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a b s t r a c t
Unlike standard-restricted and well-equipped urban residential buildings, a large portion of rural
buildings sacrifice indoor comfort and energy efficiency to reduce the initial investment. Therefore,
cost-effective retrofit strategies for rural buildings are urgently needed to better living conditions and
create higher energy efficiency. This study developed a framework to choose the optimal economical
retrofitting strategies for existing rural buildings by taking both active and passive approaches into
consideration. The building retrofitting measurements were a combination of thermal performance
improvement for external walls and a solar photovoltaic generation system for the rooftop. With the
case of a rural dwelling in Shandong province, this study first assessed the thermal transmittance
of the external walls and collected geometry and operational schedules to create a building model
for the later energy simulation. Environmental monitoring was also conducted for two months – in
February for winter and August for summer – to obtain actual indoor temperatures, which were used
to calibrate the energy model within a 10% error rate. In total, 17 retrofitting plans were then set
up and analyzed in this study. The results showed that when applying the cost-optimal retrofit plan,
there is the great potential to reduce energy use by 20.5% and to balance the annual building energy
consumption with a payback period of 10.7 years. Finally, the proposed framework was proven to be
accurate and feasible and was expected to be widely used in the improvement of living conditions in
Chinese rural areas.
© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction
As reported in 2019, the built-up area in China had increased
to 64.3 billion m2 , where residential buildings account for 71%,
consuming 62% of the natural energy supply (China Building
Energy Consumption Report 2019, 2019). Considering the large
number of existing stock and the high cost of demolition and reconstruction, it is more technically feasible and financially effective to retrofit than to build. Meanwhile, debates concerning environmental upheaval and energy usage highlight the urgent need
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for more sustainable development in the building sector. With
the implementation of ‘‘top-to-bottom’’ energy-efficient renovation programs targeting urban residential buildings in northern
China from 2007 to 2010, around 0.19 billion m2 buildings were
retrofitted, with the energy intensity reduced by 20% (Bao et al.,
2012). The energy consumption of urban residential buildings in
2017 was 11.84 kg of coal per square meter of building area
(kg ce/m2 ) (China Building Energy Consumption Report 2019,
2019). However, rural dwellings, accounting for 41.7% of total
residential buildings, are facing huge energy challenges, as 80%
have no insulation for building envelopes (Song and Deng, 2018).
A high percentage of rural dwellings sacrifice indoor comfort
and energy efficiency during construction to reduce the cost, and
rural residents are paying a large sum for extra heating, health,
and environmental resources because of uncomfortable indoor
spaces (Qi et al., 2019). Therefore, there is a necessary and urgent
need for cost-efficient retrofitting to improve living conditions
and the comfort of rural dwellings.

https://doi.org/10.1016/j.egyr.2021.02.045
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indicated that, after separate calculation, the combination of wall,
window, and roof insulation and the installation of a solar domestic hot water heater system respectively resulted in 50% and 55%
energy savings, and the simultaneous use of them was considered
the optimal energy retrofit strategy for an existing single-family
home in Turkey. Becchio et al. (2015) presented a guideline
for designing retrofit plans combining high-efficiency building
envelopes, technical systems, and solar photovoltaic systems,
transforming a high-performing single-family house to a nearly
zero-energy building. The above-mentioned studies illustrate the
large amount of energy-efficient methods that can be applied to
retrofitting residential buildings. However, the feasibility of these
comprehensive methods applied in rural circumstances needs
to be further identified according to the local climate, resource
availability, economic level, and other conditions.

However, the vast majority of early rural houses were built
by local labor based on experience rather than construction
codes. Compared to standard-restricted urban residences, the
construction methods and materials used in rural construction
vary greatly from region to region and from construction era to
construction era. Considering the retrofit scale, cost, and practical
implementation capacity in rural areas, it is unreasonable to
merely replicate the retrofit methods that are being implemented
in old urban communities nowadays (Evans et al., 2014). Therefore, case demonstrations are needed to illustrate how to carry
out energy-efficient retrofitting of Chinese rural houses under
previous non-benchmarked construction.
1.1. Passive and active building-energy retrofit
Literature on building energy-efficiency refurbishment mainly
focused on passive or active approaches, namely the energydemand side. The widely used passive energy-saving method
minimizes the energy lost through the envelope by reducing
thermal conductivity and improving airtightness, decreasing the
excessive energy demand (Suárez and Fernández-Agüera, 2015).
According to Magrini’s research (Magrini et al., 2014), the thickness of the insulation layer has a reasonable limit, which means
that the thickness cannot be increased blindly or the moisture
transmission inside the wall would be affected. Nevertheless, not
all envelope retrofit methods are feasible. They are frequently
limited by economic factors or technical factors and, therefore,
need to be evaluated cautiously. For instance, in the case of
the affordable building reconstruction mentioned in CasqueroModrego and Goñi Modrego (2019), given the series of problems
described and the solutions proposed from the envelope to the
structure, only insulation material was added to the opaque envelope part instead of implementing all the methods put forward,
owing to limited government funds and the huge number of
buildings that are in urgent need of renovation.
The other way of building retrofit is known as active energyefficient strategies, including the application of upgraded HVAC
systems (Xin et al., 2018) and the replacement of high-energy
appliances (Gupta and Gregg, 2016), which can efficiently decrease the energy use to a certain extent (Luddeni et al., 2018).
Asaee et al. (2017) estimated that 36% of energy consumption
could be reduced if air-to-water heat pump retrofitting were
conducted nationwide in Canada. Hinnells (2008) declared that
there is a potential of 75%–90% reduction in lighting energy consumption compared to conventional patterns with a combination
of daylight sensors, energy-efficient lighting, and lighting control.

