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Abstract
Healthcare facilities require uninterrupted potable and process water for sterile process-

ing, dialysis and pharmaceutical compounding, yet one in four facilities worldwide operates 
without reliable on-site supply, and existing atmospheric water generation architectures fail to 
meet the operational envelope of healthcare deployment because single-pathway condensation 
systems exceed 0.78 kWh/L below 40% relative humidity and metal-organic-framework sorp-
tion systems operate in batch cycles incompatible with continuous draw. A psychrometrically 
adaptive dual-pathway framework with fleet-level constrained optimization is developed and 
evaluated against this envelope, coupling vapor-compression refrigeration to a 60:40 silica-gel/
zeolite‑13X composite sorbent with condenser-to-regenerator heat recovery and a supervisory 
optimizer phasing regeneration cycle across modules through 200 Hz IEC 61850 GOOSE te-
lemetry. Experimental evaluation on a four-module test array within a Weiss WK11–340/70 
climatic chamber across five trial campaigns delivered 0.42 kWh/L specific electrical consump-
tion at the 30 °C and 60% relative humidity design point over 168 hours, 19.6% regeneration 
electrical demand reduction, 0.21 bar peak manifold pressure deviation under hot-swap sub-
stitution at 75% degraded-fleet demand, and 22.8% lifecycle electrical cost reduction at 14.3% 
capital premium.
Keywords: atmospheric water generation, healthcare resilience, dual-pathway sorption, 
fleet-level optimization, psychrometric adaptation, NSF/ANSI conformity, decentralized 
supply, regeneration heat recovery

Introduction
One in four healthcare facilities world-

wide operates without reliable on-site water 
service, a  figure established by the World 
Health Organization and UNICEF (2019) 

global baseline assessment and rising sharp-
ly in arid and water-stressed regions where 
documented municipal supply interruptions 
exceed 12 hours per month with a  frequen-
cy that converts the engineering question 
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from one of supply augmentation into one 
of supply substitution under accreditation 
constraints. Sterile processing departments, 
dialysis circuits and pharmaceutical com-
pounding operations cannot be paused for 
the duration of such interruptions without 
triggering downstream failures in surgi-
cal scheduling, patient safety reporting and 
pharmacopoeial conformity, and the result-
ing demand for decentralized substitute 
supply has positioned atmospheric water 
generation as a candidate technology whose 
translation into healthcare-grade infrastruc-
ture has been blocked by a single architectur-
al commitment: condensation-only systems 
exhibit specific electrical consumption above 
0.78 kWh/L when inlet relative humidity falls 
below 40% (Peters et al., 2013), a threshold 
crossed routinely during the summer months 
in those same arid geographies where munic-
ipal resilience is weakest.

Method
A  three-layer coupled model for-

malizes the proposed architecture. The 
psychrometric-allocation submodel at the 
lowest layer reduces the inlet airstream state 
to a  single decision variable <<Eqn001.
eps>> and assigns pathway duty through 
a  continuous proportional weighting func-
tion w(ΔT) that approaches unity sorption-
channel weighting as ΔT exceeds 11  °C, 
approaches unity condensation-channel 
weighting as ΔT falls below 5 °C, and blends 
linearly across the intermediate region, a re-
duction whose validity rests on the empirical 
observation across the 352‑point commis-
sioning sweep that the ΔT coordinate car-
ries more predictive information for optimal 
pathway duty than either Twb or Tdp consid-
ered separately. The module-thermodynamic 
submodel at the intermediate layer couples 
a  vapor-compression refrigeration cycle on 
R‑454B to a binary silica-gel and zeolite‑13X 
composite sorbent deposited on a corrugated 
borosilicate substrate at 60:40 mass ratio, 
with the regeneration airstream preheated 
through a secondary hydronic loop carrying 
condenser-rejected thermal energy to the re-
generation heat exchanger and reducing the 
temperature gap that the resistive booster 
must close from a  nominal 88 K to a  mea-
sured 45.7 K at the design point, with the re-

covered thermal flux per module reaching 2.1 
kW. A constrained quadratic program at the 
supervisory-optimization layer operates over 
per-module performance surfaces Pi(ui) and 
Wi(ui), each parameterized as fourth-order 
polynomial fits to commissioning measure-
ments in the inlet psychrometric coordinates, 
and minimizes aggregate electrical input 
subject to the facility demand setpoint Wde-

mand and to per-module operational bounds 
including the 95 °C structural-integrity ceil-
ing on regeneration temperature.

