
6.
18

86
.2

43
.5

82
5.
7

95
5.
5

81
4

4,
53
2

40
,9
60

46
,3
06

D
au
nd

17
8.
9

5.
01

44
.5
7

22
8.
48

37
5.
7

5
71
3.
1

10
93
.9

3,
54
6

52
2

35
,3
74

39
,4
42

H
av
el
i

55
1.
66

15
3.
28

24
6.
72

95
1.
66

11
58
.5

15
3.
3

39
47
.5

52
59

.3
10
,9
33

15
,9
66

1,
95
,8
09

2,
22
,7
09

K
he
d

64
.5
4

76
.3
3

5.
91

14
6.
78

13
5.
5

76
.3

94
.6

30
6.
4

1,
27
9

7,
95
1

4,
69
2

13
,9
22

M
av
al

57
.5
7

65
.5
7

14
.4
5

13
7.
59

12
0.
9

65
.6

23
1.
2

41
7.
7

1,
14
1

6,
83
1

11
,4
68

19
,4
40

M
ul
sh
i

13
5.
48

22
7.
06

8.
33

37
0.
87

28
4.
5

22
7.
1

13
3.
2

64
4.
8

2,
68
5

23
,6
52

6,
60
8

32
,9
45

Pu
ra
nd
ha
r

79
.3
6

12
3.
49

27
.9
7

23
0.
82

16
6.
7

12
3.
5

44
7.
6

73
7
.7

1,
57
3

12
,8
63

22
,2
01

36
,6
37

Sh
ir
ur

37
.6

22
.1
8

3.
58

63
.3
6

79
22
.2

57
.2

15
8.
4

74
5

2,
31
0

2,
83
9

5,
89
4

C
ol
um

n
To

ta
l

11
46

.1
6

71
6
.4
2

40
3.
14

22
65
.7
4

24
06
.9

71
6.
4

64
50

.2
95
73
.6

22
,7
16

74
,6
27

3,
19
,9
52

4,
17
,2
95

A
nn

ot
at
io
ns

us
ed

–
C
:C

er
ea
ls
;L

:L
eg
um

es
;V

:V
eg
et
ab
le
s;
B
T
:B

lo
ck

to
ta
l

T
he

co
lo
ur

co
di
ng

us
ed

is
bo

ld
—

hi
gh

er
;i
ta
lic

—
m
od

er
at
e;
bo

ld
ita

lic
—

lo
w
er



Understanding the Implications of the Loss … 441

Fig. 4 A temporal block wise estimation of loss of produce and the potential number of people
losing a local source of production

and vegetables are 16 tonnes/hectares, respectively, and the same is considered for
the calculation purpose, and results have been presented in Fig. 4. The average
productivity estimates are taken from the Agriculture Contingency Plan for Pune
District [9].While estimating overall production, the two inherent assumptions made
here are—first, that total NA converted land recorded was being cultivated, and there
is no fallow land; second, there is no productivity enhancement since 2011, and the
same average productivity estimates can be considered for calculations. The study
shows that the overall estimated produce loss is higher for vegetables, which is
6450 tonnes, compared to cereals (2406 tonnes) and legumes (716 tonnes), and this
potential nearby local source of cultivation, over four years, has been lost. This also
means increasing dependency on arable land elsewhere to cover the lost produce as
consumption and productivity remain the same. Loss of local sources also means an
increase in the travel distance to produce perishable vegetables.

On the consumption part, the per-annum-per-capita average consumption esti-
mates for cereals as 0.096 tonnes, legumes as 0.011 tonnes, and vegetables as 0.019
tonnes given by the National Sample Survey Office, Government of India, in its
NSS 68th Round (2014) are considered. The research assumes these per capita aver-
ages are as per the NSSO sampling strategy for the Pune division, represent close
to the reality, and reliable figures for further estimation. Further, the estimates for
the number of people losing the potential source of local production are derived
by dividing the estimated loss of agricultural produce with per-annum-per-capita
average consumption estimates (see Fig. 4). In just four years, it is estimated that
around 22,716 people for cereals, 74,627 people for legumes, and 3,19,952 people for
vegetables (total of 5.53% of the total PMR population) have lost their local source
of land for production. As the Haveli block has the highest amount of NA converted
land, it can be said that the potential of the block to suffice consumption demands
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locally has been compromised. In case of cereals and legumes, local dependency
seems to be lesser than vegetables, as perishable items are more dependent on the
cold chain systems, which are much less in India.