1.3. Model calibration for building energy retrofit
Measurement and simulation are frequently employed as efficient ways to assess the potentials of various energy-saving
methods before initiating a refurbishment program for existing
buildings (Hong et al., 2014). An energy model is traditionally established to conduct simulations with the application of building
energy simulation programs (Augenbroe, 2002), such as EnergyPlus and TRYSNS. In current cases, it is very common for users
to apply existing well-established templates or representative
constructions in the parameter input procedure (Coakley et al.,
2014). Such simplified methods may save time in the early design
stage but would consequently further widen the gap between
the simulated and actual values, especially for accurate retrofit
projects (Li et al., 2015).
On-site surveys are conducted for calibrating the simulation
model, minimizing the discrepancy between simulated energy
use and observed data (Manke et al., 1996), which is considered
the fundamental step of building energy simulation (Ayres and
Stamper, 1995). Numerous calibration approaches based on iterative parameter tuning manually have been developed, including
collecting supplemental evidence (Pan et al., 2007) and applying graphical comparisons (Pedrini et al., 2002). These manual
calibration methods combine expertise and physical situations
in a trial-and-error process, leading to a more reliable energy
model (Coakley et al., 2014). In order to optimize the aforementioned time-consuming and costly process, auto-calibration is
further developed based on mathematical and statistical knowledge, converting part of the manual adjustments into an automatic process, which obviously enhances the efficiency of model
calibration (Yang et al., 2016).
This research about energy simulation models has been conducted for several decades. But for Chinese rural houses that
were built without reference to construction standards, relying on
the experience and ‘‘creativity’’ of local workers, more in-depth
research is needed. What actual data is needed and how to obtain
it from field measurements and user surveys requires specified
illustration. The data is used to build energy models that are more
in line with reality. If the gap between the simulation results
and the actual situation were reduced to within the acceptable
deviation through calibration by energy consumption bills (Chen
et al., 2013) or indoor temperature (Taheri et al.), only then could
the energy model be employed for the following evaluation and
selection of different energy-conservation methods.

1.2. Active–passive combined building-energy retrofit
To achieve more significant energy savings, both active and
passive approaches are often adopted in one retrofit project,
improving the energy performance of envelope components and
equipment systems simultaneously. Liu et al. (2018) assessed
a holistic strategy with building envelope, heating system, and
outdoor heating-pipe networks, and it had the potential for reducing electricity consumption of a high-rise residential building
in Beijing in winter and summer by 34% and 11%, respectively.
Mata et al. (2013) found that the combination of various retrofit
methods, including wall insulation, window replacement, and
recovery system improvement, could achieve 53% reduction of
energy demand in Swedish residential buildings.
Coupled with the requirements of the Kyoto Protocol’s Clean
Development Mechanism (CDM) (Zhou et al., 2013), various renewable energy technologies have been employed in many
retrofit programs in recent years combined with mature energyefficiency methods. In a study by Nihal et al. (2018), the results

1.4. Optimization model for energy-efficient retrofit
When multiple components are to be modified in one refurbishment project, the best combination of retrofit selections
should be identified according to project orientation with the
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impact on occupant health (Yang et al., 2010). Therefore, there is
a need to improve the rural energy structure. In accordance with
local resource availability, it is recommended to promote smallscale, decentralized energy systems in rural areas, especially the
application of renewable energy sources, such as biomass and
solar energy (Zhang et al., 2009).
In this study, one self-built rural house in Shandong province
was selected as the case building. It possesses the features of a
common layout, a moderate building scale, and a
non-benchmarked but mature construction method that can effectively represent the general situation of rural houses in the
local area. Detailed description is elaborated upon in Section 2.1.
The energy-efficient retrofit methods of the case house mainly
consider adding insulation material to the external walls to reduce the extra heat loss and installing a rooftop PV system to
reduce the dependence on the power grid. Most Chinese rural
houses are facing a shortage of envelope insulation. It is reported
that only 3% of rural houses in southern regions and 11% of
those in the north have high-quality insulation (Yang et al., 2010).
Among all the envelope components, external walls, with the
largest area ratio and higher energy-saving potential, hold the
improvement priority in both application frequency and energy
savings, followed by the windows and roof (Liu and Guo, 2013).
In addition, compared to the replacement of windows and the addition of an insulation layer to the pitched roof, the installation of
external insulation on the external walls has the least impact on
indoor occupant life. Considering the low density of rural housing
and their idle roofs, coupled with Shandong province’s abundant
solar resources, the promotion of small-scale decentralized solar
systems, such as rooftop PV systems, in rural areas of Shandong
province is suitable.
Therefore, this study seeks to answer the following questions:
(1) What data should be collected through on-site measurement and user survey to establish an energy model for nonbenchmarked rural houses with an acceptable error rate between
the simulation results and the reality?
(2) How can an optimization model be formulated under actual construction constraints to select the optimal environmental
and economic combination of wall retrofit and rooftop PV system
installation?
Due to geographic diversity, economic capacity, and local resource availability, rural houses in different parts of China are
generally energy inefficient and their energy performance varies
greatly by the effect of their non-benchmarked construction. To
improve the comfort and living conditions of rural dwellers and
to narrow the energy gap and inequality between urban and rural
areas, energy-efficient retrofitting of these houses is therefore urgently needed. This study is expected to provide a demonstration
for other self-built rural houses with poor energy performance of
an efficient and feasible retrofit.

application of an optimization model. The optimization objectives can be roughly divided into two categories, economic and
environmental, which are often conflicting (Rosso et al., 2020).
Tahsildoost and Zomorodian (2020) presented a tool for selecting the optimum retrofit action combination for the envelope
of rural houses in different climates with the objectives of minimum energy consumption, carbon emission, and retrofit cost.
However, the retrofit objects were simplified as arithmetic parameters instead of considering the actual materials. Fan and Xia
(2017) established a multi-objective optimization framework for
envelope retrofit and rooftop PV system installation. A genetic
algorithm (GA) was applied to find the optimal strategy with minimum energy consumption and payback period and maximum
net present value under the different retrofit budget constraints.
Ascione et al. (2019) proposed a simulation-based performance
optimization model with EnergyPlus for simulation and GA for
optimization. In total, nine design variables were taken into account during the optimization process and a nearly zero energy
optimal strategy and a cost-optimal strategy were determined
under multiple criteria. Most of the previous optimization models
used idealized numerical calculations. A uniform range of values
and idealized iso-difference intervals were incorporated into the
calculation, neglecting the relevant technical and construction
limitations occurring in practical applications.
1.5. Problem statement
The design and construction of Chinese rural residences vary
across provinces because of the diverse cultural and geographical
features, economic levels, and resource availability. Residences
are usually one or two floors, mostly with courtyards (Yang et al.,
2010). Common structures are masonry structure, reinforced concrete frame structure, as well as wood structure, stone–wood
structure, adobe, and rammed earth structure and other traditional structures. The proportion of masonry structures and
reinforced concrete structures is positively related to the income
level of local farmers (Li et al., 2011). Roofs and floors are basically
made of hard cement without insulation. 80% of the external
walls are made of solid clay bricks with poor thermal performance, which has been banned in construction in China since
2011 (Li et al., 2020). There are also walls made of hollow bricks.
Most windows are single-layered glass with wooden, steel, or
aluminum frames (He et al., 2014).
Different from urban residential buildings, rural houses are
mostly built without the governance of uniform construction
codes. Instead, they are built by local builders based on their
experience and locally available materials without prior formal,
detailed construction drawings. Therefore, there is a great deal of
particularity in the construction of rural houses, most of which do
not adhere to specific construction practices or consider thermal
properties. As a result, thermal performance of these self-built
houses is hard to guarantee. This also results in difficulties simulating the current thermal situation of these houses, which
very little literature has studied. However, in the energy-efficient
retrofit process of a rural house, reducing the error between the
energy model and the reality to an acceptable range is a necessary
prerequisite for the subsequent simulation of retrofit methods.
The energy structure in rural areas is greatly influenced by
the characteristics of village layout and living standards of local
farmers. In China, rural villages usually have low building density,
most of which are out of the national district heating area. Except
electricity and fossil fuels, traditional biomass energy, including firewood, dry weed, and other agricultural residues, is the
dominant fuel in the rural energy structure (Evans et al., 2014).
Traditional biomass is cheap, but directly burning it inside homes
can cause severe indoor air pollution, which can have a negative

