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SUMMARY

Photovoltaic (PV) heating is a promising technology for achieving fossil fuel–free heating and carbon
neutrality in the building sector. Cost-effective energy storage plays a critical role in PV heating to solve
the temporal mismatch between supply and demand. Herein, we propose the concept of using a
building envelope as an active energy-storage device for a PVheating system, thus transforming the build-
ing envelope into a thermal battery. Experimental results show that the energy storage capacity of
142 kW h/m2, which is higher than that of conventional thermal storage systems. We developed a top-
down macro performance assessment model to quantify the contribution of a PV heating system using
a building envelope as energy storage. By our estimation, the envelope-embedded system can reduce
heating-related CO2 emissions by 7435.7 tons annually in northern China. Our study provides insights
into innovative energy-saving building energy storage systems that can help achieve global carbon
neutrality and sustainability.

INTRODUCTION

China is one of the largest carbon emitters worldwide. In China, buildings account for approximately 37% of the annual energy consumption

and carbon dioxide (CO2) emissions.1,2 Heating systems are responsible for more than 40% of the total building energy use in northern

China.3,4 Therefore, Chinamust take effectivemeasures to reduce carbon emissions associatedwith building heating tomeet its commitment

to achieve carbon neutrality by 2060. Reducing the energy and fossil fuel consumption of heating systems contributes significantly to sustain-

able development.

Increasing the proportion of photovoltaic (PV) power in building energy systems is an effective way of achieving sustainability.5,6 However,

a deeper penetration of PV energy will only be implementable with scalable, affordable, and sustainable energy storage, owing to dramatic

fluctuations in the PV power.7–9 Therefore, tremendous efforts have been made to develop energy storage technologies, including electro-

chemical energy storage, phase change energy storage, flywheel energy storage, and compressed air energy storage.10–12 However, the ther-

mal storage capacity of building envelopes has largely been overlooked, despite the fact that the thermal energy loss of a building envelope is

responsible for themajority of the total energy consumption and its thermal inertia has considerable thermal storage potential.13,14 Therefore,

it is essential to develop innovations in science and technology for converting the building envelope from an energy-consuming unit into an

energy-storing unit, thereby providing a large amount of energy-storage resources for PV systems, increasing the penetration of PV power

into the building energy system, and reducing the carbon footprint.

The use of electrochemical batteries for energy storage in PV systems has becomeone of themain options formitigating the volatility of PV

power.15,16 However, the large battery capacity required to support the energy needs of a building leads to unaffordable costs for energy

storage systems.17 Moreover, batteries have a limited lifespan and their production and recycling processes can potentially pollute the envi-

ronment.18–20 In addition, the risk of battery explosion has not yet been completely resolved. Therefore, it is not the best option to use bat-

teries for energy storage in building heating systems. Recent studies have proposed the incorporation of thermal storage devices into build-

ing energy systems as storage options for PV systems, such as water tanks, buried pipes, and phase changematerials.21–24 These heat storage

devices are less expensive than batteries. However, the space required for these thermal storage devices is considerably larger than that avail-

able in buildings. Therefore, there is insufficient space for developing thermal storage devices for building energy systems, especially in urban

buildings.25,26 To be scalable, energy storage in building energy systems should have an affordable cost, be small, and have a long service life.

A building envelope is perfectly suited to these requirements. However, the thermal storage capacities and potential contributions of building

envelopes have rarely been studied.
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Previous studies have only considered the building envelope as an energy-consuming unit and regarded improving the insulation perfor-

mance of the envelope as ameans of saving energy.27–30 In fact, the building envelope can bemultifunctional if well explored. First, the build-

ing envelope has thermal inertia and the ability to store heat.31 Second, the large mass of a building envelope can provide significant energy

storage capacity without taking up additional space. Third, a large building envelope facilitates the creation of a uniform temperature envi-

ronment as it is a radiant terminal heating unit. Most importantly, a building envelope is an almost free energy storage and heating device for

the occupants.

In this study, we develop a concept that transforms building envelopes into a thermal battery to provide a solution for PV heating systems

that is inexpensive and small. The system aims to transform building envelopes from an energy consumer to an energy storage provider with

the goal of providing affordable and sustainable energy storage for PV systems, thereby increasing the flexibility of building energy systems

and the penetration of PV power, which could accelerate the switch toward sustainable building choices.

