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Abstract

Pitched-roof attics are common in Chinese rural dwellings, but how their comfort and
energy benefits vary with roof insulation remains to be quantified. This study used an
EnergyPlus model of a traditional U-shaped dwelling in Hanzhong to compare paired
Attic and No-attic configurations at roof U-values of 2.7, 1.5, 1.0, 0.6, and 0.3 W/(m?-K).
Free-running simulations evaluated the annual percentage of comfortable hours (PCH),
hourly indoor temperatures, and attic daily temperature range (DTR) attenuation; condi-
tioned simulations evaluated equivalent electricity consumption for heating and cooling.
Attic achieved higher annual PCH and lower heating and cooling consumption in all sce-
narios. As U-value decreased from 2.7 to 0.3 W/(m?-K), the PCH increment decreased
from 1.632 to 0.160 percentage points and the combined energy-saving rate from 19.55%
to 11.26%, whereas attic DTR attenuation increased from —18.95% to 61.14%. Stronger
insulation narrowed bedroom temperature differences, but Attic had a peak temperature
approximately 0.460 °C higher in bedroom A during the hottest week at U = 0.3 W/(m?-K).
Roof insulation thus improved overall performance while reducing the annual incremental
benefits of the Attic configuration. Reduced attic temperature fluctuations did not necessar-
ily coincide with lower local summer peaks. Roof insulation and attic configuration should
be designed jointly to balance annual comfort, energy use, and extreme temperatures.

Keywords: rural dwellings; pitched-roof attic; roof insulation; thermal comfort; energy
demand; dynamic thermal response

1. Introduction

Rural dwellings experience seasonal thermal challenges shaped by climate, construc-
tion and patterns of use. Limited or intermittent conditioning makes both thermal comfort
and heating and cooling energy demand relevant to their evaluation [1,2]. Field investiga-
tions in inland and coastal cold regions document indoor discomfort and show that heating
may remain concentrated in selected rooms [3,4]. Research in southwest and northwest
China links indoor conditions to envelope properties, solar exposure and residents’ use of
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their dwellings [5,6]. Vernacular studies in Anhui and the hot-summer and cold-winter re-
gion identify the combined contribution of enclosure construction, shading and ventilation
to indoor thermal performance [7,8]. Residential passive-design research likewise identifies
envelope properties, including those of the roof, as determinants of indoor temperature
and cooling demand [9]. For low-rise rural dwellings, pitched roofs form an extensive
boundary exposed to solar radiation and outdoor weather. Their connection to occupied
rooms depends on the intervening construction and spaces, including ceilings and attics.
Southern Shaanxi studies connect regional dwelling form and enclosure characteristics with
energy performance [10,11], while year-long and seasonal investigations in other regions
document variation in indoor conditions and comfort [12-14]. These findings make roof
and attic arrangements relevant to passive thermal design. Understanding their contribu-
tion requires attention to the roof assembly as well as the spatial connection between the
exposed roof and rooms beneath it.

A pitched-roof attic changes that connection by introducing a ceiling and an interme-
diate thermal space. Experimental and numerical studies show that its airflow and heat
transfer depend on roof geometry, ventilation, ceiling insulation and external boundary
conditions. Analyses of triangular attic spaces describe responses to transient cooling and
periodic temperature forcing [15,16]. Research on sealed and vented gable-roof attics con-
nects roof pitch and ventilation to heating loads and transient temperature patterns [17,18].
Winter and summer studies further demonstrate the joint influence of ventilation and ceiling
insulation [19,20], with ventilation arrangements affecting the resulting response [21]. Ex-
perimental roof comparisons also show that insulation position and assembly arrangement
affect attic and ceiling temperatures [22]. These studies examine different constructions
and operating conditions, so their reported effects belong to the roof systems investigated.
The attic is a thermally active space whose behavior depends on its boundaries, rather than
an air layer with a fixed insulating effect. In southern Shaanxi, Xu et al. directly compared
dwellings with and without attic space [23]. Their findings on seasonal temperature stabil-
ity, comfort duration and energy performance provide evidence concerning attic presence
in a relevant rural context. Regional research on corridor transition spaces separately links
intermediate spatial arrangements to indoor conditions [24]. Together, these studies place
attic behavior within the coupled roof, intermediate space and occupied-room system,
where both spatial configuration and construction specification matter.

