\ energies

Article

The Nexus Between Heat and Vacuum Pumps: A Novel Hybrid
Desalination System

Evgeny V. Solomin ¥, Konstantin V. Osintsev !, Andrey S. Martyanov 2 and Nikita A. Pshenisnov !

Academic Editor: Chi-Ming Lai

Received: 29 September 2026
Revised: 5 November 2026
Accepted: 6 November 2026
Published: 9 November 2026

Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons

Attribution (CC BY) license.

1 Department of Industrial Thermal Power Engineering, South Ural State University (National Research
University), 454080 Chelyabinsk, Russia; osintcevkv@susu.ru (K.V.O.); pshenisnovna@susu.ru (N.A.P.)

2 Department of Electric Power Generation Stations, Network and Supply-Systems, South Ural State University

(National Research University), 454080 Chelyabinsk, Russia; martianovas@susu.ru

Correspondence: solominev@susu.ru

Abstract

The thermal vacuum distillation of seawater, preheated by a hybrid solar heat pump, is a
candidate technology for autonomous and hot-climate sites, but experimental energy and
exergy data for it are scarce. The objective of this study is to determine the energy and
exergy characteristics of a laboratory vacuum distiller and to describe them with a semi-
empirical model whose validity limits are stated explicitly. A 5 L batch distiller was tested
at four temperature/pressure regimes (75 °C/0.4 atm, 85 °C/0.6 atm, 90 °C/0.7 atm and 100
°C/1 atm). The model combines empirical correlations for heating and maintenance ener-
gies with an evaporation fraction; this is calibrated on the four regimes and restricted to
physically admissible conditions. The productivity increased from 125 to 334 g/h, and the
specific energy consumption was 3.8-5.7 Wh/g. The vacuum regime had the highest spe-
cific energy consumption (5.7 Wh/g against 3.8—4.1 Wh/g at 85-100 °C), so no energy ad-
vantage of vacuum operation was demonstrated. The calibrated model reproduced meas-
ured productivity and total energy values within 2.7% and 4.5%, respectively; leave-one-
out cross-validation gave errors up to 94%, so the predictive capability of the model is
limited and the model should be regarded as a descriptive fit of the four measured re-
gimes. The eight model parameters were fitted to twelve measured values, and no inde-
pendent validation data were available. The effect of pressure cannot be separated from
that of temperature, because the two variables increase together (correlation coefficient,
0.99). The exergy efficiency was 1.6-3.2%: 93.8-95.8% of the fuel exergy was destroyed by
irreversibilities and 2.6-3.1% was lost with the residual hot water; 41-44% of the exergy
destruction occurred in the heating stage. Relative to the minimum work of separation,
the second-law efficiency was only 0.014-0.020%. The measured energy inputs exclude
the heat pump and the photovoltaic-thermal panel; therefore, the benefit of renewable-
energy integration is prospective and was not quantified. Scientific novelty: This study
conducts a combined experimental, semi-empirical and exergy assessment of the thermal
vacuum distillation of seawater preheated by a hybrid solar-powered heat pump, with
explicitly defined model validity limits. Practical contribution: This study presents labor-
atory-scale reference values of the specific energy consumption and exergy efficiency of
the model, and identifies the main loss sources for the design of an industrial prototype.
The delivery of distilled water to remote areas by unmanned aerial vehicles is considered
only as a prospective application and was not studied.
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1. Introduction

Freshwater scarcity, caused by population growth and climate change, is a major ob-
stacle to sustainable development [1]. Thermal desalination is energy-intensive. Heat-
pump-assisted systems reduce heat demand, but they consume a significant amount of
electricity and therefore increase the cost of the distillate [2]. Small-scale desalination
driven by renewable energy is of particular interest for hot-climate regions and for auton-
omous sea navigation. Thermal vacuum distillation is a candidate solution for such appli-
cations, since it requires less heat than atmospheric distillation and belongs to a lower
class of industrial hazard [3,4]. In the present measurements, however, the vacuum regime
did not reduce the specific electrical energy consumption (Section 4). A problem in the
research is the lack of experimental energy and exergy data for the vacuum distillation of
seawater preheated by a hybrid solar heat pump. These data are needed if we are to assess
the feasibility of such a unit and to develop a model that can be used for its design.

Heat-pump-assisted desalination has been studied in several directions, which are
reviewed in Section 1.2. Heat pumps have been integrated with humidification-dehumid-
ification (HDH) units to reduce electricity consumption [2] and to improve the efficiency
of a two-stage HDH plant [5]. The influence of heat-pump evaporation temperature on
the coefficient of performance and on freshwater production has been simulated for a
double-effect system [1], a membrane distillation unit with a heat pump has been ana-
lyzed to determine its optimal operating characteristics [6], and a solar-powered Stirling-
type engine has been investigated for seawater desalination [7]. These studies note the
importance of the economic aspect in addition to thermodynamic analyses, and one of the
most promising approaches is multi-criteria optimization, which accounts for both the
thermodynamic and the economic performance of a desalination plant [8,9]. In addition,
numerical methods are used for a preliminary efficiency assessment of evaporation sys-
tems operating together with a heat pump [10]. The models of such systems must describe
their thermodynamics, and the mass flow rates of both seawater and air affect their per-
formance [11,12].

The paper is organized as follows: Section 1.1 gives the background on heat pumps
and exergy analyses, Section 1.2 reviews the literature, and Section 1.3 states the research
gap, the aim, the novelty and the practical contribution. Section 2 describes the experi-
mental unit and the semi-empirical model, Section 3 presents the exergy analysis, Section
4 gives the results, including the sensitivity analysis and a discussion of the economic
aspects, and Section 5 presents the conclusions.

1.1. Background

A heat pump transforms the energy of a low-potential source into heat that is delivered
to the heat carrier through an intermediate refrigerant [13,14]. Its main components are an
evaporator, a condenser, a compressor and a control valve [15,16]. Energy analysis gives the
balance of incoming and outgoing energy, whereas exergy analysis locates the irreversibili-
ties and the potential for improvement [17-19]. Together, the two approaches are used to
assess both the efficiency and the sustainability of thermal systems. The preliminary litera-
ture analysis covered heat-exchanger designs for condensers and evaporators, including
heat-pipe exchangers [20-32], and solar heat sources for distillation [33-35].

