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Abstract

This manuscript accompanies a Jupyter Notebook file and Python module used for a modeling
study assessing the economic, water, and carbon sustainability improvements to a commercial-scale
deisobutanizer. This study developed as part of a senior-level Chemical Engineering capstone design
class in Spring of 2026 at the University of Maryland to demonstrate how sustainability can be
quantified. The retrofit considered in this study consists of replacing the cooling water and low-
pressure steam utilities of the distillation unit total condenser and reboiler, respectively, with an
electric-powered heat pump that transfers heat removed by the condenser and upgrades it to heat
the reboiler. The retrofitted process uses less than 10% of the total power of the base-case design,
has a discounted cash-flow rate of return of over 40%, and results in significantly reduced CO2

production and essentially no water consumption when renewable electricity is used for the heat
pump system.

I. Introduction

The electrification and decarbonization of the Chemical Process Industries (CPI) is crucial to developing
the sustainable chemical product manufacturing processes necessary to reduce carbon dioxide emissions
and make best use of renewable resources. A wide range of approaches are being implemented or are
under investigation;1 to evaluate the e↵ectiveness of these new processes, methods to rigorously quantify
sustainability must be developed. While the sustainable use of renewable energy, water, and reduced
carbon sources are natural candidates for assessing sustainability, it is critical that new manufacturing
technologies also be economically sustainable to justify their implementation.

In this study, we consider the model-based sustainability retrofit of a deisobutanizer, a well-established
petroleum refining process unit that separates iso-butane from normal-butane and the alkylate in the
product stream of a sulfuric acid alkylation reactor. For the purpose of this study, we will not consider
the alkylate components and will focus on the binary separation of iC4 and nC4 to produce a relatively
pure iC4 distillate product that is recycled to the alkylation unit. The base case design for this study
largely follows that of Musumeci and co-authors2 for representative stream flow rates and compositions,
as well as process operating conditions.

While the relatively small normal boiling point di↵erences between iC4 and nC4 (⇡ 10 K) will result in a
large number of distillation stages, the close enthalpy of vaporization values for the two C4 components
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as well as the favorable reboiler and condenser operating temperatures makes this process a good
candidate for using a heat pump system for heating the reboiler with thermal energy extracted from the
condenser. This retrofit would replace the conventional cooling water and low-pressure steam utilities
of the tower condenser and reboiler respectively. How this potential retrofit would impact the process
economic, carbon, and water resource sustainability measures will be quantified in this study.

A. Heat pumps in the CPI

There is a significant literature on the design and implementation of heat-pump assisted distillation
(HPAD). Jana (2014)3 provides a review of HPAD studies, classifying the range of applications into
mechanical and adsorption categories; in mechanical designs, the column distillate is compressed and
used to provide reboiler heat, or the bottoms product is flashed to reduce its temperature to cool
the condenser. External vapor recompression systems (used in this study) also can be considered in
this category. Adsorption processes are based on using the heat of absorption/desorption of a working
fluid into an absorbing substance in a separate closed-loop system. The cited work also reviews batch
distillation operations.3

Bruinsma and Spoelstra (2010)4 point out that most applications of HPAD are limited to applications
where the column temperature di↵erences are 30 �C, but that more recent heat integration and novel
heat-pump technologies can extend the temperature range feasible for HPAD applications.

Cristian and Ahn (2016)5 examine the process control issues associated with HPAD systems, in particular,
distillation column pressure control and compressor surge protection.

On pages 122-123 of Towler and Sinnott (2013),6 heat-pumps for raising low-grade heat from a distil-
lation column condenser to be used in the tower reboiler are briefly discussed. Two configurations are
given (in Fig. 3.12 of the cited work) illustrating the use of an external heat-pump working fluid circuit
as well as a design that uses column fluid as the working fluid. A Coe�cient of Performance

CoP =
energy delivered at higher temperature

energy input to the compressor

is given by the authors together with a number of references.

Finally, in the recent white paper of Farquet (2024),7 a brief examination of CoP versus distillation
temperature di↵erence is given, together with a case study of the economic and carbon sustainability of
HPAD systems.

II. iC4/nC4 VLE and physical properties

All calculations carried out in this study were performed using the Python programming language; the
computations themselves are contained in the Jupyter Notebook DIBnotebook.ipynb and the methods
and classes used in the notebook calculations are contained in the DIBmodule.py Python module.

The thermophysical property data for the chemical species of this study are attributes of our species
class and are listed in Table 1 with data taken from the NIST Chemistry WebBook.8

Table 1: Thermophysical property data for the butane species evaluated at 300 K.

Name Formula MW Cp (vap) Cp (liq) �Hvap Antoine coe↵
g mol�1 J mol�1 K�1 J mol�1 K�1 J mol�1 [A,B ,C ]

nC4 C4H10 58.1222 98.95 132 22900 [4.35576, 1175.581, -2.071]
iC4 C4H10 58.1222 97.15 130 21500 [4.3281, 1132.108, 0.918]
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where the list of Antoine equation coe�cients [A,B ,C ] are used to compute species vapor pressure with

ln10 P
vap = A� B

T + C
with Pvap in bar and T in K

Instantiating the nC4 and iC4 species objects using the data of Table 1, we can use the vapor pressure
method of the species class to find at T = 300 K

nC4.pVap(T = 300), iC4.pVap(T = 300) =) 327, 368 kPa

and so clearly iC4 is the light key of this binary separation problem.

A. Bubble- and dew-point calculations

Bubble- and dew-point calculations are carried out using the bubbleDew(P,x,spObjA,spObjB) method
where the spObjA and spObjB objects for this study correspond to the iC4 and nC4 species instances,
respectively. The bubble/dew-point temperature T for the given pressure P and liquid-phase mole
fraction corresponding to species A is found from the solution of the nonlinear equation (in T )

xPvap

A
(T ) + (1� x)Pvap

B
(T ) = P (1)

using a Newton procedure.

B. Relative volatility

After the convergence of the above calculation, we can compute the corresponding yiso (iC4 vapor mole
fraction) at T using Raoult’s Law:

Pyiso = xisoP
vap

iso
(T )

with the analogous relationship for nC4 to find

yiso
xiso

=
Pvap

iso
(T )

P
and

ynor
xnor

=
Pvap
nor (T )

P

We now consider the definition of relative volatility, a useful way to define an equilibrium relationship
P versus x , y of the form y = Eq(x), which is an implicit function of T and is defined by a constant
total pressure P

Pvap

iso

Pvap
nor

= ↵ =
yiso/xiso
ynor/xnor

=
yiso/xiso

(1� yiso)/(1� xiso)
=

yiso(1� xiso)

xiso(1� yiso)
so yiso =

↵xiso
1 + (↵� 1)xiso

Subsequently in this report, x and y will denote the light key iC4 mole fractions to clarify that subscripts
refer to composition location (e.g., column equilibrium stage or stream).

The relative volatility ↵ is a function of T ; however, because of the limited T di↵erence between
the reboiler and condenser for our DIB system, we can compute ↵ as the average over the expected
temperature range. Following the tower operating values of the Ascent Engineering study,2 the tower
pressure (assuming no pressure di↵erences in our system)

Ppsia = 83 + 14.7 psia

Pbar = 6.73 bar

P = 673, 000 Pa
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and so at this operating P ,

↵ = DIBmodule.relVol(P = P)

= 1.37

averaged over the temperature range corresponding to x 2 [0, 1] at the specified operating pressure P .
This relative volatility and column pressure will be used for the remainder of this study. The resulting
y versus x equilibrium curve is shown in Fig. 1.

Figure 1: y versus x equilibrium curve at the specified pressure P , relative volatility ↵, and the resulting
temperature T range

III. Column feed, product, and internal/external flow rates

The streams for the DIB distillation process are shown in Fig. 2 based on the flowsheet of the Ascent
Engineering study;2 this study also provided the stream flow rates (in b/sd) for the tower feed F , the
distillate D (labeled iC4 recycle in the cited work), the nC4 of the columns bottoms product B , and the
tower reflux LA (we use the notation LA to distinguish the Ascent report reflux to the value we use that
is based on the calculated minimum reflux). Again, it is important to note that we do not include the
alkylate as a process unit chemical component. Converting the flow rates to mol/s, the flow rates are
summarized in Table 2.

Table 2: Base-case process flow rates taken from the Ascent Engineering study.2

Stream Flow rate (mol/s)
F 691
D 623
B 68
LA 269

Note that a quick check of D + B � F = 0, verifying the overall material balance of the cited study.
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n=nF

n=nF+1

n=nF-1

n=N-1

n=0

D, xD

yN-1

F, z, q

B, xB V, x0

L

condenser

reboiler

Figure 2: DIB tower notation

Likewise, condenser and reboiler duties are given2 and e↵ectively match our calculations later in this
report.

