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Abstract—Distillation frequently dominates thermal utility de-
mand in chemical production, yet a heat-pump retrofit is not au-
tomatically a low-cost or operable substitute for steam. This pa-
per develops an integrated computational framework for compar-
ing conventional steam-reboiled columns with mechanical-vapor-
recompression (MVR), vapor-compression heat-pump (VCHP),
and heat-pump-integrated distillation (HPID) alternatives. The
framework combines shortcut screening, rigorous vapor-liquid-
equilibrium (VLE) simulation, compressor and heat-exchanger
design, pinch constraints, dynamic operability tests, and
uncertainty-aware economic and emissions assessment. It sep-
arates steady-state energy performance from closed-loop oper-
ability: a retrofit advances only when it remains feasible under
feed, utility, and product-specification disturbances. Common
system boundaries, feasibility gates, and reporting requirements
make thermodynamic, economic, emissions, and control trade-
offs comparable across topologies. The resulting method sup-
ports reproducible decisions about when condenser heat can be
upgraded for reboiling without overlooking equipment limits or
disturbance recovery.

Index Terms—distillation, industrial heat pump, mechanical
vapor recompression, process integration, operability, robust
design

I. ENGINEERING DECISION PROBLEM

Heat-pump integration changes the thermodynamic, equip-
ment, utility, and control structure of a distillation system at the
same time. A defensible comparison therefore holds feed basis
and product requirements constant, represents each topology
with validated physical properties, and carries every feasible
design through equipment sizing, plant-wide heat integration,
uncertainty analysis, and dynamic recovery tests. The decision
is not simply whether electric compression reduces nominal
reboiler duty, but whether the integrated configuration provides
an attractive lifecycle trade-off while respecting physical and
operational constraints.

II. THERMODYNAMIC DECISION FORMULATION

Distillation transfers heat across a temperature lift between
condenser and reboiler. In a conventional column, high-
temperature steam supplies QQr at the reboiler and cooling
water or refrigeration removes ()¢ at the condenser. Where the
lift is modest, the condenser duty can be upgraded and returned
to the reboiler through a compressor-driven heat pump. The
simple energy-saving narrative, however, can obscure five cou-
pled constraints: (i) the attainable pressure ratio and discharge
temperature, (ii) VLE and relative-volatility changes at altered

pressure, (iii) minimum approach temperatures and exchanger
area, (iv) compressor turndown and surge avoidance, and (v)
closed-loop recovery from disturbances.

For a specified binary or multicomponent separation, the
decision formulation identifies the heat-pump topology that
minimizes lifecycle cost and carbon intensity while satisfying
a defined operability envelope. High temperature lifts, severe
nonideality, low vapor flow, or constrained pressure operation
can make the conventional utility configuration preferable;
infeasibility is therefore retained as an informative engineering
outcome rather than removed from the comparison.

III. RELATED WORK AND MOTIVATION

Distillation design has a mature foundation in staged-
separation synthesis, VLE representation, hydraulics, and con-
trol [1], [9], [4]. That foundation matters here because a heat-
pump retrofit changes the column pressure and heat-transfer
boundary conditions; it is not an add-on utility calculation.
Process-integration methods provide a complementary plant-
wide perspective: a condenser duty may be internally recover-
able, but it may also be needed by another sink, constrained by
a pinch, or unavailable at the time of demand [2], [3]. The early
structural work on heat-integrated distillation makes clear that
thermal coupling can alter both utility use and design degrees
of freedom [6].

The modern motivation is the electrification question. In-
dustrial heat-pump discussion is often framed in terms of
aggregate energy or emissions potential [5], whereas a process
engineer must decide whether a particular column can accept
a pressure lift, compressor operating envelope, additional
exchanger area, and fallback procedure. Standard design ref-
erences emphasize that specification, operability, safety, and
economics are coupled rather than separable tasks [7], [8],
[10]. A credible protocol should therefore be able to conclude
that an apparently efficient topology is unsuitable for a given
service.