Coupling of pathway weighting and inter-
module load distribution as joint state vari-
ables, rather than independent design pa-
rameters, locates the mechanistic novelty. 
IEC 61850 GOOSE telemetry transmits the 
sorbent loading state qi of each module to the 
supervisory optimizer at 200 Hz, permitting 
active avoidance of coincident regeneration 
phases across modules; the avoided failure 
mode is simultaneous peaks in resistive heat-
ing demand, which under naive phase align-
ment would draw 12.4 kW peak resistive load 
across the four-module array and exceed the 9 
kW continuous rating of the supply circuit by 
38%. Produced water passed a  standard se-
quential conditioning train (UV  disinfection, 
activated carbon, reverse osmosis and calcium-
magnesium remineralization) with inline con-
ductivity, pH and turbidity sensors enforcing 
NSF/ANSI 42, 53 and 58 conformity through 
module isolation on threshold crossing.

A  Weiss WK11–340/70 climatic cham-
ber (11,340 L, ±0.3 K, ±2% RH) served as 
the test environment, with the four-module 
array operating against an external manifold 
instrumented for gauge pressure at 100 Hz. 
Electrical input was supplied at 400 V three-
phase and metered through a  class‑0.2S 
power analyzer at 1‑second intervals. Each 
module carried 4.2 kW nameplate cooling 
capacity, 8.5 L/h production capacity at the 
design point, and 1.84 kg sorbent loading.

Commissioning surfaces for the supervi-
sory optimizer arose from a  factorial sweep 
across 11 dry-bulb levels between 20 and 35 °C 
at 1.5 K spacing and 8 relative-humidity levels 
between 35 and 70% at 5% spacing, yielding 88 
points per module and 352 points across the 
four-module array, each point held for 45 min-
utes to reach refrigerant and sorbent steady-
state, with the polynomial residual maintained 
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below 3% root-mean-square error across the 
grid. Five trial campaigns followed: contin-
uous 168‑hour operation at the design point 
(three repetitions); envelope-traversal across 
20–35  °C and 35–70% at 1 K and 5% grid, 
each point held 90 minutes (two repetitions); 
hot-swap substitution at 50%, 75% and 85% 
degraded-fleet demand (24 events per level); 
mass-ratio sensitivity across five silica-gel/zeo-
lite‑13X cartridges from 80:20 to 40:60 at 1.84 
kg total loading, 24 hours per configuration; 
and production-setpoint sweep at five setpoints 
from 2.8 to 8.1 L/h, 12 hours per setpoint, with 
the 60:40 cartridge installed.

Evaluation metrics carried formal defi-
nitions: specific electrical consumption 
<<Eqn002.eps>>, with Vcertified denoting cu-
mulative volume passing the inline quali-
ty array within NSF/ANSI 42 thresholds; 
per-module volumetric production rate 
<<Eqn003.eps>> from gravimetric collec-
tion; regeneration electrical demand re-
duction <<Eqn004.eps>> through paired-
configuration measurement with the 
secondary hydronic loop valved out for the 
baseline; distribution-manifold pressure 
transient amplitude <<Eqn005.eps>> over 
the substitution window; quality conformity 
Q as fraction of cumulative production vol-
ume satisfying all three NSF/ANSI thresh-
olds continuously. The lifecycle electrical cost 
model assumed 0.18 USD/kWh, 4,200 annu-
al equivalent full-load hours derived from the 
envelope-traversal duty cycle, 0.95 availabil-
ity factor, 15‑year horizon, linear bill-of-ma-
terials scaling in module count and no econ-
omy of scale on the supervisory-optimizer 
hardware.

