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ABSTRACT

The effective application of life cycle assessment (LCA) methodology for impact assessment relies on good input data quality and relevant
characterisation factors that convert the inventory to appropriate impact indicators. Additionally, having representative data from relevant
geographical locations and specific technologies is imperative for assessing national and regional impact contributions. Therefore, this study
utilised a database generated for cement production in India, illustrating the approach to be used when no databases are available, as in
developing economies. The specific energy consumed (kiln efficiency), type and amount of fuel, and electricity production are critical for
clinker production. The identified parameters from different cement plants were compared along with the assessed key environmental
indicators, such as the global warming potential and energy consumed. The range of impact indicators associated with clinker and cements
were assessed for the typical Indian case. For ordinary portland cement (OPC), in the ground-to-gate system, the CO, emissions for a tonne of
cement range from 910 to 1000 kg CO; eq., and energy consumed from 5440 to 6365 MJ, whereas the values for the gate-to-gate system vary
from 840 to 905 kg CO, and from 3930 to 4580 MJ, respectively. The impact values of OPC are basically affected by the impact of the clinker

and clinker ratio. The substantial lowering of the impacts in blended cements have been highlighted.

Keywords: Cement production, Critical parameters, CO, emissions, Database of cement production, Energy consumed, Indian cement

industry.

1. Introduction

Constructed facilities are associated with a significant amount of greenhouse
gas emissions and consequently have a major impact on climate change.
Concrete is a widely used construction material with lower embodied carbon
and energy compared to other materials [1]. Nevertheless, the impacts of
cement production on global warming are significant due to direct CO,
emissions from the limestone, and the use fuels as the major source of energy
during clinkerization. There is, therefore, the need for calculating the
environmental impacts of the clinker and cement produced for assessing the
sustainability-related impacts and for facilitating improvements.

Life cycle assessment (LCA) is an effective tool for identifying
environmental issues, and for calculating the impacts due to cement and
concrete manufacturing processes. However, the reported values of the impact
indicators from LCA for concrete and its constituents vary over a wide range.
The reasons include the variations in the definition of the scope, functional
unit, system boundaries and methodology of assessment, as well as the
inadequate choice of characterisation factors, unreliable and uncertainty in the
inventory data. Further, the life cycle inventory (LCI) and characterization
factors used in most studies are based on global/national data averages or
specific cases, which could lead to inappropriate estimations. India being the
second largest cement producing country in the world, requires a properly
established inventory data of cement production and characterization factors
for reliable assessment of the impacts, which are of relevance locally and
globally.

Primary (i.e., first-hand) data collected from the production are
obviously more reliable and complete, requiring this to be done for specific

https://doi.org/ /10.70002/iitm.rdr.1.1.37

geographic conditions and relatable technologies [2,3]. This is even more
relevant for the Indian cases because of several technological and geographical
differences with other markets, as stated elsewhere [3,4,5]. As the primary raw
material used in the production of clinker or ordinary portland cement (OPC) is
limestone, every integrated cement plant in India is located near a limestone
quarry. The additional raw materials used (though minor in comparison with
limestone) are marl, calcite, aragonite, shale, seashells, cement kiln dust, etc.
Sand, fly ash, rice husk ash and slag can also be used (instead of clay).
Obviously, there is a propensity to use locally available alternative materials,
such as mudstone, pyrite cinder and red clay. The primary fuel is coal or pet
coke, with the type and amount of alternative fuel varying based on the
availability and cost. The amount of alternative raw materials and fuels used for
cement manufacturing in India seems to be lower than the global average [5],
and the clinker to cement ratio and the amount of electricity consumed per
tonne of cement in India also vary significantly from global values [5]. Due to
these differences and peculiarities, it is essential to have a specific database of
clinker and cement production in India, and the same should be used for
calculating the environmental impacts of concrete, concrete products or
buildings components. Therefore, a specific data set was generated by
collecting data for cement production from various plants in India and has been
published to be used for LCA studies [6,7].

It is evident that reliable data is needed for meaningful LCA results,
especially in terms of the inventory and characterisation factors. Further, the
system boundaries should be clearly defined so that the interpretation is
unambiguous. For plants in India, regional data needs to be collected and
used, with relevant inventories and characterization factors [6], avoiding
geographical and technological discrepancies. Such an approach could also be

Received on 19 June 2025, Accepted on 6 October 2025, Available online 23 October 2025
Publisher: Centre of Excellence (CoE) on Technologies for Low Carbon and Lean Construction (TLC2) at Indian Institute of Technology Madras



RDR 2025-005

used elsewhere, especially in emerging economies, to calculate the
environmental impact when the appropriate database is not available.
Therefore, an ‘ab initio’ framework proposed to conduct LCA of cement and
concrete systems to calculate climate change impacts (Global Warming
Potential, GWP) and cumulative energy demand (CED) for cases where data
is not readily available [6]. This is based essentially on the collection of
inventory data from primary sources such as cement, aggregate and concrete
plants. Priority is given, in the impact assessment, to primary
conversion/characterisation factors obtained from Ultimate CHNS (Carbon
Hydrogen Nitrogen Sulphate) or ultimate analysis and bomb calorimetry
rather than default factors that vary with the methodology used. The quality
of the ab initio framework has been assessed following the procedure of
Junior et al. [8] and Weidema and Wesnaes [9], considering the data sources,
type of data, geographical context, reliability and completeness, and found to
be 'very good' [4, 6]. Data collected from different cement plants in India [7]
will be analysed here and used to conduct LCA based on the ab initio
framework to arrive at reliable ranges of embodied carbon and energy
consumption associated with clinker and cement produced in India.