Roof insulation changes the thermal transmittance governing this system and the
boundary through which attic effects operate. Rural-house simulations in Chongqing and
studies of traditional timber and slate dwellings link roof thermal properties to seasonal
indoor conditions and energy use [25-27]. Research on passive-design parameters in tradi-
tional dwellings and envelope sensitivity analysis in cold-region rural dwellings further
connect performance to construction specification [28,29]. Roof U-value describes roof
thermal transmittance, providing a common parameter for evaluating different insulation
levels. However, the response to that parameter is realized within a particular assembly,
including the location of insulation and its relation to the attic and ceiling. Studies of highly
insulated roofs and attic-related measures show that roof-system performance depends on
insulation level, solar exposure and assembly conditions [30-32]. Research on reflective
insulation similarly demonstrates construction-dependent seasonal behavior [33]. Such
evidence concerns changes within particular roof systems or the addition of particular mea-
sures. It establishes that insulation influences roof performance, but retaining or removing
an attic also changes the connection between the roof and occupied rooms.
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Existing studies have examined attic thermal behavior, ventilation, insulation and
roof-system performance. Roof-configuration modeling and experimental comparisons
address attic temperatures and cooling loads [34,35], while vernacular-dwelling research
considers attic form alongside other envelope and spatial parameters [36]. Studies vary-
ing roof pitch and ceiling insulation demonstrate interactions between geometry and
thermal specification within naturally ventilated attics [37]. The incremental effects of
attic configuration on annual comfort, heating and cooling energy use, and dynamic
temperatures across roof U-values still require systematic quantification under matched
building conditions. Addressing this issue requires comparing Attic and No-attic at the
same roof U-value, distinguishing attic presence from the improvement caused by stronger
insulation in both configurations. Whether stronger attic-space buffering corresponds to
a greater annual comfort and energy benefit also remains unclear.

The present study examines a representative U-shaped rural dwelling in Donghan
Village, Hanzhong, China. An EnergyPlus model assessed against short-period measured
indoor temperatures was used to evaluate paired Attic and No-attic configurations at five
roof U-values under annual free-running and conditioned modes. The study evaluates
how attic presence affects thermal comfort and heating and cooling energy demand, how
its incremental benefit changes with roof insulation, and how the associated dynamic tem-
perature responses vary in the attic and occupied spaces. By comparing matched Attic and
No-attic configurations across the same roof U-value sequence, the analysis distinguishes
the contribution of attic configuration from the improvement produced by roof insulation
itself, providing a basis for considering these two passive-design parameters jointly.

2. Methodology
2.1. Study Area and Case-Study Dwelling

The study area is located in Hanzhong City, Shaanxi Province, China. Hanzhong
belongs to the hot-summer and cold-winter climate region according to the thermal design
classification for civil buildings in China [38]. The local climate is characterized by hot and
humid summers and cool to cold winters, making both summer heat protection and winter
thermal insulation relevant to rural dwelling design. A field survey was conducted in
Donghan Village, Yangxian County, Hanzhong City, Shaanxi Province, China (33.177° N,
107.431° E).

The layout and spatial configuration of the dwelling are shown in Figure 1. The
southern main building is slightly higher than the two side wings. The ground floor
comprises three bedrooms (Bedroom A: main bedroom; Bedroom B: west bedroom;
Bedroom C: east bedroom), a kitchen, a storage room, and a central double-height Main
hall that currently serves primarily as a living room. Attic A covers Bedroom A and
the adjacent enclosed space; Attic B covers Bedroom B, the kitchen, and other western
spaces; Attic C lies above Bedroom C; and Attic D covers the southern enclosed spaces
on the east side, including the Storage room. The Main hall remains double-height. For
the temperature-agreement check, indoor air temperature was monitored in Bedroom A,
together with the corresponding outdoor environmental conditions.
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Figure 1. Architectural configuration of the case-study dwelling: (a) Ground-floor plan; (b) Attic
plan; (¢) North facade perspective; (d) Southern section; (e) Site photograph.

2.2. Model Development and Simulation Scenarios
2.2.1. Case Study Model Development and Temperature-Agreement Assessment

The parametric model was built in Rhinoceros 8 (SR10) with Grasshopper 1.0.0008,
using Ladybug and Honeybee (Ladybug Tools for Grasshopper, version 1.9.19). The
energy simulations were performed using EnergyPlus 24.2.0 through OpenStudio 3.9.0.
Based on the field survey, the model included the building layout, orientation, thermal
zones, pitched roof, attic, and main envelope components. The annual comparative sim-
ulations used the typical meteorological year (TMY) weather file for Hanzhong, China
(CHN_Shaanxi.Hanzhong.571270_CSWD), obtained from the EnergyPlus weather database
(https://energyplus.net/weather (accessed on 15 September 2026)).

During monitoring, the building was unoccupied, the windows were closed, and
the heating, ventilation, and air-conditioning (HVAC), lighting, equipment, and domestic
hot-water systems were inactive. The model used the same conditions for the monitoring-
period temperature-agreement check. Simulated indoor air temperature in Bedroom A
was compared with measurements during 6-7 July 2023 (summer) and 26-27 January 2024
(winter), using 25 paired observations for each period. Envelope properties are listed in
Table 1.

Monitoring used AZ 8829 temperature and relative-humidity loggers (AZ Instrument
Corp., Taichung, Taiwan; 0.6 °C and £3% RH), a Testo 425 anemometer (Testo SE & Co.
KGaA, Titisee-Neustadt, Germany), and a JTR04 globe thermometer (Beijing JANTYTECH
Technology Co., Ltd., Beijing, China; air-temperature accuracy 0.5 °C). Measurement
points were approximately 1.5 m above the floor. Data were recorded every 10 min, with
measures taken to avoid direct solar exposure.

