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Abstract: China promptly took the leading step to mitigate the spread of COVID-19, producing the
first scientific guidelines assuming health above energy consumption and significantly changing
HVAC/AHU operation. The research intended to fulfill the gap by measuring the impact of the
guidelines on energy use intensity, CO2 emissions, and energy operation costs related to workplaces.
The guidelines are long-term sector and industry trends following occupants’ health and safety
concerns, and today they are applied to nursing homes. The research extended the study to post-
COVID-19 scenarios by crossing those settings with published reports on telework predictions. The
methodology resorts to Building Energy Simulation software to assess the Chinese standard large
office building on 8 climate zones and 17 subzones between pre- and post-COVID-19 scenarios under
those guidelines. The outcomes suggest an upward trend in energy use intensity (11.70–12.46%),
CO2 emissions (11.13–11.76%), and costs (9.37–9.89%) for buildings located in “warm/mixed” to
“subarctic” climates, especially in colder regions with high heating demands. On the other hand, the
figures for “very hot” to “hot/warm” climates lower the energy use intensity (14.76–15.47%), CO2

emissions (9%), and costs (9.64–9.77%).

Keywords: COVID-19; guidelines; China; office buildings; energy consumption; CO2 emissions

1. Introduction

The first cases of SARS-CoV-2/COVID-19 (severe acute respiratory syndrome coro-
navirus 2/coronavirus disease 2019) were diagnosed in Wuhan, China, at the Huanan
Seafood Wholesale Market on 10 December 2019, which resulted in 41 hospitalized city
residents sharing the same symptoms. However, earlier studies mention its simultane-
ous presence in Spain and Italy [1]. On 11 February 2020, the WHO named the disease
COVID-19 and a month later, on 11 March, declared a global pandemic [2].

The social disruption occurred immediately, and the 11 million Wuhan residents were
the first to experience the economic and social consequences due to COVID-19, leading
to a lockdown that affected 48 cities and 4 provinces in China. The initial actions affected
half a billion Chinese inhabitants to halt the spreading virus, as supplementary measures
constrained the population’s mobility [3]. On 1 May 2020, China celebrated the Lunar New
Year by reopening its economy; people slowly started returning to the workplace [4] with
imposed new rules to mitigate SARS-CoV-2 spreading indoors.

The initial pandemic development set in motion the production of guidelines to tackle
the SARS-CoV-2 transmissibility risk [5], paving the road to ensure a safe return to the
workplace. The reopening raised doubts about the best practices and procedures to apply
on air-related systems as the virus spread via airborne microdroplets or aerosols suspended
in airflows channeled by HVAC systems, with harmful effects in indoor spaces such as
office buildings [6,7]. This situation forced the World Health Organization (WHO) and
other worldwide institutions to promptly react, launching a set of measures (guidelines),
from HVAC/AHU to social restrictions, to mitigate the virus spread in buildings, which
empowered telework figures across the knowledge-based economies [7].
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Therefore, the researchers analyzed the main COVID-19 guidelines published by the
WHO as well as Chinese and US institutions (see Table 1 below). The WHO published a
set of guidelines to prepare the new everyday life, aside from supplementary measures,
consisting of non-travel/commuting orders, limited public meetings, and the promotion
of telework policy. In China, the end of the Spring Festival set a date for the economy
to reopen, therefore enforcing the new guidelines on HVAC/AHU systems, especially
concerning safety in the ventilation of office buildings. These guidelines were based
on the knowledge of the 2003 SARS-CoV-1 epidemic’s Sick Building Syndrome (SBS)
awareness and nursing home settings. In February 2020, the Chinese Association of
Refrigeration (CAR) assembled an “Expert Group on Air Conditioning (Heating) System
Fight against COVID-19” (translated by the authors from Chinese using Google Translator;
more information at http://www.car.org.cn/index.php?s=/articles_1348.html, accessed
on 25 March 2021) with the role of drawing a document targeting building managers and
occupants on how to correctly use the HVAC system to prevent virus dissemination, reduce
the risk of cross-infection, and promote health and safety at work and in life in general [8].
The Architectural Society of China (ASC) and the People’s Medical Publishing House
(PMPH) published their guidelines a few weeks later. Five months later, the Chinese Center
for Disease Control and Prevention (CDCP) published a document focused on operating
HVAC systems in buildings.

Table 1. Summary of the published COVID-19 guidelines issued by WHO, China, and the USA.

Scope Institution Document

Worldwide World Health Organization (WHO)

1 March 2021, “Roadmap to improve and ensure good indoor ventilation
COVID-19” [9]

19 March 2020, “Getting your workplace ready for COVID-19” under the
“Country & Technical Guidance—Coronavirus disease (COVID-19)” [10]

10 May 2020, “Considerations for public health and social measures in the
workplace in the form of COVID-19” [11]

22 May 2020, “Global Heat Health Knowledge Network” (The World
Meteorological Organization Joint Office for Climate and Health (WMO)
and the United States National Oceanic and Atmospheric Administration
(NOAA) under WHO supervision issued additional guidelines to mitigate
the COVID-19 pandemic) [12]

China

Chinese Association of Refrigeration
(CAR)

3 February 2020, “Suggestions on the safe use of air conditioning (heating)
in response to the new corona pneumonia epidemic after work during the
Spring Festival” [8]

China Construction Technology
Group (CCTG)

20 February 2020, “Guide to Emergency Measures for Operation
Management of Office Buildings in Response to the ‘New
Coronavirus’” [13] published by the Architectural Society of China (ASC)

People’s Medical Publishing House
(PMPH)

March 2020, “Guidance for corona virus disease 2019: Prevention, Control,
Diagnosis and Management” [14]

Chinese Center for Disease Control
and Prevention (CDCP)

29 July 2020, “Guideline on Operation Management and Use of Air
Conditioners in Summer” [15]

USA

American Society of Heating,
Refrigerating, and Air-Conditioning

Engineers (ASHRAE)
20 October 2020, “Epidemic Task Force. Building Readiness” [16]

US Center for Disease Control and
Prevention (US CDC)

8 March 2021, “Guidance for Businesses and Employers Responding to
Coronavirus Disease 2019 (COVID-19)—Plan, Prepare and Respond to
Coronavirus Disease 2019” [17]

7 April 2021, “COVID-19 Employer Information for Office Buildings” [18]

Several US institutions (e.g., United States Environmental Protection Agency (US
EPA), National Institute for Occupational Safety and Health (NIOSH), American Industrial
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Hygiene Association (AIHA), Occupational Safety and Health Administration (OSHA))
followed the SARS-CoV-2 mitigation developing guidelines that became prominent in
the pandemic fight, such as those from the Center for Disease Control and Prevention
(US CDC) and the American Society of Heating, Refrigerating, and Air-Conditioning
Engineers (ASHRAE). The first addresses employers, owners, managers, and operation
specialists, guiding the daily activities in a working environment. The second presents a
set of informative and systematically updated guidelines oriented toward building control
and HVAC systems to regulate ventilation rates, temperature sets, and indoor air quality.

The Table 1 institutions recommend consistent and identical office building HVAC
systems measures despite the country, location, or energy patterns. However, they diverge
on details, reflecting the unknown aspects of virus transmission and building features [5].
Narrowing our focus to Chinese guidelines, CAR specifications align with prior studies
targeting SBS and measures in place in nursing homes. Table 2 compares the CAR figures
on AHU units applied in commercial buildings, before and after COVID-19 “Operations
Guidelines”. Slight adjustments were made toward air quality and high ventilation rate as
follows: the outside air from >60 to >70%, re-entrainment from <40 to <30%, and exhaust air
transfer rate to 0%. The outdoor air rate per person rises from 7 to 10 L/s; on the contrary,
the outdoor air per area did not change. On “air distribution”, CAR requests avoiding
unidirectional distribution across rooms and favoring single air use, policies of natural
ventilation on open windows under climate assessment, and increased in-duct filters from
G4 to F7 (ISO ePM1 70–80%). However, free-standing high-efficiency particulate air filters
(HEPAs) and ultraviolet germicidal irradiation (UVGI) were not mandatory. Indoor sets
became simplified according to China’s different climate zones (CZ) and just requested
operation above 16 to 18 ◦C, over 40% of relative humidity.

Table 2. CAR guidelines comparison before and during COVID-19 [8,19].

Operation Guidelines Before COVID-19 During COVID-19 6=

Ventilation

Outside air (OA) >60% >70% 10%

Re-entrainment <40% <30% -

ERV/exhaust air Transfer rate
(EATR) 6% 0% -

Outdoor air rate per person 7 L/s 10 L/s 3 L/s

Outdoor air rate per area 0.4 L/s - -

Air distribution
Mechanical Unidirectional across

rooms
Avoid room
interchange -

Mechanical + natural Yes Under climate
assessment -

Filtration and disinfection

MERV filter G4 (MERV 6–8) F7 (MERV 13
equivalent) -

HEPA filter No No -

UVGI No No -

Indoor setpoints
Ambient temperature Winter >18 ◦C

Summer 24–26 ◦C
>16 ◦C to 18 ◦C
no maximum -

Relative humidity Winter >40% <50%
Summer >50% <60% >40% -

Overall, the guidelines focus on the “ventilation” field promoted by “open-window”
policies, raised outdoor airflow rates, and air-flush of one to two hours pre- and post-
occupancy at maximum airflow rate. In addition, cleaning and filtration upgrades to HVAC
systems are also suggested by installing HEPA filters and UVGI devices [5]. Nevertheless,
settings show discrepancies in indoor ambient temperature (AT) and relative humidity (HR)
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setpoints or when rotary heat recovery devices are in use [5,20]. Therefore, it is expected that
the guidelines’ recommendations should increase the annual energy consumption related to
office buildings mainly upon higher airflow rates and filtration device upgrades [16,21–24].

Regarding this matter, and even before the pandemic arose, Omar [25] ran a study on
intelligent building (IB) design and its evaluation criteria to decrease energy consumption
and costs, applying a multi-criteria methodology. The author concluded that the definition
of an IB is complex and vast, including health, safety, and indoor comfort concerns while
seeking to rationalize environmental and energy-related parameters. In addition, the study
highlights that IB will become the “new” standard for the architecture and construction
industry. During the pandemic, Cutler and Summers [23] ran a study on SARS-CoV-2
mitigation costs in the US and highlighted the rising importance of health and safety
aligned with climate change or energy efficiency (EE), even limited to the cited territory;
the same behavior also happened elsewhere. Awada et al. [26] studied the implications
on occupant health in buildings following the COVID-19 pandemic from the perspective
of building professionals, whose views demonstrate the significant effects on the future
design, construction, and operation of buildings pushing for occupant health based on the
pandemic experience. The outcomes address the current research, demonstrating the impact
of those changes in workplace layout, occupancy rates, and HVAC settings. The previous
three studies focus on enhanced and prioritized aspects by the COVID-19 guidelines, which
are the importance of health, safety, and indoor air quality over energy consumption. A
study by Zheng et al. [20] (p. 10) supports this claim by concluding that the concern of
prioritizing health over comfort or efficiency leads to an energy consumption increase of
128% on a Chinese public building during the pandemic, as assessed and published by the
Building Energy Research Centre of Tsinghua University (THUBERC) in 2020. In similar
research on the Chinese building stock, Feng et al. [27] drew the energy consumption
breakdown of some cities—limited to Beijing, Shanghai, and Guangzhou—and concluded
that “cooling”, “heating”, and “fans” weighed together consist of, on average, 45.79% of the
total energy consumption breakdown. Both sets of data demonstrate the potential impact
of COVID-19 guidelines, on one side for the overall building performance, and on the
other side, some HVAC-related fields translating into energy overconsumption and CO2
emissions (CO2e) growth. Moreover, Ascione et al. [28] oversaw the design of COVID-19
guidelines to ensure safety and health in classrooms. They pointed to an impact on energy
consumption due to maximized mechanical ventilation (fresh air and airflow rates) under
HVAC systems operation, in addition to new features to help reduce air interchange and
control airflow dispersion. Although the study only covers educational facilities, it is
likely suitable for large office buildings. The prior study conclusion is not unique; other
authors [16,21–24,29] reported the same prediction for future indoor layouts pushing energy
consumption and CO2e. The ASHRAE Handbook 2019 (Chapter 62 “Ultraviolet Air and
Surface Treatment”) states the following: “The major costs of owning and operating a UVC
system include ( . . . ) energy costs (direct cost of lamp operation plus impact on heating
and cooling energy consumption)” and “Increased ventilation adds to heating-and-cooling
coil loads and may also affect fan energy use” [30] (p. 62.9). Taylor Engineering published a
COVID-19 white paper to discuss the guidelines and recommendations from organizations
in the USA, including the ASHRAE, CDC, and WHO, where ventilation experts raised
concerns about airflow rate growth and concluded that it has a “( . . . ) significant negative
impact on both energy costs and thermal comfort.” [21] (p. 23), in addition to the need
to mount UV-C devices pressing even more on energy consumption (p. 33). Nadel [22],
reacting to the prior study, wrote an article on reducing COVID-19 risks in commercial
buildings without wasting energy to control overconsumption and higher CO2e with higher
outdoor airflow rates. The author advises ventilation system adaptations and filtration
device upgrades to balance the parameters of health, comfort, and energy use. Nevertheless,
the study does not cover building a specific use and directly targets the USA context; the
research team considers outcomes valid in Chinese territory due to the universality of
HVAC systems’ layout and operation in large office buildings. Si et al. [31] unveiled the
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effect of COVID-19 on energy exploitation and consumption in China, following the impact
of major global events and underlining the disrupters, from social to industry patterns. The
study findings demonstrate that the exploitation, followed by the power and gas sectors,
were the most impacted by pandemics leading to negative supply over demand, which
cut the oil, power, and gas sectors’ capacity, pressing energy insecurity and poverty. The
study underlines the importance of measuring the broader effect of guidelines, such as
the impact on energy and CO2 emissions. Cortiços and Duarte [32] ran an analysis on
US “high-rise” office buildings under COVID-19 guidelines and how they affect energy
consumption, costs, and CO2e in nine US ASHRAE-IECC climate zones. The authors
realized that energy demand does not show homogenous behavior when comparing pre-
and post-COVID-19 scenarios. The outcomes show that for and above CZ 4 (mixed-humid),
the relative usable energy rose, on average, by 21.72%, while under that threshold, it
decreased by 11.92%. This study relates in similarity and scope with this research despite
the geographic differences. Kang et al. [33] developed a study on “changes in energy
consumption according to building use type during the COVID-19 pandemic in South
Korea”. They concluded that office building electricity rose from January to March 2020
with a (+)1.5% peak at the latter under social distancing measures (level 1). Nonetheless,
the year ended with an average of less, (−)1.36%, due to lockdown enforcement (level 2)
and savings from shutting down the electronic equipment. Natural gas faced even more
significant cuts, achieving a yearly average of (−)7.31% to reduce heating and hot water
consumption, which shows a contrasting tendency against the overconsumption claim.
By the same token, Gui et al. [34], in a report about the impact of COVID-19 on higher
education building energy use and implications for future energy studies, reported a
consumption cut of 9646.933 kWh, or around 24.88 kWh/m2, of energy use intensity (EUI)
during the academic year (17 February 2020 to 21 February 2021, and from 18 February
2019 to 16 February 2020) on HVAC management by overseeing a sample of 122 buildings
across five campuses at Griffith University, located in Southeast Queensland, Australia. On
a wider scale, Wang et al. [35], in their study on uncovering the impact of the COVID-19
pandemic on energy consumption between pandemic-free scenarios and actual electricity
consumption in China, state that electricity has dropped by (−)29% due to the COVID-19
epidemic (January to August 2020) compared to the 2015 to 2019 period. After August 2020,
the figure flopped from negative to positive as the Chinese economy recovered.

