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Abstract

Construction materials accumulate in the built environment forming material stocks

(MS) of buildings and infrastructure, providing various services to society that result in

a nexus of human development and environmental impact.Meanwhile, unprecedented

urbanization in the Global South is set to put significant demand on the resources

required to ensure adequate standards of living in new and existing urban areas. This is

particularly importantwithin India; however, no studyhas yet exploredMSwithin cities

in India or within master-planned urban areas designed to accommodate urbanization

and a high standard of living. The present study begins to fill these gaps and aims to

investigate patterns of built-environment MS accumulation in Chandigarh, an excep-

tionally quickly developed city master planned to ensure universally high standards

of living through a unique urban form. We adopt a bottom-up approach to quantify

the residential building and road MS at the city and sub-city scale. The results reveal

that the master plan, while enabling high standards of living, has resulted in a rela-

tive accumulation of road-to-building stock that is significantly larger than in other

cities. This is shown to be environmentally detrimental as future urban development

is limited and promotes the demolition of existing stocks, whose composition severely

limits their potential as secondary resources. The study therefore provides empirical

evidence to support the integration of material stock assessments into urban planning

and development to ensure resource-efficient provisioning of key services.

KEYWORDS

built environment, industrial ecology, material flow analysis, resource efficiency, urban planning,

urbanization

1 INTRODUCTION

Construction materials are among the most widely used materials globally, the manufacture of which accounts for 11% of process-related carbon

dioxide emissions (IEA, 2019). These materials accumulate within cities in the form of built-environment material stocks (MS) which shape future

material and energy use (Krausmann et al., 2017) and play important roles in society through the provision of residence, transportation, and various
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other services (Tanikawa et al., 2015). Built-environment MS therefore result in the nexus of anthropogenic carbon emissions and human devel-

opment (Haberl et al., 2017; Müller, 2006; Müller et al., 2013; Tanikawa et al., 2015; Wiedenhofer et al., 2015), the decoupling of which is seen

as critical for achieving levels of development that are considered “sustainable.” However, unprecedented urbanization in the Global South (UN,

2018) is putting significant strain on the primary resources required for built-environment MS and may threaten the achievement of sustainable

development globally.More than two-thirds of theworld’s populationwill live in cities by 2050 (UN, 2018)with around 60%of the cities required to

accommodate this urbanization yet to be built (UNEP, 2013). Further, deficits in living standards (UNDP, 2019; UN-Habitat, 2020) mean nations in

theGlobal Southmust increase net resource consumption to build,maintain, and upgrade the built environment to improve living standards (Kraus-

mann et al., 2017) while simultaneously reducing environmental impact (UNEP, 2015). Built-environmentMS have therefore become of increasing

focus in assessments of sustainable development and resourcemanagement strategies.

1.1 Built-environment material stocks

Built-environmentMShave long lifespans,which is important to ensure continued service provision; however, this presents numerous challenges to

resource efficiency and urban development. First, the legacies of suchMS present lock-ins to future resource use and settlement patterns (Gutiér-

rez & Kahhat, 2022; Haberl et al., 2017; Krausmann et al., 2017; Reyna & Chester, 2014). The impact of built-environment MS therefore extends

across their lifetime, dictating the flow ofmaterials and energy formaintenance and demolition, as well as creating spatial structures that influence

future urban development (Haberl et al., 2017; Krausmann et al., 2017; Pauliuk & Müller, 2014). Second, built-environment MS can be perceived

as a reservoir of secondary materials which has led to concepts such as “urbanmining” extending into sustainable resource management discourse

(Koutamanis et al., 2018; Lanau et al., 2019). SuchMSmay, therefore, present opportunities for future resource efficiency such as the circular econ-

omy,which aims tomaintain the value ofmaterials and keep them in circulationwithin the economy and is seen as a key strategy to decouple growth

from anthropogenic carbon emissions (Hart et al., 2019; Lanau & Liu, 2020). Studies have begun to address such challenges and opportunities pre-

sentedbyMSbyquantifying the accumulationof built-environmentMSwithin cities (Guoet al., 2020;Gutiérrez&Kahhat, 2022;Mesta et al., 2019).

For example, a recent study has elaborated on the existence of lock-in effects within the city of Lima, Peru, by quantifying and mapping the MS of

residential and commercial buildings (Gutiérrez & Kahhat, 2022). The study sheds light on the potential maximum growth of MS in this city and its

use as a secondary resource and highlights the importance of assessing constraints relating to urban planning such as horizontal growth and the

provision of basic services to better understand lock-ins.

At the forefrontof suchbuilt environments,MS research is thebottom-upapproach, owing to its ability toquantify andmapstocks at the city- and

sub-city scales, offering a high-resolution understanding as to the composition, quality, and distribution ofMSwhile making use of context-specific

data. Bottom-up material stock analysis (MSA) begins with the inventory of items, for example, m2 of residential buildings, which are multiplied

by a material intensity coefficient (MIC), often in kg/m2, thus extrapolating a sample of product-level MICs over the population of corresponding

product types within an area. The approach also lends itself to assessments of MS density and per capita MS accumulation that often feature in

debates about the intensification of physical development of the built form globally, offering comparability between studies (e.g., Arora et al., 2019;

Lanau & Liu, 2020).

Studies have also addressed the implications of urban form, often in termsof populationdensity (Makido et al., 2012), on various indicatorswhich

have revealed, for example, that increased population density is generally associated with reduced per capitaMS (Schug et al., 2022) and emissions

(Gudipudi et al., 2016; Makido et al., 2012). Many now agree on the importance of urban densification and form, and thus the organization of built-

environment MS, on resource efficiency (Fleischmann et al., 2021; Kennedy et al., 2015; Ramaswami et al., 2016) and the need to increase the

compactness of citieswithin developing nations to encourage higher population densities and thus increase the utilization of built-environmentMS

(Creutzig et al., 2015; Huang et al., 2017;Martino et al., 2021).

Theways inwhich built-environmentMS are providedmay therefore hold important implications for resource efficiency and future urban devel-

opment. As such, studies in theGlobal South highlight the importance of built-environmentMS in sustainable urban development and often point to

the need to characterize the accumulation of built-environment MS in new contexts. This is important as cities exist in various forms, from orderly

street networks of orthogonal grids which are often a result of the master planning of urban areas, to more curved and organically developed

areas which are often a result of more gradual local evolution (Brelsford et al., 2018, 2019). However, while there has been a recent upsurge

in built-environment MS studies in the Global South (see SI section S.1), there remains limited insight into the composition and distribution of

built-environmentMSwithin cities of the Global South. This is particularly the case for India.

1.2 Built-environment material stock accounting in India

Built-environment material stock research in India has largely focused on thematerial intensity of individual residential buildings (Bansal & Nandy,

2010; Bansal et al., 2014; Debnath et al., 1995; Vengala et al., 2021), with city-level studies limited to city-widematerial flows (Nagpure et al., 2018)
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MIHKELSON ET AL. 3

and estimations of construction and demolition waste (Ram & Kalidindi, 2017) (see SI section S.1.1). There, therefore, remains a lack of knowledge

of the current composition ofMS and associated challenges to resource-efficient urban development within the cities of India.

India is a key nation in the context of global sustainability given the unprecedented challenges it currently faces. India is expected to lead

increases to the urban population up to the year 2050 (UN, 2018) and become the most populous country in 2023 (United Nations Department

of Economic and Social Affairs, 2022). As such, it is estimated that 70%−80% of the urban infrastructure expected to exist in India by 2050 is yet

to be built (IRP, 2018) with a significant demand for new buildings expected in 2030 (Ram & Kalidindi, 2017). The Government of India (GoI) has

recently recommended a set of reforms to transform its urban planning capacity, noting the lack of comprehensive urban planning in the past which

has resulted in significant deficits in basic service provision (India, 2021). The GoI now acknowledges the benefits of, and intends to implement,

master plans in the future, seeing them as critical formanaging urbanization and accommodating the basic needs of the population. However, there

remains limited insight into the implications of built-environmentMS composition and distribution on the resource efficiency of future urban devel-

opment, particularly those resulting from themaster planning of urban areas. This is particularly relevant given that the design and construction of

new urban areas are required to accommodate urbanization and standards of living and that nations of theGlobal South (Lai et al., 2015; Long et al.,

2012; Seelig, 2011) including India (Chandigarh Administration, 2022a; India, 2021) have or aim to implementmaster plans to construct new urban

areas. However, appraisals of such master plans often focus on operational efficiencies associated with transportation and the heating and cooling

of buildings (Seelig, 2011) as well as the ecological implications of urban expansion (Lai et al., 2015), thus overlooking the potentially significant

resource requirements and lock-in effects of built-environmentMS. It is therefore important to begin to address these research gaps to further the

empirical understanding of this and the implications for future city master plans.