The monitoring-period weather file was based on the Hanzhong TMY EPW. Outdoor
air temperature, relative humidity, and wind speed for the monitoring periods were
replaced with measured values; other variables were retained from the original file.
Simulated and measured Bedroom A air temperatures were compared at corresponding
hourly time steps.
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Table 1. Envelope construction and thermal properties of the model used for the temperature-
agreement check.

Th 1T itt
Component Construction Details erma’ transmittance

(W/(m*K))
20 mm Tiles + 30 mm Straw

Roof clay 4+ 50 mm Wooden board 270
Ceiling 100 mm Wooden board 2.22
Attic Interior Wall 100 mm Wooden board 222
Ground Floor 10 mm Lime mortar + 300 mm 293

Interior Wall Rammed earth + 10 mm Lime mortar ’

. 10 mm Lime mortar + 500 mm

Exterior Wall Rammed earth + 10 mm Lime mortar L6l
Window Single-glazed wood-frame window 5.67

(4 mm glass)

Ground 10 mm Lime mortar + 300 mm 230
Rammed earth

Model agreement was evaluated using Willmott’s index of agreement, a dimensionless
measure ranging from 0 to 1, with values closer to 1 indicating closer agreement between
simulated and observed data. The index was calculated using Equation (1).

n 2
d=1— - Zizl(fi_oi) — (1)
Zia(lP =0 + 0= 0))

where P; is the simulated value at time step i, O, is the corresponding observed value, O is
the mean of the observed values, and 7 is the number of paired observations.

Following the error-statistics approach of ASHRAE Guideline 14 [39], mean bias
error (MBE), mean absolute error (MAE), root mean square error (RMSE), and the coeffi-
cient of variation of RMSE (CV(RMSE)) were used alongside Willmott’s index of agree-
ment (d) in Equation (1) to assess indoor-temperature agreement during the selected
monitoring periods.

MBE is the mean simulated-minus-measured bias. MBE, MAE, and RMSE are ex-
pressed in °C, and d is dimensionless. CV(RMSE) was normalized by the mean measured
Celsius temperature (25.292 °C in summer and 4.602 °C in winter), with n = 25 per season.
The corresponding validation statistics are presented in Table 2.

Table 2. Indoor-temperature agreement statistics for Bedroom A.

Season MBE (°C) MAE (°C) RMSE (°C) CV(RMSE) (%) Willmott'sd

Summer +0.532 0.532 0.694 2.75 0.879
Winter —0.546 0.884 0.948 20.60 0.818

Summer and winter RMSE values were 0.694 and 0.948 °C, respectively, and Will-
mott’s d values were 0.879 and 0.818, indicating good agreement with indoor-temperature
variations during the selected monitoring periods. MBE indicated an overall warm bias
in summer and a cold bias in winter. The measured and simulated series are shown in
Figure 2.
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Figure 2. Measured and simulated Bedroom A air temperatures: (a) Summer; (b) Winter.

2.2.2. Attic Configurations and Simulation Scenarios

In the Attic configuration, ceilings were retained above the enclosed rooms, forming
attic spaces between the ceilings and the pitched roof. In the No-attic configuration, all of
these ceilings were removed, allowing the corresponding indoor spaces to extend directly to
the pitched roof. The Main hall, which was already double-height and had no attic above it,
remained unchanged in both configurations. All other building parameters and operating
conditions were kept the same. The two configurations are shown in Figure 3.

(a) (b)
Figure 3. Comparison of the paired (a) Attic and (b) No-attic configurations.

The conditioned floor area is 57.75 m? in both configurations, whereas conditioned
volumes are 215.89 m? for Attic and 265.73 m? for No-attic. Roof geometry is the same in
both configurations, with approximately 161.90 m? of sloping external heat-transfer roof
surfaces in the whole-building thermal model, excluding separate eave shading surfaces.
Of this area, 38.37 m? corresponds to the roofs above the three bedrooms. Attic retains
32.67 m? of ceilings above these bedrooms, whereas No-attic removes them; the Main hall
remains double-height in both configurations.

Roof U-values of 2.7, 1.5, 1.0, 0.6, and 0.3 W/ (m?-K) were implemented using equivalent
thermal-resistance constructions with Material:NoMass. With a combined surface resis-
tance of 0.15 m?-K/W, the material resistance was calculated as R = 1/U — 0.15 (Table S1).
The ceiling U-value was fixed at 2.22 W/(m?:K), corresponding to an equivalent material
resistance of 0.300450 m2-K/W. Model 1 was run without HVAC to evaluate thermal comfort
and indoor-temperature responses. In Model 2, only Bedrooms A, B, and C and the Main
hall used Ideal Loads for continuous year-round temperature control, with heating and
cooling setpoints of 18 °C and 26 °C, respectively, following JGJ 134-2010 [40]. Occupancy
followed Table 3. In total, 20 annual simulations were conducted: 2 configurations x 5 roof
U-values x 2 models.
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Table 3. Occupancy and equipment schedules.

