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Abstract. Under the 2012-2050, the International Energy Agency (IEA) and the World
Business Council for Sustainable Development (WBCSD) have developed a roadmap for
the reduction of energy and carbon intensities in cement production. The aim of this
research is to study and evaluate the energy consumption (EN), global warming potential
(GWP) impact, and economic assessment of Portland cement production. It was found that
the total EN and GWP of conventional process were 3.29 GJ per ton of Portland cement
and 0.76 ton COz equivalent per ton of Portland cement, respectively. The total cost was
1,346 THB per ton of Portland cement. The largest contribution was from fossil fuels used
and the limestone calcination in clinker production which produced the total EN of 83.63%
and the total GWP of 91.36%, and the total cost of 63%. In addition, the production of
Portland cement was environmentally improved by using low carbon fuels, increasing of
alternative fuels to fossil fuels ratio, and increasing of pozzolan to cement ratio. The results
showed that all improvements significantly reduce the total EN, GWP, and the total cost.
When the using of low carbon fuels, the increasing of alternative fuels to fossil fuels ratio,
and the increasing of pozzolan to cement ratio, the EN, GWP, and the total cost were
decreased by 1.68%, 18.33%, and 4.39% of the total EN and by 25.35%, 3.06%, and 10.45%
of the total GWP, and by 4.6%, 4.12%, and 10.64% of the total cost, respectively.
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1. Introduction

The energy crisis and the environmental problems, such as climate change, have been increasing because of
the growth of industry and economy. Construction industry is an important contributor to global greenhouse
gas (GHG) emissions (11.8% of total GHG emission of all the industrial and energy sources) [1]. Certainly,
cement is an essential material for the construction sector because of its many advantages including natural
abundance, relatively low cost, appropriate mechanical properties, and etc. [2-4]. The primary raw materials
for cement producing include limestone, shale, and clay, which are accounted over 90% by weight [5]. The
cement production process consists of extraction of raw materials at quarry and mine sites, preparation of
raw materials, crushing and burning of raw materials to form clinker, grinding and blending of cement, and
transportation. The cement production is high energy and carbon intensities [2], [6-8]. The cement production
requires enormous heat for kilns generation resulting in an abundant energy consumption. Moreover, there
are two main sources of COs releasing from kilns making, which are the combustion of fossil fuels and the
calcination of limestone in the cement kilns. This calcination reaction is a decomposition of CaCOs to form
CaO and COz [9-11]. Other gaseous emissions to air from cement production include sulfur dioxide (SO»),
nitrous oxide (NOx), and methane (CH4), etc. Global strategic management reported that the average annual
production and consumption of cement has been steadily increasing from 2,283 million tons per year in 2005
to 2,836 million tons per year in 2010, or about 4.7% globally [12]. This industrial sector contributes to about
5-7% of total CO» emissions worldwide [13]. These figures are corresponding to an average world carbon
emission of cement production of 0.81 kg COz per kg [2]. Therefore, the International Energy Agency (IEA)
and the World Business Council for Sustainable Development (WBCSD) have developed a roadmap for the
reduction of energy and carbon intensities in cement production. This roadmap aims to create awareness
about the problems of energy consumption and COz emission. The plan includes the usage of low carbon
fuels, the decreasing of clinker to cement ratio into 71%, the increasing of alternative fuels to fossil fuels ratio
into 37%, and the usage of carbon capture and storage (CCS). These targets are aimed to reach in year 2050.

Life cycle assessment (LCA) methodology is an effective tool for understanding and improving the
environmental impacts of process and product. Several LCA studies have been conducted to assess the
performance and environmental impacts of the various cement manufacturing. Huntzinger and Eatmon [14]
studied and examined the environmental life cycle of four cement products, which are the traditional process,
blended cement with natural pozzolan of 25%, carbon sequestration in cement kiln dust (CKD), and recycling
CKD. Their results indicated that blended cements showed the greatest energy and GHG saving about 20%.
The improvement of using the CKD leads to 5% lower environmental impacts than the traditional process.
The recycling of CKD exhibited the insignificant environmental saving over the traditional process. Feiz et
al. [15] examined the global warming potential (GWP) impact of five different clinker substitutions at rate of
0% (conventional process), 10%, 53%, 60, and 75% in cement manufacturing. Their results indicated that
the clinker substitution rate significantly effects on the environmental impact. The total GWP impact values
of cement manufacturing were decreased between 8.35% and 69% with increasing of the clinker substitution
rate.

