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Abstract

Highway service-area buildings are characterized by long operating hours, diverse func-
tional spaces, and considerable energy consumption, resulting in significant life-cycle car-
bon emissions. This study quantifies life-cycle carbon emissions of the buildings in highway
service areas. A life-cycle accounting framework was established, and net emissions were
further evaluated by considering the contributions of photovoltaic (PV) electricity and veg-
etation carbon sinks. Five representative service areas covering hot-summer/cold-winter,
severe-cold, cold, temperate, and hot-summer/warm-winter zones were investigated
through field surveys and indoor thermal environment measurements to obtain envelope
properties, equipment configurations, and operating profiles. Results revealed that life-
cycle carbon emissions vary substantially across climatic regions, ranging from 4.31 × 103

to 3.06 × 104 tCO2e. The operational stage accounts for the largest share of total emissions,
approximately 61–84%. Heating demand dominates operational emissions in severe-cold
and cold regions, whereas cooling and lighting loads become increasingly important in
warm and temperate climates. The orthogonal analysis reveals significant differences in
the sensitivity of design parameters across climatic regions. After implementing climate-
adaptive optimization measures, life-cycle carbon emissions are reduced by 40.35–87.94%
in four service areas. In the hot-summer/warm-winter region, the combined effects of PV
electricity generation and vegetation carbon sinks maintain a net-negative carbon balance.
The findings provide evidence for sustainable highway service-area design by linking
life-cycle accounting, climate-specific design priorities, and renewable-energy substitution.

Keywords: sustainable highway infrastructure; highway service-area buildings; life-cycle
carbon emissions; climate-adaptive design; photovoltaic substitution; vegetation carbon
sinks; sensitivity analysis

1. Introduction
Climate change mitigation requires rapid emissions reductions across multiple sec-

tors [1,2]. The interface between transportation infrastructure and the built environment
is receiving growing attention [3]. Highway service areas are a typical node in this in-
terface [4]. Their integrated buildings operate for long hours, serve transient users with
large temporal fluctuations, and host mixed functions within one envelope [5]. These
features shape a load profile that is not identical to that of conventional urban public
buildings [6]. Space conditioning can be important, but lighting and plug loads associated
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with catering and retail equipment often remain high [7]. As expressway networks expand,
the associated building carbon footprint becomes increasingly relevant for low-carbon
transport strategies.

Climatic conditions are a first-order driver of energy demand and carbon emissions
in service-area buildings [8]. China spans multiple climatic regions with large differences
in heating and cooling requirements, humidity conditions, envelope design constraints,
and renewable-energy resource endowments [9]. In severe-cold and cold regions, heating
demand and heating energy supply structure can dominate operational emissions. In
hot-summer regions, cooling and dehumidification can become the main operational
drivers. In temperate regions, where heating and cooling loads may be moderate, the
contribution of lighting and equipment electricity consumption can increase because long
operating hours persist while space-conditioning demand is lower [10]. These climate-
driven differences imply that a uniform low-carbon package is unlikely to perform equally
well nationwide [11]. Instead, climate-adaptive priorities are required: the dominant
emission sources should be identified for each climate zone, and design or retrofit decisions
should target those drivers first.

From the methodological standpoint, building carbon assessment has largely con-
verged on life-cycle assessment (LCA) frameworks combined with emission-factor-based
accounting [12,13]. Across a wide range of building types, the operational stage is typically
reported as the dominant contributor, often accounting for more than half of total life-cycle
emissions [14,15]. The embodied emissions from materials and construction commonly
fall in the order of tens of percent of the life-cycle total, with the exact split depending
on climate, energy structure, service life, and building efficiency level [16]. Studies that
normalize results by floor area frequently report life-cycle emission intensities on the order
of 102–103 kgCO2e·m−2 over the building life cycle, and operational carbon intensities com-
monly in the range of 10–100 kgCO2e·m−2·yr−1 [17,18]. In addition, many analyses reveal
that once envelope and HVAC efficiencies reach a certain level, the relative importance
of non-HVAC end uses increases [19,20]. The lighting and plug loads are becoming key
drivers in buildings with long operating hours or high equipment densities. These quanti-
tative patterns provide useful benchmarks, but they are not automatically transferable to
highway service-area buildings because their operating profile, end-use composition, and
boundary conditions differ from those of typical urban buildings.

For highway service areas, research and practice have expanded from operational
energy saving to energy–carbon co-optimization [21]. Operational studies increasingly
move beyond annual total energy to end-use decomposition, attempting to quantify the
shares of HVAC, lighting, domestic hot water, and plug loads under different functional
layouts and schedules [22]. In parallel, service areas have become common sites for
integrated energy demonstrations because they often have usable roof area for PV, clear
daytime electricity demand, and a growing need for charging infrastructure [23]. Reported
projects indicate that PV deployment can offset a substantial fraction of annual electricity
use in suitable climates [24]. The addition of storage and energy management can further
improve on-site utilization and peak shaving [25]. Some demonstration programs explicitly
target near-zero or net-zero outcomes, where renewable substitution and operational
optimization are combined [26]. In some cases, additional measures such as landscaping
carbon sinks or resource recycling are included as supplementary offsets [27].

