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Abstract

Residential electricity demand in Bahrain is strongly shaped by long cooling seasons, high
air-conditioning dependence and the operation of standardised housing typologies. This pa-
per evaluates the energy and comfort implications of applying a controlled night-ventilation
mixed-mode strategy to a representative Bahraini Ministry of Housing residential unit. The
study compares two DesignBuilder /EnergyPlus scenarios: S0, a replicated closed-window
baseline with split air-conditioning at a 24 °C cooling setpoint, and S1, a controlled mixed-
mode case in which windows are available only during night-time periods when outdoor
conditions are suitable for passive cooling. The base model is grounded in a published
and validated Bahraini residential dataset containing geometry, construction properties,
schedules, HVAC assumptions and monthly electricity bills, and was cross-checked against
this dataset (see Methods for the monthly error statistics used to qualify this comparison).
The replicated baseline produced 34,729.46 kWh/year, which differs from the published
reference value of 34,720.19 kWh/year by only 0.027%. The S1 case reduced annual
simulated electricity consumption to 33,593.04 kWh/year, corresponding to a saving of
1136.42 kWh/year, or 3.27% relative to S0. The benefit was highly seasonal: January,
February, March and December accounted for 96.2% of the annual saving, while May to
September showed no meaningful reduction. Hourly January outputs showed 425 zero-
cooling hours out of 744 h (57.1%), cooling electricity of 87.32 kWh and a mean operative
temperature of 23.81 °C. January thermal-comfort indicators (mean PMV +0.94; only 0.5%
of hours within the £0.5 PMV band) show that the strategy delivers real electricity savings
but does not, on the PMV metric, guarantee acceptable comfort in every hour; the strategy is
therefore best understood as a seasonal, humidity-aware operational measure that reduces
cooling electricity in cooler months while carrying a thermal-comfort trade-off that requires
either a tighter control-temperature threshold or explicit acceptance of a wider comfort
range. Because the strategy yields no savings during the peak summer months, it should
be positioned as a complement to—not a substitute for—envelope and HVAC-efficiency
upgrades, and its economic case under Bahrain’s subsidised electricity tariff is modest
and is presented here as indicative potential rather than a demonstrated payback benefit.
By reducing residential cooling electricity without requiring building-fabric retrofit, the
findings support the United Nations’ Sustainable Development Goals (SDGs), particularly
SDG 7 (affordable and clean energy), SDG 11 (sustainable cities and communities) and SDG
13 (climate action), by contributing to sustainable, low-carbon operation of the residential
building stock in hot-arid Gulf climates.
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1. Introduction

Building operations are a critical part of the global energy and climate agenda. The
International Energy Agency reports that building operations account for around 30%
of global final energy consumption and 26% of global energy-related emissions, while
the Global Status Report for Buildings and Construction identifies building-energy codes,
low-carbon operation, renewable energy integration and climate-responsive design as
central priorities for decarbonizing the built environment [1,2]. Reducing residential
cooling-related electricity use in this way directly supports Sustainable Development Goal
7 (affordable and clean energy), Goal 11 (sustainable cities and communities) and Goal
13 (climate action) by lowering household energy demand and associated carbon emissions
without requiring costly infrastructure change. These pressures are intensified in hot and
arid regions, where long cooling seasons, solar exposure and high expectations of indoor
comfort make air-conditioning a dominant end use [3,4].

The Gulf Cooperation Council (GCC) region is one of the most demanding contexts
for cooling-demand reduction. Studies of Bahrain and neighbouring Gulf countries show
that residential electricity demand is strongly affected by air-conditioning, household
occupancy, fuel/electricity subsidies, envelope performance and lifestyle expectations [5-8].
In Bahrain, Elnabawi (2021) reported that residential buildings accounted for 48.6% of
national electricity consumption in 2016 and that electricity use rises sharply during the hot
season [9]. Elnabawi (2021) further reported that residential air-conditioning can approach
80% of peak residential power demand [9]. These studies demonstrate why cooling-demand
reduction in Bahraini dwellings is both an energy-efficiency and planning-policy concern.

Many technical responses to hot-climate residential energy demand emphasise en-
velope insulation, glazing, shading, cool roofs, green roofs, efficient HVAC systems and
building-energy codes [9-15]. At the urban scale, softscape interventions such as strategic
vegetation placement and green infrastructure have also been shown to mitigate urban
heat island effects and improve outdoor thermal conditions in hot-arid climates [16,17].
These measures are essential; however, actual residential performance is also shaped by
operation. Occupants decide when to open windows, close doors, use shading, switch on
cooling and tolerate a wider or narrower range of indoor conditions [18-21]. Therefore,
passive and low-energy cooling strategies should be evaluated not only as physical design
measures but also as controlled operational strategies.

Adaptive thermal comfort theory provides the conceptual basis for this operational
perspective. The adaptive model argues that occupants are not passive recipients of thermal
conditions; they adapt physiologically, psychologically and behaviourally through clothing
adjustment, air movement, window opening and expectations of control [22-25]. Mixed-
mode ventilation translates this theory into operation by combining natural ventilation and
mechanical cooling, using outdoor air when it is beneficial and reverting to air-conditioning
when outdoor conditions become unsuitable [26-28].

In hot-arid and Gulf climates, the main challenge is not whether windows can be
opened, but when they should be opened. Daytime ventilation may introduce hot air
and increase cooling demand, while night ventilation may remove stored heat when
outdoor conditions are cooler [29-32]. Sedki et al. (2019) showed that cross night-purge
ventilation was the best-performing summer comfort strategy among tested window-
opening behaviours in a Cairo residential case [33]. Elnabawi and Saber (2022) and Al
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Niyadi and Elnabawi (2025) also found that hybrid ventilation in arid climates produces
stronger savings during cooler seasons than during hot months [13,34]. These findings
suggest that ventilation should be treated as a climate-sensitive control problem, not as a
fixed open-window assumption.

Despite the growing literature on adaptive comfort, passive cooling, mixed-mode
ventilation and GCC building energy performance, three gaps remain. First, much of
the Bahraini residential literature has focused on code-based envelope measures and
roof technologies rather than occupant-controlled mixed-mode operation. Second, many
hybrid-ventilation studies in arid climates focus on offices or educational buildings, while
residential operation remains less examined. Third, annual energy-saving indicators can
hide the months and hours when night ventilation is actually useful. A fourth, methodolog-
ical gap concerns the fact that prior single-case Bahraini simulations have rarely reported
the monthly error statistics required by ASHRAE Guideline 14 to qualify a base-case model
as calibrated against measured billing data and have rarely distinguished a fully automated
mixed-mode control strategy from a simple occupant behavioural guideline in terms of
feasibility and cost [35]. This paper addresses these gaps by evaluating a two-scenario
model for a representative Bahraini residential unit: a validated closed-window base case
and a controlled night-ventilation mixed-mode case.

The objectives are to: (1) check the replicated base-case model against measured
monthly electricity data using ASHRAE Guideline 14 monthly error statistics; (2) quantify
annual and monthly electricity differences between the base case and controlled night-
ventilation case; (3) identify the months in which night ventilation provides meaningful re-
duction; (4) examine January hourly cooling behaviour, end-use electricity and heat-balance
patterns; and (5) interpret the results for residential design, planning practice and policy in-
tegration. The contribution is a focused, time-sensitive evaluation of controlled night venti-
lation as a seasonal operational strategy for Bahraini residential cooling-demand reduction.

2. Literature Review
2.1. Adaptive Comfort and Occupant-Controlled Operation

Thermal comfort research has developed from steady-state heat-balance models to-
ward adaptive interpretations of comfort. The predicted mean vote/predicted percentage
dissatisfied model developed by Fanger (1970) remains foundational and is embedded in
ISO 7730, while ASHRAE Standard 55 and EN 16798-1 distinguish between fully mechani-
cally conditioned spaces and naturally conditioned or mixed-mode spaces where occupants
have opportunities for environmental control [36—40]. This distinction is important for
the present study because the base case represents a closed-window, mechanically cooled
residential condition, whereas the controlled night-ventilation case introduces an occupant-
controlled mixed-mode operation. Therefore, thermal comfort cannot be interpreted only
as a fixed cooling setpoint or annual energy reduction; it must also be assessed through
indoor operative temperature, humidity conditions, and comfort indicators during the
hours when mechanical cooling is reduced or switched off.

Adaptive comfort theory argues that occupants are not passive recipients of indoor
thermal conditions. Instead, they respond to discomfort through behavioural, physiological,
and psychological adaptation, including window opening, clothing adjustment, fan use,
shading control, changes in activity, and acceptance of wider indoor temperature ranges
when environmental control is available [22,23,41-43]. This is especially relevant in resi-
dential buildings, where occupants usually have more direct control over windows, doors,
curtains, clothing, and daily routines than in centrally managed commercial buildings. For
this reason, window operation should not be treated as a secondary modelling detail. It is
a central variable linking energy performance, indoor air quality, and thermal comfort.
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Previous studies confirm that occupant-controlled ventilation can substantially alter
comfort outcomes in hot-arid residential settings. Sedki et al. (2019) examined several
behavioural window-opening scenarios and showed that comfort performance varied
according to season, timing, and ventilation mode [33]. Their results indicated that cross
night-purge ventilation produced the strongest improvement in summer comfort, while
short window opening was more relevant for winter fresh-air intake than for thermal
improvement. This supports the central assumption of the present study: the effectiveness
of ventilation depends less on opening windows in general and more on opening them at
the correct time and under suitable climatic conditions. Sedki et al.’s envelope-retrofit and
ventilation study reached a similar conclusion, showing that the combination of envelope
measures and night-purge ventilation improved summer comfort more effectively than
insulation alone, while also warning that closed or poorly controlled strategies can trap
internal heat gains indoors [44].

