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ABSTRACT
The transition from sustainability to regenerative development requires a fundamental recalibration: a move away from the incremental logic of efficiency embedded in universal standards toward place-specific effectiveness rooted in empirical evidence. Prevailing sustainability frameworks — BREEAM, LEED, and GRIHA  rely on generic thermal comfort benchmarks that assume uniformity across climates, cultures, local physiological adaptation, and indigenous knowledge. 
This paper asks: to what extent does the choice of thermal comfort standard alter performance projections and design specifications for a standard rural dwelling in India's composite climate zone? Three models — a universal standard, a national adaptive model, and a field-derived seasonal model built from two-season field data collected in rural Bulandshahr district, Uttar Pradesh — are compared through building performance simulation of a PMAY-G dwelling in EnergyPlus. The field-derived model estimates 37% annual comfortable hours, against 42% and 51% for the two standardized models — a 14-percentage-point spread with direct consequences for ventilation strategy, envelope specification, and cooling energy demand. The findings show that recalibrating a single parameter from place-specific evidence cascades through the entire design logic of the dwelling, illustrating a foundational mechanism of regenerative development.
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1. INTRODUCTION
The transition from sustainability to regenerative development requires a fundamental recalibration of design performance criteria: a shift from efficiency improvements toward place-specific effectiveness grounded in context. Green building frameworks such as BREEAM, LEED, and GRIHA rely on universal thermal comfort standards — principally ASHRAE-55 (2017) and IMAC (BIS, 2016) — developed for controlled, mechanically conditioned environments that assume uniformity in climate, culture, and occupant behavior. While these provide regulatory clarity and global comparability, their uncritical application in rural, naturally ventilated, and climatically heterogeneous contexts results in systematic misalignment: seasonal variability, physiological adaptation, ecologically embedded practices, and indigenous knowledge are structurally overlooked. Applied without recalibration, such frameworks unintentionally reinforce mechanical dependency and perpetuate linear throughput logic under the banner of sustainability. This study argues that the regenerative shift begins with recalibrating foundational parameters from place-specific empirical evidence, rather than transferring universal thresholds across divergent contexts. Adaptive thermal comfort serves as the diagnostic lens — a parameter at the intersection of climate, physiology, behaviour, and design — to examine how recalibrating a single metric propagates measurable downstream changes across passive strategies, design trajectories, and projected energy demand in rural India.
The adaptive thermal comfort model, first formalized by Humphreys (1978) and later codified by de Dear and Brager (1998, 2002) in the development of ASHRAE-55's adaptive clause, establishes that occupants in naturally ventilated buildings adapt physiologically, behaviourally, and psychologically to prevailing outdoor conditions, accepting a wider range of indoor temperatures than mechanically conditioned occupants. This adaptation is modulated by mean outdoor temperature, clothing adjustment, metabolic rate, and access to environmental controls (Nicol and Humphreys, 2002). IMAC-R (Rawal et al., 2022) extended the adaptive model to the Indian context through one of the largest national field studies to date, covering five climate zones. However, IMAC-R is calibrated predominantly on urban and peri-urban samples; its applicability to rural populations — who exhibit distinct thermal histories, lower metabolic baselines, and stronger seasonal behavioral adaptation — remains understudied. Singh et al. (2011) demonstrated that rural occupants in composite-climate India experience significantly higher operative temperatures than urban benchmarks would predict, a finding this study corroborates and extends through a two-season field protocol drawn exclusively from naturally ventilated rural settlements.
The study pursues two objectives: (1) to comparatively evaluate ASHRAE-55, IMAC-R (Rawal et al., 2022), and a field-derived adaptive thermal comfort model from rural composite-climate settlements in Bulandshahr district, Uttar Pradesh; and (2) to assess the downstream implications of this recalibration on passive ventilation strategy, envelope thermal resistance, and projected cooling energy demand for a standard PMAY-G rural dwelling.

2. METHODS
2.1 Study Area and Field Survey
The field study was conducted across 11 villages in Bulandshahr district, located in the western part of Uttar Pradesh, northern India (28°4′–28°43′ N, 77°18′–78°28′ E). Bulandshahr falls within India's composite climate zone (BIS, 2016), which is classified by the National Building Code and encompasses nearly two-thirds of the country's land area and accounts for a substantial proportion of its rural population (Fig. 1).
Bulandshahr has a pronounced seasonal thermal profile. Temperatures rise sharply from late February, transitioning from a cold winter into a hot, dry summer, followed by the humid Monsoon season from June to September (IMD, 1989). Based on the standard 18–24°C comfort range, approximately 60% of annual hours exceed the upper comfort threshold, while 22.7% fall below the lower boundary — underscoring the thermal severity of the composite climate context (Fig. 2).
A longitudinal survey following the ASHRAE Class II field protocol was administered across two seasons: the Summer season (June and July 2020) and the Monsoon season (August 2020), in naturally ventilated rural dwellings. A total of 400 valid responses were collected — 240 in Summer and 160 in Monsoon — from adult occupants resident in the surveyed dwellings. Field data comprised subjective thermal comfort responses and objective in situ measurements of indoor and outdoor environmental parameters, collected using a "right-here-right-now" questionnaire translated into Hindi, following protocols established in ASHRAE-55 (2017) and ISO 7726 (1998).