2.

The ab initio framework essentially follows the ISO guidelines [10,11] and
complies very well with the quality requirements [8, 9], as explained
elsewhere [3, 4, 6]. The goal of the present study is specifically to estimate
the GWP (CO, emissions) and energy consumed for cement production in
integrated cement plants and grinding units, with the typical processes. The
functional unit considered is one tonne of the product, such as clinker,
ordinary portland cement (OPC), portland slag cement (PSC), portland
pozzolana cement (PPC) or ground granulated blast furnace slag (GGBS).
The IPCC and cumulative energy demand single score indicator methods
were used to calculate the climate change impacts (GWP, kg CO, eq.) and
cumulative energy consumed (MJ) per functional unit considered. The
primary data collected from six cement plants related to clinker, cement and
electricity production are used along with the background and upstream
processes from ecoinvent data base corresponding to India available was
used as a part of inventory.

Three different system boundaries are considered for the environmental
impact assessment of clinker and cement: (a) Ground-to-gate, (b) Gate-to-gate
and (c) Cement Sustainability Initiative (CSI), each of which have been
described in more detail elsewhere [3,4,12]. The ground-to-gate system is
most complete, with the inclusion of all processes from the mines to the exit of
the product(s) from the cement plant. In the gate-to-gate system, only those
processes controlled by the cement plant are accounted for. Note that, in our
approach, the extraction and transportation of limestone, and the transportation
of materials (i.e., fuels and raw materials) by truck are also included in the
gate-to-gate system. Such a modified system permits reliable comparisons
with data compiled by industry sources and avoids assumptions that may be
difficult to verify, such as extraction methods and shipping routes of fuels.
However, it facilitates the assessment of the influence of decisions made for
the mode of transportation based on cost by the cement plant. The CSI system,
originally defined by the Cement Sustainability Initiative (CSI) Protocol, and
presently being used for reporting by the Global Cement and Concrete
Association (GCCA), only considers operations that can be influenced by the
plant [13], similar to 'Scope 1 emissions' from company facilities as defined by
IPCC [14]. This system, though not generally considered in the scientific
literature, is of relevance due its extensive usage in the cement industry.

Methodology

2.1 Inventory analysis through case studies

Data collected in India, during 2017-19, from four integrated cement plants,
and two grinding units that procure clinker from elsewhere for the
manufacturing of cement. The locations of the plants are given in Table 1,
along with the corresponding products. The plants are distributed over the
main cement-producing regions of India, corresponding to the country's
limestone belts [15].

The average annual data for the collected from each plant by following
an appropriate methodology can be found elsewhere [7]. Though the processes
in the integrated cement plants studied here are similar, there are substantial
differences in terms of type and amount of raw materials and fuels used,
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transportation distances, and the source and consumption of electricity. The
similarities are mainly the following:
e  All plants are located close to the limestone quarries.
e All the integrated plants had pre-heaters and pre-calciners, with
systems for the utilization of heat from the exhausts.
e The fuel used is majorly pet coke, along with some coal and low
amounts of alternative fuels.

Table 1 Plants considered in the study and the products manufactured

Case Location of cement Type of plant Products of
study plant (town, state) the plant
notation
ND Nandyal, Andhra Integrated OPC, PSC,
Pradesh cement plant GGBS
NB Nimbahera, Integrated OPC, PPC
Rajasthan cement plant
MG Mangrol, Integrated OPC, PPC
Rajasthan cement plant
NM Nimbol, Rajasthan Integrated OPC, PPC
cement plant
AR Arakkonam, Tamil Grinding unit OPC, PPC
Nadu
TR Toranagallu, Grinding unit PSC,
Karnataka GGBS

The inventory dataset generated from the visits are accessible and is
published in an open-source data repository [7] and are further discussed in the
following sections.

2.1.1 Raw Materials

In all the cases, about 1550 kg of raw materials are used to obtain a tonne of
clinker, with limestone being the predominant raw material (i.e., 84-91%), as
is typical in most Indian cement plants. Consequently, the direct CO,
emissions from limestone are similar (i.e., 520-550 kg CO, per tonne of
clinker) among the different plants, as shown in Figure 1. Small quantities of
pristine materials, such as bauxite, laterite and china clay, are used as the
sources of iron, alkalis, silica, alumina etc. as per the requirements for the
input feed. Importantly, several waste materials, such as flue dust, marble
khanda (lumps), crushed slag and iron sludge, and zinc slag, are used in the
raw meal, depending on their accessibility, to reduce limestone consumption
(and cost). This scenario reflects the willingness of the cement producers to
use waste materials, if technological and economic feasibility is ensured.

For the production of OPC, the clinker is ground with gypsum and filler
material, mostly fly ash and limestone. The amount of the filler material (also
known as performance enhancer) is about 6-7%. Sometimes, Granulated Blast
Furnace slag (GBS) is also used to the cement, as seen in Appendix A of the
data set published elsewhere [7]. Note that the gypsum used could be in the
form of natural gypsum, anhydrite gypsum, phosphogypsum (denoted by some
plants as chemical gypsum), jarosite and waste gypsum moulds. For PPC, the
clinker is ground with fly ash (at 27% by weight in both Nimbahera and
Mangrol) and for PSC, the OPC is blended with GGBS (at 47% by weight in
Nandyal).

