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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Cooling demand reaches 80–100% of 
heating in some membrane distillation 
configurations.

• Cooling availability, not only heat sup
ply, often constrains membrane distilla
tion system feasibility.

• Regardless of the configuration, single 
pass water recovery does not exceed 
~10%.

• Thermodynamic energy requirements 
differ from actual system consumptions.

• In membrane distillation, “free” heat 
alone does not guarantee viability.

A R T I C L E  I N F O
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A B S T R A C T

Membrane distillation is promoted as a thermally driven desalination process capable of utilizing low-grade heat, 
yet its full thermal and hydraulic burdens have not been comprehensively resolved. The cooling burden is often 
neglected altogether, an assumption rarely met in real applications and especially in severe water stressed re
gions. This study develops a lumped thermodynamic framework that quantifies heating, cooling, and pumping 
duties across three representative membrane distillation configurations. Results show that cooling loads can 
reach the same order of magnitude as heating, up to 80–100% of the thermal input in open-loop feed setups, and 
remain of comparable magnitude even with internal or external heat recovery. Pumping penalties of 0.2–0.5 
kWh/m3 emerge at typical single-pass water recoveries of only 2–6% and pressure losses of 300 mbar, under
scoring the need for joint thermal–hydraulic optimization. The analysis also suggests a techno-economic trade- 
off: lowering specific energy consumption requires efficient heat utilization, typically achieved through effective 
system-level integration, large modules, minimization of terminal temperature differences, and internal or 
external heat recovery solutions; whereas compact designs entail modest capital expenditures but 
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disproportionately high operational expenditures. Finally, a methodology for converting classical energy 
requirement indicators into actual energy consumption values is presented. The analysis compares different 
heating and cooling strategies, showing that feasibility relies not only on “free” heat availability, but also on heat 
sinks effectiveness, optimized heat recovery, and low-resistance module hydraulics.

1. Introduction

Desalination represents a crucial technology to provide access to 
high-quality water where natural freshwater resources are scarce [1,2]. 
However, the energy requirements of desalination must be addressed 
alongside water availability challenges [3,4]. Among available tech
nologies, membrane distillation (MD) stands out for its versatility, 
modularity, and potential of being powered with low-grade energy 
sources, valorizing waste heat and theoretically minimizing energy 
consumption and environmental footprints [5–7]. Although MD repre
sents a promising solution for the desalination of highly saline water 
streams, its energy demand remains a major barrier to full-scale 
implementations, especially when compared with mature technologies 
[8–10]. Moreover, MD energy requirements are frequently reported 
without accounting for all inputs necessary for actual operation, notably 
the interplay between thermal and electrical energy [10,11].

Fig. 1A) shows the full energy balance of a generic MD system. 
Thermal energy drives the separation by generating a temperature dif
ference between the streams (Qh), while electrical energy is required 
mostly to circulate streams through the membrane module channels. 

However, depending on the system configuration, additional cooling 
duty is required to extract heat from the cold stream (Qc). This latter 
burden is rarely quantified in literature, even if its actual contribution 
has not been unveiled yet, especially in real-scale systems. Most studies 
neglect cooling altogether, assuming the existence of an unlimited and 
freely available heat sink, an assumption rarely met in real applications. 
The challenge is particularly severe in water-stressed regions (e.g., de
serts, inland regions), where the need for clean water coincides with 
limited access to cooling media, such as cold water or ambient air 
[12,13]. In addition, not only the availability but also the quality of the 
heat sink is critical for achieving suitable cooling performance, often 
requiring clean water or dedicated treatment units [14,15]. Even when 
adequate heat sinks exist, cooling is not cost-free: meeting discharge 
temperature regulations, ensuring adequate flow rates, operating cir
culation pumps, all impose an energy and thermodynamic penalty. This 
reflects the inherent irreversibility of heat rejection, which ultimately 
manifests as entropy generation [16–18].

Despite the rapid growth in MD research (Fig. 1B), the vast majority 
of the studies neglect the cooling burden. This research explicitly ad
dresses this gap by quantifying the impact of cooling on the energy re
quirements of MD systems. A thermodynamic framework for the fair 

Nomenclature

MD Membrane distillation
DCMD Direct contact membrane distillation
AGMD Air gap membrane distillation
CapEx Capital expenditure
OpEx Operational expenditure
COP Coefficient of performance (− )
Q̇ Heat rate to be provided or extracted (W)
STEC Specific thermal energy consumption, intended as 

requirement (kWh/m3)
SCR Specific cooling requirement, intended as requirement 

(kWh/m3)
ẇ Specific energy consumption, intended as consumption 

(kWh/m3)

η Vaporization efficiency (− )
T Stream temperature (K or ◦C)
ΔT Temperature difference between inlet setpoints, Th,in and 

Tc,in (K or ◦C)
ΔTh,in Streams temperature difference at the hot inlet, Th,in and 

Tc,out (K or ◦C)
ΔTh,out Streams temperature difference at the hot outlet, Th,out and 