This paper examines configurations that recover condenser
heat for reboiling through direct vapor recompression or a sep-
arate heat-pump loop. Its technical contribution is a common
comparison standard: each candidate meets the same separa-
tion target, plant-boundary definition, uncertainty treatment,
and disturbance-recovery tests. The standard prevents energy-
only rankings from being interpreted as sufficient evidence for



TABLE I
CANDIDATE CONFIGURATIONS TO BE COMPARED UNDER IDENTICAL
SEPARATION TARGETS.

Case Definition and decision question

Base Steam reboiler and conventional condenser. Estab-
lishes energy, emissions, and control reference.

MVR Overhead vapor compressed and condensed against the
reboiler. Tests direct vapor reuse where pressure lift is
practical.

VCHP A separate refrigerant cycle upgrades condenser heat.
Tests decoupling of process vapor compression from
heat delivery.

HPID Heat pump plus selected feed, side-reboiler, or inter-

cooling integration. Tests whether plant-level integra-
tion changes the ranking.

a retrofit and makes the reason for each accepted or rejected
configuration traceable.

IV. COMPARATIVE DESIGN FORMULATION

The framework joins rigorous separation simulation, utility
integration, equipment constraints, lifecycle accounting, and
closed-loop operability in one reproducible decision sequence.
Public benchmark separations and disclosed property and
utility inputs establish a transparent basis for comparing the
four topologies in Table I. Independent VLE checks pre-
cede topology ranking, and infeasible cases remain in the
record with their limiting constraint. Equipment certification,
hazard-and-operability review, and detailed compressor-map
qualification follow at the asset-specific engineering stage; the
comparative formulation identifies which configurations merit
that deeper review.

V. SYSTEM BOUNDARY AND CANDIDATE TOPOLOGIES

The analysis boundary includes feed conditioning, column,
condenser, reflux drum, reboiler, compressor or heat pump,
interconnecting exchangers, electricity, steam, cooling, and
refrigerant leakage where material. Upstream feed production
and downstream product use are excluded, while their product
specifications remain constraints.

VI. THERMODYNAMIC AND EQUIPMENT MODEL

A. Column model

For each stage j, the steady material balance is

Lipizijr +Vimij—1 + Fizy = Lz, j + Viyi g, (1)
and the enthalpy balance is

Lijpihfy +Vicah)  + F;hE + Q= Lihk + Vb (2)

Equilibrium is represented as y; ; = K; ; (T}, Pj, x;)x; ; with
a model selected through a documented VLE-validation step.
Ideal mixtures may use a y—¢ simplification; nonideal or asso-
ciating mixtures require an activity-coefficient or equation-of-
state model justified against public VLE data. The model re-
port must disclose component parameters, temperature range,
and errors against retained validation data.

Product requirements are imposed as xrx,p > x‘f}? p and
THK,B = x’}}}‘}) - Column pressure is a decision variable only
within bounds that prevent decomposition, unacceptable vac-
uum operation, or utility infeasibility. A rigorous equilibrium-
stage or rate-based simulation shall replace shortcut estimates

before any conclusion is drawn.

B. Heat pump and heat-exchanger model

For a compressor with inlet state 1 and outlet state 2,

W _ 1i(has — h1)
comp — —
nisnm
where hog is the isentropic outlet enthalpy, 7,5 is isentropic
efficiency, and 7, captures motor and drive losses. For a
heat-pump cycle, the heating coefficient of performance is
COPy = Qnot/Welee- It must be calculated from simulated
states rather than assigned a constant value.
Each exchanger must satisty

Py/Py = rp, 3)

Q = UAAE»,”, Ajjmin > ATSS?gna €]

including a fouling allowance. Heat recovery that violates a
pinch or requires a physically implausible area is rejected even
if a spreadsheet energy balance closes. Refrigerant selection
must screen safety class, pressure, global-warming potential,
and availability; it is not assumed that a high-COP refrigerant
is acceptable in a process setting.