Recent studies have further expanded the research basis for low-carbon buildings and
sustainable highway infrastructure. Zhao et al. [28] used building information modeling
(BIM) and LCA to quantify whole-life carbon emissions of a public building and compared
carbon characteristics among different public building types, confirming the value of LCA
for building-level carbon diagnosis. Gao et al. [29] applied LCA to highway construction
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and showed that carbon emissions from transport infrastructure are strongly affected by
material production and construction activities. For highway service areas, Han et al. [30]
emphasized that expressway service-area buildings are special public buildings with com-
plex functions, large passenger flows, and high energy-consumption intensity. Yu et al. [31]
assessed the photovoltaic potential of Chinese expressway service areas and demonstrated
that service areas have considerable renewable-energy substitution potential. However,
most existing studies focus on conventional public buildings, road construction, integrated
energy utilization, or PV potential. Few studies have quantified the life-cycle carbon emis-
sions of highway service-area buildings across different climatic regions under a unified
boundary. The climate-dependent priority of design parameters and carbon reduction
measures also remains insufficiently clarified.

Several issues remain when the objective is transferable, climate-adaptive guidance for
service-area integrated buildings. A first issue is boundary and data consistency in carbon
accounting. Many assessments emphasize operational emissions and treat embodied emis-
sions from materials and construction inconsistently [32]. Differences in assumed service
life, maintenance treatment, and activity data sources further reduce comparability. A
second issue is the limited availability of cross-climate comparative evidence. Many studies
are regional case studies, and their conclusions may not generalize because climatic forcing,
energy structures, and renewable-resource conditions differ substantially across China [33].
A third issue is prioritization. Mitigation recommendations are often presented as a list of
measures or isolated technology evaluations. In contrast, climate-adaptive decision-making
requires quantified evidence on which design parameters dominate emission changes in
each climate zone [34].

In response to these challenges, the study develops a unified life-cycle carbon assess-
ment and climate-adaptive prioritization for highway service-area integrated buildings
in China. Five representative service-area buildings are selected to cover typical climatic
regions. The field investigations are conducted to obtain building geometry, envelope
thermal properties, equipment configurations, and operating profiles. Indoor thermal envi-
ronment measurements are carried out to characterize operational conditions and support
the interpretation of energy-use patterns. A life-cycle carbon accounting framework is
established for construction, operation, and demolition stages. An orthogonal experimen-
tal design is applied to quantify the effects of key parameters and support design and
retrofit decisions. Finally, net emissions are further evaluated by considering photovoltaic
electricity substitution and vegetation carbon sinks where applicable.

The main contribution of this work is to connect highway service-area carbon account-
ing with sustainable infrastructure planning. First, it provides a cross-climate comparison
of highway service-area buildings using a consistent life-cycle boundary. Second, it identi-
fies climate-specific design priorities through orthogonal analysis instead of relying only
on generic mitigation measures. Third, it evaluates PV substitution and vegetation carbon
sinks as part of the net carbon balance. These results support sustainable service-area
planning, carbon-neutral highway infrastructure, and climate-adaptive retrofit decisions.

2. Experimental Sites and Procedures
2.1. Overview of Service Areas

This study adopts a multi-case design to compare carbon-emission characteristics of
highway service-area integrated buildings across China’s major climatic regions. The loca-
tion of the selected services area is shown in Figure 1. The selection criteria were: (i) climatic
representativeness; (ii) functional completeness; (iii) availability of design drawings and
operational information; and (iv) feasibility of on-site surveys and indoor environmental
measurements. Five representative service areas were selected to cover typical building
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climate zones: Queshan (hot-summer/cold-winter), Machangyuan (severe-cold), Chabala
(cold plateau), Ganzhuang (temperate/mild), and Baoting (hot-summer/warm-winter).
The selected cases are located along national expressway corridors and include typical
service-area functions (lobby/rest hall, catering, retail/supermarket, sanitation, and offices,
with partial staff accommodation). The dimensions of the service area of comprehensive
buildings are shown in Table 1.

 

Figure 1. Locations of the selected highway service areas and the corresponding building
climate zones.

Table 1. Building and envelope information for the selected service-area buildings.

Location Floor
Height Area (m2) Orientation Form

Factor
Exterior Wall

System Roof System

Queshan H1 = 5.9 m
H2 = 4.2 m 3517.32 77◦ north–northeast 0.23 Masonry wall with

insulation layer
Reinforced-concrete roof

with insulation layer

Machangyuan H1 = 4.2 m
H2 = 4.2 m 2171.09 45◦ north–east 0.24

Composite
masonry wall with

insulation layer

Reinforced-concrete roof
with insulation layer

Chabala H1 = 5.9 m
H2 = 3.9 m 1084.3 37◦ north–west 0.39 Masonry wall with

insulation layer
Reinforced-concrete roof

with insulation layer

Ganzhuang H1 = 4.8 m
H2 = 3.9 m 3165.45 North 0.29 Masonry wall with

insulation layer
Reinforced-concrete roof

with insulation layer

Baoting H1 = 4.8 m
H2 = 3.6 m 847.76 40.5◦ north–east 0.28 Masonry wall with

insulation layer
Reinforced-concrete roof

with insulation layer

The five cases are selected as representative engineering samples rather than as a
statistical sample of all Chinese service areas. Each case corresponds to one major building
climate zone and has complete design drawings, operational records, and on-site accessibil-
ity. This selection allows controlled comparison under a unified accounting boundary. The
limited sample size is acknowledged as a limitation, and the results should be interpreted
as climate-zone case evidence rather than national statistical averages.
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2.2. Data Collection Procedures

A site-based data collection scheme is implemented to support full life-cycle carbon
accounting and analyze operational emissions. The data collection process comprises the
following five steps:

1. Meteorological information: long-term climate descriptors (temperature and humidity
profiles) are compiled for site characterization.