In Thailand, the cement production continuously increases every year. The average domestic annual
production of cement in 2014 was 35.85 million tons which corresponded to 0.46 tons of cement
consumption per capita [16]. The high amount of GHG emissions from cement industrial sector of 12.7
million tons COz equivalent or 79.3% of the total GHG emissions of all industrial sectors in 2000 was
observed by Office of Natural Resources and Environmental Policy and Planning. However, there is still a
lack of investigation on the environmental impacts of Portland cement production and additional alternative
technology on cement production process in Thailand. In this study, the impacts of energy consumption
(EN), global warming potential (GWP), and economic assessment of Portland cement productions in
Thailand were studied using Life Cycle Assessment (LCA) methodology. Life cycle inventory (LCI) and life
cycle impact assessment (LCIA) from cradle to gate of Portland cement production were assessed. The
options for the environmental improving of the Portland cement production were also proposed.

2. Material and Methods

LCA is an important tool to evaluate and quantify the potential of environmental burden of product's life
cycle. LCA is used to quantify the environmental impacts in accordance with the ISO standard [17-18]. Four
main parts of the LCA studied in this work were the selection of goal and scope, the determination and
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evaluation of inventory, the assessment of environmental impacts according to inventory results, and the
interpretation of the results.

2.1. LCA Goal and System Boundary

The functional unit used in this study is defined as 1 ton of Portland cement. Several processing steps are
combined to clarify the inventory results. Figure 1 shows the scope of conventional Portland cement
production. The raw materials (limestone and shale) obtained from quarry and mine sites were crushed and
milled to form fine powder. The powder was then burned to form clinker or kiln products by burning process.
The clinker was grounded and then was mixed with gypsum and clinker substitutions to produce cement
product. Transportations of raw materials, chemicals, and fuels to cement manufacturing were considered.
The improved options by adjusting raw materials and fuels were proposed. The changing of production
systems leads to the changing of the LCIL
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Fig. 1. The scope of conventional Portland cement production.

2.2. Data Source, Assumption, And Limitation

Primary data on cement production was collected from cement manufacturing in Thailand within 2012. The
secondary data used in this study was taken from literature, Ecoinvent 2.0 database (2007) [19], and IPCC
(20006) |20]. The electricity used was based on Thai National Life Cycle Inventory Database [21] and energy
report [22]. The data of natural gas was adopted from Varabuntoonvit (2008) [23].

2.3. Energy Consumption (EN)

The energy was consumed in six steps of Portland cement production: (i) the use of fossil fuels and chemicals
consumed in the quarty sites of mine manufacturing; (ii) the use of electricity, clay and fly ash in the crushing
process; (iii) the use of electricity and iron ore in the raw materials preparation step; (iv) the use of electricity,
fossils and alternative fuels in the calcination process of clinker; (v) the use of electricity, gypsum and raw
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materials preparation in the cement grinding and blending of cement manufacturing; and (vi) the use of fuels
for the transportation stage. The EN of Portland cement can be calculated by using Eq. (1).
k n

ENement = El . Zl (Qi x ECJ 1)
J= i

where, the subscript i signifies quarry sites of mine manufacturing, crushing, raw materials preparation, clinker
process, cement grinding and blending, and transportation, the subscript j signifies raw materials, chemicals,
fossil fuels, and electricity used in the process, ENcement 1S the energy consumption in GJ per 1 ton of Portland
cement, Q; is the quantity of materials and energy used in step i per 1 ton of Portland cement; ECjis the net
calorific value of materials and energy sources in MJ (see Table 1).

The calculation of EN for the life cycle Portland cement production from raw materials and chemicals,
fossil fuels, and electricity can be calculated by using Eq. (2).