C. Objective functions

The economic objective uses annualized total cost,

TAC = CRF(C¢o1 + Crp + Cax + Caux)

(%)
+ Celec + Csteam + Cmaint7

with a transparent capital-recovery factor and explicitly stated
finance assumptions. Indirect operational emissions associated
with purchased utilities are calculated as

Eop = Z (etWelec,t + Sthteam,t - Cthrport,t) ) (6)
teT

where e; and s; are time-indexed marginal or average emission
factors, chosen consistently and disclosed. Avoided emissions
may not be reported without saying whether marginal or
average factors, temporal resolution, and export-credit rules
were used.

VII. COMPARATIVE EVALUATION METHOD
A. Case selection and screening

The comparison spans separations with low, moderate,
and high temperature lift, including a nonideal or pressure-
sensitive case. Candidate systems come from public property
and process examples whose product, safety, and VLE data
support reproducibility. A screening calculation estimates va-
por duty, pressure lift, approximate COP, and feasible approach
temperature. Cases that fail an explicit feasibility screen re-
main as negative controls rather than being silently discarded.
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Fig. 1. System boundary for heat-pump-assisted distillation. The schematic links the column, condenser, compression or heat-pump loop, reboiler, and utility

interfaces used in the comparative model.

B. Sequential computational workflow

1) Specify feed composition, flow, thermal condition, re-
covery, purity, property method, utility temperatures, and
allowable pressure range.

Solve the base column, validate mass and energy clo-
sure, and record stage count, reflux, Qr, Q¢, and
controllability-relevant inventories.

Generate MVR, VCHP, and HPID designs using identi-
cal product constraints; size compression and exchange
equipment from simulated states.

Perform pinch analysis to identify utility interactions
external to the column. Do not credit heat that is already
committed elsewhere without a plant-wide counterfac-
tual.

Optimize continuous decisions (pressure, reflux, com-
pression ratio, exchanger area) and discrete topology
choices with feasibility constraints retained in every
solve.

Subject feasible designs to uncertainty and dynamic tests
before ranking them.

2)

3)

4)

5)

6)

C. Operability protocol

Steady-state optimality is insufficient. A dynamic model
includes column holdup, pressure dynamics, compressor in-
ertia or control lag where material, valve limits, and realistic
measurement delay. Baseline regulatory loops include pressure
control, reflux-drum level control, bottoms level control, and
product-composition or temperature inferential control. The
disturbance set in Table II tests feed, utility, ambient, and
equipment variation. A design passes only if hard safety
and product constraints remain satisfied, or if the recovery
procedure is documented and physically credible.

TABLE I
DISTURBANCE AND ACCEPTANCE-TEST MATRIX FOR CLOSED-LOOP
OPERABILITY.

Disturbance Required evaluation

Feed rate and composi-  Product purity deviation, recovery time,

tion step flooding fraction, and actuator saturation.
Feed temperature ~ Reboiler duty response, reflux response, and
change compressor operating margin.

Electricity interruption
or price event

Cooling  temperature
increase

Fouling / area loss

Safe fallback to steam, restart sequence, and
emissions/cost sensitivity.

Condensing pressure, compressor discharge
temperature, and heat-transfer feasibility.
Utility requirement, approach temperature,
and margin to product specification.

VIII. ROBUST OPTIMIZATION AND UNCERTAINTY

Let d denote design decisions and £ uncertain parameters
including electricity price, grid factor, compressor efficiency,
exchanger fouling, feed composition, and VLE parameters.
The robust formulation is

min  E¢[TAC(d, €)] + \CVaR, (TAC)

(N
Prigr(d,€) <0] > 1 — ¢.

