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Phosphogypsum (PG) is a by-product of the wet-process phosphoric acid industry. Co-production process of Portland 
cement and sulfuric acid from phosphogypsum can realize its resource utilization, sulfur cycle and reduce carbon dioxide 
emission. The decomposition temperature of gypsum can be reduced using coal as reducing agent, which is bene�cial to 
reduce energy consumption. It will be interesting to produce high-strength-low-calcium Portland (LCP) cement by using 
phosphogypsum as raw materials. The early strength of the cement can be improved by stabilizing the high temperature 
structure of dicalcium silicate, changing the hydration environment and adopting carbonation curing. The cement can be 
manufactured by the equipment of Portland cement industry. The sulfuric acid can be produce with the SO2 ῿�ue gases by 
conventional acid manufacturing process. The CO2 emission is 446.4 Kg per tonne cement by using PG, which can realize 
sustainable development of phosphorus chemical and cement industry. 
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Introduction

Phosphogypsum (PG) is a by-product of the wet-
process phosphoric acid industry, which gypsum 
(CaSO4·2H2O) is the major component. About 4.5-5 kg 
of PG is generated for every kg of P2O5 produced. Almost 
75 million tons of PG are generated annually in China 
and its output is estimated to be around 415 million 
tons worldwide per year [1, 2]. Currently, PG is applied 
in fields, as soil-stabilization amendments, agricultural 
fertilizers, cement retarders, building bricks/blocks and 
cementitious binders, etc. However, the reuse proportion 
of PG is lower than 10%, while the vast majority of 
PG is dumped in large stockpiles, which are exposed 
to weathering processes without any treatment [3]. PG 
contains metals, organic substances and other potentially 
toxic elements, which have potential environmental 
impacts. Therefore, the effective utilization of PG 
cannot only save the natural gypsum, but protect the 
environment [4]. 

Portland cement, the glue of concrete, is the largest 
manufactured product by human society and the basic 

ingredient for the construction industry. The cement 
production is a very important representing index of 
the infrastructure construction of the society. The CaO 
in Portland cement clinker is about 65%, which mainly 
comes from limestone and produces CO2 in the cement 
manufacturing processes [5-7]. The global cement 
production reaches to 4.1 gigatons (Gt) in 2018, which 
consumes about 3 Gt limestone resource [8]. Moreover, it 
is estimated that by 2050, population growth, urbanization, 
and infrastructure construction will lead to an increase/
upsurge in global cement production. As a result, the 
cement industry can completely consume the calcium 
resources in phosphogypsum. The co-production process 
of sulfuric acid and cement not only utilizes calcium 
resources from PG, does not discharge solid waste and 
cuts in carbon emissions, but also produces sulfuric acid 
for phosphoric acid industry [9]. The process research 
has gradually become a hot spot in recent years.

Current status of the co-production progress 
in industry

As early as 1915, the German Muller first invented the 
process with coke and natural gypsum as raw materials. 
And then, Kuhner improved Muller's process and 
establishes a pilot production line. In 1916, Bayer Fuel 
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Company built the world's first sulfuric acid and cement 
co-production production line from gypsum by using 
the Muller-Kuhner process in Leverkusen, Germany. 
In 1968, Austrian Lunsheng Chemical Company built 
a production line by using PG as raw material, with a 
200 t/d sulfuric acid. 

Since the 1950 s, the process had been studied by 
using natural gypsum and phosphogypsum as materials 
in China. In the 1960 s, the pilot research had been 
built. In the 1970 s, the production line of co-production 
progress was built by using natural gypsum as raw 
material in Tianjin, Jinan and other places. In 1988, Lubei 
Chemical Plant built the first demonstration project of 
30,000 tons of ammonium phosphate and 40,000 tons 
of PG to produce sulfuric acid and 60,000 tons cement 
("three four six" project). 

