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Abstract: Unlike urban dwellings, it is very common for elderly people to stay at home alone in Chi‑
nese rural families, and some families have three generations in the same house who are in different
situations, and their different family patterns lead to different highly sensitive parameters of build‑
ing energy consumption. This paper first selects the three most common family patterns based on
a questionnaire survey. The measured energy consumption behavior and electrical parameters, en‑
ergy consumption time, and basic building parameters were input into DesignBuilder to build three
building simulation models, and these were verified by comparing the predicted and measured val‑
ues of the residential month‑by‑month electricity consumption. The global sensitivity analysis was
then conducted using DesignBuilder software to determine the interactions between the variables
by using the second‑order Sobol index for cooling load, heating load, and comfort of the models to
obtain standardized regression coefficients (SRC) for each factor to determine the most sensitive pa‑
rameters. The results show that the different household patterns had little influence on the ranking
of highly sensitive factors for heating and cooling, but annual electricity consumption and discom‑
fort in different household patterns had a significant influence on the ranking of highly sensitive
factors. For example, model 1 showed the most sensitivity to general lighting power density when
optimizing the total amount of electricity was the goal, while the one that had the greatest degree of
influence on the total amount of electricity in model 2 and model 3 was equipment power density.

Keywords: family models; energy use behavior; rural dwellings; energy consumption; sensitiv‑
ity analysis

1. Introduction
1.1. Background

In terms of the amount of energy consumption of China, the household sector is sec‑
ond only to the industrial sector [1]. In recent years, the amount of energy consumption
per unit area of rural residential buildings has steadily increased, and the amount of elec‑
tricity consumption per unit area has risen rapidly. Although there is still a significant gap
between rural residential buildings and urban residential buildings, the former ones have
a tendency to exceed the energy consumption of even townhouses. In the future, with the
rapid development of the rural economy, research on energy‑saving measures for rural
residential buildings will become an important topic.

In the past research on building energy conservation, China has focused on improving
the thermal performance of building envelopes and the equipment performance of electri‑
cal appliances. Envelope parameters such as the window size and orientation, glass type,
thermal insulation, shading, and air‑tightness can significantly affect the level of indoor
thermal comfort [2]. In addition to the envelope parameters [3], household size is con‑
sidered to be the most important predictor of energy consumption [4], and the variables

Buildings 2023, 13, 463. https://doi.org/10.3390/buildings13020463 https://www.mdpi.com/journal/buildings

https://doi.org/10.3390/buildings13020463
https://doi.org/10.3390/buildings13020463
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/buildings
https://www.mdpi.com
https://orcid.org/0000-0002-3081-8095
https://orcid.org/0000-0002-1212-0750
https://doi.org/10.3390/buildings13020463
https://www.mdpi.com/journal/buildings
https://www.mdpi.com/article/10.3390/buildings13020463?type=check_update&version=3


Buildings 2023, 13, 463 2 of 23

directly affected by household members have the strongest ability to explain the annual
electricity consumption by the house. Buildings’ energy consumption is also related to
the occupants’ energy consumption behavior [5], with the energy‑saving potential of res‑
idential buildings having been estimated to be in the range of 10–20% as the occupant’s
behavior changes [4].

In order to achieve more comfort and energy‑saving effects, some scholars have stud‑
ied the uncertainty of residential energy consumption, mainly by using a sensitivity analy‑
sis to analyze the main influencing factors for a multifactor analysis. Because thermal com‑
fort is a state in which the occupants are satisfied with their surrounding environment, dif‑
ferent evaluation indicators can significantly affect the indoor environment’s assessment
results [6]. Most existing green building standards require at least 80% acceptability to
achieve satisfactory thermal comfort conditions [6].

1.2. Energy Usage Behavior
At present, the energy consumption behavior of rural residential buildings in China

is more inclined to “zoning” and “intermittent” energy use, and this approach can reduce
the energy consumption of air conditioning by nearly one half [7]. When one is using nat‑
ural ventilation, indoor and outdoor ventilation play a very important role in indoor com‑
fort [5], and most of the residents’ behavior with respect to turning on the air conditioner
is to “turn it on when you feel hot” [8], so it is necessary to consider people’s “temperature
tolerance” [9]. Due to the differences in people’s tolerance to heat and cold, the cold energy
consumption of the building can be reduced byup to 34.83%, and the heat energy consump‑
tion can be reduced by up to 24.92% compared with the normal indoor temperature [10].
Due to the randomness of human behavior, the probability of there being people in every
functional area of the house is not always the same [11], and the probability distribution
presents different laws over time [12], for example, the probability of being in the bedroom
in themorning and evening is high, and the probability of them being in the kitchen during
the consumption of their meals is high. In addition, the gender of the respondents and the
environmental variables also play important roles [13]. Initially, researchers believed that
users in cool and warm environments used less energy [14]. The greater the gap between
the indoor temperature and the human comfort range is, the higher the probability is of
households turning on air conditioning [15]. Rural residents generally use natural ventila‑
tion, such as open windows indoor sprinklers for cooling [16]; air conditioning is not used
often. In addition, air conditioning is usually used for cooling in summer. In general, the
use of air conditioning in summer is common during the night when the temperature is
relatively high from July to September and only for a few days in winter for heating [17].

In addition, some scholars have studied the causes of window opening behavior and
its relationship with energy consumption, finding that the indoor temperature [18], rain‑
fall [19], the season and the window orientation [10] and the indoor carbon dioxide con‑
centration [7] have obvious effects.

At present, the influence of age group and family model in rural areas has not been
considered in the research on buildings’ energy consumption, and in addition to the avail‑
able energy behavior [4], the family model also has a great impact on the building’s energy
consumption [3].

In addition to the fact that energy use behavior has a large impact on energy consump‑
tion [4], the structure of the home also has a large impact on the energy consumption of
the building [3]. The tolerance level of occupants to heat is related to their age, gender and
economic conditions. The higher the tolerance to heat is, the lower the frequency of using
air conditioning is, resulting in less energy consumption in the building [20,21].