5.3 Implications on Local Livelihood

As per Census 2011, in the Pune district, out of the total working population, 21.90%
are cultivators and almost 10.24% are agricultural labourers. As a considerable
percentage of the district population is in agriculture and its allied activities as the
primary source of local livelihood, loss of agro activities shows a direct impact on the
considerable number of agricultural labourers. While estimating the loss of working
hours, assumptions such as there is no mechanization happening and a standard 8-h
shift have been made.

The labour requirements for cereals as 1098 h/ha, legumes as 683 h/ha, and for
vegetables 1834 h/ha, derived from a suitable study for non-mechanized farming
[2], have used to determine per kg working hours required. This number divided by
average of 189 days of agriculture labour [14] in a year and 8 h. per day to estimate
per year loss of agriculture employment due to loss of arable land. Refer Fig. 5 for
block wise and Table 3 for food group wise loss of local livelihood.

Fig. 5 Block-level understanding of the implications of NA land-use conversions on agriculture
livelihood
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Table 3 Block-wise estimations of implications on local livelihood due to land-use conversions in
the PMR

Column
Head

(d) Loss of working hours (e) Number of marginal
agricultural workers losing
local livelihood per year

Notes: (d) = (a) * Avg. food group wise working
hours required

(e) = ((d)/ 189/8/4)
Avg.189 days/year of
agriculture labour; 8 h. daily
working hours; 4: total period
for which data considered

Blocks C L V BT C L V BT

Bhor 45,082 29,718 94,652 169,451 7 5 16 28

Daund 196,436 3423 81,744 281,604 32 1 14 47

Haveli 605,717 104,687 452,484 1,162,888 100 17 75 192

Khed 70,861 52,132 10,842 133,835 12 9 2 22

Maval 63,212 44,787 26,502 134,501 10 7 4 22

Mulshi 148,759 155,080 15,271 319,110 25 26 3 53

Purandhar 87,135 84,343 51,303 222,782 14 14 8 37

Shirur 41,285 15,146 6559 62,991 7 3 1 10

Column
total

1,258,489 489,316 739,357 2,487,162 208 81 122 411

Note For reference (a), see Table 2. Annotations used—C: Cereals; L: Legumes; V: Vegetables; BT:
Block total. The coding used is bold—higher; italic—moderate; bolditalic—lower

6 Conclusions

From the implications studied and geospatial understanding, it can be concluded that
the urban sprawl occupies fertile parcels of the surrounding arable land by changing
their land-use. The NA method is one of the dominant tools of land-use conversion
exploited by the commercial developers; hence, the rate of NA conversion can be
used as an indicator while arguing the loss of agriculture and threat to the local
food security. It is evident that the blocks which are closer to the metropolitan city,
like Haveli, Maval, Bhor, and Mulshi, show vast land getting converted. Overall,
at a regional level, though the rate of NA conversions may not seem alarming, at a
village level and block level, it shows higher implications. Hence, it can be argued
that the intensity of the implications of per unit land-use conversions is highest
at the grassroot level, which gets dispersed as the expanse increases. The PMR
study has shown that arable land parcel, which is a non-fragmented parcel, rainfed,
under cereals cultivation, has access to transport corridor, and is in proximity to
an urban area, is more vulnerable to conversion. The implications on local food
security and livelihood may not be alarming, currently, due to NA conversion, but
as urbanization continues, the peri-urban areas are going to outspread, making more
arable land vulnerable. For this purpose, reasonable restrictions on the acquisitions
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and conversions of such vulnerable arable land should be enforced for ensuring local
agricultural sustainability.
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Optimizing Building Fenestration Design
for Daylight and Energy Savings
in Low-Income Housing: Case
of Mumbai, India