Results
At the 30  °C and 60% relative humidi-

ty design point under 70% fleet load corre-
sponding to 22.4 L/h aggregate output across 
the 168‑hour continuous trial, specific elec-
trical consumption registered 0.42 kWh/L 
and rose monotonically across the envelope-
traversal to 0.61 kWh/L at the 35 °C and 35% 
relative humidity lower-humidity bound-
ary, with the full envelope yielding values 
between 0.32 and 0.65 kWh/L across the 
full envelope (Figure 2); the ΔT-governed 
weighting shifted duty toward the compos-
ite sorption channel as ΔT exceeded 5  °C 

and substituted sensible-cooling work with 
sorption-regeneration work powered partly 
by recuperated condenser heat, a  substitu-
tion whose marginal energy cost favoured 
the sorption channel by 0.19 kWh/L at 
ΔT = 9 °C. Beyond the stated envelope, inlet 
relative humidity below 28% drove specific 
consumption to 0.94 kWh/L because sor-
bent equilibrium uptake at p/p₀ < 0.20 fell 
below 0.14 gwater/gsorbent and regeneration en-
thalpy exceeded recuperation capacity, forc-
ing supplementary resistive heating. Under 
matched chamber conditions and matched 
168‑hour duration, the proposed method 
outperformed the Peters et al. (2013) con-
densation baseline midpoint by 38.2% and 
the upper bound by 46.2%; the lower-bound 
comparison (17.6%) rests on unrecoverable 
manufacturer-declared psychrometric con-
ditions and is reported for completeness.

Regeneration electrical demand reduc-
tion measured at 28  °C dry-bulb and 55% 
relative humidity with regeneration airflow 
at 0.34 kg/s per module reached 19.6% 
through the paired-configuration protocol, 
with envelope-traversal values between 17.8 
and 22.1%, arising from the secondary hy-
dronic loop’s transport of 2.1 kW condenser-
rejected thermal power per module into the 
regeneration heat exchanger and preheating 
of the regeneration airstream to 42.3 °C. Sat-
uration of the mechanism and collapse of the 
reduction below the 15% falsifiability thresh-
old occurred when ambient temperature ex-
ceeded 33 °C in combination with simulated 
condenser-side fouling above 0.18 m²·K/kW, 
conditions under which the temperature dif-
ferential driving the secondary loop fell be-
low 12 K.

Hot-swap substitution at 75% three-
module aggregate fleet demand correspond-
ing to 16.8 L/h produced peak manifold pres-
sure deviation of 0.21 bar from the 3.2 bar 
nominal setpoint across the 47‑second sub-
stitution window measured over 24 events, 
with the supervisory optimizer redistributing 
the substituted module’s production setpoint 
across the remaining three modules within 
a 1.4‑second reallocation interval and the 18 
L accumulator absorbing the residual flow 
transient. A  counter-intuitive degradation 
appeared when fleet demand exceeded 85% 
of remaining-fleet capacity: peak pressure 
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deviation jumped to 0.58 bar (not a linear ex-
trapolation from the 0.21 bar measurement) 
because the reallocation interval lengthened 
to 3.8 seconds once any remaining module 
operated above 92% of its individual name-
plate, exceeded the 0.40 bar tolerance win-
dow of the inline quality-monitoring sensor 
array and triggered a  12.3‑second produc-
tion interruption that defined the operational 
ceiling of the N+1 architecture.