2. Methodology
The methodology applied in this paper is a four-step procedure: (i) an energy simulation model was created by DesignBuilder software with input parameters collected from field measurements and user survey; (ii) monitored temperature data and
actual electricity bills were applied to calibrate the energy model;
(iii) retrofit option sets with both envelope retrofit options and
different numbers of rooftop PV panels were generated according
to the actual construction conditions; (iv) a calibrated energy
model was applied to simulate the energy savings of retrofit
option sets and the most economically optimal one that satisfied
the annual energy consumption balance was selected through the
optimization model.
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Fig. 1. The geometry model in the SketchUp program (left) and the real profile of case rural building (right).
Table 1
Major characteristics of selected building.

2.1. Case study
As shown in Fig. 1, the selected building is a one-story, reinforced concrete-structured building, located in the countryside
of Jining, Shandong province, China. According to records (China
Weather Network, 2009), it is a city in cold climate region, represented by distinguished seasons and an alternation of wet and
dry weather. The range of annual average temperature (−1.7 ◦ C
in January and 26.8 ◦ C in July) and daily average temperature
(approximately 11 ◦ C) leads to a complex demand on its airconditioning systems. Both heating and cooling systems are necessary. 25% (441.74 mm) of precipitation happened in summer,
and only 4% (27.8 mm) was measured in winter. The annual
average solar radiation hour is 2272.3 h/year, which creates an
ideal environment for PV application.
The case building was constructed in 2017 and consists of four
bedrooms, one dining room, one living room, two bathrooms,
and one kitchen. This dwelling is a typical case of a rural house
because of the special construction methods and local materials
it applied. The information about architecture design and construction detail was obtained through drawings provided by the
contractor. Local agricultural waste straw was mixed with foamed
concrete as wall filler by the local construction workers. Steel
cages were used as the container for the mixed filler and the base
of the sprayed concrete, which were combined with the structural columns to form the special composite wall. There was no
insulation layer on the external walls or the roof. Fig. 2 shows the
details of the design and construction of the current ground floor,
external walls and the roof. Here is a brief description of them:
Triangular trusses were built into the pitched roof. There were no
insulation materials installed on the roof or ceiling, but the closed
cavity that formed between them became a temperature buffer.
Apart from a decorative painting and waterproofing membrane,
no insulation material was attached to the surface of external
walls. Concerning the heated floor, soil was first solidified to the
design elevation (−190 mm); a 100 mm reinforced-concrete layer
then formed the surface of the structure with 30 mm insulation
material and heating pipes installed above that. As for the glazing
system, a double-deck broken bridge aluminum alloy window
was the only form of it, with a U-value of 2.75 W/m2 K.
The air-conditioning operational in the building consists of
two parts: (1) heated floor with air-source heat pump for the
heating system and hot water system, rather than using coal or
other fuel in winter and (2) split air conditioners for the cooling
system in summer. The lighting system, a LED light source in each
room, were fully manually controlled. In addition to heating and
cooling, the remaining consumption is 20.8 kWh/(m2 year). The
major characteristics of the case building are listed in Table 1.

Location

Jining, China 35◦ 57′ –34◦ 36′ N, 117◦ 36′ –115◦ 52′ E

Gross area

126.2 m2

Construction

Reinforced concrete structure, composite walls, pitched roof

Window

6+25A+4 (aluminum window frame without break)
17.48 m2 (glazing area)

HVAC system

Heating
Cooling

Air-source heat pump with heated floor
1 split air conditioner in the living room

characteristics of the case building, the input parameters of which
were collected from various resources.
Geometry Building drawings and other relevant documents
were collected from the original construction team, and the surrounding environment was measured through field study. This
information was used for the generation of the simulation energy
model.
Building construction details: The thermal transmittance of
the external wall was assessed based on a heat flow meter
method during the coldest month, considering the particularity
of its structure and material. The proper measurement dots were
first confirmed using an infrared camera. As shown in Fig. 3,
there was significant temperature difference between the foamed
concrete part and the structural column in the winter, which was
3.3 ◦ C and 1.6 ◦ C on the inside and outside of the external wall,
respectively. In order to avoid the effect of direct sunlight, the
western wall, obscured by the adjacent building, was selected
as the measuring object. The heat flow meters and temperature
sensors were placed on the surface of the foam concrete part
and the structural column (considered the thermal bridges) for
96 h of continuous detection (Fig. 4). The thermal transmittance
of the thermal bridges and composite wall obtained in the in-situ
measurement were 2.915 W/m2 K and 0.912 W/m2 K, respectively. The other components of the residence, including the
roof, floor, and glazing parts, adopted a conventional construction
method described in Section 2.1, and the materials, modeling, and
simulation were based on the working drawings.
Operation schedule: The HVAC system of the case house
consists of an air-source heat pump with heated floor in all rooms
except the bathrooms and kitchen and a split air conditioner only
in the living room (see Table 2). The operation period of the
HVAC system for winter is November 15th to the following March
15th and for summer June 16th to September 8th. The natural
ventilation schedule and occupancy density were obtained from
the user survey.
To calibrate the simulated energy use, the actual monthly
energy uses for year 2019 obtained from electricity bills, as well
as the temperature data of the monitored rooms, were used
for comparison. The temperature of monitored rooms in the
case building were collected in the winter (from February 1st to

2.2. Building energy model and calibration
With the use of DesignBuilder, an EnergyPlus engine-based energy simulator, a 3D energy model was created based on existing
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Fig. 2. The construction details of the existing ground floor (a), wall (b), and roof (c).

