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ABSTRACT

Heat pump drying is a low-carbon method of sludge drying. The operating temperature of a heatp
ump is generally not more than 70°C. To improve the drying efficiency of heat pump dryers, the effects
of air parameters and additives on sludge drying characteristics at low temperatures were
studied. The sludge drying experiments were conducted at an air temperature 50-70°C and an
air velocity of 0.5-1.7 m/s. The experimental results showed that the increase of air temperature,
velocity and the addition ratio of additives can accelerate the sludge drying process. The
average and maximum drying rates of sludge pre-conditioned by CaO and sawdust increased
by 14.23% and 25.71%, respectively, compared with those of pure sludge. The two-way
analysis of variance (ANOVA) revealed that the influence of air temperature on the sludge
drying was higher than that of air velocity. Five reference models were fitted by the drying
experiment data. The Page model has the highest R?, so it is the most suitable model to predict
the drying time of sludge at low temperatures.
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Nomenclature

D diameter of sludge samples [mm]
DR drying rate [kg/kg/min]
L length of sludge samples [mm]

m wet basis moisture content [kgw/kgwb]



M dry basis moisture content [kgw/kgdb]

MR dimensionless expression of sludge moist- ure content
SW sewage sludge
§-Ca0 mixture of sewage sludge and CaO

S-Sawdust mixture of sewage sludge and sawdust
S-Ca0O-Sawdust mixture of sewage sludge, CaO and sawdust
time [min]

air temperature [°C]

air velocity [m/s]
mass of the sample [kg]

=< - ~+

Greek letters

A amoment-independent sensitivity indicator

Subscripts

0 initial

db dry basis
e final

w  water

wb wet basis

1.Introduction

With population growth and urbanisation expansion, a great quantity of sludge is produced
[1]. In China, s11.75 million tons of dry matter were produced in 2019 [2]. The of sewage
sludge produced in Europe is about 9 million tons of dry matter every year [2]. Sewage
sludge with high moisture content takes up a lot of space, which increases transportation
and storage costs [3]. Sludge is generally enriched in sewage pollution including heavy
metals (Zn, Cu, Cr, Pb, etc.), which will cause damage to the soil [4]. Meanwhile, sewage sludge
contains numerous pathogens causing health problems [5,6]. Drying is one of the main
methods of sludge disposal and it plays an increasingly important role [7,8]. Thermal
treatment has already accounted for the largest share of sludge disposal in Japan [9]. In
Germany, about 70% of the sludge was disposed of by thermal treatment in 2017 [10].
However, sludge drying is typically energy-intensive. Using fossil fuels to dry sludge goes
against the goal of carbon neutrality [11]. A heat pump is a low-carbon technology for
supplying heat, which can use renewable energy and recover waste heat [12,13]. Therefore,
drying sludge with a heat pump has gradually attracted attention [14]. Zhang et al. [15]
constructed a heat pump sludge drying system and investigated its drying rate and energy
consumption . Yu et al. [16] proposed a sludge drying device based on a heat pump and the
operating cost was less than half of the dryer with electricity or natural gas as the heat source.
The SMER of a closed-loop heat pump dryer can reach 3.5 kg/ kWh [17].

Sludge is characterised by stickiness and poor stiffness, resulting in a small heat exchange



area between sludge and the drying medium [18]. Water in the sludge includes free water
and bound water. Bound water refers to the water bound to the solid phase with binding
energy and free water is the state of water unaffected by the solid phase [19]. Stickiness and
bond water lead to a slow sludge drying rate and high-energy consumption. Adding physical
additives to sludge can strengthen the structure of pasty sludge and increase the sludge
porosity, which can improve the drying rate [18]. Zhao et al. [18] found that the drying rate
was affected by mixing ratio, air temperature and sludge thickness. The addition of coal and
biomass can accelerate the sludge drying process. Li et al. [20] proved that sawdust addition
increased the total exchange surface, resulting in a higher drying rate. Cai et al. [21] found
that adding less than 5% wb rice straw is helpful in improving the drying rate. Due to the
low thermal conductivity of rice straw, the drying rate is reduced if the addition ratio is too
high. A. Leonard et al. [22] showed that back-mixing can reinforce the texture of pasty sludge
and improve the drying effect.