Tc,in (K or ◦C)
ΔTHX Temperature difference across the heat exchanger (K or ◦C)
R Single-pass water recovery (%)
ρ Density (kg/m3)
c Specific heat capacity (J/kg/K)
hvap Enthalpy of vaporization (J/kg)
τ Energy conversion efficiency (− )
k Share of energy to be paid from the OpEx perspective (− )

Fig. 1. Introduction to the cooling problem and associated literature gap. A) Schematic energy balance of a generic MD system. Pink and blue arrows indicate heat 
rate input and extraction, while gray arrows denote the power required to sustain these fluxes. B) Annual number of papers published over the past 45 years (non- 
cumulative) containing in the title the keywords Membrane Distillation, Membrane Distillation Energy, and Membrane Distillation Cooling. Different colors 
correspond to different keywords combinations. The data was retrieved from Scopus (August 2025).
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assessment of MD energy demands (i.e., heating, cooling, and pumping 
duties) is developed and applied to three representative MD system 
designs, also capturing the effects of operational conditions and system 
configurations. For this purpose, the thermodynamic indicator “specific 
cooling requirement (SCR)” is newly introduced with the objective of 
quantifying the minimum amount of heat to be extracted from the cold 
stream. Furthermore, to pursue a comprehensive energy footprint dis
cussion, energy requirements are converted into energy consumptions 
by accounting for the technological means used to satisfy them, as well 
as the availability of free heat sources and heat sinks. This analysis 
builds upon the authors' previous experimental and modeling work, 
from proof-of-concept to pilot-scale systems, and reflects the authors' 
perspective developed through broader considerations of energy sys
tems and their interconnections. In the context of rapid technological 
development, this viewpoint aims to highlight the importance of 
merging vertical, technology-specific research with a system-level, en
ergy-oriented perspective, as these approaches are seen as comple
mentary rather than mutually exclusive.

2. Materials and methods

2.1. Reference system configurations

To quantify the impact of cooling on the total energy demand of MD, 
three representative configurations were selected and schematically 
illustrated in Fig. 2. The configurations were identified to complement 
one another and to highlight distinct and relevant trends; however, the 
same analytical framework can be directly extended to alternative 
configurations. In a conventional direct contact membrane distillation 
(DCMD) configuration (panel A), both mass and heat are transferred 
from the hot feed side to the cold distillate side. Maintaining the desired 
inlet temperatures requires supplying heat to the feed (Q̇h) and 
extracting heat from the distillate (Q̇c). In this case, the feed circuit is 
treated as an open system, with the feed stream passing through the MD 
module only once and therefore leading to constant inlet salinity. 
Conversely, the distillate circuit is assumed to be closed, allowing the 
distillate to accumulate over time [19]. Panel B) considers the same 
DCMD layout but includes an external heat recovery unit, allowing part 
of the heat released by the outgoing distillate stream to pre-heat the 
incoming feed. The feed circuit remains open, and the distillate circuit 

closed. Lastly, panel C) illustrates an air-gap membrane distillation 
(AGMD) system with internal heat recovery. The distillate condenses 
into the air gap, while the saltwater stream circulates through both the 
feed and cooling channels in a closed circuit. Before re-entering the cold 
channel, the stream is cooled by extracting a heat rate ˙(Qc). In this 
configuration, make-up water is continuously added to compensate for 
the vapor losses, ensuring pseudo-steady-state conditions.

2.2. Theoretical thermodynamic analysis

The methodology for evaluating the newly introduced SCR is pre
sented together with the specific thermal energy consumption (STEC). 
Although STEC is commonly defined in the literature as specific thermal 
energy consumption, it is formally calculated as the thermal energy to be 
supplied into the system per cubic meter of produced distillate. There
fore, it expresses the heat required by the process, rather than the actual 
energy consumption of the system. However, since STEC is firmly 
established in the literature, its conventional definition is retained here. 
Nevertheless, STEC should be regarded here as an energy requirement 
rather than a measure of actual consumption, the latter depending on 
how such requirement is met and influenced by process configuration, 
component efficiencies, and irreversibilities.

SCR is intended to be complementary to STEC, quantifying, through 
an analogous procedure, the amount of energy that must be removed 
from the distillate stream per cubic meter of produced water. While the 
specific heating requirement is defined as STEC = Q̇h/ṁd, the specific 
cooling requirement is defined as SCR = Q̇c/ṁd, where ṁd denotes the 
flow rate of distillate water flowing across the membrane. A compre
hensive thermodynamic framework is developed by building on the 
pioneering analyses by Christie et al. [20] and Giagnorio et al. [21] who 
proposed streamlined approaches for evaluating theoretical thermody
namic performance of MD processes.