Zone

Schedule Description

Value/Density (00:00-24:00)

Parameter

Bedrooms A, B, and C

Full occupancy mode:
22:00-06:00 (Next day)
Half occupancy mode:
07:00-09:00, 21:00-22:00
Unoccupied mode otherwise

On mode: 06:00-07:00,
21:00-23:00
Half on mode: 07:00-08:00
Off mode otherwise

On mode: 07:00-09:00,
21:00-23:00
Off mode otherwise

Occupancy 0.04 person/m?

Lighting 5 W/m?

Equipment 3.8 W/m?

Main hall

Full occupancy mode:
09:00-21:00
Half occupancy mode:
07:00-09:00, 21:00-22:00
Unoccupied mode otherwise

On mode: 07:00-08:00,
19:00-21:00
Half on mode: 06:00-07:00,
21:00-23:00
Off mode otherwise

On mode: 08:00-10:00,
12:00-14:00, 18:00-21:00
Half on mode: 07:00-08:00,
10:00-12:00, 14:00-18:00,
21:00-22:00
Off mode otherwise

2

Occupancy 0.04 person/m

Lighting 5W/m?

Equipment 3.8 W/m?

Other rooms

Unoccupied with no

All loads 0 internal loads

Table 1 lists the surveyed physical constructions. The parametric simulations used
equivalent thermal-resistance constructions; NoMass defines neither a physical insulation-
layer position nor heat capacity. Indoor thermal zones used the Well-Mixed air model, with
hourly air-temperature outputs for subsequent analysis.

GB 55015-2021 specifies a roof U-value limit of 0.40 W/(m?2-K) for residential buildings
in hot-summer and cold-winter subregions A and B [41]; 0.3 W/(m?-K) was selected as the
high-insulation endpoint of this study.

The analysis focused on four main occupied spaces: Bedroom A, Bedroom B, Bedroom
C, and the Main hall. Occupancy, lighting, and equipment schedules were defined according
to the typical daily activities of a three-person household, as listed in Table 3. Both models
used an air infiltration rate of 0.0003 m?®/(s-m? of exterior surface area) and no mechanical
ventilation. The same area-based infiltration intensity was assigned to the modeled rooms
and attic zones in both configurations and simulation modes. In the free-running model
(Model 1), natural ventilation was enabled in all rooms and attics when indoor air tempera-
ture exceeded both 22 °C and outdoor air temperature. The conditioned model (Model 2)
had no natural ventilation.

https://doi.org/10.3390/buildings16214416
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The windows had no blinds or separate shading devices; fixed geometric shading from
the eaves and other building elements was retained.

2.3. Performance Metrics and Data Analysis
2.3.1. Thermal Comfort Assessment

Thermal comfort was evaluated using the annual percentage of comfortable hours, PCH
(%), calculated separately over all 8760 h for each of the four primary occupied zones and
then averaged arithmetically across the zones (Bedroom A, Bedroom B, Bedroom C, and the
Main hall), based on the adaptive predicted mean vote (APMV) model (Equations (2)-(4)).

PCH — 1/4 PCHBEd—A + PCHBed—B (2)
+PCHg,;_¢ + PCHyyy
PCH, = & x 100% (3)
17 78760 ?
PMV
APMY = == phv )

PCH, denotes the percentage of comfortable hours for a specific room i; PMV (predicted
mean vote) was calculated using Honeybee; A is the adaptive coefficient, assigned according
to the sign of PMYV; t represents the hourly simulation time step; 6(¢) is a Boolean comfort
function that equals 1 when —1 < APMV () <1, and 0 otherwise.

APMYV followed the residential-building method for the hot-summer and cold-winter
region in GB/T 50785-2012 [42]: A = 0.21 for PMV > 0 and A = —0.49 for PMV < 0, with
comfort defined by —1 < APMV < 1.

Metabolic rate and air speed were set to 1.2 met and 0.1 m/s, respectively. Clothing
insulation varied between 0.5 and 1.0 clo and was updated according to outdoor tempera-
ture at 06:00 each day. Mean radiant temperature and relative humidity were taken from
the hourly simulation outputs for each room. The four rooms were equally weighted to
characterize the annual building thermal environment.

2.3.2. Energy Demand for Heating and Cooling

Energy demand for heating and cooling (EDyc) was evaluated on an equivalent
electricity basis. The annual heating and cooling thermal demands obtained from the
Ideal Loads simulations were converted to equivalent electricity consumption using the
corresponding coefficients of performance (COPs). EDyc denotes the annual combined
equivalent electricity demand (Equation (5)).