Regarding the operation of HVAC systems to mitigate SARS-CoV-2, some studies
already point in some directions to decrease virus transmissibility and improve EE at the
same time. Aviv et al. [36] ran a study on fresh air under COVID-19’s indoor ventilation
to estimate the global energy savings potential of coupling natural ventilation with novel
radiant cooling strategies. Upon raising concerns about energy costs due to the amount of
conditioned fresh air used, standard HVAC systems were developed to address COVID-19
concerns. They proposed a modified ASHRAE code/solution to decrease energy demand
by 10–45% in 60 key international cities in all major CZ while increasing fresh air intake to
mitigate COVID-19. The HVAC proposed solution pushes for natural ventilation within
a radiant system to improve operations, cutting cooling needs by 100 days mid-season.
The study aligns with our research hypothesis of energy consumption disruption under
COVID-19 codes. Faulkner et al. [37] ran an investigation of HVAC operation strategies
for medium office buildings during the COVID-19 pandemic and concluded—resorting to
Denver, Colorado climate settings—that ASHRAE’s recommended MERV 13 filters reduce
the virus concentration, on average, by 10% compared to MERV 10 filters; however, the use
of these filters presses the energy consumption about 3%. In addition, 100% outdoor air
operation reduces the virus concentration by 11% compared to MERV 10 (and 1% compared
to MERV 13) but increases heating energy consumption by 54% during winter and slightly
during summer. On the contrary, HEPA filters, due to their high air resistance, increase
the indoor virus concentration and the energy consumption by 12% compared to MERV
10 filters. Mokhtari and Jahangir [38] studied the effect of occupant distribution on energy
consumption and COVID-19 infection in a Tehran university building under the current
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air exchange rate, class duration, and working hours equilibrium to better serve the user’s
health while ensuring EE. The results showed that an optimal distribution reduces infection
by 56% and energy consumption by 32%. The studies fulfill our research hypothesis by
proposing revisions of space layout and user distribution in future workplace layouts
by focusing on safety and health while simultaneously reducing energy-related costs.
Lastly, Schibuola and Tambani [39] pursued highly energy-efficient ventilation to limit
COVID-19 contagion in school environments through simulations based on high mechanical
ventilation and facemasks to build a safe environmental/indoor viral concentration and
decrease the infection risk. They concluded that HEAHU operating on monitored CO2
triggers an efficient ACH to optimize indoor air concentrations. The proposed operating
model could deliver high-EE by reducing consumption from 60% to 72% when installed in
an existing naturally ventilated classroom. The presented working mechanism could, in
the future, help to prevent buildings’ overconsumption by offering an adaptive mode to
users’ presence readings, which can help to follow our research outcomes.

Another aspect that must be considered is the symbiotic relationship of architecture’s
passive components and active systems to target the optimal indoor environmental con-
ditions. In this way, Lourenço et al. [40], in the near-zero Solar XXI building, located in
Lisbon, Portugal, assessed with EnergyPlus software the integration of optimized passive
architecture solutions (vents above the door frame, earth tubes, adjustable blinds, thermal
mass construction) and active systems (south facade building integrated photovoltaic,
lighting sensors), together with building control and monitoring technologies. The au-
thors concluded that intelligent buildings with automated control systems display better
performance dealing with indoor thermal comfort, air quality, and illumination.

The research team highlights the widely mentioned content of COVID-19 guidelines
concerning “social distancing” recommendations and remote work policies, e.g., telework
and hybrid work models [5]. This trend reduces the building occupancy and pushes for new
layouts increasing the area/volume per user (worker or visitor), with disruptions on energy
consumption, especially on “heating”, “cooling”, “lighting”, and “ventilation” operations.
On 23 November 2020, the McKinsey Global Institute published a report on the future of
remote work worldwide, considering 2000 tasks and 800 jobs in nine countries using the
MGI’s workforce model based on the Occupational Information Network (O*NET). After
the pandemic experience, the report forecasted the hybrid models affecting the highest
educated and well-paid workforce. In China, the model points to an effective potential
without productivity loss of 16%. However, the theoretical maximum could reach the 22%
mark [41] (Exhibit 3), which paves our research hypothesis on teleworking figures. He
et al. [42] considered that China’s job seekers were more likely to accept remote positions
even at lower incomes. Both statements corroborate China’s figures in telework during the
pandemic, which reached 75% of the urban working population and triggered significant
investments in communications networks [43].

The research focuses on China, as it is currently the world’s second-largest economy
(17.9% of global GDP) [44], displaying an average GDP growth of 8.69% since 2000 [45]. The
Chinese government intends to replace manufacturing for services [46] with an increase
in financial and IT industries, which have traditionally occupied large office buildings
with company headquarters employing millions of workers in major cities. In the post-
pandemic era, remote work policies have the potential to change the game, as telework
figures in China reveal an upward tendency even before COVID-19: in 2005, there were
1.8 million registered remote workers, increasing to 3.6 million by 2014 and 4.9 million by
2018. These figures account for 8% of the construction industry, 9% of the service industry,
and 24% of the IT industry [47]. Therefore, telework appears to be a practice to consider in
the Chinese working environment as forecasted by McKinzie [41] (Exhibit 2–3) and NRI
reports [43]. Besides this, China has a vast territory with a broad spectrum of climate zones
(CZ) [48], each with different building envelope code standards that assess building energy
performance under different locations and conditions.
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On the whole, the COVID-19 guidelines pressure work environments to adapt to a
new paradigm, a “new normal”, where health and safety become key standards in the post-
pandemic world following a previous social trend. However, it is plausible that this leads to
energy overconsumption and rising CO2 emissions in buildings [16,21–24,29]. At the same
time, it is still unclear if COVID-19 recommendations in working environments will persist
after the pandemic ends; if not, their continuity will defy the international environmental
agreements goals. Moreover, the transition from offices to residential buildings due to
remote work policies, shifting energy consumption and CO2e patterns, raises the question
of whether these working models will compensate for energy and financial disruption from
a local to a broader (national) scale. To address the unknown, the research intends to fill this
gap by accounting for the impact of the COVID-19 guidelines on Feng et al.’s [49] standard
office building archetype, covering Bai et al.’s [48] 8 climate zones and 17 subzones for
China, under telework figures forecast by the McKinsey Global Institute [41]. The aim
is to measure the variation in usable energy consumption (% and kWh/m2yr), CO2e (%
and tonne/CO2r), and annual operation costs (USD/kWh/yr) by showing the differences
between a baseline pre-pandemic scenario (pre-C19) and two posterior ones (post-C19
78% and 84%). Furthermore, there is an expectation of identifying eventual energy-related
variations, trends, and patterns in different CZ.

To achieve this, the research team resorted to a Building Energy Simulation (BES)
methodology that consists of five sequential steps (see Figure 1 below). The BES methodol-
ogy allows assessing and predicting the thermal and energy performance by resorting to a
whole-of-building energy simulation software. It can be used as a means of diagnosis or to
evaluate the impact of proposed retrofit strategies (in our case, the impact of the COVID-
19 guideline recommendations) either in the buildings’ constructive features or systems
and schedules (e.g., HVAC, occupation, lighting, air rates, AT setpoints) [50,51]. Coakley,
Raftery, and Keane [51] recommend BES tools to assess the performance of key quality
features during the building lifecycle. Shin and Haberl [52] stepped forward by reviewing
HVAC thermal behavior operation using energy simulation software and concluded that
this method could assist designers in their system planning.

The research used the LEED-approved Cove.tool [53] as its energy simulation tool.
Cove.tool is a web-based software with an intuitive interface to assist architects and en-
gineers in simulating building efficient designs and retrofits. The scientific community
also follows the reliability of available software to perform energy analysis. Garwood
et al. [54] conducted a review on “energy simulation tools” and categorized Cove.tool
under “simplified calculation methodology” upon degree-days, bin weather data, and
resistance−capacitance assessment. Their simulation is applied to a Building Energy Model
(BEM’) passive and active systems under weather conditions, envelope specifications, and
features relevant to the thermal building assessment. Forouzandeh et al. [55] also reviewed
similar software and validated 25, while categorizing 8, including the Cove.tool software,
under the statistical method with an empirical or pre-simulated dataset to estimate energy
consumption. Officially known as the Normative Calculation Method, it follows the calcu-
lation standards developed by the European Committee for Standardization (CEN) and the
ISO (International Organization for Standardization) (ISO/FDIS 13790:2006). The Cove.tool
delivers a wide range of outcomes per carrier, such as primary energy consumption and
CO2e, following an hourly/monthly schedule.
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The study shows that the annual usable energy consumption, CO2e, and energy costs
rise, but only in office buildings located in regions with cold climates (“warm/mixed” to
“subarctic”) comparing the pre-C19 and post-C19 scenarios. In “very hot” to “hot/warm”
climates, the tendency inverts pointing toward savings in all fields. These outcomes
intend to pave the way for future adjustments in operation and construction guidelines:
passive elements, active systems, operation schedules, IoT engagement, and self-learning
technologies related to user comfort and energy efficiency.

From a broader perspective, the research’s conceptual matrix can be extended to
other regions and countries and other non-residential building archetypes using a similar
methodology, creating the foundation to predict the impact of the guidelines in different
contexts and pushing for further development adjustments and complementary measures.

The study targets the awareness of regulators, the related scientific community, the
market players, and field professionals and associations.

2. Materials and Methods

The research resorted to the LEED-approved software Cove.tool [53] to run a total
of 51 simulations on a Chinese office building prototype model in 17 locations (8 CZ and
17 subzones) under a BES methodology to assess its energy-related performance in three
scenarios: prior (pre-C19) and posterior (post-C19 78%, and post-C19 84%) to the COVID-19
pandemic.

The research adopted a five-step BES methodology. The first step consists of 3D
modeling of the office building standard prototype geometry features in Sketchup 2017
software (more information at https://www.sketchup.com/, accessed on 29 April 2021) to
enable the creation of a BEM to be simulated. The BEM baseline follows Feng et al.’s [49]
(pp. 4-123–4-125) and Feng and Levine’s [56] (pp. 7,8) Chinese office building prototype
model features and specifications (see Table 3 and Figure 2 below). The prototype is built

https://www.sketchup.com/
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over existing building surveys in China, Chinese building design institutes guidelines, and
the PNNL-AHSRAE’s [57] prototype building models [58].
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Figure 2. Standard Chinese office building model geometry: (a) isometric perspective; (b) west and
south elevation. Modeled by the authors following Feng et al., description [49] (pp. 4-123–4-125).