Fig. 4. Sensors for thermal transmittance measurement.
Fig. 3. Thermograms: inside (top) and outside (bottom) of external walls.

Table 2
Operation characteristics of the case building.
HVAC

February 28th, 2019) and summer (from August 13th to September 12th, 2019), which were automatically recorded and transmitted via wireless to the database by the sensors from the
MI corporation. Fig. 5 gives information on the sensor distribution for temperature monitoring and thermal transmittance
measurement.
Fig. 6 presents a comparison of outdoor and indoor temperatures during a typical week in winter. It was observed that the
highest average indoor temperature was in the living room facing

Setpoint temperature
System coefficient

Heating

Cooling

18.5 ◦ C
4.0

24 ◦ C
3.9

Occupancy
Occupancy density
Metabolic factor

1364

0.048 people/m2
0.88
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Fig. 5. The distribution of environment sensor installations and the measurement location of heat transfer coefficient of the external wall.

Fig. 6. The results of outdoor and indoor temperature measurement during a typical week in winter.

south (21.3 ◦ C), while the dining room and master bedroom
shared the same average temperature (19.9 ◦ C), higher than the
two northern bedrooms. The daily indoor temperature differences increased as the daily outdoor temperature difference was
greater. Furthermore, the daily indoor temperature differences in
the rooms facing south were greater than those of the rooms
facing north, and the maximum indoor temperature in the southfacing rooms occurred between 15:00 and 16:00 every day. The
dining room is connected to the living room through a corridor,
without any doors between them, but the daily temperature
difference in the south-facing living room was significantly higher
than the north-facing dining room.
Fig. 7 illustrates the indoor temperature of each room during a
typical week in summer. The house is equipped with a split airconditioning in the living room while the other rooms have no
air conditioner. Therefore, as shown in Fig. 7, the lowest average
temperature of the week occurs in the living room (26.2 ◦ C).
There is no climate boundary between the dining room and the
living room, so the average temperature of the dining room is
also relatively low, at 26.8 ◦ C. In contrast, the temperatures of

the two bedrooms facing south and the bedroom in the northeast
are higher. Due to the influence of air-conditioning, the daily
temperature difference in the living room is the largest, while that
in the northeast bedroom is the smallest.
2.3. Building energy retrofit strategies
The case building was newly built in 2017 and began to
be occupied in 2018. At the time, its HVAC system and other
building performance were in relatively good condition. However,
there was an obvious temperature difference between the foam
concrete part and the structural column on the inside of external
wall due to the special and self-made structure without insulation
material, leading to huge heat loss and extra energy demand.
Therefore, one of the basic strategies to fill the gap was improving the holistic thermal performance of the building envelope.
Considering what would have the least influence on household
life, external thermal insulation, which can be installed onto the
external surface totally from the outside, was adopted.
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Table 4
Maximum amount of electricity generation by solar panels installed on each
direction of the roof.
roof

j
1
2
3

(m2 )

Aj
South
West
East
roof

Note: Aj

19.7
36.2
30.9

EjPV (kWh/m2 roof)

NjPV

PjPV (kWp)

170.4
157.2
142.4

12
22
18

3.5
6.5
5.3

represents the roof area of j-direction suitable for solar panel

installation (m2 ); EjPV is the energy generation per m2 of roof of j-direction
(kWh/m2 roof); NjPV is the maximum number of solar panels installed on jdirection roof; PjPV is the maximum peak power obtained by the panels installed
on j-direction roof (kWp).

2.4. Optimization problem
Design optimization is the process through which design alternatives and their foreseen performance are evaluated against
a set of criteria to determine the most appropriate design alternatives (Roberts et al., 2020). As stated before, insulation materials
were considered to be added to the external walls, and solar
panels were considered to be installed on the roof in this research. The optimization problem of selecting the best solution
is described in the following paragraphs.

Fig. 7. The results of indoor temperature measurement during a typical week
in summer.
Table 3
Supposed retrofit selections of external walls referred to in the local construction
atlas.
Retrofit
types

i

Insulation material

Di
(mm)

Ui
(W/m2
K)

Type A in
Fig. 8

1
2
3
4

EPS panel
PUR panel
MPF panel
Rock wool board

80
65
85
115

0.273
0.254
0.273
0.276

Type B in
Fig. 8

5
6
7
8
9

Sprayed PUR rigid foam polyurethane
EPS panel
XPS panel
PUR panel
Rock wool board

70
120
90
70
130

0.243
0.241
0.237
0.251
0.265

Type C in
Fig. 8

10
11
12
13
14
15
16
17

Rock wool board
Vacuum insulation board
Inorganic composite polystyrene board
Polyphenylene plate
PUR rigid foam polyurethane
Graphite polystyrene board
Graphite extrusion plate
XPS panel

130
25
130
120
70
90
80
65

0.289
0.258
0.299
0.293
0.273
0.286
0.260
0.343

2.4.1. Design variables
In the design of the envelope retrofitting, two parameters,
namely retrofit selection for the external wall and the thickness
of insulation material, were used to identify the specific choice.
Sets of envelope variables in this study were in the form of the
following matrix:
X env elope =

X wall
X thick

(

)
(1)

in which, X wall and X thick is the retrofit selection of the external
wall and its corresponding thickness of the insulation material,
which can be further represented in the following series:
all
w all
X wall = (xw
)
1 , . . . , xi