1.3 Aims and objectives

In this paper, we investigate the patterns of built-environmentMS accumulated in a young but rapidly developed city, which wasmaster planned to

deliver high standards of living to inhabitants via adequate access to services. Through the use of the city of Chandigarh as a topical case study, the

study provides the first steps toward an improved understanding of built-environment MS within India and explores the impact of urban form on

the accumulation of MS and the implications for future urban development and resource efficiency. The primary aim of the study is to understand

the composition and distribution of built-environment MS within India, quantifying the MS of residential buildings and roads at the city- and sub-

city-scale within India for the first time. In doing so, we also aim to provide insight into the implications for future urban master planning within

India and the Global South more widely by shedding light on existing lock-in effects and opportunities for resource efficiency. Finally, we aim to

ensure comparability to other studies at the product level in line with current recommendations within the literature (Schiller et al., 2018) and

those assessing material intensities within India (Bansal et al., 2014; Praseeda et al., 2016; Ramesh et al., 2013; Vengala et al., 2021), with results

presented and discussed in section S.2 of the SI.

2 METHODS

2.1 Case study area and scope

Chandigarh is a Union Territory and the capital city of the two northern states of Punjab and Haryana. The city was master planned to achieve high

standards of living and accommodate rapid increases in the urban population in the neighboring states (see Table 1). The master plan has resulted

in an orthogonal street pattern unique to cities in India and many nations of the Global South, but which has a long history as the primary strategy

of urban design within cities of the United States between the 18th and early 20th centuries (Boeing, 2021; Whitehand et al., 1996). More recent

master plans have adopted a grid-like urban form such as that of a small urban region in Iran which prioritizes a compact urban form to manage

greenhouse gas emissions associated with built-environment stocks, for example, transport emissions and operational energy use within buildings

(Seelig, 2011). Chandigarh has also achieved high standards of living, with the Census of India indicating a near-universal provision of adequate

urban infrastructure and housing (Census of India, 2011). The master plan of Chandigarh has therefore resulted in a city that has a unique urban

form and achieves high standards of living, which may provide valuable insight into the implications of such urban planning on the accumulation of

built-environmentMS. This is important given the current unprecedented rates of urbanization and demand for newurban areas to be constructed,

which achieve aminimum standard of living within India and the Global Southmore widely.

Against this backdrop, we quantify theMS of residential buildings and roads in Chandigarh to develop an improved understanding of stock accu-

mulation at the city- and sub-city scale within India as well as the implications regarding the provision of MS for future urban master plans within

India and the Global South.
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4 MIHKELSON ET AL.

TABLE 1 Key characteristics of Chandigarh’s development.

Key facts

Development type ∙ Chandigarh is a young and rapidly developed city and is one of the first planned cities in India (Gupta & Kavita, 2020),

with construction beginning in themid-1900s resulting from the detailedmaster planning of Le Corbusier

(Chandigarh Administration, 2018; Rodríguez-Lora et al., 2021).
∙ A key aim of themaster plan was to provide high-quality living standards for inhabitants (Chandigarh Administration,

2022b).
∙ Architectural control definesminimum requirements to ensure adequate access to pipedwater supply, water-borne

sewage disposal, and electricity as well as safe and structurally sound housing (Sarin, 1980).

Urban form ∙ Organized on the basis of regularly repeating neighborhood units called sectors, see supporting information Figure

S.1, that are designed to be self-sufficient, with access to amenities and assets within reasonable walking distance

(Chandigarh Administration, 2018) prioritized (Chandigarh Administration, 2022b).
∙ Sectors are separated by a hierarchical road network, which results in a gridiron urban form (see Figure 1), which

most of the urban infrastructure, for example, water supply, follows (Chandigarh Administration, 2018).
∙ Sectors are typically 800× 1200m (Chandigarh Administration, 2022b) and combine to formwards, the lowest

administrative division within urban areas (Census of India, 2011) (see Figure 1).
∙ Sectors are constructed in two key phases: the first phase containing 30 low-density housing sectors and the second

phase containing 17 higher-density housing sectors, which were required to accommodate significant increases in

the urban residential population (Chandigarh Administration, 2018, 2022b).

Residential buildings ∙ High-rise buildings are excluded from themaster plan.
∙ Stringent architectural controls have dictated the composition of housing resulting in a residential building stock that

is homogeneous in its construction type (Chandigarh Administration, 2022b) (see supporting information Figure S.2).
∙ Constructed on plots allocated based on the size, that is, total square feet of the residential plot, or government

housing scheme, that is, housing targeted at specific income groups to ensure affordability for poorer households

(Chandigarh Administration, 2018, 2022b; Sarin, 1980).

Roads ∙ The road network is a key element of themaster plan and is designed to enable efficient traffic circulationwithin and

between sectors (Chandigarh Administration, 2018, 2022b; Sarin, 1980).
∙ Seven road types exist based on their function, ranging from fast vehicular travel to pedestrian-only, which provide

the basis for the gridiron urban form (Sarin, 1980).

Population density ∙ 9408 persons/km2 (Census of India, 2011).

Social progress index ∙ 86.73, ranking third out of all districts within India, scoring high in housing, basic infrastructure provision, and

connectivity (Kapoor &Green, 2019).

2.2 Bottom-up material stock characterization for residential buildings and roads

We adopt a bottom-up approach to MS characterization that is comparable with approaches employed by Tanikawa et al. (2015) and Lanau et al.

(2019), where the total mass of in-use stocks is estimated bymultiplying theMIC by the total inventory of items in the reference area and year. The

item types are a result of the archetype approach which homogenizes items, that is, residential buildings and roads, by a set of characteristics, for

example, building age and construction type. As a result, anMIC is calculated for each archetype. The general approach is shown formally below:

MSm,t =
∑

i

MSm, i, t =
∑

INVi,t x MICm,i,t (1)

where MS corresponds to the total mass of material or component, m, of type, i, in the reference year, t. The inventory of items of type, i, in a

dimensional unit such as local administrative boundaries, as in (Kloostra et al., 2022), for the reference year, t, is thenmultiplied by theMIC, often in

mass per dimensional unit such as gross floor area, to calculate the total mass of each material in each item type which is summed over the spatial

unit considered. However, bottom-up approaches generally deviate tomatch the units of the inventory of itemswith theMICs. For example, studies

have overcome the lack of detailed floor area data by simplifying building inventory data to match MIC calculations (García-Torres et al., 2017)

as well as using a combination of data sources and indirect calculations to fill data gaps (Condeixa et al., 2017). As a result, we adjust the method

for both residential buildings (see Figure 2) and roads to suit the availability of data as outlined in Sections 2.2.1 and 2.2.2 respectively, with key

assumptions presented in SI sections S.2.5 and S.3.3, respectively.

We quantify the MS in roads and residential buildings for the reference year 2011. We argue in Section 2.2.1 that the number of housing plots

has remained unchanged per sector since the completion of themaster plan; thus, we can provide a comparison of the stock accumulation to popu-

lation and area statistics available within the Census of India (Census of India, 2011) and georeferenced data (sandeepgadhwal & devdattaT, 2018).

While data on road construction are limited in India, we note the importance of estimating roadMS in this context and turn to various data sources

to fill data gaps, outlined in Section 2.2.2.We use theMunicipal Corporation and its respective administrative wards to define the city and sub-city
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TABLE 2 Ward-level data for residential buildings and roads.

