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Transformation of India’s steel and cement industry in a sustainable 1.5°C world 

Abstract 
The anticipated economic and population growth in India will increase demand for material 

resources, energy and consequently carbon emissions. The global ambition to limit global 

warming to 1.5°C by the end of the century calls for rapid and unprecedented action. As the 

most carbon-intensive sectors, India’s steel and cement industry will require a more 

transformative shift, both on the demand and supply side.  

 

Strategies from both supply and demand-side are analysed for steel and cement sector to 

understand consequences for energy and emissions using  two modelling approaches i) 

energy system and ii) material flow models. A portfolio of technically feasible options to 

reduce the material, energy and CO2 intensity is explored under four alternate scenarios 

spanning till 2050 differentiated by their mitigation ambition and development paradigm.  

 

Results show that current policies in India will provide adequate incentives for achieving the 

climate targets India has submitted within its Nationally Determined Contribution (NDC) 

however, dematerialisation, reuse and recycling will be necessary for achieving the global 

ambition of 1.5oC. The study concludes that a stringent carbon policy in combination with 

strong sustainability principles can reduce CO2 emissions by 68% in the steel and cement 

sector in 1.5oC Scenario compared to NDC Scenario.  

 
 
Keywords; Material flow model, Energy system model, Scenarios, Industry 
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1. Introduction 
The Paris Agreement for climate change has enhanced the ambition for mitigation to a global 

goal of stabilizing temperature below 1.5°C and this call for enhanced contribution from all 

the sectors of the economy (Rogelj et. al., 2015) including industry. Achieving 1.5°C scenario 

globally at the lowest mitigation cost is feasible in socio-economic scenarios based on the 

sustainable paradigm where consumption is oriented toward low material growth and lower 

resource and energy intensity (Riahi et. al., 2017). With the second largest population globally 

after China, India would exert a major influence on the demand for energy-intensive 

materials.  

The manufacturing sector in India contributed to 19 % of total CO2 emissions from fuel 

combustion in 2010 (GoI (Government of India), 2015). A large share of these emissions is 

from the production of materials consumed within the economy namely cement, steel, non-

ferrous metals, chemicals, paper, textiles, bricks, fertilizers, etc. Steel and cement are the two 

most energy-intensive sectors and the largest contributors to emissions, together accounting 

for around half of industry-related CO2 emissions for India. India’s steel sector contributed to 

31.9% of industry sector CO2 emissions from fuel combustion in 2010 (GoI (Government of 

India), 2015).  Cement is the next largest contributor and contributed to 13.5% of industry 

sector CO2 emissions from fuel combustion in 2010 (GoI (Government of India), 2015).  

In 2015, India's per capita steel consumption at 59.4 kg and per capita cement consumption 

at 195 kg was well below the global per capita average of 216.6 kg for steel and 520 kg for 

cement (Garg et. al., 2017). Primarily driven by future growth in the automotive, 

housing/construction and renewable energy sectors (Prakash, 2018), the business as usual 

(BAU) pathways will take India’s consumption, in the medium term (e.g., by 2050), towards 

levels reached in developed countries (IEA, 2009). 
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India's Nationally Determined Contribution (NDC) promises a 33 to 35% reduction in CO2 

intensity by 2030 from the 2005 level and the actions listed within the NDC for achieving the 

intensity target include energy-intensive sectors and a call for efficient, cleaner and 

sustainable production and consumption systems (UNFCCC, 2015). Driven by global 

technology developments, and national policies such as the Perform Achieve and Trade (PAT) 

for energy-intensive industries, India’s industrial sector has seen improvements in energy 

efficiency (Garg et al., 2017). PAT is a market-based trading scheme designed to improve 

energy efficiency in energy-intensive sectors through trading in energy efficiency certificates 

(ESCerts) for designated consumers. ESCerts are issued if designated consumers overachieve 

the set targets. Achieving 1.5°C will require strong and deep mitigation interventions in both 

the production and consumption (IPCC, 2018) which, in India’s case require multiple 

transformations at the systemic level (Vishwanathan et al., 2018). The commitment towards 

achieving the advances in material design, Information Technology (IT) and the sharing 

economy (UNEP, 2016) have altered the consumption landscape and provide an opportunity 

for India to achieve rapid economic development and ambitious mitigation. A commitment 

to achieving sustainable development requires parallel efforts to manage demand in a 

resource-efficient way. Resource conservation based on the circular economy, therefore, 

becomes an equally important agenda, along with climate change mitigation  (Van der Voet 

et al., 2018). 

In light of multiple global and national climate, energy and sustainability challenges India 

faces, there is an urgency to find ways to manage this demand. Understand the demand and 

its drivers in the future is the first step towards this. Several studies have examined emission 

reductions within steel and cement sector at the global level (Akashi et. al, 2011; Allwood et. 

al., 2010; IEA, 2009, van Ruijven et. al., 2016). Most of these studies examine changes in 
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technology and fuel choices for steel and cement production and its impacts on CO2 emissions 

mitigation. Reduction in CO2 emissions, for steel and cement at a global level, from changes 

in product design, recycling and reuse have been analysed (Allwood et. al., 2010). Morrow et. 

al., (2014) have studied India’s steel and cement sectors for the impact of improvements in 

production technology choices on CO2 emission. There is a lack of studies for India that 

explicitly model future demand for steel and cement under alternative policy scenarios and 

analyse mitigation from these sectors in a holistic way i.e., covering both material efficiency 

(through product design, recycling and reuse) and energy efficiency (through improvement in 

production technologies).  

