Recap: Part 2

Objective: Cover the basic principles of Systems Modeling for a Renewable Energy
Process and be able to model a simple system.

» Importance of Systems Modeling in Renewable Energy

* Modeling systems
— Stream properties
— Thermodynamic relationships
— Unit models

* Heat integration & Pinch Analysis
— Basic Principles
— Composite Curves
— The Heat Cascade and the Grand Composite Curve

+ Life Cycle Assessment
— Goal & Scope Definition
— Life Cycle Inventory
— Life Cycle Impact Assessment

* Uncertainty Analysis & The Monte Carlo Method
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Process Modeling

The approach:

2. Thermodynamic relationships:
1. Stream | calcutation:
properties B - PL.Jre component.pro.pe.rties in idea_l .conditions
< - Mixture properties in ideal conditions
- Mixt rties i | diti
(ma, Va: Pa’ ixture properties in real conditions
Ta, Ha’ Sa’
Cpa...) " 3. Unit models:
< Provides connectivity and unit-specific relationships

!

Heat and material flows
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Vapor liquid equilibriums

A key property of mixtures is to calculate their vapor liquid equilibriums
(VLLEsS).

This is important in:
* Chemical processes: distillation, extraction...etc.
» Environmental processes: atmospheric and ocean modeling

We want to find the state at equilibrium. What is the thermodynamic definition
of an equilibrium?

dG=0
/

Total free energy change

of the system
Change of the quantity of
component o in phase p

dG =-SdT +VdP+y ¥ ,.dn,,

Phase Component Chemical potential of
component a in phase p
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dG ==SdT +VdP+y > u,.dn,, T EPEG w,.dn, =0
@ an equilibrium @ a
given T and P
@ cst T and P, the only variable is n, 2 To minimize G we have to find the
point where:
dG For independent
— =0 = E 25 components
dna — p (e.g. no reactions)
o oxp
k4 Aul,a = lu’2,a = Au3,a“‘
The chemical potentials of each component must be equal across phases.
47

3/25/25



Vapor liquid equilibriums

For a vapor-liquid equilibrium:
AuV,a = luL,a

Let's develop this expression:

f \%4 fa,L

0 a, 0
Uy, =My, +RTIn=2—=uw, +RTIn-2==u,,
aV o,L

Chemical potential of

pure a at a reference

state in the vapor phase Fugacity of component of pure o and its
corresponding reference fugacity in the vapor
phase

The reference state for Mﬁl and fg is arbitrary but must be coherent.

- The same state must be chosen for both variables.
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Vapor liquid equilibriums
At the reference state, we have:
0 0 0 0
AuV,a - RT lnfa,V = AuL,a - RT lnfa,L
Since we are free to choose a reference state, let's choose one where the
two phases are at equilibrium (i.e. at Psat o and Tsatq):
0 0 0 0
AMV,a =luL,a 2> fV,a =fL,a
Substitution into our V-L equilibrium equation:
xuV,a = Au(\)/a + RT ln f(éy = Au(L),a + RT 11'1 fﬂ(‘)L = AuL,a
a,V a,L
Leads to:
fV a = fL a A fundamental rule of VLESs!
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Vapor liquid equilibriums

At the reference state, we have:
0 0 0 0
uy ,~RTInf_ ,=u;, ,—~RTInf

What if we have a random reference state?

0 0 fO Substitution into our V-L equilibrium
V.,a iR
Uy =W, =RTIn=—7= equation: 0
La MM_MM=M%-Mh+RTm£%L&
aVJa,L
Leads to: 0 o
Au’V,a - AuL.nt = O = RTIII ng +RT 1n f;?)’Vfa’L
favL fa,V a,L

) ) _ Note: so far, no
Once again, we get: fv,a = fL,a simplifications have been
made (e.g. ideality, etc.)
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We know that we can further develop VLE expressions based on:
f V,a = f L,a
Let’s further define fugacities such that:
0
fV,a - (tpa,VyaP fL,a - (pa,L‘xaP - J/a“xafL,a
Fugacity coefficient Molar fraction of Pressure Molar fraction of Activity Reference
for o in the vapor o in the vapor o in the liquid coefficient for o fugacity for o
phase phase phase in the liquid in the liquid
phase phase
Which definition is chosen for .f 1 . will
depend on the property estimation model.
Note: up to this point, we have not solved anything! We have just added
terms to make x,, y, and P appear.
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Vapor liquid equilibriums
Our V-L equilibrium expression becomes:
(pa,VyaP = }/axaf(li,a
Let’s start by defining £, :

fg,(x = fL,Of (T’ P’xa = 1) = (pa,anP = (pa,LP

We just chose a reference state at T, P
(the conditions of interest) and pure a.