Ward no. Population Area (km2) No. of sectors Estimated no. of plots Total road length (km)

1 24,686 14.9 11 (11) 3564 178

2 32,047 7.9 3 (3) 1644 99

3 21,058 3.5 3 (3) 826 90

4 25,441 3.2 3 (3) 3689 73

5 39,075 4.2 N/A (2) N/A 4

6 27,654 1.7 N/A (no sectors) N/A 19

7 28,972 3.8 N/A (no sectors) N/A 20

8 39,585 3.3 3 (3) 2895 86

9 27,567 2.5 2 (2) 2937 62

10 38,088 2.2 2 (2) 2056 52

11 47,491 2.7 N/A N/A 36

12 47,367 2.6 2 (2) 1067 69

13 56,671 3.6 N/A (3) N/A 81

14 51,859 1.1 1 (1) 1211 29

15 30,957 3.3 3 (3) 3531 92

16 26,593 2.2 2 (2) 3202 59

17 25,215 3.2 3 (3) 3039 81

18 30,964 3.3 3 (3) 3798 79

19 33,859 4.6 1 (2) 453 78

20 39,389 7.0 1 (1) 2522 117

21 29,654 2.1 2 (2) 2173 55

22 29,625 4.5 3 (3) 2433 113

23 74,187 3.1 N/A (no sectors) N/A 54

24 52,070 3.5 N/A (no sectors) N/A 50

25 45,216 2.3 N/A (no sectors) N/A 64

26 36,297 3.0 N/A (no sectors) N/A 45

Total 961,587 99.0 48 41,040 1923

Population data are retrieved from theCensus of India (2011)with areas providedwithin georeferenced data available inGitHub (sandeepgadhwal & devdat-

taT, 2018). The number of sectors refers to the number of sectors for which residential buildingMS can be computed due to data availability, with the actual

total number of sectors shown in brackets. The number of plots is estimated using the sector-wise layout plans as described in Section 2.2.1 and Figure 2. The

total road length is calculated usingOpenStreetMap data as outlined in Section 2.2.2.

scales respectively, thus adopting administrative scales to assess the accumulation ofMS as in Kloostra et al. (2022).We include all 26 wards in the

assessment of roadMS, omitting a total of 9wards from the residential building study area due to insufficient data, enabling the calculation of inven-

tories of buildings and their respectiveMICs. This corresponds to a final study area for residential buildingMS of 71 km2 accommodating 553,954

urban inhabitants and accounting for approximately 72% and 58% of the study area and population of the Municipal Corporation of Chandigarh,

respectively, when compared to the roadMS study area (Table 2).

2.2.1 Residential buildings

Architectural control drawings and layout plans provided by the Chandigarh Administration (Chandigarh Administration, 2022b) are used to cal-

culate MICs and the inventory of items, respectively (see SI section S.2). All drawing samples contain a single three-story multi-family residential

building for sectors of both the first and second phase of construction. Architectural control drawings show that each building is located on a plot

type characterized by either: (1) one of the standardized plot sizes, m2, or (2) the plot scheme, for example, high-income group housing. The size

of the plot is defined as the total footprint of the building and any outside areas such as gardens or courtyards, which is standardized through

architectural control. The government housing scheme generally refers to the income band that the housing construction is reserved for, for
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6 MIHKELSON ET AL.

TABLE 3 Note that thematerial intensity coefficient (MIC) used to calculate the total material stocks (MS) of residential buildings is taken as

the product of theMIC, kg/m2, and the total gross floor area, m2, for each plot type.

Residential buildings MIC (kg/m2)

Plot

type/schemea
Gross floor

area (m2) Concrete Brick Steel Clay tiles Bitumen Total

5marla 212 848 866 25 104 21 1864

7.5marla 230 848 779 25 105 22 1780

10marla 377 838 1,135 24 110 28 2134

20marla 656 756 923 22 98 14 1814

High-income

group

253 836 1117 23 120 41 2137

Middle-income

group

356 674 1048 19 107 25 1873

Low-income

group

141 1022 1218 28 134 58 2459

Construction

phase 1

391 872 1092 25 114 33 2136

Construction

phase 2

239 846 1006 24 114 33 2023

Roads

MIC (kg/m)

Surface layer Base layer

Road type Width, m

Recommended lane

widths for roadsb (m) Stone Sand Asphalt Stone Sand Asphalt

Urban

expressway

50 40–75 10,515 0 268 0 76,590 4951

Arterial and

sub-arterial

30 30–60 6309 0 161 0 45,954 2971

Collector street 25 15–30 5258 0 134 0 38,295 2476

Local street 10 10–15 3312 409 0 18,000 0 0

See supporting information Table S.2–Table S.5 and Figure S.3 and S.4 for the material and embodied energy intensity of residential buildings by material

and components and Table S.6 for a comparison to other studies within India. Also, see supporting information Table S.8 and Table S.9 for data relating to the

material intensity and sensitivity analysis of roads respectively.
aMarla and kanal are units of land area used as part of themaster plan. Onemarla is equivalent to approximately 272 ft2 or 25m2 , with one kanal equal to 20

marla.
bFor roads on plain terrain as per Table 4.1 of the IRCGeometric Design Guidance, 2018 (IRC, 2018).

example, low-income groups. Sector-wise layout plans locate plot types within sectors and can be used to extrapolate building sample calculations

to the population of plot types (see SI section S.1). The building located on each plot is shown to be standardized through the architectural control

drawings which note various standard specifications for the structural framing such as maximum building height, internal and external wall thick-

ness, roof terrace coverage, aswell as standardization of roof and floor finishes. Further, the city is primarily constructed on alluvium (Directorate of

Census Operations, 2011; Kandpal et al., 2009) and is located in seismic zone IV which, following Indian design codes (BIS, 1984), controls aspects

of building construction to ensure structural safety in the event of earthquakes, covering areas across multiple states of India including the large

metropolitan region of Delhi (BIS, 1984). Thismeans that the structural design of foundations and reinforced elementsmay be largely standardized

across the city andmay be similar to those housing types in such areas. To shed light on this, we compareMIC values for residential buildings within

Chandigarh to those from studies across different regions of India in section S.2.3 of the SI. In total, seven plot archetypes are created, three of

which relate to the government housing scheme with the remaining four relating to the standardized plot size (see Table 3). We omit wards where

sufficient data are not available to describe the quantity or composition of inventory items limiting the extrapolation ofMICs (see Table 2). The plot

types are then related to plots shown on the sector-wise layout plans as per themaster plan. A total of 48 of 56 sector layout plans are available, 13

of which provided a schedule of the number of plots for each category with a manual count required for each archetype in the remaining sectors.

We use an averageMICwhere archetypes contain more than one drawing sample and calculatemaximum andminimum errors using themaximum

and minimumMIC per archetype. Where building samples for plot types are unavailable, we classify the plot by the closest available plot size for

the available building samples. Where plot types within sectors are unknown, we calculate a construction-phase-specific archetype, for example,
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MIHKELSON ET AL. 7

F IGURE 1 Map of theMunicipal Corporation of Chandigarh as per the available georeferenced boundary data (sandeepgadhwal & devdattaT,

2018) showing: (a) the administrative wards, (b) the road network as per the road archetypes, and (c) an example ward illustrating its composition

of a number of sectors. Table 1 indicates the total study area and population for both stock types based on the data available. See Supporting

Information section S.6 Figure S.8 for a detailedmap of the administrative divisions of Chandigarh as per the Census of India (2011).

buildings constructed in phase 1 or phase 2, to homogenize buildings where plot type data are unavailable (see Table 2 and Figure 2). While we use

master plan documents dating from 1957 to 2005, records demonstrate that the master plan of Chandigarh has been implemented over multiple

decades (ChandigarhAdministration, 2022a), with no changes to the boundaries of the district andwith continued urban growth experienced to the

periphery of the city (Directorate ofCensusOperations, 2011; Sarin, 1980). Given that sectors are of fixed size andboundby the road network,with

little room for densification as per the layout plans, we assume that the total number of plots has remained unchanged since completion. Further

key assumptions are presented in section S.2.5 of the SI.

The residential building stock is then calculated within each sector by relating the MIC, that is, total MS per plot type or construction phase,

to the total number of plots by plot type, that is, size or scheme, or construction phase. The MICs are calculated using the material properties

specific to India adopted in previous studies of residential buildingmaterial use in India (Mastrucci &Rao, 2019; Rao et al., 2019) (see Table S.1). The

sector-wiseMS are then aggregated into their respectivewards as per thewardmap shown in Figure 1 (Census of India, 2011). Due to the diversity

of bottom-up MSA applications and data availability in different contexts, MICs are often inconsistent making them difficult to compare (Schiller

et al., 2018). This is important to consider in this context given that the approachmust deviate from the standardMIC calculation approach, that is,

adopting a kg/plot as opposed to a kg/m2 for the MIC of residential buildings. We therefore calculate MICs in terms of kg/m2 and MJ/m2 of gross

floor area following the calculation procedure recommendations within literature (Schiller et al., 2018) to ensure improved comparability between

bottom-up studies (see SI sections S.2.2 and S.2.3).