EDyc = Eq + Ec (5)

Ec and E represent annual equivalent electricity consumption for cooling and heating,
respectively, in kWh.

The heating and cooling system coefficients of performance were 2.6 and 3.6, respec-
tively, following GB 55015-2021 [41].

At each roof U-value, absolute savings were calculated as No-attic minus Attic electricity
consumption. Relative heating, cooling, and combined savings were calculated using
Equations (6)—(8):

EH NA — EH

Sy = A 4 % 100% (6)
HNA
Ecy, —E

Sc= —NA__ZCA 100% (7)
ECNA
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EDyeng — EDhcy

SHC = X 1000/0 (8)

EDhepa

where the subscripts (A) and (NA) denote the Attic and No-attic configurations, respectively.
Su, Sc and Sy represent the corresponding energy-saving rates. Positive values indicate
lower energy demand for the Attic configuration, whereas negative values indicate increased
energy demand relative to the No-attic configuration.

2.3.3. Hourly Temperature Variation and Attic-Zone Thermal Attenuation

Hourly temperature variations were analyzed using the complete 8760 h air-temperature
series from Model 1. The Attic and No-attic configurations were compared at matching
time steps, with the hourly temperature difference for each occupied zone defined as
AT =T, — Tyy. Positive AT indicates that Attic is warmer; negative AT indicates that it is
cooler. The 5th-95th percentile interval (P5-P95) was used to characterize the central range
of the hourly temperature-difference distribution for Bedroom A, Bedroom B, Bedroom C,
and the Main hall.

To characterize the thermal attenuation of the attic space, a representative attic tem-
perature was obtained by averaging the hourly air temperatures of the four attic thermal
zones. The daily temperature range (DTR) was calculated as the difference between the
daily maximum and minimum air temperatures, and the annual mean DTR was determined
by averaging the daily values over the year:

DTRd = Tmux,d - Tmin,d (9)
— 1
DTR = Nd; DTR,;, N =365 (10)
DTR
Aprr = (1 - —““"> x 100% (11)
DTRoutdoor

where T, s and T, ; are the maximum and minimum air temperatures on day (d),
respectively; N is the total number of days; and DTR,,;;;. and DTR,,,,;,,, represent the annual
mean daily temperature ranges of the attic space and outdoor environment, respectively. A
positive Aprr indicates attenuation of the outdoor daily temperature range within the attic
space, whereas a negative value indicates temperature-range amplification.

DTR attenuation is referenced to outdoor dry-bulb air-temperature DTR: positive values
indicate attenuation and negative values amplification. Attic air-temperature fluctuations
are also influenced by solar absorption at the roof.

Within the single-year simulation timeline, 359 complete 7-day windows were com-
pared by mean outdoor air temperature. 1-7 January and 25-31 July were selected as the
coldest and hottest weeks, respectively. These periods were used to compare the hourly
thermal responses of the Attic and No-attic configurations at the two extreme roof U-values
of 2.7 and 0.3 W/(m?K).

3. Results
3.1. Annual Thermal Comfort and Energy Performance

As shown in Figure 4, annual PCH increased steadily in both configurations as the
roof U-value decreased from 2.7 to 0.3 W/(m?-K). PCH increased from 46.82% to 49.54%
for Attic and from 45.18% to 49.38% for No-attic. At every corresponding U-value, Attic
had higher annual PCH than No-attic, indicating better annual thermal comfort.

Annual heating and cooling energy demand showed a consistent configuration differ-
ence (Figure 5). As U-value decreased, both heating and cooling demand fell, and demand
for Attic remained below that for No-attic. At U = 2.7 W/(m?-K), EDyc was 7361.40 kWh
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for Attic and 9149.76 kWh for No-attic; at U = 0.3 W/(m?-K), the corresponding values
were 6279.60 and 7076.05 kWh. Heating accounted for the larger share of EDy in all
scenarios. Table 4 reports the ten scenarios and the absolute and relative savings for each

paired comparison.

Table 4. Annual equivalent electricity consumption and paired savings at five roof U-values.

Roof U-Value

W/ (m?K) Configuration Heating (kWh) Cooling (kWh) Combined (kWh)
2.7 Attic 6295.14 1066.26 7361.40
No-attic 7642.95 1506.81 9149.76
Savings 1347.82 (17.63%) 440.55 (29.24%) 1788.37 (19.55%)
1.5 Attic 6051.02 810.65 6861.67
No-attic 7117.67 1056.37 8174.04
Savings 1066.65 (14.99%) 245.72 (23.26%) 1312.37 (16.06%)
1.0 Attic 5923.30 717.09 6640.40
No-attic 6853.60 877.08 7730.68
Savings 930.30 (13.57%) 159.99 (18.24%) 1090.29 (14.10%)
0.6 Attic 5805.06 641.30 6446.36
No-attic 6619.83 746.99 7366.82
Savings 814.77 (12.31%) 105.69 (14.15%) 920.46 (12.49%)
0.3 Attic 5703.71 575.90 6279.60
No-attic 6426.72 649.32 7076.05
Savings 723.02 (11.25%) 73.43 (11.31%) 796.44 (11.26%)

Note: Savings are calculated as No-attic minus Attic. Values in parentheses indicate the corresponding
saving rates relative to No-attic. Values are displayed to two decimal places.