1.3. Aims of this Research
In this study, the family patterns of rural householdswere explored through question‑

naires and field surveys, and then the global sensitivity analysis of the actual energy use
behavior of various generations was inputted into the model according to the question‑
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naire results. The highly sensitive parameter sequences affecting the buildings’ energy
consumption rates and comfort in the corresponding household mode were determined
by ranking the standardized regression coefficients and R2 values, and reasonable sugges‑
tions were made based on the conclusions.

A description of the structure of the paper has been included in the introduction:
Section 2 introduces the research framework and research methodology of this paper,

Section 3 introduces the basic information of the questionnaire, Section 4 introduces the
basic parameters of the model setup and the three most common household models based
on the results of the research, Section 5 introduces the validation of the model simulation
data and the method of field research and data collection in the field, Section 6 introduces
the ranking of the SRC values of each influencing factor under the threemodels of building
energy consumption and discomfort, and Section 6 presents the conclusion, shortcomings
and outlook.

2. Research Framework and Method
2.1. Research Framework

The research framework of this paper is shown in Figure 1, and it mainly includes the
following three steps:
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Figure 1. Research framework.

Step 1: a questionnaire survey was conducted to understand the energy consumption
characteristics, different household structures, and living habits and behaviors of rural
people of different ages in southeast coastal areas of China.

Step 2: DesignBuilder software was used to establish a benchmark model of a typical
rural house and verify its accuracy. By changing the design parameters in the global sensi‑
tivity analysis, the factors influencing the energy consumption and comfort of the residents
of a typical house were determined.

Step 3: The simulated data were subjected to a sensitivity analysis, which is a method
used to identify the relative importance of the input parameters; it is defined as “the study
of how changes in the output of amodel (numerical or otherwise) are qualitatively or quan‑
titatively designated as different sources of change”. The purpose of a sensitivity analysis
is to determine the links between the changes in the independent input parameters and
the changes in the independent output variables. Sensitivity coefficients obtained through
a sensitivity analysis can enhance one’s understanding of a model’s performance and its
response to input changes, helping them to identify possible changes in order to improve
the building’s performance. It can also identify important and unimportant parameters
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in the model, allowing them to customize the input variables and constraints to solve the
optimization problems. Based on the results of the sensitivity analysis, correspondingmea‑
sures were proposed. The framework of the study in this paper is shown in Figure 1.

The power density of the electrical equipment in residential buildings, the time period
of electrical equipment use (such as lamps, air conditioners and electric blankets), as well
as the time period of each generation of people in the room and the time period of them
being in each functional room in the room were collected through questionnaires and the
researchers taking actual measurements. Then, we sorted them into the categories of the
people’s activity parameters, the people’s and buildings’ base parameters, and the time
period of thembeing in each functional room in inputted them intoDesignBuilder to obtain
the preliminary parameters of the simulated model.

2.2. Research Methods
In many cases, since a high thermal comfort level and a low energy consumption

rate are two conflicting states, these problems are solved by applying various optimiza‑
tion methods [22]. A common approach is multi‑objective optimization (MOO), where the
goal is to optimize the function of the variables that may be subject to various constraints;
a typical MOO problem should contain optimization parameters, objective functions and
constraints [2].

In the parameter design phase, the input parameters have the same value probability;
a uniform or discrete distribution can be selected, and the normal distribution is applied to
the input variable that is not affected by the occupant’s behavior [22]. In the early design
phase, linear regression can be used as an effective simplified model, instead of energy
simulation models [23]. By establishing the behavioral patterns of human activity, such as
changes in the temperature setpoints, we can see that air conditioning is activated only after
reaching a specified cooling setpoint temperature, and a combination of sociodemographic
and behavioral models can better explain the annual energy consumption of residential
buildings [6]. In addition to energy consumption, common target parameters include opti‑
mizing the amount of energy consumption [24] and minimizing the life cycle costs, while
improving the performance [25], as well as the heating and cooling loads, the comfort level
and electricity consumption rate.

Energy consumption was mainly simulated through energy consumption simulation
analysis software, andwe inputted the independent variables influencing energy consump‑
tion, mainly consisting of three parts: the input of the independent variables, the building
simulation and the output of the response variable values by changing the independent
variables and then changing the value of the strain variable; such a simulation process is
called a forward simulation method [26]. This study used a global sensitivity analysis by
selecting 12 main influencing factors and calculating the standardized regression coeffi‑
cient of each factor in the corresponding output value to determine the most important
parameters.

The global approach can be further divided into fourmethods: regression, filter‑based,
variance‑based and metamodel sensitivity analyses [27]. Most of the global SAs in archi‑
tectural applications use sampling‑based Monte Cato analysis (MCA) [28] and multiple
regression methods to assess the sensitivity of miscellaneous input parameters [6].

Multivariate global sensitivity analysis [23] and uncertainty analysis [29] can be used
to construct thermal simulations by using a Monte Carlo analysis to study probabilistic
phenomena, followed by approximately random sampling from multivariate parameter
distributions using Latin hypercube sampling and an uncertainty analysis [29]. To im‑
prove the computational efficiency, optimization can be performed by combining TRNSYS
(Transient Systems Simulation Tool) and jEPlus+EA (EnergyPlus Simulation Manager for
Parametric + EvolutionaryAlgorithms). For six different climatic applications in eight loca‑
tions in Australia, the optimal solution varies for each climatic zone by using the envelope
components as decision variables, and the best solution has a 27–31% higher LCC saving
compared to that of the baseline [2]. Optimization can be achieved by coupling a genetic
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algorithm [25,30] with a building simulation engine; through the optimization of multiple
objectives (e.g., the cost and performance), the optimization tool stores the output variables
and processes the data using the algorithm to generate Pareto‑optimal solutions [2,24,31].

When one is considering the interactions between the variables, the commonly used
methods include FAST (Fourier amplitude sensitivity testing) and Sobol; the FASTmethod
only considers the nonlinear effects, and it does not consider the interaction effects, while
the Sobol method can decompose all of the output variances, which means that no output
variance is left in the analysis. The Sobol method requires a long calculation time [27].

