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ABSTRACT

Ultra-low energy buildings for building energy efficiency development, compared with traditional
buildings have obvious advantages. This paper simulates ultra-low-energy residential buildings in
severely cold regions through Software PHES, and calculates the energy-saving results of ultra-low-
energy residential buildings. The carbon emission factor method is analyzed, and the carbon emission
factor is calculated at different stages in the life cycle of the building. Select ultra-low-energy
residential buildings in cold regions for modeling, input meteorological parameters, indoor
environmental parameters and internal disturbance settings, building envelope, and combine with
heat recovery system to simulate the operation of ultra-low-energy residential buildings in cold
regions. Analyze the indoor and outdoor temperature and humidity values of traditional houses and
compare them with those of ultra-low-energy-consumption houses to verify the advantages of ultra-
low-energy-consumption residential buildings. Calculate the energy-saving efficiency of ultra-low-
energy residential buildings. Using the 9# residential building of Ruihu-Yunshanfu in Datong as a
practical verification case, this ultra-low energy residential building has a total life-cycle carbon
emission of 171.078 tC0O/a, with a unit area carbon emission of 16.415 kgC0O./m?-a. Compared to the
energy-saving design standards implemented in 2016, the carbon emission intensity is reduced by
60.02%, fully confirming the carbon reduction benefits of ultra-low energy residential buildings in
severe cold regions.
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1. Introduction

With the increasingly serious global climate change and energy crisis, governments and all walks of
life are paying more and more attention to energy conservation and emission reduction and improving
energy utilization efficiency. In the field of residential buildings, ultra-low-energy retrofit design, as an
effective energy-saving measure, aims to reduce the energy consumption level of buildings, reduce
carbon emissions and realize sustainable development [1-4]. The emission factor method, which
determines the concentration and total amount of air pollutants emitted by measuring and calculating
the emission factors of the emission sources, plays an important role in calculating and analyzing the
carbon emissions of ultra-low-energy residential buildings in cold regions [5-8].

Ultra-low-energy retrofit design is a technical means to reduce the overall energy consumption level
of a building by optimizing the building design, improving the operation efficiency of building
equipment, and adopting renewable energy sources under the premise of ensuring the comfort of the
building [9-12]. It mainly includes the following aspects: one is to improve the building thermal
insulation performance, through increasing the thickness of the building wall insulation materials, set
the thermal insulation layer and other measures to reduce the heat loss of the building, improve the
building thermal insulation performance [13-15]. The second is to optimize the building lighting
design: rationally set the location, area and shape of the windows, improve the natural lighting rate of
the building, and reduce the demand for artificial lighting [16-18]. The third is to improve the
operation efficiency of building equipment: select equipment with high energy efficiency rating, adopt
energy-saving technology to improve the operation mode of equipment, and reduce the energy
consumption of equipment [19-21]. The fourth is to adopt renewable energy sources: such as solar
photovoltaic power generation, ground source heat pumps, etc., to provide clean energy for buildings
and reduce the dependence on fossil energy [22-24].

Literature [25] proposed an optimization method combined with meta-modeling to examine the
carbon reduction potential of ultra-low energy buildings in severe cold regions and constructed a
building performance meta-model using the XGBoost algorithm. It was highlighted that the optimized
GWP, GC and OE were reduced compared to the original building. Literature [26] explored the technical
system and economic scheme of ultra-low-energy residential buildings, analyzed the effects of shading
and ventilation forms on energy consumption by constructing a typical residential model, and
elaborated the incremental cost of ultra-low-energy residential buildings, as well as the value of the
promotion of ultra-low-energy buildings. Literature [27] used a probabilistic behavioral model to
carry out a multi-objective optimization study of ultra-low-energy residences, and determined the
optimal solution for energy saving, indoor thermal comfort and economic cost, which provided a
reference for the design of ultra-low-energy buildings in the corresponding areas. Literature [28]
analyzed the energy consumption operation monitoring data, aiming to provide a good reference
method and design strategy for near-zero energy buildings in cold regions, and provided energy-
saving technologies and cost-benefit analysis models for energy conservation in cold regions.
Literature [29] proposed a hybrid method combining building energy simulation and orthogonal
experiment, and discussed the characteristics of building energy consumption and carbon emission.
Conclusions such as “the adoption of renewable energy systems in the operational phase of the
baseline building is beneficial to reduce energy consumption” were realized. Literature [30] aims to
investigate the carbon emission and reduction potential of low-energy buildings in cold regions. It was
pointed out that zero or negative carbon emissions can be achieved in wood frame systems. The
sensitivity of carbon emissions from low-energy buildings to incremental photovoltaic (PV) power
generation is significantly higher than the replacement rate of recycled concrete. Literature [31]
pointed out that ultra-low-energy building is an effective measure to reduce building energy
consumption and carbon dioxide emissions in high-cold and high-altitude regions of China, and
examined the performance of ultra-low-energy building based on case studies to reveal the difference
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between its two states of unheated and heated. Literature [32] established a simplified model of
panelized residential units in cold regions and fitted the relationship between wall and roof heating
factors and regional latitude, showing the correctness of this fitting relationship and laying the
foundation for fast and accurate estimation of solar heating potential in cold regions. Literature [33]
proposes a construction strategy model for the implementation path of ultra-low-energy buildings
applicable to different climate zones and building types, and the recommendations based on the model
are of practical value in guiding decision makers to promote the development of ultra-low-energy
buildings. The above studies not only show that ultra-low energy residential buildings are widely used
in cold regions, but also reveal their importance in favor of energy conservation and emission
reduction. Unfortunately, no scholars have mentioned the carbon emission calculation and analysis of
ultra-low-energy residential buildings based on the emission factor method in their research. It is
noteworthy to point out that in 2021, total carbon emissions from building activities in all phases of
China's lifecycle totaled 4.07 billion tons of CO-, accounting for 38.2% of China's total energy-related
carbon emissions and a 4.8% increase from 2020 [34]. Due to the huge influence of this sector,
controlling emissions in this sector is crucial to meet China's dual carbon targets. On October 21, 2021,
the General Office of Communist Party of China Central Committee published the 'Opinions on
Promoting Green Development in Urban and Rural Construction,’ calling for the adoption of measures
for peaking and achieving carbon neutrality in construction and promoting ultra-low-energy, near-
zero-energy, and zero-carbon buildings and developing extensive high-quality green buildings [35].
Compared to conventional green buildings, ultra-low-energy buildings can save as much as 90% of
energy and thus greatly reduce emissions and promote timely peaking and realization of dual carbons
in the construction sector [36].

