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Abstract

Purpose Cement manufacturing is associated with global and local environmental issues. Many studies have employed life cycle
assessment (LCA) to evaluate the environmental impacts from cement production and investigate measures to improve envi-
ronmental performance. However, there have not been any scientific studies assessing the impacts of the Myanmar cement
industry on the environment. In this study, environmental impacts of the Myanmar cement industry were evaluated using LCA
and key contributors to major environmental impacts were identified.

Methods This study follows the principles outlined by the International Organization for Standardization (ISO 14040:2006 and
ISO 14044:2006) to conduct LCA of the cement industry in Myanmar. The functional unit considered is 1 tonne of Portland
cement, and a cradle-to-gate analysis was conducted. The input data (raw materials, energy, electricity, and transportation) were
collected from 8 cement plants in Myanmar, but data about raw material extraction were adapted from the literature. The output
data (emissions to air) were estimated based on the IPCC guidelines, the EMEP/EEA air pollutant emission inventory guidebooks
and the US EPA Detonation of explosives; an AP-42 update. LCAs of specific cement plants were implemented, and both
midpoint environmental impacts and endpoint damage categories were assessed based on the ReCiPe 2016 method.

Results and discussion The results showed that major environmental impacts from the Myanmar cement industry include climate
change, photochemical oxidant formation damaging ecosystem quality, fine particulate matter formation, terrestrial acidification
and fossil resource scarcity. They were assessed to account for about 80, 0.5, 18, 0.6 and 0.4% of the overall environmental
burdens from cement manufacturing, respectively. Human health damage was the most affected category. Key contributors to
these major impacts were found to be CO,, NOy, SO, and PM, 5 emissions, mostly from the clinker production step. In order to
mitigate these environmental impacts and initiate sustainable development in this industrial sector in Myanmar, appropriate
mitigation options, including fuel and energy saving, and the use of alternative fuels and materials need to be considered.
Conclusion Through this study, the contribution of the Myanmar cement industry to environmental impacts in a life cycle
perspective was investigated and key environmental hotspots were identified in order to suggest mitigation options for the
sustainable development of this industrial sector. Based on the study results, some improvement measures should be considered,
which include upgrading the cement manufacturing process, increasing the share of clinker substitutes, utilizing alternative fuels,
optimizing energy efficiency and implementing energy recovery technologies.
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1 Introduction

Increasing adverse global environmental changes due to envi-
ronmental mismanagement call for deeper considerations both
in the use of resources and environmental emissions from the
production sector. Consequently, several concepts on green
initiatives, such as green growth, green economy, green trans-
formation, sustainable transformation and green industrial
policy, have been applied to minimize environmental loads
from these sectors (Yong-Long et al. 2015). Besides, finite
natural resources, more stringent environmental and occupa-
tional regulations and increasing consumer demand for
environment-friendly products urge the industries to put great
effort into achieving sustainable manufacturing. Sustainable
manufacturing is generally targeted at minimizing resource
use, ensuring energy efficiency, mitigating emissions and re-
ducing unwanted byproducts while maintaining or enhancing
the value and quality of products for society and organizations
(Amrina and Vilsi 2015).

The construction industry has a significant impact on the
environment, consuming approximately 40% of worldwide
natural resources subsequently leading to environmental pol-
lution and biological damages from the extraction activities of
these resources (Gursel 2014). Besides, it has been identified
that about 40% of the global GHG emissions come from en-
ergy consumption by the building sector (Gan et al. 2017).
Concrete has been widely employed as an important building
material due to its readily accessible constituents and its dis-
tinct properties, such as user friendliness, strength and dura-
bility (Damtoft et al. 2008; Nagrockiené et al. 2017). Cement,
a major component of concrete, is also the most widely man-
made material for buildings and infrastructure in the world. Its
production and consumption is somewhat related to the eco-
nomic growth of a particular area, and the cement industry
also creates certain job opportunities and provides economic
benefits to its related sectors (Devi et al. 2017). However,
being an energy- and resource-intensive industry, cement
manufacturing is associated with various environmental is-
sues, such as global warming, air pollution, acidification, re-
source depletion and land use change (Morsali 2016). Ali et al.
(2011) indicated that the cement industry sector alone con-
sumes almost 12—-15% of the total industrial energy use and
is responsible for about 7% of the global anthropogenic car-
bon dioxide (CO,) emissions. In the manufacture of cement,
around half of the CO, is released during the decarbonation of
limestone (calcination process) and another half comes from
energy uses, such as fossil fuels and electricity (Huntzinger
and Eatmon 2009). The Cembureau Activity Report (2018)
estimated that global cement production had reached 4.1 bil-
lion tonnes in 2017. Without any action, increasing cement
production will lead to higher emissions of CO,. Furthermore,
the cement industry is a major contributor to emissions of
dust/particulate matter (PM), sulphur oxides (SO,), nitrogen

oxides (NO,) and carbon monoxide (CO) as well as heavy
metals (Tang et al. 2018; Marceau et al. 2006).

Growing urbanization has led to an increase in the demand
for construction materials. Karstensen and Saha (2017) esti-
mated that infrastructure development, affordable and sustain-
able housing projects, rural area development plans and in-
creased foreign investments would raise the construction ac-
tivity in Myanmar by about 10% per annum, subsequently
accelerating both the production and consumption of cement
in the country. There are 17 cement plants in Myanmar using
23 cement kilns (11 wet-process and 12 dry-process kilns)
with a total production capacity of approximately 9 Mta (mil-
lion tonnes per annum). Table 1 shows the number and pro-
duction capacity of currently operating cement plants and up-
coming cement facilities around the states and regions of the
country. In 2017, about 1.98 Mt (million tonnes) cement were
produced (Myanmar Statistical Yearbook 2018). Based on the
capacity of existing plants and forthcoming facilities, it is
anticipated that the production of cement is going to double
over the next few years. Cement plants in Myanmar use their
own clinker, and Portland cement represents over 99% of the
cement produced in the country (Myanmar’s Initial National
Communication Report 2012). The Myanmar’s INC report
(2012) also indicates that cement production is one of the most
important sources of CO, emissions from the industrial sector.
In 2000, it was estimated that the cement sector alone emitted
203.23 Gg CO, equivalent, representing about 44% of the
GHG emissions from Industrial Processes and Product Use
(IPPU sector). This was projected to increase with the growing
demand and production in cement (Myanmar’s INC Report
2012).