Table 3. Summary of the adopted standard Chinese office building prototype features [49,56].

Model Features

Location type City Central Business District (CBD)
Height 71.28 m
Volume 106,920 m3

Gross area 27,000 m2

Floor area 1500 m2

Floor height 3.96 m (a)
Opaque wall surface area 11,404.80 m2

Glazed wall surface area 4561.92 m2

Shape coefficient 0.12

The building model baseline is 50× 30 m and rectangular-shaped, with 18 floors above
grade, representing a total height of 71.28 m. The opaque envelope resorts to a “mass”
type with concrete finishing (concrete material emissivity coefficient (ε) = 0.85 [59]) with a
“medium” envelope heat capacity. The glazed envelope is evenly distributed along the four
sides with a 0.4 window-to-wall ratio [49] with interior adjustable blinds. The wider facades
face east−west following prior cited studies. The model’s envelope parameters (U-values
and SHGC) depend on the building location (varies according to the simulated CZ) and
follow Bai and Wang’s research on the “public building model” [60] (p. 713, Table 2) (see
Tables 4 and 5 below).
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Table 4. Summary of the BEM simulated envelope characteristics according to GB 50176-2016 climate
zones specifications, following Bai and Wang’s [60] (p. 713, Table 2) assessment.

Climate Zone GB 50176-2016 [48]
Roof Wall Window

U-Value (W/m2·K) U-Value (W/m2·K) U-Value (W/m2·K) SHGC

Severe cold (SCZ) A, B 0.28 0.38 1.90 0.70

Severe cold (SCZ) C 0.35 0.43 2.00 0.70

Cold (CZ) 0.45 0.50 2.20 0.70

Hot summer and cold winter (HSCWZ) 0.50 0.80 2.40 0.40

Hot summer and warm winter (HSWWZ) 0.80 1.50 2.70 0.40

Mild (MZ) 0.80 1.50 2.70 0.40

Note: Due to the Cove.tool’s software inability to attribute different U-values to each glazed surface, the research
team adopted a conservative stance by choosing the lower U-value for each CZ.

Table 5. Summary of the BEM baseline simulated systems and schedules according to Feng et al. [49]
(pp. 4-131, 4-132) and Feng and Levine [56] (pp. 7–8).

Model Systems and Schedules

HVAC heating system Gas-fired boiler
HVAC cooling system Water-cooled centrifugal chiller

HVAC distribution system VAV with hot water reheating coil (a)
Chiller COP (b) 5.2

Boiler efficiency (b) 0.89
Pumps Variable speed

Lighting power density (LPD) (b) 9 W/m2

Plug and equipment’s power density (b) 15 W/m2

Occupation density 8 m3/person
Air tightness (b) 3 m3/(m2h)
Outdoor air rate 30 m3h/person (8.33 L/s/person)
Heating setpoint 20 ◦C
Heating setback 5 ◦C
Cooling setpoint 26 ◦C
Cooling setback 37 ◦C

(a) Reheating only in CZ and SCZ climates [56] (p. 7). (b) Under GB 50189-2015 law.

In addition to the model’s baseline (Tables 3–5 and Figure 2 above), the research
considered the inputs of key parameters to achieve a higher precision level, such as the
occupants’ metabolic rate of 1.1 (sitting and typing) [61] (p. 6, Table 5.2.1.2); no daylight
and occupancy sensors; building automation and control system (BACS) standard Class C
according to the EN 15232-1 standard (EN 15232-1 “Energy Performance of Buildings - Im-
pact of Building Automation, Controls and Building Management” 2017; more information
at https://www.en-standard.eu/din-en-15232-1-energy-performance-of-buildings-part-1-
impact-of-building-automation-controls-and-building-, accessed on 15 March 2021); 100%
mechanical ventilation (heating and cooling), with a MERV8/M5 or equivalent filtration
system [62] (p. 29); enabled DCV; and 40% recirculated exhausted air. The SWH comprises
a 1 135.62-L (300 gals) tank fueled by a natural-gas-fired boiler (SWH device COP = 4.00 [58]
(p. 192) with a setpoint temperature of 60 ◦C, as described by PNNL-ASHRAE’s prototype
“Large Office” building model package [57] (Sec. DOE Building Description). These pa-
rameters are fundamental to fulfill the overall assessment. For instance, telework policies
reduce the number of occupants (workers and non-workers), which contributes to heat in-
ternal gains, whose emissivity is calculated through the metabolic rate. Similarly, measures
related to air rate manipulation, BACS, lighting, and filtration systems are also mentioned,
with plausible expected impact on overall EUI. These key parameters are manually inserted
in the Cove.tool interface “envelope features”, “schedules”, and “systems” tabs.

https://www.en-standard.eu/din-en-15232-1-energy-performance-of-buildings-part-1-impact-of-building-automation-controls-and-building-
https://www.en-standard.eu/din-en-15232-1-energy-performance-of-buildings-part-1-impact-of-building-automation-controls-and-building-
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In the second step, the BEM geometric features and the model orientation are loaded
into Cove.tool through a SketchUp plugin (model geometric features import tutorial at
https://www.cove.tools/sketchup-plugin, accessed on 29 April 2021). In the third step,
the Cove.tool interface allows selecting the building type (office building), thermal code
(ASHRAE-IECC Equivalent Energy Code standards), and location (Cove.tool collects cli-
mate data from the nearest weather station to the selected location for simulation purposes).
Concerning the latter, to cover the majority of the Chinese territory, we selected the most
populous city per CZ for simulation purposes according to the World Population Re-
view [63] (see Table 6 below). Due to the current Chinese GB 50176-2016 CZ being often
considered outdated and too coarse [48,64], our research follows Bai et al.’s [48] updated
meteorological data that framed new Chinese CZ applying the ASHRAE standard 169-2013
method for CZ classification (see Table 6). This allows for simulating the BEM performance
in 17 locations (cities), each one representative of a CZ. Each location is simulated in the
baseline pre-C19 and both post-C19 78% and 84% scenarios.

Table 6. Simulated location features per CZ according to Bai et al.’s ASHRAE classification [48]
(p. 12), [63].

Zone Subzone Classification City, Province Population Latitude (b) Elevation (b)

Zone 1 A very hot-humid Haikou, Hainan 615,835 20.04623 11 m

Zone 2 A hot-humid Guangzhou,
Guangdong 11,071,424 23.13019 23 m

Zone 3
A warm-humid Shanghai, Shanghai 22,315,474 31.28732 4 m
C warm-humid-highland Kunming, Yunnan 3,855,346 24.88430 1932 m

Zone 4
A mixed-humid Xi’an, Shaanxi 6,501,190 34.34305 377 m
B mixed-dry Beijing, Beijing 11,716,620 39.90621 46 m
H mixed-highland Chamdo, Xizang (a) 44,028 31.14497 3250 m

Zone 5
A cool-humid Shenyang, Liaoning 6,255,921 41.67498 47 m
B cool-dry Lanzhou, Gansu 2,628,426 36.06207 1528 m
H cool-highland Lhasa, Xizang 118,721 29.65538 3658 m

Zone 6
A cold-humid Changchun, Jilin 4,193,073 43.81307 216 m
B cold-dry Ordos, Nei Menggu 1,940,653 39.60814 1308 m
H cold-highland Xi’ning, Qinghai 767,531 36.61733 2268 m

Zone 7
- very cold Harbin, Heilongjiang 5,878,939 45.79882 118 m
H very cold-highland Delinghá, Qinghai (a) 54,844 37.36908 2992 m

Zone 8
- subarctic Tahé, Heilongjiang (a) 81,480 52.32526 358 m
H subarctic-highland Yushu, Qinghai 124,736 33.00060 3695 m

(a) 2010 survey accessed in Brinkoff [65]; (b) accessed in www.maps.ie, accessed on 29 April 2021.

The fourth step introduces the energy-related data in the “envelope features”, “sched-
ules”, and “systems” Cove.tool interface tabs. These data inputs vary considering the
specifications of the pre- and post-COVID-19 scenarios or locations (see detailed inputs in
the next Section 2.1 and Schemes A1 and A2). From this point forward, Cove.tool performs
a year-round energy simulation in the specified location. In the fifth and final step, and
after each simulation, the software generates a quantitative data report on the building’s
overall EUI and “cooling”, “heating”, “lighting”, “plugs and equipment”, “pumps”, “SWH
EUI”, and “CO2 emissions”. The reports are further analyzed into the following fields:
annual usable energy consumption, CO2e, and energy costs.

2.1. Pre- and Post-COVID-19 Scenario Descriptions

The goal is to run three simulations under the model baseline features of a standard
office building operation in China in each location. The scenario before the COVID-19
pandemic arises (pre-C19) corresponds to the previously described BEM baseline. The

https://www.cove.tools/sketchup-plugin
www.maps.ie
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scenarios posterior to the COVID-19 pandemic are referred as “post-C19 78%” and “post-
C19 84%”.

2.1.1. BACS and Sensors

In the post-C19 scenarios, BACS is upgraded to class B (advanced BACS and TBM,
according to EN 15232:2017—Energy Performance of Buildings—Impact of Building Au-
tomation, Controls and Building Management), allowing for remote control and automation
as suggested by ASHRAE [16] (p. 11). To prevent direct control by users (touch on surfaces),
light and blind switches were deactivated and replaced by automatic daylight and occu-
pancy sensors following ASHRAE recommendations [16,66]. The BACS upgrade optimizes
the HVAC system, applying a 0.80 and 0.93 efficiency factor for thermal and electrical
energy, respectively, with the consequent effect on the building energy consumption [67].

2.1.2. Air Rate

The COVID-19 guidelines primarily pursue HVAC strategies that increase outdoor
airflow while reducing recirculated air to a bare minimum [5,8,9,14]. In other words, for
post-C19 scenarios, the research team adopted a combination of natural and mechanical
ventilation as suggested by ASHRAE [16] (p. 64) and CAR under climate assessment [8]
and a reduction in indoor air recirculation to a maximum of 20%, assuring a fresh air
volume higher than 40%, as mentioned by Guo et al. [5] (p. 6) and recommended by
CAR [8]. In the same way, during non-occupancy periods, disabling the demand-controlled
ventilation (DCV) becomes critical to ensure indoor air dilution, which demands the highest
possible values of outdoor air [68]. Concerning this matter, the research team increased
the outdoor air rate value per person from 30 m3/h to 36 m3/h (10 L/s) as suggested by
WHO [9] (p. 11), [69], and set an additional pre- and post-occupancy hour of outside air
flush schedule on workdays, following CAR’s recommendations [8,13].

2.1.3. Ambient Temperature and Relative Humidity

The optimal indoor conditions to inactivate the virus are similar to typical indoor
human comfort values [70]. The HR should be maintained within 40% to 60% to minimize
the risk of infection [16,71]. Simultaneously, the indoor AT should range between 20 ◦C and
25 ◦C with minor variations [70] (p. 11), similar to those considered in the pre-C19 scenario.
High AT and HR values decrease the virus’s life cycle, and dropping them has the opposite
effect while increasing its infectiousness [72]. According to Guo et al. [5] (p. 6), Chinese
guidelines for HVAC systems recommend increasing the air supply for heating setpoint
temperature and decreasing for cooling. For these reasons, the research team kept the
pre-C19 heating and cooling setpoint values for working hours. Still, during non-occupied
hours, the heating setback changes from 5 ◦C to 16 ◦C (the minimum recommended value
by CAR [8] and ASC [13] for indoor AT is 16 ◦C to 18 ◦C) to avoid a drastic temperature
drop in cold to very cold climates, thus decreasing the virus’s survival odds.

2.1.4. Filtration

According to CAR, another post-C19 measure oversees the filtration system update [5]
up to the F7 standard or above [8]. The research team started with a MERV 8/M5 baseline
filter, upgrading it to MERV 14/F8, which produces an increased airflow resistance from
77.22 Pa (0.31 in.w.g.) to 169.38 Pa (0.68 in.w.g.), respectively [71] (pp. 6, 10) (considering
a 24 × 24 × 2 in. pleated panel filter in MERV 8, and a 24 × 24 × 12 in. pleated micro-
glass medium with aluminum separators in MERV 14 [71] (pp. 6, 10)), and consequently
escalating the energy consumption for “fans” (see Table 7 below). When compared with the
pre-C19 scenario, it adds an extra 5918.64 Wh of energy consumption, calculated according
to the following formula [73] (number 4):

P = dp·q/(µf·µb·µm) (1)
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where P = power consumption (W); q = air volume delivered (m3/s); dp = total pressure
(Pa.); µf = fan efficiency; µb = belt efficiency; µm = motor efficiency.

Brendel [74] (p. 16) stated that a standard AHU single-fan system exhibits a minimum
efficiency of 0.6 under 5 in.w.g. on a motor power of 1.3 hp/kCFM. The research considered
an efficiency value of 0.87 for a 10 kW motor and 0.88 for the belt [73] (number 4).

Table 7. Fan power energy consumption.