In detail, this study investigates the effects of (i) vaporization effi
ciency (η), expressed as the ratio between the heat carried by the vapor 
flux and the total heat transferred across the membrane (Eq. S1), and (ii) 
inlet temperature difference between the hot and cold streams (ΔT = Th, 

in − Tc,in) as the main variables within thermodynamically admissible 
ranges. Seawater is selected as feed stream, while complete salt rejection 
and production of pure distillate water is assumed. These assumptions 
directly define the physical properties of the involved streams (density, 

Fig. 2. Schematic representation of the analyzed MD configurations. Pink and blue blocks idealize devices where thermal power is supplied (Q̇h) or extracted (Q̇c), 
respectively. Panel A) reports a DCMD configuration with open feed and closed distillate circuits. Heat is provided to the feed, while heat is removed from the 
distillate. Panel B) shows a DCMD system with external heat recovery, where a heat exchanger recovers energy from the distillate stream and transfers it to the feed 
stream, reducing both heating and cooling requirements. Panel C) displays an AGMD configuration in which heat is recovered within the module (the membrane 
module acts as a heat exchanger, removing the need for an external device). Here, the saltwater stream circulates through both feed and cooling channels, realizing a 
closed circuit.
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ρ, enthalpy of vaporization, hvap, and specific heat capacity, c), based on 
temperature- and salinity-dependent correlations reported by Sharqawy 
et al. [22]. The cold stream inlet temperature is fixed at 20 ◦C, while 
both the temperature difference at the hot inlet (ΔTh,in) and the tem
perature difference across the heat exchanger (ΔTHX) are set to 5 ◦C. 
Notice that ΔTh,in is defined as Th,in − Tc,out, while ΔTh,out is defined as Th, 

out − Tc,in.
The full theoretical derivation of the lumped-parameter thermody

namic model is provided in the Supplementary Information, along with 
all the related mathematical definitions and a comprehensive descrip
tion of the employed variables. The resulting Eqs. (1)–(3) express the 
cooling and heating requirements for the three different configurations 
analyzed: 

SCRconf .1 =
hvap

η ⋅
ΔT − ΔTh,in

ΔT − ΔTh,out
, STECconf .1 =

hvap

η ⋅
ΔT

ΔT − ΔTh,out

(1) 

SCRconf .2 =
hvap

η ⋅
ΔTHX

ΔT − ΔTh,out
, STECconf .2 =

hvap

η ⋅
ΔTh,in + ΔTHX

ΔT − ΔTh,out

(2) 

SCRconf .3 =
hvap

η ⋅
cc

ch
⋅

ΔTh,out

ΔT − ΔTh,out
, STECconf .3 =

hvap

η ⋅
ΔTh,in

ΔT − ΔTh,out
(3) 

The developed model also enables a quantification of the pumping 
energy required to circulate water within the MD module per cubic 
meter of produced water. This contribution depends on the single-pass 
water recovery (R), which is an output variable of the model defined 
as the ratio between the produced distillate flow rate and the inlet feed 
flow rate. Therefore, specific pumping energy can be estimated as 
ΔP/

(
R • ηpump

)
, with the full derivation reported in the Supplementary 

Information. The pumping energy consumption depends on pump effi
ciency (ηpump), total hydraulic pressure drop along the module (ΔP), and 
R, the latter depending in turn on η and ΔT.

2.3. Evaluating the role of heat sources and heat sinks

While STEC and SCR quantify the specific energy requirements, they 
provide no insight into the means used to deliver or extract energy, nor 
into the nature, cost, or quality of the associated heat sources and sinks. 
To bridge this gap and move from idealized thermal metrics to real 
energy consumptions, two auxiliary quantities are introduced: the spe
cific energy consumption for heating, ẇh, and for cooling, ẇc. These 
quantities are defined in Eqs. (4) and (5), together with their corre
sponding net values (ẇh,net and ẇc,net), which represent the share of en
ergy that must be supplied through paid energy carriers, i.e., the portion 
that incurs an operational cost. 

ẇh = ẇh,pump +
STEC

τh
, ẇh,net = kh1⋅ẇh,pump + kh2⋅

STEC
τh

(4) 

ẇc = ẇc,pump +
SCR

τc
, ẇc,net = kc1⋅ẇc,pump + kc2⋅

SCR
τc

(5) 

The terms ẇh,pump and ẇc,pump express for the auxiliary pumping en
ergy required to circulate technical fluids within the heating and cooling 
circuits. Note that these pumping contributions differ from those related 
to circulating water within the MD module. The dimensionless param
eters τh and τc act as conversion factors of heating and cooling systems, 
linking the thermal energy required at the point of use to the supplied 
(primary) energy. For direct resistive heating τ ≈ 1, while for heat-pump 
heating systems τ ≈ COP >1 (less primary energy per unit of delivered 
heat). Conversely, the limiting convention τ → ∞ is used when heating 
or cooling can be provided without direct generation or conversion (e.g., 
freely available waste heat or cooling water), so that the corresponding 
term in Eqs. (4) and (5) vanishes and only pumping contributions 
remain. The coefficients k1 and k2 (ranging from 0 to 1) identify the paid 

fraction of energy (from the operational cost perspective). For example, 
k2 = 0 when the heating requirement is entirely covered by solar thermal 
energy, while k2 = 1 when the demand must be supplied through paid 
energy carriers (electricity, gas, or mechanical chillers), and interme
diate values for hybrid cases. Pumping energy required for heating and 
cooling circuits is herein always considered paid energy (k1 = 1).