Life cycle assessment (LCA) is one of the most commonly
used assessment tools for evaluating potential environmental
impacts of a product over the whole period of its life from raw
material acquisition, through manufacturing and delivery, to
use, reuse, recycling or disposal at the end of its useful life.
LCA can assist in identifying pollution shifts among various
processes of products or services, assessing possible subse-
quent impacts, developing proper plans for better environ-
mental performance, as supporting information to decision-
makers for strategic planning, priority setting and layout of
products or services and for eco-labelling (ISO 14040:20006).
Several studies employing the LCA concept have been carried
out for investigating the environmental impacts of different
cement products and various cement manufacturing processes
around the world (Stafford et al. 2016; Morsali 2016; Garcia-
Gusano et al. 2015; Liet al. 2015; Feiz et al. 2015; Chen et al.
2014; Valderrama et al. 2012; Hong and Li 2011; Boesch and
Hellweg 2010). Wang et al. (2013) identified five major fac-
tors influencing greenhouse gas (GHG) emissions from ce-
ment production, viz. energy emission factor, energy struc-
ture, energy intensity, cement production activity, and clinker
production activity. Of these, cement production activity and
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Table 1 Regional distribution of

cement plants in Myanmar (2017 State/region Existing cement plants Upcoming cement facilities
data)
Number Production Number Production
capacity (Mta) capacity (Mta)
Mandalay 8 4.17 6* 7.90
Shan 3 0.74 1 1.20
Magway 2 0.34
Nay Pyi Taw 1 0.63
Mon 1 1.75 2° 2.15
Kayin 1 1.44
Ayeyarwaddy 1 0.36
Total 17 9.43 11.25

*Upgrading/ extending cement kilns inside current cement plants

> Newly constructed cement plants

Table adapted from Karstensen and Saha (2017)

clinker production activity mainly dominate the increasing
GHG emissions. CO, emissions contribute the most to global
warming caused by the cement industry, in the range between
98 and 100%. Other GHGs, such as CH, and N,O, show less
influence despite their higher characterization factors (Josa
et al. 2007; Gutierrez et al. 2017). Marceau et al. (2006) con-
ducted a life cycle inventory (LCI) of Portland cement
manufactured in the United States and discussed that lime-
stone calcination and fuel combustion in the clinker produc-
tion stage accounted for 60% of total CO, emissions (553 kg
per tonne of cement) and 39% of total CO, emissions (365 kg
per tonne of cement), respectively. Clinker accounts for most
impacts of cement production (Zabalza et al. 2011), and envi-
ronmental impacts related to the cement industry are directly
proportional to the clinker content in cement (Huntzinger and
Eatmon 2009). Rosyid et al. (2020) identified that global
warming and acidification impacts related to an Indonesian
cement facility were attributed mainly to the kiln process
activities. Feiz et al. (2015) compared the Global Warming
Potential of three cement products with varying clinker
contents; and it was observed that product with less clinker
possessed the lowest value. Chen et al. (2014) indicated that
significant environmental impacts from the cement industry
include (1) global warming and (2) respiratory inorganics,
which are concerned with direct emissions from coal and
limestone consumption, and (3) non-renewable energy, which
is attributable to the consumption of energy (i.e., electricity
and coal). Applying different impact assessment methods,
these studies assessed the environmental impacts of the ce-
ment industry, and it was observed that the magnitude of the
impacts generally differed based on the amount of energy and
raw materials consumed. Therefore, in order to adopt effective
improvement measures for the cement industry in a particular
area, it is fundamental to specifically conduct an LCA of the
industry in that area. In Myanmar, there have not been any
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scientific studies evaluating the environmental impacts of the
cement industry. Hence, in this paper, environmental impacts
from the Myanmar cement industry have been investigated,
based on LCA, and environmental hotspots identified so as to
suggest proper improvement measures for this industry in the
country.

2 Methodology

Several studies have employed LCA to determine the environ-
mental impacts from cement production, to prioritize specific
impacts from the cement industry, and to analyze and compare
various remedies aiming at reducing impacts from cement
production in order to identify appropriate mitigation mea-
sures. However, since cement can have many end-use appli-
cations, there may be some difficulties in conducting an entire
life cycle (cradle-to-grave) analysis. Therefore, a cradle-to-
gate or gate-to-gate approach is preferable. Most cement re-
lated LCA studies have been implemented considering a
cradle-to-gate approach despite some differences in their re-
spective scope, such as including or excluding raw material
extraction, collection, and transportation (Garcia-Gusano et al.
2015; Feiz et al. 2015; Li et al. 2015; Huntzinger and Eatmon
2009).

2.1 Goal and scope of the study

This study focuses on identifying the environmental impacts
and hotspots from the Myanmar cement industry based on
data collected over the period 2017-2018 (fiscal year). Most
cement-related LCAs, such as Hong and Li (2011), Chen et al.
(2014), Li et al. (2015), Garcia-Gusano et al. (2015), and
Stafford et al. (2016), used a mass based functional unit,
viz., 1 tonne of cement. Therefore, in order to ensure better
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comparison among the study results, 1 tonne of Portland ce-
ment manufactured in Myanmar using domestic clinker was
used as the functional unit for this study. A cradle-to-gate
analysis was conducted, limiting the system boundary to raw
material quarrying, transportation and manufacturing of the
final product, i.e., Portland cement, as shown in Fig. 1.