This paper analyzes the carbon emission factor method and lists the calculation methods of carbon
emission factors at different stages through the life cycle of buildings. The model of ultra-low-energy-
consumption residence is established, and various types of building indexes are analyzed by PHES and
meteorological parameters, indoor environmental parameters of rooms, as well as internal
disturbance settings and envelope settings are brought in, and the heat recovery system is considered
to simulate the energy consumption of ultra-low-energy-consumption residence buildings in severe
cold areas during the period of use. Compare the thermal environments of traditional and ultra-low-
energy-consumption residential buildings, and analyze the temperature and humidity in the two
environments. Simulate the results of energy consumption of ultra-low-energy residential buildings
in cold regions for a whole year.

2. Methodology for calculating carbon emissions from residential buildings

2.1.  Carbon Emission Factor Approach

That is, the construction process energy consumption estimation method. It refers to the method of
utilizing the average value of carbon emissions generated during the production of unit products as
the basis for calculating the total carbon emissions under normal conditions of management capability
and technology level.

At this stage, the carbon emission coefficient is mainly counted in two ways: with gas recovery and
without gas recovery. In the specific application of the carbon emission factor, it is mainly based on the
energy consumed by the construction machinery when it is used in the construction site. Building
construction requires different construction processes to utilize different machinery and equipment
to complete the construction of an organic coordinated combination. For different construction
processes, the degree of machinery utilization is also different. Therefore, in order to calculate the
amount of energy consumed per unit of floor area under different construction methods, it is
necessary to know the carbon emissions of different machinery used under different construction
techniques. Ultimately, the carbon emissions per unit of floor area are calculated to obtain the amount
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of energy consumed by the construction process under the total floor area. Finally, the use of different
energy sources with different carbon emission coefficients, combined with the corresponding formula
to calculate the construction process, the unit area of energy consumption. Finally, calculate the carbon
emission under the construction process.

The specific ideas are: first of all, more specific construction process for scientific division.
Separately obtain different construction process stages, different equipment use list, including the
stage of the use of equipment models, power, quantity and operating time and other data.

Secondly, using the data obtained in the previous stage, according to the above calculation method
in this paper, the energy consumption of each construction section is derived from the industrialized
residential assembly construction method compared with the traditional residential cast-in-place
construction method, and the difference is mainly reflected in the number of building materials used,
the energy consumption of construction machinery, the energy consumption of dust and noise
reduction facilities, and garbage emissions and other differences.

The basic idea of the emission factor method is to follow the carbon emission inventory list. For each
emission source, activity data and emission factors are constructed, which are multiplied together to
form a formula for calculating carbon emissions, as shown in (1):

Emissions = ADx EF (1)

Where Emissions is the GHG emissions, AD is the activity data (the amount of specific uses and
inputs of individual sources that are directly related to carbon emissions), and EF is the emission factor
(the amount of GHG released per unit of use of a given source). The total carbon emissions for the
building construction measurement period is the sum of the products of the activity data of all
emission sources.

Emissions Source 1: ADI x EFl = Emissions 1.

Emissions source 2: AD2 x EF2 = Emissions 2.

Emission source n: ADnxEFn=Emissions n.

Total carbon emissions are shown in equation (2):

E =) ADixEFi (2)

i=1

2.2. Building life cycle carbon emission factors

The concept of “carbon emission factor” described in this paper is derived from the “carbon emission
factor” in the carbon emission factor method. The Intergovernmental Panel on Climate Change (IPCC)
defines the carbon emission factor as the amount of carbon emissions produced per unit of energy in
the combustion or use of a certain energy source, i.e., carbon emissions 7 =% consumption of energy
source i x carbon emission factor of energy source i (of which i denotes the energy source
category) [34-35].