Let’'s add:
0 : Q.. P
fL,a = (pa,LP = qaixa,th)sat s:;L
oL sat
Fugacity Psat for pure o at T
coefficient of a
at T and Pgat
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Vapor liquid equilibriums
Our V-L equilibrium expression:
0
(pa,vyaP = }/a'xafL,a
From Maxwell relations, we have: Partial molar volume of o
- "V p ap
e
Therefore:

Dot Py, Pu V
Pai _expl (" Ye1/p ap- (" e _1/p ap
g P IS I &

P V“
=exp[fl E—I/P dP}

sat

"o gp
" RT

P

= ex
P p

fP Vo dP—lni
Pa RT P

5

=exp

With this we can rewrite our equation for :

0 _ . sat COO!,LP = : VL’a
fL,a = (pa,LPmt @ZZILP - (me})s‘” eXpI:fPsm RT dp

sat
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Vapor liquid equilibriums
Our V-L equilibrium expression becomes: -

sat P vL,a
QOO!VyO!P Va aqﬁ Psatexp fpsat RT ar

At this point, no simplifications have been made. So, why have we done this?
- To organize our simplifications:

+ Simplification 1: ideal solution —y =1 Can rarely be assumed...
» Simplification 2: ideal gas — p=1 Can usually be assumed...
» Simplification 3: negligible changes in liquid molar volume (>

incompressible liquids!)

g exp[f: RL“ dP|=exp(0)=1 Can almost

o always be
\ ) assumed..
Poynting factor
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Vapor liquid equilibriums
Our equation: -
Poy VP =VoX @i Py €X vaL—’“dP
aVya a’va sat p P, RT
With all these simplifications: L
PV
—y=1 —p=1 —ex L gp|=1
‘ y ¢ oS, T |
Ideal'case
Becomes:
YoP =X, P,
Raoult’s law can be used to fully calculate VLEs in ideal conditions.
55
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The approach:

Process Modeling

1. Stream
properties
(ma, Vaa Pa,
Ta, Ha, Saa
Cpa.-.)

2. Thermodynamic relationships:

Calculation:

- Pure component properties in ideal conditions
- Mixture properties in ideal conditions

- Mixture properties in real conditions

A\ 4

3. Unit models:
Provides connectivity and unit-specific relationships

!

Heat and material flows
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The approach:

1. Stream
properties
(ma, Va: Pa’
Ta, Ha’ Sa!
Cpa...)

Process Modeling

2. Thermodynamic relationships:

Calculation:

- Pure component properties in ideal conditions
- Mixture properties in ideal conditions

- Mixture properties in real conditions

\ 4

3. Unit models:
Provides connectivity and unit-specific relationships

!

Heat and material flows
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Vapor liquid equilibriums
Starting point for real solution: -

_ sat P Vg
(pa,VyOCP - ya‘xa(pa,L sar EXP fPSat RT ap

This is always true!

The approximation that ¥ =1 is almost never true > We need a model for ¥

Strategy 1: Activity coefficient models

The estimation is based on empirical functions that estimate excess Gibbs
free energy:

G=Gu +6E\ 55=f(xa,xﬁ,...,T)
Partial molar  Partial molar Excess partial Activity coefficient models usually
Gibbs free  Gibbs free energy molar Gibbs free model G with a function of x,and T
energy in ideal conditions  energy
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Strategy 1: Activity coefficient models
How does G relate to »?
The definition of G:
IG (nG —
(_) _(on )) _G.
ana T.P.ng.p ana T.P.ng.p
Recall that:
dG = -SdT +VdP + Epza w,.dn, > Ga=p,
Gou=u, = +RT1an:—f‘) =u) +RTIny, x,=u. +RTInx,+RTIny,
L ) L )
“ il r
Therefore: fa=texe Gua Gea
— d = 0
Gra=RTIny, = J[(Eknk)(GE)] - E[(Eknk)(f(xa,xﬂ,...,T))]
59
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Vapor liquid equilibriums

Strategy 1: Activity coefficient models

This formula:

RTIny, = %[(Eknk)(f(xa,xﬁ,...,T))]

Allows us to relate yto our excess Gibbs free energy model f(xq, xg,..., T)

See an example of how to use this formula with the Margules model in Problem
1 of Problem Set 6.