2.2 Life cycle inventory and impact assessment

As previously described in Table 1, 17 cement plants are un-
der operation in Myanmar, with a production capacity of 9.43
Mta cement. Of this amount, 8.2 Mta are produced via the dry
process and about 1.2 Mta via the wet process. A conceptual
representation of cement production via the dry process and
wet process is presented in Fig. 2. Despite the difference in the
manufacturing process, cement is the single product produced
at these facilities, so there is no need for co-product allocation,
and all plants produce the same product (Portland cement)
without much variation in terms of clinker composition.
Also, there is no significant topographical difference in the
areas and locations of the mining sites and cement plants. In
this study, data collection was conducted in 8 cement plants in
the Mandalay region, including 2 wet-process plants and 6
dry-process plants. Among the 6 dry-process plants, based
on their technology and production capacity, 2 plants were
considered as advanced, having a higher production capacity
than any other plants in the country. Two other plants were
considered as moderately advanced and the last 2 plants as
less advanced, being rather old and with lower production
capacities. In 2017, cement production capacity in the
Mandalay region was 4.17 Mta. This is about 44% of the
whole cement production capacity in the country. Based on
this information and the above-mentioned differences in tech-
nology and production capacity, the input and output data
collected from the 8 cement plants in the Mandalay region
provide a relevant representation of the cement industry in
Myanmar. Data relating to factors, such as plant capacity,

| Cement

applied processes and technologies (reflecting energy struc-
ture and energy consumption), and maintenance procedures,
are site-specific and variable. Therefore, to ensure a better
representativity, LCAs were performed for the 8 selected ce-
ment plants. The results were then analyzed in order to iden-
tify the major environmental impacts caused by the Myanmar
cement industry and identify the key factors contributing to
those impacts.

The ReCiPe (2016) (Hierarchist perspective) was used as
the life cycle impact assessment method. A total of 14 mid-
point impact categories, viz., climate change, stratospheric
ozone depletion, fine particulate matter formation, photo-
chemical oxidant formation: human health, photochemical ox-
idant formation: ecosystem quality, terrestrial acidification,
terrestrial ecotoxicity, freshwater ecotoxicity, marine
ecotoxicity, human toxicity: cancer, human toxicity: non-can-
cer, water use (water consumption potential), mineral resource
scarcity, fossil resource scarcity and 3 endpoint damage cate-
gories, viz., damage to human health, damage to ecosystem
quality and resource scarcity, were evaluated.

2.3 Data collection

Input and output data of the studied system were collected and
quantified with reference to the goal and scope of the study.
All input data (raw materials, energy, electricity and transpor-
tation) were collected on-site, except for data about quarrying
of raw materials (limestone, iron ore, clay, gypsum, etc.) and
coal which were adapted from Ditsele (2010), Norgate and
Haque (2010), Suarez et al. (2016), Kittipongvises (2017)
and Md. Hossain et al. (2017). Figure 1 shows the five steps
considered for estimating emissions from Portland cement
production, namely raw material extraction, transportation to
cement plant, and manufacturing process, including, raw meal
preparation, clinker production and cement making. All
activities considered in each production step are listed in
Table 2. Raw materials and energy inputs were collected in
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Fig. 2 Conceptual representation
of cement production
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order to analyze the emissions from each individual step.
Emissions were estimated using emission factors from the
IPCC (2006) guidelines, the EMEP/EEA air pollutant emis-
sion inventory guidebooks (European Environmental Agency
2019) and the US EPA, Detonation of explosives; An AP-42
update (US EPA 1979).

Only on-road transportation was used for the transport of
quarried raw materials to the cement plants investigated while
both on-road transportation and water-borne navigation were
used for the transport of coal and fuel. Dump truck (< 20
tonne) with average fuel consumption of about 34 tonne km
per litre diesel, dump truck (< 30 tonne) with average fuel
consumption of around 25 tonne km per litre diesel, and trac-
tor (< 40 tonne) with average fuel consumption of
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approximately 24 tonne km per litre diesel were used for
transporting raw materials to cement plants. Fuel consumption
of'the vehicles was averaged based on the actual data collected
onsite and the unit is expressed in tonne km travelled per litre
consumed as described in Spielmann et al. (2007). Electricity
and coal consumption were related to the processes and tech-
nologies used in the 8 plants investigated, averaging about
138.5 kWh and 5.4 GJ per tonne of cement, respectively.
Among the 8 cement plants, only one (plant D) used electricity
generated from its own coal-fired power plant (CFPP) where-
as the other cement plants used electricity from the national
grid. Also, plant C and plant D have a waste heat recovery
(WHR) plant that can recover 35 and 40 kWh of electricity per
tonne of clinker, respectively. The electricity generated by the
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Table 2 Activities considered in
each Portland cement production

Production step

Process/activity considered for emissions estimation and impact assessment

step

Raw material
extraction

Raw material

Quarrying of raw materials, such as limestone, clay and iron ore (emissions from fuel
production, fuel combustion, electricity, explosives detonation and fugitive
emissions)

Transportation of raw materials to cement plant (emissions from fuel production and

transportation

Raw meal
preparation

Clinker production

fuel combustion)

On-site transportation, electricity, grinding/homogenizing (emissions from fuel
production, fuel combustion, electricity generation and raw meal process)

Coal extraction, coal transportation, on-site transportation, coal combustion, electricity,

calcination (emissions from extraction, transportation and burning of coal, fuel
production, fuel combustion, electricity generation, calcination process)

Cement making

Gypsum extraction, transportation of gypsum/other additives, fuel production, fuel

combustion, electricity, cement milling (emissions from gypsum extraction, fuel
production, fuel combustion, electricity generation and milling process)

WHR system offset 25% of the electricity required for
manufacturing cement in plant C and 35% in plant D. In order
to estimate emissions from electricity generation (national
grid), the energy mix to generate 1 kWh of electricity in
Myanmar was identified as described in Table 3.