The present study applies this adaptive logic to a Bahraini residential case, but it
evaluates comfort differently from a purely free-running natural-ventilation study. Because
the building remains mechanically cooled when outdoor conditions are unsuitable, the
51 scenario is interpreted as controlled mixed-mode operation, not as continuous natural
ventilation. Accordingly, comfort is examined through three complementary indicators.
First, operative temperature is used to describe the indoor thermal condition experienced
by occupants, because it reflects the combined influence of air temperature and radiant
exchange. Second, PMV /PPD outputs are used as diagnostic indicators to compare the me-
chanically cooled and mixed-mode conditions, while recognising that their interpretation
depends on assumptions about the clothing level, metabolic rate, air speed, and occupancy.
Third, relative humidity and latent-load behaviour are examined because night ventila-
tion in Bahrain may reduce sensible cooling demand while still creating humidity-related
discomfort or latent cooling penalties.

This combined comfort interpretation is important because the energy results alone
do not prove comfort acceptability. In the January mixed-mode analysis, for example,
the reduction in cooling operation must be read together with operative temperature,
PMV /PPD, and humidity outputs. A zero-cooling hour indicates that mechanical cooling
was not required by the model at that time, but it does not automatically prove that the
space was comfortable or that windows were open. For this reason, the study treats thermal
comfort as a multi-variable outcome rather than a simple consequence of reduced cooling
electricity. This approach is consistent with simulation-based comfort validation studies
in hot-arid residential buildings, where indoor temperature, humidity, and occupant
operation were used to assess the reliability of predicted indoor conditions.

Hybrid and mixed-mode ventilation studies in arid climates further support this
approach. Elnabawi and Saber (2022) argued that hybrid systems are valuable because
they switch to mechanical cooling when natural ventilation is not possible, allowing energy
reduction without compromising thermal comfort [13]. Their results also showed that
hybrid ventilation performs better during cooler seasons than during hot periods, which
reinforces the need for monthly and hourly comfort analysis rather than relying only on
annual averages. Similarly, Elnabawi (2025) reported that hybrid ventilation in an arid-
climate case study achieved stronger savings in cooler seasons than in hotter months,
confirming that mixed-mode performance is seasonal and control-dependent [41].

Based on this literature, the present paper positions controlled night ventilation as an
adaptive operational strategy rather than a fixed passive-cooling solution. The strategy is
expected to be useful only when outdoor night-time conditions can reduce indoor sensible
heat without introducing excessive humidity. Therefore, the comfort analysis in this study
focuses not only on whether annual electricity consumption decreases, but also on whether

https:/ /doi.org/10.3390/su18189241


https://doi.org/10.3390/su18189241

Sustainability 2026, 18, 9241

5o0f 32

the mixed-mode scenario maintains acceptable operative temperature, avoids humidity-
related discomfort, and identifies the specific months and hours when occupants can rely
less on mechanical cooling.

2.2. Natural Ventilation, Night Purge and Ventilative Cooling

Natural ventilation can contribute to cooling-demand reduction through direct comfort
cooling and night-purge cooling. Direct comfort cooling increases air movement around
occupants, while night-purge cooling removes heat stored in the building fabric during
cooler hours [31,45-48]. The climatic potential of night ventilation depends on the indoor-
outdoor temperature difference, wind availability, thermal mass, internal gains and control
timing [29,49-51].

Several studies show that night ventilation can be effective but conditional. Blondeau
etal. (1997) and Geros et al. (1999) [30,49] demonstrated the potential of night ventilation for
reducing summer overheating, while Shaviv et al. (2001) [32] showed that night ventilation
and thermal mass can operate together as a passive cooling strategy. Oropeza-Perez and
Ostergaard (2014) [52] emphasised that natural ventilation can reduce energy use under
warm conditions, but only when climatic and operational constraints are respected. In hot
climates, uncontrolled daytime ventilation can increase indoor heat gains, so control logic
is as important as opening area [31,53].

Residential evidence from hot-arid contexts is particularly important. Sedki et al.
(2019) [33] evaluated occupant behavioural ventilation strategies in Cairo and found that
cross night-purge ventilation gave the highest summer comfort benefit among the scenarios
tested. A related study on hot-arid social housing showed that combining envelope
measures with natural ventilation behaviour improved summer comfort more strongly
than insulation alone [44]. By contrast, work cited by Gado and Osman (2009) [54] indicates
that passive ventilation effects can be limited in some desert-housing configurations. These
mixed outcomes justify local testing rather than transferring results directly from one hot
climate to another.

2.3. Hybrid and Mixed-Mode Ventilation in Arid Climates

Hybrid or mixed-mode ventilation provides a practical framework for hot climates
because it does not assume that natural ventilation can provide year-round comfort. In-
stead, the building uses natural ventilation when outdoor conditions are favourable and
mechanical cooling when they are not [26,27,55]. This is relevant to Gulf housing because
air-conditioning remains necessary during the long hot season, but cooler months and
night-time periods may allow temporary reduction in cooling operation.

Studies in arid and warm climates support this seasonal interpretation. Ezzeldin and
Rees (2013) [28] found that mixed-mode ventilation and low-energy cooling systems have
potential in arid office buildings. Daaboul et al. (2018) [56] assessed mixed-mode ventilation
and air-conditioning in Beirut and showed that energy benefits depend on climate and
future weather assumptions. Annan et al. (2014) [57] examined natural ventilation in Beirut
residential buildings and highlighted the role of comfort-hour extension. Elnabawi and
Saber (2022) [13] reported 23% annual savings for a hybrid ventilation strategy in a hot-arid
educational building, with higher savings in cooler seasons than hot periods. Al Niyadi
and Elnabawi (2025) [34] similarly reported 23% annual savings and 20% carbon-emissions
reduction in a Dubai case study, with greater savings during cooler seasons.

These studies indicate that mixed-mode ventilation should be evaluated through
seasonal and hourly analysis, not only annual totals. Annual savings can appear modest
in severe climates because the strategy is inactive during peak summer, yet the strat-
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egy may still be valuable during selected months if it reduces cooling run time without
compromising comfort or humidity control.

2.4. Simulation Credibility, Validation and Performance Metrics

Dynamic building-performance simulation is widely used to evaluate cooling strate-
gies, but its credibility depends on transparent inputs and validation. EnergyPlus and
DesignBuilder are widely used for building energy simulation, and their credibility rests
on first-principles heat-balance algorithms, documented assumptions and validation pro-
cedures [58-61]. More broadly, simulation-based design depends on careful model con-
struction, interoperability and the explicit treatment of schedules, internal gains and HVAC
controls [62-67]. Advanced BIM-integrated approaches have also demonstrated the poten-
tial for improving HVAC energy performance through simulation-based optimisation and
mathematical modelling techniques [68].

Validation is essential when simulations are used to support design or policy deci-
sions. ASHRAE Guideline 14 provides statistical procedures for comparing simulated
and measured energy use, including RMSE and CV(RMSE), and normalised mean bias
error (NMBE), and defines the commonly applied monthly acceptance thresholds of
CV(RMSE) < 15% and NMBE < £5% for a model to be described as calibrated against
measured monthly billing data, while calibration studies highlight the importance of
monthly data, measured bills and transparent uncertainty reporting [35,69,70]. Elnabawi
and Hamza (2019) [65] investigated BIM-to-building-energy-simulation interoperability
and reported that DesignBuilder produced results close to actual measured residential elec-
tricity consumption, supporting its use where inputs are well documented. As discussed
in Section 3.4, the present base-case model reproduces the published reference simulation
extremely closely; the model is additionally checked against the three individually metered
houses reported by Elnabawi (2021) [9], and the resulting monthly CV(RMSE)/NMBE val-
ues are reported and interpreted explicitly against these ASHRAE Guideline 14 thresholds
rather than described simply as “validated”.

3. Materials and Methods

This study applies a dynamic building-energy simulation workflow to evaluate the
effect of a controlled night-ventilation mixed-mode strategy on the electricity consumption
and indoor thermal conditions of a representative Bahraini residential building. The
methodological sequence follows the logic commonly used in arid-climate residential
simulation studies: first, the modelling tool and weather/location inputs are defined;
second, the base building and operating assumptions are established; third, the tested
scenario configuration is prepared; and fourth, the model is checked against measured
and published data using explicit statistical acceptance criteria, and assessed using annual,
monthly and hourly performance indicators [9,13].

The study intentionally uses a focused two-scenario design. Scenario SO represents the
checked closed-window base case, while Scenario S1 adds a controlled night-ventilation
sequence without changing the building envelope, roof assembly, glazing, occupancy, inter-
nal gains or air-conditioning setpoint. This structure isolates the operational contribution of
night ventilation and avoids conflating the results with envelope-code, cool-roof or retrofit
interventions previously investigated for similar Gulf residential buildings [9]. Figure 1
presents the residential reference unit and the corresponding DesignBuilder (v2025.1)
model, while Figure 2 summarises the complete methodological sequence from published
case-study data to validation, controlled mixed-mode simulation and interpretation.
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(a) Bahraini Ministry of Housing residential reference unitand context

(b) DesignBuilder represzntation usad todefine the simulation baseline

Figure 1. Bahraini Ministry of Housing residential reference unit and DesignBuilder v2025.1 repre-
sentation used to define the simulation base model. Source: adapted from the published Bahraini

residential case-study model [9].