2.1.2 Fuels

The major source of energy for clinkerization in the Indian cement plants is
through the burning of fossil fuels. It was observed, in the case studies, that
the fuel required for the clinkerization varies from 92 kg (in Nimbol) to 120
kg per tonne of clinker (in Nimbahera), and specific energy consumption
varies from 3160 (in Nandyal) to 3620 MJ/tonne (in Nimbahera). The primary
fuels are pet coke and coal in all the plants, with mostly imported pet coke and
coal being used in higher proportions than domestic coal, as can be observed
in Figure 2. This is attributed to the lower calorific content and higher ash
content of Indian coal [6]. The quantities of the fuels used, the carbon
emissions and the thermal energy consumed for clinkerization are also shown
in the same figure. The quantity of alternative fuels (AF) used, instead of
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primary fuel, varies among the plants, yielding thermal substitution rates of
4%, 8%, 2%, and 0% in the Nandyal, Mangrol, Nimbahera and Nimbol
plants, respectively; note that the thermal substitution rate (TSR) is defined
as the amount of thermal energy replaced by using AF to primary fuel
consumption. Again, the plants are not averse to using wastes, as long as they
are available near the plant, and imply no or significantly low treatment.
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Figure 1 Comparison of types and amounts of raw materials used in
clinker production

2.1.3 Electricity

Most of the electricity in a cement plant is consumed by raw meal
preparation, kiln operation and cement milling; for example, in Nandyal,
these processes consume 21.3 kWh/tonne of clinker, 25.6 kWh/tonne of
clinker and 32.5 kWh/tonne of OPC, which together make up about 90% of
the electricity needed for a tonne of OPC. Nevertheless, processes upstream
of clinker production, such as limestone crushing, raw meal preparation and
coal mill operations, also require substantial electricity. It is observed in
Table 2, that the amount of electricity consumed to produce one tonne of
clinker or cement is in the same range among three integrated plants, whereas
it is significantly lower in Mangrol, which is a more modern plants than the
others. The electricity for the milling is comparable to that of the two
grinding units considered, i.e., Arakkonam and Toranagallu, as in Table 3.
Note that OPC 43 Grade needs slightly less energy for grinding than that of
OPC 53 Grade, as also is the case with PPC (though it has substantially less
clinker content than OPC). It should also be noted that electricity consumed
for grinding GBS to obtain GGBS is significantly higher than that needed to
grind clinker, as the slag is much harder. The overall values of electricity
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consumption in the different integrated plants can be computed to give the
data shown in Table 3. As indicated earlier, the electricity consumption at
Mangrol is consistently lower for all products, while those of the other three
integrated plants are similar. The electricity required for the PPC and PSC
production is generally lower than that of OPC as seen in Table 4.

Table 2 Electricity used in clinker and OPC production

Plants
ND MG NB NM
Processes

Production of 1 tonne of 52.2 47.4 56.7 51.3

clinker (kWh)

For 1 Milling 32.5 29.4 36.0 31.4
tonne of Packing 1.43 1.62 Not 131
cement Services 4.6 2.28 available 8.7

(kWh)

Table 3 Amount of electricity used in the plants for milling and packing

. Grinding/Packing (kWh/tonne)
Categories

TR AR ND | MG | NB | NM
Grinding - OPC, 53 grade 30.0 | 335 | 325 | 294 | 36.0 | 314
Grinding - OPC, 43 grade 30.5
Grinding — PPC (clinker 315
with fly ash)
Grinding - GGBS 36.7 411
Blending — PSC (OPC with | 2.13 1.27
GGBS)
Packing and Services 30 | NA | 60| 39| 40 100

Table 4 Total electricity consumption for the different products of the
plants (kWh per tonne)

Plants

ND MG NB NM

Products

Clinker 52.2 47.4 56.7 51.3

OPC 53 Grade 88.7 75.5 89.6 88.2

OPC 43 Grade 84.1

PPC 56.1 67.6 70.9

PSC 68.9

GGBS 41.1
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Figure 2 Comparison of types and amounts of fuel used in the clinkerization
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3. Impact assessment

If we consider data from India [16], the emissions from cement
manufacturing have been reported to be 46857 Gg of CO,, 0.895 Gg of
CH, and 0.544 Gg of N,O in 2014. As carbon emissions dominate the
environment impact, the emphasis in this work is on this particular
indicator, as in other previous works [17]. In addition, the energy demand
or the embodied energy is also considered as an important impact indicator
[18]. These two parameters are linked closely to many of the 17
Sustainable Development Goals (SDGs) set by the United Nations. In
relation to the construction sector, such goals include [19, 20]: Goal 7 -
pertaining to conservation of energy and use of fossil fuels; Goal 9 -
related to building more resilient structures; Goal 11 - related to
performance and durability of the structures; Goal 12 - limited
consumption and use of resources; and Goal 13 - related to the reduction
of the carbon footprint of cement and concrete.

The inventory collected from the cement plants are translated to
impacts with the help of characterization factors that are case and input
specific. Suitable factors are obtained following the hierarchy given by
Gettu et al. [5], and Basavaraj and Gettu [6], ranging from reliable test data
down to factors in global guidelines. The characterization factors specific to
each case and source are given in Appendix A of the published data set [7].

The unit to represent CO, emissions considered is either kg CO; eq. or
kg CO,, as appropriate. CO; eq. used in the ground-to-gate system includes
the equivalent emissions (CH4, N,O etc.) from upstream processes, such as
extraction of fuel, transportation, and electricity production, for which
characterization factors have been taken from the ecoinvent database [21].
However, in the gate-to-gate system, processes such as extraction of fuel,
and default upstream processes for transportation and electricity are not
considered, and only direct emissions are calculated. Consequently, the unit
is CO,, and not CO; eq. Nevertheless, in the case of cement production, the
emissions of other gases responsible for GWP are significantly low
compared to that of CO, to make a significant change in the values obtained
[16, 17].

