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1. Introduction
The emission of SO2 is about 20 ∙ 106 tons per year in China, 
of which about 50 % is generated from power plants. Acid 
rain caused by SO2 leads to the pollution of the environ-
ment. To date, wet desulphurization technology has been 
used to precipitate the generated SO2 from power plants. 
The limestone/lime-gypsum wet flue gas desulphurization 
process employs limestone/lime as an absorbent. Calcium 
in the limestone/lime absorbent reacts with the SO2 ex-
isting in the boiler gases so that CaSO4 ∙ 2 H2O is formed 
in the spray absorber tower. Nonetheless, this method 
generates large amounts of FGD gypsum. This industrial 
by-product requires a large number of land resources, and 
causes serious environmental pollution if not treated prop-
erly. Calcined gypsum can be produced from waste FGD 
gypsum by its dehydration, which can be used as a build-
ing material. However, the utilization of FGD gypsum is 
insufficient considering the amount of its production. Cal-
cined gypsum can be regarded as a green cement due to 
the considerable low costs and emissions during its manu-
facture in comparison with Portland cement. The mechan-
ical properties of the hemihydrate from calcination of FGD 
gypsum, such as compressive strength, tensile strength, 
flexural strength, Young’s modulus, and Poisson constant 

have been measured1–2, as have the thermal properties of 
the hemihydrate.3–6 New composites based on gypsum 
matrix and mineral additives have been prepared in the 
research.4–13 However, with the improvement of the de-
mand of building thermal environment, a gypsum plaster 
with an efficient thermal insulation function needed to be 
prepared. At present, there is little literature related to the 
preparation of thermal insulation gypsum plaster (TIGP).

In the preliminary study, the gypsum plaster for finish coat-
ing was prepared by adding a protein-based retarder (SC), 
a polycarboxylate-based water-reducing admixture (F10), 
and an ether-based water-retaining admixture (HPMC) to 
the hemihydrate from calcination of FGD gypsum. The 
initial setting time was 63  minutes, and the final setting 
time was 70 minutes, while the compressive strength was 
11.5  MPa, which meets the requirements of the corre-
sponding standard. The mass fractions of SC, F10, and 
HPMC was 0.25 %, 0.5 % and 0.1 %, respectively.14

Based on the preliminary study, thermal insulation gyp-
sum plaster was prepared. The thermal performance and 
energy-saving impact of the new wall insulation system 
with thermal insulation gypsum plaster has been analysed. 
Overall, the work can be classified under the framework 
of applying innovative materials on wall thermal insulation 
systems. This paper is considered important for China, 
where energy consumption is continuously increasing in 
the hot-summer and cold-winter zone.
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2. Experimental
2.1 Materials 

The material is the hemihydrate from calcination of FGD 
gypsum. The chemical composition of the hemihydrate is 
shown in Table 1, and the physical properties of the hemi-
hydrate are shown in Table  2. The hemihydrate is pro-
duced by heating FGD gypsum to about 150 °C:

CaSO4 ∙ 2 H2O  CaSO4 · 1⁄2 H2O + 3⁄2 H2O (1)

The plaster starts as a dry powder which is mixed with wa-
ter to form a paste that liberates heat and then hardens. 
The plaster can be easily manipulated with metal tools af-
ter setting. Its characteristics make it suitable for a finishing, 
rather than a load-bearing material.

Table 1 – Chemical composition of the hemihydrate from calci-
nation of FGD gypsum

Tablica 1 – Kemijski sastav hemihidrata nastalih kalcinacijom 
FGD gipsa

Components
Sastojci w ⁄ %

CaO 32.79
SO3 42.57
MgO 0.38
Al2O3 0.33
SiO2 1.79
Fe2O3 0.14
SrO 0.05
Cl 0.02

K2O 0.04

Ignition loss
Gubitak žarenjem 21.9

Table 2 – Physical properties of the hemihydrate from calcina-
tion of FGD gypsum

Tablica 2 – Fizikalna svojstva hemihidrata nastalog kalcinacijom 
FGD-gipsa

Fineness (mass fraction of particles < 80 µm)
Finoća (maseni udjel čestica < 80 µm) 80 %