~

1. Case-study data and climate
Published Bahraini residential model, Hamad City location, weather file, geometry, materials, schedules, AC assumptions and monthly
bills.

A\
2. Dynamic base model (S0)

Closed-window DesignBuilder/EnergyPlus model with split AC at 24 °C and unchanged envelope/occupancy assumptions.

v
3. Base-model validation

Monthly and annual SO electricity compared with published reference model and three official electricity-bill datasets using RMSE and
CV(RMSE).

<4

4. Controlled mixed-mode case (S1)
Night-time window availability plus temperature and humidity suitability; mechanical cooling retained when ventilation is unsuitable.

|

v
5. Energy and comfort outputs
Annual and monthly electricity, monthly savings, January end-use breakdown, zero-cooling hours, heat balance, operative
temperature, RH, PMV and PPD.

\.

A\
6. Interpretation for design and policy

Identify seasonal operating windows and translate findings into implementation guidance for Gulf residential cooling reduction.

Figure 2. Methodological workflow for the controlled night-ventilation mixed-mode study.
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3.1. Dynamic Energy Modelling Setup and Choice of Software

Dynamic energy simulation was selected because the research question depends on
hourly interactions among climate, occupancy, internal gains, window operation and
mechanical cooling. A static or steady-state method would not be able to represent the
time-dependent switch between natural ventilation and split air-conditioning during the
night. DesignBuilder v2025.1/EnergyPlus was therefore used as the simulation environ-
ment. DesignBuilder v2025.1 is a graphical user interface for the EnergyPlus v2023.1
calculation engine and has been used in previous arid-climate studies to model residen-
tial energy demand, building-code scenarios, roof-retrofit options and hybrid ventilation
strategies [13,16,71].

The modelling workflow followed the sequence required for reliable building-energy
modelling: the project location and weather file were assigned; the simplified building
geometry was developed; constructions, glazing, occupancy and internal-load profiles were
defined; the split air-conditioning system and thermostat setting were entered; the base
model was checked against available electricity-consumption data; and then the controlled
ventilation scenario was simulated. This sequence is consistent with the building-energy
modelling logic described by Maile et al. (2007) [67], where model reliability depends on a
transparent definition of geometry, thermal zones, schedules, systems and calibration data
before testing alternative scenarios.

3.2. Building Model and Climate: The Base Case

The case-study basis is a Ministry of Housing residential unit in Hamad City, northern
Bahrain, located at approximately 26.07° N and 50.30° E. Bahrain is classified as a hot-
arid/hot desert climate under the Koéppen—Geiger classification system and has long hot
summers and milder winter periods [9,72]. This climate context is central to the present
study because controlled night ventilation is expected to be seasonally selective: it may
be useful during cooler winter or transition months but limited during the peak cooling
season when night-time outdoor air may remain too warm or humid.

The availability of the published Bahraini residential dataset was a major reason for
selecting this case. The dataset includes building geometry, construction properties, opera-
tional schedules, HVAC assumptions and monthly electricity-consumption benchmarks.
This supports a more realistic simulation than a generic residential archetype because the
base model can be compared with published and measured electricity data before the
mixed-mode scenario is evaluated. The reference model is a two-storey dwelling with a
total floor area of approximately 209 m?. The main construction consists of a reinforced
concrete frame and brick infill walls, with double-coated glazing and split air-conditioning
units. Table 1 lists the principal building and system inputs retained in both SO and
S1. The only intentional difference between the two scenarios is the S1 night-ventilation
control logic.

The envelope, glazing and window-to-wall-ratio (WWR) inputs listed in Table 1 are
taken directly, unmodified, from the published and independently validated Bahraini
Ministry of Housing case-study model of Elnabawi (2021) [9], which was itself developed
from as-built drawings and a site survey of the standard Ministry of Housing typology.
The external wall U-value (2.746 W/m?-K) and roof U-value (0.53 W/m?-K) retained here
are consistent with uninsulated or lightly insulated GCC residential stock predating more
recent energy-code tightening, and are broadly in the range reported for existing (pre-
retrofit) Gulf housing stock in the wider regional literature [6-9]. The 24.6% WWR and
104.03 m? external opening area also fall within the range commonly reported for GCC
standard-typology housing (approximately 15-30% WWR), and were retained unmodified
from the source model specifically so that the present study’s S0-S1 comparison isolates
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the operational effect of night ventilation from any confounding envelope change. No
independent audit of a wider Bahraini housing sample was conducted as part of the present
study, and Section 6 (Limitations) states explicitly that recommendations arising from these
envelope assumptions apply to this specific building configuration and should not be read
as generalised to the full diversity of Bahraini residential stock without further testing
across additional typologies and envelope specifications.

Table 1. Main building, envelope and system inputs retained from the published Bahraini
residential model.

Value Retained in the

Parameter Present Model Source/Notes
Buildine tvpe Two-storey Bahraini Ministry of Published residential
&P Housing residential unit case-study typology
Location Hamad City, Bahrain, approximately Climate and weather-file basis

26.07° N, 50.30° E

Climate classification

Hot-arid /hot desert climate (BWh;
ASHRAE hot climate classification)

Bahrain has long hot summers and
milder winters

Total floor area 209 m? Published model input
Floor height 3.17m Published model input
Ground level 0.45m Published model input
External wall area 421.6 m? Published model input
External opening area 104.03 m? Published model input

External wall thermal transmittance

U =2.746 W/m?2-K

As-built envelope assumption

Roof thermal transmittance

U =053 W/m2.K

As-built roof assumption

Glazing

Double-coated 6/8/6 glazing;

SHGC = 0.31; U = 3.26 W/m2-K Published glazing assumption

Window-to-wall ratio

24.6% Published model input

Internal blinds with

Shading high-reflectivity slats Published model input
Occupancy 6 occupants Residential occupancy assumption
Lighting density 5 W/m? during operational hours Published operating assumption
HVAC system Split air-conditioning units; no Published base-model assumption

heating system

Cooling thermostat

Used for SO and retained when S1 is

24°C in mechanical mode

Cooling system seasonal COP 2.5

Published system assumption

3.3. Scenario Preparation for Controlled Night Ventilation

The scenario preparation in this study uses a focused operational comparison rather
than a broad parametric envelope database. The base case (S0) represents conventional
closed-window operation with split air-conditioning at a 24 °C cooling setpoint. The mixed-
mode case (S1) retains all base-model physical and operational assumptions, including
geometry, construction, occupancy, internal gains, system type, and cooling setpoint, but
introduces controlled night ventilation. The purpose is to isolate the effect of an operational
ventilation strategy on electricity use and indoor thermal conditions without introducing
additional changes to the envelope, roof, or HVAC efficiency. The two simulated scenarios
are summarised in Table 2.
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Table 2. Two-scenario simulation matrix.

Scenario Description Purpose
As-built residential model; windows L .
. L. P o Validation baseline and reference
50: closed-window base case closed; split air-conditioning at 24 °C; no .
) case for all comparisons.
heating system.
Same geometry, envelope, internal loads,
occupancy and AC setpoint as S0. Tests the operational impact of
S1: controlled night-ventilation External windows are available only controlled night ventilation while

mixed-mode case

during night-time periods and only when avoiding confounding envelope, roof
outdoor conditions satisfy thermal and or HVAC-efficiency changes.
humidity suitability checks.

The S1 strategy was modelled as a controlled mixed-mode operation, not as a perma-
nently open-window or fully naturally ventilated case. Natural ventilation was scheduled
to be available during the night-time period from 19:00 to 07:00, when outdoor conditions
are more likely to support passive cooling. During this availability period, outdoor air is
used only when the control conditions indicate that ventilation is beneficial. If the suitability
criteria are not met, the windows remain closed and mechanical cooling remains available
at the 24 °C thermostat setpoint. This approach is consistent with mixed-mode ventila-
tion theory, where natural ventilation and mechanical cooling operate as complementary
systems rather than as mutually exclusive alternatives [13,27,28,34].

Figure 3 illustrates the control logic used to interpret the S1 scenario. The figure
clarifies that S1 is not a simple fixed window-opening schedule. Instead, the night-time
availability period is filtered by thermal suitability, enthalpy-based humidity suitability,
rain closure, and wind-speed safety restrictions. This distinction is important in Bahrain
because night-time outdoor air may be cooler than indoor air but may still carry a latent-
load penalty. Therefore, the S1 strategy is intended to represent controlled night-purge
ventilation under suitable conditions rather than uncontrolled night-time window opening.