2.2.2 Roads

TheMS of roads within the Municipal Corporation of Chandigarh and its respective wards are estimated using OpenStreetMap data to obtain the

total length of different road types. We dissect road data among wards using available georeferenced ward boundary data (sandeepgadhwal &

devdattaT, 2018). The study data cover all road types, excluding pedestrian and cycle paths, due to incomplete data, and therefore covers roads

intended for vehicular use. We include approximately 93% of the total available raw data, equal to approximately 1923 km. The method follows

the formal expression of the stock calculation as outlined in Equation (1), where the total MS of each material, m, for road archetype, i, in ward,

w, is estimated by summing the product of the total length of each road archetype, INVi, in ward,w, by theMIC, kg/m, of each material, m, for road

 1
5
3
0
9
2
9
0
, 0

, D
o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://o
n
lin

elib
rary

.w
iley

.co
m

/d
o
i/1

0
.1

1
1
1
/jiec.1

3
4
6
6
 b

y
 T

est, W
iley

 O
n
lin

e L
ib

rary
 o

n
 [2

2
/0

4
/2

0
2

4
]. S

ee th
e T

erm
s an

d
 C

o
n

d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d

itio
n

s) o
n

 W
iley

 O
n

lin
e L

ib
rary

 fo
r ru

les o
f u

se; O
A

 articles are g
o
v

ern
ed

 b
y
 th

e ap
p
licab

le C
reativ

e C
o
m

m
o
n
s L

icen
se



8 MIHKELSON ET AL.

F IGURE 2 Bottom-upmethodology for city and sub-city level material stocks (MS) estimation of residential buildings (authors’ own). The total

MS of eachmaterial or component,m, for residential building archetype, i, in sector, s, are estimated by summing the product of the total number of

plots per plot type, INVi, in each sector, s, by thematerial intensity coefficient (MIC) of eachmaterial or component, m, for plot type, i. TheMIC

refers to the total kg of material or components for each plot, with the plot defined by the plot type and/or scheme or the development phase,

resulting in units of kg/plot or kg/phase, depending on the available inventory data. See Supporting Information section S.2 for a detailed

description of the calculation process for residential buildings.

archetype,Wearchetype roadsby comparing the functionof the roadasper themaster plan, that is, thehierarchal road functionswithinChandigarh

(Chandigarh Administration, 2018), and the widths of these roads measured using Google Earth imagery, to the classifications for standard widths

provided by the Indian Road Congress (IRC) (IRC, 1983), for example, expressways and arterial roads, to ensure improved comparability to stock

studies in other cities such as Beijing (Guo et al., 2014) and Toronto (Kloostra et al., 2022) (see supporting information Table S.8). We therefore

evaluate the MS for urban expressways, arterial and sub-arterial roads, collector streets, and local streets (see Table 3 and Figure 1). Standard

specifications for the cross-sectional composition of roads are not providedwithin the Indian design standard publications provided by theMinistry

of Urban Transport, Ministry of Road Transport and Highways, and the IRC, which generally provide information relating to road safety and quality

control. We therefore turn to the assumptions made in a similar context to enable a comparison of stock accumulation between the two sectors

and the city-wide composition to other cities. Studies quantifying the MS of roads in developing countries are very limited; however, MIC values

from a recent study in Vietnammay offer a reasonable estimation of roadMS.We adopt theMIC values estimated for roads in Vietnam to calculate

road MS relating to two key road compositions of varying widths (Nguyen et al., 2019). We estimate road widths for each archetype using areal

imagery from Google Earth and combine these with MIC values from Nguyen et al. (2019) to create archetype-specific MICs, kg/m. We assume

the composition of roads based on road width in relation to Nguyen et al. (2019) and the visual appearance from areal images, which we verify

with pothole samples within Chandigarh (Kanoungo et al., 2021). We further capture the sensitivity of the results by adopting road MIC values
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MIHKELSON ET AL. 9

F IGURE 3 Total material stock of (top) residential buildings and (bottom) roads bymaterial type across the wards of theMunicipal

Corporation of Chandigarh. See Supporting Information Table S.7 for underlying data for residential buildings and roads, respectively. Also, see

Supporting Information Figure S.5 for results by residential building components.

from an alternate study in Vietnam for which significantly lowerMIC values are found (Schiller et al., 2020), discussed in Section 4 (see supporting

information Table S.9).

3 RESULTS

3.1 Material stocks of residential buildings and roads in Chandigarh and its wards

We first estimate a total of 41,040 residential building plots across the 17 wards for which data are available (see Table 2). We estimate approx.

27.8Mt ofMS in residential buildings in Chandigarh, ranging in distribution from 0.3 to 2.9Mt across different wards. Brick and concrete comprise

the majority of the total MS of residential buildings and are used for the primary structural framing, accounting for 51% and 41% of the total MS,

respectively. Steel reinforcement in foundations, floors, and roofs, accounts for just over 1% of the total MSwith clay and bitumen used for finishes

to floors and roofs accounting for the remaining 7%. The residential building stock is therefore largely composed ofmaterials for walls (37%), floors

(32%), and foundations (23%) with roof materials accounting for the remaining 9% of the total MS. The total per capitaMS at the city level is found

to be50 t/cap ranging from9 to110 t/cap betweenwards. The totalMSdensity is found to be391 kt/km2 ranging from68 to 1120 kt/km2. Figures 3

and 4 show the variation in stock accumulation between the wards of theMunicipal Corporation of Chandigarh.
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10 MIHKELSON ET AL.

F IGURE 4 Relative composition of wards in terms of the (top) total material stock, (middle) material stock per capita, and (bottom) material

stock density of residential buildings and roads. Note that error bars for residential buildings relate tomaximum andminimummaterial intensity

coefficient (MIC values per archetype, with error bars for roads relating tomaterial stock estimations when adopting lowerMIC values from an

alternate study in Vietnam (Schiller et al., 2020). See Supporting Information Table S.7 for underlying data and residential building sensitivity

analysis values and Supporting Information Tables S.8 and S.9 for the sensitivity analysis for roads.

We estimate a total of approx. 63.1Mt ofMS in urban roads across theMunicipal Corporation of Chandigarh ranging from0.6 to 5.7Mt between

wards. Roads therefore account for over twice the total residential building MS. The total per capita MS of roads is found to be 66 t/cap ranging

from 18 to 229 t/cap, and the total MS density is found to be 638 kt/km2 ranging from 168 to 981 kt/km2 (see Figure 4). The results highlight that

the distribution of road MS is relatively uniform across the city, more so than residential building MS. In total, sand, stone, and asphalt account for

52%, 45%, and 3% of the total MS of roads with approximately half of the combined MS for roads and residential buildings used for sand in base

layer construction of asphalt and concrete paved roads, that is, urban expressways and arterial and sub-arterial roads. Larger roads leading from

the periphery of Chandigarh toward residential sectors, that is, urban expressways, arterial and sub-arterial roads, and collector streets, account

for approximately 21%of the total road length and 39%of the totalMS. Roadswithin sectors account for the remaining 79%of the total road length

and 61%of the totalMS. Thus, the results indicate that the resource requirements for roads are largely driven by the need formobilitywithin rather

than between sectors.
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MIHKELSON ET AL. 11

F IGURE 5 The population density versus the total stock per capita among the wards of theMunicipal Corporation of Chandigarh. Note, the

inset figure shows results with themaximum population density removed. Population density data for wards are calculated using the total

population data available from the Census of India (2011) and the total area of wards as per the available georeferenced boundary data

(sandeepgadhwal & devdattaT, 2018).

The results show that the total MS varies among wards but that the relative composition of wards in terms of road and residential building MS

remains relatively uniform (see Figure 4). The variation in the available residential floor space and the uniformity of road provision among wards

through a gridiron urban form of residential sectors means that the distribution of MS does not seem to be located within a central “core” as found

in other cities, such as Chiclayo (Mesta et al., 2019) (see supporting information section S.5) for a brief discussion surrounding the variation in the

composition of wards within Chandigarh. We also find that the accumulation of residential building and road MS is associated with population

density, with results revealing that improvements to the utilization of stocks within wards, that is, lower per capitaMS of both residential buildings

and roads, is associated with the urban form in terms of higher population densities (see Figure 5 as well as supporting information Figure S.7 for

results mapped across wards).