The mass-ratio sensitivity campaign gen-
erated specific electrical consumption values 
of 0.49, 0.44, 0.42, 0.45 and 0.51 kWh/L at 
80:20, 70:30, 60:40, 50:50 and 40:60 sili-
ca-gel/zeolite‑13X compositions respective-
ly under 22.4 L/h aggregate fleet output, 
identifying 60:40 as the empirical minimum. 
The production-setpoint sweep with the 
60:40 cartridge at 2.8, 4.5, 6.0, 7.2 and 8.1 
L/h returned 0.38, 0.41, 0.42, 0.49 and 0.57 
kWh/L respectively, locating the minimum 
at 71% of the 8.5 L/h per-module name-
plate capacity; sizing the array for sustained 
demand at 70% of aggregate nameplate in-
creased capital cost per design-point litre by 
14.3% against a  nameplate-sized reference 
fleet and reduced lifecycle electrical operat-
ing cost by 22.8% over the 15‑year horizon at 
0.18 USD/kWh.

Limit-case collapse manifested at 38  °C 
and relative humidity below 22%, outside the 
operational envelope of the falsifiable contri-
bution, where specific electrical consumption 
rose to 1.31 kWh/L and per-module produc-
tion rate fell to 1.6 L/h through a  double 
mechanism: the dewpoint fell below 12  °C 
and forced evaporator surface temperatures 
into the frost-formation regime, and the sor-
bent relative pressure dropped below 0.18 
with equilibrium uptake at 0.11 gwater/gsorbent. 
Deployment in climatic zones with more than 
90 annual days of daytime relative humidity 
below 22% therefore voids the design claims.

Discussion
Re-evaluating the 38.2% reduction in 

specific electrical consumption against Peters 
et al. (2013) at the upper bound of the cited 
range (0.78 kWh/L) yields 46.2% and stays 
within a  like-for-like envelope; at the lower 
bound (0.51 kWh/L) the reduction shrinks to 
17.6% and the manufacturer-declared psy-
chrometric conditions become unrecover-

able from the original publication, rendering 
the lower-bound comparison uninterpreta-
ble. The mechanism explaining the residual 
advantage is specific: the condensation-only 
machines lose approximately 0.27 kWh/L to 
the latent-cooling burden imposed by contin-
ued vapor-compression operation below 50% 
relative humidity, and the framework report-
ed here reassigns that burden to the sorption 
pathway through the ΔT-governed weighting 
function before it materializes as compressor 
electrical demand. The condensation-centred 
literature downstream of Wahlgren (2001), 
extended through thermoelectric refinement 
by Eslami et al. (2018), has treated this latent 
burden as a  coil-and-refrigerant problem 
and accumulated gains in the low single per-
centages per generation; the dual-pathway 
result reported here is a refusal to participate 
in that design problem, and the magnitude of 
the result is therefore not directly compara-
ble to the incremental literature it appears to 
outperform.

The duty-factor ceiling that Tu et al. 
(2018) located within the fixed-architecture 
sorbent system, and that they concluded could 
not be eliminated within a single device, dis-
solves at the fleet level once sorbent loading 
state qi is exposed to a supervisory optimizer 
that phases regeneration cycles across mod-
ules; Tu et al. (2018) analyzed the duty-fac-
tor problem at the single-device boundary 
where regeneration interrupts production by 
construction, and the framework reported 
here treats the array as the production unit 
and the individual module as a phase-shifted 
contributor, such that the array-level pro-
duction curve remains continuous despite 
per-module regeneration discontinuity. The 
1.4‑second reallocation interval at 75% fleet 
demand demonstrates that phase-shifting 
operates within timescales compatible with 
continuous-draw infrastructure, and the 
17.8–22.1% regeneration electrical demand 
reduction across the envelope demonstrates 
that recovered condenser heat closes the en-
ergy gap that would otherwise penalize the 
phase-shifting strategy. A  tension that the 
data make visible and that the framework 
does not eliminate concerns the statistical 
independence assumption underlying phase 
shifting: the supervisory optimizer treats sor-
bent loading states qi as approximately inde-
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pendent across modules, an assumption veri-
fied across the 240 cycles accumulated in the 
168‑hour and envelope-traversal trials but 
unverified across the 22,000‑cycle horizon 
corresponding to a  15‑year service life, and 
any correlated drift in sorbent kinetics across 
modules sharing a common borosilicate sub-
strate batch would degrade independence 
and erode the fleet-level efficiency advantage 
by a magnitude that the present trials cannot 
bound. The 0.21 bar peak manifold devia-
tion under hot-swap at 75% degraded-fleet 
demand provides a  continuity benchmark 
against which future MOF-based system-
level integrations can be evaluated quantita-
tively; the batch-cycle architectures charac-
terized by Kim et al. (2017) and Hanikel et al. 
(2020) deliver uncontested volumetric yields 
under low-humidity conditions but have not 
been operated under manifold-pressure sta-
bility requirements or N+1 redundancy with 
live module substitution.