1.2. Literature Review

Published heat-pump-assisted desalination systems can be grouped into humidifica-
tion—dehumidification (HDH) systems, multi-effect compression systems, membrane dis-
tillation and heat-driven concepts; their quantitative indicators are compared in Table 1.
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Table 1. Quantitative comparison of heat-pump-assisted desalination systems from the literature

and of the present work.

References System

Water Cost,

Method Main Quantitative Results USD/m?

(2]

Absorption/thermomechan-Thermoeconomic +23.23% freshwater, +47.7% cooling;

2.051

ical heat pump + HDH model energy utilization coefficient 6.96

(5]

Two-stage HDH + heat Aspen Plus simula-

pump

Trends only: higher recovery rate
and performance coefficient than -

tion .
single-stage system

(1]

Double-effect desalination +
compression heat pump

Trends only: COP rises and produc-
Aspen simulation tion falls with evaporation tempera- —
ture

(6]

Direct-contact membrane 4-30; 0.5-2 (multi-
distillation + heat pump  Theoretical analysis COP 1.8-2.1; SEC 330-400 kWh/m? stage, 2 kW heat

(R134a, R22) pump)
[36] HDH + heat pump, direct- Thermodynamic 89.27 kg/h at GOR 4.17; optimum 16
contact dehumidifier model, PSO 150.75 kg/h at GOR 8.12
T Experiment (4 re- 0.125-0.334 kg/h; SEC 3.8-5.7
. Vacuum distillation of pre- . .. - M. Not calculated
This work heated seawater gimes) + semi-empiri- kWh/kg (*3800-5700 kWh/m?3); ex- (Section 4.2)

cal model ergy efficiency 1.6-3.2%

HDH —humidification-dehumidification; COP —coefficient of performance; GOR—gained output

ratio; SEC —specific energy consumption. A dash means that no value was given.

In HDH systems, a hybrid thermomechanical heat pump based on a double-effect
absorption cycle increased the freshwater production by 23.23% and the cooling output
by 47.7% compared with the traditional combination, raised the energy utilization coeffi-
cient to 6.96 (+17.89%) and gave a freshwater cost of USD 2.051/m3; the humidifier had the
highest energy consumption (8.98 kW, 16.5% of the total) [2]. A two-stage HDH system
with a heat pump, modeled in Aspen Plus, showed a higher recovery rate and a higher
performance coefficient than the single-stage system at higher seawater inlet temperatures
and liquid-to-gas ratios [5]. An open-air, open-water HDH system with a heat pump and
a direct-contact dehumidifier, optimized by particle swarm optimization, reached 89.27
kg/h at a gained output ratio of 4.17, and 150.75 kg/h at a ratio of 8.12 without an auxiliary
heater, at a freshwater cost of USD 0.016/L [36].

Heat pumps have also been combined with desalination processes other than HDH.
A double-effect seawater-desalination system with a compression heat pump was simu-
lated in Aspen: the coefficient of performance increases but the freshwater production de-
creases with the heat-pump evaporation temperature, and both decrease with the conden-
sation temperature [1]. A high-temperature heat pump was also proposed for the zero-
liquid-discharge desalination of supercritical water [37]. Direct-contact membrane distil-
lation integrated with a heat pump (R134a, R22) gave coefficients of performance of 1.8
2.1 and a specific energy consumption of 330400 kWh/m? at production costs of USD 4-
30/m? in the closed water cycle, and a parallel multi-stage arrangement with a commercial
2 kW heat pump reduced the cost to USD 0.5-2/m?3 [6]. Finally, other heat-driven concepts
include a solar-powered Stirling-type engine for seawater desalination [7] and a heat-
powered pump that converts heat directly into liquid pressure for reverse osmosis [38].

The cited studies deal mainly with HDH, multi-effect and membrane systems, and
most of them are based on simulation. Experimental data for thermal vacuum distillation
with preheating by a hybrid solar heat pump, together with exergy indicators, were not
found; this is the gap addressed in Section 1.3. For comparison with the electricity-cost
estimate of this work, the reported water costs of small-scale solar desalination systems
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(capacity below 25 m3/day [4[39]) are USD 0.2-22/m? for small-medium-scale solar plants
[40] and USD 15-18/m? for autonomous solar membrane distillation units [41]; these val-
ues are used as a benchmark in Section 4.2.

1.3. Research Gap, Aim, Novelty and Practical Contribution

Research gap: Heat-pump-assisted desalination has been studied mainly for HDH and
membrane systems (Table 1). Experimental data for the thermal vacuum distillation of sea-
water preheated by a hybrid solar-powered heat pump, exergy assessments based on such
data, and models with stated validity limits were not found in the reviewed literature.

Aim, novelty and practical contribution: To close this gap, the aim of this study is to
determine, experimentally and with a calibrated semi-empirical model, the productivity,
energy consumption and exergy efficiency of a laboratory thermal vacuum distiller at 75—
100 °C and 0.4-1 atm, and to define the limits within which the model can be used. The
novelty is the combination of experimental data on vacuum distillation of preheated sea-
water, a calibrated model with explicit physical constraints and validity limits, and a
stage-level exergy assessment of the laboratory unit. The reference values of the specific
energy consumption and exergy efficiency and the identified loss sources are intended for
the design of an industrial prototype; this contribution is prospective, because the heat
pump and the photovoltaic subsystem are not included in the measured balances.

2. Materials and Methods (Experimental and Modeling Parts of Study)
2.1. Experimental Part

A hybrid energy system integrating a heat pump and a solar power plant was pro-
posed and developed in an earlier study [13]. The system exploits the complementary
advantages of both components while relying exclusively on renewable energy sources.
Its distinctive feature is a coil laid on the back side of the solar panel, in which the R407C
refrigerant of the heat-pump cycle is additionally heated (Figure 1).

The hybrid unit supplies seawater heated to 75 °C. Heating the feed water is, how-
ever, only the first step toward obtaining the distillate; the next step was the development
of a distiller. Two options of thermal distillation were considered: distillation at atmos-
pheric pressure with additional heating, or distillation at reduced pressure without addi-
tional heating. Based on the basic diagram, a theoretical operating cycle of a vacuum dis-
tillation unit was developed (Figure 2) and tested under laboratory conditions.

Figure 1. Hybrid heat pump.
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Figure 2. Thermal vacuum distiller.

The experimental data used to calibrate the model are given in Table 2. The measure-
ments were carried out using a thermostat and an RTD10-SCR50-PT1000 temperature sen-
sor (EKF, Moscow, Russia).