The mitigation analysis available for steel and cement sector is for various carbon tax 

scenarios and the 2°C scenario (van Ruijven et. al., 2016; Akashi et. al, 2011). There are no 

papers covering a 1.5°C scenario. 1.5°C scenarios would require an accelerated 

implementation of the mitigation measures (Rogelj et. al., 2015).   

This paper addresses the contribution of steel and cement industries, towards mitigation in 

the 1.5°C scenario. The broad questions addressed in the paper relate to the role of steel and 

cement sector within the mitigation efforts of India with special attention to demand-side 

measures. The mitigation that would happen in these sectors would vary with climate policies, 

therefore, both 2°C and 1.5°C climate stabilisation goals are analysed. 

In this paper, we first describe the methodology for estimating demand, analysing technology 

choices and estimating CO2 emissions (Section 2). The subsequent section presents the results 

for alternative scenarios. Finally, in Section 4 we discuss the results and conclude with policy 

implications. 
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2. Methodology 
 Scenarios help understand and analyse alternative futures in a coherent and internally 

consistent manner (IPCC, 2000) and therefore are a suitable tool for answering the questions 

related to the future of steel and cement sector. Each of the scenarios constructed in this 

study includes a qualitative narrative that is then quantified with a detailed set of socio-

economic, technological and climate policy assumptions as detailed in Section 2.1. The 

scenarios are analysed using a model framework that is described in Section 2.2. To fulfil the 

objective of assessing how the demand varies in these scenarios, the demands for steel and 

cement are estimated using the methodology in Section 2.3.  

2.1. Scenarios 
The paper uses scenarios for answering the questions related to the future of steel and 

cement sector. Scenarios allow to carry out the analysis in a coherent and internally consistent 

manner (IPCC, 2000). The paper assesses four alternative future scenarios for India from 2010 

through 2050. i) NDC Scenario ii) 2°C conventional scenario iii) 2°C sustainable scenario iv) 

1.5°C sustainable scenario. The scenarios can be differentiated in terms of i. development 

paradigm and ii. climate target (Fig 1).   

----------------------------------------------  

Insert Fig. 1. Scenario Framework 

----------------------------------------------- 

2.1.1. NDC Scenario  
The NDC scenario considers the achievement of India’s NDC target of 33-35% reduction in CO2 

emissions intensity by 2030 relative to 2005 levels (UNFCCC (United Nations Framework 

Convention on Climate Change), 2016). An analysis of NDC at the global level shows that they 

will fall short of 1.5°C and 2°C climate target (Rogelj et. al., 2018) and result in a temperature 

rise of 2.9 to 3.2°C with the implementation of unconditional NDCs (UNEP, 2018). Rapid 
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economic development is the main policy objective of the government as it aims to solve the 

problems of poverty and unemployment. GDP is projected to grow at a rate of 8% per year 

during the period 2010-2030 and over 7% for the period 2010-2050. The population 

projections are consistent with the medium scenario of UN population projections reaching 

1513 million by 2030 (UN DESA, 2017). Presently, several policy initiatives are underway 

overall in the industry, buildings, transportation and urban sectors (See S1, Supplementary 

Materials for an overview of policies across scenarios). The Perform Achieve and Trade (PAT) 

scheme, a market-based incentive scheme for reducing emissions from the industry sector 

has played an important role in bringing about incremental improvements in energy efficiency 

(Garg et al., 2017).  The implementation of policies (including PAT) is expected to continue 

and intensify in future. However, sustainability measures e.g., remanufacturing and reuse 

that can reduce demand for materials are not considered. The NDC scenario relies on the 

implementation of the aforementioned planned policies on renewable energy, energy 

efficiency and sectoral initiatives. The scenario does not consider any global carbon tax and 

mitigation actions are mainly due to voluntary actions proposed in India’s NDC. 

 

2.1.2. 2°C Conventional Scenario  
The 2°C conventional scenario considers strong climate policies, which are operationalised 

through a global tax on CO2 for removal of a ton of CO2 under a global ‘cap and trade’ regime. 

The scenario considers a CO2 price trajectory aligned with Copenhagen pledges planned to 

take effect post-2020. The CO2 price trajectory is obtained from an integrated assessment 

model and increases from 40 USD per tCO2 in 2020 to 130 USD per tCO2 by 2050 (Lucas et al., 

2013).   The increase in CO2 price renders low carbon technologies more competitive by 

increasing the cost of fossil fuels corresponding to their CO2 content. The socio-economic 
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assumptions in this scenario are similar to the NDC Scenario with the difference that the CO2 

tax is expected to result in a GDP loss of around 3% and therefore a lower demand for energy-

intensive industries. The scenario does not consider any remanufacturing and reuse beyond 

the NDC scenario. 

 

2.1.3. 2°C Sustainable Scenario  
The 2°C sustainable scenario is similar to the 2°C conventional scenario in its ambition for 

mitigation as operationalized through a CO2 budget. This carbon budget is 82 GtCO2 for the 

period 2010 to 2050 and based on an earlier assessment of 2°C and 1.5°C scenarios for India 

where the same CO2 price trajectory was considered for 2°C scenario (Dhar et al., 2018). The 

scenario differs from the 2°C Conventional Scenario in its assumption that meeting the 

mitigation targets would not rely on conventional technology-based approaches, but instead 

on the adoption of a broad range of sustainability actions. The scenario would target to 

achieve the Sustainable Development Goals (SDG) for energy efficiency (SDG Target 7.3), 

environmental impacts on cities (SDG Target 11.6), reduce waste generation through 

prevention, reduction, recycling, and reuse (SDG Target 12.5). A focus on reduction, recycling 

and reuse would result in lower demand for energy-intensive products like steel, cement, 

aluminium, paper, etc. relative to the 2°C  conventional scenario. Section 2.3 provides a 

detailed discussion on demands for the steel and cement sectors. The level of 

remanufacturing and reuse is considered higher than the 2°C conventional scenario. 