Pre-C19 (MERV8) Post-C19 (MERV14)

Air volume delivered (m3/h·person) 0.00833 0.01

Number of occupants (a) 13,365 6683

Total air volume delivered (q) (m3/s) 111,371 66,825

Filter max. initial resistance (dp) (Pa) (b) 77.22 169.38

Fan efficiency (µf) (c) 0.6

Belt efficiency (µb) (c) 0.88

Motor efficiency (µm) (c) 0.87

Power consumption (P = dp·q/(µf·µb·µm)) (W) 18,721.77 24,640.41

Power consumption diff. (MERV 14/F8 -MERV 8/M5) (W) 5918.64

Fan operation on working days (hour/yr) (d) 3380

Additional two-hour air flush (weekdays) (e)

Number of hours per year 520

Power consumption (W/yr) 12,813,012.93

Additional fan power consumption

(kW/yr) 31,818.00

(kW/m2yr) 1.22

(a) 8 m3/person × building volume (pre-C19) and 16 m3/person x building volume (post-C19). (b) MERV8
24 × 24 × 2 in. pleated panel filter, and a MERV14 24 × 24 × 12 in. pleated micro-glass medium with aluminum
separators [71] (pp. 6, 10). (c) Fan efficiency = 0.6 [74]; motor (10 kW) efficiency = 0.87 and belt (10 kW)
efficiency = 0.88 [73]. (d) 13 working hours (7 a.m.–8 p.m.). (e) Two-hour outside air flush (before and after
occupation on working days).

Some guidelines recommend using UVGI [5,13,69] as a supplement to natural ven-
tilation strategies [30]. These are based on “upper-room” (air) UVGI devices used to
disinfect the air near the ceiling area of indoor compartments and “in-duct” devices placed
to eliminate microbiological agents within the HVAC systems [21]. However, some Chi-
nese institutions’ guidelines, like the CCTG, advise against “in-duct” UVGI systems, thus
demanding further studies in this matter [13].

The upper-air UVGI devices’ effectiveness to decrease viral transmission raises consen-
sual opinions [30,75] even when compared with other UVGI applications, such as “in-duct”
or air handling [21].

Regarding energy consumption, both Riley and Nardell [76] and Martin et al. [77]
point toward an energy value of 30 W (nominal input) per 18.58 m2 of indoor space to
inactivate the virus in medical facilities. In other sources, the US HHS-CDC guideline for
mitigating tuberculosis with UVGI devices [78] (p. VIII) refers to a value of 1.83 W/m2 or
6.36 W/m3 for compartments with ceiling height around 2.4 m. Moreover, for upper-room
installations, Kerkhoff and Dijk [79] (p. 26) suggests a ratio of 0.2 to 0.5 W/m2 for various
microorganisms, a value lower than the US HHS-CDC reference of 1.61 W/m2. Considering
the authors above, in the post-C19 scenarios, the research team adopted a conservative
posture and added to the BEM general lighting schedule (7 am to 8 pm) a Philips UV-C TUV
T8 55 W HO lamp type [79] with a UV-C light power density of 1.83 W/m2 [78] (p. VIII).
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When it comes to SHW, a temperature value lower than 60 ◦C (140 ◦F) increases virus
manifestation probability [29]. Due to this, the research team kept the previously stated
value with no impact on energy consumption in this field.

2.1.5. Remote Work Policies

Following the McKinsey report forecast on telework for China, the post-C19 scenarios
contemplate a 22% (post-C19 78%) and a 16% (post-C19 84%) cut on building occupancy [41]
(Exhibit 3, theoretical maximum and effective potential). This recommendation increases
the available space per person during working hours (Chinese standard building prototype
and energy code does not mention occupation values for non-working hours), from the
initial 8 m3 to 9.52 m3 (84% occupation) and 10.26 m3 (78% occupation).

2.1.6. Summary

Tables 8 and 9 summarize the differences between pre-C19 and post-C19 scenarios in
“schedules” and “systems” inputs.

Table 8. Summary of Cove.tool schedules inputs in pre- and post-C19 scenarios.

Schedule Inputs Pre-C19 Post-C19

Daylight sensors No Yes (a)

Occupancy sensors No Yes (a)

Lighting (LPD) 9 W/m2 10.83 W/m2 (b)

Lighting (unocccup. h) (LPD) n/a

Lighting (exterior) n/a

Plug-equipment (PA) 15 W/m2

Plug-equipment (PA) (unoccup. h) n/a

Metabolic rate 1.1 Met (sitting and typing)

Heating setpoint 20.00 ◦C

Heating setback 5 ◦C 16 ◦C (c)

Cooling setpoint 26 ◦C

Cooling setback 37 ◦C

Total occupants (occup. h) 8 m3/person 9.52 m3/person (d)
10.26 m3/person (e)

Total occupants (unoccup. h) n/a
(a) Measure implemented to avoid touching surfaces. (b) UV-C lamps’ lighting power density addition of 1.83
W/m2. (c) Minimum indoor ambient temperature recommended to decrease virus lifetime. (d) 16% occupation
cut due to remote work policies. (e) 22% occupation cut due to remote work policies.

Table 9. Summary of Cove.tool systems inputs in pre- and post-C19 scenarios.

Systems Inputs Pre-C19 Post-C19

HVAC system type: heating Gas-fired boiler

HVAC system type: cooling Water-cooled centrifugal chillers

HVAC system distribution VAV terminal box with damper and hot water reheating coil

Integrated part load value Constant speed centrifugal chiller

Heating system COP 0.89

Cooling system COP 5.2

Heat recovery system Run-around coil

Fan flow control factor Variable speed
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Table 9. Cont.

Systems Inputs Pre-C19 Post-C19

Specific fan power Central mechanical ventilation with heating and cooling

Ventilation type Mechanical Natural and mechanical (a)

People outdoor air rate (per person) 30 m3/h (8.33 L/s) 36 m3/h (10 L/s) (a)

Area outdoor air rate n/a

Infiltration 3.00 m3/h.floor area

BACS Standard (class C) Advanced (class B) (b)

DCV (ventilation control) Demand control Disabled (a)

Exhaust recirculation 40% 20%

SWH system fuel Natural gas

SWH system capacity 1135.62 litters tank

SWH system setpoint temperature 60 ◦C

SWH system performance efficiency min 80%

SWH generation Gas boiler, HR boiler

Hot water distribution system Circulation system (0.6)

Hot water demand 1329.1 m3/yr (c)

RES systems None

(a) Natural ventilation and outdoor air rate increase strategies. (b) BACS upgrade recommendations. (c) Cove.tool
calculated.

2.2. Reliability

The BES methodology acquires its reliability with the BEM qualities and is designed
to simulate the Chinese standard office building’s energy performance across several
locations in different CZ. The literature review shows that BES methodology is frequently
applied to assess buildings’ energy performances in studies with purposes similar to
our research [32,52]. The adopted prototype, developed by Feng et al. [49] and Feng
and Levine [56], follows the PNNL-ASHRAE prototype building model methodology,
upheld by the US Department of Energy. Regarding the locations, instead of using the GB
50176-2016 CZ, the research resorts to Bai et al.’s [48] climate classification based on the
ASHRAE standard 169-2013 method. As a result, the simulated locations grew from 11 to
17, increasing the precision and volume of outcome data. The methodology simplicity is
the key factor to achieve the desired reliability: data inputs are entered on a BEM through
a software interface built to simulate an office building operating in different scenarios.
The process repeats itself by adapting the data delivered by the COVID-19 pandemic
mitigation measures and telework prediction figures endorsed by several entities. Despite
Cove.tool software not relying on dynamic simulation analysis, it follows the EN 15603 (EN
15603:2008—energy performance of buildings, overall energy use and definition of energy
ratings) and ISO 13790 (ISO 13790:2008—energy performance of buildings, calculation of
energy use for space heating and cooling) energy calculation methodology [80], generating
outcomes within 5% of EnergyPlus (more information at https://energyplus.net/, accessed
on 16 March 2021) for office buildings [55]. Additionally, this tool is ready-made and
optimized to use the ASHRAE standard data and settings, which have been widely applied
and studied by the Chinese scientific community in this field.

3. Results
3.1. Data Analysis

The following data and interpretations concern the relative values between pre- and
post-C19 scenario outcomes. The reports raw data are available on Appendix B.1, from
Scheme A1 to Figure A51.

https://energyplus.net/
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3.1.1. Energy Consumption

Overall, the assessment reveals an increase in EUI after implementing the post-
pandemic mitigation measures (see Table 10 and Scheme 1 below). The energy consumption
rises progressively toward northern latitudes and/or colder climates in post-C19 scenarios
for both occupancy figures, confirming an energy overconsumption trend (see Scheme 1
below, “linear” trend lines). However, in “very hot” to “hot-humid” climates, the energy
consumption decreases in both occupancy scenarios. Lower building occupation rates tend
to increase energy consumption in colder climates while reducing it in warmer ones. For
more information see Appendix B, Tables A3 and A4.

Table 10. Usable energy consumption per location in pre- and post-C19 scenarios.

CZ, City, Province

Usable Energy Consumption (kWh/m2yr) Variation Difference

Pre-C19 Post-C19
78%|84%

Absolute Value
(kWh/m2yr)

78%|84%

Percentual (%)
78%|84%

Zone 1-A, Haikou, Hainan 98.21 82.38|82.23 −15.83|−14.98 −16.12|−15.25
Zone 2-A, Guangzhou, Guangdong 95.14 81.04|81.56 −14.10|−13.58 −14.82|14.27

Zone 3-A, Shanghai, Shanghai 163.45 172.24|170.65 8.79|7.20 5.38|4.41
Zone 3-C, Kunming, Yunnan 102.93 104.73|103.50 1.80|0.57 1.75|0.55

Zone 4-A, Xi’an, Shaanxi 245.82 267.61|265.64 21.79|19.82 8.86|8.06
Zone 4-B, Beijing, Beijing 329.42 365.60|363.35 36.18|33.93 10.98|10.30

Zone 4-H, Chamdo, Xizang 338.10 378.72|374.97 40.62|36.87 12.01|10.91
Zone 5-A, Shenyang, Liaoning 490.19 585.48|582.63 95.29|92.44 19.44|18.86

Zone 5-B, Lanzhou, Gansu 340.39 388.16|385.41 47.77|45.02 14.03|13.23
Zone 5-H, Lhasa, Xizang 313.71 344.94|341.49 31.23|27.78 9.96|8.86

Zone 6-A, Changchun, Jilin 690.03 810.44|807.32 120.41|117.29 17.45|17.00
Zone 6-B, Ordos, Nei Menggu 487.07 555.10|551.82 68.03|64.75 13.97|13.29

Zone 6-H, Xi’ning, Qinghai 485.99 542.56|538.84 56.57|52.85 11.64|10.87
Zone 7, Harbin, Heilongjiang 756.78 887.51|884.37 130.73|127.59 17.27|16.86
Zone 7-H, Delinghá, Qinghai 572.99 641.86|637.96 68.87|64.97 12.02|11.34
Zone 8, Tahé, Heilongjiang 1091.27 1319.64|1315.84 228.37|224.57 20.93|20.58
Zone 8-H, Yushu, Qinghai 561.96 625.34|620.63 63.38|58.67 11.28|10.44

The gap between pre- and post-C19 trend “lines” becomes wider toward colder CZ
(zones 6 to 8). This translates the impact of the guidelines, increasing the usable energy
consumption from Zone 3-A—Shanghai to Zone 8-H—Yushu on average between 12.46%,
or 67.94 kWh/m2yr (post-C19 78%), and 11.70%, or −57.29 kWh/m2yr (post-C19 84%). For
southern locations, the “very hot” and “hot-humid” climates of Haikou and Guangzhou
(Zone 1-A and 2-A) see a drop in energy consumption, consuming less at rates from 16.12%
(post-C19 78%) to 15.25% (post-C19 84%), and 14.82% (post-C19 78%) to 14.27% (post-C19
84%), respectively, when compared to the pre-C19 scenario.

Conversely, a standard office building located in Kunming (zone 3-C, “warm-humid
highland”) displays the lowest variation between scenarios, consuming, on average, an
extra 1.75% (post-C19 78%) and 0.55% (post-C19 84%). A building located in the highlands
(Chamdo, Lhasa, Xi’ning, Delinghá, and Yushu) increases its energy consumption between
8.86% and 12.02%. Despite being in different CZ, these results align with the “average”
increasing value.

The post-C19 78% outcomes display higher values in the savings of southern locations
and northern overconsumption when compared to post-C19 84% for all CZ.

The flotation of absolute values between pre- and post-C19 can be grouped by the
following order (see Scheme 1):

• Orange dashed line—“very hot” and “hot” climates from Zone 1-A to 2-A: average
reduction amount between 14.97 kWh/m2yr (post-C19 78%) and 14.28 kWh/m2yr
(post-C19 84%);
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• Red dashed line—“warm” to “mixed humid” climates from Zone 3-A to 4-A: average
increase amount between 10.79 kWh/m2yr (post-C19 78%) and 9.20 kWh/m2yr (post-
C19 84%);

• Green dashed line—“mixed-dry” to “cool” climates from Zone 4-A to 5-H: average
increase value amount 45.48 kWh/m2yr (post-C19 78%) and 42.64 kWh/m2yr (post-
C19 84%);

• Blue dashed line—“cold” to “subarctic” climates from Zone 6-A to 8-H: average
increase amount between 105.19 kWh/m2yr (post-C19 78%) and 101.53 kWh/m2yr
(post-C19 84%).
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Scheme 1. Usable energy consumption per location in pre- and post-C19 scenarios.