2

= EN ..
EN Cement EN Raw materialsand chemicals +EN Fossil fuels * Electricity

where, ENRaw materials and chemicals 1S the EN from the input of raw materials and chemicals, ENFrossul fucts 1 the EN
from applied fossil fuels, and ENEgiecticiey is the EN from applied electricity.

2.4. Global Warming Potential (GWP) Impact

The most influential parameter from cement production is CO; emission which is according to the
Intergovernmental Panel on Climate Change (IPCC). CO; emission is essential to be reduced because it is
related to climate change problem [24]. The GWP impact was assessed based on the global warming
potentials (GWP) in 100 years time frame according to the IPCC (2007) [25]. The GWP impact based on the
six steps of Portland cement production was calculated by using Eq. (3).

k n
GWPCement - iél .Z

(GHGj X G\WPj) 3
j=1

i

where, the subscriptidenotes quarty sites of mine manufacturing, crushing, raw materials preparation, clinker
process, cement grinding and blending, and transportation, the subscript j represents the greenhouse gases
including CO,, N2O, CH4 and SFs, GWPcemen: is the GWP in kg or tons of COz equivalent per 1 ton of
Portland cement, GHG;is the amounts of greenhouse gases j from the use of raw materials, chemicals, fossil
fuels, and electricity (see Table 1) in the process i, GWP; denotes the relative GWP of greenhouse gases |
based on 100 years time frame from the IPCC (2007) [25] which are 1, 298, 25 and 22,800 for CO», N-O,
CH,4 and SFg, respectively.

The calculation of GWP for the life cycle Portland cement production from raw materials and chemicals,
calcination of CaCOs, combustion of fossil fuels, and electricity can be calculated by using Eq. (4).

Gwpcemeﬂt - GWPRaW materialsand chemicals * GWPElectricity

+GW *

P... .
Calcination and combustion

where GWPRaw materials and chemicals 1S the GWP from the input of raw materials and chemicals, GWPkiectricity 1S the

GWP from applied electricity, and GWPcacination and combustion 18 the GWP from calcination and combustion

reactions.

2.5. Economic Assessment

The total cost of Portland cement production and additional alternative technology on cement production

were studied. The total cost of all scenario studied were calculated from the summation of raw materials and
chemicals, electricity, and fuels used in each step which can be calculated by using Eq. (5).
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where, the subscript i signifies quarry sites of mine manufacturing, crushing, raw materials preparation, clinker
process, cement grinding and blending, and transportation. The subscript j signifies raw materials and
chemicals, fossil fuels, and electricity used in the process, Ceement is the total cost in THB per 1 ton of Portland
cement, Q;is the quantity of materials and energy used per 1 ton of Portland cement; C;is the cost of materials
and energy sources: Crimestone and shale 18 82 THB per ton [26], Crron 1s 28,426 THB per ton [27], Coypsum is 31
THB per ton [27], Cpozzolan is 20 THB per ton [28], Cexplosive materials and ammonium nitrate 18 38 THB per ton [29], Ccoal
and lignite 1 4,925 THB per ton [26], Cpieseris 19,528 THB per ton [30], Cawral gas is 12,811 THB per ton [30],
and Celecticity 18 3.98 THB per kWh [31].

The calculation of the total cost for the life cycle Portland cement production from raw materials and
chemicals, fossil fuels, and electricity can be calculated by using Eq. (6).

Cement CRaw materialsand chemicals + CFossil fuels + CElectricity ©

where, Craw materials and chemicals 1S the cost of the input of raw materials and chemicals, Crogsul fuels 1 the cost of
applied fossil fuels, and Cegiecricity 1 the cost of applied electricity.