RESULTS

Modeling and description of thermal storage system based on building envelope

Storing heat from a PV power conversion in a building envelope is a challenge. On the one hand, such a heating system places higher de-

mands on the heating devices. Traditional heating devices such as heat pumps and electric heaters require a constant voltage for stable oper-

ation; thus, their heating power cannot match the fluctuating PV power.31,32 Some resistive elements such as metal wires and ceramic tubes

can operate with voltage fluctuations and thus receive all of the PV energy. However, it is difficult to guarantee the thermal stability and safety

of these materials in high-temperature environments.33,34 The heating devices needed for this study should be able to work at fluctuating

voltages and have a heating power and surface temperature that meets the thermal comfort requirements of the occupants. Also, to store

as much heat as possible in the building envelope, the heating equipment needs to be integrated into the envelope, and the envelope needs

to be fittedwith insulated panels to prevent heat from escaping to the outside through the building envelope, which would result in a waste of

heat.35 Therefore, the surface temperatures of the heating equipment must be strictly limited to specific ranges, and the temperatures of the

envelope sections must be precisely calculated. An envelope with a low temperature results in less heat being stored, making it difficult to

ensure an adequate heating performance. An envelope with a higher temperature, however, which exceeds the tolerance temperature of the

insulation material, can be a safety hazard. Therefore, the challenge of this research is to store electrical energy with drastic voltage fluctu-

ations within a building envelope through a low-cost solution that makes the building envelope a heat source with low fluctuations.

To address these challenges, we propose a PV heating system based on heat storage in a building envelope, as shown in Figure 1. The

systemoperates as follows. PV power is fed directly into the heating equipment buried in the building envelope to heat the buildingwalls, and

the envelope then releases heat into the rooms via convection heat transfer and thermal radiation. This way, the building envelope becomes a

heat storage device as well as a heating terminal equipment for the building energy system, while not taking up extra space in the building.

Envelope-embedded approaches increase the thermal inertia of building envelopes, thereby reducing the temperature fluctuations and heat

loss in the building envelope. In addition, this method provides a huge energy storage resource and realizes the direct use of PV power for

heating, thus saving building heating energy and reducing CO2 emissions. The innovation of this research is the use of low-cost materials and

a simple system structure that replace previous complex and expensive energy storage solutions. To realize the above system design, a novel

heating device that cannot only operate under conditions of fluctuating voltage and power but can also easily be integrated into the envelope

and is thermally stable in various environments is developed, as detailed below.

To quantify the performance of a PV heating system using a building envelope as energy storage and its contribution to reducing heating-

related carbon emissions in China, we developed a top-down macro performance assessment model. Although some commercial energy

simulation software, such as EnergyPlus and DeST, can calculate the heating energy consumption and indoor temperature of a building,

they are unable to model heating terminals with such a special structure and describe such specific heat transfer processes.36–38 Meanwhile,

previous data-driven PV power models seldom considered the effects of MPPT algorithms or incorporated weather conditions, geographic

location, and installation conditions, and are therefore not universally applicable.39 More importantly, no studies have quantitatively charac-

terized the contribution of PV heating systems to CO2 emission reduction in China. Considering these requirements, we introduce a detailed

performance assessment model for a PV heating system based on envelope-based thermal storage.

The assessment model was divided into five parts, as illustrated in Figure 1B. First, we established a PV power model considering mete-

orological parameters, PV installation conditions, and the MPPT algorithm to obtain the hourly power supply to the heating system. It is

considered as a charging power model for a thermal battery. Second, the heating load of the building was calculated using a difference

method based onMATLAB andDeST. It is considered to be an exothermicmodel of a thermal battery. Third, the power supply for PV heating

was combined with the building load to obtain the indoor temperature of the building and a reasonable system capacity. Fourth, we used a

modifiedU-net semantic segmentationmodel based on satellite images to obtain the potential of rooftop PV systems in rural buildings across

the country and combined the results with the model in the third step to obtain the sizes of PV heating systems in the northern provinces of

China. Finally, the CO2 emission reduction contribution of PV heating systems to each province was obtained based on the carbon emission

factor method. The detailed modeling procedure is shown in the supplemental information.

Heating device and its characteristics

Weadopted the strategy of using carbon fiber as themainmaterial for the heating devices to achieve the desired properties. The construction

of a carbon-fiber electric heating wire is shown in Figure 2A. The innermost part of the electric heating wire is a filamentary carbon fiber, which
2 iScience 27, 109892, June 21, 2024



Figure 1. Photovoltaic heating system based on heat storage in the building envelope

(A) System Schematic.

(B) Model flowchart.
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Figure 2. Material and structural analysis of building envelopes

(A) Structure of carbon fiber electric heating wire. Carbon fiber electric heating wire combines flexibility and high thermal conductivity.

(B) SEMof the carbon fiber. Themagnifications from left to right are 1003, 1000x, and 5200x in that order. The rough surface of the column facilitates heat transfer.