As the climate becomes colder and the latitude increases, the gap in absolute values
for both scenarios is more significant. To exemplify this, a building located in Tahé (Zone 8
“subarctic”) displays the highest value, consuming an extra 228.37 kWh/m2yr (post-C19
78%) and 224.57 kWh/m2yr (post-C19 84%) of energy followed by Harbin and Changchun
(Zone 7 “very-cold” and 6-A “cold-humid”, respectively). However, the same building
located in Shanghai or Kunming (Zone 3-A, 3-C “warm-humid-highland”) shows the
lowest figure, consuming, at most, 8.79 kWh/m2yr and 1.80 kWh/m2yr more, respectively
(see Table 10 above).

The “cooling” and “heating” EUI differ according to the location climatic features
(see Table 11 and Scheme 2 below). In the post-C19 scenarios, locations with “very hot”
to “hot-humid” climates, such as Haikou and Guangzhou (Zone 1-A and 2-A), reach an
average “cooling” EUI of 17.57% of the total EUI with non-expressive heating demand
values (≤2% of the EUI). On the contrary, from “warm” to “subarctic” climates (Zone 3-A
to 8-H), the “heating” EUI becomes gradually significant, being on average 76.64% of the
total EUI and reaching 87.77% on Tahé (Zone 8 “subarctic”) (see Scheme 2 below). In these
locations, the “cooling” EUI weight is marginal (0.65% on average).
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Table 11. Cooling and heating EUI per location in pre- and post-C19 scenarios.

CZ, City, Province

Cooling
(kWh/m2yr)

Heating
(kWh/m2yr)

Variation Difference
(%)

Pre-C19 Post-C19
78%|84% Pre-C19 Post-C19

78%|84%
Cooling

78%|84%
Heating

78%|84%

Zone 1-A, Haikou, Hainan 20.36 15.34|15.93 0.00 0.00|00 −24.66|−21.76 0.00|0.00
Zone 2-A, Guangzhou, Guangdong 16.76 12.57|13.05 1.21 1.27|1.15 −25.00|−22.14 4.96|−4.96

Zone 3-A, Shanghai, Shanghai 8.38 5.90|6.18 78.52 96.50|94.65 −29.59|−26.25 22.90|20.54
Zone 3-C, Kunming, Yunnan 1.52 0.58|0.66 28.47 38.92|37.64 −61.84|−56.58 36.71|32.21

Zone 4-A, Xi’an, Shaanxi 8.32 6.10|6.36 156.52 186.33|184.18 −26.68|−23.56 19.05|16.67
Zone 4-B, Beijing, Beijing 7.80 5.40|5.66 235.73 277.96|275.58 −30.77|−27.44 17.91|16.90

Zone 4-H, Chamdo, Xizang 0.04 0.01|0.01 254.27 297.83|294.32 −75.00|−75.00 17.13|15.75
Zone 5-A, Shenyang, Liaoning 5.26 3.38|3.58 391.62 484.74|481.86 −35.74|−31.94 23.78|23.04

Zone 5-B, Lanzhou, Gansu 3.13 1.44|1.60 252.38 303.53|300.79 −53.99|−48.88 20.27|19.18
Zone 5-H, Lhasa, Xizang 0.07 0.02|0.02 231.13 266.19|262.91 −71.43|−71.43 15.17|13.75

Zone 6-A, Changchun, Jilin 2.84 1.37|1.51 583.78 697.08|694.05 −51.76|−46.83 19.41|18.89
Zone 6-B, Ordos, Nei Menggu 1.56 0.62|0.70 392.96 460.93|457.80 −60.26|−55.13 17.30|16.50

Zone 6-H, Xi’ning, Qinghai 0.07 0.01|0.02 393.07 451.62|448.13 −85.71|−71.43 14.90|14.01
Zone 7, Harbin, Heilongjiang 3.16 1.54|1.69 646.59 768.00|764.95 −51.27|−46.52 18.78|18.31
Zone 7-H, Delinghá, Qinghai 0.04 0.01|0.01 474.53 542.55|538.88 −75.00|−75.00 14.33|13.56

Zone 8 Tahé, Heilongjiang 0.81 0.26|0.30 968.39 1171.56|1167.96 −67.90|−62.96 20.98|20.61
Zone 8-H, Yushu, Qinghai 0.00 0.00|0.00 465.47 528.72|524.27 0.00|0.00 13.59|12.63

The post-pandemic scenarios induce an average “cooling” EUI energy reduction
between 48.62% or 1.50 kWh/m2yr (post-C19 78%) and 44.87% or 1.34 kWh/m2yr (post-
C19 84%), considering all locations. Haikou and Guangzhou (Zones 1-A and 2-A) display
the highest impact on absolute values, consuming, respectively, 15.34–15.93 kWh/m2yr
and 12.57–13.05 kWh/m2yr less of energy. Meanwhile, Yushu (Zone 8-H) does not require
cooling loads, and the highlands (Zone 4-H, 5-H, 6-H, 7-H) display the lowest “cooling”
EUI, consuming less than 0.02 kWh/m2yr despite the average 75.00% variation decrease.
Similarly, in “mixed” to “subarctic” climates (Zone 4-A, 4-B, 5-A, 5-B, 6-A, 6-B, 7, and 8),
besides the percentual variation drop (less 45.10% on average), the absolute value lowers
when compared to locations from “very hot” to “warmer”, such as Zones 1-A and 2-A
(average of 1.52 kWh/m2yr vs. 4.34 kWh/m2yr) (see Table 11).

The Zone 1-A Haikou does require “heating” EUI loads; however, the same parameter
increases in Zone 2-A Guangzhou on post-C19 78% by 4.96% and the opposite trend on
post-C19 84% by the exact figure. In the remaining locations, the research team observed
a steady increase in “heating” EUI, on average, of 19.48% or 67.94 kWh/m2yr (post-C19
78%), and 18.24% or 64.97 kWh/m2yr (post-C19 84%) (see Scheme 2 and Table 11 above).

Overall, from Xian (Zone 4-A “mixed-humid”) into colder locations, a progressive
increase in the difference between “heating” EUI absolute values pre- and post-C19 sce-
narios is seen (except Lanzhou (Zone 5-B “cool-dry”) and the “highlands” locations) (see
Scheme 2), hence the extra energy consumed. To exemplify this, a building located in
Tahé (Zone 8 “subarctic”) exhibits the highest difference, meaning an additional consump-
tion of 199.57 kWh/m2yr (post-C19 78%) to 203.17 kWh/m2yr (post-C19 84%). However,
for Shanghai (Zone 3-A “warm-humid”), the same difference drops to an extra value of
16.13 kWh/m2yr (post-C19 78%) to 17.98 kWh/m2yr (post-C19 84%).

Considering EUI fans, the buildings located in Zone 1-A Haikou and 2-A Guangzhou
have a reduced average of 8.21%. The remaining locations registered a “fans” EUI in-
crease average between 28.57% (post-C19 78%) and 27.99% (post-C19 84%). Overall, the
research team identifies a common trend: fans EUI tend to increase with post-C19 measures.
Nonetheless, this behavior tends to increase the percentage difference in colder climates or
higher latitudes (except the “highlands” locations) (see Table A1).



Clean Technol. 2022, 4 192

Regarding the EUI “lighting”, the average decreases to 47.62% (8.88 kWh/m2yr) with
minor deviations under post-C19 scenarios considering all locations (see Table A2). The
plug equipment, pumps, and “SWH” EUI did not change in the post-C19 scenarios.
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Scheme 2. Cooling and heating EUI per location in pre- and post-C19 scenarios.

3.1.2. CO2 Emissions

The research team observes a correlation between the amount of usable energy con-
sumed by the building and the CO2e in post-C19 scenarios (see Scheme 2 above and
Scheme 3 below).
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The “linear” trend shows an overall increase in CO2e with post-C19 scenarios in all
locations except Zone 1-A Haikou to 3-C Kunming, with higher impact toward colder
regions (see Scheme 3, linear lines gap). The outcomes show a steady increase in CO2e
from Zone 3-C Kunming to 8-H Yushu, on average, by 11.76% or 374.04 tonne/CO2e/yr
(post-C19 78%), to 11.13% or 357.76 tonne/CO2e/yr (post-C19 84%).

On the contrary, in the “very hot-humid” to “warm” climates of Zone 1-A to 3-C,
there is a CO2e reduction range around 9%, reaching 17.73% (post-C19 78%) and 16.86%
(post-C19 84%) in Zone 1-A Haikou. The lowest variations occur in the “mixed” climates of
Zone 3-C to 4-B with an average CO2e increased value between 2.28% (post-C19 78%) and
1.62% (post-C19 84%), while the highest is observed in the “subarctic” Zone 8 Tahé (see
Table 12 below).

Table 12. CO2 emissions per location in pre- and post-C19 scenarios.

CZ, City, Province
CO2 Emissions (Tonne/CO2e/yr) Variation Difference

Pre-C19 Post-C19
78%|84%

Absolute Value
78%|84%

Percentual (%)
78%|84%

Zone 1-A, Haikou, Hainan 781.80 643.20|650.00 −138.60|−131.8 −17.73|−16.86
Zone 2-A, Guangzhou, Guangdong 752.90 628.10|632.80 −124.80|−120.10 −16.58|−15.95

Zone 3-A, Shanghai, Shanghai 1057.50 1060.70|1053.90 3.20|−3.60 0.30|−0.34
Zone 3-C, Kunming, Yunnan 725.70 698.50|692.70 −27.20|−33.00 −3.75|−4.55

Zone 4-A, Xi’an, Shaanxi 1474.20 1544.80|1535.80 70.60|61.60 4.79|4.18
Zone 4-B, Beijing, Beijing 1897.10 2044.30|2033.80 147.20|136.70 7.76|7.21

Zone 4-H, Chamdo, Xizang 1913.90 2092.90|2073.80 179.00|159.90 9.35|8.35
Zone 5-A, Shenyang, Liaoning 2704.90 3167.70|3153.90 462.80|449.00 17.11|16.60

Zone 5-B, Lanzhou, Gansu 1938.60 2151.10|2137.70 212.50|199.10 10.96|10.27
Zone 5-H, Lhasa, Xizang 1790.50 1920.80|1903.50 130.30|113.00 7.28|6.31

Zone 6-A, Changchun, Jilin 3700.10 4301.70|4286.10 601.60|586.00 16.26|15.84
Zone 6-B, Ordos, Nei Menggu 2668.90 2991.70|2975.10 322.80|306.20 12.09|11.47

Zone 6-H, Xi’ning, Qinghai 2659.70 2918.80|2900.90 259.10|241.20 9.74|9.07
Zone 7, Harbin, Heilongjiang 4039.10 4698.30|4682.70 659.20|643.60 16.32|15.93
Zone 7-H, Delinghá, Qinghai 3102.90 3432.20|3412.40 329.30|309.50 10.61|9.97
Zone 8, Tahé, Heilongjiang 5714.90 6902.70|6883.60 1187.80|1168.70 20.78|20.45
Zone 8-H, Yushu, Qinghai 3042.50 3342.80|3318.19 300.30|276.40 9.87|9.08

Despite the different climate types in the “highlands”, these locations show similar
higher values, ranging from 7.28% (post-C19 78%) to 6.21% (post-C19 84%) in Zone 5-H
Lhasa to 10.61% (post-C19 78%) and 9.97% (post-C19 84%) in Zone 7-H Delinghá.

When it comes to absolute values, a building located in the cold regions of Harbin
(Zone 7 “very-cold”) and Tahé (Zone 8 “subarctic”) displays the highest potential to increase
CO2e—more 659.2 tonne/CO2e/yr (post-C19 78%) and 643.6 tonne/CO2e/yr (post-C19
84%), to 1187.8 tonne/CO2e/yr (post-C19 78%) and 1168.70 tonne/CO2e/yr (post-C19
84%), respectively. The “very hot” to “hot” climates of Haikou and Guangzhou (Zone 1-A,
2-A) show the highest decrease under post-C19 scenarios (see Table 12).

3.1.3. Energy Costs

The average prices for natural gas and electricity in China depend on the oversees
provinces (electrical industrial power rates prices for 10 kv per Chinese province according
to Zhang [81] (Sec. “China’s electricity pricing by region”); natural gas prices per Chinese
province according to Paltsev and Zhang [82] (p. 11). Based on the studied locations, the
electricity price of the kWh, on average, costs 65.28% more than natural gas.