X
Since the outside layer of the original external wall was in
the form of cast-in-site concrete, the retrofit strategies in this
research possessed the common characteristic of cement-based
external insulation methods, derived from the construction atlas
published by the local government and divided into three main
types. The construction details of three types of external wall
retrofit methods are presented in Fig. 8. The specified wall selections with different insulation materials i, the upper limit of
insulation material thickness Dı (mm), and the final U-value of
the external wall corresponding to the maximum thickness of
insulation material U ı (W/m2 K) are illustrated in Table 3.
In terms of active energy-efficient retrofitting, crystalline silicon solar panels of 1.64 m2 per piece were supposed to be
installed on the pitched roof. This kind of panel has a high
efficiency and low initial cost, which is suitable for the economic
capacity of rural areas. The increase of solar panels follows the
principle of preferentially setting them on the surface with the
highest luminous efficiency. According to the amount of solar
radiation received from different directions, the panels on the
southern roof are supposed to be installed first, followed by the
western and eastern. The household and possibly the contractor
specified one product to be applied in this project. The energy
generation per m2 of roof and the maximum number of solar
panels installed in different directions are presented in Table 4.

thick

=

(xthick
1

,...,

(2)

xthick
)
i

(3)

On the other hand, the active energy saving system, the photovoltaic power generation equipment, was used to avoid disproportionate increase of cost when seeking the annual energybalance target. Results of this part were shown in the form matrix
as well:
X

(

equipment

=

X PV

)
(4)

X number

in which, X PV and X number are the installed direction and number
of solar panels, respectively, and they can be further represented
in the series below:
PV
X PV = (xPV
1 , . . . , xj )

X

num

=

(xnum
1

,...,

(5)

xnum
)
j

(6)

Since the results of these two retrofitting directions can be
transformed into a unified form, a combined matrix named
retrofitting-plans-set was generated as below:
all
wall
)
X wall (xw
1 , . . . , xi

X thick (xthick
, . . . , xthick
)
1
j

PV
X PV (xPV
1 , . . . , xj )

X num (xnum
, . . . , xnum
)
j
1

[
X
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Fig. 8. The construction details of wall retrofit with external insulation installed.
wall
PV
In Eqs. (7)–(10), Ctot , Ctot
, and Ctot
are the total cost of the
retrofit strategy, the cost of the wall retrofit, and the cost of the
rooftop PV system installation, respectively. Awall is the area of
p
the retrofitted external walls (m2 ). Ci , Cim , and Cie are the unit
personal, material, and equipment prices of the wall retrofitting
when adopting the ith wall selection with a standard thickness of
the insulation material respectively (RMB/m2 ). Dsi is the standard
p
insulation material thickness of the ith wall selection (mm). Cd ,
i
m
e
Cd , and Cd are the cost differences of personal, material, and
i
i
equipment when the thickness of ith wall selection decreases di
mm respectively (RMB/m2 ). C0PV is the unit cost of the solar panel,
including the inverter, support, circuit, installment, and design
fees (RMB).
The payback period Tp (year) is an important indicator to
illustrate how fast the retrofit cost can be recouped and when
it will start generating profit. It was calculated according to the
following equation:

2.4.2. Objectives
The basic requirement of the retrofit strategy in this study was
achieving a balance between the annual electricity generation
from the rooftop PV system and the energy consumption after
envelope retrofitting. Variables in the matrix X plan automatically
generate a huge number of different alternatives. As an energyefficient retrofit project, there is no doubt that the amount of
energy-saving after the envelope retrofit is an important indicator
of the selection solution. The energy-saving performance after
the external wall retrofitting was calculated by the following
equation:
ESwall =

ESpre − ESpost
ESpre

× 100%

(8)

where ESpre and ESpost are annual building energy consumption
before and after the retrofitting (kWh/year).
Taking into account the rural economic levels, in order to
improve the attractiveness of retrofitting strategies to decisionmakers, another indicator, the economic performance, was
adopted as a main evaluating criterion in the optimization process, which could help judge the strategies more objectively
and quantitatively. The reason comes not only from its own
effectiveness but also from it being one of most significant factors
when implementing the plan practically. The economic objectives considered in this study include minimizing the retrofit
cost and shortening the payback period. The retrofit cost was
calculated through a quota method, which contains that of the
wall retrofitting and PV system installation as follows:
wall
PV
Ctot = Ctot
+ Ctot

Ctot
)
Tp = (
ESpre − ESpost × pe + ESPV × ps

where ESPV is the annual energy generation of PV system
(kWh/year); pe and ps are the local electricity price for residents
and revenue of the household PV system (RMB/kWh).
2.4.3. Constraints
In this study, the purpose of the retrofit project was to meet
the annual energy balance through external wall modification and
rooftop PV system installation. The optimization of the retrofit
solution is aimed at maximum energy savings, minimum retrofit
cost, and the shortest payback period. During the optimization
process, there were some logical, technical, and physical constraints concerning the design variables, their relationship, and
the retrofit requirements, which needed to be incorporated into
the optimization problem and are given as follows:

(9)

where
w all
Ctot
= Awall × Ciwall

(10)

Ciwall = (Ci + Cim + Cie ) + (Cd + Cdmi + Cdei ) × (xthick
− Dsi )/di
i
p

p

i

PV
Ctot
=

J
∑

xnum
× C0PV
j

(13)

(11)

ESpost ≤ ESPV

(12)

I
∑

j=1
i=1
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i
i

(14)
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Table 5
Difference between the actual and simulated indoor temperature of each room
during the monitoring months.

(16)

J

∑

∈ {0, 1} , ∀j ∈ {1, 2, . . . , J }
≥ 1, for xPV
xPV
j
j

(17)

Location

j=1

≤ NȷPV
xnum
j

(18)

Inequality (14) is the basic requirement for all the retrofit
strategies that the annual building energy consumption should
be less than the energy generated by the rooftop PV system.
Eq. (15) means that only one wall alternative can be applied in
each retrofit strategy. There are 17 alternative wall alternatives
in this study, all of which are derived from the construction atlas
of Shandong Province (see Table 3). Inequality (16) illustrates that
the insulation material thickness of the wall selection should be
no more than the maximum thickness specified in the official
construction atlas in Table 3. For calculating the practical circumstance, the insulation material thickness is divided into 10 mm
for each simulation to calculate the amount of energy savings.
Inequalities (17) and (18) illustrate that solar panels must be
installed on at least one direction of roof and the number of
the panels installed on the j-direction roof should be no more
than the maximum number of panels presented in Table 4, respectively. Based on the optimization problem formulated above,
the energy model will be used to simulate all possible scenarios,
including wall retrofitting and solar panel installation, to find the
optimal solution.