3.1 Impacts due to electricity used in cement plants.

In India, most cement plants have dedicated captive power plants (CPPs)
to produce the electricity needed while only a few depend on the grid. The
majority of the power produced in the CPP is used by the plant, with the
surplus sometimes being fed into the grid. The impacts due to electricity
production differ between the coal-fired thermal power plants (TPPs) on
the grid and CPPs due to the thermal efficiency, type and amount of fuel,
losses, etc., with the TPPs generally being more efficient than CPPs.
Evidently, the electricity procured from the grid is a combination of that
produced using non-renewable resources, such as coal, natural gas, oil in
thermal power plants (TPPs), and renewable sources, such as hydroelectric
power plants, windmills, and nuclear and solar power plants. The losses
due to transmission in case of grid electricity are to be included to obtain
the impacts associated the grid electricity used in the cement production
processes.

In order to calculate the impacts of the electricity generated at the
plants, data (i.e., annual average) was collected from the CPPs of three
integrated cement plants; the plant at Nandyal used grid power, as in the
case of the Toranagallu grinding unit, while the Arakkonam grinding unit
had a generator fuelled by heavy furnace oil. The primary processes
relevant to a CPP in terms of impacts are the extraction and transportation
of coal, and the burning of coal (leading to direct emissions); the coal used
as the fuel is usually the same as that in the clinker production. The impacts
related to the infrastructure of the CPP have not been considered in the
present analysis as they are estimated to be very small. Similarly, the losses
due to the transmission of electricity within the cement plant are ignored as
they are considered to be relatively low. Data from the Energy Statistics
Report (2020) [22, 23] was used to calculate the average impacts due to
electricity taken from the Indian grid, for the financial year 2017-18,
considering the split-up of electricity from renewable and non-renewable
sources. The data collected, characterization factors used, and the
corresponding impacts calculated for the electricity produced in the CPPs
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and a typical Thermal Power Plant (TPP) of the National Grid are given in
the Appendix B of the published data set [7] and the Supplementary
material of this paper (Annex 1), respectively.

Comparing the three CPPs assessed, it is found that the amount of
coal consumed for 1 kWh of electricity in Nimbol (NM) is 0.515 kg
whereas in the cases of CPP of Mangrol (MG) and Nimbahera (NB) plant,
it was 0.58 and 0.89 kg, respectively. The higher values for Nimbahera are
primarily due to differences in the type of fuel used as well as the lower
efficiency of the plant. The imported coal has higher calorific content than
Indian coal, though the carbon emissions are also higher, and the ash
content is lower. For reference, the Mettur TPP that is connected to the grid
(see Appendix B of the published data set, Table 1 [7]), uses mostly Indian
coal, and the corresponding consumption is 0.72 kg/kWh. The LCA
framework has been used to calculate the impacts associated with electricity
production. The impact associated with electricity produced in cement
plants and India grid (general) are given in Table 5, which are used as the
characterisation factors for electricity used in cement plants.

The impacts associated with the electricity used in different plants
varies from 72-134 kg CO, eq. and 880-1267 MJ per tonne of clinker, 122-
211 kg CO, eq. and 1400-2000 MJ per tonne of 53 grade OPC and 100-160
kg CO; eq. and 1040-1510 MJ per tonne of PPC in case of ground-to-gate
systems. Whereas, in gate-to-gate system the impacts are in the range of 49-
97 kg CO; and 461-857 MJ per tonne of clinker, 82-153 kg CO, and 1000-
1354 MJ per tonne of 53 grade OPC and 77-116 kg CO, and 741-1021 MJ
per tonne of PPC. These values are compared and given in Table 6.

Table 5 Characterization factors for electricity produced in CPPs and

the grid

Plant Ground-to-gate Gate-to-gate

Emissions Embodied Emissions Embodied

kg Energy kg Energy

CO,/kWh MJ/KWh CO,/kWh MJ/KWh
NB 2.36 22.34 1.71 15.11
MG 1.82 18.56 1.37 13.20
NM 1.81 18.65 1.34 13.43
Indian 1.38* 19.50* 0.93 8.83
Grid*

*Ground-to-Consumer, from ecoinvent database.
*Values include losses during transmission

Table 6 Impacts due to the electricity consumption at different plants

Ground-to-Gate

Product CO; Emissions, kg CO; eq. Energy Consumed, MJ
ND MG NB NM ND MG NB NM
Clinker 72 86 134 93 1018 880 1267 957
OPC
53 122 137 211 160 1729 1401 2002 1645
Grade
OPC
43 198 1879
Grade
PPC 102 160 128 1041 1510 1322
PSC 95 1344
GGBS 57 801
Gate-to-Gate
Product CO; Emissions, kg CO, Energy Consumed, MJ
ND MG NB NM ND MG NB NM
Clinker 49 65 97 69 461 626 857 689
OPC
53 82 103 153 118 783 997 1354 1185
Grade
OPC
43 144 1271
Grade
PPC 77 116 95 741 1021 952
PSC 64 608
GGBS 38 363

All the values are reported per tonne of specific products.
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3.2 Impacts due to transportation of the raw materials and fuels

The transportation process is common to all the processes involving raw
materials sourced from different places. The consequent impacts depend
on the amount of materials, transportation mode and the distance of
transportation. The inventory parameter and the impacts for transportation
are expressed in terms of a tonne-kilometre (t-km). The impacts calculated
for the default processes from SimaPro with the ecoinvent database are
given in Table 7. These have been used as the characterisation factors in
the ground-to-gate systems of the cement production for the transportation
processes. The impacts for rail transportation from default impact
assessment modelling using ecoinvent dataset in SimaPro was found to be
similar to those given by Hill et al. [24] and Van Essen et al. [25].