Some chemical additives can destroy the combined water in the sludge and make it easier
to be absorbed by the drying medium [23]. CaO, Fenton’s reagent, NaHCO3, etc. are
common chemical additives [23-25]. Calcium oxide (CaO) is a common additive utilised for
sludge stabilisation or landfilling [26]. CaO can destroy extracellular polymers and hydrolyse
cell walls and tissues composed of proteins and carbohydrates [27]. CaO is also beneficial
for desulfurisation and nitrogen fixation [23,27,28]. Deng et al. [29] studied the effect of CaO
on the adhesion and cohesion characteristics of sludge under agitated and non-agitated
drying con- ditions. She et al. [30] found that synergistic pretreat- ment of freezingand CaO
can enhance dewaterability of waste-activated sludge and enhance volatile fatty acid
recycling. Liu [23] showed that Fenton peroxidation combined with CaO can effectively
enhance sludge heat transfer, reduce the amount of bound water and create a porous
structure in sludge.

The heat and mass transfer process in sludge drying is complex. For heat pump sludge dryers,
the process of drying is determined by many factors, such as air par- ameters, sludge type,
sludge shape and sludge pretreat- ment [18,31,32]. Hence, the mathematical model of the
drying process is very important for the design of dryers. Lyes Bennamoun et al. [33] built
a heat and mass transfer model for modelling the convective drying of sewage sludge
considering shrinkage. Jean- Pierre Ploteau et al. [34] developed a numerical model of a
heat pump-assisted continuous dryer. In addition, many researchers have also studied the
semi-theoretical and empirical models of the sludge drying process. Huang et al. [24]
discussed thin-layer drying models based on two falling rate stages and found that the
Modified Page model was the best model to fit the drying process. Zheng et al. [31] improved
the prediction ability of the drying model by introducing humidity into the model
coefficients.

To improve the drying efficiency of the heat pump dryers, the influence of additives,
addition ratio, air temperature and velocity on sludge drying was studied in this paper. The
research method of this paper is experimental research and data analysis. The experimental
study includes the influence of additives and air parameters on the sludge drying effect.



Data analysis includes the influence of air temperature and air velocity on sludge drying
(Two-way analysis of var- iance) and the prediction model of the sludge drying process
(Nonlinear data fitting). The objectives of this study are (1) to study the drying
characteristics of sewage sludge pre-conditioned by CaO and sawdust at low temperature; (2)
to compare the effects of hot air temperature and velocity on sludge drying; (3) to find the
most suitable drying model by fitting a variety of reference drying models and (4) to
examine sludge drying characteristics for the design and optimisation of heat pump sludge
dryers.

2.Materials and methods

2.1 Materials

The sewage sludge (SW), after mechanical dewatering, was collected from a wastewater
treatment plant in Beijing, China. The initial moisture content of SW was about 82.96%
(kgw/kgwb) (wet basis) using a constant temperature drying oven (DHG-9070A, China). The
sludge was stored in a refrigerator at 4°C before exper- iments. Sawdust purchased from a
local market in Beijing was dried in a constant temperature drying oven to a constant weight
and then screened by a 40 mesh screen. The CaO chemicals used in experiments were of
analytical grade with 98% purity.

2.2 Experimental set-up

To simulate the low-temperature drying conditions corresponding to a heat pump, we built
laboratory-scale hot air drying equipment (Figure 1). The test stand included a heater with a
fan, an air valve, a temperature controller, a precision balance, a computer, etc. The heater
with a fan (Home of PTC; China) can heat the air at a constant temperature and blow the hot
air into the drying hamber. The heater is composed of PTC ceramic heating plates, with a DC
voltage of 24 V and a power of 200W. The temperature of the drying chamber was
accurately controlled by a temperature test probe and a temperature controller (Home of
PTC; XH-W3001, China). The hot air velocity was varied by the air valve and measured by the
hot wire anemometer(Testo 425, Germany). The mass of the sample was recorded once
every 20 min by a precision balance (ZHUOJING; BSM220.4, China) with an accuracy of
0.0001 g. The precisions of experimental devices are listed in Table 1.