S.t.
Here g;, represents purity, compressor, pressure, temperature,
or hydraulic constraints. The study protocol must report dis-
tributional assumptions and a local sensitivity analysis in ad-
dition to any Monte Carlo analysis. A design that is best only
at a single electricity price or a single compressor efficiency
should be described as conditional, not generally superior.

IX. DECISION GATES FOR COMPARATIVE CLAIMS

The comparative method uses sequential evidence gates
rather than a single optimization run. A topology may pass
a screening calculation yet fail when pressure-sensitive VLE,
exchanger area, or compressor limits are modeled. Likewise,



TABLE III
EVIDENCE GATES APPLIED BEFORE COMPARATIVE RANKING.

Gate Required evidence before comparative ranking

Feasibility VLE closure, pressure and temperature bounds,
minimum approach, and hydraulic plausibility.
Identical purity and recovery constraints across

topologies; disclosed equipment assumptions.

Steady state

Dynamics Disturbance recovery, fallback behavior, actuator
limits, and safe failure mode.
Robustness Sensitivity to feed, utility, property, and finance

assumptions; no hidden scenario selection.

a feasible steady state may fail a realistic recovery test. This
ordering avoids spending detailed dynamic-model effort on
a topology that cannot meet a basic temperature-approach
constraint, while also preventing a low-energy steady-state
solution from being presented as operable.

The ranking rule is intentionally asymmetric. A configura-
tion can be rejected at any gate with a concise technical expla-
nation. A configuration is called promising only when it has
passed every applicable gate and the evidence package allows a
reader to reproduce the comparison. This rule preserves useful
negative outcomes: a high pressure ratio, poor pinch position,
or unacceptable restart sequence is informative even when it
does not produce an attractive energy number. The ranking
remains a design-space comparison, while a retrofit requires
subsequent equipment, safety, and organizational review.

X. EVIDENCE STANDARD AND REPORTING PLAN

A reproducible analysis provides a machine-readable case
specification, property-method rationale, flowsheets, optimiza-
tion settings, control tuning method, uncertainty samples, and
raw time-series output. Tables distinguish calculated values,
assumed inputs, and external data. Negative outcomes, infea-
sible topologies, and failed controller tuning are reportable ev-
idence. Emissions-reduction claims require a baseline, bound-
ary, factor source, and uncertainty interval.

XI. COMPUTATIONAL IMPLEMENTATION AND AUDIT TRAIL

The computational workflow should preserve the distinction
between a solver failure and a physical infeasibility. A failed
initialization, an unconverged recycle, or an unvalidated prop-
erty method is not evidence that a topology cannot operate.
Conversely, a converged flowsheet that violates a temperature
approach, hydraulic limit, or product constraint is not accept-
able because the solver returned a number. Each case record
should therefore contain initialization rules, convergence tol-
erances, active constraints, property-method version, and a
machine-readable classification of termination.

The preferred implementation is layered. The property and
column model establishes mass and energy closure; the utility
model establishes heat-source and heat-sink conditions; the
optimization layer selects admissible settings; and the dy-
namic layer tests recovery. A change to an upstream layer
requires downstream reruns. For example, updating an activity-
coefficient parameter or electricity accounting convention can-
not be treated as a cosmetic sensitivity edit because it can

change the feasible topology set. This audit trail is also needed
to compare a conventional base case fairly with an integrated
case: both must use the same feed basis, product specification,
utility boundary, and reporting period.

To make the method independently reviewable, the final
archive includes a run manifest with a unique case identifier,
input checksum, termination classification, and explicit reason
for exclusion. The archive distinguishes screening estimates
from rigorous flowsheet calculations and dynamic simulations.
This allows another researcher to reproduce an unfavorable
outcome or challenge a single assumption without reconstruct-
ing the entire analysis.