Nikhil Kumar and Ronita Bardhan

Abstract The low-income housing of dense metropolitan cities focuses solely on
occupancy maximization, thus significantly neglecting indoor livability parame-
ters energy-saving potential and daylight efficiency. The existing unit designs lack
rational insight on fenestration detailing window size and location, which, when
modified, impacts the indoor daylight levels and its corresponding energy demands.
This study unveils a comparison of two scenarios, one considering the single building
without context, and the second case considers the contextual effect of surrounding
urban geometry on daylight performance. This work bridges the existing literature
gap in connecting fenestration design through an optimization route. While most
optimization studies deal with early design stage strategies, this study looks into
the post-construction stage using retrofit and refurbishment strategies. A systematic
parametric design framework was adopted for rating fenestration designs based on
illuminance indicators like Daylight Autonomy (DA), Daylight Factor (DF), and
Usable Daylight Index (UDI). The simulations were performed at the neighborhood
level considering the impacts of nearby hyper-dense urban geometry on a given
building for hot and humid climate. The results suggest that out of various fenes-
tration design parameters, the window size was observed to be the most significant
in affecting indoor daylight levels. An increase in window size from 10% WWR to
30% WWR significantly impacted daylight metrics like DA and UDI. Compared to
the building without context, the contextual simulations showed that the lower floors
received deficient levels of daylight, whereas the upper floors maintained the right
amount of constant daylight for both the scenarios.
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Keywords Daylight · Fenestration · Refurbishment · Optimization · High
occupancy buildings

1 Introduction

The currentmulti-rise low-incomehyper-dense buildings have less degree of freedom
for designing fenestrations that would provide ample daylight, visual communication
with energy savings.Hence, daylight designing through architectural intervention has
become a significant contributor to a sustainable living environment in modern deep-
plan buildings.Windows,which critically influence indoor daylight, also characterize
energy use, lighting performance, and extent of visual communication in a building
[1].

Most of the daylight studies have been conducted at places with higher latitude.
In such places, the sun is always on one side of the sky hemisphere, which gives an
intuitive understanding as to which face will receive better daylight. In the case of
the tropics, the sun shifts its position for a part of the year. Sunshine duration is much
longer. The context of the building becomes much more significant in the case of the
tropics. Henceforth there is a clear gap in studying the daylight for buildings in the
tropical climate and under contextual conditions.

Themost commonmetric used for quantifying daylight in architecture is Daylight
Factor (DF). DF is calculated under overcast sky conditions; hence the location of
the building, orientation, location of the window does not impact the results of the
simulation. DF is dependent on the geometry of the building. Furthermore, the illu-
minance of the interior is calculated depending on the illuminance of the exterior.
This leads to unreliability as DF ignores the clear sky conditions, whereas Daylight
Autonomy (DA) is a dynamic metric dependent on the sky conditions, location of
the window, orientation, location of the building. Defined as a minimum illuminance
threshold, which is met for a percentage amount of time in a year.[2]. Useful Daylight
Illuminance (UDI) is another daylight metric that gives a threshold of illuminance
(minimum to maximum). UDI is an efficient metric for optimization purpose as it
high amounts of daylight exposure does create glare and other side effects as well.
Henceforth UDI gives an optimum range of lux level, which can be used for opti-
mizing window design [3]. In this study, we use a simple graphical optimization
method, with some constraints subjected to DA and DF. There has been the applica-
tion of different optimization algorithms in several daylight studies, though using a
graphical method helps us to study the interaction between the various metrics used
for optimization.

This study aims to determine the importance of window size and location for
improving daylight in a residential unit. A large number of daylight studies have been
done, but theymiss out on considering the context of the building.As the surroundings
majorly impact the daylight available for the building. Themain objective is to obtain
themost optimal window design for different floor heights of the building. It has been
achieved by performing a sensitivity analysis with Daylight Autonomy (DA) as the
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measurement metric and optimizing the Useful Daylight Illuminance (UDI) with
respect to Daylight Factor (DF) and DA. The novelty of the study lies in the idea
of increasing the daylight by using generative design for optimum window size and
location for low-cost housing present inMumbai. The usedmethodology can be used
pre-construction. As well as the same methodology is applicable in case of retrofit
and refurbishment of the neighborhood.