Indeed, direct or indirect CO2 emissions at all stages of a building's life cycle are ultimately
generated by the consumption of energy. However, using energy consumption as an indicator to
measure the coincidental emissions of the life cycle of a building retroactively will make the calculation
very cumbersome, and will also lead to the problems of unclear division of phases, duplication or
omission of calculations, and so on.

In summary, this paper summarizes the carbon emission factors into four categories: energy carbon
emission factors, building materials carbon emission factors, transportation carbon emission factors
and mechanical equipment carbon emission factors.

In order to realize the calculation function of building life cycle carbon emission factor library
system and improve the practicability of the system, this paper formulates the calculation method of
building life cycle carbon emission according to the principle of process boundary division based on
the carbon emission factor method as follows:
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E=E+E +E +E,+E (3)

where FE is the total building life cycle carbon emissions (unit: t). E,E,---- E_ is the carbon

emissions from building materials use, building materials transportation, building construction,
building operation and maintenance, building demolition and building materials recycling (unit: t),
respectively.

(1) Carbon emission calculation formula for building materials production:

ElzzMixFBM,i (4)
=1

where M, represents the amount of building materials used in Category i. F,

s represents the

carbon emission factor for the production of building materials in category i. By default, all types of
building materials are commodities or prefabricated products.
(2) Calculation formula for carbon emissions in the transportation phase of building materials:

E,= Y F.,xBxIL (5)

i=1,p=1
In the formula, F, , indicates the carbon emission factor for the transportation of building
materials when using p types of transportation modes (e.g. road transportation by diesel trucks,
electric locomotive transportation, etc.). B, indicates the total weight of building materials of

category i (unit:t),and L indicates the distance of building materials of category i from the place

of origin to the construction site (unit: km).
(3) Carbon emission calculation formula for the construction phase of the building:

k= Z‘F e XX ;XN (6)
=

where F, . represents the carbon emission factor of the construction machinery and equipment in
category j. X, represents the total workload (unit: shift) of category j mechanical equipment,
and N, represents the number of category ;j mechanical equipment.

(4) Calculation formula for carbon emissions in the operation phase of the building:
E,=(Q xFy+0, XFEF,g +0, XFEF,I)XY+ZRt XFBM,t xC, (7)
t=1

In the formula, Y indicates the service life of the building (unit: year). O represents the average
annual electricity consumption of the building (unit: kwh), and F,, represents the carbon emission
factor of electricity. Q. indicates the average annual natural gas consumption of the building (unit:
m’), and Fy., indicates the carbon emission factor of natural gas. (; indicates the average annual
amount of liquefied petroleum gas used in the building (unit: Kg), F,,, indicates the carbon emission
factor of liquefied petroleum gas. R indicates the amount of building materials to be replaced in

Category ¢ (unit: varies by material), F,

indicates the carbon emission factor of building
materials to be replaced in Category ¢, and C, indicates the number of times building materials in

Category ¢ are replaced.
(5) Calculation formula for the phase of building demolition and recycling of building materials:
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s=1

Es :zFMC,qXXqXNq +2FT,kXZcXDk+zMs XW X(FRP,S _FBM,S) (8)
=1 k=1

where F, .~ represents the carbon emission factor of the dismantling machinery and equipment in
category ¢ . X, represents the total workload of the demolition machinery and equipment in
category ¢ (unit: shift), N, represents the number of machinery and equipment in category g¢.
F,, represents the carbon emission factor for transportation of building materials in category &,

T, represents the total mass of construction waste in category 4 (unit:t). D, denotes the distance

(in km) that construction waste or recyclable building materials of category % are transported from
the site to the waste recycling site or the building materials processing site. M indicates the total

mass of recyclable building materials of category s (unit:t),and w, indicates the recycling factor of

category s. F,,  indicates the carbon emission factor for reprocessing of recyclable building

RP,s

materials in category s,and Fy, = indicates the carbon emission factor for production of recyclable

building materials in category .
3. Simulation of energy consumption in ultra-low-energy homes

3.1. Modeling

The Ruihu-Yunshanfu residential project in Datong City serves as a demonstration of passive ultra-
low-energy prefabricated housing in Shanxi Province. The development incorporates structural
designs and building materials fully compliant with passive house standards. The building features
high-performance thermal insulation, airtight envelopes, and dedicated outdoor air systems (DOAS)
with energy recovery units for winter heating. Renewable energy integration includes rooftop
photovoltaic (PV) systems for on-site electricity generation.

Taking Building 9 as a case study, this south-facing structure incorporates a reinforced concrete
bundle shear wall system with 15 above-grade stories (total height 47.8m) and 2 basement levels
(depth 6.6m). The above-ground floor height is 3.1 m, while the underground levels are 3.3 m high.
The building has a total floor area of 9,830.05 m? (above-ground) and 1,312.93 m? (underground),
with a 50-year design service life. Divided into two units, each unit contains dual-running parallel
staircases, a fire elevator, and a passenger elevator serving two households per floor (total 60 units).
The building has a form factor of 0.28, with fenestration ratios per orientation detailed in Table 1.
Energy consumption simulations for the 15 above-ground stories were conducted using PHES (Passive
House Energy Simulation) software developed by Beijing Green Building Software Co., Ltd.