Table 2. Experimental data.

75 °C/0.4 atm 85 °C/0.6 atm 90 °C/0.7 atm 100 °C/1 atm

Amount of water in the evaporator,

liters > > > >
Initial temperature, °C 28.5 29.3 28.9 29.4
Target temperature, °C 75 85 90 100
i\r:rage pressure in the evaporator, 0.4 06 0.7 1
Productivity, g/h 125 217 263 334
The amount of energy spent on

heating to the target temperature, 310 370 420 630
Wh

The amount of energy spent on

maintaining the target temperature 400 520 580 740

and creating a vacuum, W h

System boundaries: The energy and exergy balances of Sections 2.2—4 refer to the
laboratory vacuum distiller only. The electrical energy supplied to the heater (thermostat)
during heating and maintenance and to the vacuum pump is counted as the energy input.
The hybrid heat pump and the photovoltaic-thermal panel (Figure 1) are not included in
the measured energy inputs: they are regarded only as a prospective source of preheated
feed water, and no heat-pump electricity or solar heat is included in Table 2 or Table 3.
Consequently, the results do not quantify the benefit of renewable-energy integration; this
requires a system-level balance, which is outside the scope of the present study.

https://doi.org/10.3390/en19215379


https://doi.org/10.3390/en19215379

Energies 2026, 19, 5379

6 of 20

Table 3. Comparison of the calibrated model with the calibration data.

Parameter 75 °C/0.4 atm 85 °C/0.6 atm 90 °C/0.7 atm 100 °C/1 atm  Max. dev., %
Productivity, g/h (exp.) 125 217 263 334 2.7
Productivity, g/h (model) 126.2 211.1 269.5 333.2
Total energy, Wh (exp.) 710 890 1000 1370 4.5
Total energy, Wh (model) 686.8 910.5 1044.5 1329.5
Specific energy, Wh/g (exp.) 5.68 4.1 3.8 4.1
Specific energy, Wh/g (model) 5.44 4.31 3.88 3.99
Deviation of productivity, % +1.0 -2.7 +2.5 -0.2 2.7
Deviation of total energy, % -3.3 +2.3 +4.5 -3.0 4.5

The process flow of the experimental unit, with the streams and measurement points,

is shown in Figure 3.

PV-thermal panel

Hybrid heat pump

heat

(compressor, condenser,

Seawater feed

+ R407C coil . heating to =75 °C
expansion valve)
heated feed
T2 P2 T1, P1
[ ] o v
Distillate . distillate Condenser vapour Vacuum evaporator
receiver - (copper coil) (5 L batch,
R thermostat) ®
W1 (heater)
® [
m (balance)
residual brine
vacuum line
Dashed: vacuum line .WQ
Red arrows: heat / hot feed

Red dots: measurement points:
T —temperature, P - pressure,
W - electric energy, m — mass

Vacuum pump

Figure 3. Schematic of the experimental unit and measurement points. T—temperature; P—pres-

sure; W —electric energy; m—distillate mass.

Experimental procedure: A batch of 5 L of seawater was loaded into the evaporator
at an initial temperature of 28.5-29.4 °C and heated to the target temperature. The target
temperature was then maintained for 1 h at the pressure given in Table 2, and the distillate
was collected in the receiver and weighed. The productivity was calculated per hour of
steady operation. The unit comprised the evaporator with the heater (thermostat), the vac-
uum pump, the condenser and the receiver (Figure 3). The temperature was measured by
the Pt1000 resistance sensor RTD10-SCR50-PT1000 connected to an TRM500 (OWEN,
Moscow, Russia) controller, the pressure by a vacuum gauge and the electric energy by a
wattmeter; the vacuum pump had a power of 100 W. The models and accuracies of these
instruments, the heater power, the specifications of the condenser and of the balance, the
sampling frequency and the number of repeated runs per regime were not recorded; Table
2 gives one value per regime, so the repeatability was not assessed. The seawater compo-
sition was not documented: its salinity, conductivity and sampling site were not recorded,
and the water activity, a» = 0.98, used in Section 3 is therefore an assumed value.
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Measurement uncertainty: The accuracies of the temperature channel (the RTD10-
SCR50-PT1000 sensor with the OWEN TRMS500 controller), of the vacuum gauge, of the
wattmeter and of the balance are not documented, so the measurement uncertainty is not
quantified in this study. The standard uncertainties of energy, E, and of productivity, M,
are combined into the relative uncertainty of the specific energy consumption as
u(SEC)/SEC = [(u(E)/E)? + (u(M)/M)?2]* The influence of the set-point errors on the model
outputs is analyzed in Section 4.1.

To generalize the experimental results within the investigated range, a semi-empiri-
cal model of the thermal vacuum distillation unit was developed. The model describes the
key physical processes: water heating, evaporation under reduced pressure, and conden-
sation. The empirical parameters of the model are calibrated using the experimental data
from Table 2 (Section 2.2). The comparison with these data characterizes the quality of the
fit and not the independent predictive accuracy of the model.

2.2. Modeling

The mathematical model is based on the energy balance of the distillation process and
consists of three sub-models: (1) heating energy, (2) maintenance energy, and (3) evapora-
tion productivity. The model is a semi-empirical regression: the heating factor has two em-
pirical parameters, the maintenance energy has three, and the evaporation fraction has
three; all of them are fitted to only four experimental regimes (Table 2). In total, 12 measured
values (the heating energy, the maintenance energy and the productivity in four regimes)
are described by 8 parameters, i.e., 4 degrees of freedom (2, 1 and 1 in the heating, mainte-
nance and evaporation sub-models, respectively), so the statistical power of the fit is low.

Heating energy: The energy required to heat the water mass, mw, from the initial
temperature, Tinit, to the target temperature, T, is calculated as follows [Wh]:

Qheat = mw'Cw'(T - Tinit)'nheat(T)/3.6, (1)

where mw = 5 kg is the water mass, cw = 4.186 kJ/(kg'K) is the specific heat, and nneat(T) =
ar'T + b1 is the heating factor, i.e., the ratio of the electrical energy consumed to the sensible
heat of the water (nneat > 1 represents heat losses), fitted by unweighted least squares to 1
= Qexp,i/[mwew(Ti — Tinit)/3.6] (a1 = 0.01449, b1 = —0.0160). The initial temperature was taken
as the mean measured value, Tinit = 29 °C (28.5-29.4 °C), both in the fit and in the calcula-
tions. For electric heating, nneat > 1 is required by the first law of thermodynamics; the fitted
correlation gives nNneat =1 at 70.1 °C and is therefore physically admissible only for T >70.1
°C. It is used here only for T 275 °C, where nneat = 1.07-1.43. The heating sub-model devi-
ates from the measured heating energy by -7.6%, +7.0%, +8.8% and —6.1% in the four re-
gimes, because the measured factor is not linear in T; these errors are partly compensated
for by the maintenance sub-model in the total energy.