2.1.4. 1.5°C Sustainable Scenario  
A key difference between the 2°C and 1.5°C scenarios is the carbon budget, which at 43 GtCO2 

for the 1.5°C scenario is much lower than the 2°C scenario. The methodology for estimating 

carbon budget for 1.5°C scenarios for India is based on an earlier assessment (Dhar et al., 
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2018) and details are provided in S2, Supplementary Material. The significantly constrained 

carbon emissions space in a 1.5°C world (UNEP (United Nations Environment Programme), 

2016) cannot be realized without an overhaul of the existing systems and strong sustainability 

measures. Therefore, conventional means relying solely on carbon price for achieving the 

1.5°C scenario are not explored. The scenario has a wide portfolio of sustainability measures 

similar to the 2°C sustainable scenario. In the 1.5°C sustainable scenario, the demand for 

materials and energy-intensive products is lower than 2°C conventional scenario but similar 

to 2°C sustainable scenario due to dematerialisation, recycling, wastage reduction, and reuse. 

Moderate level of remanufacturing and reuse is considered. 

 
 

2.2. Model framework for analysis 
The questions addressed in this paper are related to consequences for energy and emissions 

from the steel and cement sector.  These have been analysed using energy system models 

(Akashi et. al, 2011; IEA, 2009, van Ruijven et. al., 2016) or models dealing with material flows 

(Allwood et. al., 2010).  The key driving forces for energy systems models are population and 

GDP (Bhattacharyya and Timilsina, 2010) and the analysis is primarily related to the existing 

stock of technologies and future changes within the respective sectors that result in changes 

in energy and emissions. Analysing alternative scenarios for material demand is not a strength 

of these models. On the other hand, models looking at material flows have a framework for 

an analysis of material demand and strategies for reducing the demand but lack a detailed 

representation of technologies.    
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----------------------------------- 

Fig. 2. Model Framework 

----------------------------------- 

The overall framework in this paper for analysing CO2 emission reductions from the steel and 

cement sector, therefore, uses a hybrid approach (Fig 2). This approach modifies the 

framework used in the energy system models (Bhattacharyya and Timilsina, 2010; van Ruijven 

et al., 2016) through the addition of material flow modelling in the modelling steps. A detailed 

modelling of material demand will provide inputs to an energy system model to analyse 

technological choices. These inputs, in addition to the demand for steel and cement, also 

include the amount of scrap produced, amount of material reused, and dematerialisations.  

The model framework is based on the Kaya identity. The Kaya identity provides a relationship 

between energy-related CO2 emissions with population, economic development, energy 

intensity and carbon intensity. Recently, the Kaya identity has been used to decompose 

overall emissions at regional level (Wang et al., 2017) and at the sectoral level for the industry, 

buildings (Ma and Cai, 2018) and transport sectors.  The Kaya identity for the whole economy 

can be described using the following equation (based on Schandl et. al., 2016) 

𝐶𝐶𝐶𝐶2 =  𝑃𝑃𝑃𝑃𝑃𝑃 ∗  
𝐺𝐺𝐺𝐺𝐺𝐺
𝑃𝑃𝑃𝑃𝑃𝑃

∗  
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸
𝐺𝐺𝐺𝐺𝐺𝐺

∗  
𝐶𝐶𝐶𝐶2 

𝐸𝐸𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
 

Where, 𝐶𝐶𝐶𝐶2  = Total CO2 emissions in the economy  

Pop  = Population 

𝐺𝐺𝐺𝐺𝐺𝐺
𝑃𝑃𝑃𝑃𝑃𝑃

  = Per capita Gross Domestic Product or a measure of national income 

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸
𝐺𝐺𝐺𝐺𝐺𝐺

 = Energy Intensity of economic activity 

𝐶𝐶𝐶𝐶2 
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸

 = CO2 intensity of the energy  

The above Kaya identity can be modified for industry-related emissions as follows  
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𝐶𝐶𝐶𝐶2𝐼𝐼𝐼𝐼𝐼𝐼 =  �𝑃𝑃𝑃𝑃𝑃𝑃 ∗  
𝐺𝐺𝐺𝐺𝐺𝐺
𝑃𝑃𝑃𝑃𝑃𝑃

∗
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑖𝑖
𝐺𝐺𝐺𝐺𝐺𝐺

∗  
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐼𝐼𝐼𝐼𝐼𝐼𝑖𝑖
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑖𝑖

∗  
𝐶𝐶𝐶𝐶2 𝐼𝐼𝐼𝐼𝐼𝐼𝑖𝑖

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐼𝐼𝐼𝐼𝐼𝐼𝑖𝑖

𝑛𝑛

𝑖𝑖=1

  

Where 

𝐺𝐺𝐺𝐺𝐺𝐺
𝑃𝑃𝑃𝑃𝑃𝑃

   = Per capita GDP 

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑖𝑖
𝐺𝐺𝐺𝐺𝐺𝐺

    =  Intensity of material i consumption in the economy measured in terms 
of material consumption per unit of GDP 

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐼𝐼𝐼𝐼𝐼𝐼𝑖𝑖
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑖𝑖

 = Energy intensity of manufacturing per unit quantity of material i 

𝐶𝐶𝐶𝐶2 𝐼𝐼𝐼𝐼𝐼𝐼𝑖𝑖
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐼𝐼𝐼𝐼𝐼𝐼𝑖𝑖

 = CO2 intensity of energy used for manufacturing material i 

 

2.3. Modelling material demand  
 

Material demand has grown with industrial development and typically, industrialised 

societies have historically operated in an open system transforming resources into products 

and discarding them at the end of the useful life (Allwood et. al., 2011). This approach is 

defined in the present study as the conventional approach for material use and forms the 

basis for material demand in the NDC and 2°C Conventional scenario. This conventional 

approach imposes enormous environmental costs for land, water and emissions including CO2 

(Allwood et. al., 2011). A more sustainable approach, which aims at reduction in material use 

through material efficiency improvements, forms the basis of sustainable scenarios (2°C and 

1.5oC). 