Common models include:

+ Margules model: binary parameter model: G /RT = Ax,x,
* NRTL (non-random two liquid): more complex binary parameter model

* UNIQUAC (Universal Quasi Chemical): parameters model based on
functional groups
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Strategy 1: Activity coefficient models
From the excess free energy, we can calculate other
thermodynamic properties:
= [dG < IG —= = <
VeL= bL ASEL =— bL AHEer =AGer +TASEL
oP oT
T P
In summary: we can calculate all excess properties for the liquid phase and the
activity coefficients for each component.
This takes care of all cases where liquids do not behave ideally: — y =1
- Very often
What about when the gases are acting non-ideally? — @ =1
61
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Vapor liquid equilibriums

Strategy 2: Equation of state (EOS) models

With activity coefficient models, we started by modeling a thermodynamic

property (Ge) and derived a volumetric property (Ve). With EOS models, we
start with volumetric properties and will arrive at thermodynamic properties.

AnEQCS: p = f(R,T,V,Za,Zﬁ,---) -> Allows you to calculate Vi orv

Molar fraction of a in the
total mixture

From Maxwell relations:

Pva Pva
@, =eXp fo R;—I/P dapP @,y =€Xp fo R’Y‘f—l/P dP

- oV
Where: Va,Lorv = (ﬂ
ana T,P,nﬁ,a
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Vapor liquid equilibriums

Strategy 2: Equation of state (EOS) models

With activity coefficient models, we started by modeling a thermodynamic
property (Ge) and derived a volumetric property (Vg). With EOS models, we
start with volumetric properties and will arrive at thermodynamic properties.

AnECS: p = f(R,T,V,Za,Zﬁ,...) -> Allows you to calculate Vi orv

Molar fraction of a in the
total mixture

Note: Most EOS are P=f(V,T...) not V=f(RT...), but we can use another
Maxwell relation:

VLorV an

a

RTIng,, = [ (i) ~RT/V, | dV-RTIn
TPy nRT

PVLorV
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Choosing your thermodynamic
property estimation method

Do you have any polar
components in the system?

No Yes
}

Are the operating conditions
near the critical region of the
mixture?

Are there light gases or
supercritical components in
your system?

Use activity Use activity
coefficient coefficient model
model with Henry’s law

Source: Aspentech
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Thermodynamic relationships

Now we have:

- Pure component properties in ideal conditions
- Mixture properties in ideal conditions

- Mixture properties in real conditions

We have all the necessary thermodynamic relationships.
We can use these relations to construct the matrix Th, (for
stream a):

Tha(Y—;’Pa’Cpa,’ha’Zaa’Z/J’,a"") = O

Temperature Pressure Heat Enthalpy of Molar (or mass) fractions of
capacity stream a components o or § in the total
of stream mixture of stream a

An overall specification mgtrix Th is constructed by putting
together all of these stream matrices.

66
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Process Modeling

The approach:

‘| 2. Thermodynamic relationships:

1. Stream | calcutation:

properties . - Pgre componerllt pr.operties in ick.:al conditions
< - Mixture properties in ideal conditions

(ma, Vaa Pa, - Mixture properties in real conditions

Ta, Ha, Saa

Cpa...) | 3. Unit models:

“ Provides connectivity and unit-specific relationships

!

Heat and material flows
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Recall the total number of specifications needed for
streams:

N Specifications = streams,Q +N streams,W,, + 2N streams, W, N streams ,material (2 + N c)
This number of specifications can be reduced through unit
models:

- Mass balances

2. Thermodynamic relationships:
- Energy balances 1. Stream . .
- Momentum balances properties e vomdirane "

(ma' Va' Pa* - Mixture properties in real conditions
- Unit-specific relations | TaH. S. :
Cp,...) 3. Unit models:
Provides connectivity and unit-specific relationships
68
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Unit models

1. Balances:

Basic balance structure (mass, energy or momentum):

In — Out = Accumulation + Source

For continuous processes, there is no accumulation. For
total mass, energy or momentum balances, there is no
source:

In-Out =0

Momentum balances are used in specialized systems (including prominently in
atmospheric models).