2. Building physical attributes: geometry, functional zoning, and envelope properties
are obtained from design drawings and verified on site where possible.

3. Operational profiles and energy-related inventory: equipment lists, typical operat-
ing schedules, and available energy-consumption records are collected through site
management interviews and on-site inspection.

4. Carbon sink data: Data such as photovoltaic power generation and solar water-heating
system efficiency come from the annual reports of operators and real-time monitoring
platforms. The vegetation types and carbon sequestration amounts are based on
on-site surveys of green areas.

5. Data checking and uncertainty control: building drawings, on-site observations, equip-
ment lists, and operator records are cross-checked. Parameters without complete
annual records are treated using consistent assumptions across cases and discussed in
the uncertainty analysis.

2.3. Indoor Thermal Environment Measurement

Indoor thermal environment measurements are conducted in rest halls during the
typical operational periods of the building. Measurement points are arranged based on
occupancy distribution and are placed at a standard height of 1.1 m above the ground,
corresponding to human activity levels. The JTSOFT-MT2020 multifunctional tester (Beijing
Century Jiantong Technology Co., Ltd., Beijing, China) is adopted for field measurement,
with measurement accuracies of ±0.5 ◦C for air temperature, ±3%RH for relative humidity,
and ±0.1 m/s for air velocity. The primary monitored parameters include dry-bulb temper-
ature, relative humidity, and air velocity. Data are automatically collected at an interval of
5 min with continuous 24 h monitoring at each measuring point. Meanwhile, the operating
status of HVAC systems, real-time occupancy conditions, and outdoor meteorological
parameters are synchronously documented.

Thermal comfort is quantitatively evaluated using the Predicted Mean Vote (PMV) and
Predicted Percentage of Dissatisfied (PPD) framework. ISO 7730 [35] adopts the PMV-PPD
model as the criterion for thermal comfort evaluation and recommends a desirable PMV
range of −0.5 to +0.5 with a corresponding PPD value no more than 10%. The correlation
curve and corresponding numerical values between PMV and PPD are presented in Figure 2
and Table 2, respectively.

The PMV-PPD model is adopted to ensure comparability among cases. No
questionnaire-based adaptive comfort survey is conducted. The effects of occupant adapta-
tion and transient pedestrian flows are therefore discussed as practical limitations of the
present evaluation.

The monitoring campaign represents typical 24 h operational periods. It does not
cover all seasonal variations. Therefore, the measured thermal comfort results are used to
explain typical operating conditions and emission differences, while long-term seasonal
monitoring is identified as a future improvement.
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Figure 2. Curves corresponding to PMV and PPD.

Table 2. Values corresponding to PMV and PPD.

PMV PPD Sense

−3 99.10% Cold
−2 76.80% Cool
−1 26.10% Slightly cool
0 5.00% Neutral
1 26.10% Slightly warm
2 76.80% Warm
3 99.10% Hot

3. Carbon Emissions Accounting Model
This study quantifies the life-cycle carbon emissions of highway service-area integrated

buildings using an emission-factor-based approach [36]. The accounting framework covers
the construction, operation, and demolition stages, and further evaluates net emissions by
considering renewable electricity substitution and vegetation carbon sinks.

3.1. System Boundary

The calculation unit refers to a single integrated building within a highway service
area, with a design life of 50 years. Emissions are reported in tCO2e. Results are also
normalized by floor area. Life-cycle totals are reported in kgCO2e·m−2. Annualized
indicators are reported in tons of carbon dioxide equivalent per year (tCO2e·m−2·yr−1).

The system boundary includes construction, operation, and demolition. The construc-
tion stage covers major material production, material transport to the site, and on-site
construction. The operation stage covers electricity and fuel use during service. End-use
allocation is applied when data allow. The demolition stage covers demolition, waste
transport, and waste treatment or disposal.

Recurrent emissions associated with major equipment replacement, interior renova-
tion, and periodic maintenance are not included because consistent long-term maintenance
records are unavailable for all five service areas. Minor operation-related energy use is
reflected in the operational energy data. This boundary choice is applied consistently across
all cases and is further discussed as a source of uncertainty.

3.2. Construction-Stage Emissions

Construction-stage emissions are decomposed into material production, transporta-
tion, and on-site construction:

Ccon = Cmat + Ctr + Csite (1)

Material production:
Cmat = ∑

m
Mm·EFm (2)
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where Mm is the quantity of material m. EFm is the cradle-to-gate emission factor of material m.
Transportation of materials:

Ctr = ∑
m

Mm·Dm·EFtr (3)

where Dm is the average transport distance for material m. EFtr is the transport
emission factor.

On-site construction activities:

Csite = ∑
j

Ej·EFj (4)

where Ej denotes on-site energy consumption for construction machinery and temporary
facilities. Table 3 lists the carbon emission factors for building materials commonly utilized
in service-area buildings.

Table 3. The carbon emission factors of construction materials [37,38].