2.2 Thermal Comfort Model Comparison
The study compares three adaptive thermal comfort models: ASHRAE-55, IMAC-R (Rawal et al., 2022), and a context-specific seasonal model derived from the empirical field data collected in Bulandshahr's composite climate zone. The regression equations and applicable scope for each model are summarised in Table 1.
Table 1: Comparison of adaptive thermal comfort standards.
	S.No.
	Thermal Comfort Standard
	Regression Equation / Acceptable Operative Temperature
	Applicable Scope

	1
	Present study (Rural residents, Bulandshahr)
	Summer: Tn = 0.3376 · Tpma(out) + 19.795  (R² = 0.0052; p < 0.001)  →  Tn = 30.38°C
	Composite climate zone, NV rural dwellings

	
	
	Monsoon: Tn = 0.2708 · Tpma(out) + 19.765  (R² = 0.0119; p < 0.001)  →  Tn = 27.62°C
	

	2
	IMAC-R: Rawal et al. (2022) — Urban residents
	Top = 0.42 Trm + 21.2  |  Top = 0.42 Trm + 19.75 Top = 0.42 Trm + 14.0  |  Top = 0.42 Trm + 15.45
	5.5 ≤ Trm ≤ 33°C

	3
	ANSI/ASHRAE 55-2020 (Adaptive model)
	Top = 0.31 · Trm + 21.3  |  Top = 0.31 · Trm + 20.3 Top = 0.31 · Trm + 14.3  |  Top = 0.31 · Trm + 15.3
	10 ≤ Trm ≤ 33.5°C



2.3 Building Performance Simulation
All three comfort models were applied to a simulated PMAY-G (Pradhan Mantri Awaas Yojana-Gramin) rural dwelling in Bulandshahr. The dwelling was modelled in Rhino with Grasshopper-scripted parametric control and simulated using Ladybug Tools integrated with EnergyPlus, with Typical Meteorological Year (TMY) hourly climate data as the boundary input.
Table 2: PMAY-G building typology: construction system and material specifications.
	Component
	Specification
	Notes

	Foundations
	Reinforced stone masonry with cement mortar in strip foundation
	Optimises local material; cement replaces mud mortar for seismic safety

	Plinth
	Reinforced RCC plinth beam at 450 mm from ground
	

	Walls
	Hollow interlocking CSEB, reinforced bars at corners; seismic bands at ceiling level
	Vertical MS bars recommended for openings > 600 mm

	Roof structure
	Prefabricated RC beam with bamboo reinforcement
	

	Roof cover
	Stone patti with 75 mm mud phuska insulation
	Improves on existing practice

	Floor
	Plain cement finish over brick
	


The dwelling is configured as a rectangular layout comprising one bedroom, a kitchen, and a toilet, constructed with hollow interlocking CSEB walls, a flat mud-phuska-insulated roof, and a front-facing verandah, oriented with the longest sides facing north and south. The building specifications and EnergyPlus simulation inputs — including fenestration, shading, zoning, and scheduled internal loads — are detailed in Tables 2 and 3. All three models were run under identical boundary conditions: continuous occupancy with scheduled internal loads for occupants, lighting, and plug loads, enabling direct cross-model comparison.
Table 3: EnergyPlus simulation inputs — PMAY-G dwelling, Bulandshahr (Floor area ~30 m², Ground floor, Floor height 2.8 m).
	Category
	Parameter
	Value / Specification

	Building envelope
	Opaque wall
	300 mm CSEB block wall; U = 2.20 W/m²K

	
	Roof assembly
	50 mm stone patti + 75 mm mud phuska + 20 mm terracotta tile; U = 2.88 W/m²K

	
	Fenestration
	Single timber frame; U = 3.056 W/m²K

	
	Door
	Wooden door; U = 2.52 W/m²K

	Lighting
	Building area method
	5.3 W/m²

	Conditioning
	Cooling / Heating type
	Natural ventilation only (no mechanical system)

	Occupancy
	Schedule
	Continuous; scheduled internal loads for occupants, lighting, and plug loads