Table 1. The building faces the window wall ratio

Face Window ratio
South to (including the balcony door section) 0.43
East direction 0.31
Westward 0.03
North direction 0.02

3.2.  PHES Energy Consumption Simulation

The Passive House Energy Simulation (PHES) software is built on the AutoCAD platform, enabling
conversion of existing architectural documents into parametric models while providing tools for
model creation and modification. The system generates multi-view drawings including floor plans,
elevations, and sections. Key features include thermal parameter settings for room functions,
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equipment specifications, building envelope constructions, external window shading devices, and
boundary conditions, forming a comprehensive thermal analysis model.

Based on the Chinese Ultra-Low Energy Residential Building Energy Efficiency Standard, the
software performs energy simulations by inputting building geometry, hourly temperature setpoints,
and operational schedules. It outputs hourly room temperature profiles and detailed energy
consumption breakdowns, calculating primary energy consumption, heating/cooling loads, and
renewable energy utilization. The simulation results verify compliance with prescriptive standards
and evaluate whether the building achieves ultra-low energy performance targets.

3.3.  Meteorological parameter input

Datong City, Shanxi Province (40.12°N latitude, 113.30°E longitude) falls within China's Severe Cold
Zone C according to the GB 50176 Thermal Design Code for Civil Buildings. Characterized by long,
harsh winters and brief hot summers, the city's annual dry bulb temperature distribution is presented
in Figure 1. From June to September, daily average temperatures range between 20°C and 30°C
(maximum daily average <30°C), while spring/autumn averages 10-15°C. Winter temperatures span
-20°C to -5°C, with minimum daily averages not exceeding -20°C.

Monthly solar irradiance profiles are shown in Figure 2. Solar irradiance increases gradually from
January, peaking between June and August when global horizontal irradiance (GHI) exceeds 650
MJ/m? and direct normal irradiance (DNI) surpasses 500 M]/m?. After August, irradiance levels
decline progressively, reaching annual minima in January and December with GHI <250 MJ/m? and
DNI <200 MJ/m?.

—— Daily maximum temperature

Daily dry-bulb temperature throughout the year(°C) ~ ~— Daily average temperature
Daily minimum temperature

Outdoor temperature(°C)

Date(Day)

Fig. 1. The city's annual dry bulb temperature statistics
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Fig. 2. The city's annual solar irradiance statistics
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3.4. Indoor Environmental Parameters and Internal Disturbance Settings

1) Indoor environmental parameter settings. In Datong City, the heating period lasts from October
15th to April 1st of the following year, and the cooling period is from July 10th to August 10th. All
windows are kept closed during the heating period. According to the provincial standards regarding
indoor parameters, the indoor air - conditioning temperature is set at 20°C in winter and 26°C in
summer. There is no heating requirement for stairwells, equipment rooms, and corridors. Based on
the actual energy - consumption mode, the daily operation of air - conditioning and heating systems is
synchronized with the indoor occupants' activities.

2) Internal disturbance settings. In the energy consumption calculation, the human body, equipment,
lighting fixtures, etc. should be operated continuously according to the air conditioning, and at the
same time need to take into account the rate of personnel in the room, the lighting utilization rate, the
density of equipment use and other factors. Different room personnel, equipment, lighting
endothermic settings are shown in Table 2.

Table 2. Different room personnel, equipment, lighting internal heat setting

Type The per capita area ofzthe land | Equipment pow;:r density Lighting powerz' density
is occupied m W /m W /m

Living room 35 6 6
Bedroom 35 7 5

Dining room 35 6 5
Kitchen 35 25 6
Washroom 35 5
Uncontrolled temperature 0 0

3.5. Settings for Building Envelope and Supporting Facilities

3.5.1. Parameter Settings for the Performance of the External Envelope. Building 9 of Yunshanfu is a
demonstration project of passive ultra-low-energy prefabricated residential buildings in Datong City.
The project adopts structural designs and building materials that fully meet the requirements of
passive ultra-low-energy buildings. An external wall insulation system is employed. For wall details
such as parapets, eaves, cantilevered slabs, moldings, plinths, window wells, and air intake and exhaust
ducts, thermal break insulation measures are taken. The external doors and windows are made of
aluminum-wood composite materials with insulating glass. The heat transfer coefficients of the
building envelope and the insulation practices are shown in Table 3. The air-tightness grade of the
external windows and doors is Grade 8. The model building is not equipped with shading facilities.

There is no need to input the performance parameters of the external envelope separately. In the
simulation calculation, relevant performance parameters such as the heat transfer coefficients of the
external walls and windows can be identified by directly selecting the construction material practice
tables for the external walls and windows. PHES will automatically obtain the solar radiation values
based on the local climate data.