4 DISCUSSION

4.1 Composition and distribution of built-environment stocks in cities

4.1.1 Residential buildings

We find that the per capita accumulation of residential buildingMS is comparable to other cities of the Global South such as Bandung and Chiclayo

and is much lower than some developed cities such as Esch-sur-Alzette and developing cities such as Rio de Janeiro (see supporting information

Figure S.6 and the supporting data provided within Tables S.10 and S.11). While variability between studies in terms of the methodology, for

example, the material types considered, and incoherence between the spatial resolution of MS estimations and socioeconomic indicators limits

comparability, studies in Chiclayo (Mesta et al., 2019) and Rio de Janeiro (Condeixa et al., 2017) provide interesting comparative studies given their

similarities and differences to Chandigarh. Chiclayo has undergone the majority of its infrastructure development and population increase in the

previous four decades (Mesta et al., 2019) and exhibits a relatively widespread orthogonal street grid similar to that of Chandigarh. Further, it is

largely composed of low-rise brick masonry housing with a small percentage of buildings constructed of reinforced concrete apartments. The resi-

dential building stock of Chiclayo is therefore similar to Chandigarh in terms of its homogeneity in construction type and building height. Chiclayo

has a slightly larger population density and stock density while achieving a similar accumulation of MS per capita. However, the MICs, kg/m2, and

average floor area per dwelling are found to be lower in Chiclayo than in Chandigarh. The variation inMS accumulationmay therefore be explained

by differences in the total household size, where larger household sizesmay be experiencedwithin Chiclayo butwith a greater number of dwellings,

which result in a larger stock density and population density but comparable MS per capita. This suggests that the stock of residential buildings in

Chiclayomay bemore compact, indicated by a larger population density of around 10,400 persons/km2 .
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12 MIHKELSON ET AL.

On the other hand, Rio de Janeiro has a much lower accumulation ofMS per capita and km2 than Chandigarh and Chiclayo. Despite the building

archetypes inRiode Janeirobeingheterogeneous in termsof construction andbuildingheight, the city is similar toChandigarh in that the total stock

of residential buildings is mostly represented by a single building archetype. However, Rio de Janeiro is largely composed of 16-story reinforced

concrete framedapartments that are betweenapproximately 30%and40%of theMICs calculated forChandigarh.However, the populationdensity

of Rio de Janeiro, 5266 persons/km2 (Condeixa et al., 2017), is much lower than that of Chandigarh. Efficiencies associated with the utilization of

MSmay therefore be explained by the significantly lower MIC values resulting from higher-rise construction, with the number of stories shown to

reduceMIC values in other contexts (Gontia et al., 2018; Schiller et al., 2018), including India (Bansal et al., 2014).

While we find that the per capita accumulation of residential building MS varies among wards, the Census of India shows that the distribution

of household sizes remains similar (Census of India, 2011) despite uniform housing construction. As such, plot number estimations across wards

may limit the accuracy of per capita stock assessments here. Such building-level and floor area information is lacking across cities within India and

future work should seek to collect primary data, for example, through site surveys and remote sensing, enabling the verification of the bottom-up

stock estimates here and improved comparability between bottom-up studies. This is of particular importance for an understanding of thematerial

intensity of roads within India, which is currently significantly lacking.

4.1.2 Roads

The per capita and per km2 accumulation of road MS in Chandigarh is much larger than in other cities such as Beijing (Guo et al., 2014), Manch-

ester, andWakayama (Tanikawa & Hashimoto, 2009). Beijing has a similar MIC for expressways and arterial roads when compared to Chandigarh;

however, the MIC for roads serving residential areas, which are shown to account for the majority of the road length in both Beijing and Chandi-

garh, is a factor of 3 larger in Chandigarh than in Beijing. Further, Chandigarh has a total road density of around 19 km/km2, whereas Beijing has

almost half of the road density and population density of Chandigarh. This indicates that the larger MICs adopted here coupled with the greater

density of roadsmay account for the significantly greater accumulation of roadMS inChandigarh thanBeijing, despite a greater population density.

However, a study of Beijing’s population within the same study year as Guo et al. (2014) highlights the significant variation in population density

within the studied area of Beijing (Yao &Wang, 2014). It is therefore important to note that, while we have been able to provide a brief comparison

to other cities, socioeconomic indicators and MS are often aggregated to the city level, which limits a detailed understanding of the urban devel-

opment of cities. Further work addressing the sub-city accumulation of MS, particularly in relation to socioeconomic factors such as population

density and standards of living, is needed to better understand the implications of urban form and human development on the accumulation of

built-environmentMS.

To explain the composition of Chandigarh further, and despite limited studies to draw comparison to, we compare the road-to-buildingMS ratio

with other cities. We calculate this as the ratio of the total MS of roads to the total MS of residential buildings at the city level by aggregating MS

at the ward level for which residential building and road MS estimations are available. We find this ratio to be 1.72, which is considerably larger

than other studies such as the city center (0.32) and outskirts of Odense (0.86) (Lanau & Liu, 2020), Salford (0.29) (Tanikawa & Hashimoto, 2009),

or Wakayama city center (0.13) (Tanikawa & Hashimoto, 2009). This ratio suggests that Chandigarh’s built-environment MS are distributed in a

manner more akin to the outskirts of cities where we often find a sparser distribution of buildings with an increased length of road to connect

inhabitants to services, as discussed by Lanau and Liu (2020). This finding corresponds with Chandigarh’s restriction on high-rise buildings which

will inherently limit the density of urban development as floor space becomes limited and lead to a stock accumulation that ismore sprawled. These

results therefore highlight the need to limit urban sprawl to increase the efficiency of MS provisioning, which is in line with urban scaling obser-

vations (Bettencourt et al., 2007; Sahasranaman & Bettencourt, 2019, 2021; Zünd & Bettencourt, 2019) and general recommendations regarding

the design of new urban areas (Gudipudi et al., 2016). It is important to note that the ratio accounts only for residential buildings, and it is there-

fore expected that the actual road-to-building stock ratio would reduce further. When adopting the alternate MIC values for roads estimated in

Vietnam (Schiller et al., 2020), we find that the total MS of roads is reduced by 41%, and thus, the city-level stock ratio reduces from 1.72 to 1.01.

However, this remains significantly higher than in other cities and underlines that the sprawled urban form is a key driving factor in the resultingMS

accumulation.

4.1.3 Implications for future urban development and resource efficiency

The results reveal that around 67% of the total MS of roads and residential buildings is belowground, that is, it is used to construct either the base

layer of roads or the foundations of residential buildings. The total underground MS of residential buildings and roads are 23% and 86%, respec-

tively, indicating that the majority of the total MSmay be considered as “lost stocks” and thus offer limited potential for secondary reuse. RoadMS

dominate overall MS accumulation and we find that this stock has limited potential for secondary use beyond standard construction practice. Base

layer constructionof roads accounts for approximately 86%of the totalMSof urban roads and60%of the total city-wideMS. Sand and stone are the
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MIHKELSON ET AL. 13

primary resources for base layer construction and are limited in their recoverability. As such, the resources used for road construction offer limited

opportunities for secondary use. The stock ofmaterials in residential buildings is largely composed of brick forwalls and foundations and reinforced

concrete for floors, foundations, and roofs (see supporting information Figure S.5). These materials account for only 16% and 13% of the total city-

wide MS, respectively; however, they may offer a greater opportunity for resource efficiency strategies. In situ concrete is generally not suitable

for deconstruction given that materials are difficult to separate without damaging components and that any separated concrete components are

generally downcycled and crushed (Densley Tingley, 2012). As a result, the reuse of foundations from demolished buildings may present the most

appropriate strategy for secondary resource use. Given that building designs in terms of typology andmaterial use are largely standardized, future

buildings may be able to reuse foundations due to similar loading criteria. However, the lack of structurally code-compliant design in Chandigarh

(Chandigarh Administration, 2022a) may impact the quality and reusability of materials and components. The master plan for Chandigarh to 2031

(ChandigarhAdministration, 2022a) proposes identifying opportunities for thedensificationof first-phase sectors due to the lack of land availability

in the city, and the provision of housing for the urban poor. One option for densification could be through the vertical extension of existing buildings.

However, additional materials would likely be required to reinforce the existing structures to facilitate this, that is, strengthening of columns and

foundations to accommodate increased load, and expansionmay still be limitedwithout significant increases to the height of buildings (Gillott et al.,

2022). Alternatively, poor-quality housing may become a useful secondary resource, which may have the potential for deconstruction and recircu-

lation into the economy, particularly for non-reinforced components such as brick walls, which account for approximately 11% of the total MS of

Chandigarh.

The results of the study therefore indicate that the master plan has resulted in a considerable “lock-in” effect, which significantly restricts

opportunities for urban development within the existing urban structure. As a result, it is reasonable to assume that future development will be

accommodated by either vertical extension, where structurally feasible, or more likely, the demolition of existing buildings with excessive waste.

These results highlight the importance of understanding the implications of built-environmentMS on the resource efficiency of future urban devel-

opment when master planning new urban areas. Future work should therefore address such MS implications within existing master plans in other

contexts, such as that of a small urban region in Iran (Seelig, 2011). It is also important for futurework to address the relationship between the accu-

mulation of such stocks and the levels of development at sub-city scales, particularly in terms of access to basic services, to improve comparability

between studies and better elaborate resource-efficiency strategies aiming to decouple humandevelopment fromenvironmental impactwithin the

built environment.