Cooling differs from heating because energy is required to remove 
heat from the cold stream and lower its temperature. If freely available 
cold sources (i.e., ambient air, surface water) are sufficient to reach the 
target inlet temperature, the cooling cost reduces to the circulation of 
the technical fluid, i.e., only ẇc,pump remains while SCR/τc → 0. This 
behavior is similarly appearing when waste heat is employed for ful
filling the heating duty. Five heating options (solar thermal, waste heat, 
resistive heater, natural gas heater, heat pump in heating mode) and 
three cooling methods (surface water, ambient air, heat pump in cooling 
mode) are considered. Reference values of τh and τc are reported in 
Table 1. These values are illustrative, selected to apply and showcase the 
outcome of the proposed methodology and, therefore, should not be 
regarded as prescriptive design data. It should be noted that, in 
perspective, the simultaneous use of a heat pump for both heating and 
cooling represents an interesting system-integration strategy. However, 
a rigorous evaluation of such dual-purpose operation would require a 
component-level or distributed model capable of resolving temperature 
levels, heat-exchanger effectiveness, and load matching, which is 
beyond the lumped-parameter framework adopted in this study.

Finally, while the above framework is energy-based, aggregating 
different energy carriers (thermal, electrical, solar) is not rigorous from 
a thermodynamic standpoint because of their differing exergy content. A 
fully consistent comparison across technologies would require an exergy 
analysis [23]. For this reason, in this work the contributions are delib
erately kept disaggregated while acknowledging that an exergy-based 
approach would represent the logical next step.

3. Results and discussion

In this section, the results of the energetic analyses for the different 
system configurations are presented. For all three configurations, the 
energy requirements estimated on the basis of the thermodynamic 
model are reported in Section 3.1. These requirements depend exclu
sively on the system configuration and operating conditions and are 
independent of the technological solution adopted to supply or remove 
the corresponding energy flows. The impact of specific energy sources 
and of the technologies used to meet these requirements is subsequently 
addressed for a selected configuration in Section 3.4. There, an indica
tive estimate of the resulting energy consumption is presented for 
different heat source and heat sink scenarios, emphasizing the impor
tance of thoroughly assessing the overall energy profile and the impact 
of resource availability.

Table 1 
Reference τ values selected for the performed analysis. Values are indicative and 
used solely to demonstrate the methodology. Actual performance depends on 
technology, operating conditions, and local environmental conditions. Values 
should not be used as prescriptive design parameters.

Heating Solar 
thermal

Waste 
heat

Resistive 
heater

Natural gas 
heater

Heat 
pump 

(heater)

τh (− ) 0.65 ±
0.15

∞ 0.95 ± 0.04 0.75 ± 0.10 4 ± 0.50

Cooling Surface water Ambient air Heat pump (chiller)

τc (− ) ∞ ∞ 3 ± 0.50
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3.1. Thermodynamic behavior of MD systems

3.1.1. Configuration 1 – DCMD with open feed and closed distillate circuits
Fig. 3A) and D) present the performance maps for DCMD operated 

with the distillate side in closed circuit and the feed side in open circuit 
(configuration 1). The plots report the SCR (Fig. 3A) and the STEC 
(Fig. 3D) as functions of η (x-axis) and ΔT (y-axis). The colour scale 
represents the magnitude of each metric, while the black contour lines 
correspond to isovalues. Notice that both SCR and STEC are normalized 
with respect to the distillate production ṁd, which is dependent on both 
temperature variation in the feed channel (namely, Th,in − Th,out) and 
efficiency η. The white areas on the maps correspond to thermody
namically infeasible combinations of η and ΔT. As η increases, the ad
missible ΔT range shrinks progressively. In other words, once ΔTh,in is 
fixed, not all combinations of recovery rate and temperature difference 
are simultaneously achievable, because they would violate either first- 

principal energy conservation, second-principal consistency (efficiency 
exceeding unity), or mass conservation (negative residual feed flow). 
The maps thus visually encode the operational feasibility boundaries of 
DCMD, set jointly by the first and second laws of thermodynamics and 
by the mass conservation of the feed stream.