Section 2 describes the methodology, which includes simulation settings,
measurement parameters, study area, description of the proposed window designs,
and optimization. Section 3 consists of the results of sensitivity analysis and
optimization. Section 4 concludes the study.

2 Method

2.1 Simulation Settings and Performance Indicators

Daylight incidence at residential units on different floors was simulated. The units
were considered empty with no furniture or shading. A sensor grid was generated
at the height of 850 mm from the floor. Equidistant sensors were placed on the grid
where the distance between the two adjacent sensor points was kept at 500 mm. The
reflectance values of 0.7 for the ceiling, 0.2 for the floor, 0.5 for interior walls, and 0.3
for surrounding outside buildings were considered. The model geometry was created
in Rhinocerous 5.0, and Diva for Rhino was used for daylight simulations [4]. The
simulation parameters are shown in Table 1, and the occupancy was considered for
daytime only between 8 AM and 6 PM, amounting to a total of 3650 h in a year.

Table 1 DIVA simulation
parameters

Parameter Value

Ambient bounces (ab) 7

Ambient divisions (ad) 1000

Ambient super samples (as) 20

Ambient resolution (ar) 300

Ambient accuracy (aa) 0.1

Limit reflection (lr) 6

Specular threshold (st) 0.15

Specular jitter (sj) 1

Limit weight (lw) 0.004

Direct jitter (dj) 0

Direct sampling (ds) 0.2

Direct relay (dr) 2

Direct pretest density (dp) 512
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The daylight performance of different window sizes and designs was studied by
using three daylight performance indicators, which are defined as follows.

Daylight factor: The average daylight factor (DFav) is the ratio between the
exterior sky illuminance on an overcast day and illuminance inside a building at the
sensor point. Generally, the DF should be 2% or above for activities [5]. For this
study, DF is considered as a constraint where its value is to be more than or equal to
2%.

Daylight Autonomy 300 lx: Daylight Autonomy (DA) is the percentage of occu-
pied times in a year during which a minimum illuminance (300 lx in this case) can be
met by daylight alone in the residential unit. The Illuminating Engineering Society
(IES) recommends a target illuminance of 300 lx for typical residential buildings [5]
and a minimum DA of 50% of the occupied times of a year. The minimum DA is
considered to be more than or equal to 50%.

Useful Daylight Illuminance: Useful Daylight Illuminance (UDI100–2000 lx) is the
percentage of occupied times in the year duringwhich a specific range of illuminance
(100–2000 lx in this case) [5] can be met by daylight alone. Lux levels higher than
2000 can cause glare, whereas Lux level less than 100 lx is not suitable for working
conditions. UDI100–2000 lx is considered as the main factor and is to be maximized for
all the cases in this study.

2.2 Study Area and Case Explanations

The selected study area is low-income group tenement housing made for Project
Affected Population (PAP) in the city of Mumbai. The housing design represents a
cookie cutter prototype of low-income housing inMumbai. A single building consists
of Ground+7 floors with commercial space on the ground floor. All the above floors
are residential space. Eachfloor has 13 single room tenement units abutting a corridor.
A single unit consists of a multipurpose space that includes kitchen area, a toilet,
and a bathroom. The total area of a single unit is 21.25 m2 containing one window in
the multipurpose space and one window in the toilet. For the study window present
in the multipurpose space is considered for daylight. Figure 1 shows the building
location plan, 3D of the neighborhood used for simulation in contextual condition,
3D building plan for single building simulations, typical floor plan, and floor plan of
a single unit.