Name Carbon Emission Factors (kgCO2) Unit

Cement 735 t
C30 concrete 295 m3

C50 concrete 385 m3

C20 concrete 112 t
Lime 1190 t

Slaked lime 747 t
Concrete bricks 336 m3

Autoclaved fly ash bricks 341 m3

Solid bricks made from sintered fly ash 134 m3

Solid shale bricks 292 m3

Stick to the hollow bricks 250 m3

Solid bricks made from coal gangue 22.8 m3

Ferroalloys for steelmaking 9530 t
Mild steel 2050 t

Hot-rolled carbon steel 2380 t
Aluminum sheets and strips 28,500 t

Extruded polystyrene insulation boards 22.7 m3

Extruded polystyrene board 669 m3

Polystyrene 4620 t

3.3. Operational-Stage Emissions

Operational emissions are calculated from electricity and fuel consumption over the
service life:

Cop = L ·
(

Cel + C f uel + Cre f

)
(5)

where L is the service life in years. Cel represents the annual indirect emissions from
electricity use. C f uel represents the annual direct emissions from on-site fuel use. Cre f

represents the annual emissions associated with refrigerant leakage.
Annual electricity-related emissions are calculated as follows:

Cel = EFgrid·
(

EHVAC + Elight + Eelec + EDHW + Eaux

)
(6)

where EFgrid is the grid emission factor. EHVAC, Elight, Eelec, EDHW , and Eaux are the
annual electricity consumption of HVAC, lighting, elevators, domestic hot water, and other
equipment, respectively.
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Annual fuel-related emissions are calculated as follows:

C f uel = ∑
f

EF f · Q f (7)

where Q f is the annual consumption of fuel f. EF f is its emission factor. Fuels may include
liquefied petroleum gas or natural gas for cooking, and diesel for backup power. Several
energy-related carbon emission factors are shown in Table 4.

Table 4. Several energy-related carbon emission factors [39,40].

Types Name Carbon Emission Factors (tCO2/t)

Solid fuel

Anthracite 94.44
Bituminous coal 89

Lignite 98.56
Coking coal 91.27
Briquettes 110.88

Other coking products 100.6

Liquid fuel

Crude oil 72.23
Fuel 75.82

Petrol 67.91
Diesel 72.59

Kerosene 70.43
Liquefied petroleum gas 61.81
Petrochemical feedstock 71.87

Other oils 71.87

Gaseous fuel Gas 55.54

3.4. Demolition-Stage Emissions

Demolition-stage emissions are included to complete the life-cycle boundary. They
mainly arise from demolition activities, construction-waste transport, and waste treatment.
In practice, the total energy use and the recycling rate at the end of life are difficult to
determine for service-area buildings because demolition and recovery technologies in the
future are uncertain. This study applies an empirical estimation method. Case statistics
from building life-cycle assessments indicate that demolition-related emissions, including
waste transport and treatment, typically account for about 5% to 15% of the construction-
stage emissions [41]. This empirical range is also consistent with the whole-life carbon
accounting boundary defined in GB/T 51366-2019 [21,42]. The demolition-stage emissions
are calculated as follows:

Cdem = α·Ccon (8)

where Cdem represents the demolition-stage carbon emissions. Ccon represents the
construction-stage carbon emissions. α is the demolition-to-construction ratio. In this
study, α is set to 0.10.

A simple sensitivity check is added for the empirical demolition coefficient. When alpha
varies from 0.05 to 0.15, the resulting change in total life-cycle emissions is approximately
0.8–1.9% for the five cases. Thus, the fixed value of 0.10 has a limited influence on the cross-case
ranking, although more detailed end-of-life inventories would improve future assessments.

3.5. Photovoltaic and Vegetation Carbon Sinks

Net life-cycle emissions are evaluated by introducing two offset terms within the
service-area boundary [43]. One term represents avoided grid emissions from on-site pho-
tovoltaic electricity. The other term represents carbon sequestration by on-site vegetation.
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Photovoltaic substitution is quantified by converting PV electricity to avoided grid
emissions. Avoided emissions are calculated as

CPV =
L

∑
y=1

EPV,y · EFgrid,yCcon = Cmat + Ctr + Csite (9)

where EPV,y is PV electricity in year y. EFgrid,y is the grid emission factor. Metered PV
generation is used when available. The PV electricity is estimated from installed capacity
and local solar resources using a consistent performance assumption [44].

For the base calculation, PV generation and the grid emission factor are treated as
constant over the 50-year service life. This assumption represents a current-grid scenario. If
future grid decarbonization is considered, the avoided emissions from PV electricity would
decrease. Module degradation, inverter replacement, and storage losses are not included
because site-specific long-term operation data are unavailable.

Vegetation carbon sinks are quantified using an area-based sequestration approach.
Annual sequestration is calculated as follows:

Sv = ∑
v

Avγv (10)

where Av is the area of vegetation typ. γv is the sequestration coefficient. When vegetation
types are not available, a site-averaged coefficient is applied to the total green area. The
life-cycle sink is aggregated as follows:

Csink =
L

∑
y=1

Sy (11)

Annual sequestration is assumed constant over the service life to maintain cross-case
consistency and to avoid introducing uncertain growth dynamics [27,45].

This assumption simplifies the growth dynamics of vegetation. In practice, seques-
tration capacity varies with species, age, irrigation, pruning, and local maintenance. The
calculated vegetation sink should therefore be interpreted as a planning-level offset rather
than a dynamic ecological carbon model.

