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Abstract

Implementing household heat metering and charging is a
significant way to realize building energy conservation in
northern China, but the current heat metering has two
contradictions for promotion. The first fact is the corner
users have a higher heating consumption than the center
users with its bigger area of external envelope, and the
second is the heating costs of high-temperature users will
increase sharply due to the phenomenon of adjacent room
heat transfer (ARHT). This study selects a residential
building in Tianjin, China as a research object, and field
measurement and energy simulation are adopted to reveal
every process of heat transfer including ARHT. The
heating load and ARHT are further reallocated for each
unit, and a new heat charging scheme is then proposed.
The results provide a case study for the fair allocation of
heat charging, which is vital to the implementation of
household heat metering in China.

Key Innovations

e Calculation of heating consumption at different
locations and the reallocation of heating
consumption

e Calculation of heating consumption for ARHT
with various temperature differences and
occupancy rates

e  Proposal for a new heat charging scheme

Practical Implications

This quantitative research provides a case study for heat
charging, which pushes the heat fee policy towards further
fair allocation.

1 Introduction

1.1 The charging of household heat metering

With the increase of heating area and energy consumption
in northern China, further actions should be adopted to
save energy (Xue et al., 2017). Since the 1990s, China has
begun to implement heat metering reform by emulating
advanced European technology (Liu et al, 2011).
Compared to the traditional heating method, household
heat metering could increase customers’ awareness of
their energy consumption, and it could be an incentive to
reduce space heating consumption by changing their
behaviors (Terés-Zubiaga et al., 2018). Under the
household heat metering, the current policy is the two-part
heating costs scheme (basic charging and various
charging) (Luo et al., 2019). However, heat will be

conducted under temperature difference with other factors
such as the heat transfer coefficient of the envelope
structure (Cui et al., 2019) and window-to-wall ratio (Xue
etal., 2019). In other words, this charging model does not
consider the impact of apartment location and adjacent
room heat transfer (ARHT), which leads to a huge
difference between metered heating consumption and
actual consumption (Cui et al., 2018).

1.2 Location and ARHT problem

Some scholars have studied the issue of heating
consumption of corner users and ARHT problem. Ren et
al. (2008) found that the corner users have the maximum
space heating consumption intensity, and the average
heating consumption of the corner users is 26% higher
than the average heating consumption of the whole
building. Ling et al. (2015) took 6 residential buildings in
Tianjin as the research object and calculated at different
locations of heating consumption per unit area difference
of 26.5%. Siggelsten et al. (2014) calculated the heating
consumption of different locations in the building and
found that corner users’ heating consumption is 25%
larger than that of center users. Li and Cui
(2014) established a heating consumption allocation
model and calculated each user’s standard heating
consumption with actual measurement data. Mao et al.
(2012) proposed the calculation method of the user
position correction coefficient, and calculated the
correction factor for different apartment location and the
heating consumption after the correction.

Refer to the ARHT, Gafsi and Lefebvre (2003) proposed
an original method for recording transferred (stolen)
energy in the apartment buildings. In the paper, the
complexity of the problem and a large number of
influencing factors was emphasized. Baldi et al. (2016)
proposed energy models could help analyze the ARHT
problem. Xue et al. (2019) established an ARHT energy
model and calculated the ARHT could reach more than 30%
under massive temperature difference, poor performance
envelopment material, and low occupancy rate. Xue et al.
(2020) then took a building in Beijing as the research
object and calculated the ARHT in one day accounts for
near 70% of the total heating consumption. Luki¢ et al.
(2017) adopted EnergyPlus to simulate that the
surrounding rooms transfer about 80% of the heating
consumption to the unheated rooms. However, the studies
mentioned above do not propose a set of fair heat-supply
and fee plans that comprehensively consider the large

Proceedings of the 17th IBPSA Conference
Bruges, Belgium, Sept. 1-3, 2021

3256
https://doi.org/10.26868/25222708.2021.30746



1-3 SEPT ‘ |
BRUGES &Il

INTERNATIONAL
BUILDING
PERFORMANCE
SIMULATION
ASSOCIATION

heating consumption at the corners and the ARHT.
1.3 The purpose of this study

This study aims to calculate the heating consumption and
ARHT for each unit under various conditions. The new
charging method is proposed based on the reallocation of
heating consumption, which can effectively resolve the
disputes between heat users and provide a fair charging
scheme.