For SCR (Eq. (1)) the isolines appear nearly vertical, particularly at 
low efficiencies, because the increase in productivity (ṁd) related with 
increasing ΔT is of similar magnitude with respect to the temperature 
increase experienced by the distillate stream. As a result, SCR is domi
nated by the 1/η dependence: it decreases with increasing efficiency, 
while its sensitivity to ΔT remains limited. Put differently, the cooling 
duty per unit of freshwater produced is nearly invariant with respect to 
ΔT: for each unit of energy transferred from the feed stream to the 
distillate stream within the module, an almost equivalent amount must 
be extracted on the cooling side. Again, this is valid when a constant ΔTh, 

in is considered. By contrast, STEC (Eq. (1)) exhibits isolines with a 

Fig. 3. Cooling and heating requirements for the three investigated MD configurations. Panels A), B) and C) (first row) report the specific cooling requirement (SCR), 
i.e., the energy that must be removed per cubic meter of produced distillate, for configuration 1, configuration 2, and configuration 3, respectively. Panels D), E) and 
F) (second row) show, for comparison, the specific thermal energy consumption (STEC) of the same configurations. All filled contour maps are plotted as functions of 
the independent variables η (x-axis) and ΔT (y-axis). Panel G) reports the SCR /STEC ratio against ΔT, quantifying the relative impact of cooling over heating: a value 
of 100% indicates equal contributions. The shaded green band in panel G) represents the variability associated with η in configuration 3, in which the ratio depends 
on ΔTh,out and in cascade on η (Eqs. S14 and S15). Panel H) schematically rationalizes the trend observed in G), illustrating how increasing ΔT influences both SCR 
and STEC.
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hyperbolic shape. At high ΔT values (above 50 ◦C, where ΔT ≫ ΔTh,out) 
and low η the contours are nearly vertical, but moving to lower ΔT and 
higher efficiencies they progressively flatten. STEC remains systemati
cally higher than SCR in the open feed configuration: the heating duty 
must not only replenish the enthalpy drop of the feed stream across the 
module (from Th,out to Th,in) and sustain vaporization, but must also 
compensate for the sensible enthalpy that irreversibly leaves the system 
with the feed effluent stream. Since the feed is not recirculated, all this 
sensible energy must be replenished at every cycle, amplifying the 
heating demand (i.e., power required to continuously raise the feed 
stream temperature from Tambient to Th,in) and increasing the nonlinear 
dependence on ΔT. Overall, configuration 1 demonstrates that cooling 
and heating duties are in this case thermodynamically asymmetric.

3.1.2. Configuration 2 – DCMD with external heat recovery
In this configuration, the DCMD module is coupled with an external 

heat exchanger that recovers the heat released by the distillate stream to 
pre-heat the feed before it enters the module. The feed and distillate 
circuits remain open and closed, respectively. For simplicity, a tem
perature difference of ΔTHX = 5 ◦C is imposed across the heat exchanger, 
assuming it to be constant along the heat exchanger length. Assuming a 
different ΔTHX would change the absolute SCR and STEC values, and 
therefore their ratio, but not the overall trends and outcomes. In this 
configuration, the cooling duty corresponds therefore to the removal of 
the constant temperature difference across the heat exchanger from 
distillate stream (namely, T3 − Tc,in = T3 − T1 = ΔTHX, see Fig. S3B)). 
Consequently, the active cooling requirement is capped and no longer 
scales with the full distillate side temperature rise observed in config
uration 1. On the heating side, the duty now corresponds to raising the 
feed temperature by ΔTh,in + ΔTHX, i.e., the intrinsic temperature lift 
ΔTh,in plus the additional pinch imposed by the heat exchanger (namely, 
Th,in − T2 = Th,in − (Tc,out − ΔTHX) = ΔTh,in + ΔTHX), see Fig. S3B)). 
Fig. 3B) and E) show the corresponding SCR and STEC maps. The metrics 
exhibit isocontours of similar shape, being proportional to a constant 
(namely, ΔTHX and ΔTh,in + ΔTHX, for SCR and STEC, respectively) and 
1/(η(ΔT − ΔTh,out)). Their absolute levels differ: SCR is limited by the 
fixed ΔTHX, while STEC is shifted upward by the additional ΔTh,in 
contribution. At low efficiencies (η = 0.3–0.4), both metrics decrease 
steeply with increasing η, reflecting the dominant 1/η dependence. As 
efficiency approaches unity, contour lines approach an asymptotic 
plateau. Then, higher ΔT leads to a consistent reduction in both SCR and 
STEC. Thermodynamically, the key difference from configuration 1 is 
that the full distillate side enthalpy gain is now largely recycled into the 
feed stream via the heat exchanger, reducing both heating and cooling 
loads to fixed and internally balanced values. This configuration stabi
lizes the energy balance and reduces the dependence on external utili
ties. Overall, configuration 2 highlights the thermodynamic advantage 
of integrating heat recovery in DCMD.