The estimation of emissions from almost all sources was
performed applying default emission factors (tier 1 approach)
from the IPCC (2006) guidelines and the 2019 EMEP/EEA air
pollutant emission inventory guidebooks (European
Environmental Agency 2019). However, particulate emis-
sions from the cement manufacturing steps were estimated
using technology emission factors (tier 2 approach) from the
2019 EMEP/EEA guidebooks (IPPU sector, cement produc-
tion). The emission factors for this tier 2 approach cover all
different steps in cement production from raw material feeding
to final shipment to the facilities (European Environmental
Agency 2019). Technical specific emission factors were cal-
culated based on BAT-associated emission levels from the
Best Available Techniques (BAT) Reference Document for
the Production of Cement, Lime and Magnesium Oxide
(European Commission 2013). In formulating emission fac-
tors, channelled dust emissions from dusty operations, dust
emissions from kiln firing processes and dust emissions from
cooling and milling processes were assumed as those from

Table 3  Energy mix to generate 1 kWh of electricity in Myanmar
(2017-2018)

Electricity (kWh)® Btu® TJ
Coal 0.061 6354 6.7E-07
Diesel 0.003 37.2 3.9E-08
Natural gas 0.378 2951.8 3.1E-06
Hydropower 0.558 - -
Total 1.000

# Myanmar Statistical Yearbook (2018)
® Electric Power Annual 2018 ((2019))

raw meal preparation, clinker production and cement making,
respectively. The average gas flow was estimated to be about
2300 m*/tonne clinker. The assessment of emission factors for
particulate matter is detailed in Tables 4, 5 and 6.

3 Results
3.1 Life cycle inventory results

The life cycle inventory results of cement production by dif-
ferent plants are presented in the supplementary material
(Table A1). Inputs and outputs are described based on 1 tonne
of Portland cement. Compared with the emission results, it
was found that emissions from the 2 wet-process plants (plants
A and B), including, CO,, CHy4, N,O, NO,, CO, NMVOC,
PM, 5 and NH3;, were higher than those from the dry-process
plants as a result of larger consumption of energy, i.e., coal,
diesel and gasoline. Also, plant D was found to contribute
larger emissions of NO, than any other dry-process plants as
well as higher emissions of SO, and heavy metals than any
other plants because of its coal-fired power plant. As illustrat-
ed in Fig. 3, the emissions from all the cement plants were
averaged in order to investigate the contribution of cement
manufacturing to those emissions. Figure 3 shows that clinker
production is the main contributor to air pollutant emissions
apart from dust emissions (TSP and PM, () which are mostly
contributed by raw material quarrying. Life cycle inventory
results show that CO, is the air pollutant mostly emitted from
the cement industry, accounting for about 99% of all emis-
sions. On average, the production of 1 tonne of Portland ce-
ment by wet-process and dry-process plants leads to emissions
of 1272 and 1006 kg CO,, respectively, which corresponds to
1072 kg CO, for the entire cement industry in Myanmar.
These emissions are comparable to those estimated in other
related studies, which are in the range 0f 0.56—1.10 tonne CO,
emissions per tonne of cement (Feiz et al. 2015; Li et al. 2015;
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Table 4 Emission factors for dust

released from cement Manufacturing steps ~ Raw meal Clinker Cement Source
manufacturing preparation production making
Dust (mg/Nm®) 10.0 15.0 15.0 European Commission
(2013)
EF ccn (g/tonne 23.0 345 34.5

clinker)

Chen et al. 2014; Moya et al. 2010; Marceau et al. 2006; Josa
et al. 2004). CO, is mainly released through decarbonation of
limestone in the clinker kiln, combustion of fuel during clinker
production and the energy used throughout the whole cement
manufacturing process. Of all the steps contributing to CO,
emissions, clinker production is the main one responsible for
approximately 96% of the total CO, emissions. Various CO,
emission activities under the clinker production step are illus-
trated in Fig. 4.

3.2 LCIA results

LCIA was performed for each of the 8 cement plants investi-
gated. The results of the midpoint environmental impacts are
shown in Table 7.

From the results, it was found that plant G contributes
the lowest environmental impacts for most of the catego-
ries covered except for climate change, ozone depletion,
water consumption and fossil resource scarcity. This is
due to the lower environmental load related to transporta-
tion and mineral resource consumption compared with
other plants. With regard to climate change, ozone deple-
tion and fossil resource scarcity, plant C and plant D (the
two most advanced plants) were found to contribute the
least impacts due to lower coal consumption resulting in
lower GHG emissions from coal burning for clinker mak-
ing. However, plant D was characterized by the highest
impacts concerning fine particulate matter formation, ter-
restrial acidification and toxicity as a result of the on-site
coal-fired power plant used to generate electricity.
Because of the large amount of coal consumed for thermal
energy in the clinker production step and large usage of
energy for transportation, plant A and plant B (wet-
process plants) were found to contribute the highest im-
pacts with regard to global warming, ozone depletion,

Table 5 General formation of dust
Fine dust fraction TSP
PM,5(<2.5 um) PM;( (< 10 um) Particles > 10 pm

Dust 67% of PM, 95% 5% 100%

Based on: European Commission (2013)
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photochemical oxidant formation (that damages to both
human health and ecosystem quality) and fossil resource
scarcity. For most impact categories, plants E, F and H
(dry process plants) were observed to have moderate con-
tributions. Plants C, E, F and H showed higher impacts
with regard to mineral resource scarcity as a result of
larger consumption of resources to produce clinker.