3. Results
3.1. Inventory Results of Conventional Portland Cement Production (Conventional Case)

The production of 1 ton of conventional Portland cement (see Fig. 1.) requires four major raw materials
including 1.086 tons of limestone (CaO), 0.132 ton of shale MgO), 0.037 ton of clay (Al2O3), 0.156 ton of
fly ash (SiO2), and 0.0017 ton of iron ore (Fe2O3). The LCI of limestone production and shale mining were
collected from primary data. The production of 1 ton of limestone or shale requires 0.22 kg of ammonium
nitrate, 0.024 kg of explosive materials, and 0.52 kg of diesel. While, the production data of ammonium
nitrate, explosive materials, clay, and iron ore were available from Ecoinvent 2.0 database [19]. Fly ash from
combustion of solid waste, which contains significant quantities of metal compounds, was taken from power
generation plant in Prachinburi and Rayong provinces, Thailand. In addition, 1 ton of Portland cement
consists of 81% of clinker and 19% of clinker substitution (gypsum (CaSOy) 15% and limestone 4%).

The overall energy used for Portland cement production can be classified into 2 parts including the energy
used for production and for transportation. For 1 ton of Portland cement production, the majority of energy
sources are electricity (89.52 kWh), coal (0.089 ton), lignite (0.061 ton), and alternative fuels or waste fuels
(0.016 ton). The inventory of electricity used was investigated based on Thai National Life Cycle Inventory
Database in 2009 [21]. The production data of coal and lignite mining was available from Ecoinvent 2.0
database [19].

The fuel used for transportation was 0.0032 ton of diesel by fully loaded 40 tons-truck and 0.0005 ton of
heavy oil by transoceanic freight ship. This investigation was based on Ecoinvent 2.0 database [19]. The raw
materials were transported both on land and on sea. This study presumed the average distance of 20 km road
transportation for limestone, shale, and clay delivery from mining to cement manufacturing site. The average
distance to transport fly ash from power plants to cement manufacturing site was 186.5 km. The distance to
convey gypsum from mining site in Nakornsawan province to cement plant was estimated about 175 km [33].
Iron ore was firstly transported from the Far East Asian to Thailand by shipment and then was delivered to
the cement factory by a fully loaded 40 tons-truck, and distances for iron ore transportation were estimated
to be 4,714 km on sea and 201 km on land. The delivery distance from mining site of lignite in the North of
Thailand to the cement factory was 798 km. The average delivery distance of alternative fuels from
Samutprakarn and Rayong provinces to cement manufacturing was 213.5 km. Coal was delivered from the
South S.E. Asian to Thailand by shipment with the distance of 2,143 km, and then was conveyed by a fully
loaded 40 tons-truck to the cement factory with the distance of 201 km.
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Table 2 exhibits the emissions inventory of conventional Portland cement production. The CO; emission
from clinker process was 699.697 kg, which is 90% of total amount of CO; emission or 0.86 ton per ton of
clinker. This result was similat to the observation of previous works [2], [13], [34-36]. They found that the
total amount of CO» emission per ton of clinker was in the range of 0.8 — 1.2 tons. Moreover, the amounts
of CO; emission obtained from the raw materials decarbonation and the consumption of fossil fuels were
55.09% and 44.91% of total CO» emission during the clinker production, respectively. This result was also
consistent with previous studies [5], [34]. They reported that about 60% of CO, emission from cement
production mainly comes from calcination of limestone and the remaining ratios produces from combustion
of fossil fuels used to achieve the high temperature required for calcination reaction.

Table 1. The net calorific value and GHG emissions of materials and energy sources.

Raw materials Unit Calorific CO, CH, N,O SFg Reference
and value . . . .