Maintenance energy: The energy consumed to maintain the target temperature and
create vacuum during one hour of operation is modeled as follows [Wh]:

Qmaint = O((T - Tamb)+[3)/P+y, (2)

where Tamb =30 °C is the ambient temperature, P is the absolute pressure in the evaporator
(atm), and o =18.84, 3 =89.01, v = —669.85 are the empirical coefficients obtained by least-
squares fitting to the experimental data. The coefficients were obtained by least-squares
fitting of the measured maintenance energy (four points, three parameters, one degree of
freedom). The correlation gives Qmaint < 0 below about 61 °C at 1 atm and below 50 °C at
0.3 atm, which is physically inadmissible; it is therefore used only inside the admissible
domain defined below.

Saturation pressure: The saturation pressure of water vapor as a function of temper-
ature is described by the Antoine equation [Pa]:
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logi(ps) = A - B/(C +T), 3)

with Antoine constants A = 10.196, B = 1730.63, and C = 233.426 for water in the tempera-
ture range of interest. The Antoine and Watson correlations are taken from [42].

Latent heat of vaporization: The latent heat r(T) decreases with temperature and is
approximated by the Watson correlation [k]/kg]:

£(T) = 1100 -[(Terit = T)/(Tesic — 100)]7, (4)

where ri00 = 2257 kJ/kg is the latent heat at 100 °C, Teit = 374 °C is the critical temperature
of water, and n = 0.38 is the empirical exponent.

Evaporation productivity: The distillate productivity is determined by the fraction of
maintenance energy directed to evaporation [g/h]:

M= fevap(T, P)Qmalnt36/r(T)1000, (5)

where fevap(T, P) = c1'T + c2P + c3 is the evaporation fraction (c1 = 0.01912, c2 = -0.6652, cs =
-0.9637), representing the share of thermal energy converted to vapor. This fraction accounts
for heat losses to the environment and the energy consumed by the vacaum pump. The
coefficients c1—cs were fitted by least squares to fi = Mexp, r(T1)/(3.6-10° Qmaintexpi), which equals
0.203, 0.267, 0.288 and 0.283 for the four regimes (three parameters, four points). The func-
tion fevap is linear and is non-negative only if T > (0.9637 + 0.6652P)/0.01912, i.e., above 60.8
°Cat (0.3 atm and above 85.2 °C at 1 atm; below this line, the model gives a negative produc-
tivity, which is physically inadmissible. Within the calibrated corridor, fevap =0.20-0.29: only
20-29% of the maintenance energy is converted into the latent heat of the distillate.

Specific energy consumption: The overall energy efficiency of the distillation process
is characterized by the specific energy per gram of distillate [Wh/g]:

(spec = (Qheat + Qmaint)/M, (6)

Admissible domain and validity limits: The model is applied only where (i) 1neat 2
1,ie., T270.1°C; (ii) Qmaint > 0; (iii) fevap > 0; and (iv) the pressure is not below the saturation
pressure of the liquid at the set temperature, P > Ps(T), because otherwise the liquid at this
temperature cannot exist and flashes to the saturation temperature of the pressure. On a
grid of 50-100 °C and 0.3-1.0 atm, 75% of the points violate at least one of these constraints
(46% have fevap <0, 15% have Qmaint < 0, 40% have 1eat < 1 and 26% lie below the saturation
line). The experimental regimes lie on the saturation line: the ratios P/Ps(T) are 1.05, 1.05,
1.01 and 1.00. The model is therefore used for 75 °C < T <100 °C and Ps(T) <P <1 atm, and
the results outside the corridor P < 1.06Ps(T) are extrapolations. Because pressure rises
with temperature along the saturation line in all four regimes, the separate effects of T and
P cannot be identified from these data. The correlation coefficient between T and P over
the four regimes is 0.993 (between T and 1/P, -0.982). For the evaporation fraction, the
coefficient c2 = -0.665 has a standard error of 0.114 with one degree of freedom, so its 95%
confidence interval (—2.11 to 0.78) includes zero and the sign of c2 is not statistically estab-
lished; the same applies to the term 3/P of Equation (2). If c2 is set to zero (c1 and cs refitted),
the maximum deviation of the productivity increases from 2.7% to 8.4%, but this improve-
ment of the fit cannot be attributed to pressure, because T and P are collinear. Experiments
at constant temperature and different pressures are required to separate the two effects.

The calibrated model was compared with the four calibration regimes (Table 3). The
maximum deviation is 2.7% for productivity (85 °C/0.6 atm) and 4.5% for total energy (90
°C/0.7 atm). This comparison shows how well the correlations fit the data used to deter-
mine their parameters; it is not an independent validation, because the model has eight
empirical parameters in three sub-models and was fitted to only four regimes.

https://doi.org/10.3390/en19215379


https://doi.org/10.3390/en19215379

Energies 2026, 19, 5379

9 of 20

To estimate the predictive ability, leave-one-out cross-validation was applied: each
regime was removed in turn, the parameters were refitted to the remaining three regimes,
and the removed regime was predicted (Table 4). For the interior regimes (85 and 90 °C)
the errors are 5.9-6.0% in productivity and 2.1-6.2% in total energy, but for the boundary
regimes, 75 °C/0.4 atm and 100 °C/1 atm, they reach 94% and 21% in productivity and 30%
and 13% in total energy, respectively. Thus, the predictive capability of the model is lim-
ited. The only interpolation test available is based on the two interior regimes (errors of
about 6% in productivity); two points are too few for a meaningful estimate of the predic-
tive error, so this value must not be regarded as a validation. The model cannot be used
for extrapolation.

Table 4. Leave-one-out cross-validation (each regime is predicted by the model fitted to the other three).

