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Abstract. Climate change is a growing concern that is at-
tracting international efforts. India, as a developing country,
has committed to reducing its emission intensity of GDP up
to 30 %—-35 % by 2030. The emission intense sectors would
be targeted to achieve climate commitment. One of the emis-
sion intense sector is construction raw material manufactur-
ing that contributes 10 % share in the total emissions making
it one of the potential mitigation sector. The study examines
emissions from the construction raw materials namely, ce-
ment, steel, and brick manufacturing and presents two emis-
sion scenarios up to 2050. Energy efficient scenario (S2) is
compared with a reference scenario (S1) developed based
on a bottom-up approach. The results indicate that a moder-
ate energy efficiency improvements and technological shifts
lead to a decrease in emissions of 72 MT CO, by 2030 and
137MT COy by 2050. Further, the steel industry has the
highest reduction potential, as the current technologies are
energy inefficient. Similarly, the current dependency on fired
bricks may be shifted to cement setting blocks leading to
emission reductions. Cement manufacturing, on the other
hand, shows limited scope for emission reduction that may
be achieved through energy efficiency improvements. Efforts
towards energy efficiency improvements in construction raw
material manufacturing would result in reductions beyond
the existing commitment of the Paris Agreement for India
by 2030.

1 Introduction

Climate change and global warming are one of the press-
ing issues in today’s world. The Paris Agreement has been
negotiated amongst countries to determine individual com-

mitment towards the climate change mitigation. India, which
is one of the developing countries, has played an important
role in negotiations. The country has committed to reducing
the emission intensity of GDP by 30 %-35 % in 2030 com-
pared to 2005 levels (Government of India, 2015). Intended
Nationally determined Contributions (INDC) and other na-
tional policies towards climate change mitigation commit-
ment would drive the efforts towards achieving the goals.

The construction industry is a major contributor to the
economy (8 % of total GDP, 2014) as well as GHG emis-
sions (10 % of total emissions, 2010) (Asian Development
Bank, 2015; Ministry of Environment, Forest and Climate
Change, 2015) in India. Raw materials required for construc-
tion include cement, steel and brick, which involve energy
intensive production processes (Dutta and Mukherjee, 2010;
Rajarathnam et al., 2014). Even though the estimates of emis-
sions from these processes are not consistent with the litera-
ture, understanding future mitigation opportunities requires
attention (INCCA, 2010; Ministry of Environment, Forest
and Climate Change, 2015).

Emissions from cement manufacturing in India have been
studied using bottom-up approach (Bhushan, 2009a; Dutta
and Mukherjee, 2010; Hasanbeigi et al., 2013; Sathaye et al.,
2005) and system dynamics approach (Anand et al., 2006).
Majority of the studies have looked at the energy require-
ments for cement production at present and future, to de-
termine energy and emission reduction potentials (Bhushan,
2009a; Dutta and Mukherjee, 2010; Sathaye et al., 2005). On
the other hand, various emerging technologies and improve-
ments along with their associated costs have been assessed
by Hasanbeigi et al. (2012) to understand their role in the
future industrial development. Cement and Steel manufac-
turing have been addressed together using a bottom-up ap-
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proach, where energy efficiency improvements, CO, emis-
sions reductions and related costs are considered (Morrow et
al., 2014).

Similarly, steel industrial energy consumption has been
addressed by Hidalgo et al. (2006) and Bhushan (2009b) us-
ing a bottom-up approach. Contrary to cement and steel stud-
ies, emission factor determination (Rajarathnam et al., 2014)
as well as process reporting (Maithel, 2013) has been studied
for brick manufacturing. Emissions from the brick industry
have not been addressed in the literature so far. Hence, this
study estimates emissions from the manufacturing of cement,
steel, and brick for the purpose of construction, in present
(2015) and for the future (2050) in two scenarios, one refer-
ence scenario and second moderate energy efficient scenario.