energy sources (MJ /unit) (kg/unit) (kg/unit) (kg/unit) (kg/unit)
Ammonium kg 59.40 0.29694 0.00547 0.00096 0.00 [19]
nitrate
Clay kg 0.028 0.00018 0.00 0.00 0.00 [19]
Coal (production) kg 26.37 0.00612 0.00 0.00 0.00 [19], [22]
Coal (stationary kg 26.37 2.52743 0.00026 0.00004 - [21], [22]
combustion)
Diesel kg 43.36 0.30500 0.00089 0.00 - [21], [22]
(production)
Diesel (mobile kg 43.36 3.21298 0.00017 0.00005 - [20], [22]
combustion)
Electricity kwh 5.30 0.60600 0.00004 0.00 0.00 [21]
Explosive kg 31.90 2.06870 0.00360 0.029247 0.00 [19]
materials
Waste kg 23.97 0.45100 - 0.00 - [20], [32]
(incineration)
Gypsum kg 0.037 0.00022 0.00 0.00 0.00 [19]
Heavy oil kg 46.96 0.00021 0.00 0.00 0.00 [21], [22]
Heavy oil (mobile kg 46.96 3.44217 0.00014 0.00003 - [20], [22]
combustion)
Iron ore kg 0.074 0.00073 0.00 0.00 0.00 [19]
Lignite kg 10.47 0.00339 0.00 0.00 - [21], [22]
(production)
Lignite kg 10.47 1.05747 0.00010 0.00001 - [20], [22]
(combustion)
Natural gas kg 54.00 0.00002 0.00 0.00 - [22], [23]

20 ENGINEERING JOURNAL Volume 21 Issue 7, ISSN 0125-8281 (http://www.engj.org/)



DOI:10.4186/¢j.2017.21.7.15

Table 2. Emissions inventory of conventional Portland cement production (conventional case).

Process Emissions (kg)
COz CH4 Nzo SFG
1. Limestone and shale 2.35959 0.00225 0.00114 0.00
mining production
2. Crushing production 0.63925 0.00008 0.00004 0.00
3. Raw materials preparation 13.5782 0.00082 0.00018 0.00
4. Clinker production 699.697 0.03168 0.00494 0.00
5. Cement grinding and 23.8208 0.00172 0.00047 0.00
blending
6. Transportation 25.2213 0.00352 0.00040 0.00

3.2. Inventory Results of Using Low Carbon Fuels (Scenario 1)

Fuels are classified here into high carbon fuels (solid phase such as coal, lignite, and biomass) and low carbon
fuels (gas and liquid phases such as natural gas and oil) according to their carbon content. High carbon fuels
generate higher carbon emissions with lower energy content as compared with low carbon fuels.
Replacement of high carbon fuels with low carbon fuels might decrease the environmental impacts. The
natural gas as low carbon fuel was used instead of the high carbon fuels such as coal and lignite during the
production of clinker [2]. As a result, there is the change in inventory results of Portland cement when natural
gas is in substitute for coal and lignite. The production of 1 ton of Portland cement in scenario 1 requires
three types of energy source including 89.52 kWh of electricity, 0.055 ton of natural gas, and 0.016 ton of
alternative fuels. The data of natural gas was taken from the secondary source [23]. The energy requirements
during transportation consists of 0.0017 ton of diesel by fully loaded 40 tons-truck, 1.99 X 10- ton of heavy
oil by transoceanic freight ship, and 5.51 X 10 ton of natural gas by pipeline transportation. The information
of pipeline transportation was taken from Ecoinvent 2.0 database [25]. Natural gas was piped from the Gulf
of Thailand and then was delivered by a fully loaded 40-tons truck to the cement factory. The estimated
distances were 687 and 20 km, respectively. It is assumed that the information on the conversional process
was taken from the conventional Portland cement production in previous section. It can be seen that the
total amount of CO; emissions of scenario 1 was cleatly decreased by 183.3 kg CO» or 24.60% of total CO»
emissions of base case. The reduction amounts of GHG emissions obtained from the production of clinker

and transportation stages were 25 — 99% and 33 — 44 % of total GHG emissions, respectively.
3.3. Inventory Results of the Increasing of Alternative Fuels to Fossil Fuels Ratio (Scenario 2)