Living room
Dining room
Master bedroom
Southeast bedroom
Northeast bedroom
Northwest bedroom

Error rate between actual and
simulated temperature (%)
Winter test period
(Feb. 1st–Feb. 28th)

Summer test period
(Aug. 13th–Sept. 12th)

8.22
7.29
5.11
6.66
5.72
7.10

9.34
9.20
9.44
9.19
9.12
9.92

hope of saving electricity bills, but this behavior was completely
random. These user behaviors led to a generally higher error rate
of the simulation values of indoor temperature in summer testing
period than in winter. This difference was also shown in Fig. 9,
in which a wider vertical distribution (simulation values) in the
summer was observed. The distribution of dots also reflects the
effects of the air-conditioning system in the software. The simulation values of rooms with air conditioning system tends to be
more stable than actual ones. It was represented by the apparent
horizontal aggregation, which can be seen in the distribution of
blue dots in all rooms and orange dots in the living room. It is observed that the minimum temperature of approximately 20 ◦ C in
winter was maintained according to the simulation results. It was
hard to achieve in practice, although the distribution of values of
the dining room and living room was in line with that situation
to some extent. Reasons may stem from the un-reflected distribution of temperature difference in the heating pipe. The dining
room and living room were located upstream of the heating
system. The temperature of heating water dropped to a relatively
low level after heating these areas. Therefore, the temperature
difference in the pipe was inhomogeneous, which further led to
the difference in the heat supply. Although a total temperature
difference was set in the model, the simulation results were
not entirely consistent with actual conditions according to the
actual setting. This situation was more obvious in the area located
downstream of the heating system than upstream.

3. Results
3.1. Model evaluation
Through the statistical analysis of the field measurement results and user surveys, several input parameters were calibrated,
ranging from the operation schedule to the heating and cooling
setpoint, as well as the natural ventilation schedule. Temperature data and actual electricity bills were monitored to calibrate
the indoor temperature and energy consumption of the energysimulation model. Table 5 illustrates the differences between the
actual and simulated indoor temperature of each room during
the two-month monitoring period. It can clearly be seen that the
error rate of monitored rooms were all controlled under 10%.
Dots of blue and orange in Fig. 9 represent the ratio between
the actual and simulated hourly temperature data during the
winter and summer test periods. 45◦ trend lines in the figure
represent a correspondence of 100%, and others represent that
of 80%. It can be seen that the data is mainly distributed in the
error range of ±20%. As for the calibration of energy consumption,
the actual energy use in 2019 was 7415.8 kWh, and the annual
simulated energy consumption was 53.9 kWh/(m2 year). The
error rate between actual and simulated value was 8.3%. Therefore, the energy-simulation model was considered to be reliable,
and retrofit strategies were applied to assess the economic and
technical effects.
It is noted in Table 5 that the error rate in the winter testing
period was lower than that in summer, which stems from different HVAC settings. The heating system was established strictly
according to the actual situation and was in operation 24 h. In
summer, the entire building was cooled by the only air conditioning in the living room. The doors of every bedroom were
open, and a relatively open indoor environment was created.
However, since the air conditioning was manually controlled by
occupants, the operating schedule was not strictly conducted
like the heating system. Factors such as user comfort, personal
schedule, and other factors can cause temporary changes to the
operation schedule. During the survey, occupants admitted that
they sometimes might close the doors of some rooms in the

3.2. Retrofitting plan
According to the wall selections provided in Section 2.3, a total
of three external thermal insulation systems with 4, 5, and 8 kinds
of insulation material were selected for the envelope parameter,
and they formed 17 different values for the final value of the
retrofitted external wall X wall . The thickness of the insulation
board X thick was originally a consistent variable, which means
numerous possible values can be determined under its limitations. However, considering the dimension control and feasibility
in practical construction, value ranges were divided every 10 mm
from 0 to the upper limit of the insulation board in each wall
selection.
According to the research of Fan and Xia (2017), with a
given energy-efficiency target, the most economical transformation plan gives priority to retrofitting the envelope components.
Therefore, a retrofitting plan with the greatest envelope thermal
performance was considered to be the most economical choice at
the same time. The regulation was proven through calculating all
possible retrofitting methods that adopted the first wall selection
(i = 1); the results are listed in Table 6. When meeting the
requirement of annual energy balance, the budget fluctuated
between 44,459RMB ($6669) and 43,082RMB ($6462). The change
of installed capacity of a PV system is not a continuous curve because the numbers of solar panels are integers. Therefore, as can
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Fig. 9. Comparison of actual and simulated indoor temperature of each room during the monitoring months.. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
Table 6
The energy saving rate and total retrofit cost corresponding to the different
insulation material thickness in the case of the first wall selection (i = 1).

be seen in Fig. 10, within the reasonable value of the insulation
layer thickness, a proportional relationship between the budget
and the thickness of insulation material was hard to observe.
For example, when the thickness rises from 20 mm to 50 mm,
the amount of installed capacity remains stable at 6.5 kWp. This
situation stems from the fact that the energy saved by increasing
the thickness was not sufficient to reduce one solar panel in the
system. As a result, the improvement of thermal performance was
reflected in the decrease of annual energy consumption rather
than the decrease of the budget. By contrast, the total cost of
the retrofitting plan rises with the increase of the thickness of
insulation materials when the amount of installed capacity of the
PV system stays unchanged. Therefore, with a given amount of
installed capacity, the strategy with the lowest budget appears
when the material thickness reaches its minimum value.
Taking the strategies with thicknesses of 60 mm, 20 mm,
and 0 mm into consideration, the budget rose from 43,082RMB
($6462) to 44,127RMB ($6619). This regulation corresponds with
that reported by Fan and Xia (2017), which means that the
optimal plan with the lowest budget was predicted to be achieved
when adopting the minimum number of solar panels and the
thinnest insulation thickness under corresponding conditions.
Based on this, all methods that have the potential to be the
cheapest strategy are stated in Table 7. The wall selections reflect
the choices of insulation layer presented in Table 3.
Even the regulation stated before shows the relationship between the thickness of insulation material and the total
retrofitting cost. It was observed that the optimal retrofitting plan
was not simply to adopt the thickest insulation material; rather,
a relatively big value was used. It is interesting to note that the
optimal peak power of the PV system fluctuates around 6.2 kWp.
This fact reflects that when adopting the upper limit of insulation
material as its thickness, the energy-saving potential of each
plan stays similar. According to the research of Yu et al. (2016),
the increase of cost is not proportional to the improvement of
system performance. When the thermal performance of a certain
retrofitting plan, especially the wall thermal insulation material,