4. Results
4.1. Indoor Hydrothermal Measurements and Thermal Comfort

Figure 3 shows the 24 h indoor air temperature and relative humidity in the five service-
area buildings. Figure 3a–e corresponds to Queshan, Machangyuan, Chabala, Ganzhuang,
and Baoting, respectively. All cases exhibit a limited diurnal indoor temperature swing,
within 5 ◦C. Queshan shows the smallest variation, below 3 ◦C, and the profiles remain
relatively smooth under a free-running condition (Figure 3a). Machangyuan shows higher
and more variable humidity in the restaurant than in other zones, which is consistent
with cooking-related latent loads (Figure 3b). Chabala presents a pronounced disturbance
during 08:00–09:00, when door opening induces a rapid indoor temperature drop in the
non-heating period (Figure 3c). Ganzhuang maintains a stable indoor environment, with a
mild temperature increase during 14:00–17:00 and a gradual humidity rise from morning
to afternoon (Figure 3d). Baoting shows a daytime warming trend from 09:00 to 16:00 and
irregular humidity fluctuations, which reflects the hot-humid climate and variable internal
moisture loads (Figure 3e).
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Figure 3. Cont.
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Figure 3. Measurement of indoor temperature and relative humidity in five service areas: (a) Queshan;
(b) Machangyuan; (c) Chabala; (d) Ganzhuang; and (e) Baoting.

Figure 4 summarizes the thermal comfort results based on the PMV metric. Queshan
shows PMV in the range 0.4–0.9, corresponding to a general slightly warm sensation. The
supermarket zone presents lower temperature and higher humidity than the service counter
and restaurant, and it achieves comparatively better comfort stability. Machangyuan shows
a PMV between 0.3 and 0.9. The building is in the heating season, and comfort remains
close to the acceptable band. Variations persist due to envelope heat transfer and frequent
entrance opening. Chabala shows a distinct PMV response to infiltration. The rapid
temperature drops during 08:00–09:00 in Figure 3c are followed by a pronounced PMV
decrease in Figure 4c. Ganzhuang maintains acceptable comfort for most of the day,
consistent with the mild climate and the modest need for active conditioning during the
monitoring period. Baoting presents the least stable comfort. PMV approaches 1.8 during
warm and humid periods, indicating that humidity control is a primary limitation in
hot-humid service-area buildings.
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The restaurant zone shows larger humidity variability than the retail zone across
climates, and short-term operational events dominate comfort even when the diurnal
indoor temperature swing is small, as demonstrated by Chabala in Figures 3c and 4c.

Figure 4. Cont.
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Figure 4. PMV and PPD in five service areas: (a) Queshan; (b) Machangyuan; (c) Chabala;
(d) Ganzhuang; and (e) Baoting.

4.2. Life-Cycle Carbon Emission Accounting of the Service Area

Table 5 summarizes the life-cycle carbon emissions of the integrated buildings in the
five service areas. The total life-cycle emissions show a wide spread across climatic regions
and operation modes. The Queshan case yields a total of 22,397.4 tCO2 over 50 years,
consisting of 8335.0 tCO2 from construction, 14,020.6 tCO2 from operation, and 41.7 tCO2

from demolition. After accounting for on-site photovoltaics and vegetation sinks, the
net emissions decrease to 10,077.9 tCO2. The Machangyuan case shows a larger total of
30,579.0 tCO2, mainly driven by operational emissions of 25,732.1 tCO2, while construction
and demolition contribute 4823.4 tCO2 and 23.5 tCO2, respectively. The Chabala case has a
much smaller building-scale total. Construction, operation, and demolition are 941.8 tCO2,
3779.5 tCO2, and 4.5 tCO2, respectively, and the renewable contribution remains limited,
with only a marginal reduction reported. The Ganzhuang case shows a high total because of
both a large construction-stage footprint and substantial operational demand. Construction,
operation, and demolition are 13,194.3 tCO2, 20,770.8 tCO2, and 61.9 tCO2, respectively, and
the net result indicates a meaningful offset effect after renewables and sinks are considered.
The Baoting case exhibits the lowest gross total among the five cases, with 989.1 tCO2 from
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construction plus demolition and 4788.6 tCO2 from operation. A large PV electricity yield
leads to a strong offset, and the net life-cycle emissions become negative at −49,045.5 tCO2.

Table 5. The full life-cycle carbon emissions of the service-area comprehensive buildings.

Service Area Stage Category
Carbon

Emissions
(tCO2)

Carbon
Emissions

(tCO2)

Carbon Sinks and
Carbon Reduction

(tCO2)

Total Carbon
Emissions

(tCO2)

Queshan

Construction
Materials production 7822.833

8335.038

12,322.5 10,077.853

Materials transport 95.453
Material processing 416.752

Operational
HVAC 5906.51

14,020.64Lighting 3960.054
Domestic hot water 66.22

Other 4087.854

Demolition Remove 41.675 41.675

Machangyuan

Construction
Materials production 4481.335

4823.379

30,579.015

Materials transport 106.774
Material processing 235.27

Operational
HVAC 8425.2

25,732.109Lighting 10,526.35
Domestic hot water 600.05

Other 6180.509

Demolition Remove 23.527 23.527

Chabala

Construction
Materials production 862.072

941.772

412.657 4313.108

Materials transport 34.441
Material processing 45.259

Operational
HVAC 734.762

3779.467Lighting 928.829
Domestic hot water 126.4

Other 1989.476

Demolition Remove 4.526 4.526

Ganzhuang

Construction
Materials production 11,784.465

13,194.29

20,827.758 13,199.22

Materials transport 791.145
Material processing 618.684

Operational
HVAC 140.25

20,770.82Lighting 13,659.713
Domestic hot water 179.25

Other 6791.608

Demolition Remove 61.868 61.868

Baoting

Construction
Materials production 924.325

984.272

54,823.163 −49,045.485

Materials transport 11.42
Material processing 48.527

Operational
HVAC 1949.95

4788.553Lighting 588.2
Domestic hot water 290.45

Other 1959.953

Demolition Remove 4.853 4.853

To improve cross-case comparability, net life-cycle emission intensity is also nor-
malized by floor area. The calculated values are 2865.2 kgCO2e m−2 for Queshan,
14,084.6 kgCO2e m−2 for Machangyuan, 3977.8 kgCO2e m−2 for Chabala, 4169.7 kgCO2e m−2