5 CONCLUDING REMARKS

To conclude, we show here that the unique urban planning case of Chandigarh, resulting from the master planning of the city centered around

universally high living standards, has driven a significantly larger ratio of road-to-building MS than the center and outskirts of other cities. While

residential building MS are comparable to other cities in the Global South, road MS have accumulated to a much greater extent than some rapidly

urbanizing and developed cities. Considerations of connectivity and living standards within and across low-rise residential areas have resulted in

an urban form that presents “lock-ins” limiting future urban development without demolition of existing stock. However, the existing stock was not

considered for use as a secondary resource, and it is now important to understand demolition waste flows and their potential for recirculation into

the economy. This is particularly important due to the significant amount of waste expected to be generated in India from the construction sector

due to rapid urbanization (Ram&Kalidindi, 2017) and the planned redevelopment of Chandigarh to 2031 (Chandigarh Administration, 2022a).We

therefore provide empirical evidence pointing toward the need to integrate material stock thinking into urban planning and development, with a

particular focus on transport infrastructure and connectivity. Future integration of this within assessments of living standards will be valuable to

enable an empirical understanding of the relationship between built-environmentMS and the development outcomes of inhabitants within cities.

ACKNOWLEDGMENTS

The authorswould like to thank EPSRC for providing the doctoral funding for this research project (Project Reference: 2280244) and theUniversity

of Sheffield’s Post-Graduate Research Publication Scholarship Scheme for providing additional funding support.

CONFLICT OF INTEREST STATEMENT

The authors declare no conflict of interest.

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are available from the corresponding author upon reasonable request.

ORCID

WilliamMihkelson https://orcid.org/0000-0003-3414-6561

HadiArbabi https://orcid.org/0000-0001-8518-9022

 1
5
3
0
9
2
9
0
, 0

, D
o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://o
n
lin

elib
rary

.w
iley

.co
m

/d
o
i/1

0
.1

1
1
1
/jiec.1

3
4
6
6
 b

y
 T

est, W
iley

 O
n
lin

e L
ib

rary
 o

n
 [2

2
/0

4
/2

0
2

4
]. S

ee th
e T

erm
s an

d
 C

o
n

d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d

itio
n

s) o
n

 W
iley

 O
n

lin
e L

ib
rary

 fo
r ru

les o
f u

se; O
A

 articles are g
o
v

ern
ed

 b
y
 th

e ap
p
licab

le C
reativ

e C
o
m

m
o
n
s L

icen
se



14 MIHKELSON ET AL.

REFERENCES

Arora,M., Raspall, F., Cheah, L., &Silva,A. (2019). Residential buildingmaterial stocks andcomponent-level circularity: The caseof Singapore. Journal of Cleaner

Production, 216, 239–248. https://doi.org/10.1016/j.jclepro.2019.01.199

Bansal, D., & Nandy, P. (2010). Embodied energy in residential cost effective units (Single Storied)—Up to 50 sqm plinth area. International Conference on Sustain-

able Built Environment (ICSBE-2010), Kandy. https://www.researchgate.net/publication/262117070_EMBODIED_ENERGY_IN_RESIDENTIAL_COST_

EFFECTIVE_UNITS

Bansal, D., Singh, R., & Sawhney, R. L. (2014). Effect of constructionmaterials on embodied energy and cost of buildings—A case study of residential houses in

India up to 60m2 of plinth area. Energy and Buildings, 69, 260–266. https://doi.org/10.1016/j.enbuild.2013.11.006

Bettencourt, L. M. A., Lobo, J., Helbing, D., Kühnert, C., & West, G. B. (2007). Growth, innovation, scaling, and the pace of life in cities. www.pnas.org/cgi/

content/full/

BIS, I. (1984). Indian standard criteria for earthquake resistant design of structures. Bureau of Indian Standards, NewDelhi, 1893(June), 41.

Boeing, G. (2021). Off the grid. . . and back again?: The recent evolution of American street network planning and design. Journal of the American Planning

Association, 87(1), 123–137. https://doi.org/10.1080/01944363.2020.1819382

Brelsford, C., Martin, T., & Bettencourt, L. M. A. (2019). Optimal reblocking as a practical tool for neighborhood development. Environment and Planning B:

Urban Analytics and City Science, 46(2), 303–321. https://doi.org/10.1177/2399808317712715

Brelsford, C., Martin, T., Hand, J., & Bettencourt, L. M. A. (2018). Toward cities without slums: Topology and the spatial evolution of neighborhoods. Science

Advances, 4(8), eaar4644. https://doi.org/10.1126/sciadv.aar4644

Census of India. (2011). Census of India. https://censusindia.gov.in/2011census/hlo/HLO_Tables.html

Chandigarh Administration. (2018). City development plan Chandigarh. InMinistry of Urban Development. https://chandigarhenvis.gov.in/sites/default/files/

documents/cdp.pdf

Chandigarh Administration. (2022a). Chandigarh master plan 2031—The official website of the Chandigarh Administration. https://chandigarh.gov.in/

chandigarh-master-plan-2031

Chandigarh Administration. (2022b). The official website of the Chandigarh Administration. https://chandigarh.gov.in/

Condeixa, K., Haddad, A., & Boer, D. (2017). Material flow analysis of the residential building stock at the city of Rio de Janeiro. Journal of Cleaner Production,

149, 1249–1267. https://doi.org/10.1016/j.jclepro.2017.02.080

Creutzig, F., Baiocchi, G., Bierkandt, R., Pichler, P. P., & Seto, K. C. (2015). Global typology of urban energy use and potentials for an urbanization mitigation

wedge. Proceedings of the National Academy of Sciences of the United States of America, 112(20), 6283–6288. https://doi.org/10.1073/pnas.1315545112

Debnath, A., Singh, S. V, & Singh, P. (1995). Comparative assessment of energy requirements for different types of residential buildings in India. In Energy and

Buildings, 23, 141–146.

Densley Tingley, D. (2012).Design for deconstruction: An appraisal. The University of Sheffield.

Directorate of Census Operations, C. (2011).District Census Handbook Chandigarh. https://censusindia.gov.in/nada/index.php/catalog/324

Fleischmann, M., Romice, O., & Porta, S. (2021). Measuring urban form: Overcoming terminological inconsistencies for a quantitative and compre-

hensive morphologic analysis of cities. Environment and Planning B: Urban Analytics and City Science, 48(8), 2133–2150. https://doi.org/10.1177/

2399808320910444

García-Torres, S., Kahhat, R., & Santa-Cruz, S. (2017).Methodology to characterize and quantify debris generation in residential buildings after seismic events.

Resources, Conservation and Recycling, 117, 151–159. https://doi.org/10.1016/j.resconrec.2016.11.006

Gillott, C., Davison, B., & Tingley, D.D. (2022). Drivers, barriers and enablers: Construction sector views on vertical extensions.Building Research& Information,

50(8), 909–923. https://doi.org/10.1080/09613218.2022.2087173

Gontia, P., Nägeli, C., Rosado, L., Kalmykova, Y., & Österbring, M. (2018). Material-intensity database of residential buildings: A case-study of Sweden in the

international context. Resources, Conservation and Recycling, 130(February), 228–239. https://doi.org/10.1016/j.resconrec.2017.11.022

Gudipudi, R., Fluschnik, T., Ros, A. G. C.,Walther, C., &Kropp, J. P. (2016). City density andCO2 efficiency. Energy Policy,91, 352–361. https://doi.org/10.1016/

j.enpol.2016.01.015

Guo, J., Fishman, T., Wang, Y., Miatto, A., Wuyts, W., Zheng, L., Wang, H., & Tanikawa, H. (2020). Urban development and sustainability challenges chronicled

by a century of constructionmaterial flows and stocks in Tiexi, China. Journal of Industrial Ecology, 25(1), 162–175. https://doi.org/10.1111/jiec.13054

Guo, Z., Hu, D., Zhang, F., Huang, G., & Xiao, Q. (2014). An integrated material metabolismmodel for stocks of Urban road system in Beijing, China. Science of

the Total Environment, 470–471, 883–894. https://doi.org/10.1016/j.scitotenv.2013.10.041

Gupta, N., & Kavita (2020). Slum rehabilitation through public housing schemes in India: A case of Chandigarh. Environment and Urbanization ASIA, 11(2),

231–246. https://doi.org/10.1177/0975425320938536

Gutiérrez, M., & Kahhat, R. (2022). Assessing the limits to the growth of urban stocks in areas with horizontal growth constraints.Resources, Conservation and

