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Figure S1 XPS C1s spectra of raw microalgae biomass
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Figure S2 XPS C1s spectra of solid residue after traditional HTT
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Figure S3 XPS C1s spectra of solid residue after acid-assisted HTT
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Figure S4 XPS C1s spectra of solid residue after DES-assisted HTT
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Figure S5 XPS O1s spectra of raw microalgae biomass
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Figure S6 XPS O1s spectra of solid residue after traditional HTT



528 530 532 534 536 538

10000

20000

30000

40000

50000

60000

70000

In
te

ns
ity

 (a
.u

.)

Binding energy (ev)

 Experimental spectra
 Fitting spectra
 Carboxyl-O
 Hydroxy-O

Figure S7 XPS O1s spectra of solid residue after acid-assisted HTT
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Figure S8 XPS O1s spectra of solid residue after DES-assisted HTT
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(a) Gel permeation chromatography curve
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(b) molar mass distribution
Figure S9 Gel permeation chromatography (GPC) of aqueous phases after acid-assisted 

HTT hydrothermal 



Table S1 Compositions of lipids extracted from wet microalgal biomass 

after DES-assisted hydrothermal treatment

Compositions 

of lipids

Lipid extraction after 

disintegration of wet microalgae 

biomass by DES-assisted 

hydrothermal treatment (%)

Conventional lipid 

extraction from 

microalgae through Bligh 

& Dyer method (%)

C14:0 5.04 5.45

C16:0 22.62 22.37

C16:1 28.74 29.32

C18:0 0.82 0.51

C18:1 7.42 7.07

C18:2 3.05 3.2

C20:0 0.02 0.04

C20:5 26.29 26.03



Text S1 Energy Balance Calculations

The energy balances of two different processes, including dried biomass treated 

with DES at room temperature and wet microalgae disintegrated with DES-assisted 

hydrothermal treatment, were calculated. The net energy ratio (NER) was employed 

to quantify the energy balance as following:

NER =
Energy input
Energy output

 

A lower NER indicates that greater energy outputs can be obtained from lower energy 

inputs.

1. Energy input.

Since the main differences for the two processes lies in the treatment temperature 

and the requirement for the water content of the microalgae biomass, the energy 

consumed by heating and drying microalgae biomass is mainly considered when 

calculating the energy input. Energy input for processing 1 kg of wet microalgae with 

a moisture content of 90% is calculated as follows:

(1) Energy input for dried microalgae biomass treated with DES at room temperature 

was calculated as following:

𝐸𝐼𝑛𝑝𝑢𝑡 ‒ 𝑑𝑟𝑦 = 𝑚𝑤𝑎𝑡𝑒𝑟 × (ℎ𝑣𝑎𝑝 ‒ ℎ𝑛𝑝𝑡)

                                                               = 0.9 𝑘𝑔 × (2674.94𝑘𝐽/𝑘𝑔 ‒ 104.93𝑘𝐽/𝑘𝑔)

   = 2313.01𝑘𝐽

Where  is the energy input for dried microalgae biomass treated with DES; 𝐸𝐼𝑛𝑝𝑢𝑡 ‒ 𝑑𝑟𝑦

 is the mass of water contained in the wet microalgae biomass;  is the 𝑚𝑤𝑎𝑡𝑒𝑟 ℎ𝑣𝑎𝑝

specific enthalpy for water vapor at atmospheric pressure; is specific enthalpy for ℎ𝑛𝑝𝑡



water at temperature of 25°C and pressure of 1 atm.

(2) Energy input for wet microalgae disintegrated with DES-assisted hydrothermal 

treatment was calculated as following:

a) Without heat recovery:

𝐸𝐼𝑛𝑝𝑢𝑡 ‒ 𝐻𝑇𝑇 ‒ 𝑁 = 𝑚𝑏𝑖𝑜𝑚𝑎𝑠𝑠 × (ℎ𝐻𝑇𝑇 ‒ ℎ𝑛𝑝𝑡)

                                                          = 1 𝑘𝑔 × (675.57𝑘𝐽/𝑘𝑔 ‒ 104.93𝑘𝐽/𝑘𝑔)

   = 570.64𝑘𝐽

Where  is the energy input for wet microalgae disintegrated with DES-𝐸𝐼𝑛𝑝𝑢𝑡 ‒ 𝐻𝑇𝑇 ‒ 𝑁

assisted hydrothermal treatment without heat recovery;  is the mass of wet 𝑚𝑏𝑖𝑜𝑚𝑎𝑠𝑠

microalgae biomass;  is the specific enthalpy for water during hydrothermal ℎ𝐻𝑇𝑇

treatment(temperature of 160°C and pressure of 0.62Mpa); is specific enthalpy ℎ𝑛𝑝𝑡

for water at temperature of 25°C and pressure of 1 atm.

b) With heat recovery:

𝐸𝐼𝑛𝑝𝑢𝑡 ‒ 𝐻𝑇𝑇 ‒ 𝑌 = 𝑚𝑏𝑖𝑜𝑚𝑎𝑠𝑠 × (ℎ𝐻𝑇𝑇 ‒ ℎ𝑛𝑝𝑡) × (1 ‒ 𝜑)

                                          = 1 𝑘𝑔 × (675.57𝑘𝐽/𝑘𝑔 ‒ 104.93𝑘𝐽/𝑘𝑔) × (1 ‒ 74.2%)

   = 114.13𝑘𝐽                              

Where  is the energy input for wet microalgae disintegrated with DES-𝐸𝐼𝑛𝑝𝑢𝑡 ‒ 𝐻𝑇𝑇 ‒ 𝑁

assisted hydrothermal treatment with heat recovery;  is the mass of wet 𝑚𝑏𝑖𝑜𝑚𝑎𝑠𝑠

microalgae biomass;  is the specific enthalpy for water during hydrothermal ℎ𝐻𝑇𝑇

treatment(temperature of 25°C and pressure of 0.62Mpa); is specific enthalpy for ℎ𝑛𝑝𝑡

water at temperature of 25°C and pressure of 1 atm.  is the heat recovery for 𝜑

hydrothermal treatment of microalgae reported by Anastasakis et al. [1].