In industrial production, sludge is often extruded into a cylindrical shape by granulator
before drying. In this study, sludge samples were shaped into cylinders of diameter 10 mm
(D =10 mm) and length 50 mm (L =50 mm). Each sample weighed about 6 g. The drying
experiments were conducted at three temperature settings at 50°C, 60°C, 70°C and three air
velocity settings at 0.5, 1.1, 1.7 m/s. For sludge pre-conditioned with CaO (S-Ca0), the
CaO/sludge mixing ratios of 5%, 10% and 15% were set. Because the mixture was difficult to
form when the addition of sawdust was large, the sawdust/sludge mixing ratios of 5% and
10% were set for sludge pre-conditioned with sawdust (S-sawdust). Sludge added 5% CaO
and 5% sawdust was called SCaO-Sawdust.

Type B evaluation of measurement uncertainty includes instrument uncertainty and
estimation error during measurement. The estimation error is generally far less than the



uncertainty of the instrument and can be ignored [35,36]. The uncertainty can be calculated
by Equation 1. The maximum uncertainty of the test parameters is listed in Table 2.

AW |
CaX

u (1)

where Ax is the maximum allowable error of the instrument; X is the minimum value in the
test data. If the source of maximum allowable error is normal distribution, Cis V3.

2.3. Definitions of drying rate and moisture ratio

The wet basis moisture content is defined as the ratio of the mass of water contained in wet
sludge to the total
mass of wet sludge [31], which can be expressed as

m=——r—— (2)

where m is the wet basis moisture content; Wt and WO are the total mass of wet sludge at
any time and the
dried sludge mass in the wet sludge, respectively.

The dry basis moisture content is defined as the ratio of the mass of water contained in wet
sludge to the dried sludge mass in the wet sludge [31], which can be expressed as

m Ve Wo (3)
Wo

where M is the wet basis moisture content.

The drying rate is determined by the mass of water evaporated from sludge per unit of time
[31], as shown in Equation (4):

Mr Mr+_‘.r

DR
At

(4)

where Mt and Mt+Dt are the dry basis moisture contents at time t and Dt, respectively.
The dimensionless expression of sludge moisture content is calculated using Equation (5)
[31]:



where Meis the equilibrium moisture content and MO is the initial dry basis moisture
content. Since M0 and Mt
are much larger than Me [31], Equation (5) is often simplified to Equation (6)

_Mr

MR = o (6)
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Figure 1. Drying experiment set-up. (a) pictorial view. (b) sSchematic diagram.



Table 1. The precisions of experimental devices,

Instrument name Range Precision
Precision balance 0-220g +0.0001g
Thermocouple =50-110°C #0.2°C

Hot-wire anemometer 0-20 mf's +0.03 mJ's

Table 2. The uncertainty of the test parameters.
T W, v L
| 0.23% 0.00096% 3.5% 1.15%

Table 3. The reference models.

MNo. Model name Formula Feference
1 Page MR = exp [ — k") [39]
2 Henderson MR = aexp [ — kt) [40]
3 Logarithmic MR =agexp(—kt) + b [40)
4 Midilli MR = gexp [ — kt") + bt [41)
5 Danish MR =exp(—kt")+ b [42)

2.4 Two-way analysis of variance (Two-way ANOVA)

In this paper, the effects of air temperatures and air velocities on the sludge drying were
analysed by applying two-way ANOVA [37,38]. We used SPSS19 for all data analysis.

2.5. Evaluation of the drying models

The heat and mass transfer process in sludge drying is complex. It is hard to construct an
accurate model for modelling the sludge drying process. However, several semi-theoretical
and semi-empirical models have been developed to describe sludge drying. These reference
models are listed in Table 3. Five reference models were used to fit the experimental data in
Origin Pro 2021 software.