Mass ratio water/gypsum
Maseni omjer vode i gipsa 0.62 : 1

Setting time ⁄ min
Vrijeme vezivanja ⁄ min

initial ∕ početno 4.5
final ∕ konačno 8.0

Compressive strength ⁄ MPa
Tlačna čvrstoća ⁄ MPa

24 h 8.5
dry ∕ suh 17.4

Flexural strength ⁄ MPa
Savojna čvrstoća ⁄ MPa

24 h 3.6
dry ∕ suh 7.32

SC, F10, and HPMC were firstly added to the hemihy-
drate to prepare the common gypsum plaster based on the 
preliminary study. Secondly, in order to prepare thermal 
insulation gypsum plaster, rosin (C19H29COOH) and sodi-
um lauryl sulphate (K12) were adopted as foaming agents, 
respectively.

2.2 Methods and equipment

The samples with different foaming agent were filled in 
40 × 40 × 40 mm modules, and dried at 40 ± 2 °C in a 
muffle oven. Subsequently, the samples were cooled to 
room temperature.

Setting time: The setting time was tested in accordance 
with the Chinese standard GB/T 17669.4-1999.15 The time 
interval of test was 5 min.

Compressive strength: The compressive strength was 
tested by a TYE-300 test device. The loading speed was 
1.0 kN s−1. The strength development was determined in 
accordance with the Chinese standard JC/T 517-2004.16 

Morphology: The morphology was observed by a scanning 
electron microscope (Quanta SEM 450). Firstly, sample 
powder was sprinkled on the double-sided tape. Secondly, 
silver powder was sprayed on the tape prior to observation.

Wall heat transfer coefficient: The test wall was placed be-
tween a hot chamber and a cold chamber to measure the 
air temperature, surface temperature, and power input 
to the hot chamber in the steady state. The heat transfer 
property of the test wall was calculated by the data. The 
wall heat transfer coefficient was determined in accord-
ance with the Chinese standard GB/T 13475-2008.17

Energy-saving analysis: The heat transfer capacity of a build-
ing envelope was calculated using the reaction coefficient 
method by PBECA software. Internal surface temperature, 
external surface temperature, and heat flux in response to 
temperature disturbance of a triangular wave was calcu-
lated. Then, the reaction coefficient of the endothermic, 
exothermic, and transitive process was calculated. Finally, 
according to the temperature and heat flow calculated, the 
energy consumption and energy-saving efficiency of the 
building could be analysed.

3. Results and discussion
3.1 Setting time

The influence of the two foaming agents with different 
mass fractions on final setting time of the gypsum plaster 
is shown in Fig. 1. It can be observed that K12 has better 
retarding effect on the hemihydrate. When the mass frac-
tion of K12 was 0.1 %, the final setting time was 83 min 
(≤ 8 h), which meets the requirements of gypsum-based 
construction materials.
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Fig. 1 – Final setting times of gypsum plaster with the addition 
of rosin and K12

Slika 1 – Konačno vrijeme vezivanja gipsane žbuke uz dodatak 
kolofonija i K12

3.2 Compressive strengths

Fig. 2 shows the influence of the two foaming agents on the 
compressive strength of gypsum plaster. It can be observed 
that the strength of the resulting gypsum decreases when 
the foaming agent is added. With more foaming agent, the 
acquired strength is lower. In addition, the extent of the 
compressive strength decline is relatively small when K12 
is added as the foaming agent, which further proved that 
K12 was more suitable as foaming agent. When the mass 
fraction of K12 was 0.1 %, the compressive strength was 
7.2 MPa (≥ 6 MPa), which meets the requirement of build-
ing walls.

Fig. 3 presents the microstructure of gypsum plaster when 
K12 is added as foaming agent. The figure shows obvious 
generation of porosity. Therefore, the reason for the de-
crease in compressive strength is further explained from 
the microscopic point of view. 

Fig. 3 – Microstructure of gypsum plaster with the addition of 
K12

Slika 3 – Mikrostruktura gipsa uz dodatak K12

3.3 Thermal conductivity

The thermal conductivity coefficient of insulation material 
is usually lower than 0.2 W m−1 K−1. This is an important in-
dex for evaluation of the thermal performance of a materi-
al. The thermal conductivity coefficients of gypsum plaster 
with the addition of rosin and K12 is shown in Fig. 4. As 
expected, the thermal conductivity coefficient decreases 
with increased foaming agent. When the mass fraction of 
K12 was 0.1 %, the thermal conductivity coefficient was 
0.18 W m−1 K−1.