The use of coal and lignite in cement kiln operations generally reveals a major contribution of CO; emissions
about 40% of total CO; emission [5]. However, the cement production process potentially be able to use the
industrial waste in partial substitute of fossil fuel [2], [5]. The industrial wastes which are commonly used as
alternative fuels include solvent and spent oil, plastic waste, sewage sludge, used tyre and etc. [37]. So, cement
kilns process presented to be particulatly proper for this condition. Then, scenatio 2, where alternative fuels
were used in partial substitution of fossil fuels by 20%, is compared with base case, where only 11% alternative
fuels were added to fossil fuels ratio. The production of 1 ton of Portland cement in scenario 2 requires 89.52
kWh of electricity, 0.078 ton of coal, 0.061 ton of lignite, and 0.028 ton of alternative fuels, 0.0033 ton of
diesel transported by fully loaded 40-tons truck, and 4.40 X 10 ton of heavy oil delivered by transoceanic
freight ship. The major components of raw materials for the production of cement kiln and blended cement
were taken from the conventional Portland cement production. This scenario showed the significant
reduction and beneficial effect on the CO,, CHa4, N2O and SFs emissions. These emissions were decreased
by 1.49%, 5.40%, 1.60% and 2.80% of total CO», CH4, N>O and SFs emissions of base case, respectively.
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3.4. Inventory Results of Blended Cement (Scenario 3)

The amount of clinker consumption can be reduced by using supplementary cementitious materials such as
fly ash, slag, silica fume, and natural pozzolan [2], [14], [38-39]. In addition, the supplementary cementitious
materials could enhance the physical and mechanical properties of the cement. National pozzolan was derived
from volcanic glass, zeolitic trass, rice husk ash and diatomaceous earth. The use of pozzolan was considered
to substitute the amount of clinker consumption in the range of 10 — 75% [6], [14-15]. In scenatio 3, it is
important to note that the input amounts of raw material and energy used were linearly decreased in
proportion to the amount of the additional of natural pozzolan in the clinker substitution rate from 19 to
29%. Based on 1 ton of Portland cement in scenario 3, the unit requires 0.952 ton of limestone, 0.115 ton of
shale, 0.032 ton of clay, 0.136 ton of fly ash, and 0.0015 ton of iron ore. The clinker substitutions were 0.05
ton of gypsum, 0.15 ton of limestone, and 0.10 ton of natural pozzolan. The production of pozzolan was
supplemented from Ecoinvent 2.0 database [19]. The use of clinker per ton cement was decreased from 0.81
ton to 0.71 ton. The average distance from pozzolan mining sites to cement manufacturing area is 291 km
[33]. The production of 1 ton of Portland cement in scenario 3 requires 89.52 kWh of electricity, 0.078 ton
of coal, 0.053 ton of lignite, and 0.014 ton of alternative fuels, 0.0029 ton of diesel for transportation by fully
loaded 40 tons-truck, 4.30 X 10 ton of heavy oil in transportation by transoceanic freight ship, respectively.
The total amounts of CO,, CHa4, N>O and SFs emissions in scenario 3 were reduced by 10.47%, 7.35%, 4.81%
and 5.15% of base case, respectively. It is clearly seen that production of clinker exhibited the highest amount

of CO,, CH4 and N2O emissions in the rate of 12—13 % of total emissions.
4. Discussion

The considered environmental impacts include the energy consumption and GWP impact associated with
Portland cement production in four processes: (i) conventional Portland cement; (ii) using low carbon fuels;
(iil) increasing of alternative fuels to fossil fuels ratios; and (iv) blended cement. The results show that the
production of clinker exhibits the highest contribution to the total energy used and GWP impact, which are
in the range of 81 — 85% and 88-92% of all scenarios studied, respectively (see Figs. 2(a) and 3(a)). This is
mainly due to the use of fossil fuels which gave 82—-86% of the total energy for Portland cement one ton (see
Fig. 2(b)). This result was similar to the observation of previous works [14], [34]. The decomposition of
CaCO:; to form clinker and the combustion of fossil fuels used attributed to approximately 92—93% of the
total GWP impact as shown in Fig. 3(b). Transportation stage and the use of raw materials and chemical
slightly affected on the environmental impacts as shown in Figs. 2(b) and 3(b). Similatly, the total cost of
cement production was obtained in significant level during the clinker production stages of 62 — 63% of the
total (see Fig. 4(a)) because the use of fossil fuels, representing 59 — 61% % of the total energy for Portland
cement one ton (see Fig. 4(b)).