Balances are the basis of connectivity in systems models!

69

Unit models

2. Unit models:

Unit models are the second category of equations within
Units. They define a relation that is specific to the unit in
question and usually introduce model parameters which

must be specified.

Example 1: Example 2:
W’ev = T’W/el /na =Nao + XnBSa
eversible Electrical Number of Number of | Selectivity
work moles of a
work moles of B | to a

Number of
moles of o
entering

the unit

Parameters are added to the total number of system variables.

70
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Unit models

Overall we have:

- Balance equations (mass, energy, momentum)
- Unit equations

These equations will form their own matrix U; (for unit i):

U,(T,, P hyses Py Py = 0

Temperature Pressure Enthalpy of Parameters for unit i
\ stream a |

Relevant stream variables

An overall specification matrix U is constructed by putting
together all of these unit matrices.
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Process Modeling

The approach:

2. Thermodynamic relationships:

1. Stream | calcutation:

properties B - Pgre componer?t pr.op.)erties in iq§al conditions
< - Mixture properties in ideal conditions

(ma, Va’ Pa’ - Mixture properties in real conditions

Ta, Ha’ Sa!

Cpa...) " 3. Unit models:

< Provides connectivity and unit-specific relationships

!

Heat and material flows

72

3/25/25

14



Now we have everything:

- Stream properties
- Thermodynamic relationships
- Unit models

matrix F:

Sa(E’Rl’ha,u’xa‘a’xﬁ‘u"“)
Sb(YTb’Pb’hu,b’xa‘b’xﬂ,b"“)

Tha(n’Pa’ha’Cpa’za,cl’zﬁ\,a"“)
F=| Th,(7,.F,.h,.Cp,.204-2p4----) |=0
U,(T,,F,,h,,...P,,P,,...)
U.(T,.P,.hys....P;,,P,,,..)

Process modeling

We can now build an overall set of equations represented by the

73

Requirements for solving
F:

- The matrix must be
square
- Number of variables must

equal the number of
equations F=

- The equations must be
independent

- Line and column
permutations must lead to
the placement of a nonzero
element on each diagonal
position

Process modeling

S.(T,, P, h, X, X 45--)

a’ "a,a®

Sh(Th,Pb,ha’h,xa,h,xﬁ,h,...)

Th (T,.P,.h,.CpP,. 2 012 45---)
Thb(Tb,Pba]’lb,Cpb,Za,b,Zﬁ’b,...)

U,(T,.P,. 1y, By, Py
U,(T,, P, hyes Py P00

Js
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Process modeling

IV S R S P |

a’*ta’Caa®

S,(T,, Pb’hu.b’xa.bvxpxb’---)

Th, (T, F, .1 CPys ZaasZpas)

Th, (T, P, 1y Cpyrzys 2ype) | =0 Overspecified
System
Ui(T,. B hyseis By B i)
U/(E’lehhw-vg/'.l’P,‘,z»-")
‘ There are too many

specifications

Underspecified System

- More specifications are required

75

Outline of Part 3

Objective: Cover the basic principles of Systems Modeling for a Renewable Energy
Process and be able to model a simple system.

Importance of Systems Modeling in Renewable Energy

Modeling systems

— Stream properties

— Thermodynamic relationships
— Unit models

Heat integration & Pinch Analysis
— Basic Principles
— Composite Curves
— The Heat Cascade and the Grand Composite Curve

Life Cycle Assessment
— Goal & Scope Definition
— Life Cycle Inventory
— Life Cycle Impact Assessment

Uncertainty Analysis & The Monte Carlo Method
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Energy integration

Energy integration is the concept of recovering and
valorizing heat within a process.