The first section has introduced importance of the con-
struction sector for the study along with an overview of the
latest literature on cement and steel emissions from the coun-
try. Next section delves into the existing framework used
for sectoral emission analysis and introduces the conceptual
framework used for this study. Further, the third section de-
tails out the methodology of energy requirement and emis-
sion generation. For the purpose, relevant assumptions are
tabulated along with the logic behind scenario development.
Results and discussion section presents the energy use and
emissions derived using the methodology for both the sce-
narios. An elaborate discussion is undertaken by comparing
the results of the present study with the literature to derive
the conclusion. A brief policy suggestion is given in the con-
clusion section.

2 Conceptual Framework

Emissions from construction industry have been addressed
at two scales, one at a single building or a complex level
and second at the country level. The literature identifies two
approaches to estimate sectoral emission at a country scale:
top-down and bottom-up. The top-down approach considers
a country as an economy and divides its functions for a sector
to estimate the emissions from a demand and supply equi-
librium (Antimiani et al., 2015; Chen et al., 2016; Li and
Jia, 2016; Montaud et al., 2017). Compound General Equi-
librium (CGE) is one of the models developed based on a
top-down approach where various components of the econ-
omy such as labour, market, and consumer interact (Antimi-
ani et al., 2015). Such models help assess shifts in emissions
as aresult of a policy implementation (Antimiani et al., 2015;
Chen et al., 2016; Li and Jia, 2016; Montaud et al., 2017).
The top-down approach does not incorporate details related
to technologies and their specific emissions making it unsuit-
able for the purpose of this study.

The other approach is bottom-up which requires techno-
logical details of a single sector to be aggregated at the
country level to estimate sectoral emissions (Kumar and
Madlener, 2016; Tapia-Ahumada et al., 2015; Wang et al.,
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2014). LEAP, AIM, and MARKAL are some of the mod-
els that are based on the principles of bottom-up approach.
These models have structured data requirement along with
a specific set of assumptions to the given sector. Hence, to
overcome limitations of the available models under bottom-
up approach, case and objective specific models have been
developed by various authors in previous literature (He and
Wang, 2017; Hidalgo et al., 2005; Ozawa et al., 2002; Pardo
et al., 2011; Rojas-Cardenas et al., 2017; Wang et al., 2007;
Worrell et al., 2001). The present study develops a specific
model based on a bottom-up approach specific for construc-
tion raw materials.

3 Methodology

The study develops a bottom-up model using technological
bifurcation, energy factors and emission factors for each of
the raw materials (cement, steel, and bricks) of the construc-
tion industry. A separate set of equations and assumptions
are applied to each raw material with the same framework
which is explained here along with the equations. Production
of each material is divided into a share of each technological
production using their overall share in the industry (Eq. 1).
Once the individual production is available, energy require-
ment (Eq. 2) and emission factors (Eq. 3) for each technology
are used to calculate total emissions. However, a different ap-
proach needs to be applied for cement industry as emissions
are caused by two sources of the production: (i) calcinations
process to produce clinker and (ii) energy use throughout
the production process. Hence, clinker production is derived
from the clinker share of each technology (Eq. 4) and emis-
sions generated during clinker production (Eq. 5). The en-
ergy use in terms of thermal or electric is calculated from the
total production (Eq. 2).

P;y = Potal,r X it (D

E;; = P;; x EnF;, 2)

Em;; = P;; xEF; 3

Ci,t = Pi,t x Cs 4

Emc ol = Y, (Cii x EFc) + (Ei; x EF;) (5)
i

Emotal,r = Z (Emi,t) (6)

l
Etoal =, (Ei) (7)
14
Where, P;; is the production coming from technology i at
time ¢; Piotal; 1s the total production at time ¢ for cement,
steel and brick industry; S;; is the share of technology i at
time ¢ for cement, steel and brick manufacturing technolo-
gies; EnF; is energy factor for technology i constant over
time; E;; is energy required for production coming from
technology i at time ¢; EF; is emission factor for technology i
constant over the time period for all the raw materials; Em; ,
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Table 1. Production technologies for cement, steel and brick manufacturing with their share (percentage) in India in 2015, energy factors

(GJ MT_l) and emission factors (tCOp t_l).