[ Start hourly timestep ]

Yes
A 4
4 3\
No at any check Is the hour within the night-ventilation availability
schedule?
. S
Ye
v es
s ™
Is indoor air temperature above the ventilation/cooling
threshold?
. J
Yes
A 4
4 N
Is outdoor air cooler than indoor air and useful for
sensible cooling?
. J
Yes
A 4

{ Is outdoor humidity/dew point within acceptable limits? ]

Yes

A 4 Y
Windows remain closed; split AC operates at Windows open for controlled night
24 °Cif cooling is required ventilation; cooling is reduced or unavailable

Figure 3. Hourly control logic for the S1 controlled night-ventilation mixed-mode scenario.
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It is important to state explicitly what kind of intervention S1 represents. As config-
ured (Table 3), S1 is an automated mixed-mode control sequence: it requires continuous
sensing of outdoor dry-bulb temperature, outdoor enthalpy, rainfall and wind speed, and
an actuation mechanism capable of opening and closing windows (or motorised vents)
in response to these inputs every hour, rather than an instruction that an occupant could
realistically follow by eye during the night. This distinction matters because the current
Bahraini Ministry of Housing residential stock, including the reference building modelled
here, does not have this sensing and actuation infrastructure installed as standard, and the
manuscript does not assess the market penetration, capital cost, maintenance burden or
occupant acceptance of such automated systems in Bahrain. Two implementation pathways
therefore follow from the results. First, if the intent is a fully automated control solution, it
would require a hardware investment (sensors, actuators, and a control unit) whose feasi-
bility depends on a cost analysis that is outside the scope of the present energy simulation
(see the indicative economic discussion in Section 5.4). Second, a lower-cost alternative is a
simplified manual guideline that occupants could follow without automation—for example,
“open bedroom and living-area windows on winter and shoulder-season nights (typically
January, February, March, and December in Bahrain) when it is not raining and winds are
calm, and keep them closed during the hot season”—recognising that a simplified manual
rule of this kind would likely capture only part of the S1 savings reported here, because it
cannot track the enthalpy-based humidity threshold on an hourly basis. Both pathways,
and the trade-off between them, are discussed further in Sections 5.4 and 6.

Table 3. DesignBuilder control settings for the S1 controlled night-ventilation scenario.

Parameter

Model Setting Interpretation

Enables outdoor-air ventilation

Natural ventilation On in the S1 scenario,
Outdoor air definition By zone Ventilation input is assigned at the
zone level.
Nominal outdoor-air rate 5 ach Rep.resents tlr}e available 'Ventllatlon rate
during permitted operation.
Operation schedule 19:00-07:00 R.estrlcfcs Ventll.atlon availability to the
night-time period.
General minimum outdoor temperature —100 °C Non-restrictive lower temperature limit.
General maximum outdoor temperature 100 °C Non-restrictive upper temperature limit.
Mixed-mode maximum outdoor 26°C Prevents ventilation when outdoor air is too
temperature warm for passive cooling.
Minimum outdoor enthalpy 20,000 J/kg Lower enthalpy control threshold.
. Upper enthalpy control threshold to reduce
Maximum outdoor enthalpy 30,000 J/kg humidity and latent-load risk.
Close windows when raining Yes Prevents ventilation during rain.
Maximum wind speed 40m/s Provides a high-wind safety restriction.
Mechanical cooling Available at 24 °C Maintains comfort when natural ventilation

is unsuitable.

In DesignBuilder, natural ventilation was activated at the zone level, with outdoor
air defined by the zone and a nominal available ventilation rate of 5 ach during permitted
operation. The general outdoor-temperature limits were left non-restrictive by assigning a
minimum outdoor temperature of —100 °C and a maximum outdoor temperature of 100 °C.
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The actual restriction was applied through the mixed-mode control layer, which limited
ventilation to periods when the outdoor air was suitable for passive cooling. This included a
maximum outdoor temperature of 26 °C and outdoor enthalpy limits of 20,000-30,000 J/kg.
Rain closure was also activated, and a maximum wind-speed limit of 40 m/s was applied
as a safety restriction. The main S1 control settings are summarised in Table 3.

Accordingly, S1 should be interpreted as a temperature- and enthalpy-controlled
mixed-mode strategy. Outdoor air is used only when the night-time schedule and environ-
mental suitability limits are simultaneously satisfied, while mechanical cooling remains
available whenever natural ventilation is unsuitable. This control logic follows the princi-
ple of night-purge ventilation in hot-arid climates, where daytime window opening may
increase indoor heat gains, but night-time ventilation can help remove accumulated heat
when outdoor conditions are favourable [33]. It is also consistent with hybrid-ventilation
approaches in arid climates, where the system switches between natural and mechanical
modes to reduce energy use without compromising indoor comfort [13,34].

For interpretation of the results, it is important to distinguish between zero cooling
electricity and confirmed active ventilation. A zero-cooling hour indicates that mechanical
cooling was not required by the model during that hour. However, unless the window-
opening factor and natural-ventilation air-change-rate outputs are exported, zero cooling
should not be interpreted as direct proof that the windows were open. Accordingly,
throughout this manuscript the reported savings are described as the potential advantage
of the control technique under the modelled suitability conditions, rather than as confirmed,
field-verified cross-ventilation performance. Therefore, the hourly results are used to
identify periods when mechanical cooling can potentially be reduced or avoided, while
comfort interpretation is supported by operative temperature, relative humidity, and
PMV /PPD outputs.

3.4. Base-Model Cross-Checked Dataset and Calculation Procedure

The cross-check approach follows the published Bahraini residential case-study work-
flow. Energy consumption in similar residential units can vary because of household size,
occupant behaviour, appliance use, thermostat preferences and daily routines. For this rea-
son, the original Bahraini model was validated against three official monthly electricity-bill
datasets for the same residential building type. The published DesignBuilder reference
simulation predicted 34,720.19 kWh/year, while the measured annual values for Houses
1-3 were 31,403, 31,760 and 39,420 kWh/year, respectively. The reported RMSE values were
6.80%, 5.23% and 8.89% for Houses 1-3, which were within the +20% tolerance criterion
adopted in the original validation [9].

In the present study, the cross-check was conducted in two steps and is reported at two
levels of resolution. First, the replicated SO model was compared with the published refer-
ence model to confirm that the same monthly and annual electricity pattern was reproduced
(Section 4.1: annual difference of 0.027%, monthly CV(RMSE) of 0.41%, which comfortably
meets the ASHRAE Guideline 14 monthly acceptance threshold of CV(RMSE) < 15% for
this comparison). This first step demonstrates that the present SO model correctly repro-
duces the previously published simulation and is a necessary, but not sufficient, condition
for describing the base case as calibrated against real building performance.

Second, the replicated SO model was compared against each of the three indi-
vidually metered houses using the standard ASHRAE Guideline 14 monthly statis-
tics: RMSE (Equation (1)), CV(RMSE) (Equation (2)), and the normalised mean bias
error, NMBE (Equation (3), added below). The results are reported in Table 4a. For
House 1, CV(RMSE) = 25.9% and NMBE = +10.6%; for House 2, CV(RMSE) = 19.6% and
NMBE = +9.3%; and for House 3, CV(RMSE) = 27.1% and NMBE = —11.9%. None of
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the three comparisons meets the ASHRAE Guideline 14 monthly acceptance criteria of
CV(RMSE) < 15% and NMBE < £5% that are conventionally used to describe a model as
calibrated against metered building performance. This is expected and explainable: the
three houses differ from one another in annual consumption by as much as 25.5% (31,403
vs. 39,420 kWh/year) purely because of household size, occupant behaviour, appliance use,
and thermostat preferences, so no single deterministic model—including the original pub-
lished reference model—can be expected to track any one individual household’s monthly
bills within the £15%/45% envelope. The role of the three-house comparison in this study
is therefore to confirm that the replicated SO model falls within the observed range and
follows the same seasonal shape as the measured houses (Figure 3), not to claim formal
calibration against any single metered building.

Table 4. Monthly electricity-consumption dataset used for base-model validation and replication
check. (a) Monthly cross-check statistics: replicated SO model vs. three metered houses.

Published

Month House 1 House 2 House 3 Reference Replicated SO
Measured (kWh) Measured (kWh) Measured (kWh) Model (KWh) Model (kWh)
January 1004 1300 2500 924.2781 922.027
February 882 1400 2000 1000.9700 997.8226
March 1112 1730 2600 1574.2550 1588.3140
April 1881 2354 2100 2301.1430 2304.7510
May 2892 2640 3140 3578.9480 3555.2660
June 3390 3636 2960 3964.3650 3984.6540
July 3703 4000 4110 4782.9670 4779.2880
August 3888 4280 5440 4792.6950 4801.5950
September 4158 4000 5910 4547.1540 4544.3750
October 3257 2920 4100 3759.5760 3742.6980
November 2618 2000 2350 2212.8100 2220.8530
December 2618 1500 2210 1281.0300 1287.8200
Annual total 31,403 31,760 39,420 34,720.1911 34,729.4636
(a)
Mean Measured Meets ASHRAE
Comparison (KWh/mo) RMSE (kWh) CV(RMSE) (%)  NMBE (%) Gdl. 14
(£15%/45%)?
S0 vs. House 1 2616.9 678.6 259 +10.6 No
S0 vs. House 2 2646.7 519.0 19.6 +9.3 No
S0 vs. House 3 3285.0 889.6 27.1 —-11.9 No
S0 vs. published = )qq5 5 11.9 0.41 +0.03 Yes

reference model

The word “validated’ is avoided in this manuscript wherever it would imply calibration
against individual metered buildings. Instead, more precise language is used throughout:
the base case is described as having been ‘checked’ or ‘cross-checked” against the published
reference model (which it is closely reproduces) and ‘compared against the observed range’
of the three metered houses (to which it is not formally calibrated in the ASHRAE Guideline
14 sense). This is a more accurate and defensible characterisation of what the base-case

comparison demonstrates.
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Root Mean Square Error (RMSE) is calculated as shown in Equation (1); Coefficient of
Variation in RMSE as shown in Equation (2); and Normalised Mean Bias Error (NMBE) as
shown in Equation (3). Root Mean Square Error (RMSE):

N (x — £1)?
MSE = || == — 1)
Coefficient of Variation in the Root Mean Square Error:
CV(RMSE) = RAQSE x 100 (2)
NMBE = [X(x; —%;) /N]/X x 100 3)

where x; is the measured value, £; is the simulated value, N is the number of monthly data
points, and ¥ is the mean of the measured values. These equations are appropriate for the
validation procedure described in the Materials and Methods Section 3.