In the gate-to-gate system, only the diesel consumed during truck
transportation is included in the inventory and impact calculation. For this
purpose, a sample on-site survey was conducted with the drivers involved
in transporting materials (i.e., fuel, alternative fuels, and raw materials) for
estimating the diesel consumption per km. Accordingly, the average
consumption in a truck with a capacity of 23 MT was found to be 3
kilometres per litre for a fully loaded truck and 4 km per litre when it is
empty. The conversion factors for diesel were taken from data given by a
cement plant as 0.07 kg-CO,/MJ and 42.68 MJ/kg with a density of 0.84
kg/litre, which are similar to those given by IPCC. The consequent impacts
for the gate-to-gate system are given in Table 8 are considered as the
characterization factors for the impact calculations. Further details about the
transportation processes are given in the Supplementary Material of this
paper (Annex 2).

Table 7 Impacts considered for the transportation of raw materials, in
the ground-to-gate system.

Transportation mode CO; emissions Energy
(kg CO;,eq./t-km) consumed.
(MJ/t-km)
Train (Freight) 0.0467 0.77
Truck, with 22 MT 0.0920 1.690
capacity
Ship 0.0192 0.0113

Table 8 Impacts considered for transporting the raw materials in the
gate-to-gate system.

CO, emissions
(kg CO, /t-km)

Transportation mode Energy consumed.

(MJ/t-km)

Truck (full) 0.0385 0.5195

3.3 Impacts of Clinker Production

Considering the data collected from the Nandyal plant, the carbon
emissions and energy consumed for 1 tonne of clinker have been
calculated for the three systems discussed earlier, and the results are
shown, respectively, in Figure 3 and 4. The corresponding characterization
factors used are those specified in the Appendix C of the published data
set [7]. It can be observed, as expected, that the CO, emissions for the
gate-to-gate system (i.e., 850 kg) lie between the other two values, each
separated by about 10%. In all cases, the emissions are dominated by those
due to the conversion of limestone and the combustion of fossil fuels. The
variation in the embodied energy, from 3730 MJ for the gate-to-gate
system, however, is more dramatic due to the influence of the extraction,
processing and transportation of fossil fuels used for clinkerization, as
well as that of the generation of electricity. This highlights the significance
of the clear definition and recognition of the system used for such
calculations. Similar analyses have been done for all the integrated plants
considered, and the results can be found in Appendix C of the published
data set [7].
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Figure 3 CO, emissions per tonne of clinker for the different systems

The values of the CO, emissions and energy consumed for clinker
production at the different cement plants for both the ground-to-gate and
gate-to-gate systems, are shown in Figure 5 and 6, respectively. The CO,
emissions per tonne of clinker for the gate-to-gate system range from 845 to
950 kg CO,, whereas in the ground to gate system, they range from 945 to
1030 kg CO,. Similarly, the energy consumed varies from 5240 to 6120 MJ
in the ground-to-gate system while the range is 3730 to 4535 MJ in the
gate-to-gate system. The energy and emissions are least in Nandyal and
highest in Nimbahera as latter is less efficient, being an older plant, as
already reflected by the high specific energy consumption during
clinkerization at Nimbahera (see Figure 2). The higher energy requirement
leads to more fuel usage and corresponding emissions, despite the direct
CO;, emissions from limestone conversion being similar.
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Figure 4 Energy consumed per tonne of clinker for the different
systems
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Figure 5 CO, emissions in the different case studies
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Figure 6 Energy consumed in the different case studies

In all the cases, the highest contributor to CO, emissions is the
limestone, followed by the burning of fossil fuels and then the electricity
production. The direct emissions from the limestone are quite similar,
varying over a narrow range of 515 to 525 kg CO, /tonne of clinker,
depending on the CaCO3; and MgCOj; content; they are responsible for 50%-
65% of the CO, emissions depending upon the system considered. The
emissions from the other raw materials only arise from their transportation,
with no direct emissions. It is evident that the reduction of direct emissions
is only possible when the limestone is replaced substantially by alternative
decarbonized materials.

In the ground-to-gate system, the overall CO, emissions range from
925 to 1030 kg CO; eg./tonne of clinker, with the least being that of
Nandyal and the highest in Nimbahera. The range of unit energy consumed
is 5270-6120 MJ, with the least being the cases of Nimbol and Nandyal
whereas the highest is in Nimbahera. The processes that make the
difference are the extraction and transportation of fuels used for
clinkerization and electricity production.

The emissions and energy from fuels are highest in Nimbahera
because of the large thermal heat requirement. Since the efficiency of the
kiln is better in Nandyal, the thermal energy requirement is low, which in
turn decreases the total energy consumed (as seen in the gate-to-gate
system, which is majorly dependent on the specific energy consumed). The
emissions from the fuels are seen to be responsible for about 30-40% of the
total emissions, with an important influence of the type and amount of fuel.
Considering the Nimbol and Nandyal plants, which have similar specific
energy consumption and direct CO, emissions from fuel, it is seen that the
overall CO; emissions in the former are slightly higher due to differences in
upstream processes, such as electricity production and mode of
transportation. The Nandyal plant uses grid electricity, and consequently
CO, emissions due to electricity usage are lower despite using more
electricity per tonne of clinker than the Nimbol plant.