2. Energy output.

The energy output was calculated from the yield and heating values of extracted 

lipid as following:

(1) Energy output for dried microalgae biomass treated with DES at room temperature 

was calculated as following:

𝐸𝑂𝑢𝑡𝑝𝑢𝑡 ‒ 𝑑𝑟𝑦 = 𝑚𝑑𝑟𝑖𝑒𝑑 ‒ 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 × 𝜃 × ∅𝑑 × 𝐻𝐻𝑉

                                                    = 100𝑔 × 240.12𝑚𝑔/𝑔 × 80.9% × 36.97𝐽/𝑚𝑔 

= 718168.42𝐽            

= 718.17𝐾𝐽               

Where  is the energy output for dried microalgae biomass treated with 𝐸𝑂𝑢𝑡𝑝𝑢𝑡 ‒ 𝑑𝑟𝑦

DES at room temperature;  is the mass of dried biomass contained in 1 𝑚𝑑𝑟𝑖𝑒𝑑 ‒ 𝑏𝑖𝑜𝑚𝑎𝑠𝑠

kg of wet microalgae with a moisture content of 90%;  is the lipid content of dried 𝜃

microalgae biomass;  is the lipid extraction efficiency of dried microalgae biomass ∅𝑑

treated with DES at room temperature. HHV is the higher heating value of the 

extracted lipid according to reference[2].

(2) Energy output for wet microalgae disintegrated with DES-assisted hydrothermal 

treatment was calculated as following:

𝐸𝑂𝑢𝑡𝑝𝑢𝑡 ‒ 𝐻𝑇𝑇 = 𝑚𝑑𝑟𝑖𝑒𝑑 ‒ 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 × 𝜃 × ∅𝐻𝑇𝑇 × 𝐻𝐻𝑉

                                                    = 100𝑔 × 240.12𝑚𝑔/𝑔 × 95.8% × 36.97𝐽/𝑚𝑔 

= 850439.25𝐽            

= 850.44𝐾𝐽               



Where  is the energy output for wet microalgae disintegrated with DES-𝐸𝑂𝑢𝑡𝑝𝑢𝑡 ‒ 𝐻𝑇𝑇

assisted hydrothermal treatment;  is the mass of dried biomass 𝑚𝑑𝑟𝑖𝑒𝑑 ‒ 𝑏𝑖𝑜𝑚𝑎𝑠𝑠

contained in 1 kg of wet microalgae with a moisture content of 90%;  is the lipid 𝜃

content of dried microalgae biomass;  is the lipid extraction efficiency of wet ∅𝐻𝑇𝑇

microalgae disintegrated with DES-assisted hydrothermal treatment. HHV is the 

higher heating value of the extracted lipid according to reference[2].

3. Net energy ratio (NER).

The NER for dried microalgae biomass treated with DES at room temperature 

was calculated as following:

𝑁𝐸𝑅𝑑𝑟𝑦 =
𝐸𝐼𝑛𝑝𝑢𝑡 ‒ 𝑑𝑟𝑦

𝐸𝑂𝑢𝑡𝑝𝑢𝑡 ‒ 𝑑𝑟𝑦
  =

2313.01𝑘𝐽
718.17𝑘𝐽

= 3.22

The NER for wet microalgae disintegrated with DES-assisted hydrothermal 

treatment without heat recovery was calculated as following:

𝑁𝐸𝑅𝐻𝑇𝑇 ‒ 𝑁 =
𝐸𝐼𝑛𝑝𝑢𝑡 ‒ 𝐻𝑇𝑇 ‒ 𝑁

𝐸𝑂𝑢𝑡𝑝𝑢𝑡 ‒ 𝐻𝑇𝑇
  =

570.64𝑘𝐽
850.44𝑘𝐽

= 0.67

The NER for wet microalgae disintegrated with DES-assisted hydrothermal 

treatment with heat recovery of 74.2% was calculated as following:

𝑁𝐸𝑅𝐻𝑇𝑇 ‒ 𝑌 =
𝐸𝐼𝑛𝑝𝑢𝑡 ‒ 𝐻𝑇𝑇 ‒ 𝑌

𝐸𝑂𝑢𝑡𝑝𝑢𝑡 ‒ 𝐻𝑇𝑇
  =

114.13𝑘𝐽
850.44𝑘𝐽

= 0.13

Both the NERs for wet microalgae disintegrated with DES-assisted hydrothermal 

treatment without heat recovery (0.67) and with heat recovery (0.13) were lower than 

NER (3.22) for dried microalgae biomass treated with DES at room temperature. This 

indicated that wet microalgae disintegrated with DES-assisted hydrothermal treatment 



for lipid extraction is more energetic effectiveness than dried microalgae biomass 

treated with DES at room temperature.
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