..1 Additional base-case design parameters

To complete specification of the base case process,

1. we assume the feed enters as a saturated liquid at the column operating pressure giving q = 1 as
the feed quality

2. based on typical sulfuric acid alkylation reactor e✏uent composition, we take z = 0.86 as the feed
stream iC4 mole fraction

3. likewise, because the alkylation process benefits from higher-purity iC4 recycle, we take xD = 0.95
as the DIB tower distillate composition

4. with a global material balance on iC4, the bottoms composition is found to be

BxB = Fz � DxD

xB = 0.036

For future use we provide the global material balances as

moles s�1 in = moles s�1 out

F = D + B

Fz = DxD + BxB

the reflux r and boil-up b ratios

r =
L

D
b =

V

B
and the distillate and bottoms balances

D + L = V + (1� q)F

V + B = L+ qF
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A. Column operating lines

Crucial to our later analysis of the process reflux ratio and the McCabe-Thiele design of the column
stages, we define the column rectifying and stripping operating lines (for all values of q) using material
balances over the column top and bottom, respectively

rectifying: y =
L

D + L
x +

D

D + L
xD (2)

stripping: y =
V + B

V
x � B

V
xB (3)

and so the values of (x , y) satisfying these operating lines are the liquid and vapor phase compositions
of the streams passing between the stages.

B. Minimum reflux ratio and resulting internal flows L and V

In our base-case simulation of the DIB process, we found the using the given2 reflux LA , the bottoms
purity specification xB could not be attained. Instead, we computed L based on the minimum reflux
Lmin from the intersection of the column rectifying operating line (2) and the equilibrium curve Fig. 1
at the feed composition x = z for our case of q = 1:

yF = xD +
Lmin

D + Lmin

(z � xD) =
↵z

1 + (↵� 1)z

so, even though q = 1, vapor in equilibrium with the saturated liquid feed of composition x will have
vapor-phase iC4 mole fraction yF

Lmin

D + Lmin

=
1

z � xD


↵z

1 + (↵� 1)z
� xD

�
= �

Lmin =
D�

1� �

Using our base-case flow rates and stream compositions, we find

Lmin = 1036 mol/s

and so using the Towler and Sinnott6 recommendation of L = 1.15Lmin we find L and the reflux ratio r
as

L = 1192 mol/s and r = 1.912

The column vapor flow rate V is computed from either the overhead or bottoms balances

D + L = V + (1� q)F

V + B = L+ qF

so V = 1816 mol/s

IV. Column stage-by-stage design

A. McCabe-Thiele analysis

Compute the q line and find its intersection with the rectifying (2) and stripping (3) lines, we set the
two operating lines equal to obtain

L

D + L
x +

D

D + L
xD =

V + B

V
x � B

V
xB
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Because we currently limit our column designs to q = 1, the resulting V = D + L gives

Lx + DxD = Vx + Bx � BxB

which can be rearranged to
(L� V � B)x = �DxD � BxB = �Fz

and so we find the expected result

x = z for B + V = L+ qF and q = 1

Figure 3: DIB tower McCabe-Thiele analysis illustrating the stripping (left) and rectifying (right) stages.

Plotting the y � x equilibrium curve and the operating lines that intersect x = y at xD and xB , we can
count the stages in the rectifying section downwards from xD (Fig. 3 right), crossing the q line to the
stripping section (Fig. 3 left) and stopping after xB is crossed. At a result, we find the number of stages
in the rectifying section NR , the location of the feed tray nF , and the number of stages in the stripping
section (not including the feed tray) NS and total number of equilibrium stages N as

NR = 9, nF = 26, NS = 26, N = 36

where, as seen in Fig. 2, n = 0 denotes the bottom stage and n = N � 1 the top. It is interesting to
compare these results to the study of Ascent Engineering2 corresponding to N = 57 stages above their
side reboiler and nF = 50, truncating the column below the side reboiler draw and return.

B. Tray-by-tray material balances

With the column flow rates D, B , L, V , and F defined, together with the column stage design parameters
NR , NS , nF , and N, and q and ↵, we can write a tray-by-tray material balance using the tray compositions
xn, n = 0, 1, ... ,N � 1 as well as the VLE relationship E (xn, yn) for each stage n. Similar to the binary
distillation column model presented in Morari and Zafiriou (1989),9 but at steady state, starting with
the bottom stage and moving up:

Bottom tray n = 0
0 = (L+ qF )xn+1 � Bxn � Vyn
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Stripping section trays n = 1, ... , nF � 1

0 = (L+ qF )xn+1 + Vyn�1 � (L+ qF )xn � Vyn

Feed tray n = nF

0 = Lxn+1 + qFzL + Vyn�1 � (L+ qF )xn � (V + (1� q)F )yn

noting that the feed liquid composition zL = z when q = 1 (more details are provided in the supple-
mentary materials).

Tray above feed location n = nF + 1

0 = Lxn+1 + (1� q)FzV + Vyn�1 � Lxn � (V + (1� q)F )yn

again noting that the feed vapor composition zV is not needed when q = 1.

Rectifying section trays n = nF + 2, nF + 3, ... ,N � 2

0 = Lxn+1 + (V + (1� q)F )yn�1 � Lxn � (V + (1� q)F )yn

Top tray n = N � 1

0 = Lyn + (V + (1� q)F )yn�1 � Lxn � (V + (1� q)F )yn

The residuals corresponding to each stage vapor-liquid equilibrium (VLE) relationship for n = 0, ... ,N�1
are

0 = yn �
↵xn

1 + (↵� 1)xn

B..1 Newton-Raphson solution procedure

The combination of the N stage material balances and the N VLE relationships results in 2N linear and
nonlinear equations to solve for the 2N liquid and vapor compositions, written as

w =


x

y

�2N⇥1

Computing the Jacobian array J
2N⇥2N as the derivatives of all the material balance and VLE equations

with each element of w, the Newton-Raphson iteration procedure can be written as

w
⌫+1 = w

⌫ � J|�1
w⌫ w

⌫

where ⌫ is the algorithm iteration number.

The algorithm demonstrates the expected quadratic convergence when the initial solution estimate w⌫=0

is carefully selected - the algorithm demonstrates surprising sensitivity to the initial solution estimate
- this phenomenon is worth further study. The solution of the tray-by-tray model is plotted in Fig. 4,
illustrating the excellent match with McCabe-Thiele results.

It is important to point out that the McCabe-Thiele analysis requires xD and xB design values, re-
sulting in an exactly specified distillate composition xD and x0  xB ; we note that the stage-by-stage
material/balance VLE model does not and results in

x0 = xB = 0.033 yN�1 = xD = 0.95
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Figure 4: DIB tower tray-by-tray vapor and liquid compositions.

V. Process utilities

..1 Total reboiler, total condenser duties

Our process design specifies a total condenser and a total reboiler (so neither acts as an equilibrium
stage), and so given the composition of the column overhead xD = yN�1 and bottoms product xB = x0,
the heat of vaporization of the two streams are given as

�Hvap

D
= (iC4.delHvap)xD + (nC4.delHvap)(1� xD)

�Hvap

B
= (iC4.delHvap)(1� xB) + (nC4.delHvap)xB

in J/mol. These enthalpies of vaporization then are used in computing the condenser and reboiler duties

Qcond = �(L+ D)�Hvap

D

Qreb = [V + (1� q)F ]�Hvap

B

noting that for this study q = 1; both duties have units of W. Incorporating these calculations in the
column.utilities() method, we find

Reboiler, condenser duties: 41.5, -39.2 MW

It is interesting to compare our calculated reboiler and condenser duties to those of the Ascent Engi-
neering study2 who listed the following

reboiler duty: 75.0 MMBTU/hr or 22.0 MW
condenser duty: -82.2 MMBTU/hr or -24.1 MW
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results which are considerable lower in magnitude compared to our calculations; however, this makes
sense because of the significantly di↵erent values of L (and subsequently V ) used in our simulations.

..2 Condenser operating costs

Given the condenser duty Qcond , the cooling water flow rate required by the condenser can be calculated
based on a cooling water temperature rise Trise = 10 K as

CWflow = � Qcond

CpTrise

= 937.3 kg/s or 0.937 m3/s

with Cp = 75.3/(18.015/1000) = 4180J kg�1 K�1 for liquid water at 300 K from the NIST WebBook.8

The current cost of the cooling water is estimated using the correlations of Ulrich and Vasudevan;10 we
will base our utility costs on (1) the assumption that the process unit was built during the (grassroots)
construction of the overall petrochemical plant and (2) that the CW and steam requirements of the DIB
unit are a fraction of the utility demands of the entire plant. Furthermore, cooling water cost assumes
CW is available at 30 �C, grass-roots plant, and a maximum (10 m3/s) capacity. This gives the unit
cost

CWcost =

✓
0.00007 +

2⇥ 10�5

10

◆
PCI + 0.003CSF USD m�3

with the CE Process Cost Index taken as PCI = 800 and the fuel-price factor CSF

CSF = 5.33 USD/SF for natural gas11

= 5.33/1000(35.3147)/39(1000) = 4.826 USD/GJ

Given the CWflow and unit price, we find the condenser cooling water operating cost to be

Total CW cost: 5836 USD/sd

..3 Reboiler operating costs

The base-case reboiler will be heated using low-pressure (10 psig) saturated steam which will have a
temperature of 115.2 �C and a heat of vaporization �Hvap

LPS
= 2.215 MJ/kg. Thus, the required steam

flow to the reboiler is simply

LPSflow =
Qreb

�Hvap

LPS

= 18.74 kg/s

Under the assumption of a centralized steam production facility operating at full capacity,

