Supplementary Materials
The vdW EoS
Analytical expressions in low temperature range
We divide the entire temperature range into two regions: , and . The analytical function to be determined for  will only apply to the “high” temperature range, , to maximize the accuracy. For the low temperature range, ,  and , and Eq.(27) reduces to . As , , by noticing  (e.g., at ,  at , ), therefore from Eq.(23) we have:

It is easy to show that as , Eq.(S7) leads to , or . At low temperature, from Eq.31),  and , we obtain:

Eq.(S1) and (S2) allow us to calculate the volumes (hence the pressure) at any low temperature. The characteristic temperature, , is determined somewhat arbitrarily based on two criteria: (1) the conditions  and  are well met; (2) the resultant predictions of Eq.(35) in the high temperature range are very accurate. Hence the chemical potentials of liquid and vapor phases are globally equal. After some comparisons, we choose . To demonstrate the accuracies of the equations at , here are some results: , , ; , , , where the equilibrium pressures are from Eq.(15). In addition to their simplicity, Eq.(S1) and (S2) have another merit: the lower the temperature is, the higher the accuracies of the equations become.
For the entire temperature range, the agreement between the analytical solutions and exact solutions is excellent. Taking the saturated pressure as an example, the worst region is around , and the analytical solution gives  while exact solution is . Overall, the accuracies of the analytical solutions are above 5-digits for the equilibrium pressure, which can serve any purpose. From Eq.(S1) and Eq.(S2), we have the derivatives:






From which we have


then



The SRK EoS
Some derivatives
From Eq.(45), we get:




From Eq.(59), we have:

From Eq.(32):

then

As show in the main test, we define:



Then:

From the above, we have the derivatives:





Determination of the coefficients at the critical point.
From Ref.(7):


We define the following functions:


At the critical point:


Where the constants have been provided by Singley et al. (7), which are functions of :



From Eq.(S27) and Eq.(S28):

Eq.(S17) to Eq.(S19) lead to:


At the critical point, from Eq.(S16) we have:



where we have used the critical conditions:


Then:





Finally,







Determination of coefficients from the characteristic temperature, 
From the SRK EoS:

then

Low temperature, , , . In fact, since  the low temperature condition can be simply defined as . From Eq.(10a) we have, , which leads to (), then Eq.(S1) is simplified to:

Therefore:

This equation provides high accuracy for , as . However, equilibrium pressure cannot be calculated from it since the chemical potential equilibrium condition has not been involved. Therefore, for , the chemical equilibrium condition, Eq.(48), has to be imposed. At low T, , ,  (ideal gas), , finally we have:

and  calculated from the approximate equations agree with strict solution with high precisions. The differences between the equilibrium pressures from the strict and approximate solutions at low temperature are negligible (with ADD<0.01%). For example, for ethane, , , at , , strict , therefore  holds solidly. The equilibrium pressure (for all temperature range) can be calculated with Eq.(59). By the way, from Eq.(S56) and (S57) we get the derivatives:




The above equations can be used in the low temperature range as needed for calculating  and . We start with

Then at :



Where:


Finally:



The supercritical region
The SRK EoS, Eq.(40), is rewritten as:

Then the unique real root is given by

where
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