2 Methodology
2.1 Building overview and experiment

This research takes a residential building in Tianjin as an
object, the household metering method is adopted for heat
supply, and the type of heating terminal is the radiator
system. The building has 6 stories and 48 households, and
the heating area of each household is 71.77 m?, as shown
in Figure 1. On-site measurement was carried out in the
buildings from November 15", 2019 to March 15th, 2020
(the whole heating season), and the yellow-colored units
represent measured heat users. The NB-1oT thermometer
(with temperature range: -20 ~ +70°C, accuracy: £0.3°C)
is adopted to measure the temperature of each household.
During the experimental test, all hot users maintained a
regular life pattern. We put the thermometer on the lower
part of the empty wall in the living room, away from the
window and radiator, to reduce solar radiation and the
radiator's influence on the experimental data.

602 601 602 601 602 601 602 601
502 501 502 501 502 501 502 501
402 401 402 401 402 401 402 401
302 301 302 301 302 301 302 301
202 201 202 201 202 201 202 201
102 101 102 101 102 101 102 101
Unit 4 Unit 3 Unit 2 Unit 1

Figure 1: Distribution map of experimental households.
2.2 Simulate set-up
2.2.1 Building modeling

The building model is established with SketchUp
according to the real building plan (Figure 2) and
envelope materials (Table 1), and each room is an
independent heating calculation area.

[ = (S o 1 1 ) 1 2 )
Figure 2: Physical model of the target building.
2.2.2 Model validations

Before the calculation, a model should be validated to
confirm all building materials are accurate. Room 402
was selected as a validated room, and the information of
adjacent rooms is shown in Table 2. According to the
specification from ASHRAE GUIDELINE 14-2014
(ASHRAE, 2014), error analysis adopts coefficient of
variation of the root mean square error - CVRMSE (Eq.

(1)) and normalized mean bias error - NMBE (Eq. (2)) for
comparing the difference between calculated and
measured data. The established model could be used for
subsequent simulation studies if the CVRMSE is
controlled within 15% and NMBE is controlled within 5%.

\/Ztr'l—l(yi'j}i)z/(”'l) x

CVRMSE= 100 (1)

NMBE:% %100 2)

2.3 Accurate allocation of heating consumption

2.3.1 The Analysis of heating consumption between
corner and the center users

As shown in Figure 3, the typical multi-family buildings
generally include six different apartment locations. Users
of the identical house type and area should consume equal
heating consumption while maintaining the same indoor
temperature. However, due to the users' different locations,
the corner users generate extra heating consumption than
the center users. This part of extra heating consumption
should belong to all users and be shared by each thermal
user according to the heating area.

P

Top edge Top middle Top edge

Middle edge Middle middle Middle edge

Bottom edge Bottom middle Bottom edge

Figure 3: Apartment location in a multi-apartment
building.

The residential metered heating consumption Q is divided
into public heating consumption Q, (gable, roof, ground,
etc.) and self-owned heating consumption O, (external
wall and external window, etc.). The corner user’ Q is
composed of O, and QOs. For center users, Q is equal to 0.
In order to eliminate the influence of user's location, the
concept of position correction coefficient a  is
introduced to convert corner user’ Q into center users’ Qp
at the same indoor temperature. Based on O, and then
consider the sharing of (,, the standard heating
consumption Ql'. after the allocation of user i can be
calculated.

2.3.2 The calculation of heating consumption for
ARHT

The amount of ARHT of each user is related to the
temperature difference and the occupancy rate of
surrounding rooms. Room 402 is selected as the target
household for verifying simulation model to calculate
actual heating consumption under following two
scenarios:

(1) changes the temperature difference of the adjacent
room with stable occupancy rate (0°C, 2°C, 4°C, 6°C,
8°C, 10°C);

(2) varies the number of vacant rooms around the target
room with a stable temperature difference (10°C).
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Table 1: Envelope materials and heat transfer coefficients.