2.3.1. Conventional Scenario 
-------------------------------------------------------------------------------------------------------------------------- 

Insert Fig. 3. Correlation of Material Demand with GDP a) Steel Demand b) Cement Demand 

-------------------------------------------------------------------------------------------------------------------------- 
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The demand for steel and cement, for India, has been highly correlated with GDP (Fig 3) 

however despite rapid growth in demand in the post-reform period in India (1990), the per 

capita demand is still much below the world average (Garg et. al., 2017). This demand is 

expected to grow in the near term and stabilise in the longer term at levels close to those 

witnessed in the developed countries. Earlier studies have used GDP as the main driver of 

demand for steel and cement and a variety of functional forms have been used (van Ruijven 

et al., 2016). In this study, we use the industrial GDP instead of overall GDP since the 

correlation is stronger with industrial GDP. Using the following linear regression models form 

the elasticity of demand for steel and cement were estimated. 

ln(𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑡𝑡) =  𝛼𝛼 +  𝛽𝛽 ∗ 𝑙𝑙𝑙𝑙𝐺𝐺𝐺𝐺𝐺𝐺_𝐼𝐼𝐼𝐼𝐼𝐼𝑡𝑡 

The value of elasticity was 1.09 in case of cement and 1.07 in case of steel, i.e., if industry 

grew at 1% the demand for cement will grow at 1.09% and demand for steel will grow at 

1.07%. 

The Industrial GDP is estimated using a logistic regression function. The share of industrial 

GDP at any future time is estimated from the following logistic regression. 

𝐼𝐼𝑛𝑛𝑛𝑛_𝐺𝐺𝐺𝐺𝐺𝐺𝑡𝑡 = 𝐼𝐼𝐼𝐼𝐼𝐼_𝐺𝐺𝐺𝐺𝐺𝐺𝑎𝑎 ∗ �
𝑒𝑒(𝑎𝑎+𝑏𝑏𝑏𝑏)

1 + 𝑒𝑒(𝑎𝑎+𝑏𝑏𝑏𝑏)� 

where a and b are estimated from the logistic regression and 𝐼𝐼𝐼𝐼𝐼𝐼_𝐺𝐺𝐺𝐺𝐺𝐺𝑎𝑎 is the asymptotic 

value of the share of industrial GDP which is taken as 40% in the NDC scenario and 2°C 

conventional scenario. The asymptotic value assumes that India will follow a manufacturing-

led growth path to create jobs for a large working-age population similar to China where the 

share of industrial sector GDP has remained above 40% for a long time. 
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2.3.2. Sustainable Scenario 
 

--------------------------------------------------------------------------------------------------------------------------
- 

Insert Fig. 4. Framework for analysing demand reductions for energy-intensive materials  

--------------------------------------------------------------------------------------------------------------------------

- 

Allwood et al., (2010) describe four strategies for improving material efficiency i) using less 

material for same service ii) extending product life and using more intensively iii) 

remanufacturing and reuse of components iv) recycling. All four strategies are applied in case 

of the sustainable scenarios (both 2°C and 1.5°C scenario) to estimate the demand reductions.  

Fig 4 provides a framework for analysing the four strategies and materials flow in the 

economy. The material flows coming out at each stage are characterised by α's.  

The total amount of finished steel or cement manufactured from various plants available for 

consumption in different industries is expressed as Yo. The production of steel and cement 

has been assumed equivalent to the demand for steel in the economy since historically the 

net exports of steel and cement have ranged mostly within 5% of the production (Refer 

Supplementary Material, S3). The focus of the policy is to promote manufacturing in India and 

therefore a large shift towards imports is not expected and neither is a large shift towards 

exports expected on account of the large domestic demand that is fuelled by a growing 

population with increasing incomes. 

In the first step, finished steel Yo is fed as input to industries manufacturing secondary 

products e.g., cars, appliances, house construction, etc. The scrap generation during 
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fabrication within these industries is a fraction of incoming materials and is expressed as α3.  

The remaining material embedded in the manufactured products is, therefore, equal to (1- 

α3)*Yo. 

The outputs from the industry cater to the new demand or replacement of stocks. The fraction 

of the steel added as new stock in the economy is designated as α1. The old stocks removed 

from circulation and are measured with reference to the steel supplied from industries during 

that year. The old stock retired is expressed as 1- α1. The amount of stock retired will depend 

inherently on the stock of material in the economy and how intensively they are used and 

how long they are used and these dynamics are captured within the coefficient α1. Within this 

fraction, some amount is partly recycled, partly reused and partly lost. α4 is a fraction of 

retired stock that is reused and α2 denotes the fraction of retired stock that is lost. The 

remaining retired stock is recycled and together with scrap generated in manufacturing 

becomes the total scrap available for steel production. 

The coefficients α1, α2, and α3 for the base year 2010 India are established through a review 

of the literature (Allwood et al., 2010), government reports and expert interviews (Table 1).  

Future coefficients vary in line with the storylines for conventional and sustainable scenarios. 