for Ganzhuang, and −57,853.0 kgCO2e m−2 for Baoting. The high intensity in Machangyuan
reflects strong heating and lighting loads, whereas the negative value in Baoting results
from large PV offsets relative to the small building area.

Figure 5 shows the contribution of each life-cycle component for the five cases. Op-
erational emissions dominate the life-cycle profile in all service areas, while the internal
composition of the operation stage varies by climate. In Queshan, HVAC is the largest opera-
tional source, and the construction stage remains non-negligible due to material production.
In Machangyuan, the operational stage is driven by space heating and lighting, consistent
with long heating periods and high lighting demand. In Chabala, “other electric equip-
ment” becomes the largest operational contributor, while HVAC contributes less than in
the severe-cold case, reflecting a shorter heating demand duration. In Ganzhuang, lighting

https://doi.org/10.3390/su18136658

https://doi.org/10.3390/su18136658


Sustainability 2026, 18, 6658 15 of 24

dominates the operational stage, and its share reaches 65.8% of operation-stage emissions,
which indicates that non-HVAC electricity use governs the carbon profile in the mild cli-
mate. In Baoting, HVAC remains the largest operational contributor, but the PV offset is
sufficiently large to exceed the full life-cycle emissions, leading to a net-negative outcome.

(a) 

(b) 

Figure 5. Cont.
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(c) 

 
(d) 

Figure 5. Cont.
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(e) 

Figure 5. Contribution of life-cycle carbon emissions by service area: (a) Queshan; (b) Machangyuan;
(c) Chabala; (d) Ganzhuang; and (e) Baoting.

4.3. Orthogonal Experiment for Significance of Envelope-Related Drivers

An orthogonal experimental design is used to quantify the relative importance of
five envelope-design factors on envelope-related carbon emissions [46]. The factors are build-
ing orientation, building height, south-facing window-to-wall ratio, external wall heat-transfer
coefficient, and roof heat-transfer coefficient. Each factor has five levels. An L25 orthogonal
array is adopted. The response variable is the life-cycle carbon emissions of the integrated
building under each parameter combination. Table 6 defines the factors and level settings.

Table 6. Factors and levels used in the L25 orthogonal design.

Factors Number
Horizontal Value

Queshan Machangyuan Chabala Baoting

Orientation (◦)

A1 210 0 210 210
A2 240 30 240 240
A3 270 60 270 270
A4 300 90 300 300
A5 330 120 330 330

Building height (mm)

B1 7800 7200 6900 7800
B2 8600 8200 7900 8800
B3 9400 9200 8900 9800
B4 10,200 10,200 9900 10,800
B5 11,000 11,200 10,900 11,800

South-facing
window-to-wall ratio

(WWR)

C1 0.2 0.2 0.2 0.2
C2 0.3 0.3 0.3 0.3
C3 0.4 0.4 0.4 0.4
C4 0.5 0.5 0.5 0.5
C5 0.6 0.6 0.6 0.6
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Table 6. Cont.

Factors Number
Horizontal Value

Queshan Machangyuan Chabala Baoting

External wall
heat-transfer

coefficient
(W/(m2·K))

D1 0.2 0.2 0.2 0.2
D2 0.4 0.4 0.4 0.4
D3 0.6 0.6 0.6 0.6
D4 0.8 0.8 0.8 0.8
D5 1 1 1 1

Roof heat-transfer
coefficient

(W/(m2·K))

E1 0.2 0.2 0.2 0.2
E2 0.4 0.4 0.4 0.4
E3 0.6 0.6 0.6 0.6
E4 0.8 0.8 0.8 0.8
E5 1 1 1 1

The five factors are selected because they are early stage design variables and directly
affect envelope-related carbon emissions through both material demand and operational
loads. The level ranges are determined from the baseline building dimensions, practical
design limits, and the thermal transmittance values used in the carbon calculation. The
L25 orthogonal array is used to evaluate the main effects of the five selected factors.
However, it does not account for interaction effects among factors. This is acknowledged
as a methodological limitation of the analysis.

The analysis of variance (ANOVA) for orthogonal test data is performed by calculating
the F-values and significance levels of each factor to quantify their main effects on carbon
emissions [47]. The ANOVA is carried out in the following steps:

1. Sum of squares for each factor

QA =
1
p

m

∑
i=1

(Ki)
2 − 1

mp

(
m

∑
i=1

p

∑
j=1

xij

)2

(12)

2. Total sum of squares

QT =
m

∑
i=1

p

∑
j=1

(
xij − x

)2 (13)

QT = QA + QB + . . . + QN + Qe (14)

3. Calculation of degrees of freedom

fT = n − 1 (15)

fA = m − 1 (16)

fe = n − m (17)

4. Calculation of mean squares

MSA =
QA
fA

(18)

MSe =
Qe

fe
(19)

5. F-test for F-ratio

F =
MSA
MSe

(20)
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6. Test for the significance of factors

The corresponding significance value (Sig) is determined by referring to the F-
distribution table based on the calculated F-value. If Sig < 0.05, the factor is considered to
have a significant effect on the test results. If Sig > 0.05, the factor is considered to have no
significant effect on the results [48].