The industrial equipment of the process ranges from 
the initial hollow kiln, vertical drum preheater kiln, 
cyclone preheater kiln, to circulating fluidized bed 
precalcining kiln, which precalcining equipment can 
reduce 30% energy consumption. But the co-production 
process is not widely applied in the world industry. The 
possible reasons are that the composition is complex 
and the water content is high in PG, the mechanism 
of PG decomposition and clinker mineral formation 
lack systematic research. As a result, the high quality 
of sulfuric acid and cement are not produced and the 
energy consumption is high. 

On the other hand, Energy consumption level of 
different Portland cement calcining equipments is 
shown in Table 1. The best available technology, the 
one with the lowest energy consumption, for the cement 
manufacturing from limestone feed today, is the use of 
a rotary kiln together with multi-stage cyclone preheater 
system and a calciner [10]. The production of clinker 
from limestone feed is shown in Fig. 1. The cyclone 
preheating systems have been developed to enhance the 
heat exchange between the raw material and the flue 
gases. Raw material is heated by moving counter to 
the flow of the hot flue gases coming from the pre-
calciner and rotary kiln. After preheating, raw material 
enters the pre-calciner, which is a combustion unit 
found prior to the rotary kiln, and inside of it, the raw 
material, mainly composed of limestone, undergoes the 
calcination process. A decrease of energy consumption 
by 8-11% can be achieved when a rotary kiln is used 
together with a calciner. This decrease is due to the fact 
that pre-calciner has lower operating temperature (~850 
℃) than rotary kiln (~1450 ℃).

According to limestone pre-calcining technology in 

Portland cement industry, the decomposition of gypsum 
is carried out in the calciner outside the kiln, which is 
beneficial to reduce energy consumption.

Research progress of gypsum decomposition

Gypsum initial decomposition temperature reaches 
1662 ℃ by thermodynamic calculation, but the 
decomposition temperature decreases significantly in 
the presence of reducing agents, such as coke, sulfur, 
hydrogen or carbon monoxide, which the decomposition 
temperatures are 849, 1054, 909 and 925 ℃, respectively. 
Xiao et al. [11] discover that initial decomposition 
temperature of CaSO4 is 1246 ℃ in air atmosphere, and 
the end temperature is 1395 ℃, probably because of trace 
impurities in the gypsum can promote it decomposition. 
Coal, coke, sulfur, CH4, CO and H2 can all be used as 
reducing agents for gypsum decomposition. On the other 
hand, coal, coke and sulfur are a solid and easily stored 
and used in industry. Moreover, sulfur and H2 do not 
emit carbon dioxide and is environmentally friendly. The 
reducing agent can reduce the decomposition temperature 
of gypsum and increase the decomposition rate. Among 
these reducing agents, coal or coke (carbon) has a 
lower cost and is suitable for industrial application. The 

Table 1. Energy consumption level of different Portland cement calcining equipment.

Type Precalcining kiln  Preheater kiln Hollow kiln with  
generation power Hollow kiln

Consumption (kJ/kg clinker) 3260 4031 5434 7942
Efficiency (%) 50~55 37~44 29~35 17~26

Fig. 1. Schematic view of clinker production in Portland cement 
industry.
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mechanism of carbon as reducing agent to decompose 
gypsum can divide into two types: solid-solid reaction 
mechanism and gas-solid reaction mechanism. It is 
generally believed that the reaction between gypsum 
and carbon are mainly solid-solid reaction in packing 
mode, and the gas-solid reaction is the main reaction in 
suspending mode [12].

Solid-solid reaction mechanism:

CaSO4 + 2C → CaS + 2CO2	  (1)

3CaSO4 + CaS → 4CaO + 4SO2 	 (2)

2CaSO4 + C → 2CaO + 2SO2 + CO2 	 (3)

When the reaction temperature changes from low to 
high, the reaction equation (1) occurs first, following 
by the equation (2). The equation (3) can combine by 
the equation (1) and (2), which CaS is an intermediate 
product. In addition, under a strong reducing atmosphere, 
the final product only contains CaS. Zheng et al. [12] 
find that the reaction between CaS and CaSO4 (equation 
2) can be completed by involving liquid intermediate 
phase, which use flue gas desulfurization (FGD) gypsum 
and anthracite as raw materials. Davies et al. [13] also 
find the presence of melt phases in the temperature range 
between 850 ℃ and 1000 ℃, which use CaS and CaSO4 

(both 99% pure and 45-20 um in particle size) as raw 
materials. The presence of liquid phase promotes the 
reaction (2). 