Envelope Heat transfer
structure Enclosure structure material coefficient
W/ (m? *K)
Exterior wall External painting (20mm) + hard rock‘ wool insqlat‘ion board (70mm) + aerated 0.60
concrete (200mm) + internal painting (20mm)
Inner wall Concrete partition wall (200mm) 2.59
Floor Precast terrazzo block (50mm) + mortar leveling layer (30mm) + reinforced concrete 272
floor (100mm) + stucco (20mm) ’
Outside window Broken bridge aluminum alloy low-E insulating glass 2.50
Ground Reinforced concrete (200mm) + polyurethane extruded board (100mm) 0.56
Roof Cement mortar (20mm) + hard rock wool insulation board (110mm) + reinforced 0.45
concrete (100mm) + lime mortar (20mm) )
Table 2: Adjacent room information of the verification object.
Adjacent Upstairs Downstairs Nort‘h Soufh West East
room room room exterior  exterior gable room
502 302 wall wall 401
3 Results user’ O, and the correction coefficient of each envelope

3.1 Model validation

The thermal environment of the target room was
calculated by EnergyPlus 9.3.0 (Crawley et al., 2000) with
the thermal boundary of all adjacent rooms and outdoor.
The simulated and measured results of room 402 user is
shown in Figure 4.

60
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Figure 4: Comparison of measured and simulated
heating consumption.

As shown in Figure 4, the difference between the
measured and simulated value of' 402 is within 3 kWh, and
the trend is consistent. The CVRMSE error between
measured and simulated heating consumption is
calculated as 4.22% and NMBE error is calculated as
1.58%, which is less than the error of 15% and 5% of the
specification. Therefore, building modeling is proved to
be correct and could be applied for subsequent research.
3.2 Heating consumption at different locations

The validated model was used to calculate the heating
consumption of the whole building with the design
temperature 18°C (Practical Heating and Air Conditioning
Design Manual, 2008). The difference of QO between
corner users and center users was compared with center

structure at different positions are obtained in Table 3.

The Q of residential buildings in Tianjin was recorded.
The Qq, O, Ql'., and the heating costs after and before the
allocation according to the allocation method in section
2.3.1 and the current two-part heating costs scheme in

Tianjin were calculated. The calculation results are shown
in Table 4.

As can be seen from Table 4, with the same house type,
the O, allocated by each user in one heating season is
1096.14 kWh, and the total O, accounts for 17.26% of the
total Q. After the allocation, the Q," of corner users is less
than Q (except for 102). Room 102 did not open radiator
valves, and Q is 0. But it should share the whole Qg, which
costs 142.50 RMB for public heating. Simultaneously, the
Ql'. and heating costs of other corner users have decreased,

with the Q," decreasing by about 7.3~32.8% and the
heating costs decreasing by about 4.2~20.9%.

3.3 Heating consumption for ARHT

In order to explore the proportion of ARHT and the
proportion of users’ extra heating costs due to ARHT,
Room 402 with verified model is selected again to
calculate the ratio of ARHT and the percentage of changes
in heating costs under different temperature differences
and different occupancy rates. The results are shown in
Figure 5 and 6.

As shown in Figure 5, when the target household and the
adjacent room remain the same indoor temperature, the
standard heating consumption during the heating season
s 5083.56 kWh. When the temperature difference reaches
10°C, the ratio of ARHT reaches 20-25%, and costs
219.26 RMB more than original condition with the
increasing rate of 18.28%.

Table 3: Envelope correction coefficient and the self-household heating consumption correction coefficient.

User location Top Top Bottom Bottom Middle Middle
edge middle edge middle edge middle
Self-household and display heat ratio 0.52 0.64 0.58 0.74 0.73 1.00
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Table 4: The heat and heating costs of each user before and after the allocation of the 4 units of the residential