----------------------------------------------------------- 

Insert Table 1 Coefficients for material use 
------------------------------------------------------------ 
 
The first strategy can be achieved through light weighting of components, upgrading of 

material properties and material substitution. Light weighting includes e.g., the substitution 

of steel with alternate materials such as high strength steel, aluminium and more recently 

carbon fibre composites. This has been found to quite prevalent in case of components made 
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from casting and injection moulding however, materials, which are machined, the potentials 

are limited. Studies show that it is possible to reduce steel and aluminium requirements by 

25–30% by applying lightweight design principles ( Seyfried et al., 2015). Substitution of low 

energy materials in construction (roofing, flooring, columns, and load-bearing walls) could 

reduce cement consumption by 5%. Substitution of fly-ash in cement as a substitute or fly-

ash blocks in construction could reduce cement consumption without compromising the 

strength requirement. In overall, this strategy is reflected in the material demand reduction 

(Table 1) and we assume due to greater application of light-weighting and material 

substitution the demand coming from products would be 10% lower for steel w.r.t 

conventional and 15% lower for cement in 2050.   

The second strategy involves extending material life and using materials more intensively. In 

general, the trend in developed countries is that useful product lives are getting shorter due 

to rapid technological change (Allwood et al., 2011). Product life is the shortest of physical life 

(product breaks down and it is not viable to repair), functional life (the need for product 

ceases) and technical life (the product becomes obsolete) (Allwood et al., 2011). In developing 

countries lack on investment and maintenance in building and infrastructure is shortening 

product lives. However, prolonging the lifetime of buildings and infrastructure through 

reinvestment is a useful strategy for reducing steel and cement consumption and CO2 

emissions (Shi et al., 2012). The growth of the sharing economy offers possibilities for 

reducing ownership and using products more intensively. In overall, these dynamics and the 

stock of the product in the economy are reflected in the coefficient α1 (Table 1). The α1 value 

for steel and cement start at 0.85 and 0.95 respectively in 2010 signifying a low level of stock 

in the economy and large demand for new things e.g., infrastructures, buildings, cars, 

appliances, etc. As the economy matures and per capita ownership of appliances and vehicles 
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increase a large part of production will go towards replacing the stocks and therefore α1 

decline to 0.20 by 2050 in the conventional scenario. The value of 0.20 is taken from Allwood 

et. al., 2010 who estimated this value for 2050. However, the extension of material life and 

intensive use of materials reduces the amount of the material to be replaced and therefore 

the α1 value is taken as 0.22 in the sustainable scenario." 

 
The third strategy involves remanufacturing and reuse of materials. Remanufacturing 

happens when components of a product can be used again in the new products e.g. some 

auto manufacturers are promoting reusing of components of old cars in new cars. Reuse 

happens when a product can be used without physical change for some other application e.g. 

using old batteries from electric vehicles for energy storage. Remanufacturing and reuse are 

prevalent to a limited extent in the informal economy within the developing economies. 

However, wide-scale use within the formal economy has not been observed. These dynamics 

are reflected in the coefficient α4 (Table 1).  The sustainable scenario would imply higher reuse 

and remanufacturing in the steel sector with 15% of retired stock getting back into products 

by 2050. For the cement sector, 5% of the retired stock would form part of the new stock. 

The fourth strategy involves higher recycling of materials. Recycling happens at multiple 

points within the material cycle. Recycling involves the use of scrap materials produced during 

fabrication in the user industry or of the material recovered from products at the end of the 

product life cycle. The scrap is used in fresh material production and can substitute raw 

material from natural resources. Since the cement is converted to concrete in an irreversible 

chemical process, it cannot be recycled. In the case of steel, the recycling will depend on scrap 

generated during fabrication in the user industry (α3) and the amount of steel retired. During 

the forming of steel slag, sludge, mill scale and dust are generated and these are recycled. 
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These would be recycled even in the conventional scenario and therefore not considered as 

an additional reduction strategy for sustainable scenarios. 

2.4. Modelling reduction in energy and CO2 emissions 
 
The outputs from material demand modelling are provided as an input for scenario analysis 

related to energy, fuel mix and CO2 using ANSWER MARKAL, a bottom-up energy system 

model. ANSWER MARKAL has a detailed description of technologies, energy sources, and 

costs and has been successfully adopted for the industrial sector of India (Lucas et. al., 2013; 

Dutta & Mukherjee, 2010). The model optimises the overall energy system costs while 

keeping consistency with system constraints such as energy supply, demand, investment and 

emissions (Loulou, R., Goldstein, G., Noble, 2004).  

In this study due to material flow modelling besides overall demand for material, data on the 

amount of scrap produced, amount of material reused, and dematerialisation was included. 

The amount of scrap steel produced was helpful in deciding the share of steel making 

technologies that can use scrap (Table 2). In India since amount of scrap available is limited, 

due to lower stock of steel in the economy, the Electric Arc Furnace (EAF) technology was also 

given the choice of producing steel without scrap, in which case hot briquetted iron (HBI) 

produced using the Direct Reduction route was provided as an input to  EAF. 

3. Results and Discussion 
Global studies show that there is considerable scope to mitigate CO2 emissions from steel and 

cement industries under strong climate policy scenarios (van Ruijven et al., 2016). The four 

scenarios in this paper examine reductions in CO2 emissions from both a carbon tax and 

broader sustainability measures. 
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The analysis examines the contribution of material intensity, energy intensity and CO2 

intensity of fuel according to the Kaya identity. An important piece of the Kaya framework is 

also the impact of per capita incomes e.g., slower income growth could deliver emissions 

reductions. For this study, per capita incomes are similar across the four scenarios.  