Gas-solid reaction mechanism:

2C + O2 → 2CO 	 (4)

CaSO4 + 4CO → CaO + SO2 + CO2 	 (5)

CaSO4 + 4CO → CaS + 4CO2 	 (6)

In fluidized bed suspending mode, the coal is oxidized 
to form CO gas, and then the CO reacts with gypsum 
to form calcium oxide, but CaS will be generated in a 
strong reducing atmosphere. When the CO concentration 
is 2%, the highest CaO content is 91.6% in the product 

[14].
There are many researches on the influent factors of the 

above reactions. In the research of gypsum decomposition 
into calcium sulfide, for example, Motaung et al. [15] 
find that heat treatment temperature plays an important 
role in the process of gypsum decomposition, which use 
gypsum (purity 95.54%) and bituminous coal produced 
by the neutralization of wastewater as raw materials. 
The CaS content increases with the increase of reduction 
temperature. The CaS content is low by heat treatment 
at 900 ℃ for 20 min. But the content of CaS is more 
than 80% by heat treatment at 1000, 1050 and 1100 ℃ 
for 20 min, 15 min and 10 min, respectively. Jia et al. 
[16] find that CaSO4 is decomposed into CaS at 600-800 
℃ and CaO is no produced, which used gypsum (purity 
>97%) and coal as raw materials. The decomposition 

rate increases from 34.72% to 84.76% when the holding 
time ranges from 0 to 20 min at 800 ℃. The particle 
size of coal increases, the contact area between gypsum 
and coal decreases, and the reaction rate decreases. In 
addition, they also find that FeSO4 and Fe2(SO4)3 in coal 
can help CaSO4 to decompose, which iron can promote 
the decomposition. Further research is needed on the 
reaction kinetics.

In research on gypsum decomposition into calcium 
oxide, for example, Kato et al. [17] find the main phase 
is CaS when the carbon-sulfur ratio (C/S) is 0.5 and 
heat treatment temperature is 800-900 ℃, which use 
chemically pure gypsum and heavy putty (carbon source) 
as raw materials. CaSO4, CaS and CaO coexist in sample 
by heat treatment at 900 ℃. CaS disappears, only CaSO4 
and CaO exist by heat treatment at 1000 ℃, which 
the CaO content is as high as 90%. In generally, the 
temperature of PG decomposion into CaO is 950-1200 
℃ by using different reducing agents [18]. In addition, 
impurities (e.g., SiO₂, Al₂O₃, Fe₂O₃) in gypsum, can 
react with gypsum to form Portland cement minerals, 
such as calcium silicate, calcium aluminate or calcium 
ferrite, etc., which can change the decomposition process 
of gypsum, reduce the decomposition temperature 
and obtain product with excellent performance, but 
the content of impurities must meets the chemical 
composition requirements of Portland cement. The Fe2O3 
can inhibit the formation of CaS under the same reducing 
atmosphere, and the inhibition increases with the Fe2O3 

addition amount increase, but the addition of SiO2 or 
Al2O3 has no obvious inhibitory effect on the formation 
of CaS [19].

According to above analysis, the decomposition 
of CaSO4 into CaS is easier than that into CaO. It is 
necessary to control the decomposition atmosphere to 
be a slightly reducing atmosphere [20]. However, firing 
clinkers needs in an oxidizing atmosphere. The reducing 
atmosphere affects the mineral composition and clinker 
color, shortens cement setting time, increases early 
hydration heat, and reduces soundness [21]. In addition, 
SO2 gas is easily reduced to sulfur in a reducing 
atmosphere, which sulfur causes the blockage of flue 
gas purification equipment, destroys electric demister, 
and affects sulfuric acid production [22, 23].