75 °C/0.4 atm 85 °C/0.6 atm 90 °C/0.7 atm 100 °C/1 atm

Productivity (predicted), g/h 242.6 204.3 278.8 403.1
Deviation from experiment, % +94.0 -5.9 +6.0 +20.7
Total energy (predicted), Wh 921.9 908.5 1062.5 1186.5
Deviation from experiment, % +29.8 +2.1 +6.2 -13.4

An independent validation requires additional experiments at intermediate regimes,
for example at 80 °C and 95 °C. In the present study, such runs were not performed, and
the claims about the predictive ability of the model are limited accordingly.

A numerical experiment was conducted to investigate the performance of the ther-
mal vacuum distillation unit over a wide range of operating conditions: temperatures
from 75 °C to 100 °C and pressures from the saturation pressure Ps(T) to 1.0 atm (physi-
cally admissible domain). The model equations were solved for each combination of tem-
perature and pressure, yielding productivity, energy consumption, and specific energy
consumption. The red circles in the figures denote the experimental data points from Ta-
ble 3. The solid lines in Figures 4 and 5 show the calibrated corridor P < 1.06Ps(T); the
dashed lines are extrapolations inside the admissible domain.

Figure 4 shows the distillate productivity as a function of temperature for seven pres-
sure levels (0.4-1.0 atm); each curve ends at the saturation temperature of its pressure.
Productivity increases monotonically with temperature due to the growing driving force
for evaporation. At a given temperature, the fitted model gives a higher productivity at
lower pressure; this follows from the signs of the fitted coefficients c2 and {3, which the
data do not establish (Section 2.2), and is not an experimental result. The increase with
temperature is due to the growth of the evaporation fraction from 0.20 to 0.28 and of the
maintenance energy, partly offset by the decrease in the latent heat from 2333 to 2257
kJ/kg. In the model, the higher productivity at a lower pressure arises because the fitted
evaporation fraction decreases with pressure (c2 <0), which the data do not establish (Sec-
tion 2.2); at the same time, the vacuum term of the maintenance energy increases (222 Wh
at 0.4 atm against 89 Wh at 1 atm). The pressure dependence is an extrapolation of the
fitted correlations, since P = Ps(T) in all four regimes.

Figure 5 presents the total energy consumption (heating + maintenance) as a function
of temperature and pressure. Energy consumption rises with temperature due to increased
heat losses and greater energy required for heating. The effect of pressure is less pro-
nounced: lower pressures slightly increase the maintenance energy through the vacuum
term, /P, but the difference diminishes at higher temperatures. In the calibrated regimes,
only 20-29% of the maintenance energy is converted into the latent heat of the distillate; the
remaining 71-80% is lost to the environment and consumed by the vacuum pump.
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Figure 4. Model productivity vs. temperature at different pressures (red circles: experimental data).

Solid lines—calibrated corridor; dashed lines—extrapolation inside the admissible domain.
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Figure 5. Total energy consumption vs. temperature at different pressures. Red circles —experimental

data; solid lines— calibrated corridor; dashed lines—extrapolation inside the admissible domain.

Figure 6 provides a direct comparison between model predictions and experimental
measurements. Panel (a) compares productivity values: all calibrated points lie close to
the diagonal, with a maximum deviation of 2.7%. Panel (b) compares total energy con-

sumption: the agreement is within 4.5%. The scatter around the diagonal cannot be at-

tributed to measurement uncertainty until the instrument uncertainties are specified; it

may also reflect model simplifications (e.g., constant ambient temperature, neglect of salt

concentration effects). The open squares show the leave-one-out predictions (Table 4),

which deviate strongly from the diagonal for the boundary regimes.
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Figure 6. Model vs. experiment: left panel (a)— productivity; right panel (b) —total energy consump-
tion. Dashed line—ideal agreement; open squares —leave-one-out predictions.

3. Exergy Analysis
The required power of the pump:

Mg, AP
Woump = ——=

(7

P NMpump

where p is the feed water flow density and 7pump is the isentropic efficiency of the pump.
The specific energy consumption is

W,
SEC = 2% (8)
d
The net power consumed by the system is
n
Woet = Womp + W, ©)

where Wy, W,, W3,and W, are the power consumption of pumps 1-4, respectively.

The pump equations above refer to a prospective full-scale configuration with pumps
1-4. In the present study, the net electrical input of the laboratory unit is Qeat + Qmaint
(Section 2.2, including the vacuum pump), and the specific energy consumption is defined
as SEC = (Qneat + Qmaint)/M in Wh/g; the pump power was not added separately.

Based on the first and second laws of thermodynamics, the steady-state exergy bal-
ance is

ED = ZEin - ZEout (10)

where the subscripts “in” and “out” represent the specific exergy at the input and output
relative to the control volume, and E;, is the destruction of exergy due to the irreversibil-
ity of the system. The outgoing exergy LEou includes both the product stream and the
stream rejected without use (the exergy loss Er, here the residual hot water), so that, in the
notation of Equation (14), Er = Er + Ep + EL: exergy destruction, Ep, is generated inside the
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control volume by irreversibilities, whereas exergy loss, EL, is carried out of the control
volume by a stream that is not used.
The specific exergy is

e = ey ten (1)

where e, and ey, are the physical and chemical exergy, respectively.

p
The physical exergy is

eph = (h = ho) =T (s = So) (12)

The chemical exergy is

e = Z x; eq; +RT, Z x; Inx; (13)

l 2

The exergy balance of each component (fuel-product-destruction-loss) is
Epj = Epp+ Epj + Epy (14)

The overall exergy efficiency is
_ Lk
LEF
The basis of the exergy calculation: The reference (dead) state is To =30 °C (303.15 K)
and Po =1 atm, which corresponds to the ambient temperature used in the model. The fuel

Nex (15)

exergy, Er, is the total electrical energy supplied to the distiller during the heating stage and
one hour of maintenance (Wheat + Wmaint), with electricity being pure exergy. The product
exergy, Ep, is the exergy of the distillate produced during this hour, evap = (h — ho) — To(s - so),
evaluated for saturated vapor at the set temperature relative to liquid water at To with a
constant specific heat of 4.186 kJ/(kg-K) and the Watson latent heat r(T); it equals 314.3, 372.4,
400.0 and 452.8 k] /kg for the four regimes. The thermal exergy of the heated residual water,
EL = mwew[(T = To) — Toln(T/To)], minus the same quantity at Tini, is rejected at the end of the
cycle and is treated as an exergy loss (64147 k]). The chemical exergy of seawater, en =
RToln(aw)/Mw = -2.8 k] /kg at aw = 0.98, is below 1% of evap and was neglected. For the stage-
level balance, the distiller is divided into the heating stage, Dneat = Wheat — EL, and the evapo-
ration—condensation—vacuum stage, Dadist = Wmaint — Ep, so that Er = Ep + EL + Dheat + Duist. The
exergy destruction D = Dheat + Daist is thus the exergy consumed by irreversibilities inside the
distiller, the exergy loss, Ei, is the exergy of the stream leaving the distiller unused, and 1 -
Nex = (D + EL)/EF; the three terms are reported separately in Section 4.