The results of the sensitivity analysis are usually very dependent on the range of val‑
ues of the influencing parameters. Three different probability density functions are usually
employed: uniform, log‑normal and normal distributions [32].

The method used in this study was variance‑based sensitivity analysis (often referred
to as the Sobol method or Sobol index) as a form of global sensitivity analysis. Working
within a probabilistic framework, this method decomposes the variance of the output of
a model or system into scores that are attributable to the input or input set, canmeasure the
sensitivity of the entire input space (i.e., it is a global method) and can be used to process
nonlinear responses.

Since different influencing factors tend to affect one another, global sensitivity analy‑
sis can effectively reduce the error [33]. The current sensitivity analysis focuses on global
sensitivity analysis, which is divided into fourmethods: regression, screen‑based, variance‑
based [27] and metamodel sensitivity analyses [34]. For the regression methods, Latin hy‑
percube sampling is suitable for a wide range of use cases due to its efficient layering na‑
ture. Another commonly used technique in the regressionmethods is the stepwisemethod,
in which all of the R2 values obtained from the stepwise multiple regression are judged,
and the data represent the proportion of energy consumption that can be explained by
the influencing factors of the independent variable, such as the R2 value being equal to
0.95, which means that 95% of the change in energy consumption can be explained by the
changes in the participating influencing factors [35].

The evaluation coefficient used in this study was the standardized regression coeffi‑
cient (SRC), which is usually used to answer the question of which independent variables
have a greater influence on the dependent variable in the multiple regression analysis [23],
where the variables have different units of measurement, which can also be considered
as a general measure of the size of the effect, quantifying the magnitude of the effect of
one variable on another variable. However, the standardized regression coefficients of
each parameter obtained for the same building in different environments are almost al‑
ways different. Therefore, it is not possible to extrapolate the coefficients of the parameters
of the buildings in other cases.

3. Questionnaire Survey
1. Basic information of questionnaires:

A total of 872 questionnaires were collected family research questionnaires, of which
441were valid, with an efficiency rate of 50.6%, including a total of 1172 individual research
questionnaires from family members.

2. Structure of the questionnaire:

The main population of this questionnaire is aged from 40 to 50 years old, accounting
for 36.5%, while 8.7% of the people are under 20 years old, 16.9% of the people are between
20 and 30 years old, 9.3% of the people are between 30 and 40 years old, 12.4% of the people
are between 50 and 60 years old and 6.8% of the people are over 60 years old.

3. The main contents of the questionnaire:

The participants’ age, gender and income andwhether they use heating equipment in
winter, whether they use cooling equipment in summer, the duration of heating in winter,
the duration of cooling in summer and the duration of being in a room were included.
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4. Data composition of the questionnaire, The sample size distribution of the question‑
naire in each city in Zhejiang Province is shown in Figure 2.
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The data sources of this paper are mainly concentrated in various cities of Zhejiang
Province, amongwhich 120 questionnaires inWenzhou and 89 questionnaires inHangzhou
were filled out. The original questions of the questionnaire are shown in Appendix A.

5. Data results of the questionnaires:

According to the questionnaire data, 30.5% of the people do not heat their homes in
winter, 69.5% of the people heat their homes in winter, and the heating in winter mainly
“turned on before going to bed and turned off after going to bed”, accounting for 49.36%
of the population; in summer, 72.6% of the people perform cooling measures in summer,
while 29.4% of the people do not perform cooling measures. In the summer, cooling be‑
havior occurred mainly when they were sleeping, accounting for 48.39%.

There are significant urban–rural differences in the human thermal comfort levels,
and younger people have a higher thermal tolerance than adults do [36]. At the same time,
the difference in thermal comfort zones between urban and rural residents also causes
the energy use behavior of rural and urban residents to differ significantly [37]. In or‑
der to explore whether there is a gap between people’s activity patterns and energy use
behaviors at different ages, we took rural dwellings in Zhejiang Province as the survey
object, conducted a questionnaire survey and investigated the family situation and per‑
sonal information of the inhabitants in Zhejiang’s rural dwellings through questionnaire
surveys in 2021~2022. In order to ensure the accuracy and representativeness of the ques‑
tionnaire results, a total of 872 household survey questionnaires were collected and ana‑
lyzed, of which 441 were valid questionnaires, reflecting an effective rate of 50.6%, along
with 1172 individual survey questionnaires from family members. The results of the ques‑
tionnaire on the differences in energy usage behaviors by different age groups are shown
in Figure 3.

For the older age group, the proportion of people who do not usually go home or go
home on weekends is becoming smaller and smaller, showing an overall uniform down‑
ward trend.

The probability of people under the age of 20 going out to work during the day and
returning home at night, except at the weekends, was 10.8%, which then reached a peak of
39.4% with increasing age, before steadily decreasing.
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by people of different ages in summer and winter. Under 20 years old: n = 154; 20.30 years: n = 221;
30.40 years: n = 102; 40.50 years: n = 387; 50.60 years: n = 131; over 60 years old: n = 135 (n refers to
the number of people within this age bracket who answered this questionnaire).

According to the figure, the probability of people of different ages being in a given
room is very different, and the distribution of the types of people under the age of 20 is
more uniform. People aged 20 to 30 years more often did not go home at usual times or
go home on holidays. The 30–40‑year‑old group most commonly went out to work during
the day and went home at night, except on the weekends, and worked during the day,
went home at night and took weekends off. Compared with the people aged 30 to 40 years,
people aged 40 to 50 years were more likely to go out to work during the day and go home
at night, except at the weekends. People aged 50 to 60 years mainly tended to go out to
work during the day and come home at night, except at theweekends. People over 60 years
of age were generally at home all day, and the probability of them being in a given room
was the highest.