3. RESULTS
Analysis reveals systematic and statistically significant divergence between universal comfort thresholds and the locally calibrated seasonal ranges in both seasons studied. The field-derived model yields a neutral temperature (Tn) of 30.38°C for Summer and 27.62°C for Monsoon (Table 1), compared to the ASHRAE-55 upper acceptability limit of approximately 28°C and the IMAC-R equivalent. During Summer, the acceptable operative temperature band extends approximately 2–3°C beyond the ASHRAE-55 upper threshold, reflecting documented physiological and behavioural adaptation among occupants of naturally ventilated rural dwellings in composite climates. During the Monsoon season, the field-derived neutral temperature is lower than Summer, indicating humidity-mediated thermal sensitivity not captured by either ASHRAE-55 or IMAC-R — both of which apply a single annual or climate-zone regression without seasonal differentiation. These divergences are not marginal calibration differences; they represent a structurally different account of acceptable indoor thermal conditions, one that emerges from the actual thermal experience of this occupant group rather than from assumptions carried across from controlled or urban contexts.
Applied to the simulated PMAY-G dwelling, the three models produce materially different performance projections. The place-specific field-derived model estimates 37% annual comfortable hours; ASHRAE-55 estimates 42%; and IMAC-R (Rawal et al., 2022) estimates 51%. This 14-percentage-point spread between the most conservative and most permissive standards represents a fundamental disagreement about whether the dwelling is thermally adequate — with direct implications for passive ventilation strategy, envelope specification, and projected cooling energy demand.

4. DISCUSSION
The simulation results confirm a three-way divergence in annual comfortable hours under identical building and climate conditions, with each model producing a materially different performance picture for the PMAY-G dwelling in Bulandshahr's composite climate zone. This 14-percentage-point spread represents fundamental disagreement about whether the dwelling is thermally adequate for its occupants — a difference that is neither marginal nor merely technical in its consequences for design specification and energy demand.
Relying on IMAC-R (Rawal et al., 2022) thresholds to inform design would result in systematic under-specification of passive cooling measures: inadequate sizing of cross-ventilation, insufficient shading provision, and underestimated wall thermal resistance, leading to an underestimation of cooling energy demand. The ASHRAE-55 estimate falls between the two, overestimating thermal acceptability by approximately 5 percentage points relative to the empirically grounded, place-specific model. Taken together, these findings demonstrate that the choice of comfort standard is not a neutral technical decision: it determines what gets built, how much energy is consumed, and how effectively the building serves its occupants.
These findings carry direct relevance for regenerative design practice and policy. PMAY-G is India's largest rural housing program, with millions of units constructed to a standardized typology across climatically diverse regions. Where the thermal comfort standards used to specify these dwellings are calibrated for urban or mechanically conditioned contexts, the program systematically delivers thermally inadequate housing that will require active mechanical conditioning to compensate for design shortfalls — driving up energy demand and carbon footprint at scale. Recalibrating to a place-specific adaptive model, as this study demonstrates, reorients the design specification toward passive sufficiency: envelope performance, natural ventilation, and thermal mass grounded in the actual thermal experience of the occupant population. This is not a technical adjustment; it is the foundational move of regenerative development — not optimizing within a borrowed framework, but rebuilding the framework from place-specific evidence.

5. CONCLUSION
This study demonstrates that recalibrating a single foundational parameter — adaptive thermal comfort — from place-specific, seasonally differentiated field evidence propagates structural changes across the entire design logic of a rural dwelling: ventilation strategy, envelope thermal specification, and projected cooling energy demand all shift measurably depending on which comfort standard is applied. The 14-percentage-point spread in annual comfortable hours between the field-derived model and IMAC-R is not a technical anomaly; it is the empirical signature of a design framework that was never calibrated for this occupant population or this climate context. This is precisely the mechanism through which regenerative development departs from conventional sustainability optimization: it does not refine the existing framework — it rebuilds it from place-specific, occupant-grounded evidence.
The methodology demonstrated here — ASHRAE Class II field surveys across two seasons, combined with parametric building performance simulation in EnergyPlus via Ladybug Tools — is replicable and scalable across India's other climate zones and housing typologies. Applied at the program scale under PMAY-G, a recalibrated, place-specific comfort framework could transform the thermal performance baseline for millions of rural dwellings. Future research should extend the recalibration approach to encompass daylighting adequacy, indoor air quality, and acoustic performance, building toward an integrated, multi-parameter, place-based regenerative design framework for India's climatically and culturally diverse rural housing landscape.
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NOMENCLATURE
ASHRAE	American Society of Heating, Refrigerating, and Air-Conditioning Engineers
IMAC-R	India Model for Adaptive Comfort — Rural
ISO	International Organization for Standardization
BREEAM	Building Research Establishment Environmental Assessment Method
LEED	Leadership in Energy and Environmental Design
GRIHA	Green Rating for Integrated Habitat Assessment
PMAY-G	Pradhan Mantri Awaas Yojana-Gramin (rural housing programme)
CSEB	Compressed Stabilised Earth Blocks
RCC	Reinforced Cement Concrete
NV	Naturally Ventilated
OP	Operative Temperature (°C)
Tn	Neutral Temperature (°C) — operative temperature at which occupants report neutral thermal sensation
Tpma(out)	Prevailing Mean Outdoor Air Temperature (°C)
Trm	Running Mean Outdoor Temperature (°C), used in ASHRAE-55 and IMAC-R adaptive models
TMY	Typical Meteorological Year — synthetic hourly climate dataset used as simulation boundary input
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