 

3.1. Steel Sector 
-------------------------------------------------------------------------------------- 

Insert Fig. 5 CO2 Emissions from the Steel Sector across scenarios  

-------------------------------------------------------------------------------------- 

Steel sector emissions would increase in the NDC scenario and reach around 1000 Million 

tCO2 by 2050. These results are comparable to an earlier study where the authors estimated 

steel sector emissions to be 930 MT by 2050 (Jajal and Mishra, 2018). The carbon tax in the 

2°C scenario would reduce the growth in CO2 emissions however unable to achieve the 

peaking of the emissions. Sustainable (2°C and 1.5°C) scenario would achieve a peaking of 

emissions. A more detailed analysis is provided using the Kaya framework. 

Material intensity  
The four scenarios have a different set of material demands. The NDC and 2°C Conventional 

scenario conform to the conventional development paradigm and for these scenarios; the 

aggregate demand for steel will increase almost ten-folds from 69 Mt in 2010 to 617 Mt in 

2050. A large part of this demand for steel would be met from recycled steel (Fig. 6a) since 

the stock of steel held in the economy would continue to increase. In the 2°C Sustainable and 

the 1.5°C Sustainable scenarios implementation of measures that extend the life of steel in 

the economy, through reuse, reducing losses and promoting alternative materials the steel 
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demand increases from 69 Mt to 456 Mt of steel in 2050, 26% lower than the conventional 

scenario (Fig. 6b). These demand projections at 617 Mt in the NDC scenario are consistent 

with the projections of the International Energy Agency (IEA) which estimates around 700 Mt 

in 2050 in the high growth scenario (IEA (International Energy, 2009).  

--------------------------------------------------------------------------------------------------------------------------  

Insert Fig. 6 Demand of steel a) NDC and 2°C Conventional Scenario = Conventional b) 2°C 
Sustainable Scenario and 1.5°C Sustainable Scenario = Sustainable  

-------------------------------------------------------------------------------------------------------------------------- 

The material intensity measured as steel per unit of GDP declines across all the scenarios. The 

material intensity in the NDC and 2°C Conventional scenario declines from 50 kg steel per 

1000 USD to 24 kg of steel per 1000 USD in 2050 (Fig. 7). For the sustainable scenarios, both 

2°C Sustainable Scenario and 1.5°C Sustainable Scenario, the decline is steeper from 50 kg of 

steel per 1000 USD in 2010 to 20 kg of steel per 1000 USD.  

 

 

---------------------------------------------------------------------------------------------------------------- 

Insert Fig. 7 Material Intensity Vs Energy Intensity across scenarios for steel sector 

---------------------------------------------------------------------------------------------------------------- 

Energy Intensity and Technology choice 
Energy intensity measured as energy per ton of steel declines in all the four scenarios with 

the 1.5°C Sustainable scenario displaying the most rapid decline from 0.6 toe per ton of steel 

in 2010 to 0.25 toe per ton of steel in 2050 (Fig. 7). The energy intensity reductions in NDC 

scenario is least progressive with energy intensity at 0.37 toe per ton of steel in 2050. The 
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variations in energy intensity across the scenarios are due to two factors i) the share of scrap 

available for steel making and ii) the faster diffusion of more efficient technologies. An 

overview of technologies for steel making is provided in Table 2.   

--------------------------------------------------------------------------------------------------------------------------
- 
Insert Table 2  Technologies for Steel Making and their energy intensity (toe per ton of steel) 
--------------------------------------------------------------------------------------------------------------------------
-- 
 

The share of steel produced from scrap (Fig. 8) is much higher in the sustainable scenarios 

(2°C and 1.5°C) and since producing steel from scrap requires the lowest energy (Table 2) 

these two scenarios have lower energy intensity. Another factor that results in relatively rapid 

improvement of efficiency is the early retiring of inefficient steel making capacities e.g., 

integrated steel plant (ISP) running on the conventional technology are retired by 2030 in all 

except the NDC scenario.  

------------------------------------------------------------ 

Insert Fig. 8 Technology mix for steel sector   

------------------------------------------------------------ 

CO2 intensity of steelmaking 
CO2 intensity of steelmaking (measured as tCO2 per toe of energy used for steel production) 

declines rapidly in all the three climate scenarios relative to NDC scenario (Fig. 9). The decline 

in 2°C conventional scenario is lower than the two sustainability scenarios (2°C and 1.5°C 

Sustainable). In all the three scenarios a large portion of reduction happens in combination 

with carbon capture and storage and by 2050 all the ISP BOF process is together with CCS in 

all the scenarios. However, the rate of diffusion of CCS is fastest in the 2°C Conventional 

scenario. The deep CO2 mitigation in the 2°C Conventional scenario is mainly driven by the 
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global carbon price whereas in 2°C Sustainable scenario it is dematerialisation, reuse and 

recycling combined with a lower global carbon price that achieves equivalent CO2 mitigation. 

Additional mitigation in 1.5 °C is achieved with deep sustainability transitions as well as a 

substantial increase in CCS. Global carbon price or a cap on CO2 emissions drives 

decarbonisation mainly through increased uptake of CCS and enhanced energy efficiency. In 

the steel sector, deep decarbonisation of electricity also plays a major role in decarbonisation. 

Strong carbon policies in the form of a global carbon price or a cap on CO2 emissions will drive 

decarbonisation mainly through increased uptake of CCS and enhanced energy efficiency.   