As shown in Figure 3, in all of the age groups, the probability of using energy in
summer was 12% higher than that in winter, overall, and it can be seen from Figure 1
that the impact of age on heating and cooling behaviors shows a similar trend, rising from
20 to 25 years old, rapidly declining from the ages of 25 to 35, and then displaying a trend
of first rising, and then declining from the ages of 35 to 60. People aged 20–30 years have the
highest probability of heating and cooling their homes inwinter and summer, respectively.
It can be seen that there is a significant gap between the mode of activity and the energy
use behavior of the people of different ages.

The questionnaires in the Zhejiang Province in China were used to list the possible
family patterns in a permutation, with each generation having two working lifestyles:
one where no one worked, and they stayed at home, and the other one, where the oc‑
cupants worked and returned home on the weekends or holidays. Considering that the
first 11 patterns already accounted for 95% of the questionnaire results, the remaining pro‑
portion of family patterns in the “first generation employment” situation does not affect
the first three most common family patterns.

Based on the questionnaire survey results, the composition ratio of themembers of dif‑
ferent family models is shown in Table 1. As can be seen from the table, the top three rural
family model types are Model 1, Model 2 and Model 3, accounting for 49%, 8% and 8%,
respectively. This result can be used as a typical family model type for the analysis and
simulation.

Table 1. Family Composition.

Model 1 2 3 4 5 6 7 8 9 10 11

Households 49% 8% 8% 6% 2% 2% 4% 6% 4% 2% 4%
Grandparents • • • • N N N • • • #

Parents # # • • • # • # N • #
Grandchildren # • # • # • • N N N #

•: stay at home; #: work outside and return home on weekends and holidays; N: none.
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4. Establish Simulation Model
Commonly used energy consumption simulation software platforms include Ener‑

gyPlus [38,39], ESP‑r, TRNSYS, DOE2, OpenStudio [40], jEPlus and SimLab [41]. The
DesignBuilder platform used in this study is based on EnergyPlus, which was the core,
which studies the degree of influence of the sensitivity coefficient of the family model on
various factors influencing rural residential buildings’ energy consumption and simulates
changes in heating energy consumption, cooling energy consumption, total electricity and
comfort level by changing each influencing factor, calculating the simulation data and ana‑
lyzing the calculated standardized regression coefficients to obtain the importance ranking
of each influencing parameter.

4.1. Establishment of Typical Models
4.1.1. Personnel Activity Parameters

The conditions for simulating the energy use periods of the first generation residents
are. 8:00 p.m. to 6:00 a.m., air conditioning is used in summer and not in winter; the
indoor temperature setting of the bedroom is 26 ◦C in summer; the winter room is used
to calculate the air temperature change for 1 time/h; the summer room is used to calculate
the air temperature change for 1 time/h.

The second‑ and third‑generation residents’ energy use time periods take place at
7:00 p.m.~7:00 a.m. The winter indoor temperature setpoint in the living room is 18 ◦C; the
summer indoor temperature setpoint is 26 ◦C.

4.1.2. Three Typical Family Patterns
As shown in Figure 4, through the survey questionnaire of the actual situation, the

three most common family models were selected. Due to the phenomenon of population
outflow, the most common scenario in the Zhejiang Province region is first‑generation res‑
idents living alone, while the second‑generation residents go out to work and return home
on holidays or New Year, and the third‑generation residents go out to school or work, re‑
turning home for winter and summer vacation or holidays. (This means that in the mock‑
up’s schedule, the person is in the room is during summer and winter hours and holidays,
while the rest of the time, they are not in the building, which means that no energy is used,
and the room is in a natural ventilation mode).
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In the case of Model 2, the first‑generation residents help to raise the third‑generation
residents, and the second‑generation residents go out to work to provide for the living
costs of all three generations.

In Model 3, the first‑generation residents live at home; the second‑generation resi‑
dents work nearby, go to work during the day and come home from work at night; the
third‑generation residents go to school or work.
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4.1.3. Energy Use Behavior and Schedule of Time Spent in the Room
After an on‑site investigation, the residents’ electrical use time and time spent in the

rooms were obtained, as shown in Figures 5–7.
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Through the field survey questionnaire and the measured results from the field for
different functional rooms in residential buildings, reliable parameters can be provided
using the energy consumption simulation software based on the actual energy consump‑
tion behavior of different generations of people, and Table 2 shows the basic parameter
settings in each room of a typical house:

Table 2. The basic parameter settings in the building room.

Room Type Lighting
Power (W/㎡)

Number of People in
the Room

(Person/Room)
Metabolic Rate
(W/Person)

Temperature Setpoint (◦C) Device Power
(W/m2)Summer Winter

Bedroom 7 2 100 26 18 13
Living room 7 Determined by mode 100 26 18 13
Dining room 7 Determined by mode 110 26 18 13
Kitchen 7 3 160 / / 13

4.2. The Input Parameters for Simulation
At present, the selection of residential sensitivity parameters mainly focuses on the

envelope, equipment use, and inhabitants’ behavior. The commonly involved indepen‑
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dent variables include the window solar heat gain coefficient, the window‑to‑ground ra‑
tio, the external obstacles and overhang projection fraction [38], the building shape, the
window‑to‑exterior‑wall area, the thermophysical properties of the building materials, in‑
sulation, air penetration, natural flux [42], envelope color, the setpoint temperature, the
area height [29], internal loads, the outdoor environment, equipment and schedules [23],
the building orientation, the equipment and systems, weather, the occupants [43], the
building layout, lighting [6], the energy‑efficiency measures, the energy system design
parameters and the construction quality [40].

In terms of the envelope, the overhang ratio and building orientation are two param‑
eters that have been considered as highly sensitive in previous studies of buildings in hot
climate regions [40]. The window solar heat gain coefficient and window‑to‑ground ratio
are considered to be the two most influential passive design factor target parameters [38].
Building loads aremainly affected by the residential density, lighting loads and equipment
loads [38]. The most sensitive design parameters to the annual cooling energy load of low‑
rise apartment buildings are natural passage, the window area and the solar thermal gain
coefficient of glass [42]. In predominantly cold climates, the type of window has a greater
impact on reducing the amount of energy used, and the most sensitive parameters for the
cooling load are the north‑facing window’s shading factor, type and area. In predomi‑
nantly hot climates, wall insulation has been found to be a more effective strategy [41].