In some country, gypsum is decomposed in the rotary 
kiln, but it is difficult to control the atmosphere in the 
kiln, which high quality clinker cannot be produced. The 
technology of suspension preheater-circulating fluidized 
bed precalcining is not been widely reported and applied. 
According to limestone precalcining technology in 
Portland cement industry, the decomposition of gypsum 
is carried out in the furnace outside the kiln, which the 
furnace is a fixed equipment that can be connected to air 
or fuel at its different locations to control the reducing 
atmosphere inside the furnace. On the other hand, it is 
beneficial to control the atmosphere in the kiln, so the 
clinker can be calcined in an oxidizing atmosphere to 
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obtain high quality cement. 

Research progress of low-calcium cement 
containing sulfoaluminate 

Cement can be divided into high-calcium cement (eg, 
Portland cement and Alite cement) and low-calcium 
cement (eg, Belite cement, sulfoaluminate cement) 
according to the content of calcium oxide in the cement. 
High-calcium cement uses tricalcium silicate (3CaO·SiO2, 
C3S, mineral name: Alite) as the main mineral (50%-
70%), and low-calcium cement contains more dicalcium 
silicate (2CaO·SiO2, C2S, mineral name: Belite, ≥30%). 
The formation enthalpy of C3S mineral is 1810 kJ/kg, 
and the formation temperature is as high as 1450 ℃, 
while the formation enthalpy of C2S mineral is only 
1350 kJ/kg, which can be formed at 1300 ℃. Reducing 
the content of C3S mineral and increasing the content 
of C2S mineral can reduce the energy consumption of 
cement clinker [24]. However, C2S has slow hydration 
rate and low early strength. Low calcium cement, such as 
sulfoaluminate cement and belite sulfoaluminate cement, 
are produced by introducing a early-strength mineral 
(calcium sulfoaluminate) into the clinker.

In addition, PG contains two impurities, eg. phosphate 
and fluoride. Phosphate can hinder the formation of C3S 
and affects clinker strength. Fluoride reduces the melting 
point of clinker, and it is easy to form scales in kiln, 
which scales affect high quality clinker to produce [25]. 
On the other hand, in order to reduce the content of 
harmful impurities in PG, phosphorus and fluorine can 
be removed by water washing or flotation processes. 
In order to obtain high quality clinker, PG without the 
impurities is necessary, but it affects the co-production 
process application [26, 27]. 

In order to reduce the calcined temperature and avoid 
the influence of impurities on clinker, some researchers 
have prepared low calcium cement containing sulfoalu
minate mineral.

Sulfoaluminate cement (calcium sulfoaluminate, CSA)  
is anhydrous calcium sulfoaluminate (3CaO·3Al2O3· 
CaSO4, C4A3S̄  , mineral name: Ye'elimite) and dicalcium 
silicate (mineral name: Belite) as the main minerals. 
Compared with Portland cement, sulfoaluminate cement 
has some advantages, with low synthesis temperature 
(low 200 ℃), low calcium content, fast hydration 
reaction, high early strength, and micro-expansion, 
which has been applied as cement materials and repair 
materials [28]. Wu et al. [29] prepare CSA cement by 
using solid waste as raw materials (such as FGD gypsum, 
alumina slag, red mud, and fly ash). The cement has the 
highest strength by heat at 1310 ℃ for 60 min, with 
strength 63.3, 85.3, and 102.8 MPa for 1, 3, and 28 
days, respectively. 

The production and application of CSA cement will 
be limited because of the sources and price of high-
alumina raw materials, and strength deterioration in long-