The research team concluded a correlation between the total energy consumed, CO2e,
and cost behavior (see Schemes 1 and 3 above and Scheme 4 below). The overall annual
expense increases in both post-C19 scenarios with an inflection point in Zone 3-C Kunming.
For more information see Appendix B, Table A5.
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nese province according to Paltsev and Zhang [82] (p. 11 ). Based on the studied locations, 

the electricity price of the kWh, on average, costs 65.28% more than natural gas. 

The research team concluded a correlation between the total energy consumed, CO2e, 

and cost behavior (see Scheme 1 and 3 above and Scheme 4 below). The overall annual ex-

pense increases in both post-C19 scenarios with an inflection point in Zone 3-C Kunming. 

For more information see Appendix B, Table A5. 
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Scheme 4. Energy costs (USD) per location in pre- and post-C19 scenarios.

There is a steady increasing trend in the operation costs of buildings (from the “mixed”
Zone 4-A Xi’an to the “subarctic highland” Zone 8-H Yushu (on average, 9.89% in post-C19
78%, and 9.37% in post-C19 84%), averaging an additional USD 2.68 kWh/yr (post-C19 78%)
and USD 2.57 kWh/yr (post-C19 84%) (see Scheme 4 above, linear trend lines). A building
located in Zone 8 Tahé sees its annual energy costs rise between 21.03% or USD 9.04 kWh/yr
(post-C19 78%), and 20.72% or USD 8.91 kWh/yr (post-C19 84%), when compared with the
pre-C19 scenario; this is followed by Zone 7 Harbin and Zone 6-A Changchun. The lowest
variation occurs in Zone 4-A Xi’an (average extra cost of 0.06 kWh/yr) and Zone 5-H Lhasa
(average extra cost of USD 0.56 kWh/yr) in the post-C19 84% scenario.

In warmer climates, from Zone 1-A Haikou to 3-C Kunming, it is possible to cut
costs by 16.66%, or USD 1.52 kWh/yr (post-C19 78%) and 15.76%, or USD 1.44 kWh/yr
(post-C19 84%). On average, in warmer to hot climates, the costs reduce by 9.77% or USD
0.92 (post-C19 78%), and 9.64% or USD 0.91 kWh/yr (post-C19 84%).

3.2. Findings and Comments

The previous section comprises the following key findings:

• A correlation between the amount of usable energy consumed by the building emitting
CO2 and costs behavior in post-C19 scenarios;

• An overall increase in buildings’ usable energy consumption in 15 of the 17 simulated
locations, for latitudes above 24◦ N (“warm” to “subarctic” climates) at an average
rate of 12.46% (post-C19 78%) and 11.70% (post-C19 84%) in post-C19 scenarios;

• The usable energy consumption of lower latitudes under 24◦ N (“hot” to “very hot”
climates) is cut by, on average, between 15.47% (post-C19 78%) and 14.76% (post-C19
84%);

• “Cooling” and “heating” play a decisive role due to their EUI weight. In particular,
the last one displays with an average EUI weight of 76.64%, peaking at 87.77% on Tahé
(Zone 8 “subarctic”);

• The acclimatization, mainly the “heating” field, has a considerable impact on the
building’s overall performance (energy consumption, CO2e, and costs) in post-C19
scenarios;
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• The “lighting” and “fans” EUI consumption are marginal compared to other assessed
parameters;

• Remote work policies also impact a building’s energy performance, assuming the
extra space for establishing safe distancing between workers and visitors, and;

• The lower the occupation figure, the higher the energy consumption in cold climates
(harmful) and the lower in hot to warm ones (beneficial).

4. Discussion

The research addresses the impact of COVID-19 guidelines on office buildings’ energy
performances in the post-pandemic era across China’s territory. The authors analyzed the
main guidelines published and focused on the Chinese entities CAR, CCTG, PMPH, and
CDCP. After identifying the most targeted parameters (ventilation and social distancing),
the Feng et al. [56] Chinese office building prototype model was assessed under three
scenarios: pre-C19 baseline and post-C19 with 78% and 84% occupation [41]. Resorting
to a BES methodology, the research measured and evaluated the EUI, CO2e, and energy
operating costs of a BEM located in 8 CZ and 17 subzones following Bai et al.’s [48] CZ
classification. In post-C19 scenarios, the outcomes show an overall increasing tendency in
the studied energy-related fields as we move toward colder climates (“warm” to “subarctic”)
and energy savings in “hot” to “very hot” locations. The acclimatization, mainly the
“heating” field, has a considerable impact on the overall performance due to its average
76.64% EUI weight (from “warm” to “subarctic”) and the tendency to aggravate in colder
climates. Due to the remote work policies, occupation cuttings are beneficial in warmer
climates and harmful in cold ones. Moreover, the outcomes show that the lower the
occupation value, the higher the impact. Recommendations related to filtration upgrades,
such as MERV 8/M5 to 14/F8 [8,22] and UVGI installment [13,21], prove to be non-relevant,
in absolute numbers, for the building performance despite their EUI variations. The results
can be explained by measures such as the open-window policy, the increase in outdoor
air-rates per person, pre- and post-occupancy air-flush, DCV disabling, and air recirculation
reduction that tend to increase “fans” and “heating” EUI [28] due to the increment of energy
lost due to “ventilation”. Simultaneously, increasing the AT from 5 ◦C to 16 ◦C during
non-working hours with less occupancy (16% to 22% cut) contributes to an overall energy
increase (mainly heating). These adjustments are particularly harmful to the building
performance in colder climates and higher latitudes due to the “heating” EUI weight.
This means that any recommendation that affects this field plays a decisive role in energy
savings or expenditure. On the contrary, with less internal heating gains, natural ventilation
strategies in place (leading to passive cooling), DCV disabling, and higher airflow rates,
the “cooling” EUI drops in “hot” to “very hot” locations.

The research confirms the literature forecast that COVID-19 guidelines directly impact
the energy consumption in an office building during annual operation. Nonetheless, despite
the lack of quantitative figures, the literature points toward an overall increase in energy
consumption [16,21–24,29]. This study partially corroborates the prior authors but only in
15 locations, from Zone 3-A Shanghai to Zone 8-H Yushu (“warm” to “subarctic” climates).
In a country already facing climate change consequences [64], the guideline recommen-
dations go against future expectations by increasing the CO2e and energy-related costs in
13 locations (Zone 4-A Xi’an to Zone 8-H Yushu) in post-C19 scenarios. To a certain extent,
these outcomes align with literature expectations that advocate for an escalation in HVAC
systems operation costs [16,21,36], although these are not observable in warmer regions.
Cortiços and Duarte [32] achieved similar results in the USA, realizing that energy demand
does not show a homogenous behavior when comparing pre- and post-COVID-19 scenarios
in different locations. However, the USA analysis shows higher figures, with the usable en-
ergy consumption rising, on average, by 21.72% in cold climates versus the 12.46%/11.70%
achieved in the current research on Chinese territory. Nonetheless, for “warm” to “very
hot” climates, China delivers accountable savings with 16.12%/15.25% against the 11.92%
in the USA. A plausible cause for the discrepancies, aside from geographic reasons, relates
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to the simulated office building prototype’s features and indoor occupancy (50% cut in
the USA vs. 16% and 22% in our study). (Note that the USA research did not consider the
telework forecasts but rather the COVID-19 recommendations.) Once more, and in line
with our findings, the acclimatization EUI reflects, particularly for the “heating” parameter,
an energy performance negative impact in cold climate locations. Similarly, Feng et al. [27]
also refer to the fact that “cooling”, “heating”, and “fans” correspond to a weight EUI of
45.79%, although this is limited to Beijing, Shanghai, and Guangzhou, cities that correspond
to a climate classification of “mixed”, “warm”, and “hot-humid” in the current research,
respectively. Other authors found the same overall increasing consumption tendency, such
as Ascione et al. [28], Faulkner et al. [37], and Zheng et al. [20]. The last author concluded
that prioritizing health over comfort or efficiency led to an energy consumption increase
of 128% on a Chinese public building during the pandemic, which is over 100% higher
than the highest value in our study (Zone 8 Tahé in Heilongjiang province). The assessed
building type, location, and constructive features can explain the discrepancy in perfor-
mance. By the same token, Kang et al.’s [33] study in South Korea during the pandemic
concluded that the office building electricity rose (+)1.5% from January to March 2020.
This value is significantly lower than the current study outcomes but confirms the same
upward tendency. However, according to this study, the year ended with an average of
less, (−)1.36%, due to lockdown enforcement (level 2) and shutting down the electronic
equipment. Natural gas faced even more significant cuts, achieving a yearly average of
(−)7.31% for reducing heating and hot water consumption, showing a contrasting tendency
against the overconsumption claim. It is essential to acknowledge that energy consumption
dropped during lockdowns and not when the economy reopened, a scenario similar to the
post-C19 simulated in the current research. To support this claim, Si et al. [31] state that the
power and gas sectors were some of the most affected by the COVID-19 pandemic, leading
to negative supply over demand.

In the same way, Wang et al. [35], in 2021, found that electricity consumption dropped
in China by (−)29%, from January to August 2020, compared with the 2015 to 2019 period.
With the reopening of the economy, the numbers flipped from savings to overconsumption.
In line with our study, and showing a decreasing tendency in energy consumption, is the
Gui et al. [34] research that states an energy consumption cut of around 24.88 kWh/m2 on
HVAC systems during the academic year at five campuses at Griffith University, Southeast
Queensland, Australia. The results are due to the lockdowns and Queensland’s “humid
subtropical” climate classification (Köppen−Geiger Climate Classification subtype “Cfa”—
Humid Subtropical Climate), showing an energy-saving trend in line with our study for
“very hot” to “hot-humid” climates (Zone 1-A Haikou and 2-A Guangzhou).

Until now, publications were lacking that addressed the impact of telework or hybrid
workplace predictions on energy consumption; therefore, the authors open the discussion
to fill this gap. Mokhtari and Jahangir [38] presents a solid example run in a Tehran
University that addresses the impact of occupant distribution under air exchange rate,
class duration, and working-hours presets to achieve a balance between health and EE.
Despite the differences (in location, building type, function, systems, and schedules), there
is a similar acknowledgment in our research that indoor occupation has an impact by
decreasing the infection odds and saving energy.

Finally, and in line with Awada et al. [26], the research team foresees that COVID-19
mitigation guidelines will not only push for indoor health and safety but also for new
design, layouts, schedules, and systems (HVAC) in building operation and management.

4.1. Contribution to Knowledge

The authors recognize that COVID-19 guidelines mainly follow the settings of nursing
homes and knowledge published by SBS authors, which from 1988 (120) to 2020 (558) in-
creased production by 465% (according to Scopus). The guidelines underline the concerns
of contemporary societies in achieving a healthier and safer environment in the workplace
(e.g., indoor smoking bans) and, from an employer point of view, seeking higher produc-
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tivity and lower absenteeism [83]. They also recognize the Chinese research institutions’
(e.g., CAR) efforts to design COVID-19 HVAC/AHU guidelines to tackle the EE and CO2e
following international commitments, such as the Paris Accord, while improving indoor
air quality. The research identifies an overall EUI’s overconsumption trend, following other
authors’ recent studies [16,21–24,29], despite two southern locations revealing opposite
outcomes. At last, higher ventilation rates remove the necessity of cooling loads in hot
climates and improve air quality for users under post-C19 scenarios.

4.2. Study Limitations

The authors acknowledge the following limitations:

• Official guidelines to standard office buildings that set 0.4 window-to-wall ratios in
every CZ [56];

• Non-official CZ in favor of a scientific update considering the climate changes;
• The sparse number of cities for each CZ;
• Limitations of the EE software (Cove.tool) that call for further calculations, such as fan

airflow pressure and UV light consumption (manual input);
• The generalization of the standard Chinese office building following the official guide-

lines;
• The lack of involved costs to update the HVAC/AHU, BACS, installation of UVGI

devices, sensors, and change the filters, and;
• Besides the sources referred to in the Literature section [41,43,47], there is a lack of

novel studies/reports forecasting China’s telework weight tendency in the near future.

5. Conclusions

The research team took the effort to verify the disruption produced by the COVID-19
mitigation guidelines and telework prediction on Chinese office buildings in the coming
future. The study followed a vastly used methodology framed by BES plus BEM and run
under-recognized LEED software. It concluded, on the one hand, the results by the growth
in EUI by 11.70% and 12.46%, CO2e by 11.13% and 11.76%, and costs by 9.37% and 9.89%,
upon 78% and 84% occupation rate, respectively, for buildings located in “warm/mixed”
to “subarctic” climates, which is more visible in colder regions with high heating demands.
On the other hand, the figures for “very hot” to “hot/warm” climates are lower for EUI by
14.76% and 15.47%, CO2e by 9% (in both scenarios), and costs by 9.64% and 9.77%, upon
78% and 84% occupation rate respectively, respectively. The study proves the reliability of
simple models to predict the impact of new policies upon the studied energy parameters.