Table 3. Insulation practices and u-values of fenestration and building envelope

: . I U-value
Categories Insulation specification 5
(W/(m*-K))
Roof 300mm-thick graphite expanded polystyrene (EPS) 0.12
Stone-clad exterior walls 300mm-thick rock wool board 0.17
Paint-finished exterior walls 250mm-thick molded graphite EPS 0.15
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. 6mm Low-E + 12mm Ar + 6mm Low-E + 12mm Ar +
Ultra-low-energy zone windows/doors 1.0
6mm Low-E
Exterior wall fire barriers 250mm hydrophobic rock wool board 0.17
Partitions between heated /unheated spaces 25mm SF hydrophobic expanded perlite mortar 1.37
Residential entrance doors Steel airtight doors 1.1
Unit entrance doors Aluminum-wood composite glazed exterior doors 1.0

3.5.2. Installed Energy-Consuming Systems. The model building incorporates air conditioning,
lighting/elevator systems, domestic hot water, heat recovery systems, and an external photovoltaic
(PV) power generation system. Energy consumption calculations for these systems are detailed in
Equations (9) - (20) [37].

1) Air Conditioning System. Building 9 of Yunshanfu employs a residential ultra-low temperature heat
pump multi-split system for year-round heating and cooling. Based on parameters such as HVAC
system type, cooling/heating source type, operation schedule, room type, and system efficiency, the
PHES software can simulate and calculate air conditioning energy consumption. The energy
consumption calculation formula for air conditioning units is:

_ ([ Qa QB Qc Qp
Ejz = (COPA t COPg t COP( T COPD) (9)
_Q
_ Qc
Ejz = Seer (11)

where FEj: represents the annual energy consumption of air conditioning (unit: kWh/a). Q4-~»p
denotes the cumulative cooling/heating load within the i-th load ratio interval (0-25%, 25-50%, 50-
75%, 75-100%) (unit: kWh/a). COP.- b is the coefficient of performance corresponding to the i-th
load ratio interval. Q is the annual cumulative cooling/heating load (unit: kWh/a). APF represents the
annual performance factor. SEER is the seasonal energy efficiency ratio.

The energy consumption of water pumps shall be calculated using the following formula:

TllTA +n2TB +n3TC+Tl4,TD

Esp = qmax X EC(H)R X (12)

No

In the formula, £ss represents the annual energy consumption of the water - pumps (unit: kWh/a).
qmax is the peak cooling/heating load of the building borne by the water - pumps (unit: kW). EC(H)R
is the electricity - to - cooling/heating ratio of the water - pumps. 7o is the total number of water -
pumps. 71~4 is the number of operating water - pumps in each of the four load - rate intervals (0 -
25%, 25-50%, 50 - 75%, 75-100%). T4~ p isthe operating time (h) of the water - pumps in each of
the four load - rate intervals (0 - 25%, 25 - 50%, 50 - 75%, 75 - 100%) (unit: h).

The energy consumption of the air - supply system shall be calculated according to the following
formula:

Esf = Zi st X tsf X st X 10_3 (13)
Wip = Ws X Vs (14)

In the formula, £y represents the annual energy consumption of the air supply system (unit:
kWh/a). Wy is the power consumption of the air supply system (unit: W). s denotes the annual
operating hours of ERV units, air handling units, or fan-coil units (unit: h). Fy is the simultaneous
usage factor for ERV units, air handling units, or fan-coil units. Ws represents the specific power
consumption per unit air volume (unit: W/(m?3/h)). Vs is the fresh air volume, air supply volume of
air handling units, or air supply volume of fan-coil units (m?3/h).
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2) Domestic Hot Water System. In the model building, each household is equipped with a gas water
heater with an efficiency of 89%. The total number of residents in Building 9 is estimated to be 200,
and the water consumption quota is 30 L per person per day. Based on the actual operating parameters
input for the building's domestic hot water system, such as the number of water - using people, the
daily water consumption quota per person, the cold - water temperature, the hot - water temperature,
the number of operating days per year, the annual average efficiency of the heat source for the
domestic hot water system, and the distribution efficiency of the domestic hot water, the annual heat
consumption of the building's domestic hot water is calculated using the following formula:

Q,p = 4.187mqyCr(tr—t1) py
P 1000

Qr = TQrp (16)

(15)

where Q- represents the annual heat consumption for domestic hot water (unit: MJ/a). O» is the
hourly average heat consumption for domestic hot water (unit: M]/h). T denotes the annual operating
hours of domestic hot water systems (unit: h). 2 is the density of hot water (unit: kg/m?). m is the
number of water - using units (either persons or beds, selected as applicable). 97 represents the hot
water consumption quota (unit: L/p-d), as per the current national standard Water - Saving Design
Standard for Civil Buildings. #- is the designed hot water temperature (unit: °C). #1 is the designed
cold water temperature (unit: °C).