In summary, K12 is more recommendable as foaming 
agent, when the mass fraction of K12 is around 0.1 %, the 
setting time and compressive strength meet the require-
ments of the standard. In the meanwhile, the thermal con-
ductivity coefficient is 0.18 W m−1 K−1, which can be used 
as a thermal insulation material.

Fig. 2 – Compressive strengths of gypsum plaster with the addi-
tion of rosin and K12

Slika 2 – Tlačna čvrstoća gipsane žbuke uz dodatak kolofonija i 
K12

Fig. 4 – Thermal conductivity of gypsum plaster with the addi-
tion of rosin and K12

Slika 4 – Toplinska provodnost gipsane žbuke uz dodatak kolo-
fonija i K12
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3.4 Wall heat transfer coefficient

Thermal insulation gypsum plaster is applied on the inner 
surface of walls, which can be used as the heat insulation 
layer and plaster layer of finish coating. The layer of con-
ventional systems (from outer surface to inner surface) 
is 20  mm cement mortar, 200  mm conventional ACB, 
15 mm cement mortar, 20 mm EPS, 5 mm cement mortar, 
and 5 mm putty. Combined with TIGP, a new type of wall 
insulation system is put forward. The layer of the new sys-
tem (from outer surface to inner surface) is 5 mm thin-layer 
mortar, 5 mm waterproof interface agent, 250 mm light-
weight ACB, and 5 mm TIGP. The new system can realize 
the objective of self-insulation. 

The heat transfer coefficient of the new wall insulation sys-
tem was tested compared with that of the conventional 
system. The test results of temperature in conventional and 
new wall insulation systems are shown in Fig. 5 and Fig. 6, 
respectively. As shown in the mentioned figures, the test 
results of temperature tend to be stable with increasing test 
time. The final test result of surface temperature on the hot 
side is higher than that on the cold side, which forms the 
condition of one-dimensional steady-state heat transfer.

Based on the one-dimensional heat transfer theory, the 
wall heat transfer coefficient can be defined as:

(2)

where Tni and Tne are the ambient temperatures of the hot 
side and the cold side, respectively; Q represents total heat 

transfer capacity; A represents the wall test area. In this 
test, total heat transfer capacity through conventional and 
new insulation systems were 53.98 W and 50.96 W, re-
spectively. The test area of wall was 1.44 m2.

The ambient temperatures of the hot side and the cold side 
are defined as:

(3)

(4)

where Tsai and Tsae are the air temperatures of the hot side 
and cold side, respectively; Tmi and Tme are the mean ra-
diant temperatures of the hot side and the cold side, re-
spectively; Tsis and Tses are the surface temperatures of the 
hot side and the cold side, respectively; hi and he are the 
radiation heat transfer coefficients of the hot side and the 
cold side, respectively; ε is the emissivity of inner surface, 
which in this test was a constant value of 0.85.

According to the test results, we could calculate that the 
heat transfer coefficient of the conventional wall insula-
tion system was 0.644 W m−1 K−1, while the heat transfer 
coefficient of the new system was 0.608 W m−1 K−1, which 
represents a reduction of 5.6 % compared with that of the 
conventional system. The thermal performance of the new 
wall thermal insulation system had improved substantially.

Fig. 5 – Test results of temperature of conventional wall insula-
tion system

Slika 5 – Temperatura izolacijskog sustava s konvencionalnom 
izolacijom

Fig. 6 – Test results of temperature of new wall insulation sys-
tem

Slika 6 – Temperatura izolacijskog sustava s novim tipom izola-
cije
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3.5 Energy-saving analysis

Energy-saving analysis of a building was carried out to com-
pare the energy-saving effects of the conventional thermal 
insulation system and the new system of a building. The 
analysis is based on an actual building. The building type 
was shear wall structure, located in a hot-summer and 
cold-winter zone in China. The design standard for resi-
dential buildings of low energy consumption (in accord-
ance with the Chinese standard DB42/T 559-2013)18 was 
used in the energy-saving design. Calculation parameters 
were as follows: (1) indoor temperature: 26 °C in summer; 
18 °C in winter; (2) heating period: from December 1 to 
February 28; air-conditioning period: from June 15 to Au-
gust 31; (3) outdoor weather: typical meteorological year; 
(4) air changes (ACH): once per hour; (5) energy efficien-
cy ratio (EER): cooling 2.3; heating 1.9; (6) heat intensity: 
4.3 W m−2.