LPScost = 2.3⇥ 10�5
�
40�0.9

�
PCI + 0.0034P0.05CSF USD/kg

where P = 0.69 barg for 10 lb steam. Given the LPSflow and the unit price, we find the reboiler
low-pressure steam operating cost to be

Total steam cost: 27,156 USD/sd

VI. Heat-pump design

..1 Reboiler and condenser operating temperatures

We use the bubble/dew-point equation (1) to find the temperature corresponding to the condensing
vapor with composition yN�1 and the boiling bottoms product with composition x0 to find
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Treb, Tcond : 334.9, 323.1 K

Given our 10 K minimum approach temperature, we can set the heat pump system working fluid
temperatures in the reboiler TH and the condenser TC as

TH , TC : 345, 313 K

Additionally, because the working fluid (in this study, nC4) is undergoing a phase change in both the
condenser and reboiler at TC and TH respectively, the pressure of each corresponds to the vapor pressure
nC4.Pvap(TC) and nC4.Pvap(TH)

PH , PC : 8.5, 3.8 bar

..2 Minimum shaft work

We observe the di↵erence of approximately 2 MW in the two duties; this means we will slightly undercool
our condenser or slightly overheat our reboiler. For now, let us use an average value

Qtransfer =
41.5 + 39.2

2
= 40.34 MW

With Qtransfer and TH , TC , we can immediately determine the minimum amount of power needed for
our heat pump system based on the Carnot e�ciency

WS(min) = Qtransfer

✓
TH � TC

TH

◆
= 3.74 MW

so this looks very promising in that less than 10% of Qtransfer of electrical power is needed to upgrade
heat removed in the condenser to be used in the reboiler.

A. The vapor-compression cycle

We now examine the vapor compression cycle to more accurately determine the compressor shaft work
requirement and working fluid flow rate - note the transition from functional to more equipment specific
calculations in our design life cycle (see the discussion in the Conclusions section of this report). We
start at the point (a) in the cycle where the working fluid (in this case nC4) leaves the condenser (not
the column distillate!) as saturated vapor at temperature TC and pressure PC = Pvap(TC ).

As Step 1 we isentropically compress the working fluid to the pressure PH to reach point (b), the
working fluid feed to the reboiler, where the resulting temperature of the superheated working fluid is
� TH

In Step 2, the superheated working fluid first is cooled to a saturated vapor at temperature TH , providing
a small amount of heat; the subsequent phase change back to a saturated liquid point (c) at TH and
PH

In Step 3, the saturated liquid (c) is expanded through a throttle valve, forming a 2-phase fluid (d) at
TC and PC

Evaporation of the liquid phase of (d) takes place in the condenser (again, we refer to the process
condenser) to return the working fluid to point (a) in Step 4

Because the latent heat e↵ects far outweigh sensible heat changes, we can use this information to
determine the molar flow rate ṁwf of the working fluid and subsequently its cost (if significant).

Thus, we have the ṁwf calculation based on using nC4 as the working fluid and summary of the vapor
compression cycle as follows.
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A..1 Working fluid flow rate ṁwf

Because of our choice of nC4 as the working fluid, we have approximately ”equi-molar” condensa-
tion/evaporation rates in both the reboiler and condenser - this leads to

ṁwf = D + L

for the condenser and for the reboiler

ṁwf = V = 1816 mol/s

which, of course, are equal for our constant-molar overflow distillation process.

A..2 Vapor-compression cycle shaft work

Taking the specific heat ratio Cp/Cv for nC4 as

� = 1.1

we find the temperature Tb after isentropic compression (point (b) of the heat pump cycle) as

Tb = TC

✓
PH

PC

◆(��1)/�

and so Tb: 337.0 K

which is close to but slightly less than TH = 345 K - we will revisit this calculation after the actual
compressor power requirement is computed. We compute the resulting shaft work for the cycle as

WS(cycle) = ṁwf [nC4.Cp vap](Tb � TC ) = 4.3 MW

which given a typical compressor e�ciency of 65% means that

WS(cycle, irrev) = 6.6 MW

Because of the irreversible nature of the true compression process. 6.6 � 4.3 = 2.3 MW of work is
dissipated and leads to further heating of the working fluid, raising its temperature by �Tirrrev or

�Tirrrev =
[WS(cycle, irrev)�WS(cycle)]

ṁwf [nC4.Cp vap]
= 12.9 K

and so the true temperature of the working fluid after compression is

Tb,irrev = 349.9 K

which, indeed, is slightly greater than TH and is consistent with the temperatures and pressures of the
other points in the vapor compression cycle.

A..3 Compressor electrical energy and capital costs

To be consistent with the cooling water and low-pressure steam costs, we again use the correlations
given in Ulrich and Vasudevan10 assuming electrical power is purchased from an o↵-site source:

Eleccost = 1.3⇥ 10�4PCI + 0.010CSF USD/kWh
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and so

Electrical energy cost: 0.1523 USD/kWh
Compressor operating cost: 24,240 USD/sd

Following Towler and Sinnott,6 the compressor capital cost is determined by

a = 580000

b = 20000

n = 0.6

CTCI =


a+ b

✓
WS(cycle, irrev)

1000

◆n�✓PCI

533

◆
= 6.765⇥ 106 USD

Subtracting the compressor operating cost from the original condenser and reboiler operating costs

Annual (350 sd) savings: 3.06⇥ 106 USD

VII. Sustainability analysis

A wide range of potential sustainability metrics are possible; for this study, we will focus on economic,
water, and carbon sustainability. Because this is a retrofit, and not a grass-roots project, sustainability
is more meaningfully measured as the di↵erence between the modified and base-case processes.

A. Economic sustainability

We base our quantification of economic sustainability on the following assumptions

1. Total capital investment CTCI is made at the start of year 1; this represents a negative cash flow

2. Net revenue S is accounted for at the end of each year

3. Net revenue for a retrofit project is relative to prior process operation costs

4. We assume a L = 20 year project life

5. Decommissioning takes place at the end of year L

6. Depreciation will be neglected in this analysis

The cash flow for this project: CTCI = 6.765 ⇥ 106 USD (shown as a negative value) and the annual
utility cost savings generated by the heat-pump retrofit S = 3.06⇥ 106 USD are plotted in Fig. 5 (top).

Our economic analysis, an iterative calculation that determines the interest rate value ie↵ , is used to
calculate the discount factors to determine the present worth P of a future cash flow F

P =
F

(1 + ie↵ )n
n = 1, 2, ... , L

Thus, we compute the cumulative cash flow as

CFcumu = �CTCI + · · ·+ S

(1 + ie↵ )n
n = 1, 2, ... , L

and plot the values of CFcumu(n) in Fig. 5 (bottom) corresponding to a value of ie↵ that results in zero
cumulative cash flow at the end of the project life L.
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Figure 5: Cash flow (CF) over the project 20-year life (top); cumulative discounted cash flow net present
value for the designated internal rate of return (IRR) (bottom).

A..1 What does this economic analysis mean?

1. The Discounted Cash Flow (DCF) corresponds to the net present value (NPV) of cash flows over
the life of a project at a specified e↵ective interest rate ie↵ - think of the example of ie↵ being
equal to the expected inflation rate. A positive NPV indicates this investment will not lose money.
Alternatively, ie↵ can represent a guaranteed rate of return (e.g., U.S. treasury bonds currently
at 4.35% for 10-year notes) and so a positive NPV of an investment at that rate is potentially
better than the guaranteed rate.

2. The Internal Rate of Return (the IRR - for our example given in the figure title) corresponds to
the the discount rate ie↵ that results in zero NPV for a project; it may be a more e↵ective way
to compare the economic sustainability of projects of di↵erent cash flows and project lengths by
indicating the expected annualized return for di↵erent projects. In other words, an investor would
need an alternative that exceeds a project’s IRR to reject the project under consideration.

B. Water sustainability

We base our quantification of water sustainability on the following assumptions

1. The cooling water (CW) loop for the condenser in the base-case design recycles cooling water and
so only consumes water as make-up for the evaporation that takes place in the cooling tower(s)
where evaporation is the primary cooling mode

2. Water also is consumed in the low pressure steam cycle, where 2-10% (by weight) of the boiler
feed water is purged as boiler blowdown to prevent the accumulation of minerals and other
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contaminants; we note that the blowdown constitutes a waste stream, but omit its disposal costs
in this analysis

Data for a sample water sustainability calculation is as follows, starting with the cooling-water loop;
note that water make-up costs have been accounted for in the earlier cooling water and low-pressure
steam costs and so the economic sustainability analysis is una↵ected by the water (and carbon which is
next in our analysis) sustainability calculations.