The CO, emissions/kg of clinker are slightly higher than the values
reported earlier by Prakasan et al. [26] for two cement plants in Ariyalur,
Tamil Nadu, for the gate-to-gate system, since the transportation process
was excluded by them. Further, the emissions obtained here are seen to be
significantly higher than those reported from China [27, 28]. In the ground-
to-gate system, the impacts obtained in this study are similar to the ranges
reported from Spain [29,30] and Italy [31] but higher than those reported
from Germany [32] and UK [33].

3.4 Impacts of OPC production

OPC production involves the grinding of clinker along with gypsum and
performance enhances, followed by the processes of packing. The impacts
of OPC are mainly governed by the clinker ratio (relative amount of
clinker in the cement, by weight) and the impacts of the clinker
production. The influence of these two factors is evident on the variation
of CO, emissions and energy consumed among the case studies, as seen in
Figure 7 and 8 for the ground-to-gate and gate-to-gate systems. The
benefit of a lower clinker ratio in OPC is clearly visible in the ground-to-
gate system for Mangrol (having a clinker ratio of 0.89), which has the
least impacts. However, using clinker with lower impacts could be more
significant, as can be seen in the case of Nimbahera where the overall
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emissions are highest in spite having the least clinker ratio (0.87). The
energy consumption is least in Nandyal, though it has the highest clinker
ratio, because of the low impacts associated with clinker production.

The impacts of grinding process in the production of OPC, which is
mainly dependent on electricity, are relatively small; the impacts are about
2.6% and 7.2% for OPC produced in Nandyal, for the gate-to-gate system,
in terms of the CO, emissions and energy consumed, respectively. The
values are similar in the two grinding units, i.e., Arakkonam and
Toranagallu; further details can be seen in Appendix C of the published
data set [7], as the electricity consumption is similar. As expected, the
impacts of OPC produced in a grinding unit are generally higher due to the
transportation of the clinker. For example, the OPC of the Toranagallu plant
uses the clinker from the Nandyal plant, which is about 250 km away by
truck, resulting in higher energy consumption by the former but with only
slightly higher overall emissions.
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Figure 7 Energy consumed for OPC in the different cases

The CO, emissions/kg of OPC are slightly higher than the values
reported earlier by Prakasan et al. [26] for two cement plants in Ariyalur,
Tamil Nadu, for the gate-to-gate system, since the transportation process
had been excluded by them. Further, the emissions obtained here are
significantly higher than those reported from China [27,28]. In the ground-
to-gate system, the impacts obtained in this study are similar to the ranges
reported from Italy [31], higher than those reported from Spain [30],
Germany [34], Australia [35], France [36], Portugal [37], Cuba [38] and
lower than that reported from Myanmar [2].
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Figure 8 CO, emissions for OPC in the different cases
3.5 Production of PSC

The production of portland slag cement (PSC) involves the blending OPC
or ground clinker and gypsum mixture with ground granulated blast
furnace slag (GGBS), followed the packing processes; see Appendix C of
the published data set [7]. In most cases, granulated blast furnace slag
(GBS) is procured from a steel plant and ground at the cement plant to get
the GGBS for blending, as in the Nandyal and Toranagallu plants that
procure GBS from a steel plant in Toranagallu.

In case of GGBS production, electricity consumption for grinding
contributes to most of the CO, emissions and energy requirement, followed
by that of coal used for producing hot gases to drive off moisture from GBS
before grinding. Note that in the case of GGBS produced in the Nandyal
cement plant (Case study 1), waste hot gases from the kiln were used to dry
the GBS, lowering the impacts of GGBS, as can be seen in Appendix C of
the published data set [7]. The impacts of the GGBS produced in
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Toranagallu is about 70 kg CO; eq. and 1080 MJ per tonne, and 60 kg CO,
and 600 MJ per tonne, for the ground-to-gate and gate-to-gate systems,
respectively. The production of GGBS could result in higher impacts if the
impacts from the production of iron and steel are allocated to GBS, as
opposed to being taken as zero as done here. The overall impacts associated
with PSC are summarised in Table 9. It is seen that the impacts for the PSC
produced in Toranagallu are lower than that from Nandyal since the GGBS
content is about 60% of the PSC in the former while it is only 47% in the
latter. It is evident that the higher clinker substitution leads to major
reduction in the impacts in spite of the GGBS itself having a slightly impact
in the former case.

Table 9 Impacts of PSC production

Impacts CO; emissions [ Energy consumed
Case study Ground-to-gate
kg CO; eg./tonne MJ/tonne
Nandyal 540 3670
Toranagallu 460 3560
Gate-to-gate
kg CO, /tonne MJ/tonne
Nandyal 475 2295
Toranagallu 395 2135
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Figure 9 Comparison of the impacts of OPC and PSC produced in
Nandyal

The effect of the substitution of clinker with GGBS is further
emphasized by considering OPC and PSC produced in the same plant
(Nandyal), as seen in Figure 9 for both gate-to-gate and ground-to-gate
systems. The composition of the PSC is 53% (clinker 48% +gypsum 5%) of
OPC and 47% of GGBS whereas the OPC has 95% clinker and 5%
gypsum. It is observed that the PSC has about 43% and 37-40% lower
carbon footprint and energy consumed, respectively.

3.6 Production of PPC

The production of portland pozzolana cement (PPC) involves the
intergrinding clinker, fly ash and gypsum, followed the packing processes;
see Appendix C of the published data set [7]. The fly ash used, normally
conforming to ASTM Class F, is transported from nearby thermal power
plants. The impacts of PPC produced in the Mangrol, Nimbahera and
Nimbol plants differ slightly mainly due to the impacts of the clinker used
since the clinker ratios are similar (about 65-68%). The values computed
for the impacts are presented in Table 10.