term. Therefore, Belitt-calcium sulfoaluminate (BCSA) 
cement, with reduced C4A3S̄   content and increased C2S 
content, has received more and more attention. Huang 
et al. [30] prepare BCSA cement clinker with PG and 
bauxite as raw materials, which PG is also used as a 
retarder for BCSA cemen. They research the effects of 
P2O5 and F impurities in PG on clinker formation and 
cement hydration. The P2O5 and F impurities in PG 
can promote the formation of clinker and the BCSA 
clinker can be obtained by heat at 1200 ℃, which the 
calcination temperature is 50 ℃ lower than that obtained 
with natural gypsum (NG). P2O5 and F can be solid-
dissolved in C4A3S̄   and make the C4A3S̄   mineral to form 
a cubic crystal, resulting in a decrease in the hydration 
activity of C4A3S̄  . But the impurities have little effect 
on the cement compressive strength. The compressive 
strength of BCSA cement can reach 70 MPa at 28 d age. 
When PG is used as the retarder of the BCSA cement, 
the soluble phosphorus impurity inhibits the hydration of 
C4A3S̄   and prolongs the cement initial and final setting 
time with 6-12min. And the delay of setting time is 
beneficial to cement construction, which reduces the 
cement early compressive strength but does not affect 
the strength at 28d.

In addition, Skalamprinos et al. [31] prepare single-
phase calcium sulfosilicate at 1175 ℃. The compressive 
strengths of the samples are 30 and 65 MPa by curing at 
25 ℃ for 28 and 90 d, respectively, which the hydration 
products are CSH and plaster. Huang Y et al. [30] 
prepare calcium sulfoaluminate cement by the partial 
substitution of Al for Fe in C4A3S̄   (C4A3-xFxS̄   exceeds 
0.7). For the iron rich CSA cement, the setting time 
is prolonged and the expansion rate lowers down with 
the rise of Fe2O3 content. For the compressive strengths, 
the iron rich CSA cements are lower than that of CSA 
cement at early age. However, the compressive strength 
of iron rich CSA cement (~75 MPa) exceeds that of 
CSA cement (~65 MPa) at 90 d. Yang et al. [33] prepare 
belite-calcium aluminate ferrite cement at 1250 ℃ for 
60 min by using PG, pyrite slag and bauxite as raw 
materials, which cement main phases are C4A3S̄  , C2S 
and C2AxF1-x (calcium iron aluminate). The compressive 
strength is about 48 MPa by curing at 20 ℃ for 3 d.

Moreover, small particles are beneficial for PG to 
produce cement. According to experience in the Portland 
cement industry, the raw material particle size should be 
reduced to less than 80 μm.

Research progress of high-strength-low-
calcium Portland cement

When the PG contains more silica, the cost of 
alumina raw materials is high and the durability of 
cement is required, high-strength-low-calcium Portland 
(LCP) cement will be the preferred for PG utilization. 
LCP cement mineral compositions and performance 
requirements are C2S ≥ 40%, compressive strength ≥ 17 
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MPa at 3 d, compressive strength≥52.5 MPa at 28 d, 
dry shrinkage ≤ 0.08% at 28 d and sulfate resistance 
(linear expansion rate ≤ 0.060% for 14 d) [23, 34]. In 
general, Portland cement clinker is an aggregate of multi-
mineral complex phases, and the strength of clinker is 
mainly determined by the strength of four main minerals 
(tricalcium silicate, dicalcium silicate, calcium aluminate 
and tetracalcium ferric aluminate). The clinker strength 
is not a simple sum of the four single minerals and it is 
a certain promotion between the minerals. The influence 
of clinker mineral and raw material composition on 
mineral calcination of LCP cement needs further in-
depth research, while the cement can meet early strength 
requirements of construction.

In the different crystal structures of C2S, the hydration 
activity order from high to low are α-C2S, αH′-C2S, 
αL′-C2S, β-C2S and γ-C2S, which γ-C2S is the normal 
temperature phase and does not has binder property [35]. 
Moreover, there are two other structures, an amorphous 
structure with same chemical composition as the crystal, 
another X-C2S crystal, which the hydration activity of the 
two structures are higher than that of tricalcium silicate. 
At present, the methods to improve hydration activity 
of dicalcium silicate mainly are regulating structure by 
external ions during firing stage, adding foreign ions into 
the water during the forming stage, carbonizing with 
CO2 in the curing period [36].