Sr.no  Technology Energy factor Emission factor ~ Share (2015)
Cement (Source: Bhushan, 2009a)

1 Ordinary Portland Cement (OPC) (95 %) 36.5(GI-] 56 %
2 Pozzolanic Portland Cemnet (PPC) (80 %) 3.1GIMT ! & ’ 31 %
3 Portland Slag Cement (PSC) (45 %) 82 KWhMT! 1 12 %
4 Others (90 %) 0.99 kg kWh 1%
Steel (Source: Morrow et al., 2014) Energy (GIMT™!)  EF (tCO, t~! steel)

1 Electric Arc Furnace (EAF) — scrap based 6 0.5 14 %
2 EAF — gas based 15.9 1.55 11%
3 EAF — Coal based 17 3.1 26 %
4 Blast Furnace — Basic Oxygen Furnace (BF-BOF) 16.4 2.8 49 %
Brick (Source: Venkataraman et al., 2018) Energy (MJ kg_1 brick) EF (tCOp ! brick)

1 Clamps 1.22 0.23 25 %
2 Bull’s Trench Kiln (BTK) 291 0.1 66 %
3 zig-zag firing 1.05 0.1 8 %
4 Vertical Shaft Brick Kiln (VSBK) 0.74 0.1 1%
5 Cement blocks 142.4 0 0%

is emissions from the production of P; at time ¢; Cs share
of clinker required for the type of cement i; C; ; Clinker pro-
duction required for cement type i at time ¢; Emc is emission
factor of clinker production; Emg total ; is the total emissions
from total cement production at time ¢; Emyotal; represents
the total emissions from the total production of Py, at time
t for steel and brick; Eioal,; is the total energy required for
the production of Py at time ¢ for cement, steel, and brick.

The technologies of production for cement, steel, and brick
along with the energy and emission factors are listed under
Table 1. The share of clinker required from each cement tech-
nology is indicated in the brackets. The energy and emissions
have been estimated for 2015 (present) using the present
share of technologies (given in Fig. 1b) where the current
cement, steel and brick productions are 238 MT, 99 MT and
250 billion respectively (CMIE, 2017).

Two scenarios are developed with the modified share of
technology for each raw material. The scenarios are called:
reference scenario (S1) and moderate energy efficient sce-
nario (S2). Future productions of cement, steel, and bricks
are assumed to be constant for both the scenarios, where the
production growth rates are derived from the literature. Dur-
ing 2015 to 2030 the production grows at 7.7 %, 6 % and 6 %
for cement, steel, and bricks respectively (CMIE, 2017). In
the long run, the demand of materials is expected to decrease
with stabilization in the population and GDP growth. Hence,
the growth of production is reduced to 5 %, 3 % and 3 % for
cement, steel, and bricks respectively from 2030 to 2050.

Reference scenario is developed based on the existing
trends of technology shifts and energy efficiency improve-
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ments. Cement production in the country has been one of the
cleanest industries as the energy requirements matches the
global standard (Worrell et al., 2007). Thus, a small improve-
ment in the efficiency is expected in the future compared to
reference scenario (Fig. 1a). Thermal and electric energy effi-
ciency changes assumed under this study are lower than that
assumed under Bhushan (2009a); whereas the energy effi-
ciency is in line with that assumed by Dutta and Mukher-
jee (2010). Overall, changes in the technological distribution
are minor as indicated in Fig. 1b.

On the other hand, steel and brick production in India has
been energy inefficient, leading to higher emissions. Steel
production technologies vary considerably in terms of the en-
ergy requirement, where Electric Arc Furnace (EAF) scrap
based production is the most efficient. Scrap-based steel pro-
duction is challenged by limitation of the scrap supply, es-
pecially in India. The long-term supply of recycled scrap is
expected to increase with increased recycling of steel scraps
leading to the total share of 20 % scrap-based steel produc-
tion (Oda et al., 2012; Shirodkar and Terkar, 2017). Depen-
dency on coal-based EAF plants is also expected to decrease
with a slight increase in gas-based plants, which are shown
in Fig. lc.