3.5. Performance Indicators and Analysis Sequence

After the base model was checked, S1 was compared with S0 using annual, monthly
and hourly indicators. The annual comparison quantified the total electricity reduction,
while the monthly analysis identified the months in which controlled night ventilation
was effective. Because annual indicators can hide seasonal behaviour in hot climates, the
analysis then focused on January as a representative cooler month with high ventilation
potential. The hourly January outputs were used to examine cooling-off hours, end-use
electricity, internal heat-balance behaviour and comfort indicators. This time-sensitive
analysis is consistent with the hybrid-ventilation literature showing that mixed-mode
strategies in arid climates usually perform better during cooler seasons than during peak
summer [13,34].

Table 5 summarises the performance indicators used in the study. The final interpreta-
tion combines energy and comfort evidence. A reduction in cooling electricity alone is not
sufficient to define a successful mixed-mode strategy in Bahrain, because night ventilation
may also influence relative humidity and latent load. Therefore, operative temperature,
relative humidity, PMV and PPD were included in the assessment, and the final discussion
interprets the results as a controlled, humidity-aware operational strategy rather than a
general recommendation for uncontrolled night-time window opening.

Table 5. Performance indicators used to evaluate SO and S1.

Indicator

Unit Comparison/Output Basis Purpose

Annual electricity

Quantifies annual effect of

consumption kWh/year 50,51 controlled night ventilation.
Monthly electricity Identifies seasonal months
consumption kWh/month 50,51 when S1 is effective or inactive.
Measures operational reduction
Absolute and . kWh and % S0-S1 relative to the validated
percentage saving base case
Monthly contribution to o Monthly saving/annual Shows whether savings are
annual saving ’ saving concentrated in cooler months.

January end-use electricity

Explains the end-use balance
kWh and % Hourly S1 end uses behind January
mixed-mode operation.
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Table 5. Cont.

Indicator Unit Comparison/Output Basis Purpose

Identifies periods when
Zero-cooling hours hours and % Hourly S1 cooling electricity mechanical cooling is
not required.

Explains the relationship
kW EnergyPlus hourly outputs between occupancy, lighting,
solar gains and sensible cooling.

Hourly
heat-balance components

Checks whether energy
Thermal-comfort o o Operative temperature, reduction is achieved
indicators < %, PMV, PPD RII—)I, PMV/ PP]II)) without unacceptable
thermal conditions.
4. Results
4.1. Base-Case Replication and Cross-Check
Table 6 presents the monthly measured-bill data, the published reference model,
the replicated SO model and the S1 case. The replicated SO base case produced
34,729.46 kWh/year, compared with 34,720.19 kWh/year in the published reference model.
The annual difference is only 9.27 kWh/year, equivalent to 0.027% of the reference value.
The monthly RMSE between SO and the published reference is 11.88 kWh, corresponding to
a CV(RMSE) of 0.41%. This confirms that the present base case closely reproduces the pub-
lished model before applying the S1 control change. As reported in Table 4a and Section 3.4,
however, when the replicated SO model is instead compared against the three individually
metered houses, monthly CV(RMSE) values of 25.9%, 19.6% and 27.1% and NMBE values of
+10.6%, +9.3% and —11.9% are obtained—all outside the ASHRAE Guideline 14 acceptance
envelope (CV(RMSE) < 15%, NMBE < £5%). The model is therefore best described as
closely reproducing the published reference simulation and falling within the observed
range of measured Bahraini houses of this type, rather than as being formally calibrated
against any individual metered building.
Table 6. Monthly electricity validation and S1 comparison (kWh).
Month House 1 Bill House 2 Bill House 3 Bill = Replicated S0 i’{ubhshed S1 Mixed
eference Mode
January 1004 1300 2500 922.0 924.3 690.3
February 882 1400 2000 997.8 1001.0 686.6
March 1112 1730 2600 1588.3 1574.3 1332.4
April 1881 2354 2100 2304.8 2301.1 2291.4
May 2892 2640 3140 3555.3 3578.9 3555.3
June 3390 3636 2960 3984.7 3964.4 3984.7
July 3703 4000 4110 4779.3 4783.0 4779.3
August 3888 4280 5440 4801.6 4792.7 4801.6
September 4158 4000 5910 4544.4 4547.2 4544.4
October 3257 2920 4100 3742.7 3759.6 3743.0
November 2618 2000 2350 2220.9 2212.8 2190.8
December 2618 1500 2210 1287.8 1281.0 993.3
Annual total 31,403 31,760 39,420 34,729.5 34,720.2 33,593.0

Figure 4 visualises the same validation comparison. The three measured houses show
a consistent seasonal pattern: consumption rises sharply from late spring, remains high
during the hot months and declines in winter. The variation among the three houses is ex-
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pected because residential electricity use is affected by household size, lifestyle, thermostat
behaviour, appliance use and occupancy schedules [18]. The replicated SO and published
reference model follow the same seasonal trend, supporting their use as the basis for the
controlled-ventilation comparison.

Base-case validation: bills, published reference and replicated SO

6000 | —@- House 1 bill —#- Published reference model
~@- House 2 bill ~>¢ Replicated SO model
—@— House 3 bill

5000 A

4000 A

3000 A

2000 A

Monthly electricity consumption (kWh)

1000

Ja

5000

n

Feb

Juln JlIJ|
Month

Mlar Abr M(lay Alng Sép Oct Ncl>v Déc
Figure 4. Monthly validation comparison among official bills, the published reference model and the
replicated SO base case.

4.2. Monthly and Annual Energy Impact of Controlled Night Ventilation

Figure 5 compares monthly electricity consumption under SO and S1. The con-
trolled night-ventilation case reduces annual simulated electricity consumption from
34,729.46 kWh/year to 33,593.04 kWh/year. The annual saving is 1136.42 kWh/year,
equivalent to 3.27% relative to S0. This saving is smaller than physical retrofit savings
reported in the Bahraini code and roof studies, but S1 is an operational strategy rather than
a material retrofit [9].

Monthly electricity comparison between SO and S1

4000 -

3000 A

2000 A

Monthly electricity consumption (kWh)

1000 A

—8— SO0 base case
~m— S1 controlled night ventilation

Jan

Ju'n JLIJ|
Month

Feb Mar Apr May Aug Sep Oct Nov Dec

Figure 5. Monthly electricity-consumption comparison between the S0 base case and the S1 controlled
night-ventilation case.
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Figure 6 and Table 7 show that the saving is highly seasonal. January, February,
March and December account for 96.2% of the annual saving. February gives the largest
percentage reduction at 31.2%, followed by January at 25.1%, December at 22.9% and March
at 16.1%. April and November produce small reductions, while May to September show no
meaningful reduction. This confirms that controlled night ventilation should be presented
as a winter and shoulder-season strategy for Bahrain rather than a year-round alternative
to air-conditioning.

Monthly electricity savings from controlled night ventilation

300 A

312%

22.9%

16.1%

£
S 250 1
£
L
S
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[} 150 T
2
k)
£ 1001
g
%
2 501
0
0 -
Jaln Féb Mlar Abr Mlay Juln Jlljl AlIJg Sép O::t Nci)v Dlec
Month
Figure 6. Monthly electricity savings from S1 relative to S0. Percentage labels show the monthly
reduction relative to SO for months with meaningful positive savings.
Table 7. Monthly S0-S1 electricity savings and contribution to annual saving.
Month S0 (kWh) S1(kWh)  Saving (kWh) Saving (%) Share of Annual
Saving (%)
January 922.0 690.3 231.7 25.1 204
February 997.8 686.6 311.3 31.2 274
March 1588.3 13324 255.9 16.1 225
April 2304.8 2291.4 13.3 0.6 1.2
May 3555.3 3555.3 -0.0 -0.0 -0.0
June 3984.7 3984.7 0.0 0.0 0.0
July 4779.3 4779.3 0.0 0.0 0.0
August 4801.6 4801.6 0.0 0.0 0.0
September 4544 .4 4544 .4 0.0 0.0 0.0
October 3742.7 3743.0 -0.3 -0.0 -0.0
November 2220.9 2190.8 30.0 1.4 2.6
December 1287.8 993.3 294.5 229 259
Annual total 34,729.5 33,593.0 1136.4 3.27 100.0

4.3. January Hourly Cooling Behaviour and End-Use Energy Interpretation

January was selected for hourly diagnosis because it is one of the months with the
largest reduction under the S1 mixed-mode scenario and because hourly end-use and
comfort outputs are available for this period.