D1

Da1
(mm)

P1
(kWp)

ES post
(kWh/m2 )

ES PV
(kWh/m2 )

ES wall
(%)

Ctot (RMB/$)

80

80
70
60
50
40
30
20
10
0

6.2
6.2
6.2
6.5
6.5
6.5
6.5
6.5
6.5

44.0
44.3
44.7
45.1
45.6
46.2
46.9
47.9
49.1

45.0
45.0
45.0
47.0
47.0
47.0
47.0
49.1
49.1

18.3
17.7
17.0
16.2
15.3
14.2
12.9
11.1
8.9

43,748/6562
43,415/6512
43,082/6462
44,270/6641
43,937/6591
43,605/6541
43,272/6491
44,459/6669
44,127/6619

reaches a certain threshold value, the significantly increased capital investment can only obtain a little performance improvement.
Therefore, in the industry standard, the optimal insulation effect
tends to be the same. Although a retrofit method with better
thermal performance can be obtained through customization
during the implementation of the scheme, the procurement of
non-standard insulation materials will cause a significant increase
in the construction cost, so it was not used in this study.
Under the premise of meeting the annual energy balance, one
cost-optimal plan was selected from each wall selection with the
corresponding insulation thickness and peak power of the PV
system, as shown in Table 7. Generally, 16.6%–20.9% of building
energy consumption can be reduced through these wall retrofits.
The peak power of the PV system basically stabilizes at 6.2 kWp.
Selections 9 and 10 had a better passive energy-saving performance, with only 5.9 kWp of peak power required to balance
building energy consumption throughout the year.
Fig. 11 gives information on the economic performance of
each retrofit plan: the relationship between the total retrofitting
investment and its payback period. A trend line with a slope of
approximately 0.28 was observed, which means that the payback
period increased linearly with the increase in investment and
0.28-year was taken by each 1000 RMB investment to payback.
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Fig. 10. Relationship between the insulation material thickness, total retrofitting cost, and the installed capacity of PV system adopting the first wall selection (i =
1).
Table 7
The lowest cost plan in each wall selection retrofit set and its corresponding
insulation thickness.
i

xthick
i
(mm)

Pi
(kWp)

ES post
(kWh/m2 )

ES PV
(kWh/m2 )

ES wall
(%)

Ctot (RMB/$)

Tp
(year)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

60
40
50
60
40
60
70
40
130
130
20
90
80
50
60
50
60

6.2
6.2
6.2
6.2
6.2
6.2
6.2
6.2
5.9
5.9
6.2
6.2
6.2
6.2
6.2
6.2
6.2

44.7
44.6
44.8
45.0
44.8
44.6
44.9
44.9
42.9
42.6
44.4
44.6
44.8
44.6
44.9
44.9
44.6

45.0
45.0
45.0
45.0
45.0
45.0
45.0
45.0
42. 9
42. 9
45.0
45.0
45.0
45.0
45.0
45.0
45.0

17.0
17.2
16.8
16.6
16.8
17.1
16.7
16.6
20.5
20.9
17.6
17.2
16.9
17.2
16.7
16.7
17.3

43,082/6462
43,415/6512
42,869/6430
42,703/6405
44,593/6689
42,082/6312
43,579/6537
42,415/6362
41,578/6237
43,371/6506
45,918/6888
44,445/6667
44,540/6681
45,604/6841
43,804/6571
43,590/6539
44,873/6731

11.1
11.1
11.0
11.0
11.5
10.8
11.2
10.9
10.7
11.2
11.7
11.4
11.4
11.7
11.3
11.2
11.5

The best economic performance was observed in Selections 6, 8,
and 9, among which the total costs were no more than 42.5 kRMB.
Selection 9 had the shortest payback period (10.7 years), followed
by Selection 6 (10.8 years) and Selection 8 (10.9 years). Fig. 12
illustrates the environmental and economic performance of each
retrofit plan simultaneously. The annual energy consumption was
approximately 44.7 kWh/m2 . While that of selections 9 and 10
was obviously lower which is less than 43 kWh/m2 . It shows that
applying retrofit Selections 9 and 10 led to a significantly lower
energy consumption, the energy savings of which were 20.5% and
20.9%, respectively. Retrofitting using Selection 9 also shows a
great economic advantage in both retrofitting cost and payback
period. After comprehensive evaluation of both environmental
and economic effects, Selection 9 was considered to be the optimal choice of all possible strategies. Overall, the results obtained
in the case study verify the effectiveness of the proposed model
in improving the energy efficiency of existing buildings, making
the best use of investment by means of optimally determining a
retrofitting strategy for the building.

Fig. 11. Relationship between total retrofitting cost and payback period adopting
each retrofitting set.

4. Discussion
Inferred from results, rock wool, under the existing construction conditions, tended to have the highest cost performance.
Firstly, the construction cost with rock wool as insulation material was lower than the others when seeking a similar thermal
performance. When the type B of the wall retrofit system was
selected, and 45 kWh/m2 of the annual energy generation was
obtained by the PV system, the thickness of rock wool board was
70 mm with a unit cost at 823.71 RMB/10 m2 . These values were
80 mm and 994.14 RMB/10 m2 when selecting type C. They were
both the lowest unit price within their construction methods.
Secondly, the construction of rock wool tended to be the most
skilled. Selections 9 and 10, which were the only two that could
keep the annual energy consumption lower than 42.9 kWh/m2 ,
both took rock wool as insulation material. This conclusion was
consistent with current Chinese industry tendencies. According
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This study also yields some limitations, especially the selection range of the potential retrofitting plans. This study selected
the passive and active retrofit method, only including wall reconstruction and rooftop PV system installation. However, more
modification schemes for envelope components should be added
to the potential sets in the future. Heat loss through doors and
windows accounts for 20%–30% of the total heat loss of northern Chinese rural houses, so replacing doors and windows that
have high heat transmission coefficient and poor airtightness can
further reduce building energy consumption (Ma et al., 2015).
Whether to install rooftop PV systems is to be determined according to local solar energy resources and is not generally applicable
to all Chinese rural houses. For southern areas with insufficient
solar energy resources, the payback period for the PV systems is
relatively long, so the rational development of renewable energy
such as biogas should be considered. Besides, the retrofit requirement was just set to meet the annual energy balance and select
the environmentally and economically optimal retrofit strategy.
Future improvement of this study could expand to more diverse
choices of energy-saving requirements. Homeowners can choose
to meet 80%, 75%, or 65% of the energy-saving rate according
to their housing performance status and retrofit budget, as well
as the local energy-efficient building standards. An increase in
the number of solar panels installed can be further considered,
where the surplus power can be sold to the grid to gain benefits.
The payback periods under the two circumstances of the energy
consumption balance and the surplus electricity selling can be
compared for exploring other retrofit potentials.