Annual PCH (%)

51

50

49

48

47

46

45

44

—O=— Attic

No-attic

I I
0.3 0.6

I
1.0

I
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2.7

Roof U-value (W/(m?:K))

Figure 4. Annual mean PCH for Attic and No-attic configurations at five roof U-values.
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Figure 5. Annual heating and cooling energy demand for Attic and No-attic configurations at
five roof U-values.

3.2. Effect of Roof Insulation on Incremental Attic Benefits

Figure 6a shows the difference in PCH between Attic and No-attic at each U-value. As
U-value decreased sequentially from 2.7 to 1.5, 1.0, 0.6, and 0.3 W/ (m?.K), APCH declined
from 1.632 to 1.210, 1.062, 0.571, and 0.160 pp. APCH remained positive and decreased
monotonically, indicating that the incremental comfort benefit of Attic diminished as roof
insulation increased.
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Figure 6. Incremental Attic benefits across roof U-values: (a) APCH and (b) Heating, cooling, and
EDyc saving rates.
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Energy indicators showed the same overall trend (Figure 6b). Heating saving rate
decreased from 17.63% to 11.25%, cooling saving rate from 29.24% to 11.31%, and EDy
saving rate from 19.55% to 11.26%. The cooling saving rate decreased by 17.93 pp, the
largest reduction, while the heating saving rate decreased by 6.38 pp. At U = 0.3 W/(m?K),
the heating and cooling saving rates differed by only 0.06 pp. Attic’s annual incremental
comfort and energy benefits diminished as roof insulation increased, but remained positive
throughout the tested range.

3.3. Seasonal and Spatial Response Differences

Monthly absolute energy savings had a clear seasonal distribution (Figure 7). Heat-
ing savings were concentrated in January—April and October-December, whereas cooling
savings occurred mainly from May to September. The largest monthly heating saving
occurred in January, decreasing from 380.97 kWh at U = 2.7 W/(m?-K) to 197.49 kWh at
U = 0.3 W/(m?K). The largest monthly cooling saving occurred in July, decreasing from
144.60 to 34.05 kWh. Monthly absolute savings for both heating and cooling generally
declined as roof insulation increased.

(a) Monthly heating saving (kWh)
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200
2 06 150.0 106.4 15.4 19.7  103.7 & 195.0 =
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Figure 7. Monthly equivalent electricity savings (No-attic minus Attic): (a) Heating; (b) Cooling.
Negative values indicate higher consumption in Attic.

Monthly electricity consumption summed to the annual results. The most notable
negative monthly cooling saving was —0.191 kWh in May at U = 0.3 W/(m?:K). Relative to
the annual cooling saving of 73.43 kWh in the same scenario, this was a minor transitional-
season fluctuation, possibly reflecting small differences in the balance between heat gains
and heat dissipation under cooler outdoor conditions in the transitional season.

Hourly temperature difference AT is defined as the room air temperature in Attic
minus that in No-attic. Room-level AT distributions show spatial differences (Figure 8). As
U-value decreased from 2.7 to 0.3 W/(m?:K), the widths of the 5th-95th percentile (P5-P95)
intervals narrowed from 2.37, 2.04, and 2.31 °C to 0.84, 0.55, and 0.60 °C for Bedroom A,
Bedroom B, and Bedroom C, respectively. By comparison, the interval width for the Main
hall decreased from 1.10 to 0.92 °C, a smaller change.
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Figure 8. Hourly air-temperature differences AT (Attic minus No-attic) at five roof U-values: (a) Bed-
room A; (b) Bedroom B; (c¢) Bedroom C; (d) Main hall. Boxes span P25-P75, the central line is the
median, and whiskers span P5-P95; outliers are omitted. Each scenario comprises 8760 h.

Hourly AT distributions crossed 0 °C for all rooms and U-values, indicating that the
Attic—No-attic temperature difference changed sign across hours of the year. With stronger
roof insulation, the distributions narrowed markedly in the three bedrooms, while the
P5-P95 interval changed less in the Main hall, showing that hourly temperature responses
to the Attic configuration differed by space.

The stronger narrowing of bedroom temperature differences, compared with the
double-height Main hall, is consistent with the direct changes to the ceiling and roof bound-
aries of the bedrooms.

3.4. Attic-Zone Daily Temperature-Range Attenuation and Extreme-Period Responses

The attic-zone DTR attenuation ratio increased continuously with roof insulation
(Figure 9). As U-value decreased from 2.7 to 0.3 W/ (m?2-K), the ratio rose from —18.95% to
61.14%. The attic zone showed DTR amplification at U = 2.7 W/ (m?2-K); the ratio became
positive at U < 1.5 W/(m?-K) and continued to increase as U-value decreased.