After calculation, the energy-saving rate of the convention-
al thermal insulation system of the building was 65.21 %, 
while that of the new system could reach up to 66.99 %. 
The energy-saving rate of the new thermal insulation sys-
tem with the new material obtained had increased by al-
most 2 %.

4. Conclusion
Thermal insulation gypsum plaster was prepared from flue 
gas desulphurization (FGD) gypsum. The obtained hemi-
hydrate mixtures allowed the design of a new wall struc-
ture, which is more efficient as a thermal insulation system. 
Compared with the thermal performance of a convention-
al wall insulation system, the heat transfer coefficient of the 
new system had reduced by 5.6 %. Due to this reason, the 
energy-savings of the building with the new system had in-
creased by almost 2 %, thus resulting in the building’s low 
energy consumption.
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List of abbreviations and symbols
Popis kratica i simbola

ACB – aerated concrete block
– plinobetonski blok

ACH – air changes
– izmjena zraka

EER – energy efficiency ratio
– omjer energijske učinkovitosti

EPS – expanded polystyrene
– ekspandirani polistiren

F10 – polycarboxylate-based water-reducing admixture
– polikarboksilatni plastifikator

FGD – flue gas desulphurization
– odsumporavanje dimnih plinova

HPMC – ether-based water-retention admixture
– eterski aditiv za zadržavanje vode

K12 – lauryl sodium sulphate
– natrijev lauril-sulfat

SC – protein-based retarder
– proteinski usporivač vezivanja

TIGP – thermal insulation gypsum plaster
– toplinskoizolacijska gipsana žbuka

A – wall test area, m2

– ploština ispitivanog zida, m2

hi, he – hot/cold side radiation heat transfer coefficient, 
W m−2 K−1

– koeficijent radijacijskog prijenosa topline na vrućoj/
hladnoj strani, W m−2 K−1

K – heat transfer coefficient, W m−2 K−1

– koeficijent prijenosa topline, W m−2 K−1

Q – heat, W
– toplina, W

Tmi, Tme – hot/cold side mean radiant temperature, K
– srednja radijacijska temperatura na na vrućoj/hladnoj 

strani, K
Tni, Tne – hot/cold side ambient temperature, K

– temperatura okoline na toploj/hladnoj strani, K
Tsai, Tsae – hot/cold side air temperature, K

– temperatura zraka na toploj/hladnoj strani, K
Tsis, Tses – hot/cold side surface temperature, K

– temperatura površine na toploj/hladnoj strani, K
w – mass fraction, %

– maseni udjel, %
ε – emissivity

– izračivost
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SAŽETAK
Priprava toplinskoizolacijske žbuke s FGD-gipsom

Yi-Chao Zhang,a Shao-Bin Dai,a Jun Huang,a* Sheng-Gang Duan a i Zhen-Zhen Zhi b

Toplinskoizolacijska gipsana žbuka izrađena je od gipsa nastalog odsumporavanjem dimnog 
plina (FGD). Uz maseni udjel sredstva za pjenjenje (K12) 0,1  % toplinska provodnost iznosi 
0,18 W m−1 K−1 pa se materijal može upotrijebiti za toplinsku izolaciju. Žbuka i sredstvo za pjenje-
nje uključeni su u novi tip zidne toplinske izolacije. Koeficijent prijenosa topline novog izolacijskog 
sustava određen je eksperimentalno i iznosi 0,608 W m−2 K−1. Na temelju analize zaključeno je da 
se s novim sustavom ušteda energije u zgradi može popeti do 66,99 %. Novi materijal može imati 
velik utjecaj na energijsku učinkovitost zgrade.

Ključne riječi 
Gips nastao odsumporavanjem dimnog plina, toplinska izolacija, koeficijent prijenosa topline, 
sredstvo za pjenjenje, energijska (energetska) učinkovitost
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