XII. DYNAMIC TEST SPECIFICATION

The dynamic phase is intended to test a decision enve-
lope, not to demonstrate a preferred controller. The model
should define the controlled variables, manipulated variables,
measurement delays, actuator saturation limits, pressure-relief
assumptions, and any override or fallback logic. A control
configuration is considered a baseline only when its tuning
procedure is applied consistently across the base and integrated
cases. Hand-tuning one topology until it succeeds while leav-
ing another at default settings would make the comparison
uninterpretable.

For every prespecified disturbance, the simulation record re-
tains product-specification deviation, time outside the specified
operating region, column pressure trajectory, reflux and reboil
demands, compressor margin, and any use of steam fallback.
Aggregate summaries can be helpful, but the time series is
the primary evidence because it reveals whether a benign
average masks a short unsafe or infeasible excursion. The
analysis distinguishes a temporary quality deviation recovered
by normal control from a transition that requires manual
action, shutdown, or a change in topology.

Fallback behavior is especially important for electrified heat
delivery. An electricity interruption, compressor trip, or ad-
verse ambient condition is represented as an operability event
rather than merely a higher cost in the objective function. The
dynamic specification defines how the column is stabilized,
whether steam can safely take over, what information an
operator receives, and what must be re-established before
normal operation resumes. These contingencies connect the
comparative framework to the requirements of a process-
design review rather than limiting it to an energy-model
comparison.

XIII. ANTICIPATED FAILURE MODES AND LIMITATIONS

The central limitation is transferability: thermodynamic
behavior for a selected separation does not imply retrofit
viability across a plant. Dynamic models may omit compressor
maps, hydraulics, or utility-network constraints, and emission
estimates can reverse under different electricity accounting
choices. Plant-specific safety and reliability require hazard
review and equipment-specific engineering. Accordingly, the



framework supports comparative topology selection and de-
fines the evidence needed before an asset-specific retrofit
review.

XIV. REPRODUCIBILITY CHECKLIST

o Publish component identifiers, VLE model, parameters,
units, and validation plots.

¢ Version simulation software, solver tolerances, initializa-
tion rules, and convergence diagnostics.

« State design life, discount rate, electricity and steam price
series, carbon-factor convention, and exchanger fouling
assumptions.

o Archive dynamic scenarios, controller structures, tuning
values, safety limits, and failed cases.

XV. DATA GOVERNANCE AND DECISION LOG

Every external input has an owner, retrieval date, unit
convention, permission category, and a reason for its inclusion.
This is especially important for utility prices, grid-emission
factors, and equipment assumptions: each can be defensible in
isolation while being incompatible with the claimed decision
horizon. The method maintains immutable raw-input records
and separate curated inputs, so a later reader can reproduce
both the original source and the transformation applied to it.
When a proprietary value cannot be released, the archive states
the range, role, and sensitivity treatment rather than silently
substituting a generic value.

The decision log should record why a topology, property
method, or control structure was selected before a final rank-
ing is computed. It should also record rejected alternatives,
numerical failures, reviewer comments, and changes to the
study boundary. This is not administrative overhead: heat
integration results can change materially when an apparently
minor assumption about export credit, steam backup, or elec-
tricity timing is altered. A transparent log allows a reviewer
to distinguish a deliberate engineering choice from an after-
the-fact adjustment that favors a desired outcome.

Finally, the archive retains a claim register. Each conclusion
points to a case identifier, model version, acceptance gate,
and uncertainty context. Conclusions without that trace remain
hypotheses for further analysis. The register keeps each claim
anchored to reproducible computation rather than an unsup-
ported performance narrative.

XVI. CONCLUSION

This paper establishes a falsifiable framework for heat-
pump-assisted distillation in which energy demand, capital,
emissions, and disturbance recovery are evaluated together.
Common feasibility gates connect thermodynamic screening
to rigorous flowsheet, equipment, uncertainty, and dynamic-
control models. The framework makes favorable and unfa-
vorable topology decisions equally auditable and provides a
disciplined basis for identifying separations where heat re-
covery can improve lifecycle performance without sacrificing
operability.
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