Fig. 12. Relationship between total retrofitting cost and annual energy
consumption adopting each retrofitting set.

to ‘‘Code of Design on Building Fire Protection and Prevention (GB
50016-2014)’’ (Ministry of Housing and Urban-Rural Development
of the People’s Republic of China, 2015), the insulation material
of envelopes needs to be non-flammable, and flame retardant
material, such as XPS and EPS, can only be adopted under strict
limits. It prevents the use of XPS and EPS in urban areas, although
it can still be used in some rural places like Jining. The effect was
reflected in advantages of both price and performance of rock
wool, as shown in the results.
Building energy simulation is an important and efficient tool
to evaluate the retrofitting strategies, which helps set an applicable target and make the tradeoff between cost and performance. Given the construction particularity and irregularity of
rural dwellings, detailed construction is no doubt greatly significant. However, on one hand, rural residences are rarely built with
detailed drawings. The thermal performance can hardly be reflected through merely geometric information. On the other hand,
local builders tend to construct according to their engineering
experience, rather than the united standard code. Building components are, therefore, hard to reflect with solutions in a prebuilt
database. This study managed to obtain the thermal performance
of target building through the on-site survey. A simulation model
was then established and verified according to measured data.
The comprehensive error was controlled to be less than 10% in the
end. Accompanied by verifying the method feasibility, it calls for
the recommendation to implement on-site measurement in the
retrofit design of rural construction. Additionally, the construction method adopted in this study for those of envelope thermal
performance, can be supplemented for the benchmark of local
rural construction method. This study is a good sample of rural
energy-efficient renovation, combined with envelope retrofitting
and solar energy utilization. It also reflects the large application
potential of the decentralized rooftop PV system in the vast rural
areas. The selection process for the optimal solution provides
specific implementation steps for balancing energy savings and
retrofit costs. The calculation of the two indicators, retrofitting
cost and payback period, helps householders have a more comprehensive understanding of the economic benefits and reduce
their investment concerns. Also, this study provides a case for balancing the insulation layer thickness with the installed capacity
of PV system for new rural houses in the future.

5. Conclusion
This paper designed a practical energy-efficient retrofit process for Chinese rural houses built without the supervision of
construction norms. A rural house in Shandong province was
used for the case study. This self-built house has the common
construction uncertainty and high energy consumption problem
of Chinese rural housing. Both passive and active retrofit schemes
were combined to achieve the annual energy balance, and one
optimization model was established to select the optimal strategy
considering environmental and economic factors simultaneously.
This research emphasized considering of the actual application
constraints when establishing the optimization model rather than
conducting idealized numerical calculations.
The necessity of on-site measurement and user survey is more
prominent in the energy-efficient retrofit of non-benchmarked
houses, especially the thermal measurement of the external walls.
Through field measurement, the specific location of the heat
bridges and the heat transmission coefficient of each part of
external walls were determined. Indoor temperature monitoring
was conducted in winter and summer for one month, respectively. The results were combined with the actual electricity
bill to calibrate the energy model within 10% error rate, which
laid a solid foundation for the effective simulation of the subsequent retrofit methods. During the optimization process, the
retrofit plan with rock wool as the insulation material stood
out among the 17 wall selections, and when combined with 5.9
kWp of rooftop PV system, it can achieve 20.5% energy savings
and the best economic benefits (41.6kRMB investment cost and
10.7-year payback period). It is noted that under the retrofit
requirements set in this paper (meeting the annual energy balance), the cost-optimal plan appears to be a combination of the
minimum-installed capacity of the PV system and the thinnest insulation layer thickness. However, the amount of energy savings
at this time is not the maximum value. Continuing to increase
the insulation material thickness could further reduce energy
consumption but will increase the retrofit cost.
1371
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Nomenclature
roof
Aj
Roof area of j-direction suitable for solar panel
installation (m2 )
Awall
Area of the retrofitted external walls (m2 )
Dı
Upper limit of the ith insulation material thickness
(mm)
p
Ci
Unit labor price of the wall retrofitting when
adopting the ith wall selection with a standard
thickness of the insulation material respectively
(RMB/m2 )
p
Cd
Cost difference of labor when the thickness of ith
i
wall selection decreases di mm respectively
(RMB/m2 )
Cim
Unit material price of the wall retrofitting when
adopting the ith wall selection with a standard
thickness of the insulation material respectively
(RMB/m2 )
Cdm
Cost difference of material when the thickness of
i
ith wall selection decreases di mm respectively
(RMB/m2 )
Cie
unit equipment price of the wall retrofitting when
adopting the ith wall selection with a standard
thickness of the insulation material respectively
(RMB/m2 )
e
Cd
Cost difference of equipment when the thickness
i
of ith wall selection decreases di mm respectively
(RMB/m2 )
Unit cost of the solar panel, including the inverter,
C0PV
support, circuit, installment, and design fees (RMB)
PV
Ctot
Total cost of PV system installation (RMB)
w all
Ctot
Total cost of wall retrofitting (RMB)
Ctot
Total cost of the retrofit plan (RMB)
Dsi
Standard insulation material thickness of the ith
wall selection (mm)
di
Decreased thickness of the ith wall selection (mm)
EjPV
Energy generation per m2 roof of j-direction
(kWh/m2 roof)
ESpre
Annual building energy consumption before the
retrofitting (kWh/year)
ESpost
Annual building energy consumption after the
retrofitting (kWh/year)
ESPV
Annual energy generation of PV system (kWh/year)
ESwall
Ratio between the annual energy savings after the
external wall retrofitting and the building energy
consumption before the retrofitting (%)
NȷPV

Maximum number of solar panels installed on
j-direction roof

PȷPV

Maximum peak power obtained by the panels
installed on j-direction roof (kWp)
Local electricity price for residents (RMB/kWh)
Local revenue of household PV system (RMB/kWh)
Payback period (year)
Final U-value of the external wall with the
maximum thickness of the ith insulation material
(W/m2 K)

pe
ps
Tp
Uı
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