As illustrated in Fig. 5, the impact results were then
averaged based on the plant classification described pre-
viously (see Section 2.2). The average midpoint environ-
mental impacts of wet-process cement plants were found
to be higher than those of dry-process plants for most of
the impact categories covered mainly because of larger
consumption of fossil fuels (natural coal for clinker pro-
duction and middle distillates for transportation activi-
ties). Exceptions to those mentioned previously include
fine particulate matter formation, terrestrial acidification,
human toxicity, water consumption and mineral resource
scarcity. The most advanced dry-process plants were
found to contribute larger emissions of SO, and heavy
metals, especially plant D from its coal-fired power plant.
This resulted in greater impacts on fine particulate matter
formation, terrestrial acidification and toxicity impacts.
Also, as a result of larger consumption of raw materials
(e.g., limestone) for clinker production, all dry-process
plants were found to have higher impacts on mineral re-
source scarcity than wet-process plants. Most advanced
and less advanced dry-process plants were found to have
lower impacts on climate change, ozone depletion and
fossil resource scarcity than wet-process plants and mod-
erate dry-process plants. These lower impact values are
due to lower consumption of coal. Among all the cement
plant types investigated, the less advanced dry-process
plants, i.e., plants G and H, were observed to have the
lowest toxicity impacts as a result of lower consumption
of energy for raw material transportation, and, specifically
for plant G, the lowest content of clinker for cement mak-
ing. However, higher amount of water resulted in those
plants having the highest impact on water consumption.
The moderate dry-process plants were found to be char-
acterized by intermediate values, although they were
found to have the highest impact on mineral resource
scarcity as a result of larger amount of mineral resource
consumption for cement manufacturing.
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Table 6 Technology-based

emission factors for particulate Particulate matter

Emission factors (g/tonne of clinker)

matter

Raw meal preparation

Clinker production Cement making

TSP 23.0
Particles > 10 um 1.2

PM,, 21.9
PM, 5 14.6

34.5 345
1.7 1.7

32.8 32.8
22.0 22.0

4 Discussion

4.1 Environmental impacts from the Myanmar cement
industry

Cement production in Myanmar reached 1.98 million tonnes
in 2017, an increase from 0.56 million tonnes in 2010, in order
to meet the growing demand for infrastructure development
and rural area development (Myanmar Statistical Yearbook
2018). Increased domestic production of cement is beneficial
in reducing reliance on imported cement, generating positive
impacts on Myanmar’s trade balance and in creating a stable
product price all over the country. However, environmental
concerns posed by this industry need to be considered to en-
hance its sustainability.

In this study, the climate change impact from the Myanmar
cement industry was found to be in the range 872-1440 kg
CO; eq. per tonne of cement. This value was found to be
mostly contributed by CO, emissions from the coal burning
and calcination process in the clinker production step, and
from electricity and transportation activities as part of the
cement making step. Josa et al. (2007) indicated that the major
contributor to global warming from cement production is
CO,. Although other GHGs, such as CH4 and N,O, have

higher characterization factors, the large quantities of CO,
emitted from cement production explain why this pollutant
is the major contributor to the climate change. Wang et al.
(2013) indicated that GHG emissions from the cement indus-
try are high mainly because of clinker production and cement
production steps. Stafford et al. (2016) showed that large cli-
mate change values ranging between 1730 and 2160 kg CO,
eq. were obtained for a Brazilian cement plant. These results
were due to the clinker used to produce cement which was
imported through on-road transportation, one of the most pol-
luting means of transport in this case study. Most studies have
estimated that climate change impacts from cement produc-
tion vary between 628 kg CO, eq. and 920 kg CO, eq. per
tonne of cement (Garcia-Gusano et al. 2015; Li et al. 2015;
Chen et al. 2014; Josa et al. 2007). A slightly higher value
about climate change impact is observed for the Myanmar
cement industry compared with the literature. This is due to
a larger amount of coal consumed for clinker production with
about 5.4 GJ per tonne of Portland cement compared with
values in the literature ranging from 2.81 to 4.31 GJ (Li
et al. 2015; Josa et al. 2007).

Ozone depletion results for the Myanmar cement industry
were found to be in the range 6.81E—05 to 1.67E—04 kg
CFCl11 eq. These values are within the range of values
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Fig. 4 CO, emission sources
from clinker production in
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reported in the literature, i.e., 3.97E—06 to 2.54E—04 kg
CFCI11 eq. (Stafford et al. 2016; Chen et al. 2014).
Photochemical oxidant formation can damage both human
health and ecosystem quality. Based on the study from
Stafford et al. (2016), excluding emissions from transportation
activities, emissions from the clinkerization process were
identified to be the most dominant for this impact category.

A study by Song et al. (2016) also showed that calcination in
the clinker production step is a major contributor to photo-
chemical oxidant formation. The values obtained in this study
both for photochemical oxidant formation: human health and
photochemical oxidant formation: ecosystem quality (1.38—
1.79 and 1.41-1.84 kg NOy eq.) are mainly contributed by
NO, emissions from coal combustion and NMVOC emissions

Table 7 Midpoint environmental impacts from cement plants in Myanmar
Impact category Unit Plant A PlantB  PlantC  PlantD PlantE  PlantF  PlantG  PlantH
Climate change kg CO; eq. 1.15E+03 1.43E+03 8.72E+02 9.23E+02 1.05E+03 1.13E+03 9.97E+02 1.15E+03
Ozone depletion kg CFC11 eq. 1.12E-04 1.67E-04 6.81E-05 7.75E-05 9.84E—05 1.07E-04 9.39E—05 1.08E—04
Photochemical oxidant kg NOy eq. 1.63E+00 1.78E+00 1.51E+00 1.66E+00 1.41E+00 1.54E+00 1.38E+00 1.58E+00
formation: human health
Photochemical oxidant kg NOy eq. 1.65E+00 1.84E+00 1.53E+00 1.68E+00 1.44E+00 1.57E+00 1.41E+00 1.61E+00
formation: ecosystem
quality
Fine particulate matter kg PM; 5 eq. 3.80E-01 3.96E-01 3.64E-01 6.03E-01 3.41E-01 3.74E-01 3.36E—01 3.94E—01
formation
Terrestrial acidification kg SO, eq. 1.02E+00 1.06E+00 9.82E-01 1.80E+00 9.12E-01 1.01E+00 9.08E-01 1.07E+00
Terrestrial ecotoxicity kg 1,4-DCB eq. emitted 2.22E+02 2.18E+02 2.11E+02 2.29E+02 2.06E+02 2.19E+02 1.96E+02 2.20E+02
to industrial soil
Freshwater ecotoxicity kg 1,4-DCB eq. emitted 3.65E—03 3.58E—03 3.45E-03 3.73E-03 3.39E-03 3.59E-03 3.21E-03 3.61E-03
to freshwater
Marine ecotoxicity kg 1,4-DCB eq. emitted 1.04E-01 1.02E-01 9.90E-02 1.08E—01 9.68E—02 1.03E-01 9.19E-02 1.03E—01
to seawater
Human toxicity: cancer kg 1,4-DCB eq. emitted 8.49E—01 8.31E-01 7.97E-01 897E-01 7.87E-01 8.34E-01 7.46E-01 8.40E—-01
to urban air
Human toxicity: non-cancer kg 1,4-DCB eq. emitted 1.01E+01 9.86E+00 9.45E+00 1.06E+01 9.33E+00 9.89E+00 8.85E+00 9.96E+00
to urban air
Water consumption m® water consumed 1.07E+00 1.18E+00 9.50E-01 1.90E-01 6.35E-01 5.32E-01 1.87E+00 1.36E+00
Mineral resource scarcity kg Cu-eq. 2.80E+01 2.74E+01 3.11E+01 2.70E+01 2.98E+01 3.30E+01 2.68E+01 3.23E+01
Fossil resource scarcity kg oil-eq. 1.60E+02 2.37E+02 8.01E+01 7.04E+01 1.18E+02 1.32E+02 1.01E+02 1.10E+02
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Fig. 5 Midpoint environmental
impacts from cement production
in Myanmar (per tonne of
cement)
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from quarrying coal, which was to be applied during the clin-
ker production step.