For water at room temperature8

�Hvap

water = 44, 000J/mol

so

CWevap =
|Qcond |
�Hvap

water

18.02(3600)(24)350

(1000)(1000)
= 485, 182 metric tons/y

Given the range of boiler feed water blow-down rates, we will choose an average value of 5% (by weight)
of the previously computed 10 lb steam flow rate of 18.74 kg/s to find

BFWbd = 0.05
18.74(3600)(24)350

1000
= 28, 335 metric tons/y

Given a typical US household consumption of 415 metric tons/y of water, the makeup water savings
generated by the heat pump retrofit is

US household water consumption equivalents: 1237

C. Carbon sustainability

We base our quantification of carbon sustainability on the following assumptions

1. CO2 is produced in the combustion of natural gas to produce steam for the reboiler (10 lb steam is
frequently produced by high-temperature process heating requirements and steam turbine exhaust;
as such, it may be considered waste steam, but we will account for it as being produced in a gas-
fired boiler

2. A small purge stream is drawn from the DIB tower overhead to prevent the accumulation of
non-condensibles; the stream is then sent to a flare stack producing CO2. We assume relatively
impurity free tower feed and so take our purge molar flow rate to be 1% of V + (1� q)F

Data for a sample carbon sustainability calculation consists of the enthalpy of combustion (CH4 + 2O2

! CO2 + 2H2O) for methane is
�Hc = 890, 000 J/mol

so

CO2mol/sd =
Qreb

�Hc

3600(24) mol/sd and CO2mt/y =
CO2mol/sd(350)(44.01)

1000(1000)
metric tons/y

Daily reboiler steam CO2 production: 4,029,610 mol/sd
Annual reboiler steam CO2 production: 62,070 metric tons

We compare this CO2 production rate to the 4 to 5 metric tons CO produced by a typical automobile
annually; using the lower value, we find our CO2 emissions reduction generated by the heat-pump retrofit
to be equivalent to
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US internal combustion cars taken o↵ the road: 15,518

Finally, regardless of whether we are considering the base-case or heat-pump design, the small purge to
the flare results in the following CO2 emissions; with V our previously calculated column overhead flow
rate (for q = 1)

CO2flare = 0.01V
3600(24)(350)(44.01)

1000(1000)

Annual flare CO2 production: 24,172 metric tons

With this, we can define a degree of decarbonization deC made possible with the heat-pump retrofit as

deC = 1� CO2flare
CO2flare + CO2mt/y

= 0.72

where deC ! 1 is our carbon sustainability objective.

VIII. Conclusions

This study, based on a Chemical Engineering senior capstone design project, follows a structured design
process starting with a detailed base-case analysis of a commercial-scale deisobutanizer, comparing the
column operation to a proposed retrofit that replaces the low-pressure steam and cooling water utilities
with an electrically powered heat pump that upgrades heat extracted in the condenser to be used in
the column reboiler. An import contribution of this project is the definition of multiple sustainability
metrics appropriate for assessing process retrofit operations. In this example, we find significant process
economic sustainability improvements generated by the retrofit, together with lower CO2 production
and the elimination of all water consumption.
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Figure 6: Project lifecycle “V” diagram; as a Chemical Engineering capstone design project, the evolution
of the project design process starts with Stakeholder identification at the top left and proceeds downwards
through the System Functional Review (SFR) and the Preliminary Design Review (PDR), culminating
in the final Critical Design Review (CRD).

The process development approach taken fits naturally into a Systems Engineering project lifecycle
model (Fig. 6). In terms of this “V” model, the project design process starts with Stakeholder identifi-
cation and Stakeholder needs at the top left of the project lifecycle model. Specific project deliverables
include the development of a high-level Concepts of Operations (ConOps) document that defines the
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process/product system of interest, stating the purpose of the SOI at its highest level of abstraction; it
is critical that the document described what the SOI does and not how it is done. Validation criteria
can also by synthesized at this point, some of which may be the in the form of general sustainability
criteria. The ConOps document can be used to provide information to potential project investors.

The design proceeds downwards through the System Functional Review (SFR); in the context of a chem-
ical process design problem, this design step focuses on functional (equipment agnostic) design aspects
of the process design; by focusing on major process stream flows, reaction processes, at heat/power
requirements, potential design alternatives are not lost early in the design process.

Based of the most significant process elements uncovered in identifying System Requirements, prelimi-
nary design activities that include short-cut equipment designs used for tradeo↵ analysis. Sustainability
criteria can continue to the verification tests developed. Detailed designs (including process economics
analysis) based on each design team’s PDR are finally developed in the Detailed Design step producing
the final Critical Design Review (CRD).
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Supplementary material

Feed stream flash

We determine the composition of the feed stream state(s) from the specified feed liquid fraction (quality)
q 2 [0, 1] and total light key mole fraction z . Note that this is not needed if q = 1; the calculations are
included for cases where q 6= 1.

light key feed stream balance zF = zV (1� q)F + zLqF

so z = zV (1� q) + zLq

and zV = ↵zL/[1 + (↵� 1)zL]

(z � zLq)/(1� q) = ↵zL/[1 + (↵� 1)zL]

(z � zLq)[1 + (↵� 1)zL] = ↵zL(1� q)

z + (↵� 1)zzL � zLq � (↵� 1)qz2
L
� ↵zL + ↵qzL = 0

[�(↵� 1)q]z2
L
+ [(↵� 1)z � q � ↵+ ↵q]zL + z = 0

so

zL =
↵� (↵� 1)(z + q)±

p
[(↵� 1)(z + q)� ↵]2 + 4(↵� 1)qz

�2q(↵� 1)
=

↵� (↵� 1)(z + q)±
p
�

�2q(↵� 1)

Because the denominator always is  0, the numerator also must be non-positive. If ↵�(↵�1)(z+q) <
0, we see that

↵� (↵� 1)(z + q) +
p
� � 0

↵� (↵� 1)(z + q)�
p
�  0

so clearly the �
p
� root is physically meaningful. If ↵� (↵� 1)(z + q) > 0, then again, the �

p
� is

the only physically meaningful solution.

Because ↵ > 1 for a meaningful separation process, the denominator can only approach 0 as q ! 0. In
this case we have a saturated vapor feed stream with zV = z and so by our constant-↵ dewpoint VLE
relationship,

z = ↵zL/[1 + (↵� 1)zL]

z [1 + (↵� 1)zL] = ↵zL

z(↵� 1)zL � ↵zL = �z

zL = z/[↵� z(↵� 1)]

These calculations are found in the feedFlash() function in Python module.



19

Jupyter Notebook: DIBnotebook.ipynb



DIBnotebook

May 27, 2026

A deisobutanizer heat-pump retrofit for improved economic, water, and carbon sustainability

Based on a Spring 2026 ChE capstone design project of Raymond A. Adomaitis, Department of
Chemical and Biomolecular Engineering, Institute for Systems Research, University of Maryland.
Contact: adomaiti@umd.edu

[1]: import math
import pylab
import numpy as np
import matplotlib.pyplot as plt
from matplotlib.ticker import MaxNLocator
import DIBmodule as dm

[2]: nC4 = dm.species(name='nC4',formula='C4H10',MW=58.1222,Cp_vap=98.95, \
Cp_liq=132,delHvap=22900,AntoineCoeff=[4.35576, 1175.581, -2.071])

nC4.display()
out = nC4.Pvap(300)
print('Pvap:',int(out[0]),'Pa')

Name: nC4
Formula: C4H10
MW: 58.1222 g mole^-1
Boiling pt: 272.3 K
Pvap: 256990 Pa

[3]: iC4 = dm.species(name='iC4',formula='C4H10',MW=58.1222,Cp_vap=97.15, \
Cp_liq=130,delHvap=21500,AntoineCoeff=[4.3281, 1132.108, 0.918])

iC4.display()
out = iC4.Pvap(300)
print('Pvap:',int(out[0]),'Pa')

Name: iC4
Formula: C4H10
MW: 58.1222 g mole^-1
Boiling pt: 261.0 K
Pvap: 368060 Pa

Relative volatility
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[4]: Ppsia = 83 + 14.7 # psia
Pbar = Ppsia*101325/14.7/100000
P = Pbar*100_000 # Pa
print('P, bar:',round(Pbar,2))
alpha = dm.relVol(P=P) # relative volatility
print('alpha:',round(alpha,2))

P, bar: 6.73
alpha: 1.37

[5]: xi_plot = np.linspace(0,1,20)
yi_plot,yi_alp,T_plot = [],[],[]
for xi in xi_plot:

T,yi = dm.bubbleDew(P,xi)
yi_plot.append(yi)
yi_alp.append(alpha*xi/(1+(alpha-1)*xi))
T_plot.append(T)

fig,axis = plt.subplots(figsize=(5,4))
axis.set(xlabel='$x$')
axis.set(ylabel='$y$')
lText = 'P: '+str(round(P/100000,2))+' bar'
plt.plot(xi_plot,yi_plot,label=lText)
plt.plot(xi_plot,yi_alp,'go',label='$\\alpha=$'+str(round(alpha,2)))
plt.plot([0,1],[0,1],'r--',label='y = x')
plt.title('T: '+str(round(T_plot[0]-273,1)) \

+' to '+str(round(T_plot[-1]-273,1))+' deg C')
plt.grid()
plt.legend()
plt.savefig('yixi.pdf')
plt.show()
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0.0.1 McCabe-Thiele