3.1.3. Configuration 3 – closed-circuit AGMD with internal heat recovery
The third configuration employs an AGMD module with internal heat 

recovery. The distillate condenses into the gap, while the same saltwater 
stream circulates through both hot and cold channels, forming a closed 
circuit. After exiting the hot side, the stream is cooled to Tc,in and a mass 
flow rate equal to the distillate produced in a single pass (ṁd) is rein
troduced to enable pseudo-steady-state conditions. Before re-entering 
the hot channel, the stream is heated to the hot inlet temperature set
point Th,in. Fig. 3C) and F) report contour plots of SCR and STEC: both 
metrics share the same functional dependence on η and ΔT, differing 
only in their scaling factors. With ΔTh,in fixed at 5 ◦C, STEC is simply 
scaled by this constant, while SCR depends on ΔTh,out, which is slightly 
smaller because of the recovery rate. As a result, STEC values are sys
tematically higher, consistent with ΔTh,in > ΔTh,out. The closed-circuit 
configuration couples heating and cooling within the same stream, 
producing nearly parallel contour maps and minimizing external utility 
needs. Configuration 3 therefore illustrates the intrinsic thermodynamic 

balance of AGMD, where internal energy recycling redistributes 
enthalpy flows and sharply reduces external heating and cooling 
requirements.

3.1.4. Practical implications and scalability considerations
The thermodynamic maps of Fig. 3 reveal the fundamental behavior 

of the three MD configurations. Since fixing ΔTh,in at 5 ◦C implies 
considering modules of different sizes, comparing different points of 
each panel corresponds to operating different modules. In other words, 
moving across isocontours does not simulate the operation of a single 
device under varying conditions, but rather compares distinct systems 
designed to satisfy the imposed boundary constraints. For instance, 
considering a larger ΔT while maintaining the same conditions (ΔTh,in, 
fluid dynamics, module characteristics) necessarily requires a longer 
module or module train, as the module length directly influences the 
terminal temperature differences. Alternatively, achieving smaller or 
larger terminal temperature differences (at the module inlet and outlet), 
while keeping the same overall ΔT, inherently requires a longer or 
shorter module, respectively [24–26]. In fact, operating laboratory-scale 
units, where the feed exits at relatively high temperature and the 
distillate at relatively low temperature, naturally yield to higher ter
minal temperature differences compared to pilot or full-scale systems 
when the inlet temperatures are fixed [27]. Accordingly, the results 
presented herein apply to systems designed in accordance with the as
sumptions adopted in this study. They are therefore not restricted to 
laboratory or pilot-scale setups, but extend to any system that satisfies 
the same design conditions.

From a techno-economic perspective, a clear trade-off emerges be
tween capital and operating costs. Reducing specific energy re
quirements relies on efficient heat utilization, achieved by combining 
larger modules, which minimize terminal temperature differences while 
increasing active area, with designs exploiting heat recovery. Such 
highly optimized systems may achieve lower STEC and SCR but entail 
high capital investment, whereas compact units minimize CapEx but 
suffer from disproportionately high OpEx [24]. This scaling behavior 
identifies a thermodynamic–economic frontier for MD: reductions in 
energy requirements are constrained by consequential increase in heat 
transfer areas and pumping demands [24]. More broadly, this frontier 
exemplifies a universal design constraint in low-grade heat utilization 
systems, where supply temperature reduction is constrained by surface- 
driven energy transfer and hydraulic resistance [28,29].

3.2. The role of cooling on overall thermal energy flows

Fig. 3G) compares the SCR/STEC ratio, which quantifies the relative 
impact of cooling over heating. A value of 100% indicates that cooling 
and heating contribute equally to the overall energy balance. The ratio is 
reported as a function of ΔT and η. To rationalize the trends shown, a 
schematic representation of ΔT influence on the SCR/STEC ratio is re
ported in Fig. 3H). For configuration 1, the SCR/STEC ratio increases 
with ΔT, and approaches unity at high ΔT values, showing that cooling 
can become nearly as significant as heating. This trend underscores that, 
in conventional DCMD systems, cooling duties cannot be neglected, 
especially at high temperature differences. In configuration 2, the SCR/ 
STEC ratio is constant and independent of ΔT. In the present analysis, 
the ratio stabilizes at 50%. By design, the cooling and heating contri
butions are locked into a fixed proportion, and ΔT no longer alters their 
balance. Moving to configuration 3, SCR/STEC depends directly on the 
ΔTh,out/ΔTh,in ratio. Its value is not fixed, but depends on single-pass 
water recovery and, consequently, on vaporization efficiency. The 
only imposed physical constraint is that ΔTh,out ≥ 0.5 ◦C to ensure a 
finite driving force for heat transfer. As a result, the SCR/STEC ratio is 
represented by a shaded band, bound by the limits corresponding to η =
0.3 and η = 1. For small ΔT values (around 10 ◦C), the recovery is low, 
the heat capacities of the hot and cold streams are nearly equal, and the 
MD module behaves almost like a simple heat exchanger with negligible 
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mass transfer (i.e., vapor generation). In this regime, SCR/STEC → 1. As 
ΔT increases, ΔTh,out approaches its lower threshold (0.5 ◦C, with ΔTh,in 
= 5 ◦C fixed), causing the SCR/STEC ratio to decrease accordingly.