With regard to fine particulate matter formation, the
hierarchist perspective from the ReCiPe (2016) method con-
siders the inclusion of both primary aerosols (PM, s5) and sec-
ondary aerosols from SO,, NH3 and NO,. Major contributors
to this category include PM, 5 emitted along the cement
manufacturing process, especially during clinker production
and cement making; NO, and SO, emitted from coal combus-
tion and electricity in the clinker production step; and NHj
from transportation activities. The results from this study were
found to be in the range 0.34-0.60 kg PM, 5 eq. This is com-
patible with values reported in the literature and ranging from
0.23to 1.5 kg PM; 5 eq. (Chen et al. 2014; Cankaya and Pekey
2019). The acidification results of this study were found to be
in the range 0.91-1.80 kg SO, eq. These values are close to
the study results of Li et al. (2015), in the range 1.144—
1.467 kg SO, eq., and Josa et al. (2007), in the range 0.71-
3.33 kg SO, eq. Based on the inventory data collected in this
work, major emissions for acidification include NOy from coal
combustion, SO, from coal combustion and electricity during
the clinker production step, and NH; from transportation ac-
tivities along the cement manufacturing process. The results of
this study are, however, less than those of Chen et al. (2014),
Song et al. (2016), Stafford et al. (2016) and Cankaya and
Pekey (2019). This is due to differences in transportation ac-
tivities and the energy mix for electricity generation. As pre-
viously described (see Section 2.3), both on-road transporta-
tion (about 68%) and water-borne navigation (about 32%) are
used for the transportation of raw materials and fossil fuels.
Also, hydropower accounts for about 56% of the energy mix
for electricity generation in Myanmar. These factors contrib-
ute to explain the lower acidification potential observed for the

Myanmar cement industry compared with the above-
mentioned studies.

In this study, the clinker production step was found to be
responsible for around 98% of all toxicity impacts. The im-
pacts are mainly due to heavy metal emissions from coal
burning in the clinker production step, which accounts for
82 to 99% of all heavy metal emissions along the cement
manufacturing process. Apart from a larger toxicity value re-
lated to industrial soil (terrestrial acidification), other toxicity
impact results were found to be lower than those from Stafford
et al. (2016). The difference in results is mostly because coal
burning was not considered in Stafford et al. (2016) since the
investigated plant from that study applied only imported clin-
ker for cement manufacturing. This led Stafford et al. (2016)
to identify transportation as a major contributor to toxicity
impacts.

Due to the different metrics used in various impact assess-
ment methods, it was difficult to compare the results of min-
eral resource scarcity with other studies. Therefore, IMPACT
2002+ method was applied to assess mineral extraction impact
category for the investigated cement plants. The results of
plants B, C, E, F and G were found closely akin to those of
Chen et al. (2014), whereas higher results were observed for
plants A, D and H due to different type of raw materials used,
especially the contribution of Bauxite, consumed in those
three plants, to the related impact. Based on the Myanmar
cement plants studied, the amount of water consumed, ranging
between 0.19 and 1.87 m°>, was found to be comparable to
those of Chen et al. (2014), with a slightly higher consumption
observed in wet-process and less advanced dry-process plants.
The fossil resource scarcity values ranged between 70.4 and
237.0 kg oil eq. which are comparable to those of Stafford
et al. (2016).
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Fig. 6 Normalized results (per
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4.2 Identifying major environmental impacts and key
factors

Specific impact categories of different cement plants were
assigned to relative damage categories. They were then nor-
malized with the application of normalization factors from the
ReCiPe (2016) endpoint method in order to investigate and
compare the magnitude of environmental impacts from the
Myanmar cement industry. Normalized results are presented
in Fig. 6, showing that major environmental impacts include
climate change, fine particulate matter formation, ecosystem
damage due to photochemical oxidant formation, terrestrial
acidification and fossil resource scarcity. Among the major
impact categories, plant B (wet-process plant) was found to

have the highest impact on climate change, photochemical
oxidant formation and fossil resource scarcity as a result of
large consumptions of coal and middle distillates for energy.
Plant D (dry-process plant) on the other hand showed the
highest impacts on fine particulate formation and terrestrial
acidification due to noticeable emissions of SO, from its on-
site coal fired power plant. In order to identify the key factors
responsible for these major environmental impacts, a contri-
bution analysis was performed as shown in Fig. 7. For all the
cement plants, fossil resource scarcity was found to be con-
tributed by crude oil, natural gas and coal, fuels that are used
as main sources of energy in the cement manufacturing pro-
cess (not presented in Fig. 7). In relation to impacts related to
ecosystem damage due to photochemical oxidant formation,