The minimum specific consumption at 
71% of nameplate capacity contradicts the 
implicit sizing convention reflected in the 
system-integration literature (Wang et al., 
2017; Zhou et al., 2020), which treats name-
plate capacity as the appropriate sizing refer-
ence for atmospheric water generation infra-
structure; the 14.3% capital premium paired 
with 22.8% lifecycle electrical cost reduction 
across the 15‑year horizon at 0.18 USD/kWh 
demonstrates that the standard sizing con-
vention has been transferring lifecycle cost 
from capital to operating budgets, a transfer 
concealed in component-level analyses and 
visible only under realistic tariff conditions.

The arid-extreme collapse at 38  °C and 
below 22% relative humidity confirms the 
viability boundary identified by Lord et al. 
(2021), and the framework does not eliminate 
it; any healthcare facility located in a climat-
ic zone with sustained arid-extreme condi-
tions requires hybridization with a  non-at-
mospheric backup source, a  constraint that 
bounds the architectural envelope.

Sustained 0.42 kWh/L specific consump-
tion over 168 hours with N+1 redundancy 
and inline NSF/ANSI 42, 53 and 58 con-
formity crosses the operational threshold 

at which decentralized atmospheric supply 
becomes a credible substitute for municipal 
supply during interruption events, reframing 
the contribution against the WHO/UNICEF 
(2019) baseline assessment beyond an ef-
ficiency metric. The lifecycle electrical cost 
calculation remains bounded by an unre-
solved degradation question: the 240 cycles 
accumulated across all trials sit two orders 
of magnitude below the 22,000 cycles of 
a 15‑year service life, and neither Fathieh et 
al. (2018) nor Shan et al. (2021) characterize 
the binary silica-gel/zeolite‑13X system on 
a borosilicate substrate directly. Accelerated-
cycling trials are a prerequisite for commer-
cial deployment.

Conclusion
Three previously incompatible opera-

tional constraints (sub‑0.65 kWh/L specific 
electrical consumption across the 35–70% 
relative humidity envelope, manifold pres-
sure deviation below 0.21 bar under live 
module substitution, and uninterrupted 
NSF/ANSI 42, 53 and 58 conformity over 
168 hours) now hold simultaneously within 
a  single architecture, moving atmospheric 
water generation from the category of sup-
plementary off-grid technology into the cate-
gory of accreditable healthcare supply during 
municipal interruption events. The result is 
bounded geographically by the arid-extreme 
collapse threshold at 38  °C and below 22% 
relative humidity, and bounded temporally 
by the gap between the 240 cycles accumu-
lated in the reported trials and the 22,000 
cycles a  15‑year service life imposes; facil-
ities in climatic zones that regularly breach 
the humidity floor require hybridization 
with a non-atmospheric backup source. The 
immediate priorities for subsequent work 
are accelerated-cycling trials on the 60:40 
silica-gel/zeolite‑13X composite under the 
88  °C regeneration setpoint, validation of 
the phase-shifting independence assumption 
across correlated sorbent batches, and exten-
sion of the psychrometric envelope toward 
the 15–35% relative humidity range relevant 
to continental arid and high-altitude deploy-
ment contexts.
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