The annual energy consumption calculation formula for domestic hot water systems is:

&r_o,

E, = "rnw (17)

where FEw represents the annual energy consumption of the domestic hot water system (unit:
kWh/a). O- isthe annual heat consumption of domestic hot water (unit: MJ/a). Os denotes the heat
of domestic hot water provided by the solar system (unit: MJ/a). 7 is the distribution efficiency of
domestic hot water, which includes the distribution energy consumption of the hot - water system,
pipeline heatloss, heat loss from the secondary circulation and storage of domestic hot water (unit: %).
v is the annual average efficiency of the heat source for the domestic hot water system (unit: %).

3) Lighting System. For the energy - consumption calculation of the lighting system, corresponding
parameters are set according to the room names and calculated using the following formula:

E, = %303 (Zi PijAityj+24PyA) (18)
1000

In the formula, £: represents the annual energy consumption of the lighting system (unit: kWh/a).

Pi.; is the lighting power density of the i-th room at time j (unit: W/ m?). 4; denotes the lighting

area of the i-th room (unit: m?). % is the lighting duration of the i-th room at time j (unit:h). Py

represents the emergency lighting power density (unit: W/m?). A4 is the total building area (unit:

m?).

4) Elevator System. The building is equipped with 4 elevators across 2 units, each with a rated load
capacity of 1000 kg. The elevator system energy consumption is calculated directly by the software
based on input parameters such as the number of elevators, specific energy consumption, annual
average operation time, and speed. The calculation formula is:

_ 3.6PtaVW+Esiandbyts

E. = 1000 (19)

In the formula, £. represents the annual elevator energy consumption (unit: kWh/a). P is the
specific energy consumption (unit: kWh/km-kg). % denotes the annual average operating hours
(unit: h). V is the elevator speed (unit: m/s). W represents the rated load capacity (unit: kg).
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Eswnany is the standby energy consumption (unit: W). # denotes the annual average standby hours
(unit: h).

3.6. High-efficiency heat recovery systems

Heat recovery devices are of great significance for ultra-low energy consumption houses. In the winter
of cold and frigid regions, ultra-low energy consumption houses, due to their good airtightness and
heat insulation performance, reduce to a certain extent the refrigeration and heating loads caused by
the enclosure structure and cold air infiltration, and at this time, the fresh air loads are particularly
prominent. This is because of the long winter time and low temperature in cold and cold areas, the
temperature difference between indoor and outdoor is large, which also means that the enthalpy
difference is large, so the fresh air load accounts for a larger proportion. If a heat recovery system is
introduced to recover heat from the exhaust air, the fresh air load can be reduced.

Heat recovery system in the recovery of energy at the same time, increasing the fan operating
resistance, which also increases the fan energy consumption, only in the heat recovery of energy
(taking into account the unit refrigeration thermal performance coefficient) can offset the heat
recovery system itself and increase the energy consumption, the heat recovery system is energy-saving.
For example, in summer cooling conditions, when the outdoor air enthalpy is higher than the indoor
air enthalpy, and the enthalpy difference is higher than the minimum economic enthalpy difference,
open the heat recovery system is energy-saving, otherwise the heat recovery system should be turned
off, so that the new air is filtered through the by-pass piping directly into the room. In winter heating
conditions, the heat recovery system start and stop is the opposite. The rest of the transition season,
the temperature difference between indoor and outdoor is small, the new air is filtered and sent
directly to the room through the bypass pipe, without turning on the heat recovery system. The
function of each indoor air-conditioning room is the same, which makes the processing state point of
each indoor air has similarity, and so does the heat recovery state. When calculating the amount of
heat recovery, the state point of indoor air is calculated by the hour-by-hour air enthalpy value of an
air-conditioning room, and the enthalpy value of outdoor air is calculated according to the hour-by-
hour meteorological parameter.

Taking the unit in the sample room as an example, the unit has a built-in total heat recovery rate of
77.3%, and this value is used as the heat recovery efficiency for both cooling and heating conditions.
In addition, when the temperature is low in winter, in order to prevent the condition of freezing and
cracking of the metal pipe inside the unit, the unit will add the function of fresh air preheating, and the
fresh air inlet in winter is calculated according to preheating to 5°C.

3.7.  Photovoltaic (PV) System

Building 9 of Yunshanfu is equipped with a photovoltaic system featuring 580W monocrystalline
silicon modules installed on the roof. The system is divided into two inverters for distributed PV power
generation, with a net panel area of 277.03 m?, total capacity of 60 kW, PV cell conversion efficiency of
22.3%, and loss efficiency of 20%.