Recycling, 181, 106221. https://doi.org/10.1016/j.resconrec.2022.106221

Haberl, H., Wiedenhofer, D., Erb, K.-H., Görg, C., & Krausmann, F. (2017). The material stock-flow-service nexus: A new approach for tackling the decoupling

conundrum. Sustainability, 9(7), 1049. https://doi.org/10.3390/su9071049

Hart, J., Adams, K., Giesekam, J., Tingley, D. D., & Pomponi, F. (2019). Barriers and drivers in a circular economy: The case of the built environment. Procedia

CIRP, 80, 619–624. https://doi.org/10.1016/j.procir.2018.12.015

Huang, C., Han, J., & Chen,W. Q. (2017). Changing patterns and determinants of infrastructures’ material stocks in Chinese cities. Resources, Conservation and

Recycling, 123, 47–53. https://doi.org/10.1016/j.resconrec.2016.06.014

IEA. (2019). 2019 Global status report for buildings and construction towards a zero-emissions, efficient and resilient buildings and construction sector. www.iea.org

India, G. of. (2021). Reforms in urban planning capacity in India—Final Reportj. https://www.niti.gov.in/sites/default/files/2021-09/UrbanPlanningCapacity-in-

India-16092021.pdf

IRC. (1983). IRC-86:1983 Geometric design standards for urban roads in plains. https://ujjvalsolanki.files.wordpress.com/2013/09/irc-86-1983-geometric-

design-of-urban-roads-in-plain-terrain.pdf

IRC. (2018).Geometric design standards for urban roads and streets, 2013–2015. https://law.resource.org/pub/in/bis/irc/irc.gov.in.086.2018.pdf

IRP. (2018). The weight of cities: Resource requirements of future urbanization. www.karlschulschenk.com

Kandpal, G. C., John, B., & Joshi, K. C. (2009). Geotechnical studies in relation to seismic microzonation of Union Territory of Chandigarh. Geophysics Union,

13(2), 75–83.

 1
5
3
0
9
2
9
0
, 0

, D
o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://o
n
lin

elib
rary

.w
iley

.co
m

/d
o
i/1

0
.1

1
1
1
/jiec.1

3
4
6
6
 b

y
 T

est, W
iley

 O
n
lin

e L
ib

rary
 o

n
 [2

2
/0

4
/2

0
2

4
]. S

ee th
e T

erm
s an

d
 C

o
n

d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d

itio
n

s) o
n

 W
iley

 O
n

lin
e L

ib
rary

 fo
r ru

les o
f u

se; O
A

 articles are g
o
v

ern
ed

 b
y
 th

e ap
p
licab

le C
reativ

e C
o
m

m
o
n
s L

icen
se



MIHKELSON ET AL. 15

Kanoungo, A., Sharma, U., Goyal, A., Kanoungo, S., & Singh, S. (2021). Assessment of causes of pothole development on Chandigarh roads. Journal of The

Institution of Engineers (India): Series A, 102(2), 411–419. https://doi.org/10.1007/s40030-021-00520-5

Kapoor, A., & Green, M. (2019). Social progress index: Districts of India 2018. Institute for Competitiveness. https://socialprogress.in/social-progress-index-

districts-of-india-2018/

Kennedy, C. A., Stewart, I., Facchini, A., Cersosimo, I., Mele, R., Chen, B., Uda, M., Kansal, A., Chiu, A., Kim, K. G., Dubeux, C., Lebre La Rovere, E., Cunha, B.,

Pincetl, S., Keirstead, J., Barles, S., Pusaka, S., Gunawan, J., Adegbile, M., . . . Sahin, A. D. (2015). Energy and material flows of megacities. Proceedings of the

National Academy of Sciences of the United States of America, 112(19), 5985–5990. https://doi.org/10.1073/PNAS.1504315112

Kloostra, B.,Makarchuk, B., & Saxe, S. (2022). Bottom-up estimation ofmaterial stocks and flows in Toronto’s road network. Journal of Industrial Ecology, 26(3),

875–890. https://doi.org/10.1111/jiec.13229

Koutamanis, A., van Reijn, B., & van Bueren, E. (2018). Urban mining and buildings: A review of possibilities and limitations. Resources, Conservation and

Recycling, 138, 32–39. https://doi.org/10.1016/j.resconrec.2018.06.024

Krausmann, F., Wiedenhofer, D., Lauk, C., Haas, W., Tanikawa, H., Fishman, T., Miatto, A., Schandl, H., & Haberl, H. (2017). Global socioeconomic material stocks

rise 23-fold over the 20th century and require half of annual resource use. https://doi.org/10.1073/pnas.1613773114

Lai, S., Loke, L. H. L., Hilton,M. J., Bouma, T. J., & Todd, P. A. (2015). The effects of urbanisation on coastal habitats and the potential for ecological engineering:

A Singapore case study.Ocean and Coastal Management, 103, 78–85. https://doi.org/10.1016/j.ocecoaman.2014.11.006

Lanau, M., & Liu, G. (2020). Developing an urban resource cadaster for circular economy: A case of Odense, Denmark. Environmental Science and Technology,

54(7), 4675–4685. https://doi.org/10.1021/acs.est.9b07749

Lanau, M., Liu, G., Kral, U., Wiedenhofer, D., Keijzer, E., Yu, C., & Ehlert, C. (2019). Taking stock of built environment stock studies: Progress and prospects.

Environmental Science and Technology, 53(15), 8499–8515. https://doi.org/10.1021/acs.est.8b06652

Long, Y., Gu, Y., & Han, H. (2012). Spatiotemporal heterogeneity of urban planning implementation effectiveness: Evidence from five urban master plans of

Beijing. Landscape and Urban Planning, 108(2–4), 103–111. https://doi.org/10.1016/j.landurbplan.2012.08.005

Makido, Y., Dhakal, S., & Yamagata, Y. (2012). Relationship between urban form and CO 2 emissions: Evidence from fifty Japanese cities. Urban Climate, 2,

55–67. https://doi.org/10.1016/j.uclim.2012.10.006

Martino, N., Girling, C., & Lu, Y. (2021). Urban form and livability: Socioeconomic and built environment indicators. Buildings and Cities, 2(1), 220–243. https://

doi.org/10.5334/BC.82/METRICS/

Mastrucci, A., & Rao, N. D. (2019). Bridging India’s housing gap: Lowering costs and CO2 emissions. Building Research and Information, 47(1), 8–23. https://doi.

org/10.1080/09613218.2018.1483634

Mesta, C., Kahhat, R., & Santa-Cruz, S. (2019). Geospatial characterization of material stock in the residential sector of a Latin-American city. Journal of

Industrial Ecology, 23(1), 280–291. https://doi.org/10.1111/jiec.12723

Müller, D. B. (2006). Stock dynamics for forecastingmaterial flows—Case study for housing in TheNetherlands. Ecological Economics, 59(1), 142–156. https://

doi.org/10.1016/J.ECOLECON.2005.09.025

Müller,D. B., Liu, G., Løvik, A.N.,Modaresi, R., Pauliuk, S., Steinhoff, F. S., &Brattebø,H. (2013). Carbon emissions of infrastructure development.Environmental

Science and Technology, 47(20), 11739–11746. https://doi.org/10.1021/es402618m

Nagpure, A. S., Reiner, M., & Ramaswami, A. (2018). Resource requirements of inclusive urban development in India: Insights from ten cities. Environmental

Research Letters, 13(2), 025010. https://doi.org/10.1088/1748-9326/aaa4fc

Nguyen, T. C., Fishman, T., Miatto, A., & Tanikawa, H. (2019). Estimating the material stock of roads: The Vietnamese case study. Journal of Industrial Ecology,

23(3), 663–673. https://doi.org/10.1111/jiec.12773

Pauliuk, S., & Müller, D. B. (2014). The role of in-use stocks in the social metabolism and in climate change mitigation. Global Environmental Change, 24(1),

132–142. https://doi.org/10.1016/j.gloenvcha.2013.11.006

Praseeda, K. I., Reddy, B. V. V., &Mani,M. (2016). Embodied and operational energy of urban residential buildings in India. Energy and Buildings, 110, 211–219.

https://doi.org/10.1016/j.enbuild.2015.09.072

Ram, V. G., & Kalidindi, S. N. (2017). Estimation of construction and demolition waste using waste generation rates in Chennai, India.Waste Management and

Research, 35(6), 610–617. https://doi.org/10.1177/0734242X17693297

Ramaswami, A., Russell, A.G., Culligan, P. J., Rahul Sharma,K., &Kumar, E. (2016).Meta-principles for developing smart, sustainable, andhealthy cities. Science,