The results of the analysis of factors influencing carbon emissions across the four
climate zones are shown in Table 7. The orthogonal analysis indicates that, in Queshan, the
factor importance ranks as building height > roof > orientation > wall > south-facing WWR.
The optimal low-carbon combination is a north azimuth of 270◦, a building height of 7800
mm, a south-facing WWR of 0.4, a wall heat-transfer coefficient of 0.8 W·m−2·K−1, and a
roof heat-transfer coefficient of 0.4 W·m−2·K−1. The effect of WWR is relatively weak in
this climate within the tested range.

Table 7. Results of orthogonal experiments in different service areas.

Service Area Parameters QT Flexibility MSe F Sig

Queshan

A 12.109 4 3.027 152.624 <0.001
B 1594.219 4 398.555 20,093.85 <0.001
C 0.116 4 0.029 1.46 0.361
D 11.919 4 2.98 150.224 <0.001
E 28.25 4 7.063 356.07 <0.001

Machangyuan

A 461.571 4 115.393 84.095 <0.0001
B 2732.921 4 683.23 497.917 <0.0001
C 620.617 4 115.154 113.072 <0.0001
D 1320.503 4 330.126 240.585 <0.0001
E 1699.069 4 424.767 309.557 <0.0001

Chabala

A 1.491 4 0.373 27.637 0.004
B 127.25 4 31.813 2359.363 <0.001
C 0.841 4 0.21 15.6 <0.001
D 5.196 4 1.299 96.349 <0.001
E 34.939 4 8.735 647.81 <0.001

Baoting

A 10.605 4 2.651 15.598 0.010
B 159.872 4 39.968 235.142 <0.001
C 0.828 4 0.207 1.218 0.427
D 2.902 4 0.725 4.268 0.094
E 2.054 4 0.514 3.021 0.155

In Machangyuan, the ranking is building height > roof > wall > south-facing
WWR > orientation. The optimal combination is a north azimuth of 90◦, a building height
of 7200 mm, a south-facing WWR of 0.2, and a wall and roof heat-transfer coefficient of
0.2 W·m−2·K−1. Envelope thermal transmittance has a strong effect, while the effect of
orientation is smaller.

In Chabala, the ranking is building height > roof > wall > orientation > south-
facing WWR. The optimal combination is a north azimuth of 210◦, a building height
of 6900 mm, a south-facing WWR of 0.2, and a wall and roof heat-transfer coefficient of
0.2 W·m−2·K−1. These results highlight the priority of reducing heat losses through the
envelope in cold climates.

In Baoting, the ranking is building height > orientation > wall > roof > south-facing
WWR. The optimal combination is a north azimuth of 60◦, a building height of 7800 mm,
a south-facing WWR of 0.4, a wall heat-transfer coefficient of 0.8 W·m−2·K−1, and a roof
heat-transfer coefficient of 0.4 W·m−2·K−1.

Across all climatic regions, building height is the dominant driver of life-cycle
carbon emissions. Reducing height lowers both embodied emissions and operational
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emissions. Height optimization should therefore be prioritized, while maintaining
functional requirements.

4.4. Carbon Emission Control Strategies

The results presented in Sections 4.2 and 4.3 indicate that both the dominant emission
sources and the sensitivity of design parameters vary across climatic regions. Based on
these findings, climate-adaptive carbon reduction strategies are developed for each service
area. The proposed measures are summarized in Table 8.

Table 8. Climate-adaptive carbon reduction strategies for different service areas.

Service Area Climate-Adaptive Mitigation Measures

Queshan Height reduction to the preferred level, roof insulation improvement,
HVAC scheduling, lighting control, and PV self-consumption

Machangyuan Height reduction, roof and wall insulation enhancement, thermal-bridge
and airtightness control, heating-side management, and PV utilization

Chabala Height reduction, envelope thermal optimization, entrance buffering,
infiltration control, and PV utilization

Ganzhuang Daylighting system, lighting schedule optimization, bifacial PV modules,
and vegetation carbon sink

Baoting Orientation optimization, solar shading, humidity-oriented HVAC control,
ventilation management, and PV utilization

The building height reduction is recommended for all climatic regions because of its
consistent influence on both embodied and operational carbon emissions. In the severe-
cold and cold regions, additional emphasis is placed on roof and wall insulation to reduce
heating demand. For the hot-summer and cold-winter region, a balanced strategy combin-
ing geometry optimization, envelope improvement, and operational control is adopted.
In the hot-summer and warm-winter region, orientation optimization, solar control, and
humidity-oriented operation become more important. Renewable-energy utilization is
incorporated into all service areas and serves as the primary carbon-offset measure.

The carbon reduction performance of the optimized schemes is summarized in Table 9.
The reduction ratio ranges from 40.35% to 87.94% for the northern service areas. Queshan,
Machangyuan, Chabala, and Ganzhuang achieve carbon reductions of 5121.0, 12,336.0,
3792.8, and 16,741.9 tCO2e, respectively. Among these cases, Chabala exhibits the high-
est reduction ratio at 87.94%, indicating the substantial benefits of combining envelope
optimization with renewable energy utilization.