2.3 Parametric Generative Design

A total of 140 scenarios of window design with varying location and size were
considered in the study by varying the Window to Wall Ratio (WWR) from 10, 15,
20, 25, and 30% and change in design and location of window represented by Type
A, Type B, Type C, and Type D. In Fig. 2, window designs are illustrated. Type A
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Fig. 1 Building location, typical floor plan, and 3D model used for simulation

Fig. 2 Location and direction of increase in window size

has a square window located in the center of the exterior wall, which increases in all
directionswith an increase in theWWR. TypeB represents a rectangular window that
covers the vertical exterior wall and expands horizontally with an increase in WWR.
Type C is a horizontally long window starting from the ceiling level and extends
down with the increase in WWR. Type D has a horizontally long window located at
the center of the exterior wall, which can be extended up and down proportionally
with the increase in WWR. The arrow shows the direction of an increase in window
size with an increase in WWR. Table 2 shows the exact sizes of the windows in the
building model.
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Table 2 Sizes of the windows used for simulation

WWR 10 (m) WWR 15 (m) WWR 20 (m) WWR 25 (m) WWR 30 (m)

Type A 1.2 × 1.2 1.4 × 1.4 1.6 × 1.6 1.8 × 1.8 2 × 2

Type B 0.5 × 2.8 0.7 × 2.8 0.9 × 2.8 1.2 × 2.8 1.4 × 2.8

Type C 2.5 × 0.5 2.5 × 0.8 2.5 × 1 2.5 × 1.3 2.5 × 1.6

Type D 2.5 × 0.5 2.5 × 0.8 2.5 × 1 2.5 × 1.3 2.5 × 1.6

2.4 Optimization

The optimization problem for daylight was formulated by using the function for
maximizing the UDI Eq. (1). The objective function is to

MaxUDI100−2000 (1)

Subjected to the following constraints:

(i) A daylight factor higher or equal to than 2% Eq. (2)

DF ≥ 2% (2)

(ii) Daylight autonomy higher or equal to 50% Eq. (3)

DA ≥ 50% (3)

The graphical optimization method was used to find optimum solutions. Using
a graphical method helps us to understand the trends of DA, DF, and UDI for
different window location and their WWR. To find the optimum solution DF and
DA were paired with UDI. The optimum solutions were generated, and the best
possible window location and its WWR were found. In the case of similar results,
the smaller WWR was preferred. Some floors had multiple solutions.

3 Sensitivity Analysis

3.1 Comparison Between Single Building vs Building
in Context

The DA was simulated for a standalone building and under two contextual condi-
tions with varying the aspect ratio, it was done by altering the distance between the
buildings. Two different context scenario entailed 6 m (current condition) to 10 m
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Fig. 3 Daylight autonomy values for standalone building and in context (6, 10 m)

(proposed condition) between the buildings. The window size was set at 20%WWR
for TypeA. This resembles thewindow size at the study site. In Fig. 3, the variation of
DA for a standalone building ranged between is 72 and 73% from 1st floor to 6th floor
and 82%on the 7th floor. In casewhen the building is surroundedwith other buildings
at a distance of 10 m, the DA on the 1st floor is 27%, which linearly increased to 87%
on the 7th floor. There is a significant difference of 31% in the DA of the 7th floor to
that of the 6th floor. This is majorly due to reduced access to daylight on the lower
floors caused due to mutual shading from surrounding buildings. When the distance
between the buildings was set to 6 m, the DA reduced further and was found to be
below 50% till the 6th floor. The 7th floor in all the cases received similar amount
of daylight with DA values ranging between 82 and 87%. The amount of daylight
reaching the building is dependent on the context of the building. Henceforth it can
be said that the context of a building is essential for correct daylight simulations as
it represents the ground reality.