Today’s policy designs struggle to address climate change as well as new social and
working models, as the first imposes “new” CZ adjustments while the second imposes
new ways of life toward health, safety, and changing working habits. The current indoor
air guidelines need desegregation to address the “new” CZ as well as the social and
working patterns to balance energy shortage, rising costs, and CO2e. The path is open to
introduce new technologies, such as real-time assessment based on envelope sensors and
thermal cameras managed by self-learning HVAC/AHU systems. Together with artificial
intelligence technology, these systems will manage and adjust in real-time the best indoor
conditions [20] to tackle environmental disruptions and alert maintenance needs.
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Scheme A1. Standard office building model schedules on weekdays by Feng et al. [49] (pp. 4–125,
Figure 4).
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Scheme A2. Building model schedules all year on weekdays in post-C19 scenarios. Designed by the
research team.
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Table A1. Fans EUI per location in pre- and post-C19 scenarios.

CZ, City, Province
Fans Variation Difference (%)

Pre-C19 Post-C19 78% Post-C19 84% Post-C19 78% Post-C19 84%

1-A, Haikou, Hainan 16.71 14.94 15.20 −10.59% −9.04%
2-A, Guangzhou, Guangdong 15.73 14.59 14.75 −7.25% −6.23%

3-A, Shanghai, Shanghai 15.07 16.99 16.97 +12.74% +12.61%
3-C, Kunming, Yunnan 11.87 13.12 13.09 +10.53% +10.28%

4-A, Xi’an, Shaanxi 19.82 23.03 22.95 +16.20% +15.79%
4-B, Beijing, Beijing 24.45 29.47 29.34 +20.53% +20.00%

4-H, Chamdo, Xizang 22.84 28.73 28.49 +25.79% +24.74%
5-A, Shenyang, Liaoning 31.43 44.24 44.07 +40.76% +40.22%

5-B, Lanzhou, Gansu 23.56 30.80 30.63 +30.73% +30.01%
5-H, Lhasa, Xizang 21.94 26.79 26.62 +22.11% +21.33%

6-A, Changchun, Jilin 42.04 59.52 59.29 +41.58% +41.03%
6-B, Ordos, Nei Menggu 31.48 41.41 41.18 +31.54% +30.81%

6-H, Xi’ning, Qinghai 32.11 40.49 40.25 +26.10% +25.35%
7, Harbin, Heilongjiang 45.57 64.97 64.73 +42.57% +42.05%
7-H, Delinghá, Qinghai 37.19 47.09 46.86 +26.62% +26.00%
8, Tahé, Heilongjiang 60.72 94.84 94.60 +56.19% +55.80%
8-H, Yushu, Qinghai 35.82 44.64 44.38 +24.62% +23.90%

Table A2. Lighting EUI per location in pre- and post-C19 scenarios.

CZ, City, Province
Lighting Variation Difference (%)

Pre-C19 Post-C19 78% Post-C19 84% Post-C19 78% Post-C19 84%

1-A, Haikou, Hainan 18.60 9.56 9.56 −48.60% −48.60%
2-A, Guangzhou, Guangdong 18.90 10.07 10.07 −46.72% −46.72%

3-A, Shanghai, Shanghai 18.94 10.31 10.31 −45.56% −45.56%
3-C, Kunming, Yunnan 18.53 9.57 9.57 −48.35% −48.35%

4-A, Xi’an, Shaanxi 18.62 9.61 9.61 −48.39% −48.39%
4-B, Beijing, Beijing 18.90 10.23 10.23 −45.87% −45.87%

4-H, Chamdo, Xizang 18.41 9.61 9.61 −47.80% −47.80%
5-A, Shenyang, Liaoning 19.34 10.58 10.58 −45.29% −45.29%

5-B, Lanzhou, Gansu 18.78 9.85 9.85 −47.55% −47.55%
5-H, Lhasa, Xizang 18.03 9.40 9.40 −47.86% −47.86%

6-A, Changchun, Jilin 18.83 9.93 9.93 −47.27% −47.27%
6-B, Ordos, Nei Menggu 18.53 9.60 9.60 −48.19% −48.19%

6-H, Xi’ning, Qinghai 18.20 7.90 7.90 −56.59% −56.59%
7, Harbin, Heilongjiang 18.92 10.46 10.46 −44.71% −44.71%
7-H, Delinghá, Qinghai 18.69 9.67 9.67 −48.26% −48.26%
8, Tahé, Heilongjiang 18.81 10.44 10.44 −44.50% −44.50%
8-H, Yushu, Qinghai 18.13 9.44 9.44 −47.93% −47.93%

Appendix B

Appendix B.1. Cove.tool’s Assessments

Reports Pre- and Post-C19 Scenarios

This document contains the reports generated by Cove.tool software concerning the
BEM energy analysis on pre- and post-C19 scenarios.
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Figure A2. Zone 1-A Haikou, Hainan (post-COVID-19 78% scenario).
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Figure A3. Zone 1-A Haikou, Hainan (post-COVID-19 84% scenario). 
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Figure A4. Zone 2-A Guangzhou, Guangdong (pre-COVID-19 scenario). 
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Figure A5. Zone 2-A Guangzhou, Guangdong (post-COVID-19 78% scenario). 
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Figure A6. Zone 2-A Guangzhou, Guangdong (post-COVID-19 84% scenario). 

 

Figure A6. Zone 2-A Guangzhou, Guangdong (post-COVID-19 84% scenario).
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Figure A7. Zone 3-A Shanghai, Shanghai (pre-COVID-19 scenario). 
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Figure A8. Zone 3-A Shanghai, Shanghai (post-COVID-19 78% scenario). 

 

Figure A8. Zone 3-A Shanghai, Shanghai (post-COVID-19 78% scenario).
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Figure A9. Zone 3-A Shanghai, Shanghai (post-COVID-19 84% scenario). 

 

Figure A9. Zone 3-A Shanghai, Shanghai (post-COVID-19 84% scenario).
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Figure A10. Zone 3-C Kunming, Yunnan (pre-COVID-19 scenario). 

 

Figure A10. Zone 3-C Kunming, Yunnan (pre-COVID-19 scenario).
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Figure A11. Zone 3-C Kunming, Yunnan (post-COVID-19 78% scenario). 

 

Figure A11. Zone 3-C Kunming, Yunnan (post-COVID-19 78% scenario).
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Figure A12. Zone 3-C Kunming, Yunnan (post-COVID-19 84% scenario). 

 

Figure A12. Zone 3-C Kunming, Yunnan (post-COVID-19 84% scenario).
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Figure A13. Zone 4-A Xi’an, Shaanxi (pre-COVID-19 scenario). 
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Figure A14. Zone 4-A Xi’an, Shaanxi (post-COVID-19 78% scenario). 

 

Figure A14. Zone 4-A Xi’an, Shaanxi (post-COVID-19 78% scenario).
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Figure A15. Zone 4-A Xi’an, Shaanxi (post-COVID-19 84% scenario). 

 

Figure A15. Zone 4-A Xi’an, Shaanxi (post-COVID-19 84% scenario).
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Figure A16. Zone 4-B Beijing, Beijing (pre-COVID-19 scenario). 

 

Figure A16. Zone 4-B Beijing, Beijing (pre-COVID-19 scenario).
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Figure A17. Zone 4-B Beijing, Beijing (post-COVID-19 78% scenario). 

 

Figure A17. Zone 4-B Beijing, Beijing (post-COVID-19 78% scenario).

Clean Technol. 2022, 4, FOR PEER REVIEW  45 
 

 

 

Figure A18. Zone 4-B Beijing, Beijing (post-COVID-19 84% scenario). 

 

Figure A18. Zone 4-B Beijing, Beijing (post-COVID-19 84% scenario).
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Figure A19. Zone 4-H Chamdo, Xizang (pre-COVID-19 scenario). 

 

Figure A19. Zone 4-H Chamdo, Xizang (pre-COVID-19 scenario).
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Figure A20. Zone 4-H Chamdo, Xizang (post-COVID-19 78% scenario). 

 

Figure A20. Zone 4-H Chamdo, Xizang (post-COVID-19 78% scenario).
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Figure A21. Zone 4-H Chamdo, Xizang (post-COVID-19 84% scenario). 

 

Figure A21. Zone 4-H Chamdo, Xizang (post-COVID-19 84% scenario).
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Figure A22. Zone 5-A Shenyang, Liaoning (pre-COVID-19 scenario). 

 

Figure A22. Zone 5-A Shenyang, Liaoning (pre-COVID-19 scenario).
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Figure A23. Zone 5-A Shenyang, Liaoning (post-COVID-19 78% scenario). 

 

Figure A23. Zone 5-A Shenyang, Liaoning (post-COVID-19 78% scenario).
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Figure A24. Zone 5-A Shenyang, Liaoning (post-COVID-19 84% scenario). 

 

Figure A24. Zone 5-A Shenyang, Liaoning (post-COVID-19 84% scenario).
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Figure A25. Zone 5-B Lanzhou, Gansu (pre-COVID-19 scenario). 

 

Figure A25. Zone 5-B Lanzhou, Gansu (pre-COVID-19 scenario).
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Figure A26. Zone 5-B Lanzhou, Gansu (post-COVID-19 78% scenario). 

 

Figure A26. Zone 5-B Lanzhou, Gansu (post-COVID-19 78% scenario).
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Figure A27. Zone 5-B Lanzhou, Gansu (post-COVID-19 84% scenario). 

 

Figure A27. Zone 5-B Lanzhou, Gansu (post-COVID-19 84% scenario).
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Figure A28. Zone 5-H Lhasa, Xizang (pre-COVID-19 scenario). 

 

Figure A28. Zone 5-H Lhasa, Xizang (pre-COVID-19 scenario).
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Figure A29. Zone 5-H Lhasa, Xizang (post-COVID-19 78% scenario). 

 

Figure A29. Zone 5-H Lhasa, Xizang (post-COVID-19 78% scenario).

Clean Technol. 2022, 4, FOR PEER REVIEW  57 
 

 

 

Figure A30. Zone 5-H Lhasa, Xizang (post-COVID-19 84% scenario). 

 

Figure A30. Zone 5-H Lhasa, Xizang (post-COVID-19 84% scenario).
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Figure A31. Zone 6-A Changchun, Jilin (pre-COVID-19 scenario). 

 

Figure A31. Zone 6-A Changchun, Jilin (pre-COVID-19 scenario).
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Figure A32. Zone 6-A Changchun, Jilin (post-COVID-19 78% scenario). 

 

Figure A32. Zone 6-A Changchun, Jilin (post-COVID-19 78% scenario).
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Figure A33. Zone 6-A Changchun, Jilin (post-COVID-19 84% scenario). 

 

Figure A33. Zone 6-A Changchun, Jilin (post-COVID-19 84% scenario).
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Figure A34. Zone 6-B Ordos, Nei Menggu (pre-COVID-19 scenario). 

 

Figure A34. Zone 6-B Ordos, Nei Menggu (pre-COVID-19 scenario).
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Figure A35. Zone 6-B Ordos, Nei Menggu (post-COVID-19 78% scenario). 

 

Figure A35. Zone 6-B Ordos, Nei Menggu (post-COVID-19 78% scenario).
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Figure A36. Zone 6-B Ordos, Nei Menggu (post-COVID-19 84% scenario). 

 

Figure A36. Zone 6-B Ordos, Nei Menggu (post-COVID-19 84% scenario).
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Figure A37. Zone 6-H Xi’ning, Qinghai (pre-COVID-19 scenario). 

 

Figure A37. Zone 6-H Xi’ning, Qinghai (pre-COVID-19 scenario).
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Figure A38. Zone 6-H Xi’ning, Qinghai (post-COVID-19 78% scenario). 

 

Figure A38. Zone 6-H Xi’ning, Qinghai (post-COVID-19 78% scenario).
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Figure A39. Zone 6-H Xi’ning, Qinghai (post-COVID-19 84% scenario). 

 

Figure A39. Zone 6-H Xi’ning, Qinghai (post-COVID-19 84% scenario).
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Figure A40. Zone 7 Harbin, Heilongjiang (pre-COVID-19 scenario). 

 

Figure A40. Zone 7 Harbin, Heilongjiang (pre-COVID-19 scenario).
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Figure A41. Zone 7 Harbin, Heilongjiang (post-COVID-19 78% scenario). 

 

Figure A41. Zone 7 Harbin, Heilongjiang (post-COVID-19 78% scenario).
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Figure A42. Zone 7 Harbin, Heilongjiang (post-COVID-19 84% scenario). 

 

Figure A42. Zone 7 Harbin, Heilongjiang (post-COVID-19 84% scenario).
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Figure A43. Zone 7-H Delinghá, Qinghai (pre-COVID-19 scenario). 

 

Figure A43. Zone 7-H Delinghá, Qinghai (pre-COVID-19 scenario).
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Figure A44. Zone 7-H Delinghá, Qinghai (post-COVID-19 78% scenario). 

 

Figure A44. Zone 7-H Delinghá, Qinghai (post-COVID-19 78% scenario).
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Figure A45. Zone 7-H Delinghá, Qinghai (post-COVID-19 84% scenario). 

 

Figure A45. Zone 7-H Delinghá, Qinghai (post-COVID-19 84% scenario).
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Figure A46. Zone 8 Tahé, Heilongjiang (pre-COVID-19 scenario). 