[6]: rho = 9494 # liquid iC4 mol/m^3
rho *= 0.159 # mol/bbl
D = rho*35700/24/3600 # mol/s distillate (iC4 rich)
B = rho* 3900/24/3600 # mol/s bottoms (nC4 rich)
F = rho*(56800-17200)/24/3600 # mol/s feed
L = rho*15400/24/3600 # mol/s reflux (from our design reference)
print('Based on DIB operating data of AscentDIB1996:\n', \

'\nD,B,F,L:',int(D),int(B),int(F),int(L),'mol/s', \
'\nD+B-F:',int(D+B-F),'mol/s')

Based on DIB operating data of AscentDIB1996:

D,B,F,L: 623 68 691 269 mol/s
D+B-F: 0 mol/s

[7]: q = 1 # assume saturated liquid feed
z = 0.86 # feed iC4
xD = 0.95 # required iC4 purity
xB = (z*F - xD*D)/B
print('xB:',round(xB,3))
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xB: 0.036

[8]: Gamma = ( alpha*z/(1+(alpha-1)*z) - xD )/(z-xD)
Lmin = D*Gamma/(1-Gamma)
print('Lmin (mol/s):',int(Lmin))
L = 1.15*Lmin # recommendation of Towler and Sinnott (2012)
rNom = L/D # reflux ratio
print('nominal reflux ratio:',round(rNom,3))
V = D + L - (1-q)*F
print('V,L based on Lmin:',int(V),int(L),'mol/s')
V = L - B + q*F
print('check, V:',int(V),'mol/s')

Lmin (mol/s): 1036
nominal reflux ratio: 1.912
V,L based on Lmin: 1816 1192 mol/s
check, V: 1816 mol/s

[9]: NR,NS,N,nF,xEq,yEq = dm.McCabeThiele(L,D,B,V,xD,xB,z,alpha)
print('NR,NS,N,nF:',NR,NS,N,nF)
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NR,NS,N,nF: 9 26 36 26

0.0.2 Stage-by-stage column simulation

[10]: DIB = dm.column(D,B,F,z,q,rNom,P,alpha,N,nF,name='DIB tower')
rNom = 1.15*DIB.r_min()
# check rNom against earlier calculation
print('Nominal reflux ratio:',round(rNom,3))
DIB.r = rNom
DIB.display()

Nominal reflux ratio: 1.912

Specifications for DIB tower
D,B,F mol/s: 623.7 68.1 691.9
D+B-F (overall molar balance) mol/s: 0.0
z,q: 0.86 1
N,nF,r: 36 26 1.912
alpha: 1.37
No column internal flows V,L

[11]: DIB.updateSolution(w=[],verbose=True)
DIB.display()
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iter,||update||: 0 1.7756207285304235
iter,||update||: 1 1.3752491767485362
iter,||update||: 2 0.9560754441771431
iter,||update||: 3 0.2141942726916778
iter,||update||: 4 0.008995275225426628
iter,||update||: 5 1.57570422400914e-05
iter,||update||: 6 3.50942031165768e-11
iter,||update||: 7 2.70782437782579e-13

Specifications for DIB tower
D,B,F mol/s: 623.7 68.1 691.9
D+B-F (overall molar balance) mol/s: 0.0
z,q: 0.86 1
N,nF,r: 36 26 1.912
alpha: 1.37
xD,xB: 0.95 0.033
V,L mol/s: 1816.3 1192.5

0.0.3 Compare McCabe-Thiele to stage-by-stage results

[12]: printFlag = 1
fig,axis = plt.subplots(figsize=(5,4))
stage = list(range(DIB.N))
xEq.reverse()
yEq.reverse() # align the stage orders
for i in stage:

plt.plot([i,i],[DIB.x[i],DIB.y[i]],'k-')
plt.plot(stage,DIB.x,'bo',label='x')
plt.plot(stage,DIB.y,'yo',label='y')
plt.plot(stage,xEq,'b-',label='xMcTh')
plt.plot(stage,yEq,'y-',label='yMcTh')
plt.axvline(nF,color='r',label='feed stage')
plt.xlabel('stage')
plt.ylabel('x,y')
plt.grid()
plt.legend()
plt.title('r, P: '+str(round(DIB.r,3)) \

+', '+str(round(DIB.P/100000,1))+' bar')
if printFlag:

plt.savefig('columnProfile.pdf')
plt.show()
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0.0.4 Reboiler/condenser duties

[13]: Qcond,Qreb,opCostCond,opCostReb = DIB.utilities(verbose=True)

Condenser, reboiler duties. MW: -39.2 41.5
CW water flow with 10 deg C T rise, kg/s: 937.3 or in m^3/s: 0.937
Total CW cost, USD/sd: 5836
10 lb reboiler steam, kg/s: 18.74
Total steam cost, USD/sd: 27156

[14]: x,y = DIB.x,DIB.y
Treb,_ = dm.bubbleDew(DIB.P,x[0])
Tcond,_ = dm.bubbleDew(DIB.P,y[-1])
print('Treb, Tcond: %.1f, %.1f K' % (Treb,Tcond))

Treb, Tcond: 334.9, 323.1 K

Computing the working fluid molar flow rate 𝑚̇𝑤𝑓 and the heat pump cycle We now
examine the vapor compression cycle to more accurately determine the compressor shaft work
requirement and working fluid flow rate - note the transition from functional to more equipment
specific calculations in our design life cycle. We start at the point (a) in the cycle where the
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working fluid (in this case nC4) leaves the condenser (not the column distillate!) as saturated
vapor at temperature 𝑇𝐶 and pressure 𝑃𝐶 = 𝑃 𝑣𝑎𝑝(𝑇𝐶).
As Step 1 we isentropically compress the working fluid to the pressure 𝑃𝐻 to reach point (b),
the working fluid feed to the reboiler, where the resulting temperature of the superheated working
fluid is ≥ 𝑇𝐻
In Step 2, the superheated working fluid first is cooled to a saturated vapor at temperature 𝑇𝐻,
providing a small amount of heat; the subsequent phase change back to a saturated liquid point c
at 𝑇𝐻 and 𝑃𝐻
In Step 3, the saturated liquid (c) is expanded through a throttle valve, forming a 2-phase fluid
(d) at 𝑇𝐶 and 𝑃𝐶
Evaporation of the liquid phase of (d) takes place in the condenser (again, we refer to the process
condenser) to return the working fluid to point (a) in Step 4

Because the latent heat effects far outweigh sensible heat changes, we can use this information to:
determine the molar flow rate 𝑚̇𝑤𝑓 of the working fluid and subsequently its cost (if significant).

Thus, we have the 𝑚̇𝑤𝑓 calculation based on using nC4 as the working fluid and summary of the
vapor compression cycle as follows

[15]: Qtran = (-Qcond+Qreb)/2
TH = 345 # K
TC = 313
WSmin = Qtran*(TH-TC)/TH
print('Q from condenser -> reboiler: %.2f MW' % (Qtran/1e6))
print('minimum shaft work: %.2f MW' % (WSmin/1e6))

Q from condenser -> reboiler: 40.34 MW
minimum shaft work: 3.74 MW

Because of our choice of working fluid, we have “equal-molar” condensation/evaporation rates in
both the reboiler and condenser - this leads to𝑚̇𝑤𝑓 = 𝐷 + 𝐿
for the condenser and for the reboiler 𝑚̇𝑤𝑓 = 𝑉
Both must be equal for the cycle to work, so we check:

[16]: mwf_cond = DIB.D + DIB.L
mwf_reb = DIB.V
print('condenser working fluid flow %.1f mol/s' % (mwf_cond))
print('reboiler working fluid flow %.1f mol/s' % (mwf_reb))

condenser working fluid flow 1816.3 mol/s
reboiler working fluid flow 1816.3 mol/s

Finally, because the working fluid is undergoing a phase change in both the condenser and reboiler
at 𝑇𝐶 and 𝑇𝐻 respectively, the pressure of each corresponds to the vapor pressure:
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[17]: PC = dm.nC4.Pvap(TC)[0] # in Pa
PH = dm.nC4.Pvap(TH)[0]
print('condenser working fluid pressure %.1f bar' % (PC/100_000))
print('reboiler working fluid pressure %.1f bar' % (PH/100_000))

condenser working fluid pressure 3.8 bar
reboiler working fluid pressure 8.5 bar

Compressor power requirements First let’s find the temperature rise from 𝑇𝐶 given the
calculated pressures 𝑃𝐶 and 𝑃𝐻; we denote the temperature after compression as 𝑇𝑏

[18]: gamma = 1.1 # specific heat ratio Cp/Cv for nC4
Tb = TC*(PH/PC)**((gamma-1)/gamma)
print('temp after compression %.1f K' % (Tb))

temp after compression 337.0 K

[19]: wst_cycle = mwf_reb*dm.nC4.Cp_vap*(Tb-TC)
print('shaft work of compression %.1f MW' % (wst_cycle/1e6))

shaft work of compression 4.3 MW

[20]: wst_cycle_irrev = wst_cycle/0.65 # note this will bring the temp up past TH
print('true shaft work of compression %.1f MW' % (wst_cycle_irrev/1e6))

true shaft work of compression 6.6 MW

Because of the irreversible nature of the true compression process. 6.6 − 4.3 = 2.3 MW of work is
dissipated and leads to further heating of the working fluid, raising its temperature by Δ𝑇𝑖𝑟𝑟𝑟𝑒𝑣 or