Second-law efficiency based on the minimum work of separation: The exergy effi-
ciency Er/Er defined above credits the thermal exergy of the vapor and is specific to ther-
mal distillation; it differs from the basis commonly used for desalination, the minimum
work of separation. For comparison with the literature, the second-law efficiency is there-
fore also calculated as 1z = M-wmin/Er, where M is the mass of distillate produced during
the hour of maintenance, Er is the fuel exergy defined above, and wmin = —R-ToIn(aw)/Mw
is the minimum work of separating pure water from seawater of water activity, aw. At aw
=0.98 and To = 303.15 K, wmin = 2.83 kJ/kg (0.785 kWh/m3). The value of aw is assumed
(Section 2.1), and the zero-recovery limit is used, which slightly underestimates wmin at
the recovery of 2.5-6.7% of the batch reached in one hour.

4. Results of the Exergy Analysis

The exergy analysis was performed based on the formulas presented in Section 3,
using the experimental data from Table 2 and the calibrated mathematical model from
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Section 2.2. The analysis covers four experimental regimes and extends to a wider range
of operating conditions (75-100 °C, saturation pressure to 1.0 atm) through numerical
modeling. The exergy balance was constructed using the first and second laws of thermo-
dynamics, with the physical exergy calculated as exph = (h —ho) — To(s — s0) and the chemical
exergy of seawater as eXchem = (R-To/Mw)-In(aw), where aw = 0.98. The exergy of fuel equals
the total electrical energy input, and the exergy of product equals the exergy of the distil-
late vapor. The results for the four experimental regimes are summarized in Table 5.

Table 5. Exergy analysis results for the experimental regimes.

Parameter 75 °C/0.4 atm 85 °C/0.6 atm 90 °C/0.7 atm 100 °C/1 atm

Productivity, g/h 126.2 211.1 269.5 333.2

Total energy, Wh 686.8 910.5 1044.5 1329.5

Specific energy, Wh/g 5.443 4.313 3.875 3.990

Specific exergy of va- 5, 5 372.4 400.0 452.8

por, kJ/kg

Exergy destructionand, 5, 3199.2 3652.5 46353

loss, k]

Exergy efficiency, % 1.60 2.40 2.87 3.15

Second-law efficiency

(minimum-work ba-  0.0144 0.0182 0.0203 0.0197

sis), %

Figure 7 presents the exergy analysis results for the four experimental regimes. The

exergy efficiency (Figure 7a) increases monotonically with temperature, rising from 1.60%
at 75 °C/0.4 atm to 3.15% at 100 °C/1 atm. Despite this improvement, the exergy efficiency
remains below 3.2%, i.e., 96.9-98.4% of the fuel exergy is not converted into product ex-
ergy. This share consists of two different terms (Table 6): the exergy loss Ev. with the resid-
ual hot water (2.6-3.1% of Er) and the exergy destruction by irreversibilities, Dheat + Daist
(93.8-95.8% of Er). Table 6 shows the stage-level distribution: the heating stage accounts
for 41-44% of the exergy destruction Dreat + Duist (the loss Er is not included) and the evap-
oration—-condensation—vacuum stage for 56-59%. A further split among the evaporator,
the condenser, the vacuum pump and the heat losses to the environment requires separate
metering of these components and is not possible with the present data. The likely sources
are the finite temperature difference in heat transfer, the heat losses to the environment
and the work of the vacuum pump.
Table 6. Stage-level exergy balance of the laboratory distiller (calibrated model, one hour of mainte-
nance). The exergy loss, Ei, and the exergy destruction, D = Dheat + Duist, are shown separately; Er =
Ep + EL + D (rounding differences do not exceed 0.01 percentage points).

Parameter 75 °C/0.4 atm 85 °C/0.6 atm 90 °C/0.7 atm 100 °C/1 atm

Fuel exergy Er = Wheat + Waint, K] 2473 3278 3760 4786

Heating stage Wheat, k] 1031 1425 1645 2129

Maintenance stage Wmaint, kJ 1442 1853 2116 2657

Product exergy Ep, k] 39.7 78.6 107.8 150.9

Loss EL (residual hot water), k] 63.6 93.3 109.9 146.9

Destruction in heating stage Dheat, k] 967 1332 1535 1983

I?estructlon in evaporation—condensa- 1402 1774 2008 2506

tion—vacuum stage Duist, k]

Total destruction D = Dheat + Daist, k] 2369 3106 3543 4489

Share of Dheat in Dheat + Daist, % 40.8 42.9 43.3 44.2
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Exergy efficiency Er/Er, % 1.60 2.40 2.87 3.15
Share of loss Ev in Er, % 2.57 2.85 2.92 3.07
Share of destruction D in Er, % 95.82 94.76 94.21 93.78
(D + EL)/Er = 100 — nex, % 98.40 97.60 97.13 96.85
a0 (a) Exergy efficiency (b) Exergy destruction and loss
354 4500
3.01
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X 2.0 X 3500
1.5 1
104 3000
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Figure 7. Exergy analysis results: (a) exergy efficiency, (b) exergy destruction and loss, (c) specific
energy consumption, (d) distribution of the fuel exergy among the product, the loss and the destruc-
tion in the two stages.

The sum of the exergy destruction and loss (Figure 7b, Table 5) increases from 2433
kJ at 75 °C to 4635 k] at 100 °C, following the growth of the fuel exergy from 2473 to 4786
kJ; the exergy loss with the residual hot water accounts for only 64-147 k] of this sum, and
the rest is exergy destruction. The specific energy consumption (Figure 7c) exhibits a min-
imum of 3.875 Wh/g at 90 °C/0.7 atm, which is the lowest value among the four regimes;
however, it is only 3% lower than at 100 °C/1 atm (3.990 Wh/g), i.e., less than the model
deviation of 4.5%, so the regimes between 90 and 100 °C cannot be ranked reliably. Figure
7d shows how the fuel exergy is distributed: the product exergy accounts for 1.6-3.2%, the
loss with the residual hot water for 2.6-3.1%, and the destruction in the two stages for
93.8-95.8% of the fuel exergy.