Figure 7 compares the January end-use electricity consumption of the closed-window
base case (50) and the controlled night-ventilation mixed-mode case (51). The comparison
shows that the non-cooling end uses remain effectively unchanged between the two sce-
narios. Lighting electricity is approximately 354.7 kWh in both cases, and system-pump
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electricity is approximately 248.3 kWh in both cases. This is expected because the S1 sce-
nario does not modify lighting schedules, occupancy, pump assumptions, internal loads, or
equipment operation. The main difference between the two cases is therefore associated
with cooling electricity.

Cooling (Electricity)

System Pumps

Lighting

i

o

50 100 150 200 250 300 350 400

ST mSO

Figure 7. January end-use electricity comparison between the SO closed-window base case and the S1
controlled night-ventilation mixed-mode case. Lighting and system-pump electricity remain effec-
tively unchanged, while cooling electricity decreases substantially from approximately 319.0 kWh in
S0 to 87.3 kWh in S1.

In the SO base case, January cooling electricity is approximately 319.0 kWh, while in
the S1 mixed-mode case it decreases to 87.3 kWh. This represents a reduction of about
231.7 kWh, equivalent to a 72.6% decrease in January cooling electricity. At the monthly
total electricity level, January consumption decreases from 922.03 kWh in SO to 690.31 kWh
in S1, giving a total monthly reduction of 231.72 kWh, or approximately 25.1%. Therefore,
the January saving is not caused by changes in non-cooling end uses; it is almost entirely
the result of reduced cooling operation under the controlled night-ventilation strategy.

This interpretation is important because it prevents the monthly S1 value from being
misread as cooling electricity alone. In S1, cooling electricity represents only 12.6% of
January electricity consumption, while lighting and system pumps account for 51.4% and
36.0%, respectively. By contrast, in S0, cooling electricity represents approximately 34.6%
of January electricity use. The controlled night-ventilation strategy therefore changes the
structure of January electricity demand: cooling becomes a much smaller share of total con-
sumption, while fixed or schedule-driven end uses become proportionally more dominant.

The result also shows why January is a suitable month for hourly analysis. The large
reduction in cooling electricity indicates that outdoor conditions during many night-time
or cooler-period hours are suitable for reducing mechanical cooling demand. It should be
emphasised, however, that this reduction reflects the model’s cooling-electricity response to
the S1 control logic (i.e., the potential advantage of the control technique under the modelled
suitability thresholds) rather than field-confirmed cross-ventilation, since the window-
opening factor and natural-ventilation air-change-rate outputs were not exported in this
study (see Sections 3.3 and 6). However, because lighting and pump electricity remain
constant, further reductions in January electricity would require additional measures
beyond ventilation, such as lighting efficiency, pump-control optimisation, or broader
operational-management strategies.
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Cooling electricity (kW)

Figure 8 shows the hourly cooling electricity profile. Cooling electricity is zero for 425
out of 744 h (57.1%). The maximum hourly cooling electricity is 1.74 kW, and the monthly
average is 0.117 kW. Therefore, January under S1 is not a continuously cooled period; it is
characterised by extended cooling-off hours interrupted by short cooling events. Figure 8
further shows that the average hourly cooling profile has its lowest value around 10:00
and its highest value around 19:00, suggesting that cooling is influenced by the combined
timing of occupancy, internal gains and outdoor conditions.

January hourly cooling electricity in S1
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Figure 8. January hourly cooling electricity in the S1 mixed-mode scenario. The annotation indicates
the share of hours with zero cooling electricity.

Figure 9 provides a heat-balance explanation for the hourly behaviour summarised
in Table 6. Occupancy is the dominant internal sensible gain during scheduled occupied
periods, generally reaching approximately 4-5 kW, while lighting gains are lower and solar
gains through exterior windows are comparatively small in January. The zone’s sensible
cooling curve is intermittent and remains close to zero for many hours, which is consistent
with the high number of zero-cooling hours reported in Figure 7 and Table 8.

Table 8. January hourly energy summary for S1.

January S1 Metric Value
Total hourly records 744 h
Total S1 electricity from hourly outputs 690.4 kWh
Lighting electricity 354.7 kWh (51.4%)
System-pump electricity 248.3 kWh (36.0%)
Cooling electricity 87.3 kWh (12.6%)
Zero-cooling hours 425 h (57.1%)
Peak hourly cooling electricity 1.74 kW
Average hourly cooling electricity 0.117 kW

The lower panel of Figure 10 shows a substantial latent-load pattern during occupied
periods. This matters for Bahrain because reduced sensible cooling does not automatically
mean that humidity-related comfort or latent cooling loads are resolved. For this reason,
the S1 strategy should be interpreted as humidity-aware mixed-mode operation, not un-
controlled night-time window opening. The final design rule should include a temperature
condition and humidity or dew-point restriction before windows are opened.
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Average January cooling electricity by hour of day in S1
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Figure 9. Average January cooling electricity by hour of day under S1.
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Figure 10. Hourly EnergyPlus heat-balance components for January under the S1 controlled night-
ventilation mixed-mode scenario. Negative sensible cooling values indicate heat removed by the
cooling system.

4.4. January Thermal Comfort and Humidity Behaviour

Figure 11 compares January hourly operative temperature with outdoor dry-bulb
temperature. The mean operative temperature is 23.81 °C, with a minimum of 21.93 °C
and a maximum of 25.05 °C. A simple diagnostic band of 22-27 °C is used in the figure to
visualise temperature stability; 740 h (99.5%) fall within this band. This is not presented
as a final adaptive-comfort criterion, but as a diagnostic indication that January indoor
temperatures remain relatively stable during the mixed-mode operation. Figure 12 extends
the comfort interpretation to monthly values. Indoor operative temperature remains
much less variable than outdoor dry-bulb temperature, confirming the stabilising effect
of the building and cooling-control sequence. However, Table 9 shows that humidity
and PMV /PPD outputs require careful interpretation: mean RH is 65.4%, with a range
from 28.7% to 86.9%, while only 0.5% of January hours fall within the —0.5 to +0.5 PMV
band. This PMYV result is an important qualification of the energy findings, and, it is now
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stated plainly rather than only noted in passing on the PMV metric, the S1 January indoor
environment falls outside the narrow +0.5 “acceptable’ PMV band for 99.5% of hours, with
a mean PMV of +0.94 (warm side) and a mean PPD of 24%. This does not invalidate the
energy result; rather, it indicates that thermal-comfort claims should be linked to the correct
comfort model, clothing assumption, metabolic rate, air speed and mixed-mode control
state [37,39,73] and it is addressed directly in Section 5.2.

January hourly operative and outdoor dry-bulb temperatures in S1
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Figure 11. January hourly operative temperature and outdoor dry-bulb temperature in S1. Dashed
lines indicate a simple 22-27 °C diagnostic band rather than a final adaptive-comfort criterion.

Monthly S1 indoor operative temperature and outdoor dry-bulb temperature
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Figure 12. Monthly S1 indoor operative temperature compared with outdoor dry-bulb temperature.

Table 9. January hourly comfort and humidity summary for S1.

January Comfort/Humidity Metric Value

Mean indoor air temperature 23.86 °C
Indoor air temperature range 21.84-25.28 °C
Mean operative temperature 23.81°C
Operative temperature range 21.93-25.05 °C
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Table 9. Cont.

January Comfort/Humidity Metric Value

Hours within 22-27 °C diagnostic band 740 h (99.5%)
Mean outdoor dry-bulb temperature 17.48 °C
Outdoor dry-bulb temperature range 9.93-25.50 °C
Hours with outdoor dry-bulb below operative temperature 743 h (99.9%)
Mean relative humidity 65.4%
Relative-humidity range 28.7-86.9%
Hours with RH between 30% and 70% 495 h (66.5%)
Mean PMV /mean PPD 0.94/24.0%
Hours within —0.5 to +0.5 PMV 4 h (0.5%)
Hours with PPD below 10% 4 h (0.5%)

5. Discussion
5.1. Seasonal Value of Controlled Night Ventilation

The results show that controlled night ventilation provides a measurable but highly
seasonal reduction in electricity use. The annual reduction of 3.27% is modest, but the
monthly reductions in January, February, March and December are substantial. This
pattern is consistent with hybrid-ventilation studies in arid climates, which report stronger
performance in cooler seasons and limited benefits during hot months [13,28,34,56].

The result should therefore not be framed as a failure of night ventilation. Rather, it
identifies the correct operational window. In Bahrain, controlled night ventilation is not a
substitute for air-conditioning in peak summer. It is a seasonal load-management strategy
that can reduce cooling operation when outdoor temperature and humidity conditions per-
mit. This distinction is important for both design and policy because it prevents unrealistic
claims and supports targeted implementation.

5.2. Energy, Comfort and Humidity Trade-Offs

The January hourly results reveal an important distinction between sensible cooling
reduction and full environmental comfort. The cooling electricity profile indicates many
hours with no active cooling, but the heat-balance output and humidity summary show
that latent loads remain relevant. This is especially important in coastal Gulf climates,
where night air may be cooler but humid. Therefore, a successful control sequence should
not be based on outdoor dry-bulb temperature alone. It should include a dew-point,
relative-humidity or enthalpy restriction before window opening is enabled.