5400

building.
Room 0 Qi O 0 (kWh) A (RMB) B (RMB) C (RMB)
number (kWh) (kWh) (kWh) 0/'= Qsit Osi A=7.5xF+0.13xQ/’ B=7.5xFi+0.13%Q; C=A-B
101 10100.9  1096.14  7474.68 8570.82 1,652.48 1851.39 -198.91
102 0 1096.14 0.00 1096.14 680.77 538.28 142.50
201 475512 1096.14  4755.12 5851.26 1298.94 1156.44 142.50
202 7830.92  1096.14  5716.57 6812.71 1423.93 1556.29 -132.37
301 5558.68  1096.14  5558.68 6654.82 1403.40 1260.90 142.50
302 7151.28  1096.14  5220.43 6316.57 1359.43 1467.94 -108.51
401 5756.8 1096.14  5756.80 6852.94 1429.16 1286.66 142.50
402 5558.68  1096.14  4057.84 5153.98 1208.29 1260.90 -52.61
501 6308.12  1096.14  6308.12 7404.26 1500.83 1358.33 142.50
502 6850.4 1096.14  5000.79 6096.93 1330.88 1428.83 -97.95
601 9143.52  1096.14  5851.85 6947.99 1441.51 1726.93 -285.42
602 7216.04  1096.14  3752.34 4848.48 1168.58 1476.36 -307.78
Upstairs/ Downstairs West East
7000 30%
i 6600, 20.89% o
g 20% =
£ 6200 g
£ 5800 K
§n 10% -2
é

Heat costs (yuan)
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4
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Figure 5: The proportion of ARHT and the percentage of changes in heating costs under different temperature
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Figure 6: The proportion of ARHT and the percentage of changes in heating costs under different occupancy rates.
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Table 5: New heat charging scheme.

Composition Basic heating costs Variable heating costs Additional heating costs
Charge by Heating area The standard heating consumption Q, The standard heating consumption Q,
The initial investment Solve the unfair situation where the Restrict the “stealing heat”
Purpose costs shared by users corner heating consumption is greater phenomenon of low-temperature users

fairly than the central user

in ARHT

As shown in Figure 6, with the occupancy rate decreasing,
the total heating consumption and heating costs of the
target residents increase sharply. With a rather low
occupancy rate, the ARHT will possibly happen in all four
directions, and the ratio of ARHT could reach to 54.62%,
resulting in costing 795.47 RMB more than original
condition with the increasing rate of 66.34%.

3.4 A new heat charging scheme

From the above results, we can see that the ARHT has a
significant impact on heating consumption and heating
costs. In order to make the heating costs fairer, on the
basis of the two-part heating costs scheme, a new heat
charging scheme is proposed.

As shown in Table 5, the heating costs are divided into
three parts. The first part is charged according to the
heating area; the second part is charged based on the Ql'.

after reallocation; and the third part of the additional
heating costs is proposed as "punishment" measures to
limit the influence of low-temperature users. Compared
with the original two-part system, the new heat charging
scheme not only solves the unfair problem caused by
users' different locations but also solves the charging
problem caused by the ARHT by charging "punishment"
heating costs to low-temperature users.

4 Discussion

In this study, we used metering data and simulation data
to decouple the heating consumption of each user in the
residential building. The metering data was obtained by
recording the data of each user's calorimeter, and the
simulation data is obtained by simulation through
EnergyPlus. The model we built with EnergyPlus has
been verified, so for this building, even if it is calculated
using other simulation software, the results of the heating
consumption and correction coefficients will not be much
different from the results of this study. However, for the
correction coefficients of different types of buildings, the
difference between them still needs follow-up research.

5 Conclusion

In this study, a target residential building in Tianjin is
selected to study the influence of apartment location and
ARHT on heating consumption with field measurement
and simulation methods, and a new fair heat charging
scheme is proposed based on the current policy.

Basing on the problem of heating consumption differs
much among the room locations, correction coefficients
are proposed to calibrate the heating consumption of users
into standard consumption. Regarding to the phenomenon
of ARHT, which could reach up to 54.62%, additional
heating costs penalties is proposed for low-temperature
users to restrict the excessive temperature difference
between thermal users.

In this new heat charging scheme, the public heating
consumption allocation and additional heating costs
model both increase the fairness of heating costs, which is
crucial to the promoting and implementing of household
heat metering. The research discusses the improvement of
the charging policy from the user side and will continue
to discuss the specific workflow and practical application
process in the future.
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Nomenclature

yi  building measured heating consumption value

y;  building simulated heating consumption value
y building average value

n the number of samples.

Q the metered heating consumption

Qg the public heating consumption

Qo the self-owned heating consumption

a the correction coefficient

Qi' the standard heating consumption of user i
Qi the metered heating consumption of user i
Qqi the public heating consumption of user i

Qvi  the self-owned heating consumption of user i

Fi the area of user i

A the heating costs after allocation

B the heating costs before allocation

C heating costs difference
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