When one is considering the building’s form,H‑shaped buildings use less energy than
L‑shaped, rectangular, triangular, T‑shaped and U‑shaped buildings do [43].

When the inhabitants’ behavior is taken into account, larger household sizes, higher
occupancy rates, lower wall insulation thermal resistance and smaller airflow rates can
reduce the end‑use energy consumption [4].

After optimization through a sensitivity analysis, the model optimized according to
the SA cooling indicators achieved overall energy savings of 41.6% compared to that of the
benchmark building [38].

Frequently involved target variables include the number of thermal discomfort hours
(TDH), the number of daylight unsatisfied hours (DUH), the life cycle cost (LCC) [2,25],
energy use, the thermal comfort level and the amount of daylight [41].

TheDesignBuilder hourlyweather datawere obtained from theweather section of the
EnergyPlus website and processed using the DesignBuilder weather data translator. This
is mainly because the climate data needed for this paper are available in DesignBuilder’s
weather files for all parts of the world.

In addition to the basic parameters of the building and weather data, the other
12 parameters affecting the energy consumption and comfort of the building are consid‑
ered to be important influencing parameters, and the detailed influencing parameters are
shown in Table 3.

Table 3. Range of intervals for the base line and simulated values of each parameter.

NO. Types of Input Parameter Unit Based
Value

Range of
Values

Distribution
Step Size

Number of
Steps

A Heat transfer coefficient of exterior wall W/(m2·K) 2.2 0.4~2.6 0.2 14

B Heat transfer coefficient of
exterior window W/(m2·K) 6.4 1.5~3.5 0.5 5

C Solar heat gain coefficient / 0.8 0.2~0.8 0.2 4
D Heat transfer coefficient of roof W/(m2·K) 6.0 0.5~6.0 0.5 12
E Area ratio of window to wall % 30 15~65 5 11
F Infiltration Ac/h 0.5 0.1~0.8 0.1 8
G Cooling setpoint temperature ◦C 16 26~28 1 3
H Heating setpoint temperature ◦C 28 18~22 1 5
I Equipment power density W/m2 4.3 4–12 1 9
J General lighting power density W/m2 7 0~10 1 11
K Occupancy number of people Each 2 0~2 1 3
L Local shading type m 1 0~2 0.2 8
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5. Model Calibration and Validation
5.1. Field Survey

The SRCs with the same design parameters vary greatly from each other in different
climatic zones [2], as well as in cities in different climatic zones [23,40]. Therefore, the con‑
clusions of this paper cannot be extrapolated to dwellings under different
climatic conditions.

According to the data from the official website of the local government, the village is
located at 30◦64′ east (longitude) and 120◦08′ north (latitude), The general characteristics of
the climate are: abundant precipitation, synchronized light and temperature, mild climate,
and more pronounced vertical climate. The city’s annual average temperature is 12.2 to
17.3◦C. The coldest January average temperature is−0.4 to 5.5 ◦C, the hottest July average
temperature is 24.4 to 30. 8 ◦C, and the average relative humidity is over 80%. The winds
change seasonally, with northwesterly winds prevailing in the winter and southeasterly
winds prevailing in the summer, and the monsoon transition period is between March
and September, with northeasterly and easterly winds prevailing. The annual average
wind speed is 1.7~3.2 m/s.

In 2021, the authors conducted field data measurements in a house in Zhangluwan
Village using a testo thermometer to record the room temperature and humidity, an il‑
luminance meter to record the level of room illumination, a power outlet to record the
amount of electricity consumption by the major appliances, a government power website
to obtain the monthly electricity consumption data for each home and a tape measure to
map the building plans and elevations

The measured rooms include the main activity space and some special spaces. The
former one refers to a room that occupant mainly uses, such as the bedroom, living room,
guest room and other spaces. The latter ones refer to rooms with relatively special spaces,
such as courtyards, attics, sunrooms, etc. The measuring instrument is set at a height of
1.5 m. In order to prevent human interference and not affect the daily life of the occupants,
the measuring instrument was fixed to the furniture, and the data were recorded every
fifteen minutes.

From left to right, the temperature and humidity meter, power socket, small weather
station and indoor air quality detector are shown in Figure 8.
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5.2. Measurement Object
The selected household sample needs to meet the following criteria:

1. The building materials, structure, building form, year of construction and plan of the
house are represented;

2. The household must have a complete equipment system, including both heating and
cooling equipment, and the residents must be willing to adjust the indoor temper‑
ature through the use of this equipment and set the air conditioning temperature
within a suitable range;
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3. Family members must return to live at home within a fixed cycle and have a regular
schedule;

4. The members of the household must be willing to provide information on the behav‑
ioral habits, number, gender, age, etc., of the family members.
As shown in Figure 9, the dwelling studied in this study is located in a village in

Huzhou City, Zhejiang Province, where this type of dwelling is very common and has
a fairly universal character. The dwelling selected for testing is shown in Figure 5, and the
basic information about the dwelling is shown in Table 4.
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Table 4. Basic information about the residence.

NO. Residential Information Two‑Story House

A Year of construction 2000
B Family members 1 grandmother, 2 parents, and 2 sons
C Floor space (m2) 140
D Total floor area (m2) 292

Figure 10 shows the floor plan of the house, which was built in 2000. The main rooms
are located on the first and second floors, and the composition of the occupants is a typ‑
ical three‑generation household: the family mainly consists of a grandmother who lives
at home, along with two parents who go out to work during the day and return home at
night. Their two sons, who go to school in other places, usually do not go home. The house
consumes a little hot water, and it has both solar and electric water heaters.
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5.3. Model Validation
After comparing the actual energy consumption behavior with the annual power con‑

sumption according to the specification, as shown in Figure 11, the difference in power
consumption for Model 2 is relatively large, and the difference between the other modes
is small.
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Figure 11. Code and actual annual building electricity consumption rates.

The annual electricity consumption of buildings in the threemodels according to their
respective codes is 4.9%, 20.8% and 3.7% lower than the actual annual electricity consump‑
tion of the buildings in the three models studied, respectively.