Overall, this analysis shows that cooling loads, often neglected in MD 
studies, can approach or even match heating requirements, depending 
on system configuration and operating conditions. The way cooling is 
managed, either dissipated externally or recycled internally, signifi
cantly shapes the energy footprint of MD systems, underlining the need 
to account for cooling explicitly in both design and operational 
assessment.

3.3. Thermodynamic implications of single-pass water recovery and 
pumping energy

Fig. 4 summarizes, taking configuration 3 as the baseline, the vari
ation of single-pass water recovery and of the pumping energy required 
to circulate water within the module as functions of η and ΔT. Panel A) 
reports a general sketch of what is meant by single-pass water recovery. 
Panel B) shows instead iso-ΔT curves (10–70 ◦C) for the recovery rate as 
a function of η. With an imposed ΔTh,in, an increase in ΔT implies a 
longer module length and thus a larger active area. As a result, recovery 
increases with increasing temperature difference, yet it remains ther
modynamically bound by the imposed inlet temperature difference ΔTh, 

in = 5 ◦C and by the minimum achievable ΔTh,out (0.5 ◦C) (Eq. S8). The 
maximum single-pass water recovery R observed at the largest ΔT 
(achieved for η lower than 0.9) arises from a fundamental thermody
namic and mass balance limitation. Achieving such recoveries would 
require conditions that are incompatible with the boundary conditions 
adopted in this study. Moreover, larger ΔT shift energy use from 
vaporization (latent) to sensible heat, which effectively limits the 
maximum achievable recovery rate. This behavior highlights the inter
play between temperature driving forces, module exit conditions, and 
the partitioning of energy between sensible and latent heat in single-pass 
MD systems.

Panel C) reports the corresponding pumping energy per cubic meter 
of produced water, considering three different hydraulic pressure losses 
scenarios across the MD module (100, 300, and 1000 mbar). Specific 
pumping energy consumption decreases monotonically with increasing 
η because less feed water must circulate per unit of produced distillate. 
To facilitate a direct comparison between energy and recovery, four 
representative operating points are highlighted with gray triangular 
markers in Panels B) and C). At η = 0.5, the corresponding recoveries are 
only 2.2% and 3.9% for ΔT = 30 ◦C and 50 ◦C, respectively. At higher 
efficiency (η = 0.7), the recoveries rise to 3.0% and 5.6%. Larger ΔT 

lowers the pumping penalty by increasing the single-pass water recov
ery, while higher pressure losses shift all curves upwards, demonstrating 
the direct contribution of hydraulic resistance to the energy footprint.

Overall, pumping energy, although often downplayed in MD studies, 
can constitute a significant contribution to the total energy requirements 
of the system. Although its absolute values in kWh/m3 are significantly 
lower than those associated with heating and cooling, as shown in Figs. 3 
and 4, pumping requires energy with high exergy content. For this 
reason, its contribution cannot be regarded as negligible. These obser
vations underscore the importance of integrated design strategies that 
jointly consider thermal driving forces, recovery targets, and hydraulic 
optimization to minimize the overall energy footprint of membrane 
distillation systems.

3.4. The gap between theoretical analyses and real systems

To illustrate practical implications, the framework presented in 
Section 2.3 is applied to configuration 3, representing the most 
advanced configuration currently available [30]. Under realistic oper
ating conditions (η and ΔT equal to respectively 0.7 and 40 ◦C), STEC 
and SCR values of respectively 129 kWh/m3 and 98 kWh/m3 are ob
tained. Fig. 5 compares the specific energy consumption ẇ, and its 
corresponding net value, ẇnet, for different heating and cooling options. 
Horizontal lines mark the baseline STEC and SCR values, highlighting 
the discrepancy between theoretical requirements and necessary real 
energy inputs, once the device conversion factors presented in Table 1
(τh, τc) are considered. The patterned portion of the bars quantify the 
energy consumption for auxiliary technical streams circulation (ẇpump

)
. 

Note that such pumping contributions are associated with heating and 
cooling activities and thus differ from the pumping requirements for 
streams circulation within the MD module. The constant values assumed 
here are meant solely as order-of-magnitude estimates and should not be 
interpreted as blueprints or reference values.

Several insights emerge. Solar and waste heat offer the lowest net 
consumption (k2 = 0), while paid energy carriers exceed the nominal 
STEC values because of conversion losses. Heat pumps enable to reduce 
both total and net consumptions when temperature levels are favorable, 
owing to COP values >1, but this comes at the price of increased elec
trification and capital costs. For cooling, surface water and ambient air 
are cost-effective sinks, while chillers impose steep electrical penalties. 
With reference to the conditions mentioned above, the thermodynamic 
cooling-to-heating ratio (SCR/STEC ≈ 76%) can translate into vastly 
different operating-cost ratios depending on heat sources and heat sinks 
availability. As an example, exploiting surface water for cooling will not 