On the minimum-work basis, the second-law efficiency is 0.014%, 0.018%, 0.020% and
0.020% for the four regimes (Table 5), i.e., 110-160 times lower than the exergy efficiency
based on the vapor exergy (1.6-3.2%). The measured specific energy consumption (3800—
5700 kWh/m?) exceeds the minimum work of separation (0.785 kWh/m?) by a factor of
about 4800-7200. The values of 1.6-3.2% should therefore be compared with the literature
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only for processes evaluated on the same vapor-exergy basis; for a comparison with de-
salination processes in general, the minimum-work basis should be used.

Effect of vacuum on the energy consumption: The measured data do not show an
energy advantage of vacuum operation. The specific energy consumption of the vacuum
regime 75 °C/0.4 atm (5.68 Wh/g) is the highest of the four regimes, and its consumption
for maintenance and vacuum alone (3.2 Wh/g) is higher than at 85, 90 and 100 °C (2.4, 2.2
and 2.2 Wh/g). Per gram of distillate, both the heating energy (2.5 against 1.9 Wh/g) and
the maintenance energy (3.2 against 2.2 Wh/g) are higher at 75 °C/0.4 atm than at 100 °C/1
atm. Any advantage of vacuum operation would therefore have to come from the lower
temperature of the heat source, which allows the use of low-grade or solar heat; the heat
pump and the solar subsystem are not part of the measured balances, so this advantage
was not quantified.

The contour map in Figure 8 extends the analysis to the physically admissible domain
(75-100 °C, Ps(T) <P <1 atm, productivity above 50 g/h). The specific energy consumption
has its minimum of about 3.77 Wh/g at 93 °C/0.78 atm on the saturation line, only 3%
below the value measured at 90 °C/0.7 atm and within the model deviation; it increases
steeply with pressure above the saturation line, because the evaporation fraction de-
creases. The region below the saturation line (hatched) is physically inadmissible: for ex-
ample, the saturation temperature is 69.5 °C at 0.3 atm and 76.3 °C at 0.4 atm. Outside the
corridor, P < 1.06Ps(T); the map is an extrapolation and should be treated as qualitative.

Specific energy consumption, Wh/g

1.0
— P = Psat(T) (feasibility limit) p
—-— P =1.06 Psat(T) (calibrated corridor) ,/ 17.6
0.9 - QO Experiment I /'
15.2
0.8 1
=
= 12.8
) ]
= 0.7
% 10.4
[
0.6 1
8.0
0.5
56
0.4 A
T T 3.2

75 80 85 90 95 100
Temperature, °C

Figure 8. Contour map of the specific energy consumption over the physically admissible domain
(solid line, P = Ps(T); dashed line, P = 1.06Ps(T); hatched area—inadmissible region; white circles—

experimental regimes).

4.1. Sensitivity and Uncertainty Analysis

The sensitivity of the model outputs to set-point errors is given in Table 7 and is re-
stricted to the admissible domain (75 °C < T <100 °C, Ps(T) <P <1 atm). Because all four
regimes lie on the saturation line, the temperature error is applied with the pressure fol-
lowing the saturation line (constant ratio P/Ps(T)), so that the perturbed points remain in-
side the calibrated corridor; the perturbations that would leave the domain (73 °C for the
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75 °C regime and 102 °C for the 100 °C regime) are not evaluated (n/a). A temperature
error of +2 °C changes the productivity by 1.8-13.0%, the total energy by 4.5-5.9% and the
specific energy consumption by 0.5-6.3%; the sensitivity is the highest at 75 °C. The effect
of the pressure alone cannot be studied inside the calibrated corridor, whose width is only
about 6% of Ps. An increase in the pressure by 0.05 atm at constant temperature is therefore
an extrapolation inside the admissible domain (P/Ps =1.09-1.19); it is given for qualitative
information only, for the three regimes where P + 0.05 atm < 1 atm, and is not applicable
to 100 °C/1 atm. It reduces the productivity by 13-22% and increases the specific energy
consumption by 14-23%, but these rows depend on the coefficients c2 and 3, which the
data do not identify (Section 2.2), and are conditional on the model form. The accuracy of
the temperature control is therefore important for the reproducibility of the productivity,
especially at the lowest temperature. The model-form uncertainty is characterized by the
leave-one-out errors (Table 4). The measurement uncertainty must be added using the in-
strument accuracies (Section 2.1); for illustration, relative uncertainties of 2% in both energy
and productivity (assumed values, not measured ones) would give u(SEC)/SEC = 2.8%.

Table 7. Change in the model outputs (%) for a set-point change of +2 °C in temperature (*) and of
+0.05 atm in pressure (**). * The pressure follows the saturation line (constant P/Ps(T)); the perturbed
points lie inside the calibrated corridor. ** At constant temperature; extrapolation inside the admis-
sible domain (P/Ps = 1.09-1.19), qualitative only. n/a: the perturbed point lies outside the admissible
domain (75-100 °C, Ps(T) <P <1 atm).

Change Output 75 °C/0.4 atm 85 °C/0.6 atm 90 °C/0.7 atm 100 °C/1 atm

T-2°C* Productivity n/a -8.0 -6.2 -1.8
Total energy n/a -5.3 -5.0 4.5

SEC n/a +2.9 +1.3 -2.8

T+2°C* Productivity +13.0 +7.8 +5.7 n/a
Total energy +5.9 +5.5 +5.2 n/a

SEC -6.3 -2.1 -0.5 n/a

P +0.05 atm ** Productivity -21.5 -14.6 -12.7 n/a
Total energy -3.6 -1.3 -0.8 n/a

SEC +22.7 +15.6 +13.6 n/a

4.2. Economic Aspects and Comparison with the Literature

The cost of the distillate was not calculated in this study, because the input data re-
quired by the cost models reported for desalination are not available for a bench unit. In
these models [43-45], the total annualized cost is the sum of the annualized capital cost
and the annual operating cost. The capital cost follows from equipment-cost correlations
that are power functions of the heat-transfer areas of the evaporator and the condenser,
and the labor and chemical costs are expressed as specific costs per cubic meter of water;
for example, EUR 0.02/m3 of freshwater for labor [43,44] and EUR 0.015/m? of treated feed
water for chemicals [43]. A fixed annual labor allowance for a bench unit is not consistent
with these specific costs, because, at a productivity of 0.125-0.334 kg/h, it would be spread
over less than 3 m?3 of water per year even in continuous operation.