Through the field survey of a typical building and based on actual data, the simulation
using DesignBuilder software was used to establish the typical activity of the household’s
occupants. Based on the users’ energy consumption behavior, the significance of the fac‑
tors affecting residential energy consumption was further analyzed. The model diagram
of the house under investigation in the software and the main energy using rooms on the
second floor are shown in Figure 12.
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Figure 12. (a) Aerial view of the residence in DesignBuilder; (b) the main energy using room on the
2nd floor of the residence.

The model can be verified by comparing the indoor air temperature and electricity
consumption from day to day and month to month; in this study, the building simulation
and measured electricity consumption were selected for verification.

CVRMSE can be used to calibrate themodels thatmeasure the building’s performance;
it indicates the instability of the relationships between the variables observed during the
baseline period. This yields the coefficient of variation of the input value relative to the
output value. As shown in Table 5, The actual and simulated power gap for each month is
within an acceptable range.
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Table 5. Monthly measured and simulated electricity consumption data for residential home.

Time Actual Electricity
Consumption (kwh)

Simulated Electrical
Power (kwh) CVRMSE

Dec 21 193.5 218 11.2%
Nov 21 128 121 5.8%
Oct 21 151 135 11.9%
Sep 21 158.5 153 3.6%
Aug 21 446 472 5.5%
Jul 21 456.5 401 13.8%
Jun 21 205.5 198 3.8%
May 21 144 134 7.5%
Apr 21 136.5 121 12.8%
Mar 21 173.5 165 5.2%
Feb 21 339 299 13.4%
Jan 21 367.5 346 6.2%

As shown in Figure 13, by comparing themeasured indoor temperature changes with
the software simulation data of 2021, we found that the monthly electricity consumption
data of typical residential buildings are consistent with the measured data in terms of
trends, and another indicator was introduced: the coefficient of variation of the root mean
square error (CVRMSE), which is always positive and can maximize the impact of impor‑
tant deviations. The CVRMSE calculation process is shown in Equation (1):

CvRMSE =

√
∑n

i=1(Mi−Si)
2

n
∑n

i=1 Mi
n

× 100%, (1)

where M represents the measured energy consumption data, S represents the simulated
energy consumption data and n is the number of data (month‑by‑month data, n = 12).
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residential home.

We calculated that the root mean square error coefficients of the residential buildings
meet the requirements of 15% hourly error set out by the FEMP (Federal Energy Manage‑
ment Program) [44], so the data obtained via the simulation have high confidence.

6. Results
6.1. Energy Consumption

The high sensitivity factors of energy consumption in urban dwellings are not exactly
the same as those in rural house; in [45], the shading coefficient and window to wall ra‑
tio were the most vital factors in summer, and the wall heat transfer coefficient and shape
coefficient were the most vital factors in winter, while the high sensitivity coefficients of



Buildings 2023, 13, 463 15 of 23

rural dwellings had to be varied according to the specific climatic conditions and the differ‑
ences between the buildings and the occupants due to various differences in construction
methods, people’s energy use behavior and household patterns.

When we were optimizing both low energy consumption (small size) and visual com‑
fort (large size), there is a clear contradiction in the window size [45], as well as a clear
linear relationship between the performance of the building’s maintenance structure and
its cost, with price being one of the very sensitive factors in rural areas. Themarginal effect
of the thermal performance of some building structures as they continue to improve [38,46]
is one of the constraints on the optimization of energy consumption.

SRCs can be used to provide quantitativemeasurements of parameter sensitivity. The
ranking of the parameters is determined by their influence on the heating and cooling loads.
In this study, the SRCs were chosen to calculate the sensitivity of each influencing parame‑
ter: when the value of an SRC is greater than 0, it means that the trend of the corresponding
output value tends to change in the same direction as the change in the input value, and
when the value of SRC is less than 0, it means that the change in the input and output val‑
ues tend to go in opposite directions. The SRC values of each influencing factor of building
cooling, heating and total electricity consumption in the three modes are ranked as shown
in Figures 14–16.
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The results of the sensitivity analysis of different household patterns are shown in
Figure 14, including the most important parameters influencing the annual cooling energy
load. In the corresponding real‑world situation, the plot can help us to understand which
impact parameters have the highest priority, and the numerical size of the SRC shows the
effect of increasing or decreasing the values of these parameters.

In this study, if the influencing parameters with SRCs that are greater than 0.1 are
defined as parameters with a large impact on residential energy consumption, then the
parameters with the greatest impact on the cooling load were the cooling setpoint temper‑
ature, the heat transfer coefficient of the exterior wall, the heat transfer coefficient of the
exterior windows, the solar heat gain coefficient, the number of occupants, the area ratio
of windows to walls and infiltration. The most influential parameters were the same in
all three family modes, and the importance order of the parameters was essentially the
same, with only a slight numerical difference. In addition, improving the cooling setpoint
temperature is very important for reducing the cooling energy consumption, along with
reducing the heat transfer coefficient of the exterior wall and increasing the window shad‑
ing coefficient during the design or renovation process. The sensitivity analysis results of
cooling energy consumption can be used as a guide, but the results cannot provide an en‑
ergy saving reference for residential buildings located in different climates or with large
physical differences.

The parameters with the greatest influence on the heating load were the heat trans‑
fer coefficient of the exterior wall, the heating setpoint temperature, infiltration, the num‑
ber of occupants and the solar heat gain coefficient, which is similar to the cooling load
in all three modes. The order of importance of the parameters was also essentially the
same. In addition, reducing the heat transfer coefficient of the exterior wall and reducing
the heating setpoint temperature had obvious effects on reducing the heating load of the
residential buildings.