Fig. 4. Single-pass water recovery and its impact on specific pumping energy requirements are analyzed for the AGMD configuration, taken here as a representative 
case. Panel A) illustrates the concept of single-pass recovery while panel B) displays how the single-pass water recovery varies with η (x-axis) and ΔT (colour scale). 
Panel C) reports the pumping energy required per cubic meter of produced distillate as a function of η (x-axis), assuming three different hydraulic pressure losses 
across the MD module (colour-coded). For each pressure level, two curves are shown, corresponding to ΔT values of 30 ◦C and 50 ◦C, respectively. The presence of 
paired curves reflects that specific pumping energy depends on the water recovery, which in turn is dependent on both η and ΔT.
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affect SCR nor STEC, however it drives the ratio cooling/heating of 
operating costs (ẇc,net/ẇh,net

)
towards values approaching 0. More 

interestingly, using waste heat without a viable sink can raise the ratio 
up to 20,000% (ẇc,net ≈ 40 kWh/m3 and ẇh,net ≈ 0.2 kWh/m3), unveiling 
the need to evaluate heating and cooling jointly.

These results depend strongly on local conditions, such as heat 
source/heat sink temperatures, available flow rates, ambient tempera
tures and consequent COP values, and should be evaluated through case- 
specific analyses. While heat pumps could, under reasonable assump
tions (COP 3 for cooling and COP 4 for heating [31]), push the total 
energy consumption below the theoretical requirements, they signifi
cantly increase both capital costs and electrical dependency, under
mining MD's advantage as a low-grade-energy technology. In general, 
however, the electrification of heat sources and heat sinks is not an issue 
specific to MD alone. This consideration applies more broadly to thermal 
desalination technologies, including multi-effect distillation, multi-stage 
flash, humidification dehumidification desalination, and generic desa
lination processes that are driven by thermal energy, since the origin of 
the heat source governs not only the intrinsic energy consumption of the 
process but also its overall sustainability. In addition, also the thermo
dynamic imbalance between heating and cooling uncovered here goes 
well beyond MD. It points to a broader limitation shared by all tech
nologies trying to make use of low-grade heat for separation or purifi
cation: without an adequate heat sink, even “free” thermal energy 
cannot be used effectively. This changes how the utilization of waste 
heat in energy–water systems should be approached. Instead of focusing 
only on where heat can be found, future designs need to consider how 
that heat can also be released and managed. MD is, in this sense, a model 
case for exploring the true limits of waste heat recovery. Its implications 
extend to all systems where temperature differences are small and 
thermal irreversibility high, such as carbon capture, where the same 
thermodynamic asymmetry governs solvent regeneration and reab
sorption, and industrial resource recovery, where it governs evaporative 
concentration and condensation cycles.

4. Conclusion

The present analysis was intended to clarify the thermodynamic 
positioning and system-level implications of operating a membrane 
distillation system. The proposed framework should be regarded as a 
rapid screening and conceptual design tool. The results are applicable at 
the system scale and are intended to serve as guidelines to identify 
trends and to highlight the importance of a holistic approach when 
designing MD systems. Under typical conditions, cooling loads can reach 
the same magnitude as heating, making the availability of adequate heat 
sinks a defining constraint. Integrating external heat recovery stabilizes 
this ratio (around 50% for a 5 ◦C exchanger pinch) but cannot eliminate 
the underlying thermal burden, whereas exploiting internal heat re
covery may drive the SCR/STEC ratio towards lower values. Circulating 
the feed stream adds 0.2–0.5 kWh/m3 for hydraulic losses of 100–300 
mbar, a significant fraction considering the low single-pass water re
coveries (2–6%) typical of the MD technology. In addition, a method
ology is proposed to translate theoretical energy requirement values into 
estimates of actual system energy consumption. This approach enables 
the evaluation of the impact of different heating and cooling technolo
gies, as well as the potential benefits associated with the use of available 
heat sources and heat sinks.

Overall, the results point out that membrane distillation is not only 
limited by heating requirements, but also by cooling and pumping de
mands, which may be considered in terms of their associated energy and 
exergy loads. “Free” heat alone does not guarantee viability: successful 
deployment demands matched heat sinks, rational recovery design, and 
low-resistance module hydraulics. Unless these thermal and hydraulic 
constraints are co-optimized at system level, MD will remain a ther
modynamic curiosity rather than a scalable desalination route.
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Fig. 5. Specific energy consumptions for configuration 3. Blue bars (ẇ) indicate 
the total consumptions of each heating/cooling option, while green bars (ẇnet) 
show the corresponding net consumptions once freely available sources are 
accounted for. The patterned portions of the bars quantify the contribution of 
auxiliary pumping (ẇpump), which is arbitrarily selected here for simplicity. 
Horizontal lines correspond to the baseline STEC and SCR values, i.e., the 
theoretical heating and cooling requirements per cubic meter of produced 
distillate water, highlighting the gap between thermodynamic requirements 
and real system energy consumptions. A y-axis break from 1 to 10 kWh/m3 is 
introduced to better visualize the trends.
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