Brick manufacturing includes burning green bricks di-
rectly using coal or other biofuels. Two types of burning take
place one where separate batches of bricks are burnt, and
second continuous burning. Both the processes require fuel
for burning; however, the most efficient bricks are the ones,
which are made from setting of cement. As an effort to re-
duce emissions, the existing inefficient brick kilns are con-
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Figure 1. Energy efficiency and technological change assumptions for reference scenario (S1) and moderate energy efficient scenario (S2).
(a) Thermal and electric energy efficiency changes from 2015 to 2050 for cement manufacturing. Technological changes from 2015 to 2050

under (b) cement industry, (c) steel industry and (d) brick industry.
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verted to energy efficient kilns as a compliance with the gov-
ernment order (Central Pollution Control Board, 2013). The
trend is, expected to continue in the reference scenario where
distribution of zig-zag and vertical shaft brick kiln (VSBK) is
expected to take over the share of clamps and Bull’s Trench
Kiln (BTK). Non-fired bricks have not appeared in the Indian
market until now yet the reference scenario assumes to grow
the share up to 20 % by 2050 as non-fired bricks show low
material requirements (shown in Fig. 1d).

The second scenario is called a moderate energy efficient
scenario (S2). As the name suggests, the scenario has been
built to assess the effects of moderate changes in energy effi-
ciency on the energy demand and GHG emissions. As shown
in Fig. 1b, energy efficiency improves for cement produc-
tion along with electric energy efficiency. The technologies
can be seen from Ordinary Portland Cement (OPC) towards
Portland Slag Cement (PSC) which requires only 45 % of
clinker mix (Bhushan, 2009a). Scrap based manufacturing
is encouraged in the steel production under S2, as the scrap
availability is expected to increase up to 25 %. Similarly,
brick production from non-fired manufacturing is also ex-
pected to increase up to 25 %. The assumptions are based on
the reference and other scenarios developed by Venkatara-
man et al. (2018). The modified scenario assumes a moder-
ate change between their aspirational and ambitious scenar-
ios for cement, steel and brick industry.

4 Results and discussion

The emissions from cement manufacturing at present
(2015) are estimated to be 203 MT CO;, (Fig. 2); which
is higher than the estimates given by the government of
124MT COjeq. in 2010 (Ministry of Environment, For-
est and Climate Change, 2015). However, estimates by
Bhushan (2009a) are comparable to the present study emis-
sions. Steel production is high on energy demand, leading
to emissions of 239 MT CO,. Again, the emissions are quite
larger than the estimated emissions of 96 MT CO; eq. in 2010
by the government (Ministry of Environment, Forest and
Climate Change, 2015) and in line with the estimates of
Bhushan (2009b). Lastly, brick emissions are estimated at
1.1 MT CO; eq. in the literature, while the present study esti-
mates are 106.8 MT CO; eq. Due to lack of estimates, brick
emissions cannot be compared with the literature.

Reference scenario estimates for cement production sug-
gests that the emissions would increase up to 504 and
1315 MT CO» in 2030 and 2050 respectively (Fig. 2). The
estimates are comparable to that of business as usual (BAU)
scenario by Bhushan (2009a). However, Dutta and Mukher-
jee (2010) BAU estimates are higher than the present
study S1 for 2030. Moderate changes in the energy efficiency
lead to reductions of 7 and 52MT CO; in 2030 and 2050
respectively under S2. These reductions are 3.9 %; how-
ever, they are modest compared to the ones estimated by
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Table 2. Comparison of emission estimates from present study for
cement and steel manufacturing in 2015 and 2030 with the litera-
ture.