The annual power generation of the PV system is calculated using the formula:

Eyp = IKz (1 — Ks)A, (20)

where E» represents annual power generation of the PV system (unit: kWh). I is annual solar
irradiance on the PV cell surface (unit: kWh/m?). Kz is PV cell conversion efficiency (unit: %). Ks
PV cell loss efficiency (unit: %). 4» Net PV panel area (unit: m?).
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4. Results of energy simulation for ultra-low-energy homes
4.1. Measured analysis of ultra-low-energy homes

4.1.1. Analysis of measured data on energy consumption of conventional dwellings. The test was
conducted daily at 16:00 from January 1 to January 31, 2024, with recorded meteorological
parameters including a maximum outdoor temperature of 3°C on January 12, a minimum temperature
of -25°C on January 22, an average temperature of -10.4 ‘C over 31 days, and relative humidity
ranging from 50.6% to 85% with an average of 61.4%. The weather conditions during the period were
characterized by predominantly sunny/cloudy skies and northwesterly winds (Force 1-3), aligning
with the typical cold winter climate in severe cold regions, thus ensuring high objectivity and
authenticity of the test results. Figure 3 illustrates the outdoor temperature and humidity variations.
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Fig. 3. Change of ambient temperature and humidity in outdoor environment

The indoor thermal environment of the reference house was tested, with temperature and humidity
variations presented in Figure 4. Due to the large window openings and lack of insulation in the
building envelope, the minimum indoor temperature in the south-facing bedroom of the reference
house was only 13.5°C, with an average of approximately 16°C. The living room space recorded a
minimum temperature of 12.2°C due to high accessibility on weekdays, compounded by stronger cold
air infiltration resulting from frequent door/window openings and uninsulated building components.
At certain times, living room temperatures dropped below 12°C, creating thermal discomfort that
negatively affected adjacent bedrooms and necessitated increased fuel consumption for space heating.
During extreme cold periods (e.g., January 22), residents were required to operate heating equipment
continuously to maintain acceptable indoor temperatures.

Humidity levels in the south-facing bedroom ranged from 22% to 35% (average 30%), with similar
conditions observed in the living room.



CALCULATION AND ANALYSIS OF CARBON EMISSION OF ULTRA-LOW 8087

25 ‘ ‘ | - 20
20 | |

I 80 -
15 _/‘\/— \_/( = //

- Room temperature 70

Temperature value('C)
- s =)
Humidity value(%)

FEFrrrerrrrrrrrrrrer e

2024/
2024/
2024/
2024/
2024/
2024/
2024/
2024/
2024/
2024/
2024/
2024/
2024/
2024/
2024/

(a) Temperature variation (b) Humidity variation

Fig. 4. Refer to the change of temperature and humidity in residential indoor

4.1.2. Changes in indoor temperature and humidity in ultra-low-energy homes. The indoor thermal
environment of the ultra-low-energy home was tested, and the indoor temperature and humidity
variations in the ultra-low-energy home are shown in Figure 5. n this residence, the building's
envelope walls are insulated. And transparent structures such as windows and doors are also made of
building components with lower coefficients, and the overall airtightness of the building has been
substantially strengthened. The results of the indoor thermal environment measurements show that
the average indoor temperature of the bedroom space and living room space on the south-facing first
floor of the residence is 24.3°C in winter, and the minimum daily average temperature is 20.7°C. The
indoor temperature of the living room space connecting to the entrance hall of the residence is 20.7°C.

The living room space is connected to the entrance gate of the house, under the condition of high
thermal insulation of the outer enclosure structure and windows and doors, the living room space
does not have strong temperature changes in daily use, and the overall space is weakly infiltrated by
the cold wind from the outdoors.

From the test data, the living room space in the use of the process, the lowest point of the indoor
temperature of 18.9 “C. The living room space with a stable thermal environment makes the indoor
temperature of the bedroom space and other spaces secure. And under the outdoor conditions where
extremely cold temperatures occur in winter, the overall average indoor temperatures of the building
are above 23°C and comply with the province's indoor thermal environment indicators. The
measured data from Building 9# of Ruihu-Yunshanfu in Datong further confirms the superiority of
ultra-low energy homes in severely cold regions. Similar to the test results presented here, this
building maintains an average indoor temperature above23°C under severe winter conditions,
providing comfort levels far surpassing traditional residences while significantly reducing energy
consumption.
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4.2. Energy consumption simulation results

The Green Building Sver PHES (Passive House Energy Simulation software for Very Low Energy
buildings) is based on the energy-saving standards for ultra-low energy residential buildings. By
inputting basic building data, set temperature values for various time periods, and daily operational
schedules, it conducts energy consumption simulations for the building and calculates various energy
consumption indicators, including annual heating and cooling loads, primary energy consumption,
cooling and heating energy consumption, and renewable energy utilization. Monthly loads throughout
the year and a breakdown of the annual load statistics are presented in Tables 4 and 5, respectively.

Table 4. Monthly Loads Throughout the Year

Month Heating Cooling Peak Heating Peak Heating Load Peak Cooling Peak Cooling
(kWh) (kWh) Load (kW) Time Load (kW) Load Time
January 46,599 0 127.553 08:00, January 31st 0.000 -
February 15,443 0 92.611 06:00, February 1st 0.000 -
March 7,143 0 59.226 06:00, March 5th 0.000 -
April 3 0 2.591 - 0.000 -
May 0 0 0.000 - 0.000 -
June 0 0 0.000 - 0.000 -
July 0 5216 0.000 - 210.498 12:00, July 13th
August 0 1,172 0.000 - 71.235 17:00, August
2nd
September 0 0 0.000 - 0.000 -
October 3,542 0 51.770 08:00, October 27th 0.000 -
November 24,098 0 78.307 08:00, November 21st 0.000 -
December 31,256 0 89.911 08:00, December 29th 0.000 -
Table 5. Breakdown and Statistics of Annual Loads
Envelope Indoor Solar Heat Loss from Heat Total Heat
Category Heat Heat Gain Radiation Fresh Air Recovery (kWh /) Recovery
Transfer | (kWh/m*) Heat Gain Infiltration (kWh/m") Proportion
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(kWh/m?) (kWh,/m?) (kWh/m’)
Heating Period -8.85 14.13 21.03 -117.11 74.29 -16.52 81.9%
Cooling Period 0.22 0.77 0.81 -0.60 -0.30 2.10 12.5%