In the firing stage of C2S, the preparation of highly 
active C2S has been intensively studied by doping 
foreign ions to change its structure. For example, Val et 
al. [37] prepare dicalcium silicate (C2S) by using calcium 
carbonate and silicon oxide as raw materials, and prepare 
tricalcium phosphate (TCP) by using calcium hydrogen 
phosphate and calcium carbonate as raw materials, and 
then, the C2S and the TCP are mixed by 85 wt% C2S-
15 wt% TCP, the mixture is pressed into tablets, αH´-
dicalcium silicate cement is prepared by firing the tablets 
at 1500 ℃ for 3 h. Yu et al. [38] find that phosphorus 
can reduce the formation temperature of clinker minerals 
and inhibite the conversion of β-C2S to γ-C2S in the 
CaO-Al2O3-SiO2 system. In addition, nano-additives (eg. 
nano-TiO2 and nano-MgO) can stabilize β-C2S structure 
at room temperature [39].

Another way to improve C2S hydration activity is 
adding foreign ions into the molding water to change 
its liquid phase environment. Fami et al. [40] find that 
Belite dicalcium silicate (Ca2SiO4, β and α’) accelerate 
hydration by adding alkali (NaOH or KOH), and calcium 
silicate hydrate C-S-H phase of C-(N)-S-H sodium and 
C-(K)-S-H potassium form, which sodium and potassium 
are solidified in calcium silicate hydrate. Ashraf et al. 
[41] find that NaOH has the worst influence on γ-C2S 
activation in alkalis (Na2CO3, NaHCO3, Na2SiO3 and 
NaOH). The hydration reaction of γ-C2S activated by 
sodium hydroxide is about 50%, but the hydration 
reaction with other alkalis all reach more than 90% after 
age 56 days.

CO2 can enhance the hydration activity of C2S and 
improve its early strength [42]. For example, Mu et al. 
[43] find that γ-C2S has high carbonization reactivity 
because the Ca2+ ions dissolution rate increase in CO2 
environment. The carbonized products is mainly calcite, 
and a little of aragonite and silica gel. The strength of the 
samples increases from 52.92 to 60 MPa by carbonization 
from 10 min to 120 min, which the carbonization 
increases matrix strength and surface density. Wang 
et al. [44] research the carbonization properties of pure 
minerals such as β-dicalcium silicate (β-C2S), calcium 
hydroxide (CH) and tetracalcium ferric aluminate (C4AF). 
They find that the carbonation degree of the minerals 
from large to small are as follows: CH > β-C2S > C4AF 
and the strength of the carbonization minerals are as 
follows: β-C2S > CH > C4AF. There are calcite particles 
in the carbonized β-C2S sample, with close packing and 
strong mechanical bonding, but there are obvious defects 
on the calcite particles in the carbonized C4AF sample. 
In addition, it will reduce the carbonization depth by 
adding slag in γ-C2S [45].

Production process of sulphuric acid from 
SO2 flue gas

The sulphuric acid is produced from SO2 flue 
gases by purification, dry and conversion unit in acid 
manufacturing systems. The typical manufacturing 
process of sulphuric acid is shown in Fig. 2. On the 
other hand, wet gas sulfuric acid process is very well 
suited for industrial gases due to its ability to treat wet 
gases without additional drying steps [46].

Purification: Firstly, flue gases from cyclone 
preheating systems are removed raw materials powder 
by an electric precipitator. Secondly, the gases (about 
300 ℃) are washed with 8%-10% dilute sulfuric acid 
and cooled (to about 60 ℃) in a cooling tower (empty 

Fig. 2. the typical manufacturing process of sulphuric acid.
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tower). Thirdly, the washed gases are washed again with 
about 1.5% dilute sulfuric acid in a filled tower to further 
remove dust, fluorine and other impurities in the flue 
gases. Finally, the gases enter a drying tower after the 
acid mist is removed by the electric demister.

Dry: The drying tower is a filled tower, and a sulfuric 
acid (94.5 wt%) is sprayed on the top to absorb the water 
in the gases. The content of water is less than 0.1 g/m3 

in the gases, and then, it enters the conversion section.
Conversion: The dried SO2 gases react with air gas in 

a converter (1-3 fixed adiabatic beds), which conversion 
rate can reach 93%. The SO3 and SO2 mixed gases 
enter the intermediate drying absorption tower after 
being cooled to 180 ℃. The residual SO2 gases from 
the absorption tower are heated to 410 ℃ by the heat 
exchanger and enter another converter for the second 
conversion. After the secondary conversion, the total 
conversion rate of SO2 can reach 99.5%, and after 
secondary absorption, the total absorption rate of SO3 
can reach 99.95%.