(C) Test results of electric heating wire surface temperature at different voltages. The surface of the carbon fiber heating wire heats up quickly and the surface

temperature does not damage the insulation material.

(D) Structure of system based on heat storage in the building envelope.
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is the core heating component of the wire. The outer side of the carbon-fiber wire is wrapped in red Teflon, silicone, and PVC layers. These

wrapping layers are soft, making it possible to bend them into any shape for easy integration into the enclosure. SEM images of the carbon

fiber filaments at 100x and 50003 magnification in SEM are shown in Figure 2B. The carbon fibers used in this study were straight and slim

filaments with vertical stripes on their surfaces, which increased the heat transfer area and facilitated heat transfer.40 Changes in the surface

temperature of the electric heating wire at different voltages are shown in Figure 2C. The higher the temperature, the faster the surface tem-

perature of the electric heating wire increases, and the higher the final equilibrium temperature increases. The surface equilibrium temper-

ature of the electric heating wire at 220 V is below 80�C. This temperature does not damage the insulation board, bricks, or other building

materials.41,42 Therefore, the combination of a carbon fiber electric heating wire and the building envelope does not damage the thermal

insulation or structural performance of the building envelope.

The structure of the carbon-fiber electric wire integrated into the building envelope is illustrated in Figure 2D. Figure 2D shows the system

as a whole fastened to the interior surface of the building’s original envelope. Along the cross-section, going from indoor to outdoor, is as

follows: heat storage wall, carbon fiber electric wire, insulation board, and building exterior wall. The function of the insulation board is to

prevent heat from being transferred to the outdoors, while reducing the heating load of the building. The carbon fiber electric heating

wire was connected to the PV electricity to generate heat, which was then stored in the heat storage wall by means of heat conduction.

The heat storage wall supplied heat to the room via convective heat transfer and radiation. Consequently, the building envelope was trans-

formed from an energy-consuming unit into a component that integrates insulation, heat storage, and heating. The building envelope per-

forms the functions of insulation panels, thermal batteries, and terminal heating equipment.

Compared to conventional commercial heating equipment, for example heat pumps, although heat pumps offer higher energy efficiency

ratios, they require a stable voltage and energy supply to operate, thus increasing the cost of the control system and energy conversion losses.
4 iScience 27, 109892, June 21, 2024



Figure 3. Test results of a photovoltaic heating system based on heat storage in the building envelope

(A) Verification of the accuracy of a thermal battery charging model. The relative error is within 10%.

(B) Validation of the accuracy of exothermic modeling of thermal batteries. Relative error is within 1.5�C.
(C) Performance of heating based on heat storage in the building envelope. The indoor temperature can satisfy people’s thermal comfort at any given moment.

(D) Test results for the temperature of different cross sections of the thermal storage wall and the indoor air temperature. The building envelope effectively

reduces fluctuations in temperature due to fluctuations in PV power.

(E) Heat balance results of the heating system. Heat storage in the envelope releases about 60% of the heating energy at night.
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Whereas, the heating device proposed in this study can be used for fluctuating voltage andpower supply scenarios, thus saving the cost of the

control system and reducing the energy conversion losses to achieve one hundred percent self-consumption of PV power.
Thermal effect demonstration

To verify the effectiveness of the heating system and the accuracy of the model, we installed the system in a farmhouse and tested it in the

field. As a pilot demonstration, the above device was installed for heating in a 15 m2 room in Ruicheng (North latitude 34�360-48,’ East longi-
tude 110�360-420), in northern China.We compare the test results with themodel predicted values as shown in Figures 3A and 3B. After a week

of testing under different weather conditions, the PV power model, i.e., the thermal battery charging model, predicted results within 10%

relative error to themeasured data as shown in Figure 3A. Themaximumdifference between the indoor temperature predictedby the thermal

battery exothermic model and the measured indoor temperature for 2 consecutive weeks did not exceed 1.5�C, as shown in Figure 3B. The
iScience 27, 109892, June 21, 2024 5



Table 1. Performance comparison of thermal batteries with other commercial energy storage

Performance indicators Li-ion battery Flow battery Pumped storage Compressed air energy storage Thermal battery