The sensitivity analysis in eachmode yielded R2 values between 0.89 and 0.99 for heat‑
ing regression, between 0.89 and 0.93 for cooling regression and between 0.78 and 0.83 for
the total charge. Overall, the stepwise regression model showed a good fit with heating.
In Model 1, because only the first‑generation residents spent a long time at home, and ac‑
cording to the results of surveys and questionnaires, they used less heating and cooling
equipment, but the length and time period of use of lighting equipment were more regu‑
lar, the general lighting power density showed high sensitivity to the total electricity usage.
In addition, reducing the heat transfer coefficient of the exterior wall and the equipment
power density had a significantly reduced the electricity consumption of residential build‑
ings. In Model 2, due to the high frequency of use of electrical equipment by the third
generation, the equipment power density showed high sensitivity to the total amount of
electricity. InModel 3, the first and second generations lived together, but there were large
differences in the energy use behavior of the people of different generations, and the gen‑
eral lighting power density and equipment power density showed higher sensitivity in the
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results. The SRC values of each influencing factor of discomfortable in the three modes are
ranked as shown in Figures 14–16.

6.2. Discomfortable
Comfort refers to the comprehensive evaluation of people’s satisfaction with the ob‑

jective environment from the physiological and psychological aspects. As it is affected by
various factors and conditions, comfort will present different results due to individual dif‑
ferences, and it is difficult to quantify, so under different comfort evaluation standards, the
conclusion will be quite different. Figures 17 and 18 show the SRC values of each influenc‑
ing factor for discomfort under two different evaluation criteria.
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As shown in the picture 17, In terms of the comfort of residential housing, the sensi‑
tivity of each parameter in each mode is greater than the sensitivity of energy consump‑
tion, and under the All‑Cloth discomfort standard, each mode’s solar heat gain coefficient
shows more sensitivity to discomfort. However, in Model 2, because the third genera‑
tion uses air conditioners more frequently, and the cooling energy consumption is much
higher than the heating energy consumption, the cooling setpoint temperature also shows
more sensitivity. In Model 1, the top three most sensitive influencing factors were the so‑
lar heat gain coefficient, infiltration the and window‑to‑wall area ratio. In Model 2, they
were the cooling setpoint temperature, the solar heat gain coefficient and infiltration, while
in Model 3, they were the solar heat gain coefficient, infiltration and the cooling setpoint
temperature. The sensitiv‑ity coefficients of each parameter in residential housing differ
in their importance in different household patterns due to differences in the energy usage
behaviors among intergenerational populations. It is worth noting that in Models 1 and 3,
reducing the window‑to‑wall area ratio can improve comfort, while in Model 2, increasing
the window‑to‑wall area ratio can improve comfort. Similarly, under the influence of local
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shading type and heating setpoint temperature, within a certain range, Model 2 improves
comfort in the opposite way to those of the other two modes. One possible explanation
is that in Model 2, the third generation spends more time in the rooms and uses energy
more frequently, leading to a larger increase in energy consumption than that of the other
two generations, resulting in a significant difference between the high sensitivity factors
of energy consumption in this model and those of the other two models.

As shown in the picture 18, Under theASHRAE 55 discomfort standard, the solar heat
gain coefficient in Models 1 and 3 showedmore sensitivity to comfort. However, in Model
2, the results were different from the All‑Cloth discomfort standard. The heating setpoint
temperature showed more sensitivity. Under different comfort criteria, the most sensitive
parameters exhibited by Model 2 were completely different.

In Model 1, the top three most sensitive factors were the solar heat gain coefficient,
the window‑to‑wall area ratio and infiltration; in model 2, they were the heating setpoint
temperature, the heat transfer coefficient of the exterior wall and the window‑to‑wall area
ratio; in Model 3, they were the solar heat gain coefficient, the cooling setpoint tempera‑
ture and infiltration. The sensitivity coefficients of each parameter of residential housing
differ in their importance in different household patterns due to differences in energy use
behavior among intergenerational populations. Among them, it is worth noting that in
Models 1 and 2, reducing filtration can improve comfort, while in Model 3, increasing fil‑
tration can improve comfort. Additionally, under the influence of the heating setpoint
temperature, within a certain range, Model 2 improves comfort in the opposite way to
those of the other two models.

7. Conclusions
The impact of the users’ energy consumption is often ignored in the study of tradi‑

tional rural energy consumption in the Zhejiang Province region. Thus, this study explores
the factors influencing rural residential energy consumption. Taking rural dwellings in
Zhejiang Province as the survey object, our models were established, and based on
DesignBuilder energy consumption simulation and sensitivity analysis, the trends of
sensitivity coefficients of 12 influencing factors in three different typical intergenerational
family modes were explored. From this research, this paper mainly draws the following
conclusions:

With the integration of the measured data and the simulation modeling methods, the
optimization of building energy consumption and energy saving using multiparameter
sensitivity analysis provides better data, and the modeling and measurement of energy
consumption are conducive to estimating the optimization of energy consumption in each
household type, while the optimization direction is indicated by discomfort reports.

In this study, the correlation between the residential observational data and the sim‑
ulation data was used to supplement the simulation data with some factors influencing
energy use behaviors, such as the cooling and heating setpoint temperatures.

The optimization of energy consumption and comfort based onmeasured energy con‑
sumption between the houses helps them to reduce their energy consumption.

The gap between the month‑to‑month power data of the simulated data showed
a good fit with the measured data. Based on the simulation results, this study compared
the effects of different household types on energy saving and comfort, proposing a home
energy‑saving scheme based on the actual household type.

The simulation results show that the effect of a high cooling setpoint temperature,
a smaller heat transfer coefficient of the exterior wall and a large heat transfer coefficient of
the exterior windows on reducing the cooling load was obvious in all three modes. Mean‑
while, reducing the heat transfer coefficient of the exterior wall, heating setpoint tempera‑
ture and infiltration had a significant inhibitory effect on the heating load.

After the optimization of the power, Model 1 showed the most sensitivity to general
lighting power density, while Models 2 and 3 had the greatest sensitivity to the equipment
power density.
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At the same time, in terms of the comfort of the house, when the simulationwas aimed
at All‑Cloth discomfort, Models 1 and 3 showed the most sensitivity to the solar heat gain
coefficient, while the cooling setpoint temperature had the greatest impact on the total
amount of power in Model 2. Under the ASHRAE 55 discomfort standard, the solar heat
gain coefficient had a large influence on comfort in Models 1 and 3, but in Model 2, the
results were different, with the heating setpoint temperature showing the most sensitivity.
Under different comfort criteria, the most sensitive parameters exhibited by Model 2 were
completely different.