Energy integration shapes our current energy landscape

Without energy integration, several common products
would be significantly more expensive, including:

Gasoline

Petrochemicals

Electricity

Heating in certain cities or complexes

80

Energy integration

Source: Wikimedia commons
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Energy integration

For energy production the important question is: How
much energy do | need after a cost effective heat
recovery was performed?

Heat integration answers that question.

82
Pinch analysis
Definition: Pinch analysis is a systematic method for
performing heat integration (it can be performed by a
computer!).
Pinch analysis calculates:
- The minimum heating requirement} These define the
- . . minimum external
- The minimum cooling requirement requirements of the
process. Reaching
these minima depends
on economic factors...
Let’s begin with an example...
83
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Pinch analysis

An example:
Heater
20° FH\ 200°
Feed ~
Cooler
~ 50° /6\ 150°
Product ~

Reactor

This could be more efficient...

84

A slightly more efficient example:

20°

Pinch analysis

Heater

200°

®
Feed -
Heat
\AAANANAAAN
E
NMAAAAAAN
50° Cc}o\ler Exchanger 150°
< C
Product =

Reactor

By introducing a heat exchanger, we can recover some
of the heat, but how much?

85
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20°

Feed

o Cooler
S ©

Heat

Pinch analysis

Heater N
~ 200

Product

exchange

80°C to 60°C

Exchanger

Reactor

150°

How much heat can we recover? We are limited by:
- Temperature difference = the driving force of heat

You cannot heat water from 90 to 100°C with water that needs to be cooled from

- 1stlaw of thermodynamics: heat loads are conserved

You cannot heat 1kg of water from 90 to 100°C with 1 g of water that needs to be
cooled from 200°C to 190°C
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Pinch analysis
20° H%er 200°
Feed I/
Heat
Reactor
50° Cooler Exchanger 150°
Product
Heat load calculation:
T,
0 =/AH =fT CpdT =Cp (T, -T))
1 \
For a continuous )
process, we use Heat capacity Assuming a
enthalpy constant Cp (or
taking an
average Cp)
87
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Pinch analysis

1
Q=AH=Cp (T,-T)) «T,=T,+—AH
Cp
T2‘
g - Constant Cp
5
1
Heat load (kW) AH ]
88
Pinch analysis
1
I,=T,+—(AH,+AH)
Cp
Tgl
o
14
AII-|0 Heat load (kW) AH+AHg ]
89
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Pinch analysis

Cooling duty Heat recovery Heating duty
2504 S0KW 130 KW 50 kW |
__ 2001
o
o -
2 150 - For heat exchange
g reference enthalpy can
g 100+ be different
2
50+ —— Cold stream
----- Hot stream
L] L] L] L] >
50 100 150 200 250
Heat load (kW)
90
Cooling Heat Heating
2504  dutyA recovery\W dutyg
o
2
=]
©
[0}
Q
S
Q2
—— Cold stream
----- Hot stream
T T T T ™
50 100 150 200 250
Heat load (kW)
91
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Pinch analysis

250 4
__ 2001
o
E; 150 - We are trying to heat a
2 stream with another
g stream at a lower T°
g 100+ - Impossible!
2
50+ —— Cold stream
----- Hot stream
L] L] L] L] L} >
50 100 150 200 250
Heat load (kW)
92
Cooling duty Heat recovery Heating duty
2504 S0KW 130 kW 50 KW |
AT =0
200+ - requires an infinitely
5’3 large heat exchanger or
e an infinitely long heat
5 1507 exchange This is a limiting case
g It is not possible in
2 i ractice
g 100 P
@ -
501 —— Cold stream
----- Hot stream
T T T ™
50 100 150 200 250
Heat load (kW)
93
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Pinch analysis

Cooling duty Heat recovery Heating duty
2504 50 kW 130 kW 50 kW |
_ 200 4
oO
‘é’ 150 ATmin=20°C
=)
©
g
c 100+
|CI_.)
504 —— Cold stream
----- Hot stream
T ] ] Ll >
50 100 150 200 250
Heat load (kW)
94
Cooling duty Heat recovery Heating duty
2504 70 kW 110 kW 70 KW
_ 200
o
¢ 1501 T2
>
© AT nin is necessary
(0]
S 1004 but reduces
§ process efficiency
50+ —— Cold stream
----- Hot stream
T T T T ™
50 100 150 200 250
Heat load (kW)
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