As shown in Table 5, the heating load in January throughout the year is the highest, reaching 46,599
kWh, while the minimum value in April is 3 kWh. The cooling load peaks in July at 5,216 kWh and is
relatively lower in August at 1,172 kWh. According to the simulation results in Table 6, the annual
building heating load of 16.52 kWh/m’ is far greater than the cooling load of 2.10 kWh/m’. These
values are far lower than the requirements specified in the codes, indicating its relatively remarkable
energy-saving effect. Among the annual heating loads, the energy consumption for fresh air treatment
is the largest, reaching 117.11 kWh/m’, indicating a relatively high proportion of fresh air energy
consumption in the total building energy consumption. The heat recovery from exhaust air is 74.29
kWh/1m’, accounting for a relatively large proportion of 81.8% in the annual heating load. Therefore,
reducing fresh air energy consumption and promoting exhaust air heat recovery are effective
measures to lower heating energy consumption.

The measured data from Building 9# of Ruihu-Yunshanfu further validates the reliability of the
above simulation results. The building's operational heating energy consumption is 87,541.791
kWh/a, representing a 51.41% reduction compared to the reference building; the air-conditioning
energy consumption is 22,111.258 kWh/a, a 10.95% reduction compared to the reference building.
These significant energy consumption reductions are primarily attributed to the building's efficient
exterior wall insulation system and full heat recovery equipment. It is worth noting that the building's
lighting energy consumption is 51,703.409 kWh/a, slightly higher than the reference building but
accounting for a relatively small proportion of the total carbon emissions.

Particularly noteworthy is that the solar photovoltaic system of Building 9# generates 77,562.67
kWh/a of electricity, resulting in a carbon reduction of 68.589 tC0-/a, equivalent to 68% of the total
carbon emissions during the operation stage, demonstrating the significant effect of renewable energy
in building carbon reduction. Table 6 summarizes the carbon emissions at each stage of the building's
full lifecycle.

Table 6. Summary of Annual Carbon Emissions by Stage for Building 9# of Yunshanfu

Name Carbon Emissions Carbon Emissions per Unit Annual Carbon Emission
(tC02/a) Area (kgC02/m?-a) Ratio (%)

Material Production Stage 76.023 7.293 44.3
Material Transportation Stage 9.754 0.936 5.6
Construction Stage 6.939 0.666 4.0
Greening Carbon Sink -2.51 -0.241 -1.5
Building Operation Stage 105.741 10.326 62.8
Building Demolition Stage 0.582 0.056 0.3

Recyclable Materials -25.451 -2.442 -15.0
Total 171.078 16.415 100

5. Conclusion

This paper calculates the energy consumption of ultra-low-energy residential buildings in severe cold
regions through carbon factor emissions. The load analysis of ultra-low-energy residential buildings
is carried out using Software PHES energy simulation. Meteorological parameters, indoor and outdoor
temperatures and humidity of the ultra-low-energy house are measured, and the energy consumption
results are analyzed by bringing in the meteorological parameters, indoor and outdoor parameters of
the room, and the envelope parameters.
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Unlike traditional residential energy consumption, the thermal environment of the ultra-low-energy
house keeps the indoor temperature of the bedroom space and other spaces stable, and the overall
average indoor temperature of the building is above 23°C and complies with the indoor thermal
environment index.

Utilizing Building 9# in Datong's Ruihu-Yunshanfu as a sample, our result shows that the total life-
cycle annual carbon emissions for this building are 171.078 tCO- with a per-unit area emission rate of
16.415 kgC02/m?-a. Compared to 2016 energy-saving design specifications, 60.02% reduction in
carbon emissions has been achieved, which is well above the 40% required under relevant regulations.
This result highlights the large benefits in reducing carbon from ultra-low energy buildings in areas
with extremely cold climates.

Empirical research has proven that emissions in the building's operational stage account for the
largest share, estimated to be 62.8%. Of all the emissions in this operational stage, heating-related
emissions weighing 77.413 tCO:/a account for 76.7% of all operational emissions, thus being the
largest source of such emissions. Additionally, lighting-related carbon emissions are significant in the
operational stage and account for 45.5% in total. Carbon emission mitigation through solar power
generation is highly effective and has a significant impact, with resultant mitigation being equivalent
to 68% of all operational carbon emissions. This highlights the significance of promoting the use of
photovoltaic power generation systems in buildings in extremely cold climates as a highly effective
method for reducing building-related emissions.
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