Fig. 7 Contribution of substances
to major environmental impacts
from cement plants in Myanmar
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fine particulate formation and terrestrial acidification, major
contributors were identified to include NO,, SO, and PM, s.
Tracing back to the inventory data, NO, was found to be
mainly released during the activities for clinker production,
with 76% from coal combustion and about 8% from transpor-
tation of coal to the plant. Similarly, around 70% of SO, was
found to be emitted as a result of coal combustion and ap-
proximately 9% from electricity in the clinker production
stage. With regard to PM, 5, emissions occur throughout the
cement manufacturing process, but major contributing
sources include the clinker production stage (about 28%),
the cement making step (about 28%) and the raw meal prep-
aration step (nearly 19%). CO, emissions are mostly from
coal combustion, representing 48% of all CO, emissions,
and limestone decarbonation, contributing 46% of all CO,
emissions, during the clinker production step. These emis-
sions combined constitute the largest impact to the climate
change impact. Based on the contribution analyses (Fig. 3
and Fig. 7) and the above-mentioned results, it is observed
that direct emissions from coal burning and decarbonation,
and fossil resource consumption for energy conversion, i.e.,
electricity and transportation, are major contributors to
environmental impacts from the Myanmar cement
industry. This finding is compatible with the study by
Chen et al. (2014) which indicates that key contributing
factors to major environmental impact categories are direct
emissions from coal and limestone consumption and energy
consumption.

Furthermore, damage assessment results were categorized
into their respective manufacturing steps and weighting was
conducted during the study to find out the most critical steps
for damage categories and to identify the significance of each
damage category. Table 8 presenting the damage assessment
results shows that in all cement plants, the clinker production
step is a significant contributor to human health and ecosys-
tem quality damage categories. Coal consumption and mineral
resource application play a dominant role in the resource scar-
city category. Weighting results of these damage categories
are illustrated in Fig. 8, and it is observed that damage to
human health is the most significant impact from the
Myanmar cement industry, followed by ecosystem quality
and resource scarcity. The weighted results of different ce-
ment plants were averaged and analyzed to investigate the
contribution of specific impact categories to endpoint damage
categories. The results reported in Fig. 9 show that (1) climate
change and fine particulate matter formation constitute major
impact categories for human health; (2) climate change, pho-
tochemical oxidant formation and terrestrial acidification con-
stitute major impact categories for ecosystem quality; and (3)
fossil resource scarcity for resource scarcity damage. Overall,
the results from this study indicate that major environmental
impacts from the Myanmar cement industry include climate
change, fine particulate matter formation, photochemical oxi-
dant formation: ecosystem quality, terrestrial acidification and
fossil resource scarcity, and that the clinker production step is
the key hotspot to these major impacts.

Table 8 Endpoint damage assessment results by manufacturing process from cement plants in Myanmar

Process/material Plant A Plant B Plant C Plant D Plant E Plant F Plant G Plant H
Human health (DALY)
Raw material quarrying 1.41E-05 1.32E-05 1.53E-05 1.35E-05 1.42E-05 1.59E-05 1.31E-05 1.57E-05
Raw material transportation 5.45E-06 5.25E-06 8.99E-06 4.79E-06 6.54E-06 2.40E-06 8.92E-07 6.19E-06
Raw meal preparation 2.99E-05 2.53E-05 1.58E-05 5.41E-05 2.26E-05 3.05E-05 2.01E-05 4.49E-05
Clinker production 1.23E-03 1.51E-03 9.72E-04 1.06E-03 1.11E-03 1.20E-03 1.06E-03 1.21E-03
Cement making 4.16E-05 3.89E-05 3.22E-05 1.10E-04 3.55E-05 3.87E-05 4.72E-05 4.75E-05
Water consumption 2.37E-06 2.62E—06 2.11E-06 4.22E-07 1.41E-06 1.18E-06 4.14E-06 3.02E-06
Ecosystem quality (species year)
Raw material quarrying 2.37E-08 2.26E—08 2.59E-08 2.28E—08 2.37E-08 2.68E-08 2.26E—08 2.63E-08
Raw material transportation 1.44E-08 1.39E-08 2.38E-08 1.27E-08 1.73E-08 6.36E—09 2.36E—09 1.64E-08
Raw meal preparation 5.24E-08 4.11E-08 1.84E-08 8.83E-08 3.52E-08 5.37E-08 3.08E-08 8.99E-08
Clinker production 3.50E-06 4.35E-06 2.73E-06 2.87E-06 3.18E-06 3.43E-06 3.02E-06 3.44E-06
Cement making 7.03E-08 6.41E-08 4.92E-08 1.91E-07 5.77E-08 6.37E-08 8.99E-08 8.57E-08
Water consumption 1.44E-08 1.59E-08 1.28E-08 2.57E-09 8.57E-09 7.18E-09 2.52E-08 1.84E-08
Resource scarcity (USD)
Mineral resource 6.47E+00 6.33E+00 7.19E+00 6.24E+00 6.88E+00 7.63E+00 6.20E+00 7.46E+00
Crude oil 5.74E+00 8.59E+00 3.95E+00 3.34E+00 3.94E+00 4.44E+00 3.90E+00 4.34E+00
Natural gas 1.22E-02 1.89E-02 2.04E-02 2.04E-02 241E-02 1.96E-02 1.33E-02 1.89E-02
Hard coal 1.19E+01 1.78E+01 5.80E+00 5.12E+00 8.88E+00 9.90E+00 7.51E+00 8.19E+00
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Fig. 8 Weighting results of
endpoint damage categories by
cement plants in Myanmar
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4.3 Recommendation for improvement measures

Based on the results of this study, climate change, ecosystem
damage due to photochemical oxidant formation, fine partic-
ulate matter formation, terrestrial acidification and fossil re-
source scarcity were identified as the major environmental
impacts associated with the Myanmar cement industry. They
were found to contribute about 80, 0.5, 18, 0.6 and 0.4% of the
overall environmental load of that industry. Key factors to
these major impacts were found to include emissions of
CO,, NOy, SO, and PM, 5 and be mostly direct emissions
from the clinker production step and from fossil resource con-
sumption for energy (electricity and transportation). In order
to reduce those environmental impacts and initiate sustainable
development in this industrial sector, appropriate mitigation
options need to be identified and implemented. Based on the

key environmental hotspots identified, the following options
could be considered that include fuel- and energy-saving ap-
proach and the use of alternative fuels and materials.