As in the case of PSC, the benefit of the substitution of clinker by fly
ash in PPC can be illustrated by comparing the impacts of OPC and PPC
produced in Mangrol plant (see Appendices A and C, of the published data
set, for details [7]. For a tonne of PPC, 650 kg of clinker is ground with ash
(283.9 kg), gypsum (63 kg) and jarosite (3.1 kg), where the ash is a
combination of 196.1 kg dry fly ash from and 58.2 pond ash from Kota
(Rajasthan), along with 6.5 kg bed ash and 23.1 kg of internal bound
transfer (IBT) fly ash from the CPP of the same plant. Note that the ash
used did not undergo any secondary treatment (i.e., removal of moisture or
grinding). It is seen that the PPC has about 27% and 24% lower carbon
footprint and energy consumed, respectively, compared to OPC from the
same plant, mainly due to the lower clinker content and electricity
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requirement. The impact of the transportation of the ash from Kota by truck
accounts for 3-5% of the energy embodied in the PPC.

Table 10 Impacts of PPC production

Impacts CO, emissions Energy consumed
Case study Ground-to-gate
kg CO; eq./tonne MJ/tonne
Nimbahera 760 4920
Mangrol 670 4130
Nimbol 740 4515
Gate-to-gate
kg CO, /tonne MJ/tonne
Nimbahera 680 3470
Mangrol 620 3000
Nimbol 655 3210

Though the impacts of PPC are significantly lower than those of OPC,
the lower clinker content of PSC results more substantial benefits. This can
be illustrated by comparing the OPC and PPC produced in Mangrol with
PSC produced in Nandyal by blending OPC and GGBS; see Figure 10.
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Figure 10 Comparison of impacts: OPC, PPC and PSC

4. Discussion and Conclusions

An ab initio framework has been used to conduct the life-cycle assessment
(LCA) of clinker and cement for several Indian cases, where databases are
not readily available. The data that is generated from the case studies can
be used as the Indian specific database, and expanded further along the
same lines, and employed for calculating the impacts associated with
concrete systems and buildings/constructed facilities. Further, the impacts
calculated could serve as benchmarks for assessing the influence of
different types of raw materials, primary fuels and alternative fuels used in
cement.

The primary data was collected from six cement plants in India, which
included four integrated and two grinding plants. The impacts calculated
per tonne of clinker, i.e., CO, emissions and energy consumed, varied
among the cases and systems considered. For the ground-to-gate system
(which includes all the upstream processes), the CO, emissions for a tonne
of clinker range from 945 to 1030 kg CO; eq., and energy consumed from
5270 to 6120 MJ, whereas the values for the gate-to-gate system vary from
845 to 950 kg CO; and from 3730 to 4535 MJ, respectively. The parameters
that govern the impacts are the direct CO, from limestone, specific energy
consumed, type and amount of fuel used, and electricity source. The
variations in the impacts among the cases are mainly due to differences in
the efficiency of the kiln systems (SEC), type of fuel and amount of
electricity used.

For OPC, in the ground-to-gate system, the CO, emissions for a tonne
of cement range from 910 to 1000 kg CO, eq., and energy consumed from
5440 to 6365 MJ, whereas the values for the gate-to-gate system vary from
840 to 905 kg CO, and from 3930 to 4580 MJ, respectively. The impact
values of OPC are basically affected by the impact of the clinker and
clinker ratio. The transportation of clinker from an integrated unit didn’t not
have much influence on the impacts and further reduction could be possible
if transported by train instead of truck.
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In case of PSC (with data from two plants), the impacts associated are
460-540 kg CO; eq. and 3560 -3670 MJ, and 395-475 kg CO, and 2135-
2295 MJ per tonne in the ground-to-gate and gate-to-gate systems
respectively. For PPC, the impacts at three different plants ranged as 670-
760 kg CO; eq. and 4130-4920 MJ, and 620-680 kg CO, and 3000-3470
MJ per tonne in the ground to gate and gate-to-gate systems, respectively.
Consequently, it can be estimated that blended cements with about 28% and
47% of fly ash or GGBS, respectively, embody about 28-40% less carbon
emissions and energy consumed compared to OPC in the Indian scenario.

The other parameters such as source and amount electricity could
have a major influence on the impacts associated with cement production.
These parameters which are identified to be critical could be majorly
addressed in future to further reduce the CO, emissions and energy
consumption during cement production.

Data Availability Statement

The data used in the study has already been published [7] and contains
four appendices with information of relevance to the calculations made in
this work. Appendix A provides the detailed inventories and
characterisation factors used for all the case studies; Appendix B contains
the detailed inventory, corresponding characterisation factors and impact
values for electricity production in the captive power plants and the grid;
and Appendix C gives the impact assessment results of all the products
relevant for different case studies and for the three different systems
considered for the LCA. Rest of the data related to impacts associated with
transportation process and the electricity produced in the Indian grid is
given in the Supplementary Material of this paper (Annex 1 and Annex 2)
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Supplementary Material

Annex 1

Comparison of the Impacts of Electricity Generated in the CPPs with that
Transmitted Through the Grid

The electricity transmitted through the Indian grid is produced by thermal power plants (TPPS)
using fossil resources, such as coal, natural gas, crude oil, and by hydroelectric power stations,
windmills, nuclear power stations. The quantities of fossil fuels used by the‘National Grid can
be seen in Table B5, which corresponds to 2017-18. The contribution.of TPPs to the generation
of electricity for the grid, in the period of 2008-2018, has been reported to be 79%, with the
implications shown in Figure . The losses before transmission were reported to be, on average,
around 7%, and the transmission losses that occur from the source to the consumer to be, on
average, about 21%, for the year 2017-18. The contribution from non-renewables can be
expected to have increased since then, making grid electricity more sustainable. The CO>
emissions associated with non-fossil fuels, i.e., from renewable sources, are considered to be
low and ignored in the present analysis. The characterization factor used for each type of fuel

and the corresponding sourceis given in Table B6.