The PMV /PPD results reported in Section 4.4 require direct discussion rather than
a brief caveat, because they qualify the headline energy finding. Under the strict steady-
state PMV /PPD metric, the S1 January indoor environment falls within the 0.5 PMV
‘acceptable’ band for only 4 of 744 h (0.5%), with a mean PMV of +0.94 and mean PPD
of 24%. Taken at face value, this indicates that for most January hours the space is on
the warm side of the narrow PMV comfort band. Two considerations qualify this find-
ing without dismissing it. First, PMV/PPD was developed by Fanger (1970) [36] for
steady-state, fully air-conditioned environments and is known to over-predict discomfort
in naturally ventilated and mixed-mode spaces, where occupants adapt behaviourally
(clothing, air movement, expectation) in ways the steady-state heat-balance model does
not capture [23,25,42]. Second, ASHRAE Standard 55-2023 permits the adaptive comfort
model as an alternative evaluation method, but that method is formally defined for natu-
rally conditioned spaces in which no mechanical cooling system is operating; because 51
retains mechanical cooling as a fallback whenever natural ventilation is unsuitable, S1 does
not meet the strict applicability conditions for the adaptive method in every hour either,
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and the present dataset does not include the additional field or survey inputs (running
mean outdoor temperature series, occupant clothing and activity records) that a rigorous
adaptive-model evaluation would require. For this reason, this manuscript does not claim
ASHRAE 55 adaptive-model compliance for the S1 case. Instead, the conclusion is stated
conservatively: the January PMV /PPD results indicate that the controlled night-ventilation
strategy achieves its reported energy savings together with a measurable thermal-comfort
trade-off under the PMV metric, and this trade-off should be resolved in future implementa-
tion either by tightening the control-temperature threshold (e.g., lowering the 26 °C outdoor
cut-off), by adding a fan-assisted air-movement allowance recognised in ASHRAE 55, or by
validating the adaptive model against field-monitored occupant data, as recommended
in Section 6.

5.3. Implications for Planning Practice and Policy Integration

The findings have implications beyond the individual dwelling model. Planning
practice in hot-arid cities often addresses cooling demand through urban form, shading,
envelope codes and HVAC efficiency. This study indicates that residential operation should
also be considered. Because the S1 benefit is concentrated in cooler months, planning policy
should not treat natural ventilation as a blanket energy-efficiency measure. Instead, it
should be integrated as a controlled seasonal strategy within housing design guidance,
post-occupancy energy management and occupant education.

At the planning scale, controlled night ventilation can support peak-demand man-
agement and seasonal energy conservation when combined with climate-sensitive urban
design. Street orientation, wind access, reduced urban heat storage, shaded outdoor spaces
and lower night-time urban temperatures can improve the climatic opportunity for ventila-
tive cooling [48,74,75]. However, the strategy should be accompanied by safeguards: noise,
dust, outdoor air quality, privacy, security and humidity must be considered before natural
ventilation is promoted in residential policy.

Policy integration could take three forms. First, residential energy codes could include
optional mixed-mode readiness provisions, such as operable-window requirements, secure
night-ventilation openings and humidity-aware control guidance. Second, government
housing programmes could provide seasonal operation guidance to residents, explaining
when windows should remain closed and when controlled night ventilation is useful. Third,
simulation-based compliance methods could require monthly and hourly reporting for
passive strategies, because annual totals alone can hide periods of usefulness or risk.

5.4. Design, Requlation, and Implementation

The implication of design is that controlled night ventilation should be designed as
a system, not simply as operable windows. Table 10 translates the simulation findings
into design, regulatory and implementation actions. The main requirement is control: the
dwelling needs openings that can be used safely at night, a control rule that accounts for
outdoor temperature and humidity, and clear occupant guidance. Without these elements,
night ventilation may become either underused or misused.

Indicative economic feasibility: The 3.27% annual saving (1136.42 kWh/year) should
be placed in the context of Bahrain’s residential electricity tariff before being described
as a practically achievable benefit. Bahrain applies a tiered, heavily subsidised residen-
tial electricity tariff for Bahraini nationals, with the lowest tier priced on the order of a
few fils (hundredths of a Bahraini Dinar) per kWh; using an illustrative low-tier rate of
approximately 0.02-0.03 BHD/kWh, the annual 51 saving of 1136.42 kWh corresponds
to approximately 23-34 BHD (roughly USD 60-90) per year at the household level. This
is a modest sum relative to the likely capital cost of an automated sensor-and-actuator
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mixed-mode control system of the kind implied by Table 3, and the present study does
not include a costed bill-of-materials or installation-cost estimate for such a system in the
Bahraini market; a full payback-period calculation therefore cannot be responsibly pre-
sented without that costing data, and none is fabricated here. Under the current subsidised
tariff, the direct household bill-saving case for a fully automated S1 system is therefore
limited, and this is now stated explicitly rather than left implicit. The strategy’s value case
is stronger when framed around three other channels that are not directly monetised in
this paper: (i) reduced peak and off-peak generation and grid-capacity requirements at
the utility scale, which matter even when the household-level bill saving is small under
subsidy; (ii) long-term exposure if or when subsidies are reduced, which would propor-
tionally increase the household-level value of the same kWh saving; and (iii) the low-cost
manual-guideline implementation pathway described in Section 3.3, which avoids most of
the capital cost of automation and could be delivered through occupant education rather
than hardware. The energy saving reported in this paper is therefore presented as indicative
potential rather than a demonstrated, practically achievable household benefit, and a costed
payback analysis—ideally using verified Electricity and Water Authority tariff schedules
and quoted control-system installation costs—is identified as a specific priority for future
work in Section 6.

Table 10. Design, regulation and implementation implications of the controlled night-ventilation results.

Scale Recommended Action Rationale from This Study
Provide secure, insect-screened and 51 savings occur during specific months
Building design privacy-sensitive operable openings for and require windows to be safely

night ventilation.

available at night.

Mechanical systems

Use mixed-mode control that locks out
window opening during hot or humid
periods and retains AC at

24 °C when needed.

January results show many zero-cooling
hours, but latent load remains important.

Controls and sensors

Include outdoor temperature, indoor
temperature, RH/dew point and window
status in the control logic.

Dry-bulb temperature alone is insufficient
for coastal Bahrain.

Building regulations

Allow optional mixed-mode readiness
credits in residential codes while requiring
humidity-aware safeguards.

The strategy is low-cost but seasonal, so it
should complement rather than replace
envelope and HVAC regulations.

Planning policy

Combine dwelling-level controls with
urban heat mitigation, shading and
wind-path planning.

Cooler night-time urban conditions can
increase the useful window for
ventilative cooling.

Occupant guidance

Provide simple seasonal instructions: use
controlled night ventilation mainly in
winter/shoulder months and avoid
humid /hot nights.

January, February, March and December
provide 96.2% of annual S1 savings.

For implementation, controlled night ventilation should be considered a comple-
mentary measure alongside stronger strategies such as envelope improvement, efficient
cooling equipment, roof reflectance and demand-side management. Elnabawi (2021) [9]
shows that envelope-code and roof strategies can produce larger cooling savings than the
S1 operational strategy; nevertheless, controlled night ventilation has the advantage of
potentially being implemented through operation, controls and occupant guidance with
minimal physical retrofit. The most robust policy pathway is therefore integration, not
substitution: codes and retrofit programmes should combine physical efficiency measures
with controlled seasonal operation.
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5.5. Policy Priority Ordering Relative to Other Interventions

Controlled night ventilation should be positioned relative to other, larger-impact
interventions for Bahraini residential cooling. Elnabawi (2021) [9] reports that envelope-
code compliance and roof-reflectance retrofits in the same Bahraini residential context
can achieve cooling-related savings well in excess of the 3.27% annual reduction found
here for S1, and that residential air-conditioning can account for approximately 80% of
peak residential electricity demand in Bahrain. Read together with the present results—in
which S1 delivers zero meaningful saving between May and September, the period in
which Bahraini peak electricity demand actually occurs—controlled night ventilation
makes no contribution to summer peak-load reduction and should not be promoted as
a standalone residential energy-efficiency measure or as a substitute for envelope and
HVAC-efficiency investment.

A more defensible policy priority order, consistent with the evidence in this study
and in Elnabawi (2021) [9], is: (1) envelope performance upgrades (wall and roof insu-
lation, improved glazing), which reduce cooling load across the whole year including
the peak summer season; (2) HVAC-efficiency improvements (higher-COP equipment,
correct sizing and maintenance), which reduce electricity use whenever mechanical cool-
ing operates; (3) roof-reflectance and cool-roof retrofits, which specifically target solar
heat gain during the hottest months; and only then (4) controlled night ventilation and
other operational/behavioural strategies, positioned as a low-cost, no-retrofit comple-
ment that captures additional savings specifically in the cooler shoulder months (January,
February, March, December) where envelope and HVAC measures alone leave residual,
avoidable cooling electricity. Framed this way, controlled night ventilation is a legitimate
but secondary tool in the Bahraini residential policy mix: valuable because it requires
no capital-intensive retrofit and can be deployed through guidance and, optionally, low-
cost controls, but not a substitute for the higher-impact, peak-load-relevant measures that
should be prioritised first.

6. Limitations and Future Work

This study is intentionally focused on two scenarios. This strengthens attribution of
the S1 effect but also limits generalisation. Future work should test multiple climate years,
orientations, window-opening areas, occupancy profiles, thermostat settings, humidity-
control thresholds and residential typologies. The analysis should also export the window-
opening factor, natural-ventilation air-change rate, outdoor dew point, indoor air speed
and CO, concentration to confirm when zero-cooling hours coincide with actual window
opening and acceptable indoor air quality.