The first option can contribute to effectively reduce deple-
tion of fossil resources and encourage sustainable use of
scarce resources. It can be implemented through various ways,
including, process modification, covering process integration,
plant optimization, proper maintenance programme and ener-
gy recovery. Among those, process modification, such as
shifting from wet-process to dry-process with pre-calciner,
would enable reducing the amount of thermal energy used in
the cement kiln by up to 50%, which consequently would
contribute to mitigate CO, emissions by about 20% from this
process (Benhelal et al. 2013). Energy recovery from exhaust
streams is also a potential way of mitigating CO, emissions.
Flue gas and hot air streams in heating and cooling parts of the

Fig. 9 Contribution of midpoint
impacts to endpoint damage
categories (weighted results)
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pyro-processing stage cause thermal heat losses. The wasted
heat can be recovered to generate electricity through the use of
steam turbines (Benhelal et al. 2013). About 10-30% of the
electricity required for the cement manufacturing process can
be produced from a regular cement plant using a waste heat
recovery option (Mikulcic et al. 2016). Energy recovery from
waste heat can save up to 20% of the fuel consumed for elec-
tricity generation and as a result reduce CO, emissions by 8%.
Recovered waste heat can also be applied to dry raw meals
(Benhelal et al. 2013). Although the above-mentioned options
focus on reducing CO, emissions, other air pollutant emis-
sions would also be simultaneously mitigated from the reduc-
tion in the energy used in the cement manufacturing process.
This point is highlighted by the comparison of results obtained
between plant A (wet-process) and plant C (dry-process with
waste heat recovery). Generally, plant C released less CO,
(24%), NO, (6%), SO, (4%) and PM, 5 (7%) than plant A,
which consequently contributed to lower impacts on climate
change (24%), ecosystem damage due to photochemical oxi-
dant formation (8%), fine particulate matter formation (6%),
terrestrial acidification (5%) and fossil resource scarcity
(45%). Overall, the total environmental load from plant C
was 21% lower than plant A.

The second approach consists in the substitution of fuels,
raw materials and the clinker used in the cement production
process (Benhelal et al. 2013). High-process temperature of
cement kilns can help combust waste well. Thus, the utiliza-
tion or co-combustion of waste or biomass materials as alter-
native fuels can contribute to reduce the amount of coal or
fossil fuels used in a cement kiln, subsequently mitigating
carbon dioxide and other emissions. It also provides an alter-
native waste management option that is more sustainable as
contributing to reduce GHGs and other air pollutant emissions
from waste burning or biomass open-burning (Ali et al. 2011).
Industrial by-products, such as fly ash and slag, can be
substituted and reused in the cement manufacturing process,
which in consequence can also contribute to mitigate CO,
emissions and ensure a proper waste management system.
At the same time, it can minimize the environmental load from
raw material extraction (mineral resources) and application.
However, continuous supply of alternative materials is neces-
sary for stable cement production (Benhelal et al. 2013).
Cankaya and Pekey (2019) conducted a comparative life cycle
assessment of cement production that considered a scenario
where traditional raw materials and fuels were used (tradition-
al scenario), and another scenario where alternative raw ma-
terials and fuels were used (alternative scenario). The results
showed that the overall environmental impact from the use of
alternative raw materials and fuels was about 12% lower than
that of the traditional scenario. Consequently, impacts on cli-
mate change, human health, ecosystem quality and resources
were reduced by 1.4, 27, 10, and 11%, respectively.

5 Conclusion

This study assessed the environmental impacts caused by
the cement industry in Myanmar with an LCA approach.
To investigate the major environmental impacts and
hotspots from this industry, specific LCA of 8 cement
plants in Myanmar was implemented. Cradle-to-gate
analysis was conducted for the study, starting at raw
materials quarrying and ending with cement making. In
agreement with most cement-related LCAs, clinker pro-
duction is a major contributor to all the environmental
impacts analyzed in this study. Major environmental im-
pacts from the Myanmar cement industry include climate
change, ecosystem damage due to photochemical oxidant
formation, fine particulate matter formation, terrestrial
acidification and fossil resource scarcity, accounting re-
spectively for about 80, 0.5, 18, 0.6 and 0.4% of the
overall environmental load from cement manufacturing.
In this study, both normalization and weighting were
conducted for identifying the major environmental im-
pacts from the Myanmar cement industry. The significant
impact categories in this study are similar to some other
studies; however, the increased use of energy (coal and
electricity) in the Myanmar cement industry has resulted
in terrestrial acidification and photochemical oxidant for-
mation: ecosystem quality, as the major impacts as well.
Apart from fossil resource scarcity, which is related to
fossil resource consumption, all of these major impacts
were mainly concerned with direct emissions from the
clinker production step, and damage to human health
was identified to be the damage category the most im-
pacted by this industry, followed by damage to ecosys-
tem quality and resource scarcity. In this context, im-
provement measures for the sustainability of the
Myanmar cement industry should be mainly focused on
mitigating emissions from the clinker production step,
such as upgrading the manufacturing process (e.g.,
shifting wet kiln to dry kiln); increasing the share of
clinker substitutes using waste from the industry, such
as slag and fly ash, utilizing alternative fuels to reduce
coal and fossil fuel consumption, and optimizing energy
efficiency and the implementation of on-site energy re-
covery technologies, such as waste-heat recovery system.
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