Sector Cement ‘ Steel
Year 2015 2030 ‘ 2015 2030
Ministry of Environment Forest and
Climate Change (2015)

124.585 | 9%

Dutta and Mukherjee (2010)

BAU 939 1071
S2 732 803

Bhushan (2009a, b)

BAU 182 470 208 668
S2 142 394 209 608
Present Study

Ref 202.5 507 239 554
S2 202.5 497 239 509

Bhushan (2009a) and Dutta and Mukherjee (2010) (Table 2).
Additionally, the effort towards energy efficiency improve-
ments lead to a reduction of 3 and 5 GJ of thermal energy
along with 1.2 and 2.5 kWh electric energy in 2030 and 2050
respectively. The amount of coal saved per year in 2030 and
2050 is calculated to be 167 and 393 kg respectively, assum-
ing the calorific value to be 18.353MJ kg~! of coal and heat
rate to be 83.68 MJ kWh~! (Venkataraman et al., 2018).

The steel industry is estimated to emit 554 MT CO, in
2030 and 930MT CO; in 2050 under reference scenario
(Fig. 2). Estimates of 2030 for Indian steel industry by Dutta
and Mukherjee (2010) are much higher at 1071 MT CO; un-
der BAU and 803 MT CO; under energy efficient scenario.
On the other hand, Bhushan (2009a) has estimates compa-
rable to the present study. The differences in results can
be attributed to the energy efficiency assumptions. The en-
ergy requirements under the present study are expected to
increase from 35 MTOE in 2015 to 84 MTOE in 2030 and
146 MTOE in 2050; whereas, S2 leads to a reduction of CO
up to 46 and 93 MT CO» in 2030 and 2050 respectively. The
energy saved under the S2 equates to coal saving of 7MT
in 2030 and 13.5MT in 2050. The energy savings are low
at 9 %, which result in emission reductions of 18 % to 22 %.
The estimates for steel industry are comparable to that under
Bhushan (2009b) as 2030 estimates for the BAU scenario is
668 MT CO; along with 9 % reduction potential for low car-
bon (LC) scenario.

Lastly, under the reference scenario emissions from brick
industry is expected to double by 2030 at 208 MT CO, and
increase to 302 MT CO, by 2050 (Fig. 2). The changes in
technologies of production under S2 results in a reduction of
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Figure 2. Total emission estimation under Reference scenario (S1) and moderate energy efficient scenario (S2) over study period of 2015 to

2050 in MT CO; with sectoral distribution.

27 and 44 MT CO; by 2030 and 2050 respectively. However,
the energy requirement increases from the reference scenario
to S2 as the non-fired bricks would also require energy to
produce cement. It is clear that brick manufacturing may lead
to increased use of coal with a reduction in emissions.

5 Conclusion

India is committed towards the climate change mitigation un-
der the Paris Agreement, under which various initiatives are
undertaken. The present study is an effort to quantify emis-
sions and emission reduction strategy of the raw materials
used for construction industry. For this, CO, emissions from
cement, steel, and brick manufacturing are estimated. Fur-
ther, emission estimates are used to develop two scenarios:
(i) a reference scenario (S1) with an extension of the present
policies and (ii) a moderate energy efficient scenario (S2)
where moderate changes in efficiencies and technologies are
assumed. The focus of the scenarios is to underline emission
reduction strategies and policy guidelines rather than estimat-
ing the exact emissions in future.

The study adopts, a bottom-up approach using annual pro-
duction information, growth rates of production increase,
technology distribution in present and future, and energy fac-
tors along with emission factors for each technology. The
reductions under S2 are low for all the three manufactur-
ing products. However, the study helps identify future guide-
lines for policy formulations. The cement industry is already
at par with the world standards of efficiency and hence the
emissions. The scope for improvement is less; although, the
natural shifts in energy efficiency should not be neglected.
Steel production, as well as brick manufacturing, has plenty
of scope for improvement in energy efficiency, fuel switch-
ing, and technology changes. A combination of two or all
three efforts would result in a total reduction of 72 MT CO,
in 2030 and 137MT CO; in 2050, which is 5% and 8 %

Adv. Geosci., 45, 155-162, 2018

of the total emissions at present respectively. Extended and
planned efforts towards the construction industry may lead to
higher emission reductions.
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