352(6288), 940–943. https://doi.org/10.1126/science.aaf7160

Ramesh, T., Prakash, R., & Kumar Shukla, K. (2013). Life cycle energy analysis of amultifamily residential house: A case study in Indian context.Open Journal of

Energy Efficiency, 02(01), 34–41. https://doi.org/10.4236/ojee.2013.21006

Rao, N. D.,Min, J., &Mastrucci, A. (2019). Energy requirements for decent living in India, Brazil and SouthAfrica.Nature Energy, 4(12), 1025–1032. https://doi.

org/10.1038/s41560-019-0497-9

Reyna, J. L., & Chester,M. V. (2014). The growth of urban building stock unintended lock-in and embedded environmental effects. Journal of Industrial Ecology,

19(4), 524–537. https://doi.org/10.1111/jiec.12211

Rodríguez-Lora, J.-A., Rosado, A., Navas-Carrillo, D., & Le, D. (2021). Le Corbusier’s urban planning as a cultural legacy. An approach to the case of Chandigarh.

https://doi.org/10.3390/designs5030044

Sahasranaman, A., & Bettencourt, L. M. A. (2019). Urban geography and scaling of contemporary Indian cities. Journal of The Royal Society Interface, 16(152),

20180758. https://doi.org/10.1098/RSIF.2018.0758

Sahasranaman, A., & Bettencourt, L. M. A. (2021). Life between the city and the village: Scaling analysis of service access in Indian urban slums. World

Development, 142, 105435. https://doi.org/10.1016/J.WORLDDEV.2021.105435

sandeepgadhwal, & devdattaT. (2018). Municipal Spatial Data Chandigarh (GitHub). https://creativecommons.org/licenses/by-sa/2.5/in/legalcode https://

github.com/datameet/Municipal_Spatial_Data/tree/master/Chandigarh

Sarin, M. (1980). Chandigarh: Progress and problems of a great experiment. The Round Table, 70(279), 299–304. https://doi.org/10.1080/

00358538008453467

Schiller, G., Bimesmeier, T., & Pham, A. T. V. (2020). Method for quantifying supply and demand of construction minerals in urban regions—A case study of

Hanoi and its hinterland. Sustainability, 12(11), 4358. https://doi.org/10.3390/su12114358

Schiller, G.,Miatto, A., Gruhler, K., Ortlepp, R., Deilmann, C., & Tanikawa,H. (2018). Transferability ofmaterial composition indicators for residential buildings:

A conceptual approach based on a German-Japanese comparison. Journal of Industrial Ecology, 23(4), 796–807. https://doi.org/10.1111/jiec.12817

 1
5
3
0
9
2
9
0
, 0

, D
o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://o
n
lin

elib
rary

.w
iley

.co
m

/d
o
i/1

0
.1

1
1
1
/jiec.1

3
4
6
6
 b

y
 T

est, W
iley

 O
n
lin

e L
ib

rary
 o

n
 [2

2
/0

4
/2

0
2

4
]. S

ee th
e T

erm
s an

d
 C

o
n

d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d

itio
n

s) o
n

 W
iley

 O
n

lin
e L

ib
rary

 fo
r ru

les o
f u

se; O
A

 articles are g
o
v

ern
ed

 b
y
 th

e ap
p
licab

le C
reativ

e C
o
m

m
o
n
s L

icen
se



16 MIHKELSON ET AL.

Schug, F., Frantz, D., Wiedenhofer, D., Haberl, H., Virag, D., van der Linden, S., & Hostert, P. (2022). High-resolution mapping of 33 years of material stock and

population growth in Germany using Earth Observation data. Journal of Industrial Ecology, 27(1), 110–124. https://doi.org/10.1111/jiec.13343

Seelig, S. (2011). A master plan for low carbon and resilient housing: The 35 ha area in Hashtgerd New Town, Iran. Cities, 28(6), 545–556. https://doi.org/10.

1016/j.cities.2011.06.001

Tanikawa,H., Fishman, T., Okuoka, K., & Sugimoto, K. (2015). Theweight of society over time and space: A comprehensive account of the constructionmaterial

stock of Japan, 1945–2010. Journal of Industrial Ecology, 19(5), 778–791. https://doi.org/10.1111/jiec.12284

Tanikawa,H., &Hashimoto, S. (2009). Urban stock over time: Spatialmaterial stock analysis using 4d-GIS.Building Research and Information,37(5–6), 483–502.

https://doi.org/10.1080/09613210903169394

UN. (2018).World urbanization prospects. https://population.un.org/wup/publications/Files/WUP2018-Report.pdf

UNDP. (2019). HumanDevelopment Report 2019: Beyond income, beyond averages, beyond today. InUnited Nations Development Program. https://hdr.undp.

org/content/human-development-report-2019

UNEP. (2013).City-Level Decoupling: Urban resource flows and the governance of infrastructure transitions. https://wedocs.unep.org/handle/20.500.11822/8488;

jsessionid=30E9F0016607CA6C8E893D082106B47F

UNEP. (2015). Policy coherance of the sustainable development goals. https://www.resourcepanel.org/reports/policy-coherence-sustainable-development-

goals

UN-Habitat. (2020). The strategic plan 2020–2023. https://unhabitat.org/the-strategic-plan-2020-2023

United Nations Department of Economic and Social Affairs. (2022). World Population Prospects 2022: Summary of results. UN DESA/POP/2022/TR/NO. 3.

https://www.un.org/development/desa/pd/content/World-Population-Prospects-2022

Vengala, J., Ramesh, K., Dharek, M. S., Krishna, B., & Kumar, S. (2021). Embodied energy and operational energy computations for a typical G+3 residential

building in Vijayawada city of Andhra Pradesh, India. International Journal of Advanced Technology and Engineering Exploration, 8(81), 2394–7454. https://

doi.org/10.19101/IJATEE.2021.874169

Whitehand, J. W. R., Batty, M., & Longley, P. (1996). Fractal cities: A geometry of form and function. The Geographical Journal, 162(1), 113. https://doi.org/10.

2307/3060277

Wiedenhofer, D., Steinberger, J. K., Eisenmenger, N., & Haas, W. (2015). Maintenance and expansion: Modeling material stocks and flows for residential

buildings and transportation networks in the EU25. Journal of Industrial Ecology, 19(4), 538–551. https://doi.org/10.1111/jiec.12216

Yao, Y., & Wang, S. (2014). Commuting tools and residential location of suburbanization: Evidence from Beijing. Urban, Planning and Transport Research, 2(1),

274–288. https://doi.org/10.1080/21650020.2014.920697

Zünd, D., & Bettencourt, L. M. A. (2019).Growth and development in prefecture-level cities in China. https://doi.org/10.1371/journal.pone.0221017

SUPPORTING INFORMATION

Additional supporting information can be found online in the Supporting Information section at the end of this article.

How to cite this article: Mihkelson,W., Arbabi, H., Hincks, S., & Tingley, D. D. (2024). Built-environment stocks in the context of a

master-planned city: A case study of Chandigarh, India. Journal of Industrial Ecology, 1–16. https://doi.org/10.1111/jiec.13466

 1
5
3
0
9
2
9
0
, 0

, D
o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://o
n
lin

elib
rary

.w
iley

.co
m

/d
o
i/1

0
.1

1
1
1
/jiec.1

3
4
6
6
 b

y
 T

est, W
iley

 O
n
lin

e L
ib

rary
 o

n
 [2

2
/0

4
/2

0
2

4
]. S

ee th
e T

erm
s an

d
 C

o
n

d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d

itio
n

s) o
n

 W
iley

 O
n

lin
e L

ib
rary

 fo
r ru

les o
f u

se; O
A

 articles are g
o
v

ern
ed

 b
y
 th

e ap
p
licab

le C
reativ

e C
o
m

m
o
n
s L

icen
se


	Built-environment stocks in the context of a master-planned city
	Abstract
	1 | INTRODUCTION
	1.1 | Built-environment material stocks
	1.2 | Built-environment material stock accounting in India
	1.3 | Aims and objectives

	2 | METHODS
	2.1 | Case study area and scope
	2.2 | Bottom-up material stock characterization for residential buildings and roads
	2.2.1 | Residential buildings
	2.2.2 | Roads


	3 | RESULTS
	3.1 | Material stocks of residential buildings and roads in Chandigarh and its wards

	4 | DISCUSSION
	4.1 | Composition and distribution of built-environment stocks in cities
	4.1.1 | Residential buildings
	4.1.2 | Roads
	4.1.3 | Implications for future urban development and resource efficiency


	5 | CONCLUDING REMARKS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	ORCID
	REFERENCES
	SUPPORTING INFORMATION