------------------------------------------------------------------------------------- 

Insert  Fig. 9 CO2 Intensity Vs Energy Intensity for steel making   

-------------------------------------------------------------------------------------- 

A major contributor to the decarbonisation of fuel use is firstly the larger share of electricity 

due to a greater diffusion of electric arc furnace (EAF) technology for steel making (Figure 8) 

and secondly the rapid decarbonisation of electricity (Table 3) in the climate stabilisation 

scenarios. The MARKAL model has a complete representation of the energy system and CO2 

intensity of electricity are endogenously estimated in the model and available for steel making 

technologies. 

-------------------------------------------------------------------------------------------------------------------------- 

Insert Table 3 CO2 intensity of electricity production across the four scenarios (kg CO2 / kWh) 

-------------------------------------------------------------------------------------------------------------------------- 

Contribution to NDC  
Steel is the largest contributor to CO2 emissions from industry and in the NDC scenario, the 

CO2 emissions from fuel combustion continue to increase reaching 465 Mt CO2 in 2030 from 

183 MtCO2 in 2010. The NDC does not specify individual commitments for the steel sector, 
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but its contribution can be analysed in terms of reductions in emission intensity. The emission 

intensity for steel sector with respect to GDP shows a declining trend from 131 kg CO2 per 

'000 USD in 2010 to 72 kg CO2 per '000 USD in 2030, well beyond the 32-33% reductions 

between 2005 and 2030 committed by India at an overall level in the NDC. 

  

3.2. Cement Sector 
----------------------------------------------------------------------------------------- 

Insert Fig. 10 CO2 Emissions from cement sector across scenarios   

----------------------------------------------------------------------------------------- 

Cement sector emissions would increase in the NDC scenario and reach around 380 Million 

tCO2 by 2050. The carbon tax in the 2°C conventional scenario would reduce the growth in 

CO2 emissions through a wide-scale deployment of carbon capture and storage (CCS) in the 

cement sector and by 2050 45% of cement plants would be with CCS. Sustainable actions in 

the 2°C sustainable scenario achieve a similar result but with a limited share of CCS and by 

2050 only 16% of plants are with CCS. In the 1.5°C scenario, a decoupling of emissions is 

achieved from economic growth. A more detailed analysis is provided using the Kaya 

framework. 

Material intensity  
Driven by economic growth and urbanisation, the demand for cement will increase 

substantially in future. The demand increases five times between 2010 and 2050 in the NDC 

and conventional scenarios (Figure 11a). The sustainable scenarios include a combination of 

strategies both on the supply and demand side. Reducing demand including recycling of 

construction waste, raw material blending including the substitution of fly ash, and 

substitution of concrete with other building materials. A more sustainable urban form and 

lower floor area per household would reduce the per capita floor area in the sustainable 
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scenarios. The demand increase is therefore 25% lower in 2050 in the sustainable scenarios 

compared to the NDC and conventional 2°C scenarios (Figure 11b). 

--------------------------------------------------------------------------------------------------------------------------
Insert Fig. 11 Demand of cement in a) NDC and 2°C Conventional = Conventional and b) 2°C 
Sustainable Scenarios and 1.5°C Sustainable Scenarios = Sustainable  

-------------------------------------------------------------------------------------------------------------------------- 

 Material intensity i.e. the material consumed per unit of GDP for cement shows a declining 

trend across all the scenarios. The material intensity in the NDC and 2°C Conventional scenario 

declines from 150 kg cement per 1000 USD to 61 kg of cement per 1000 USD in 2050 (Fig. 12). 

For the sustainable scenarios, both 2°C Sustainable Scenario and 1.5°C Sustainable Scenario, 

this decline is steeper at 51 kg of steel per 1000 USD in 2050. Expectedly, in the NDC and 

conventional scenarios, the demand for both the materials increases significantly- nearly a 

ten-fold increase between 2010 and 2050.  

--------------------------------------------------------------------------------------------------------------------- 

Insert Fig. 12 Material Intensity Vs Energy Intensity across scenarios for cement sector 

--------------------------------------------------------------------------------------------------------------------- 

Energy Intensity and technology choice 
Energy intensity similar to material intensity shows a declining trend across all the four 

scenarios and reach an almost similar level of 0.055 toe per ton of cement in 2050 (Fig. 12) 

however, the pathways differ across the scenarios. The reductions in energy intensity vary 

across the scenarios mainly due to two factors i) rate of adoption of efficient dry technology 

ii) share of CCS in cement making (Table 4). All the scenarios have entirely retired the 

inefficient wet process for cement clinker production and the technology available to cement 

plants for cement clinker production is the efficient dry process, which we refer as standard 

dry. Additional efficiency gains of around  25% can happen due to the adoption of more 
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efficient practices that relate to both technology and housekeeping (van Ruijven et al., 2016) 

and these are considered in the efficient dry technology. An additional factor that determines 

the energy efficiency of cement sector is the share of blended cement since blended cement 

has a lower share of clinker (Hanle et. al., 2006) and a higher share of blending materials such 

as fly ash, limestone, etc.  

-------------------------------------------------------------------------------------------------------------- 

Insert Table 4 Technology Shares across the four scenarios for cement production 

--------------------------------------------------------------------------------------------------------------- 

In the 2°C conventional and more in the 1.5°C sustainable scenario there is a wide-scale 

diffusion of CCS. This is not very helpful for energy efficiency since CCS plants have around 

10% more energy consumption (van Ruijven et al., 2016) and as a result the energy intensity 

declines in both 2°C conventional and 1.5°C sustainable scenario after 2040. 