 

Figure A46. Zone 8 Tahé, Heilongjiang (pre-COVID-19 scenario).
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Figure A47. Zone 8 Tahé, Heilongjiang (post-COVID-19 78% scenario). 

 

Figure A47. Zone 8 Tahé, Heilongjiang (post-COVID-19 78% scenario).
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Figure A48. Zone 8 Tahé, Heilongjiang (post-COVID-19 84% scenario). 

 

Figure A48. Zone 8 Tahé, Heilongjiang (post-COVID-19 84% scenario).
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Figure A49. Zone 8-H Yushu, Qinghai (pre-COVID-19 scenario). 

 

Figure A49. Zone 8-H Yushu, Qinghai (pre-COVID-19 scenario).
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Figure A50. Zone 8-H Yushu, Qinghai (post-COVID-19 78% scenario). 

 

Figure A50. Zone 8-H Yushu, Qinghai (post-COVID-19 78% scenario).
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Figure A51. Zone 8-H Yushu, Qinghai (post-COVID-19 84% scenario). 

  

Figure A51. Zone 8-H Yushu, Qinghai (post-COVID-19 84% scenario).
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Appendix B.2. Results

Appendix B.2.1. Disaggregated EUI and Total Usable Energy Consumption

Table A3. Pre-and post-C19 scenario EUI results by location in kWh/m2yr.

ASHRAE Climate Zone (29)

City

Cooling Heating Lighting Plugs and
Equipment Fans Pumps SWH Total

Zone,
Subzone Classification Pre-

C19
Post-
C19
78%

Post-
C19
84%

Pre-
C19

Post-
C19
78%

Post-
C19
84%

Pre-
C19

Post-
C19
78%

Post-
C19
84%

Pre-
C19

Post-
C19

Pre-
C19

Post-
C19

78% (a)

Post-
C19

84% (a)
Pre-
C19

Post-
C19

Pre-
C19

Post-
C19

Pre-
C19

Post-
C19
78%

Post-
C19
84%

1 A very hot-humid Haikou 20.36 15.34 15.93 0.00 0.00 0.00 18.60 9.56 9.56 35.20 35.20 16.71 14.94 15.20 2.19 2.19 5.15 5.15 98.21 82.38 83.23

2 A hot-humid Guangzhou 16.76 12.57 13.05 1.21 1.27 1.15 18.90 10.07 10.07 35.20 35.20 15.73 14.59 14.75 2.19 2.19 5.15 5.15 95.14 81.04 81.56

3
A warm-humid Shanghai 8.38 5.90 6.18 78.52 96.50 94.65 18.94 10.31 10.31 35.20 35.20 15.07 16.99 16.97 2.19 2.19 5.15 5.15 163.45 172.24 170.65

C warm-humid-
highland Kunming 1.52 0.58 0.66 28.47 38.92 37.64 18.53 9.57 9.57 35.20 35.20 11.87 13.12 13.09 2.19 2.19 5.15 5.15 102.93 104.73 103.50

4
A mixed-humid Xi’an 8.32 6.10 6.36 156.52 186.33 184.18 18.62 9.61 9.61 35.20 35.20 19.82 23.03 22.95 2.19 2.19 5.15 5.15 245.82 267.61 265.64
B mixed-dry Beijing 7.80 5.40 5.66 235.73 277.96 275.58 18.90 10.23 10.23 35.20 35.20 24.45 29.47 29.34 2.19 2.19 5.15 5.15 329.42 365.60 363.35
H mixed-highland Chamdo 0.04 0.01 0.01 254.27 297.83 294.32 18.41 9.61 9.61 35.20 35.20 22.84 28.73 28.49 2.19 2.19 5.15 5.15 338.10 378.72 374.97

5
A cool-humid Shenyang 5.26 3.38 3.58 391.62 484.74 481.86 19.34 10.58 10.58 35.20 35.20 31.43 44.24 44.07 2.19 2.19 5.15 5.15 490.19 585.48 582.63
B cool-dry Lanzhou 3.13 1.44 1.60 252.38 303.53 300.79 18.78 9.85 9.85 35.20 35.20 23.56 30.80 30.63 2.19 2.19 5.15 5.15 340.39 388.16 385.41
H cool-highland Lhasa 0.07 0.02 0.02 231.13 266.19 262.91 18.03 9.4 9.4 35.20 35.20 21.94 26.79 26.62 2.19 2.19 5.15 5.15 313.71 344.94 341.49

6
A cold-humid Changchun 2.84 1.37 1.51 583.78 697.08 694.05 18.83 9.93 9.93 35.20 35.20 42.04 59.52 59.29 2.19 2.19 5.15 5.15 690.03 810.44 807.32
B cold-dry Ordos 1.56 0.62 0.7 392.96 460.93 457.8 18.53 9.6 9.6 35.20 35.20 31.48 41.41 41.18 2.19 2.19 5.15 5.15 487.07 555.10 551.82
H cold-highland Xi’ning 0.07 0.01 0.02 393.07 451.62 448.13 18.2 7.9 7.9 35.20 35.20 32.11 40.49 40.25 2.19 2.19 5.15 5.15 485.99 542.56 538.84

7
- very cold Harbin 3.16 1.54 1.69 646.59 768 764.95 18.92 10.46 10.46 35.20 35.20 45.57 64.97 64.73 2.19 2.19 5.15 5.15 756.78 887.51 884.37
H very cold-highland Delinghá 0.04 0.01 0.01 474.53 542.55 538.88 18.69 9.67 9.67 35.20 35.20 37.19 47.09 46.86 2.19 2.19 5.15 5.15 572.99 641.86 637.96

8
- subarctic Tahé 0.81 0.26 0.3 968.39 1171.56 1167.96 18.81 10.44 10.44 35.20 35.20 60.72 94.84 94.6 2.19 2.19 5.15 5.15 1091.27 1319.64 1315.84
H subarctic-highland Yushu 0 0 0 465.47 528.72 524.27 18.13 9.44 9.44 35.20 35.20 35.82 44.64 44.38 2.19 2.19 5.15 5.15 561.96 625.34 620.63

(a) Additional energy consumption of 1.22 kW/m2yr due to filter upgrade (MERV8 to 14) in post-C19.
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Table A4. Usable energy consumption per location (kWh/m2yr) in pre- and post-C19 scenarios.

Climate Zone, City
Total (kWh/m2yr) Variation Difference (%) Variation Difference (kWh/m2yr)

Pre-C19 Post-C19 78% Post-C19 84% Post-C19 78% Post-C19 84% Post-C19 78% Post-C19 84%

1-A, Haikou 98.21 82.38 83.23 −16.12% −15.25% −15.83 −14.98
2-A, Guangzhou 95.14 81.04 81.56 −14.82% −14.27% −14.10 −13.58

3-A, Shanghai 163.45 172.24 170.65 +5.38% +4.41% +8.79 +7.20
3-C, Kunming 102.93 104.73 103.50 +1.75% +0.55% +1.80 +0.57

4-A, Xi’an 245.82 267.61 265.64 +8.86% +8.06% +21.79 +19.82
4-B, Beijing 329.42 365.60 363.35 +10.98% +10.30% +36.18 +33.93

4-H, Chamdo 338.10 378.72 374.97 +12.01% +10.91% +40.62 +36.87
5-A, Shenyang 490.19 585.48 582.63 +19.44% +18.86% +95.29 +92.44
5-B, Lanzhou 340.39 388.16 385.41 +14.03% +13.23% +47.77 +45.02

5-H, Lhasa 313.71 344.94 341.49 +9.96% +8.86% +31.23 +27.78
6-A, Changchun 690.03 810.44 807.32 +17.45% +17.00% +120.41 +117.29

6-B, Ordos 487.07 555.10 551.82 +13.97% +13.29% +68.03 +64.75
6-H, Xi’ning 485.99 542.56 538.84 +11.64% +10.87% +56.57 +52.85

7, Harbin 756.78 887.51 884.37 +17.27% +16.86% +130.73 +127.59
7-H, Delinghá 572.99 641.86 637.96 +12.02% +11.34% +68.87 +64.97

8, Tahé 1091.27 1319.64 1315.84 +20.93% +20.58% +228.37 +224.57
8-H, Yushu 561.96 625.34 620.63 +11.28% +10.44% +63.38 +58.67
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Appendix B.2.2. Energy Costs

Table A5. Chinese standard office building energy costs comparison on pre- and post-C19 scenario by location.

Climate Zone,
City

Energy Prices
(USD/kWh) Total (kWh/m2yr) Variation Difference

(kWh/m2yr)
EUI (Fuel) (kWh/m2yr)

Cost (USD/kWh/yr)
Cost Difference

Pre-C19 Post-C19 78% Post-C19 84% (USD/kWh/yr) (%)

N.Gas Electricity Pre-
C19

Post-C19
78%

Post-C19
84%

Post-C19
78%

Post-C19
84% N.Gas Electricity N.Gas Electricity N.Gas Electricity Pre-

C19
Post-C19

78%
Post-C19

84%
Post-C19

78%
Post-C19

84%
Post-C19

78%
Post-C19

84%

1-A, Haikou 0.037 0.096 98.21 82.38 83.23 −15.83 −14.98 5.15 93.06 5.15 77.23 5.15 78.08 9.12 7.60 7.69 −1.52 −1.44 −16.66% −15.76%
2-A, Guangzhou 0.045 0.108 95.14 81.04 81.56 −14.10 −13.58 6.36 88.78 6.42 74.62 6.30 75.26 9.87 8.35 8.41 −1.53 −1.46 −15.46% −14.82%

3-A, Shanghai 0.045 0.116 163.45 172.24 170.65 +8.79 +7.20 83.67 79.78 101.65 70.59 99.80 70.85 12.95 12.69 12.64 −0.26 −0.31 −1.99% −2.40%
3-C, Kunming 0.039 0.090 102.93 104.73 103.50 +1.80 +0.57 33.62 69.31 44.07 60.66 42.79 60.71 7.53 7.16 7.11 −0.38 −0.42 −4.98% −5.58%

4-A, Xi’an 0.031 0.101 245.82 267.61 265.64 +21.79 +19.82 161.67 84.15 191.48 76.13 189.33 76.31 13.43 13.54 13.49 +0.11 +0.06 +0.82% +0.47%
4-B, Beijing 0.041 0.122 329.42 365.60 363.35 +36.18 +33.93 240.88 88.54 283.11 82.49 280.73 82.62 20.62 21.61 21.53 +0.99 +0.91 +4.82% +4.42%

4-H, Chamdo (a) 0.029 0.102 338.10 378.72 374.97 +40.62 +36.87 259.42 78.68 302.98 75.74 299.47 75.50 15.47 16.42 16.29 +0.95 +0.82 +6.14% +5.33%
5-A, Shenyang 0.041 0.107 490.19 585.48 582.63 +95.29 +92.44 396.77 93.42 489.89 95.59 487.01 95.62 26.20 30.24 30.12 +4.04 +3.93 +15.44% +15.00%
5-B, Lanzhou 0.033 0.102 340.39 388.16 385.41 +47.77 +45.02 257.53 82.86 308.68 79.48 305.94 79.47 17.06 18.43 18.34 +1.37 +1.27 +8.00% +7.46%

5-H, Lhasa 0.029 0.102 313.71 344.94 341.49 +31.23 +27.78 236.28 77.43 271.34 73.60 268.06 73.43 14.68 15.29 15.18 +0.62 +0.50 +4.19% +3.43%
6-A, Changchun 0.039 0.117 690.03 810.44 807.32 +120.41 +117.29 588.93 101.10 702.23 108.21 699.20 108.12 34.54 39.74 39.61 +5.20 +5.07 +15.06% +14.69%

6-B, Ordos 0.031 0.084 487.07 555.10 551.82 +68.03 +64.75 398.11 88.96 466.08 89.02 462.95 88.87 19.71 21.81 21.70 +2.09 +1.99 +10.63% +10.07%
6-H, Xi’ning 0.030 0.077 485.99 542.56 538.84 +56.57 +52.85 398.22 87.77 456.77 85.79 453.28 85.56 18.67 20.28 20.16 +1.61 +1.48 +8.60% +7.95%

7, Harbin 0.031 0.111 756.78 887.51 884.37 +130.73 +127.59 651.74 105.04 773.15 114.36 770.10 114.27 31.70 36.46 36.36 +4.77 +4.66 +15.04% +14.71%
7-H, Delinghá 0.030 0.077 572.99 641.86 637.96 +68.87 +64.97 479.68 93.31 547.70 94.16 544.03 93.93 21.54 23.65 23.52 +2.11 +1.98 +9.78% +9.19%

8, Tahé 0.031 0.111 1091.27 1319.64 1315.84 +228.37 +224.57 973.54 117.73 1176.71 142.93 1173.11 142.73 43.00 52.04 51.91 +9.04 +8.91 +21.03% +20.72%
8-H, Yushu 0.030 0.077 561.96 625.34 620.63 +63.38 +58.67 470.62 91.34 533.87 91.47 529.42 91.21 21.12 23.03 22.87 +1.91 +1.76 +9.04% +8.31%

(a) Due to the lack of information, the research team adopted the average business electricity prices of USD 0.102.
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