For base case, the total energy used was 3.29 GJ per ton of Portland cement and the total GWP impact
was 0.76 ton COz equivalent per ton of Portland cement. The total cost was 1,346 THB per ton of Portland
cement. The production of clinker shows the main-contributor to the total energy used by 83.63%. The total
GWP impact presented at 91.36% or about 0.82 ton CO» equivalent per ton of clinker. The environmental
performance of clinker produced in this process is better than that of clinker production in other big countries
such as Japan (0.83 ton CO; equivalent per ton clinker), China (0.90 ton COz equivalent per ton clinker),
Europe (0.91 ton CO; equivalent per ton clinker) and USA (0.98 ton CO; equivalent per ton clinker) [24].
Moreover, the use of fly ash and alternative fuels significantly decreased the total EN by 0.38 GJ and 0.004
GJ or 10.32% and 0.11% of the total energy used, respectively. Although the conventional Portland cement
production is high environmental impacts, it is possible for further hypothesis improvement to meet the
targets of IEA and WBCSD in year 2050. Firstly, the use of low carbon fuels slightly decrease the energy used
by 0.055 GJ or 1.68% as compared with conventional process. This is because energy consumed for natural
gas transportation by pipe in scenario 1 is less than energy consumed for coal and lignite transportation by
truck and shipment in base case. The process of low carbon fuels usage (scenario 1) showed a significant
reduction on the total GWP impact of 25.35% or 0.194 ton CO» equivalent and the total cost of 4.6% or 62
THB. Secondly, by increasing 20% of the alternative fuels to fossil fuels during the production of clinker in
scenario 2, the total energy used was dramatically decreased by 0.60 GJ or 18.33% of energy used in base
case, and the GWP impact was decreased by 0.023 ton CO; equivalent or 3.06% of the total impact occurred
in base case, and the total cost was decreased by 55.4 THB or 4.12% compared to base case. Finally, by
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increasing the amount of clinker substitution rate from 19% to 29%, the significant and beneficial effects on
the energy used in cement manufacturing can be reduced by 0.14 GJ or 4.39%, compared to conventional
process. Moreover, The GWP impact and the total cost were dramatically decreased by 0.080 ton CO»
equivalent and 143 THB which is accounted for 10.45% of the total impact of base case and 10.64% of the
total cost of base case, respectively. This is because the amounts of raw materials and energy used to generate
kilns were decreased with increasing the amount of natural pozzolan. The pozzolan gave lower cost per ton
of materials than limestone and shale by 4 times. Nevertheless, additional technologies for cement production
are important strategy to further reduce energy consumption and emissions in the cement production chain.
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Fig. 2. Energy consumption of four Portland cement productions: (a) the contribution of each process to

Portland cement productions and (b) the contribution of raw materials, chemicals, fossil fuels, and electricity
to Portland cement productions.
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Fig. 3. The GWP impact of four Portland cement productions: (a) the contribution of each process to
Portland cement productions and (b) the contribution of raw materials, chemicals, process and fuels
emissions, and electricity to Portland cement productions.
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Fig. 4. The cost of four portland cement productions: (A) the contribution of each process to portland
cement productions and (B) the contribution of raw materials, chemicals, process and fuels emissions, and
electricity to portland cement productions.

5. Conclusion

The environmental impacts in conventional Portland cement exhibit the good performance which are 3.29
GJ per ton Portland cement and 0.76 ton CO; equivalent per tons Portland cement. The total cost of cement
production was 1,346 THB per ton of Portland cement. The variations of raw materials and fuels were
significantly contributed to sustainability of cement production. The hypothesis improvement production of
Portland cement can be reduced the energy used, the total cost and, especially the most important parameters,
the GWP impact in the cement production chain. The energy consumption significantly reduced to 0.60 GJ
or 18.33% by increasing of alternative fuels to fossil fuels ratio. The use of low carbon fuels can be decreased
0.194 ton COz equivalent or about 25.35% of the GWP impact of base case. The using supplementary
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cementitious materials, the total cost was dramatically decreased by 143 THB or 10.64% of the total cost in
base case.
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