CO2 Intensity of cement making 
CO2 intensity of cement making (measured as tCO2 per toe of energy used for cement 

production) declines rapidly in all the three climate scenarios relative to NDC scenario. The 

decline in 1.5°C sustainable scenario is the largest where CO2 intensity falls from 5.4 tCO2 per 

toe in 2010 to 1.7 tCO2 per toe. The reductions in CO2 intensity are firstly due to large scale 

adoption of more efficient dry cement technology (including a higher share of blended 

cement) and secondly due to a large scale diffusion of CCS in the 2°C conventional and the 

1.5°C sustainable scenarios (Table 4). Electricity decarbonisation, unlike steel sector, plays 

only a minor part in the decarbonisation of the cement sector. 

------------------------------------------------------------------------------------------------------- 
Insert Fig. 13 CO2 Intensity vs Energy Intensity for cement making 
-------------------------------------------------------------------------------------------------------- 
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Contribution to NDC 
As the second-largest contributor to industrial CO2 emissions the CO2 emissions from cement 

in the NDC scenario continues to increase from 89 MtCO2 in 2010 to 184 Mt CO2 in 2030 (Fig. 

9). The NDC does not specify commitments specific to the cement sector, but its contribution 

can be analysed in terms of reductions in emission intensity. The emission intensity for 

cement shows a declining trend from 64 kg CO2 per '000 USD in 2010 to 28 kg CO2 per '000 

USD in 2030, well beyond the overall 33-35% reductions between 2005 and 2030. 

  

 

 

 

4. Conclusion and Policy Implications 
Indian economy is the world’s third-largest CO2 emitter. India’s economy is passing through a 

high growth phase that is conventionally associated with the rapid rise of CO2 intensive 

infrastructure materials industries such as steel and cement. The historical coincidence of 

global climate change challenge with India’s high growth economic development phase poses 

unique threats and opportunities for aligning India’s CO2 emissions with Paris Agreement’s 

ambition ‘to limit global temperature rise to well below 2 degrees Celsius above pre-industrial 

levels and pursue efforts to limit the temperature increase even further to 1.5 degrees 

Celsius.  An important contribution of this paper is to develop an understanding of the 

responses of India’s two most energy-intensive sectors to meet the global mitigation ambition 

as aspired by the Paris Agreement. The analysis in the paper shows that reduction in all 

components of the Kaya factor - namely materials intensity of the economy, energy intensity 

of material and CO2 intensity of energy - is essential to achieving sizable reductions in CO2 

emissions. While recognizing that NDC targets can make inroads into reducing energy, 
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emissions and material intensity; these are highly inadequate to achieve deep 

decarbonisation. 

 An important outcome of our analysis is that the implementation of bottom-up sustainability 

measures is key to reducing materials intensity of the economy. Both steel and cement sector 

have a huge untapped mitigation potential in terms of demand-side reduction. Compared to 

the NDC and conventional scenarios, the sustainable scenarios display a significant reduction 

in material intensity. The study points towards a national ‘circular economy’ framework that 

can be translated at the regional level through subsidies, policy goals and incentives. At a 

sectoral level, this implies specific policies to encourage dematerialisation, reuse, recycling 

and material substitution specifically in the buildings, construction and automobile industry. 

For example, building codes or construction guidelines could mandate the use of fly ash in 

construction. Similarly, formalizing and incentivizing the informal scrap industry can help in 

more systematic reuse and recycling of automobile components for not only the informal 

spare part market but within the production of new vehicles.  

In India, PAT Scheme has created the right incentive structure for improvement in energy 

efficiency, which has led to a reduction in energy intensity of steel and cement. The 

assessment of NDC scenario evidently shows the continuation of the resulting gains in energy 

efficiency. Significant additional improvement in energy intensity can happen in the steel 

sector if a high share of scrap steel is used. In case of the cement sector, improvements in 

energy beyond what is achieved in NDC scenario is difficult and on the contrary, large-scale 

adoption of CCS in 1.5°C and 2°C scenarios would impose energy penalty that increases energy 

intensity. 
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Electricity will play an important role in the steel sector. Therefore, decarbonisation of 

steelmaking will rely on decarbonisation of electricity. Indian electricity generation relies 

heavily on coal and is very carbon-intensive. In order to reduce reliance on coal and promote 

renewable energy, the government has put a tax of Rs 400 per tonne of coal (US $ 6 per tonne 

of coal) which translates to a CO2 price of US 11.5 per tonne of CO2 which is a fifth of the CO2 

price in a conventional scenario. A large-scale transformation towards low carbon electricity 

therefore would require a coal tax at least 4 times of the current. A high coal price would also 

drive energy efficiency within the steel and cement sector.  

Reduction in CO2 intensity of energy in steel and cement will also depend on the uptake of 

Carbon Capture and Storage (CCS). Stringent carbon policy, in the form of a high carbon tax 

or a cap on CO2 emissions, will be needed for the uptake of CCS. CCS however as a technology 

is still not commercialised and therefore a demonstration of the technology in India within 

cement and steel sector is needed to gain experience. 

Achieving a sustainable 1.5oC transition as specified in this study would require integrated 

policymaking across sectors. Establishing linkages between the manufacturing and 

construction industry policies can upscale a number of demand-side reductions. Intervention 

points such as national and sub-national building codes and urban building bye-laws could 

specify waste management policies such as the use of fly ash from power plants to brick and 

cement manufacturing industry. At the national level, this requires resource and supply chains 

mapping and implementing industrial ecology principles regionally. Stakeholder engagement 

to ensure buy-in from the private sector, especially small and medium producers will ensure 

a wide-scale implementation of sustainability actions to deliver results at the national scale. 
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An important area for the future would be to refine the results through a deeper dive into 

industry specific data to characterize contributions of individual interventions and their co-

benefits. Additional studies to quantify cost savings and co-benefits could support decision-

making, especially to push for deeper targets and early adoption of clean industry policies. 
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