3. Results and discussion

Drying time is an important design parameter for heat pump dryers. Therefore, the drying
effect of sludge mainly refers to the time consumed for drying to the target moisture
content. It is unnecessary to completely evaporate the water contained in the wet sludge
because the drying process is energy-intensive and time-consuming. Han et al. [43] found
that sewage sludge with a moisture content of more than 30% reduced the combustion
efficiency and furnace temperature. The fluidised bed will not burn steadily when the value
exceeds 40%. Therefore, 30% was considered as the target moisture content (wb) in drying.

3.1. Co-drying characteristics

Additives and addition ratios can affect the sludge drying process. The effects of different
additives and different mixing ratios on the sludge drying process at the air temperature of
60°C and the velocity of 1.7 m/s are shown in Figure 2. At the same drying temperature and
air velocity, S-Ca0, S-Sawdust and S-CaO-Sawdust can reduce the drying time compared
with SW (Figure2(a)). S-CaO-Sawdust had the best performance to shorten the sludge drying
time. The drying time of SCaO-Sawdust was shortened by 23 min compared with
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SW. One reason was that CaO destroyed extracellular polymers and hydrolysed cell walls
and tissues composed of proteins and carbohydrates [27]. Bound water, including the
physical and chemical bound ones, was released [19]. Another reason was that loose
sawdust increased the sludge porosity, thus increasing the contact area with hot air [18]. It
can be seen from Figure 2(d) that the average and maximum drying rates of S-CaO-Sawdust
were 0.0297 and 0.0553 kg/kg/min, respectively, which were 14.23% and 25.71% higher
than those of SW, respectively. Figure 2(b-c) shows that with the increase in mixing ratio, the
drying time of S-CaO and S-Sawdust decreased from the initial moisture content to the
target moisture content (wb) of 30%. For S-CaO, the drying time was shortened from 168
min to 148 min when the mixing ratio changed from 5% to 15%. Adding more Cao means

more bound water in sludge is released.
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Figure 2. Effect of different additives on sludge drying (60°C,1.7 m/s) (a) wet basis moisture content vs. time for

different additives, (b) wet basis moisture content vs. time of S-CaO at different mixing ratios, (c) wet basis moisture
content vs. time of S-Sawdust at different mixing ratios, (d) drying rate vs. mixing ratio.

For SSawdust, the drying time was reduced by 8 min when the mixing ratio changed from 5%
to 10%. The increase in sawdust particles leads to an increase in the porosity of S-Sawdust.



However, S-Sawdust was difficult to form when the mixing ratio exceeded 10%. The
maximum amount of sawdust added was 10%. As the mixing ratio of S-CaO increased from
5% to 15%, the average and maximum drying rates increased by 1.92-16.92% and 25-
44.34%, respectively. Similarly, as the mixing ratio of S-Sawdust increased from 5% to 10%,
the average and maximum drying rates increased by 7.31-11.92% and 23.35-26.18%,
respectively (Figure 2(d)). During the drying process, the shape change of SCaO-Sawdust was
different from that of SW (Figure 3). Shrinkage was the main phenomenon for SW and a
hard crust formation on the surface may reduce the drying rate. The shrinkage of S-CaO-
Sawdust was less than that of SW. CaO can destroy extracellular polymers and hydrolyse cell
walls and tissues and sawdust plays the part of a skeleton, which explains the higher drying
rate of S-CaO-Sawdust. It can be seen that several large cracks were formed on the surface
of SW, which can produce much fly ash and cause hidden danger in the drying process [44].
In contrast, a few cracks were formed on the surface of S-CaO-Sawdust. Therefore, the
addition of CaO and Sawdust not only improves the drying rate but also reduces hidden
danger in the drying process.

Drying process

SW

S-CaO-
Sawdust

0 60 120 180

Drying time (minutes)

Figure 3. Shape changes of SV and S-CaO-sawdust at an air temperature of 70°Cand a velocity of 1.7 m/s.