3.2 Impact of Change in Window Design and Location.

The simulations were conducted by changing the window position in the residential
units, as mentioned earlier. The results for 20% WWR with four different window
positions were shown in Fig. 4. In Type A the DA for 1st floor was 8% and gradually
increased to 84% on the 7th floor. For Type B the DA from 1st floor to 3rd floor was
similar to Type A. Then, there was an increase in the DA from 4th floor to 7th floor.
It can be said that window Type B performs better than Type A, where the incidence
daylight linearly increases with the floor. In Type C the DA on 1st floor was 7%, and
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Fig. 4 Daylight autonomy of units with a change in the building design

89% for the 7th floor, which is highest in all scenarios. Type C performs the best at
higher floor levels. In the case of Type D, the DA on 1st floor was 9%, which was
highest, and the DA on 7th floor is 79%, which was lowest among the four window
designs. Type C performs well at the top floors and Type D on the 1st floor. Hence
window design does play an essential role in increasing daylight in the residential
unit, but the increase in daylight remains inconsequential.

3.3 Increase in WWR.

A set of simulations were conducted for Type A window design. Where WWR was
increased from 10 to 30% by an interval of 5%. ThemaximumWWRwas set at 30%,
as the building structure does not allow for a higher WWR. Figure 5 demonstrates
the DA percentages of the residential unit at each floor with varyingWWR.WWR is
directly proportion to DA. 4% DA was found in the residential unit of 1st floor with
10% WWR, which gradually increased to 52% DA on the 7th floor. The maximum
92% DA was realized in the 7th floor residential unit with a window size of 30%
WWR.
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Fig. 5 Daylight autonomy of units with an increase in the size of the window

3.4 Optimization

The simulation results for the 1st to 7th floor have been displayed in Fig. 6. The
scatter plots demonstrate the maximum UDI in each case concerning DF and DA.
The minimum DF and DA was not achieved from the 1st floor to the 4th floor.
Henceforth the window design with maximum UDI has been considered as the best
possible window design solution. The maximum UDI achieved for the 1st floor was
41 for 30%WWRwith Type C window. For 2nd floor, the maximumUDI was 51 for
30% WWR Type C window. 3rd floor had maximum UDI of 63% for WWR 30%
Type C. For 4th floor the maximum UDI was 83 for 30% WWR Type C and 25%
Type C, we opted for 30% WWR Type C as the value of DA and DF was higher in
this particular window design. For the 5th floor, the maximum UDI was 91 for 25%
WWR and Type C window design. The DA was 49% and DFavg 1.7. For 6th floor,
the maximum UDI was 96 for 20%WWR Type C window design, the DA was 61%,
and DFavg was 2.1. The maximum UDI for 7th floor was 100 for 15%WWR Type C
the DFavg was 2.3 and DA was 83%. Window design was universal in all the results;
hence it can be said that Type C design performs better than the rest for daylight
within the residential unit. From 1st floor to 4th floor, the optimal window size is
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30% WWR with Type C window design. From 5th floor to 7th floor, the size of the
window reduces by 5% WWR per floor, though the window design remains same.

4 Conclusion

A simple graphical optimization approach was used for the assessment of window
design and location in this study, to look for the optimum window size and location
for different floors of a small rise apartment building, in a contextual scenario. The
significant findings from the research are:

This research shows that there is less variation of daylight across different floors in
standalone buildings. Though the results changed when the context was considered.
An increase in distance between the buildings leads to an increase in daylight in
the residential units, an incremental increase in the distance escalates the daylight
significantly. Due to changes in window design, the location of the high DA zone
inside the residential unit changes, but the amount of DA remains approximately
similar and is generally below 25% till the 3rd floor. In the case of upper floors
4th to 7th, the change in window design impacts the DA significantly. With the
increase in WWR, the daylight increases, but the amount of daylight reaching the
lower floors is quite less, and thus increasing the WWR does not impact the daylight
much, whereas for the upper floors increasing WWR leads to discomfort and low
UDI. Using optimization, the best possible WWR and window location has been
recorded, and it can be suggested to have different window sizes and designs for
different floors in a particular building.

However, it was noted that though the study is specific to a single building and
hence contextual differences can lead to varied results depending on the orientation
and design of the building. There is a need to study the additional aspects related to
windows like natural ventilation, thermal comfort, energy saving, and the view from
the window, which can lead to better window positioning. Despite the limitations,
this study presents a new lookout at window design in apartment buildings and can
help improve building performance at design stage and at refurbishment stage as
well.
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