[21]: DelTirrev = (wst_cycle_irrev-wst_cycle)/(mwf_reb*dm.nC4.Cp_vap)
print('Delta T_irrev %.1f K' % (DelTirrev))
print('True Tb %.1f K' % (Tb+DelTirrev))

Delta T_irrev 12.9 K
True Tb 349.9 K

Compressor electrical energy and capital costs
[22]: costElec = dm.electricity(verbose=True) # USD/kWh

costPerSd = (costElec*wst_cycle_irrev/1000)*24
print('compressor op cost %.1f USD/sd' % (costPerSd))

Electrical energy cost, USD/kWh: 0.1523
compressor op cost 24239.8 USD/sd

[23]: a = 580000
b = 20000
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n = 0.6
Cequip = ( a + b*(wst_cycle_irrev/1000)**n )*800/533
print('compressor cost:',int(Cequip))
netSaveDaily = opCostCond + opCostReb - costPerSd
netSaveAnnual = (opCostCond + opCostReb - costPerSd)*350
print('daily savings S: %.0f USD' % (netSaveDaily))
print('annual (350 day) savings: %.0f USD' % (netSaveAnnual))

compressor cost: 6764763
daily savings S: 8753 USD
annual (350 day) savings: 3063717 USD

1 Project sustainability measures

1.1 Economic sustainability

We base our quantification of economic sustainability on the following assumptions 1) Total capital
investment 𝐶𝑇 𝐶𝐼 is made at the start of year 1 2) Net revenue 𝑆 is accounted for at the end of
each year 3) Net revenue for a revamp project is relative to prior process op costs 4) 𝐿 = 20 year
project life 5) Decommissioning takes place at the end of year 20 6) Depreciation will be neglected
in this analysis

Data for a sample DCFRR calculation:

[24]: CTCI = Cequip # total capital investment
S = netSaveAnnual # net annual revenue
L = 20 # project life, years
Cdecom = 0
ieff = 0.45 # effective interest rate

Annual cash-flow 𝐶𝐹 calculations

[25]: CF = [0]*(L+1) # cash flow
CFcum = [0]*(L+1) # cumulative cash flow
year = range(L+1)

# year 0
CF[0] = -CTCI
# years 1 to L-1
for n in range(1,L):

CF[n] = S
# final year (end) L
CF[L] = S - Cdecom

for n in range(len(CFcum)):
discFactor = 1.0/(1.0+ieff)**n
if n == 0:
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CFcum[n] = CF[n]
else:

CFcum[n] = CFcum[n-1] + discFactor*CF[n]

[26]: factor = 1e6
fig, axs = plt.subplots(2)
fig.suptitle('$i_{eff}$ ($IRR$) = %.2f' % (ieff))
for n in year:

axs[0].plot([n,n],[0,CF[n]/factor],'b')
axs[0].plot(n,CF[n]/factor,'bo')
axs[1].plot([n,n],[0,CFcum[n]/factor],'b')
axs[1].plot(n,CFcum[n]/factor,'bo')

axs[0].axhline(0,color='r')
axs[0].set_ylabel('CF, M USD/y')
axs[0].set_xticks([])
axs[1].axhline(0,color='r')
axs[1].set_ylabel('CF cumulative, M USD')
axs[1].xaxis.set_major_locator(MaxNLocator(integer=True))
axs[1].set_xlabel('project year')
plt.savefig('econSustain.pdf')
plt.show()
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1.1.1 Interpretation of DCF and IRR

What does this economic analysis mean?

1) The Discounted Cash Flow (DCF) corresponds to the net present value (NPV) of cash flows
over the life of a project at a specified effective interest rate 𝑖𝑒𝑓𝑓 - think of the example of 𝑖𝑒𝑓𝑓
being equal to the expected inflation rate. A positive NPV indicates this investment will not
lose money. Alternatively, 𝑖𝑒𝑓𝑓 can represent a guaranteed rate of return (e.g., U.S. treasury
bonds currently at 4.35% for 10-year notes) and so a positive NPV of an investment at that
rate is potentially better than the guaranteed rate.

2) The Internal Rate of Return (IRR - for our example given in the figure title) corresponds to
the the discount rate 𝑖𝑒𝑓𝑓 that results in zero NPV for a project; it may be a more effective
way to compare the economic sustainability of projects of different cash flows and project
lengths by indicating the expected annualized return for different projects. In other words,
an investor would need an alternative that exceeds a project’s IRR to reject the project under
consideration.

1.2 Water sustainability

We base our quantification of water sustainability on the following assumptions 1) The water
cooling loop for the condenser recycles cooling water and so only consumes water as make-up for
the evaporation that takes place in the cooling tower(s) where evaporation is the primary cooling
mode 2) Water also is consumed in the low pressure steam cycle, where 2-10% of the boiler feed
water is purged as boiler blowdown to prevent the accumulation of minerals and other contaminants;
we note that the blowdown constitutes a waste stream, but we omit its disposal costs in this analysis

Data for a sample water sustainability calculation is as follows, starting with the cooling-water loop;
note that water make-up costs have been accounted for in the earlier cooling water and low-pressure
steam costs

[27]: DelHvap = 44_000 # J/mol for water at room temperature
# recall Qcond condenser duty, W
waterEvap = abs(Qcond)/DelHvap*18.02/1000/1000*3600*24*350 # metric tons/yr
print('Annual coolant water make-up: %.0f metric tons' % (waterEvap))

Annual coolant water make-up: 485182 metric tons

[28]: bdRate = 0.05*18.74*3600*24*350/1000 # assume boiler feed water blowdown rate␣↪of 5%, mt/yr
print('Annual boiler feed water make-up: %.0f metric tons' % (bdRate))
totMakeup = waterEvap+bdRate
print('Total annual water make-up, base-case design: %.0f metric tons' %␣↪(totMakeup))
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Annual boiler feed water make-up: 28335 metric tons
Total annual water make-up, base-case design: 513517 metric tons

[29]: household = 415 # metric tons annually/US household
print('Home equivalents:',round(totMakeup/household))

Home equivalents: 1237

1.3 Carbon sustainability

We base our quantification of carbon sustainability on the following assumptions 1) CO2 is produced
in the combustion of natural gas to produce steam for the reboiler (the 10# steam is commonly
waste steam, but we will account for it as being produced in a gas-fired boiler 2) A small purge
stream is drawn from the DIB tower overhead to prevent the accumulation of non-condensibles;
the stream is then sent to a flare stack producing CO2. We assume relatively impurity free tower
feed and so take our purge molar flow rate to be 1% of 𝑉 + (1 − 𝑞)𝐹
Data for a sample carbon sustainability calculation is as follows; the enthalpy of combustion (CH4
+ 2O2 -> CO2 + 2H2O) for methane is

[30]: DelHc = 890_000 # J/mol
# Qreb previously computed in # MW
molCO2sd = Qreb/DelHc*3600*24
print('Daily reboiler steam CO2 production: %.0f mol/sd' % (molCO2sd))
mtCO2yr = molCO2sd*350*44.01/1000/1000
print('Annual reboiler steam CO2 production: %.0f metric tons' % (mtCO2yr))

Daily reboiler steam CO2 production: 4029610 mol/sd
Annual reboiler steam CO2 production: 62070 metric tons

c.f., 4 to 5 metric tons CO2 produced by a typical automobile annually, resulting in

[31]: print('Cars taken off the road:',round(mtCO2yr/4))

Cars taken off the road: 15518

For the flare stack CO2 emissions

[32]: # V = DIB tower overhead flow rate, mol/s
mtCO2yr_flare = 0.01*V*3600*24*350*44.01/1000/1000
print('Annual flare CO2 production: %.0f metric tons' % (mtCO2yr_flare))

Annual flare CO2 production: 24172 metric tons

[33]: degreeDecarbonization = 1 - mtCO2yr_flare/(mtCO2yr_flare+mtCO2yr)
print('Degree of decarbonization: %.3f' % (degreeDecarbonization))

Degree of decarbonization: 0.720
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"""
A deisobutanizer heat-pump retrofit for improved economic,
water, and carbon sustainability