3.2. Effect of air temperature

Air temperature is an important factor affecting sludge drying time. Figure 4(a) illustrates
the drying curves of SW and S-CaO-Sawdust for different air temperatures. It was seen that
higher drying air temperature brought shorter sludge drying time. Under the same



conditions, the drying curve of S-CaO-Sawdust was steeper than that of SW, which indicated
that S-CaO-Sawdust can reduce drying time than SW. For SW, the drying time to 30%
moisture content (wb) at the air temperatures of 60°C and 70°C decreased by 17.9% and
29.1%, respectively compared to that at the air temperature of 50°C. For S-CaO-Sawdust,
the reduction is larger. The time required to dry to 30% moisture content (wb) at the air
temperature of 60°C and 70°C decreased by 17.5% and 37.5%, respectively compared to
that at the air temperature of 50°C. (Figure 4(c)).
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Figure 4. Drying process of SW and S-CaO-sawdust for different air temperaturesat the air velocity of
1.1 m/s (a) wet basis moisture content vs. time, (b) drying rate vs. dry basis moisture content, (c) drying
time to the target moisture content (wb) vs. temperature.

The reduction in drying time of S-CaO-sawdust at 60-70°C was greater than that at 50-60°C.
The conclusion was the opposite



for SW. The change process of drying rate at different air temperatures is illustrated in
Figure 4(b). The increase in air temperature can significantly improve the average and the
maximum drying rates, which is due to the enhancement of air’s ability to receive moisture
at higher temperatures [31]. In studies related to the sludge drying process, the drying rate
curve was often divided into the warm-up period, the constant rate period, the first falling
rate period and the second falling rate period [45]. Figure 4(b) shows that the constant
rate period is insignificant because the sludge samples contain little free water after
mechanical dewatering. Font et al. [46] reported a similar result. For heat pump dryers,
drying sludge, containing CaO and sawdust at high temperatures, can significantly reduce
drying time. The drying time for S-CaO-Sawdust at the air temperature of 70°C was almost
half shorter than that for SW at 50°C.

3.3. Effect of air velocity

Air velocity is another important factor affecting sludge drying time. As shown in Figure 5(a),
increasing air velocity can reduce sludge drying time. Under the same conditions, the drying
curve of S-CaO-Sawdust was steeper than that of SW, which indicated that S-CaO-Sawdust
was more sensitive to changes in air velocity. Figure 5(b) illustrates that the higher air
velocity can improve the average and the maximum drying rates of sludge samples. At a
higher air velocity, the moisture evaporated from sludge samples can be quickly taken away.
A thinner sludge surface boundary layer at a higher velocity can improve the heat and mass
transfer coefficients [35]. In addition, more cracks will be formed on the sludge surface with
the increase in air velocity [47]. As the air velocity increases from 0.5 m/s to 1.7 m/s, the
reduction of drying time becomes smaller. From 0.5 m/s to 1.1 m/s, the reduction rate for S-
Ca0O-Sawdust and SW was 10.3% and 13.3%, respectively. From 1.1 m/s to 1.7 m/s, the
reduction rate for S-CaO-Sawdust and SW was 4.5% and 10.3%, respectively (Figure 5(c)).
This can be explained that the sludge drying process was mainly controlled by internal
moisture diffusion. Hot air velocity belongs to outer drying conditions which have a slight
influence on internal diffusion [18].
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Table 4. Analysis of variance for drying behaviour of SW and 5

Ca0-sawdust.

Source of variation 557 o Ms" e pe
SW Air temperature 12489.556 2 6244778 136415 0000
Air velocity 2306.889 2 1153.444 25197 0,005
Error 1B3.111 4 45778

Total 370593.000 9

54Ca0-5awdust

Air temperature 13272.667 2 6636333 187821 0.000
Air velocity 4478.000 2 2239000 63368 0.001
Error 141.333 4 35333

Total 207733.000 ]

255 is the sum of squares, "0y is the abbreviation of degrees of freedom, “MS
is the mean square, ¥ i the value of F-test, P is probability.