Single-building, single-orientation and single-window configuration: The simulation
is based on one Bahraini Ministry of Housing dwelling with one construction layout, one
orientation, and a fixed window-to-wall ratio (24.6%) and external opening area (104.03 m?)
taken from the published reference model. Controlled night-ventilation performance is
known from the wider literature to be sensitive to building orientation relative to prevailing
winds, the distribution of openings across facades (rather than only their total area), and the
degree of cross-ventilation path each layout allows [29,31]. None of these factors was varied
in the present study, and the results reported here—including the 3.27% annual saving and
its seasonal distribution—should therefore be read as specific to this building configuration
and orientation, not as a generalised prediction for the Bahraini residential stock. This
constraint is stated explicitly here, in the Discussion (Section 5.4), and in the Conclusions
(Section 7), and it is the basis for the sensitivity analysis of future work items below.

Simulation-to-reality gap: Although the base case is cross-checked against published
and metered monthly electricity data (Section 3.4), the present study does not, and by
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its nature as a simulation study cannot, fully replicate real occupant behaviour: actual
window-opening decisions, infiltration variability, occasional deviations from the assumed
occupancy and thermostat schedules, and day-to-day operational choices are all simplified
or held fixed in the EnergyPlus model. The reported S1 savings should accordingly be read
as the expected performance of the modelled control logic under the stated assumptions,
not as an assured, field-verified real-world outcome. Field monitoring in occupied Bahraini
dwellings, discussed further below, is the appropriate next step to close this gap.

Cross-ventilation not directly confirmed: As already noted in Sections 3.3 and 4.3, the
hourly results in this study report reduced cooling electricity and zero-cooling hours, but do
not directly report the window-opening factor, ventilation airflow rate, or air-change rate,
because these outputs were not exported from the EnergyPlus runs underlying this analysis.
The manuscript therefore consistently frames the S1 result as the potential advantage of
the control technique rather than as confirmed cross-ventilation performance, and this
framing is intended to prevent readers from over-interpreting the simulation results as
direct evidence of airflow.

Representativeness of the envelope assumptions: The building envelope, glazing and
construction properties (Table 1) were adopted unmodified from the published Bahraini
residential model of Elnabawi (2021) [9]. As discussed in Section 3.2, these properties
(external wall U = 2.746 W/m?2-K; roof U = 0.53 W/m?2-K) are consistent with existing, pre-
retrofit GCC residential construction rather than the tightest current energy-code targets,
but no systematic comparison against current Bahraini building-code minima or a wider
sample of the residential stock was performed as part of this study. This is compounded by
ownership and tenancy arrangements, which shape building maintenance and occupants’
practical ability to adopt operational strategies such as window ventilation [76-98]. Because
envelope performance directly affects the magnitude of both the cooling load and the
potential for night-purge ventilation to remove stored heat, this is a material constraint on
generalizability and is listed here as a specific priority for future work.

The comfort analysis is diagnostic rather than final. Operative temperature, RH, PMV
and PPD are reported, but final comfort claims should be checked against the selected
comfort standard, occupant clothing and metabolic assumptions, air movement, adap-
tive comfort acceptability and occupied-hour definitions. As discussed in Section 5.2, the
January PMV /PPD results indicate a real thermal-comfort trade-off under the strict PMV
metric that this study does not resolve; field-based adaptive-comfort evaluation is required
before a definitive comfort claim can be made. Future studies should also combine sim-
ulation with field monitoring or post-occupancy survey data to capture actual occupant
behaviour and acceptance of night ventilation in Bahraini dwellings.

Finally, the paper evaluates one representative dwelling model. While the model is
grounded in published Bahraini data, the results should not be transferred to all Bahraini
housing without testing additional typologies, microclimates and household practices.
Planning and regulatory use should therefore treat the results as evidence of seasonal
potential, not as a universal performance guarantee.

No formal sensitivity or parametric analysis was conducted. The results reported in
this paper are based on a single building model, a single typical meteorological year, a
single mixed-mode control-temperature upper limit (26 °C) and a single enthalpy window
(20,000-30,000 J/kg). No sensitivity sweep across these control parameters, and no para-
metric variation in the ventilation air-change rate, was conducted for this manuscript, and
none of the design, regulatory or policy recommendations in Table 8 or Section 5.5 should
be read as validated across a wider parameter space; they apply specifically to the building
and control configuration modelled here. As a direct, concrete priority for future work, at
least two of the following three sensitivity dimensions should be tested and reported in a
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follow-up study before the recommendations are generalised: (a) ventilation air-change
rates of 3, 5 and 10 ach; (b) mixed-mode control-temperature upper limits of 24, 26 and
28 °C; and (c) cooling thermostat setpoints of 23, 24 and 25 °C. This sensitivity analysis is
proposed as future work.

Future studies should therefore expand the analysis in seven directions. First, Design-
Builder/EnergyPlus outputs should include the window-opening factor, natural-ventilation
ACH, indoor air speed, outdoor dew point, and indoor relative humidity to confirm
whether zero-cooling hours coincide with active and suitable natural ventilation. Sec-
ond, the controlled night-ventilation strategy should be tested across additional Bahraini
housing layouts, orientations, and occupancy patterns, explicitly including a parametric
sweep of building orientation and window distribution to address the generalizability con-
straint identified above. Third, the study should be extended to compare temperature-only,
enthalpy-based, and dew-point-based control algorithms. Fourth, field monitoring should
be conducted in occupied homes to validate indoor temperature, humidity, window use,
and AC operation during cooler months, which would also allow a field-based evaluation
of the ASHRAE 55 adaptive comfort model that the present simulation-only dataset cannot
support. Fifth, future work should combine controlled night ventilation with envelope
improvement, efficient lighting, smart thermostats, and renewable-energy systems to assess
whether low-cost operational strategies can complement deeper residential decarboniza-
tion measures. Sixth, the sensitivity /parametric analysis specified above (ventilation rate,
control-temperature threshold and cooling setpoint) should be conducted and reported.
Finally, a costed economic analysis—using verified Bahraini utility tariff schedules and
quoted automated-control hardware and installation costs—should be performed to convert
the indicative economic discussion in Section 5.4 into a defensible payback-period estimate.

7. Conclusions

This study examined whether a controlled night-ventilation mixed-mode strategy can
reduce residential electricity consumption in Bahrain without compromising indoor thermal
comfort, comparing a closed-window base case (S0), cross-checked against published and
metered Bahraini electricity data, with a controlled night-ventilation scenario (S1) in which
windows are available only during suitable night-time conditions.

The key findings are as follows. Annually, S1 reduced simulated electricity consump-
tion by 3.27% (1136.42 kWh/year relative to S0), a saving that is modest in absolute terms
but operationally meaningful because it requires no envelope retrofit. This benefit was
highly seasonal: January, February, March and December accounted for 96.2% of the annual
saving, while May to September showed no meaningful reduction, confirming that the
strategy is not a year-round substitute for air-conditioning and, because it contributes
nothing during peak summer, should not be promoted as a standalone peak-load-reduction
measure. The January hourly analysis provided the clearest evidence of when the strategy
is useful, showing 425 zero-cooling hours out of 744 (57.1%) and cooling representing only
12.6% of January electricity use against 51.4% for lighting and 36.0% for pumps, indicating
that residual winter electricity demand is dominated by non-cooling end uses rather than
cooling itself. Thermal-comfort indicators (mean PMV +0.94; only 0.5% of hours within
the £0.5 PMV band) show that these savings are accompanied by a measurable comfort
trade-off on the stricter PMV metric, one that this simulation-only study does not fully
resolve and that should be re-examined against field-based adaptive-comfort data.

The primary takeaway is that controlled night ventilation in Bahrain is a selective,
cooler-season strategy rather than a universal solution: its performance is specific to the
single building configuration and orientation modelled here (Section 6), and its household-
level economic case under Bahrain’s subsidised electricity tariff is modest (Section 5.4).
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It should therefore be positioned as a complement to, not a substitute for, envelope and
HVAC-efficiency upgrades, which remain the priority for reducing peak summer demand.

These findings carry direct policy and practical implications. For planning and regula-
tion, seasonal, humidity-aware ventilation guidance could be incorporated into building
codes, housing manuals and public-awareness programmes, positioned below envelope
and HVAC-efficiency requirements rather than in place of them. For design and imple-
mentation, the results support operable windows, secure night-opening provisions, and,
where justified by future cost-feasibility analysis, simple sensor-based or automated control
informed by outdoor temperature, humidity and dew point; because January electricity use
was dominated by lighting and pump loads, night ventilation should also be paired with
internal-gain reduction measures such as efficient lighting and equipment management.

In conclusion, controlled night ventilation is not a complete solution to Bahrain’s
residential cooling challenge, but it is a practical, low-cost component of a wider low-
energy housing strategy when positioned correctly within the policy mix and its comfort
and economic trade-offs are acknowledged rather than understated. By reducing resi-
dential cooling electricity without requiring building-fabric retrofit, the strategy supports
the United Nations’ Sustainable Development Goals, particularly SDG 7 (affordable and
clean energy), SDG 11 (sustainable cities and communities) and SDG 13 (climate action),
offering a scalable pathway toward more sustainable residential cooling in similar hot-arid
Gulf contexts.
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