Figure 10 shows hourly temperature profiles during the coldest consecutive 7 days
(1-7 January) and hottest consecutive 7 days (25-31 July) in the simulation calendar. At
U = 2.7 W/(m?K), the attic-zone mean DTR over the hottest period was 12.76 °C, compared
with 9.87 °C outdoors; during the coldest period, the corresponding values were 9.12 and
9.23°C. At U = 0.3 W/(m?K), attic-zone mean DTR during the coldest and hottest periods
was 3.17 and 4.37 °C, respectively, both lower than the corresponding outdoor mean DTRs
of 9.23 and 9.87 °C. This further shows that attic-zone temperature fluctuations were more
strongly attenuated at lower U-values.

Bedroom A’s dynamic response also varied with U-value. During the coldest 7-day
period at U = 2.7 W/(m?.K), the Attic mean and minimum temperatures were 0.18 °C
and 0.64 °C higher than in No-attic, respectively, while mean DTR decreased from 3.55 to
2.01 °C. During the hottest 7-day period, Attic mean and maximum temperatures were
0.75 °C and 2.24 °C lower, respectively, and mean DTR decreased from 7.02 to 5.37 °C.
AtU=03W/ (mz-K), mean temperature responses were close: during the hottest 7-day
period, mean AT was approximately —0.003 °C, while the Attic maximum remained
about 0.460 °C higher and mean DTR was 4.53 °C compared with 4.09 °C for No-attic.
Thus, similar mean temperatures under strong insulation coexisted with a local summer
peak-temperature reversal.
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Figure 10. Hourly temperatures during the coldest week (1-7 January) and hottest week (25-31 July)
within the annual simulation timeline: (a,b) Cold week at U = 2.7 and 0.3; (¢,d) Hot week at U = 2.7
and 0.3 W/(m?-K). Attic temperature is the mean of the four attic zones.
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Figures 6 and 9 show that as roof insulation increased, attic-zone DTR attenuation
relative to outdoors strengthened, while the incremental comfort and energy benefits of
Attic relative to No-attic diminished. These indicators use different reference conditions:
one describes attic-zone DTR relative to outdoors, and the other describes the incremental
comfort and energy performance of Attic relative to No-attic at the same roof U-value.

4. Discussion

Across all five roof U-values, the Attic configuration increased annual PCH and re-
duced heating, cooling, and EDyc. The ceiling and attic space above it alter the thermal
boundary between the bedrooms and pitched roof, potentially moderating the magnitude
and temporal pattern of roof-related thermal perturbations in the bedrooms. This reflects
the combined effect of the ceiling, attic space, and bedroom enclosure as a configuration.
Hourly AT distributions crossed 0 °C in all rooms, indicating that the attic’s effect shifted
between warming and cooling across seasons and hours. During the coldest and hottest
7-day periods at U = 2.7 W/(m?-K), Attic raised Bedroom A’s minimum temperature by
0.64 °C and lowered its maximum temperature by 2.24 °C, moderating winter and summer
extremes. Xu et al. [23] compared comfort and energy performance in traditional dwellings
with and without attics; Wang et al. [37] examined the effects of roof pitch and ceiling insu-
lation on the thermal response of ventilated attics. Through paired comparisons in the same
building at matching roof U-values, this study quantifies annual PCH, equivalent heating
and cooling electricity consumption, room temperature differences, and extreme-period
responses across five insulation levels, clarifying how roof insulation affects incremental
attic benefits.

When roof insulation is weak, the attic and ceiling have a greater role in reducing
heat transfer between the roof and the interior. As roof resistance increases, roof-path heat
transfer decreases in both configurations and the additional advantage of Attic becomes
smaller. This direction is consistent with the basic expectation for steady-state resistances
in series.

At U = 0.3 W/(m?-K), the small comfort gain (APCH = 0.160 percentage points)
coexisted with an 11.26% reduction in annual energy demand, highlighting the differ-
ent performance dimensions captured by comfortable-hour availability and energy re-
quired to maintain setpoints. The volume-normalized comparison below places the total-
energy advantage in the context of the different conditioned volumes and the complete
configuration change, rather than an isolated attic-buffer effect. The local summer peak-
temperature reversal under high insulation further supports evaluating annual benefits
alongside extreme temperatures.

Annual combined equivalent electricity consumption was also normalized by condi-
tioned volume (Table S2). At U = 2.7 W/(m?:K), Attic and No-attic showed similar values
of 34.10 and 34.43 kWh/m?3, respectively. At U = 0.3 W/ (mz-K), Attic had 11.26% lower
total consumption but 9.23% higher consumption per unit conditioned volume. Thus, the
advantage of Attic in annual total electricity consumption did not consistently translate into
lower consumption per unit conditioned volume.