Table 5. Verification of Page model for other experimental

conditions.
Sludge types k n Rk
50°C, 0.6 my's W 0.404 1.158 0.9906
5L a0-5awdust 0472 1.129 0.9986
60°C, 0.6 m/'s W 0526 1.231 0.9006
5La0-5awdust 0586 1.201 0.99493
70°C, 0.6 my's SW 0593 1.161 0.9965
5L a0-5awaust 0739 n 0.9992
50°C, 1.1 my's W 0470 1.7 0.9900
5La0-5awdust 0596 1.131 0.9906
60°C, 1.1 m/s SW 0.603 1.259 0.9998
5La0-5awdust 0.652 1.271 0.99492
J0°C, 1.1 my's W 0.752 1.214 0.99495
S5La0-5awdust 096 1.205 09994
50°C, 1.7 my's SW 0577 1.083 0.9988
5La0-5awdust 0586 1.09 0.9900
60°C, 1.7 m/s W 0.708 1.163 0.9900
S5La0-5awdust 0B7B 1.087 09999
70°C, 1.7 my's SW 0914 1.184 0.9999
5La0-5awdust 1.115 1.187 0.9987

3.4. Results of two-way analysis of variance

It can be seen from Table 4 that the effects of air temperatures and air velocities on the sludge
drying are much more significant (P<<0.05). For SW, the F value for the air temperature is larger than
that for the air velocity (136.415 > 25.197), so the influence of the air temperature on the sludge
drying is higher than that of the air velocity. A similar result can be obtained for S-CaOSawdust. The F
value for the air temperature is larger than that for the air velocity (187.821 > 63.368), so the
influence of the air temperature on the sludge drying is higher than that of the air velocity.

3.5. Evaluation of the drying models

The fitting information of different drying models of SW at the air temperature of 60°C and the
velocity of 1.7 m/s is shown in Figure 6. The Danish model and Page model have the highest R2, and
they fit better than other models. The predicted values of the Page model and the Danish model
were very close to the test values. Considering the convenience of calculation, the Page model was
selected for data prediction because it contained fewer coefficients. To verify the accuracy of the



model, the Page model was used to fit the data in other experimental conditions. The
verification results are shown in Table 5. It can be seen that the R2 of each fitting is around
0.999, which proves that the Page model can well predict the sludge drying process.

Model name Page Model name Logarithmic
1.0 j¢ Formula MR=exp(k*U'm) Forils MR-a*exp(k*0 b
1 3 ~0.70838 + 0.00274 u T08309 = 0.01765
'.“-, n T.16313 £ 0.0058 k 0678421 0.03121
W Reduced Chi-Sqr 7620396 b 20,0625 + 0.01859
“i\ R* 0.99993 Reduced Chi-Sqr T0569TE4
R? 0.09836
0.8 |- %.
3
‘\ Model name Henderson
o TFormula MR- exp(™) Model name Midilli
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Figure 6. Fitting of different drying models of SV at the air temperature of 60°Cand the velocity of 1.7 m/s.

4. Conclusions

In this paper, the drying characteristics of sewage sludge pre-conditioned by CaO and
sawdust were studied for low-temperature drying conditions. The experimental parameters
were set with corresponding operational conditions of the heat pump. In addition, the
regression effect of the drying model was tested. The main conclusions are as follows.

(1) The addition of CaO and sawdust can accelerate the sludge drying process. With the
increase in mixing ratio, the average and maximum drying rates of sludge samples increased.
The average and maximum drying rates of S-CaO-Sawdust increased by 14.23% and 25.71%,
respectively, compared with those of SW.

(2) The drying time to the target moisture content (wb) was greatly reduced with the
increases in air temperature and air velocity. The time required to dry to 30% moisture
content (wb) at the air temperature of 70°C can be reduced by 37.5% compared to that at
the air temperature of 50°C. The time required to dry to 30% moisture content (wb) at the
air velocity of 1.7 m/s can be reduced by 23.6% compared to that at the air velocity of 0.5
m/s.



(3) Two-way ANOVA shows that the effects of air temperatures and air velocities on the
sludge drying are significant. For SW and S-CaO-Sawdust, the influence of the air
temperature on the sludge drying is higher than that of the air velocity.

(4) Five reference models were fitted by the drying experiment data. The Page model was
considered to be the most suitable model for modelling the low-temperature drying of
sludge. R-squared measures for all the experimental fitting by the Page model were around
0.999, which proved that the Page model can well predict the sludge drying process.
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