Wu et al. [47] prepared calcium sulfoaluminate cement 
by using the decomposition of industrial by-product 
gypsum, and the concentration of SO2 could reach 
7.55% thereby meeting the required concentration for the 
preparation of sulfuric acid. According to the results, the 
SO2 concentration also can reach the requirement when 
LCP cement is produced by using PG.

Life cycle assessment of the co-production 
progress

Since cement production is a complex process that 
uses enormous amounts of raw materials and energy, 
it is important to evaluate its environmental impact and 
investigate how the industry should follow best practices. 
Life Cycle Assessment (LCA) is a valuable method 
for assessing the environmental impacts of cement 
production [48]. 

Ren et al. [49] prepared CSA clinker from red mud, 
desulfurization gypsum, and other industrial solid wastes, 
and the results were compared with a standard production 
method. The found that 635.8 Kg of CO2 were produced 
per tonne of cement clinker, including raw materials 
and fossil fuels processing, electricity production, 
transportation, and atmospheric emissions from the kiln 
for conventional CSA preparation, but only 337.6 Kg of 
CO2 were released when using industrial solid wastes to 
produce 1 tonne of clinker. Li et al. [50] give detailed 
LCA study for Portland cement (PC), which 798.7 Kg 

of CO2 were produced per tonne of cement. According 
to the calculation method of conventional PC, the CO2 
emission is 446.4 Kg per tonne cement by using PG, 
including raw materials (for example, PG dehydration) 
and fossil fuels processing, electricity production, and 
atmospheric emissions. Greenhouse gas emission results 
of different cement/clinker are shown in Table 2. 

In summary, the co-production process of PC cement 
and sulfuric acid using PG gypsum decomposition is 
more environmentally friendly [51]. The co-preparation 
of LCP cement and sulfuric acid using PG decomposition 
is a novel production process. Further research is needed 
to continue to define the LCA dependencies. 

Conclusion and Outlook

According to the mechanism of gypsum decomposition, 
the decomposition temperature will reduce by using coal 
as a reducing agent, which will help reduce energy 
consumption. When the PG contains more silica, the cost 
of alumina raw materials is high and the durability of 
cement is required, high-strength-low-calcium Portland 
cement will be the preferred for PG utilization. 

According to limestone precalcining technology in 
Portland cement industry, the decomposition of gypsum 
is carried out in the furnace outside the kiln and clinker 
is calcined in the kiln. The high concentration of sulfur 
dioxide in the flue gas (SO2 ≥ 10 vol%) can be generated 
by using oxygen enriched burning technology, which is 
beneficial for acid production from flue gas and sulfur 
recovery. High performance clinker can be produced by 
quality calcining technology to reduce the residence time 
of clinker in kiln. Further research is needed to continue 
to define these dependencies.

The methods to improve the activity of dicalcium 
silicate are still limited by external ions during firing 
stage and adding foreign ions into the water during 
the forming stage. High-strength-low-calcium Portland 
cement uses C2S as the main mineral, but the hydration 
activity of C2S is poor, and how to improve the activity 
will be further research. Moreover, C2S hydration rate 
can be promoted by carbonization in the curing period, 
but the carbonization efficiency, the microstructure and 
durability of carbonization products, etc., still need to 
be further research.

The co-preparation of LCP cement and sulfuric acid 
using PG is more environmentally friendly. Further 
research is needed to continue to define the LCA 
dependencies. 

Table 2. The greenhouse gas emission results of different cement (kg/t).
Category PC cement CSA clinker

Raw materials limestone PG* Solid wastes Natural
CO2 798.7 446.4 337.6 635.8

Reference [46] Authors [45] [45]
*The PG contains about 15 wt% adsorbed water. 
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