Based on a Spring 2026 ChE capstone design project by
Raymond A. Adomaitis, Department of Chemical and
Biomolecular Engineering, Institute for Systems
Research, University of Maryland, adomaiti@umd.edu
"""

import math
import numpy as np
import matplotlib.pyplot as plt

class species:
    """
    VLE thermodynamics with a focus on iC4 and nC4
    """
    def __init__(self,name,formula,MW,Cp_vap,Cp_liq, \
                 delHvap,AntoineCoeff):
        self.name = name
        self.formula = formula
        self.MW = MW # g mol^-1
        self.Cp_vap = Cp_vap # J mol^-1 K^-1 at 300K
        self.Cp_liq = Cp_liq # J mol^-1 K^-1 at 300 K
        self.delHvap = delHvap # J mol^-1 # at 300 K
        self.AntoineCoeff = AntoineCoeff # a list [A,B,C]

    def display(self):
        print('Name:',self.name)
        print('Formula:',self.formula)
        print('MW:',self.MW,'g mole^-1')
        print('Boiling pt:',round(self.bp(),1),'K')

    def Pvap(self,T):
        """
        Return Pvap (Pa) and dPvap/dT with T = temperature (K)
        """
        A,B,C = self.AntoineCoeff[0],self.AntoineCoeff[1], \
                self.AntoineCoeff[2]
        Pbar = 10**(A-(B/(T+C)))
        PPa = Pbar*100_000
        dPdT = 100000*10**(A-(B/(T+C))) * math.log(10) * B/(T+C)**2
        return PPa,dPdT

    def bp(self):
        # normal boiling point
        A,B,C = self.AntoineCoeff[0],self.AntoineCoeff[1], \
                self.AntoineCoeff[2]
        Tboil = B/( A-math.log10(1.01325) ) - C



        return Tboil

"""
Instantiate our two C4 species
"""
iC4 = species(name='i-C4',formula='C4H10',MW=58.1222,Cp_vap=97.15, \
              Cp_liq=130,delHvap=21500, \
              AntoineCoeff=[4.3281, 1132.108, 0.918])
nC4 = species(name='n-C4',formula='C4H10',MW=58.1222,Cp_vap=98.95, \
              Cp_liq=132,delHvap=22900, \
              AntoineCoeff=[4.35576, 1175.581, -2.071])

def bubbleDew(P,xi,spi=iC4,spn=nC4,verbose=False):
    """
    Given xi and P (Pa), compute yi and T for a binary system
    (recall Gibbs phase rule: dof = components - phases + 2 = 2
    for this case)
    """
    T = 300 # initial T estimate, K
    for iters in range(10):
        f = xi*spi.Pvap(T)[0] + (1-xi)*spn.Pvap(T)[0] - P
        dfdT = xi*spi.Pvap(T)[1] + (1-xi)*spn.Pvap(T)[1]
        update = -f/dfdT
        T += update
        if verbose:
            print(T,update)
    yi = xi*spi.Pvap(T)[0]/P
    return T,yi

def relVol(T0=0,T1=0,P=101325,spi=iC4,spn=nC4,plotFlag=False):
    """
    Compute relative volatility alpha over temperature
    range [T0,T1] (K); return average and/or plot
    """
    if T0 == 0 and T1 == 0:
        T0 = bubbleDew(P,xi=1)[0]
        T1 = bubbleDew(P,xi=0)[0]
    T_plot = np.linspace(T0,T1,20) # in K
    alp_plot = []
    for T in T_plot:
        alp = spi.Pvap(T)[0]/spn.Pvap(T)[0]
        alp_plot.append(alp)

    if plotFlag:
        fig,axis = plt.subplots(figsize=(5,4))
        axis.set(xlabel='$T$, K')
        axis.set(ylabel='$\\alpha$')
        plt.plot(T_plot,alp_plot)
        plt.grid()
        plt.show()



    return np.mean(alp_plot)

def feedFlash(z,q,alpha):
    # note that discr always >= 0
    discr = ((alpha-1)*(z+q)-alpha)**2 + 4*(alpha-1)*q*z
    numerMinus = alpha-(alpha-1)*(z+q) - math.sqrt(discr)
    denom = -2*q*(alpha-1)
    if denom < 0:
        zL = numerMinus/denom
        zV = alpha*zL/(1 + (alpha -1)*zL) 
    elif denom == 0:
        # must be the case q=0
        zV = z
        zL = z/(alpha - z*(alpha-1))
    return zL,zV

class column:
    """
    Class corresponding to N-stage binary distillation columns with
    total reboiler and condenser, feed stage at nF, constant molar
    overflow and relative volatility
    """
    def __init__(self,D,B,F,z,q,r,P,alpha,N,nF,name='distCol'):
        self.D = D # mol/s
        self.B = B
        self.F = F
        self.z = z
        self.zL,self.zV = feedFlash(z,q,alpha)
        self.x,self.y = [],[]
        self.r = r # reflux ratio
        self.P = P # system pressure, Pa
        self.q = q # feed quality
        self.alpha = relVol(P=P)
        self.xDset = 0.95 # setpoint values
        self.xBset = 0.05 # setpoint values

        self.N = N
        self.nF = nF
        self.name = name
        # V and L must be computed and are not specified
        self.V = 0
        self.L = 0
        # same for tray-by-tray compositions
        self.x,self.y = [],[]

    def display(self):
        print('\nSpecifications for',self.name)
        print('D,B,F mol/s:',round(self.D,1), \
              round(self.B,1),round(self.F,1))
        print('D+B-F (overall molar balance) mol/s:', \



              round(self.D+self.B-self.F,1))
        print('z,q:',round(self.z,2),round(self.q,2))
        print('N,nF,r:',self.N,self.nF,round(self.r,3))
        print('alpha:',round(self.alpha,3))
        if len(self.x) > 0:
            print('xD,xB:',round(self.y[-1],3),\
                  round(self.x[0],3))
        if self.V == 0 and self.L == 0:
            print('No column internal flows V,L')
        else:
            print('V,L mol/s:',round(self.V,1),round(self.L,1))

    def updateSolution(self,w=[],verbose=False):
        """
        Update internal flows, column profiles
        """
        self.zL,self.zV = feedFlash(self.z,self.q,self.alpha)
        self.alpha = relVol(P=self.P)
        self.internalFlow()
        self.NR(w=w,verbose=verbose)

    def profile(self,printFlag=False):
        fig,axis = plt.subplots(figsize=(5,4))
        plt.plot(range(self.N),self.x,'-o',label='x')
        plt.plot(range(self.N),self.y,'-o',label='y')
        plt.xlabel('stage')
        plt.ylabel('x,y')
        plt.grid()
        plt.legend()
        plt.title('r, P: '+str(round(self.r,3)) \
                   +', '+str(round(self.P/100000,1))+' bar')
        if printFlag:
            plt.savefig('columnProfile.pdf')
        plt.show()

    def internalFlow(self):
        """
        Compute L from reflux ratio and V from tower-top material
        balance, then reset those values in the distCol object
        """
        self.L = self.r*self.D
        self.V = self.D + self.L - (1-self.q)*self.F

    def utilities(self,verbose=False):
        """
        Compute (total) condenser and (total) reboiler duties (W)
        and costs (USD/sd)
        """
        self.updateSolution() # establish xD, xB
        xD,xB = self.y[-1],self.x[0]



        delHvapD = iC4.delHvap*xD + nC4.delHvap*(1-xD) # J/mol
        delHvapB = iC4.delHvap*xB + nC4.delHvap*(1-xB) # J/mol
        Qcond = -(self.L+self.D)*delHvapD # W
        Qreb = self.V*delHvapB # W
        if verbose:
            print('\nCondenser, reboiler duties. MW:', \
                   round(Qcond/1e6,1),round(Qreb/1e6,1))
        opCostCond = totCondOpCost(Qcond,verbose=verbose)
        opCostReb = totRebOpCost(Qreb,verbose=verbose)
        return Qcond,Qreb,opCostCond,opCostReb

    def r_min(self):
        """
        Return r_min but do not change distCol object
        """
        Gamma = ( self.alpha*self.z/(1+(self.alpha-1)*self.z) \
                  - self.xDset )/(self.z-self.xDset)
        Lmin = self.D*Gamma/(1-Gamma)
        return Lmin/self.D

    def residual(self,w):
        """
        N-stage binary distillation model residual function
        """
        x,y = w
        # the following simplifies parameter notation in this method
        D,B,V,L,F,zL,zV,q,alpha,N,nF \
            = self.D,self.B,self.V,self.L,self.F, \
              self.zL,self.zV,self.q,self.alpha,self.N,self.nF
        res,J = np.zeros(2*N),np.zeros((2*N,2*N))

        # bottom stage
        n = 0
        # res[n] = (L+q*F)*x[n+1] + V*x[n] - (L+q*F)*x[n] - V*y[n]
        res[n] = (L+q*F)*x[n+1] - B*x[n] - V*y[n]
        J[n][n+1] = (L+q*F)
        # J[n][n] = V - (L+q*F)
        J[n][n] = -B
        J[n][n+N] = -V
        # stripping section trays
        for n in range(1,nF):
            res[n] = (L+q*F)*x[n+1] + V*y[n-1] \
                     - (L+q*F)*x[n] - V*y[n]
            J[n][n+1] = (L+q*F)
            J[n][n-1+N] = V
            J[n][n] = -(L+q*F)
            J[n][n+N] = -V
        # feed tray
        n = nF
        res[n] = L*x[n+1] + q*F*zL + V*y[n-1] \