In terms of the recommendation for optimizing the total amount of power, the total
amount of power should be reduced by decreasing the general lighting power density in
Model 1 of the residential house and decreasing the equipment power density in Models
2 and 3 to reduce the total amount of power.

This paper highlights the potential to combine simulation models andmeasured data
to suggest energy saving measures, while also divulging residential energy use behaviors
and other available information about dwellings. Sensitivity analyses can highlight the
most important factors for energy savings that researchers and engineers can calculate
based on the actual composition of the household in order to guide solutions in future
energy‑related impact assessment studies. This paper provides quantitative energy‑saving
recommendations in the design and retrofit phases, with many important prospects.

The standardized regression coefficients for each parameter obtained for the same
building in different environments and for different buildings in the same environment
are almost different, so it is not possible to analogously extrapolate the coefficients of the
parameters of buildings in other situations. If sufficient data and research are available in
the future, it may be possible to subdivide the different types of buildings in different cli‑
matic zones and specifically rank the sensitivity coefficients, and these findings can guide
the construction and renovation phases of residential buildings in the future to optimize
building energy consumption in a targeted manner.
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Appendix A
Zhejiang Rural Housing Questionnaire.
Meter Number (User Number): ________
Name of Head of Household: ________
House Number: Nature Village: ________

• Basic family survey

1. Total number of family members: ________ (person/people); Long‑term residents:
________ (person/people).
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A. 1 persons; B. 2 persons; C. 3 persons; D. 4 persons; E. 5 persons; F. 6 persons;
H. 7 persons; G. 8 people and above.

2. Family belongs to ________ (residence).

A. 1 generation; B. 2 generation; C. 3 generation; D. 4 generation.

3. Current housing use: ________.

A. Pure residence; B. Overall rental; C. Lower business + upper residence; D. Handi‑
craft processing + residence; E. Agricultural product processing + residence.

4. Old housing use: ________ .

A. Pure residence; B. Overall rental; C. Lower business + upper residence; D. Handi‑
craft processing + residence; E. Agricultural product processing + residence.

5. The old house was built during ________.

A. Qing dynasty and before; B. Republican period; C. from 1950s to1980s;
D. 1980~1999; E. 2000~2010; F. 2010‑present day.

6. Compared to the old house, the appliances in your home (used): ________ .

A. Increased; B. There is no difference from before; C. Reduced.

7. If it increased, please list these electrical appliances ________.

A.Wall‑mounted air conditioner; B. underfloor heating; C. electric heaters; D. Central
air conditioning; E. Refrigerator; F. Entertainment equipment such as TVs and speakers;
G. washing machine; H. Sweeper, layer suction; I. Electric water heater.

8. If reduced, please tick the reduced appliances ________.

A.Wall‑mounted air conditioner; B. underfloor heating; C. electric heaters; D. Central
air conditioning; E. Refrigerator; F. Entertainment equipment such as TVs and speakers;
G. washing machine; H. Sweeper, layer suction; I. Electric water heater.

• Investigation of basic personnel and activities.

Family member:

1. Gender: ________.

A Male; B. Female.

2. Education: ________.

A Did not go to school; B. Primary school; C. Junior High School; D. High school;
E. University and above.

3. Age: ________.

A. 20 or less; B. 20~30; C. 30~40; D. 40~50; E. 50~60; F. 60 or above.

4. Occupation: ________ .

Number of outings (per week): A. I basically do not go out; B. I go out occasionally
(less than 3 times); C. I go out often (more than 3 times).

5. Life and work status: ________.

A. I am at home all day; B. I go out to work during the day and go home at night,
except on the weekends; C. I go out to work during the day, go home at night, and go
home on the weekend; D. I usually do not go home or go home on weekends; E. I do not
go home on weekdays, but I go home on holidays.

6. Average annual income (last 3 years): ________.

A. 5,000 or less; B. 5~100,000; C. 10~190,000; D. 20~500000; E. 5 00,000 or more.

7. Whether to heat in winter: ________.
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A. No; B. Yes.
If answer is “yes”, in which way (multiple selections possible): ________ . Among

them, the most used one is: ________.
A. Stove (roasting fire); B. Air conditioning; C. Electric heater; D. Electric blanket.

8. Whether to cool in summer: ________.

A. No; B. Yes.
If answer is “yes”, in which way (multiple selections possible): ________ . Among

them, the most used are: ________.
A. Air conditioning; B. Electric fan; C. Fan.

9. Air conditioning use________ (if not used, do not fill in): summer/winter use month/;
Exact time:/.

The air conditioning temperature is set at ◦C in summer and ◦C in winter.

10. Heating and cooling in the house: ________ Summer/Winter:/.

A. Very hot; B. Heat; C. Slightly warm; D. Comfort; E. Slightly cooler; F. Cold; G. It is
cold.

11. Evaluation of thermal comfort in the house: summer/winter:/.

A. Very comfortable; B. Relatively comfortable; C. General; D. Uncomfortable; E. Very
uncomfortable.

12. How much time you spend indoors compared to the old house: ________ .

A. Added; B. No difference from before; C. Reduced.

13. If it is increased, it is because ________.

A. More comfortable indoors; B. The outdoor environment has deteriorated; C. The
public space for communication is reduced.

14. If it decreases, it is because ________.

A. Uncomfortable indoors; B. The outdoor environment has been improved; C. In‑
creased public space for communication.

15. What else do you think needs to be improved in the new house?

A. Thermal insulation performance, improve indoor comfort in winter; B thermal
insulation performance, improve indoor comfort in summer; C. sound insulation perfor‑
mance between upstairs and downstairs and next room; D. increase the size of the garden
in front of and behind the house; E. increase the size of the communication space in the
community; F. miscellaneous.
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