A cost calculation for the present unit with these models is not meaningful for three
reasons. First, the heat-transfer areas of the evaporator and the condenser of the bench
unit were not recorded (Section 2.1), so the equipment cost cannot be obtained from the
correlations. Second, the correlations and unit costs were applied to units of much larger
capacity; for example, the domestic vacuum desalination system of [44] produces about
21 L/h, i.e., roughly 60-170 times more than the present unit (0.125-0.334 kg/h), and small-
scale desalination is generally defined by a capacity below 25 m3/day [39]. Third, the bench
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unit was heated electrically, whereas the low-temperature vacuum concept is intended
for waste or solar heat; the cost of this heat depends on the heat-pump and photovoltaic-
thermal subsystem, which was not part of the measured balances (Section 2.1).

The only cost-related quantity that follows directly from the present measurements
is the electricity demand. With the measured specific energy consumption of 3.8-5.7
kWh/kg (3800-5700 kWh/m?) and the electricity prices of EUR 0.052-0.24/kWh used for
different locations in [43], electricity alone would cost about EUR 200-1400/m? (no cur-
rency conversion is applied). This is roughly 10-90 times higher than the USD 15-18/m?
reported for autonomous solar membrane distillation units [41] and above the range of
USD 0.2-22/m? reported for small-medium-scale solar desalination plants [40] (Section
1.2). Electric heating, as used in the bench tests, is therefore not compatible with econom-
ical operation, and the potential of low-temperature vacuum distillation depends on sup-
plying the heat from waste or solar sources. A cost assessment with the models of Refs.
[43—-45] should follow a system-level design of the unit, including the heat-pump and pho-
tovoltaic-thermal subsystems; this is outside the scope of the present study.

5. Conclusions

A laboratory thermal vacuum distiller for seawater preheated in a hybrid heat pump
was investigated experimentally at four regimes (75-100 °C, 0.4-1 atm) and described by
a calibrated semi-empirical model. Prospective applications in hot climates and for auton-
omous sea navigation are not demonstrated by the present data, because the heat pump
and the photovoltaic subsystem were not included in the measured balances. The delivery
of distilled water to remote areas by unmanned aerial vehicles in postal packages is a
prospective application that was not studied. The main results are as follows.

1. A laboratory stand for producing distillate from seawater preheated in a hybrid
heat pump has been developed. The 5 L batch distiller produced 125-334 g/h of distillate
at 75-100 °C.

2. The energy and exergy balances of the heating and distillation stages were formu-
lated and quantified for the four regimes (Sections 2.2—4).

3. The calibrated model reproduces the measured productivity within 2.7% and the
total energy within 4.5%. This characterizes the fit only: in leave-one-out cross-validation
the errors reach 94% (productivity) and 30% (total energy), so the predictive capability of
the model is limited. The only interpolation test available (the two interior regimes, errors
of about 6%) rests on two data points and is not a validation; the model should therefore
be regarded as a descriptive fit of the four measured regimes, suitable only for indicating
qualitative trends inside the calibrated corridor of 75-100 °C along the saturation line, and
it must not be used for extrapolation. The eight parameters are fitted to twelve measured
values, and no independent validation data are available.

4. The measured specific energy consumption is 3.8-5.7 Wh/g, with the lowest value
of 3.8 Wh/g at 90 °C/0.7 atm, which is practically equal (within 3%) to that at 100 °C/1 atm.
A comparison of vacuum and atmospheric distillation at the industrial scale was not per-
formed in this study. The vacuum regime 75 °C/0.4 atm has the highest specific energy
consumption (5.68 Wh/g); the measurements therefore do not demonstrate an energy ad-
vantage of vacuum over atmospheric operation.

5. The model must be constrained to physically admissible conditions (Tjheat > 1, Qmaint
>0, fevap > 0 and P 2 Ps(T)); on the 50-100 °C and 0.3-1 atm grid, 75% of the points violate
at least one of these constraints.

6. The effect of pressure on the productivity cannot be separated from the effect of
temperature, because T and P are strongly correlated in the four regimes (r = 0.993); the
sign of the coefficient c2 is not statistically established, and experiments at constant tem-
perature with different pressures are required.
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7. Within the admissible domain, the model gives the lowest specific energy con-
sumption of about 3.77 Wh/g near 93 °C/0.78 atm, only 3% below the measured value at
90 °C/0.7 atm and within the model deviation; the optimum cannot be resolved. The meas-
ured data do not support a preference for the 75 °C/0.4 atm regime when the preheating
is supplied by solar collectors: even if the heating energy is excluded, the consumption for
maintenance alone is 3.2 Wh/g at 75 °C against 2.2-2.4 Wh/g at 85-100 °C.

8. The exergy efficiency of the laboratory vacuum distillation unit is extremely low
(1.6-3.2%), with 96.9-98.4% of the fuel exergy not converted into product: 93.8-95.8% is
destroyed by irreversibilities and 2.6-3.1% is lost with the residual hot water. The heating
stage accounts for 41-44% of the exergy destruction and the evaporation-condensation—
vacuum stage for 56-59%; a split by individual components requires separate metering.
On the minimum-work basis, the second-law efficiency is only 0.014-0.020%.

9. The lowest specific energy consumption among the four regimes is 3.875 Wh/g at
90 °C/0.7 atm; its difference from 100 °C/1 atm (3.990 Wh/g) is smaller than the model
deviation.

Recommendations for improving efficiency include the following: (1) improving the
thermal insulation of the evaporator to reduce exergy destruction; (2) recovering the heat
from condensation to preheat the feed water; (3) scaling up the installation and operating
it with waste or solar heat; (4) achieving system-level balance, including the hybrid heat
pump and the photovoltaic-thermal panel, which is required to quantify the benefit of
renewable energy; (5) performing independent validation of the model at intermediate
regimes, for example at 80 and 95 °C, and at constant temperature with different pres-
sures; and (6) separate metering of the heater, vacuum pump and condenser together with
a specification of the instrument uncertainties.
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