Attic-related energy and temperature responses also varied by season and space. Cool-
ing saving rate decreased from 29.24% to 11.31%, more than the reduction on the heating
side, and approached the heating saving rate at U = 0.3 W/(m?:K). This may reflect greater
sensitivity of summer performance to roof-related heat gains under weak insulation. Annual
cooling energy demand was substantially lower than heating demand, so a higher cooling
saving rate represents a larger relative reduction, not a larger annual absolute energy saving.
The three bedrooms were among the rooms affected by ceiling removal, whereas the Main
hall remained double-height in both configurations. Hourly AT distributions narrowed
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markedly in the three bedrooms as U-value decreased, while the Main hall changed less,
indicating greater sensitivity of the directly affected bedrooms to the presence of an attic.
During the hottest 7-day period at U = 0.3 W/(m?K), Bedroom A’s mean temperature dif-
ference was approximately —0.003 °C, but the Attic maximum temperature remained about
0.46 °C higher and daily temperature ranges also differed. Thus, mean responses were close
under strong insulation while local extremes and daily fluctuations retained differences.

Roof insulation retrofits should be considered jointly with attic retention. Configu-
ration benefits are greater under weak insulation, whereas local summer peaks require
closer attention under high insulation. Practical retrofits should also consider construction
feasibility, cost, and attic condensation risk.

This study considered one traditional dwelling in Hanzhong under a typical meteoro-
logical year, using equivalent-resistance roofs and Well-Mixed thermal zones. Temperature
assessment used short-term summer and winter measurements in Bedroom A and an
EPW with selected measured weather variables; solar radiation and the remaining weather
inputs retained typical-year values. The simulated attic DTR and peak temperatures were
not verified against measurements. Neither a separately reserved validation dataset nor a
model-parameter calibration procedure was documented for the temperature-agreement
assessment; replacing selected weather inputs does not constitute parameter calibration.
Applicability to other buildings, climates, and operating conditions requires further exami-
nation. Future climate scenarios were not evaluated.

Because the individual room-level PCH results were not retained, the dwelling-level
average may obscure differences in comfort improvements among rooms with different
orientations. The temperature-agreement assessment was limited to two short monitoring
periods in Bedroom A, with 25 hourly observations per season, and cannot establish predic-
tive accuracy throughout the year or in other rooms and attic zones. Both simulation modes
used the prescribed infiltration rate, while only Model 1 permitted condition-triggered
natural ventilation. Increased attic air exchange could remove accumulated heat when
outdoor air is cooler, whereas changes in infiltration could alter indoor temperatures and
heating and cooling demand. Without airflow sensitivity analysis, the sensitivity of the
Attic-No-attic comparison to these assumptions remains uncertain. At U = 0.3 W/(m?-K),
the annual comfort difference (APCH = 0.160 percentage points) and the hottest-week mean
temperature difference (AT ~ —0.003 °C) were very small. The temperature difference was
substantially smaller than the short-term Bedroom A temperature RMSEs (0.694-0.948 °C),
although these RMSEs do not directly represent uncertainty in the paired comparison. The
practical significance of these small differences therefore remains uncertain. Future work
should retain room-specific comfort outputs, extend monitoring across periods and zones,
and assess airflow sensitivity.

5. Conclusions

This study compared Attic and No-attic configurations across five roof U-values in
terms of thermal comfort, energy demand, and dynamic temperature response. The results
establish the annual effect of the attic and how that effect varies with roof insulation.

Across all tested scenarios, annual PCH was higher for Attic than for No-attic, while
heating, cooling, and EDyc demands were lower, indicating a consistent annual comfort
and energy benefit within the investigated roof thermal range. However, the incremental
benefit diminished as roof insulation increased. As roof U-value decreased from 2.7 to
0.3 W/(m?:K), APCH decreased from 1.632 to 0.160 pp and the EDyc saving rate from
19.55% to 11.26%,; heating and cooling saving rates also declined. Meanwhile, PCH improved
and energy demand decreased in both configurations, and the hourly AT distributions
narrowed in Bedrooms A, B, and C, while the Main hall changed less, indicating that
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stronger roof insulation improved both configurations while narrowing the performance
and temperature differences between them.

The attic-zone DTR attenuation ratio increased from —18.95% to 61.14% as roof in-
sulation strengthened, marking a shift from DTR amplification under weak insulation to
attenuation. The DTR attenuation ratio compares attic and outdoor temperature ranges,
while APCH and energy-saving rates compare Attic with No-attic. At U = 0.3 W/(m?-K),
the Attic peak temperature in Bedroom A during the hottest week was approximately
0.460 °C higher than that in No-attic. For the investigated pitched-roof rural dwelling
in Hanzhong, attic configuration and roof insulation should be considered together as
interrelated passive-design parameters; their combined annual comfort, energy demand,
and extreme-temperature performance across roof conditions can guide coordinated de-
sign. These findings are specific to the investigated dwelling, five roof U-values, typical
meteorological year, and specified model and operating conditions.
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