                 - (L+q*F)*x[n] - (V+(1-q)*F)*y[n]
        J[n][n+1] = L
        J[n][n-1+N] = V
        J[n][n] = -(L+q*F)
        J[n][n+N] = -(V+(1-q)*F)
        # tray above feed location
        n = nF+1
        res[n] = L*x[n+1] + (1-q)*F*zV + V*y[n-1] \
                 - L*x[n] - (V+(1-q)*F)*y[n]
        J[n][n+1] = L
        J[n][n-1+N] = V
        J[n][n] = -L
        J[n][n+N] = -(V+(1-q)*F)
        # rectifying section trays $n = N_F+2,N_F+3,\dots,N-2$
        for n in range(nF+2,N-1):
            res[n] = L*x[n+1] + (V+(1-q)*F)*y[n-1] \
                     - L*x[n] - (V+(1-q)*F)*y[n]
            J[n][n+1] = L
            J[n][n-1+N] = (V+(1-q)*F)
            J[n][n] = -L
            J[n][n+N] = -(V+(1-q)*F)
        # top tray N
        n = N-1
        res[n] = L*y[n] + (V+(1-q)*F)*y[n-1] \
                 - L*x[n] - (V+(1-q)*F)*y[n]
        J[n][n+N] = L - (V+(1-q)*F)
        J[n][n-1+N] = (V+(1-q)*F)
        J[n][n] = -L

        # residuals corresponding to each stage VLE
        for n in range(N):
            row = n + N
            res[row] = y[n] - alpha*x[n]/(1+(alpha-1)*x[n])
            J[row][n+N] = 1
            J[row][n] = -alpha/(1+(alpha-1)*x[n]) \
                        + alpha*x[n]/(1+(alpha-1)*x[n])**2*(alpha-1)
 
        return res,J

    def NR(self,w=[],verbose=False):
        """
        Newton-Raphson method for stage-by-stage balance/VLE
        equations
        """
        if len(w) == 0:
            w = [self.N*[0.8],self.N*[0.9]]
        res,J = self.residual(w)
        # if verbose:
            # print('rank:',np.linalg.matrix_rank(J))
        for iter in range(12):



            res,J = self.residual(w)
            update = np.linalg.solve(J,res)    
            upNorm = math.sqrt(np.dot(update,update))
            if verbose:
                print('iter,||update||:',iter,upNorm)
            w[0] = w[0] - update[0:self.N]
            w[1] = w[1] - update[self.N:2*self.N]
            if upNorm <= 1e-12:
                break
        self.x,self.y = w[0],w[1]
        xD,xB = w[1][-1],w[0][0]

def McCabeThiele(L,D,B,V,xD,xB,z,alpha):
    rol = lambda x : L*x/(D+L) + D*xD/(D+L) # rect op line
    sol = lambda x : (V+B)*x/V - B*xB/V # strp op line
    
    xIntersect = ( D*xD/(D+L) + B*xB/V ) / ( (V+B)/V - L/(D+L) )
    yIntersect = L*xIntersect/(D+L) + D*xD/(D+L)

    slopeRect = L/(D+L) # rectifying op line
    slopeStrp = (V+B)/V # stripping section op line

    xPlot = np.linspace(0,1,50)
    yPlot = []
    for x in xPlot:
        yPlot.append(alpha*x/(1+(alpha-1)*x))
    """
    Step off trays in a McCabe-Thiele diagram; returns lists
    [x],[y]
    """
    x,y = [xD],[xD]
    Nrect,Nstrp = 0,0
    xEq,yEq = [],[]
    iCheck = 0
    while x[-1] > xB:
        iCheck += 1
        if iCheck > 1e6:
            print('Infinite number of stages in McCabeThiele')
            break
        # step left to the VLE curve 
        x.append( y[-1]/(alpha-(alpha-1)*y[-1]) )
        y.append (y[-1])
        xEq.append(x[-1])
        yEq.append(y[-1])
        # step down to the appropriate op line
        x.append(x[-1])
        if x[-1] >= xIntersect:
            Nrect += 1
            # rect op line
            y.append( rol(x[-1]) )



        else:
            Nstrp += 1
            # stripping op line
            y.append( sol(x[-1]) )

    NR,NS,N,nF = Nrect,Nstrp-1,Nrect+Nstrp,Nstrp-1

    for srPlot in ['s','r']:
        fig,axis = plt.subplots(figsize=(5,4))
        axis.set(xlabel='$x$')
        axis.set(ylabel='$y$')
        plt.plot(xPlot,yPlot,label='$\\alpha=$'+str(round(alpha,2)))
        # plt.plot([z,z],[0,z],label='z') # feed mol fraction of iC4
        plt.plot([z,xIntersect],[z,yIntersect],label='q') # q line
        if  srPlot == 's':
            # plot stripping section
            small = 0.05*(xIntersect-xB)
            xmin,xmax = xB-small,xIntersect+small
            plt.plot([xB,xIntersect],
                     [xB,xB+slopeStrp*(xIntersect-xB)],'-o', \
                     color='k',markerfacecolor='none', \
                     label='strp op')
        if  srPlot == 'r':
            # plot rectifying section
            small = 0.05*(xD-xIntersect)
            xmin,xmax = xIntersect-small,xD+small
            plt.plot([xD,xIntersect],
                     [xD,xD+slopeRect*(xIntersect-xD)],'-o', \
                     color='c',markerfacecolor='none', \
                     label='rect op')
        plt.plot([xmin,xmax],[xmin,xmax],'--',label='y = x')
        plt.plot(x,y,'y:')
        plt.scatter(xEq,yEq,marker='o',color='y')
        plt.grid()
        plt.legend()
        if  srPlot == 's':
            # plot stripping section
            plt.xlim(xmin,xmax); plt.ylim(xmin,xmax)
            plt.savefig('MTstripping.pdf')
        if  srPlot == 'r':
            # plot rectifying section
            plt.xlim(xmin,xmax); plt.ylim(xmin,xmax)
            plt.savefig('MTrectifying.pdf')
        plt.show()
    return NR,NS,N,nF,xEq,yEq

"""
Process utility costs; primarily based on Ulrich, G. D. and
P. T. Vasudevan, How to estimate utility costs, Chemical
Engineering, April 2006, pp. 66-69. All energy costs are based on



natural gas as fuel.

Following UlrichVasudevan2006, we will base our utility costs on
(1) the assumption that the process unit was built during the
(grassroots) construction of the overall petrochemical plant and
(2) that the CW and steam requirements of the DIB unit are a
fraction of the utility demands of the entire plant.
"""
verbose = False

PCI = 800 # fall 2025 CE plant cost index estimate
CSF = 5.33/1000 # USD/SCF from EIA, Nov 2025
# The following is more current, but may not be representative
# CSF = 8.40/1000 # USD/SCF from EIA, Feb 2026
CSF *= 35.3147 # USD/m^3
CSF /= 39 # USD/MJ
CSF *= 1000 # USD/GJ
if verbose:
    print('CSF for nat gas, USD/GJ',round(CSF,3))

Cp = 75.3 # J mol^-1 K^-1, liquid water at 300 K, NIST Webbook
massCp = Cp/(18.015/1000) # J kg^-1 K^-1

Tsteam = 115.2 # deg C for saturated 10 psig steam
delHvap = 2215*1000 # J/kg at Tsteam

def CW(PCI=PCI,CSF=CSF,verbose=verbose):
    """
    Cooling water cost assuming CW is available at 30 deg C,
    grass-roots plant, and max (10 m^3/s) capacity
    """
    costCW = (0.00007 + 2e-5/10)*PCI + 0.003*CSF
    if verbose:
        print('CW cost, USD/m^3:',round(costCW,4))
    return costCW

# low pressure saturated steam: 10 psig converted to barg
LPsteam = 10/14.7*1.01325

def satSteam(P=LPsteam,PCI=PCI,CSF=CSF,verbose=verbose):
    """
    Saturated steam cost at P (barg), grass-roots plant, operating
    at max (40 kg/s) capacity; default is 10 lb steam
    """
    costSteam = 2.3e-5*40**(-0.9)*PCI + 0.0034*P**0.05*CSF
    if verbose:
        print('Steam cost, USD/kg:',round(costSteam,4))
    return costSteam

def electricity(PCI=PCI,CSF=CSF,verbose=verbose):



    """
    Electrical energy costs purchased off site
    """
    costElec = 1.3e-4*PCI + 0.010*CSF
    if verbose:
        print('Electrical energy cost, USD/kWh:',round(costElec,4))
    return costElec

def totCondOpCost(duty,costCW=CW(),Trise=10,verbose=False):
    """
    Total condenser operating cost given condenser duty (W), CW cost
    (USD/m^3), and CW temperature rise (default: 10 deg C)
    """
    condCWflow = abs(duty)/(massCp*Trise) # kg/s
    condCWvol = condCWflow/1000 # m^3/s
    totCostCW = costCW*condCWvol*3600*24
    if verbose:
        print('CW water flow with',Trise,'deg C T rise, kg/s:', \
               round(condCWflow,1), \
              'or in m^3/s:',round(condCWvol,3), \
              '\nTotal CW cost, USD/sd:',int(totCostCW))
    return totCostCW

def totRebOpCost(duty,costSteam=satSteam(),verbose=False):
    """
    Total reboiler operating cost given reboiler duty (W) and
    steam cost (USD/kg)
    """
    rebSteamFlow = duty/delHvap
    totCostSteam = costSteam*rebSteamFlow*3600*24
    if verbose:
        print('10 lb reboiler steam, kg/s:',round(rebSteamFlow,2), \
              '\nTotal steam cost, USD/sd:',int(totCostSteam))
    return totCostSteam
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