Thermal Wind

79% - Fossil fuel based generation

Grid (Losses 21.5%)

Figure la Electricity production mix from various sources for Indian grid [from Energy
Statistics Report, 2019]
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Table 1a Fossil fuels used for electricity production in utilities (for 80% of 1303 TWh)
for the Indian National Grid in 2017-18

Fossil fuel Amount
Coal consumption for electricity (MT) 576
Lignite consumption for electricity (MT) 38.34
Natural gas consumption for electricity (Billion

cu.m.) 12.03
High speed diesel oil for power generation (KT) 211
Furnace oil for power generation (kT) 306
Light diesel oil for power generation (KT) 143
Naptha for power generation (kT) 67

Table 1b Impact characterization factors for electricity produced in CPPs and the grid

iSSi Ener
FUEL Csz emission Source g9y Source
actors Content
16 Energy
Coal kg CO/kg 15.13 PIMT Statistics, 2019
. 177 Parikh et al., Energy
Lignite kg COu/kg 2010 | W3TPIMT | siatistics, 2019
0.0021 38.52 Energy
Natural Gas kg CO/m? PI/billion m? | Statistics, 2019
High Speed Diesel ‘W IPCC | 0.0458PJKT | CEA. 2005
Oil kg CO2/kg ' ’
Light Diesel Oil 3034 0.0441 PJ/KT CEA, 2005
ese . ,
ght Diesel L kg CO2/kg oA
F Qil 3038 0.0431 PJ/KT CEA, 2005
rnace . ,
! ' kg CO2/kg
Low.Sulphur NA NA 0.0437 PJKT | CEA, 2005
Heavy Stock
Napth 312 IPCC 00472 PJKT | CEA, 2005
aptha kg CO2/kg ' '
kT= kilo Tonnes; MT= Metric Tonnes; PJ = Peta Joules

The values calculated for grid electricity, the Mettur TPP and captive power plants

(CPPs) of the cement plants of this study (see Tables B1 to B4) are given in Table B7, and have
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been used as the characterization factors for the impacts of electricity used in the cement
production. As seen in Table B7, the impacts associated with grid electricity are seen to be
generally lower those for electricity generated by the CPPs. This is mainly because of the type
of coal being used as the primary fuel in the CPPs and the contribution of non-fossil sources.
Nevertheless, many cement plants prefer not to use electricity from the grid due to the higher
cost and to avoid interruptions in production due to frequent shutdowns. In Table 7, the impacts
for the electricity from the grid for the gate-to-gate (or gate-to-consumer) system are compared
with ground-to-gate (or ground-to-consumer) values taken from the ecoinvent database,
through Simapro; the latter value for CO2 emissions is similar to the value 0f 1.41 kg CO2/kWh
given by Hill et al. (2012) for 2010-11. The differences between the values for the two systems
can be attributed mainly to the upstream processes, such as extraction and transportation of the

fossil fuels, and the impacts from the electricity generated from non-fossil sources.

Table 1c Impact assessment results for electricity produced in CPPs, Mettur TPP and

the grid
Plant Ground-to-gate Gate-to-gate
Emissions Embodied | Emissions kg | Embodied
kg CO2/kWh Energy CO2/kWh Energy
MJ/kWh MJ/kWh
NB 2.36 22.34 1.71 15.11
MG 1.82 18.56 1.37 13.20
NM 1.81 18.65 1.34 13.43
Mettur TPP 1.46 16.81 1.03 10.35
Indian Grid* 1.38 19.50 0.93 8.83
(2017-18) Ground-to- Gate-to-
Consumer* Consumer

*From ecoinvent database; “The values include losses during transmission
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The ground-to-consumer values for CO> emissions associated with 1 kwWh of electricity
supplied in different countries, as reported by Hill et al. (2012), are compared in Figure . The
higher impact associated with the Indian grid electricity can be attributed to high dependence
on coal and other fossil fuels, and possibly higher transmission losses compared to most other

countries.
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Figure 1b CO:2 footprint of grid electricity (ground-to-consumer) in different countries,
with data reported by Hill et al. (2012)
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ANNEX 2

IMPACTS OF DIFFERENT MODES OF TRANSPORTATION

For transportation by truck, the ground-to-gate system includes all the processes such as
manufacturing of the vehicle, extraction of fuels, i.e., diesel, direct emissions due to diesel
consumption during transportation, and the construction and maintenance of the roads used.
The processes included in the ground-to-gate system of transportation through trucks-are shown
in Figure . Similarly, the impacts of transport by train include those related to the manufacturing
of locomotives, fuel consumed for transportation, construction and ‘maintenance of railway
tracks, and the impacts of the building of the ships and port facilities, and those of the fuel used
would be included in those of transportation through ships. The impacts calculated have been
used as the characterisation factors in the ground-to-gate systems of the cement production for

the transportation processes.
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Figure 2a Processes included in transportation by trucks in different systems

The impacts of truck transportation in the gate-to-gate system are seen to be much lower
than that of the ground-to-gate system as upstream processes, such as manufacturing of the
truck, extraction of fuel and construction and maintenance of roads, are not considered. Note

that transportation by ship and train are not considered in the gate-to-gate system.

96