Table 9. Carbon reduction performance of optimized schemes.

Service Area Baseline Emissions
(tCO2)

Optimized
Emissions (tCO2)

Reduction
(tCO2)

Reduction
Ratio (%)

Queshan 10,077.853 4956.859 5120.994 50.82
Machangyuan 30,579.015 18,242.969 12,336.046 40.35

Chabala 4313.108 520.339 3792.769 87.94
Ganzhuang 30,579.015 13,837.135 16,741.88 54.75

Baoting −49,045.485 −50,654.863 1609.378 3.16

The contribution of mitigation measures varies among climatic regions. In Machangyuan
and Chabala, building height reduction and envelope insulation optimization provide sig-
nificant reductions by lowering heating demand. In Ganzhuang, daylighting systems,
bifacial photovoltaic modules, and vegetation carbon sinks contribute substantially to the
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overall reduction. These results indicate that passive design measures effectively reduce
energy demand, while renewable energy systems provide additional carbon offsets.

Baoting exhibits a different carbon reduction pattern. Owing to abundant solar re-
sources and renewable energy utilization, the service area maintains a net-negative carbon
balance before and after optimization. The optimized scheme further reduces net emis-
sions by 1609.4 tCO2e, corresponding to a reduction ratio of 3.16%. Although the relative
reduction is smaller than that observed in other regions, the building has already reached a
highly optimized low-carbon state.

From an engineering perspective, measures with low implementation barriers should be
prioritized first, such as height control in new designs, lighting scheduling, entrance buffering,
and HVAC set-point management. PV installation has higher initial cost but provides the
largest long-term offset where roof area and solar resources are sufficient. Detailed life-cycle
cost analysis is not included and should be incorporated before large-scale implementation.

The baseline net emissions in Table 9 refer to the net carbon balance before implement-
ing the service-area-specific optimization package. They should not be confused with the
gross life-cycle emissions in Table 5.

5. Discussion
This study extends existing building life-cycle carbon assessments by focusing on

highway service-area buildings and by comparing representative cases across different
climatic regions. The results are broadly consistent with previous building LCA studies
showing the dominance of operational emissions, but they further indicate that service-area
buildings have distinct end-use profiles because of long operating hours, catering activities,
retail loads, and large PV deployment potential. These findings support the need for
climate-specific strategies rather than a uniform mitigation package.

Several limitations remain. First, the analysis is based on five representative cases,
so the results should be interpreted as climate-zone case evidence rather than national
statistical averages. Second, the indoor thermal measurements cover typical 24 h operating
periods, and seasonal monitoring is not available. Third, recurrent emissions from major
maintenance, equipment replacement, and renovation are not quantified because consistent
records were unavailable. Fourth, PV offsets, vegetation sinks, and grid emission factors are
treated using simplified long-term assumptions. Future work should combine long-term
monitoring, dynamic building simulation, time-varying grid scenarios, and life-cycle cost
analysis to refine carbon-neutral design guidelines for highway service areas.

6. Conclusions
This study investigates the life-cycle carbon emissions of highway service-area build-

ings in five climatic regions of China and evaluates climate-adaptive mitigation strategies.
The main conclusions are as follows.

1. Operational emissions dominate the life-cycle carbon emissions of highway service-
area buildings, accounting for approximately 61–84% of total emissions. Heating, cool-
ing, lighting, and auxiliary electricity consumption are the primary emission sources.

2. Building height is identified as the most influential design parameter in all climatic
regions. In severe-cold and cold regions, roof and wall thermal performance also have
significant impacts on life-cycle carbon emissions.

3. Climate-adaptive optimization measures effectively reduce carbon emissions. The opti-
mized schemes achieve carbon reduction ratios of 50.82%, 40.35%, 87.94%, and 54.75%
in Queshan, Machangyuan, Chabala, and Ganzhuang service areas, respectively.

4. Renewable energy utilization substantially improves carbon mitigation performance.
In the Baoting service area, photovoltaic generation combined with vegetation carbon
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sinks maintains a net-negative carbon balance, demonstrating the potential for de-
veloping low-carbon and carbon-negative highway service-area buildings in regions
with abundant solar resources.

5. For designers and highway operators, the practical pathway is to first reduce demand
through passive and operational measures, and then use PV and site-level sinks to
offset the remaining emissions.
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Abbreviations
The following abbreviations are used in this manuscript:

PV Photovoltaic
LCA Life-cycle assessment
HVAC Heating, ventilation and air conditioning
PMV Predicted mean vote
PPD Predicted percentage of dissatisfied
WWR Window-to-wall ratio
ANOVA Analysis of variance
Sig Significance value or p value
U-value Thermal transmittance
yr Year
tCO2e tons of carbon dioxide equivalent
kgCO2e kilograms of carbon dioxide equivalent
C Carbon emissions
Ccon Construction-stage carbon emissions
Cop Operational-stage carbon emissions
Cdem Demolition-stage carbon emissions
Cmat Carbon emissions from material production
Ctr Carbon emissions from material transportation
Csite Carbon emissions from on-site construction activities
M Material quantity
EF Emission factor
D Transport distance
E Energy consumption or electricity generation
L Building service life
CPV Avoided emissions from photovoltaic electricity
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Csink Carbon sequestration by vegetation
SS Sum of squares
MS Mean square
F F statistic in ANOVA
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