Cycle life/times 6000 15000 – – –

System life/year 12 30 50 30 70

Power cost/yuan/kW 300 1746 5000 8000 125

Capacity cost/yuan/kW$h 800 863 100 100 12
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model predictions match the measured results, indicating that the model has high accuracy. The PV power, room temperature, and the tem-

peratures at different locations in the wall cross-section weremeasured throughout the heating season. Figure 3C illustrates the experimental

results for typical sunny days. It can be seen that the fluctuations in the heating power supplied by the building envelope to the room are

significantly smaller than the fluctuations in the PV power. Even at night, when therewas no PV power, the heat stored in the building envelope

was released into the rooms to maintain heating. Because our proposed heating method based on heat storage in the building envelope

mainly supplies heat to the room through thermal radiation, the dry-bulb temperature of the indoor air is not representative of the thermal

sensation the occupants experience.43 Therefore, we used the average radiation temperature, which considers thermal radiation, for esti-

mating the heating performance. The expression for the average radiation temperature is shown in Equation 1.44

tr = tg + 2:37
ffiffiffi
v

p �
tg � ta

�
(Equation 1)

Where tr is the average radiation temperature, �C; tg is the black-bulb temperature, �C; ta is the air temperature, �C; v is the wind speed, m/s.

The average radiant temperature takes into account the combined effect of convection and radiation on the thermal sensation of the human

body and is suitable for evaluating the thermal comfort of the human body. The energy supply characteristics and indoor black bulge tem-

perature of the PV heating system after adoption of the building envelope as heat storage device are shown in Figure 3C for an average out-

door temperature of �3�C. As the envelope can heat the room by releasing its own stored heat during the night when there is no PV power

input, the indoor black-bulb temperature can bemaintained at above 14�Ceven during the night. The heat storage in the envelopemakes the

heating power flatter and time-delayed compared with the PV power, so that the indoor black-bulb temperature peaks at around 7 p.m. at

around 26�C. This prevents overheating in the afternoon when the sun is at its strongest. Therefore, PV-carbon fiber heating based on thermal

storage in the envelope can meet the heating needs of occupants while avoiding the challenges of cold nights and hot afternoons.

Figure 3D compares the results of the temperature sensors in the envelope at different locations in the thickness direction, and shows that

the heat storage of the building envelope effectively mitigates the temperature fluctuations caused by fluctuations in the heating power. The

fluctuations gradually decreased from the surface temperature of the carbon-fiber hot wire to the air temperature of the indoor room.

Because of the heat storage effect of the envelope, fluctuations in the indoor air temperature were reduced to a quarter of the fluctuations

in the surface temperature of the electric heating wire. The heat storage of the building envelope connects the fluctuating power supply to a

stable heat load.

Simultaneously, according to the monitoring temperatures of different cross-sections of the building envelope combined with the differ-

ential method (Section 2 in the supplemental information), we can obtain the heat balance results of the heating system, as shown in Figure 3E.

Ten% of the heat generated by the carbon fiber was transferred to the outdoor environment, which was the heat loss of the heating system,

and the remaining 90% of the heat was transferred indoors to heat the room. 60% of the heating power is released from the building envelope

to the interior during the night when no PV power is available, indicating that the thermal storage of the envelopemakes an important contri-

bution to mitigating the fluctuations in the PV heating power. The heating energy released from the building envelope to the rooms during

the whole heating season is 2130.9 kW h, which is 93.6% of the heat stored in the envelope. Table 1 compares the performance of thermal

batteries with that of conventional commercial energy storage devices, which can achieve higher energy performance while significantly

reducing costs. Throughout the heating season, the building envelope was used as a thermal battery to provide an energy storage capacity

of 142 kWh per square meter, with an average heat release intensity of 49.4 W/m2.
Thermal modeling and energy-saving evaluation

The heating energy savings and CO2 reductions achieved by envelope-embedded systemsmust be calculated in relation to the PV potential

and building load. We developed a thermal model (see supplemental information and Supplementary equations, pages 9–17 and Table S1

for more details) for quantifying the energy savings from building heating through envelope-embedded PV heating approaches. The model

calculates the potential thermal storage capacity of building envelopes adapted to PV systems in different cities in northern China while

comparing the reductions in the building thermal load and CO2 emissions. Based on the roof area identified by satellite imagery for each

province in northern China (see Figure S6 in the supplemental information), the installed rooftop PV potential for each city in the northern

provinces as well as the heating area for which it can be adapted can be calculated. The baseline is the building energy use under the existing

building envelope with the most common radiators for heating. The savings in coal consumption are calculated based on a timescale of the

entire heating season, where the energy for heating comes entirely from PV and the indoor temperature is maintained at 14�C or higher. The

coal and natural gas savings from envelope-embedded PV heating for each province are shown in Figure 4A, and can lead to a total of 11098.1
6 iScience 27, 109892, June 21, 2024



Figure 4. The benefits of converting buildings into thermal batteries

Since the building envelope becomes a free energy storage for the PV heating system, the increase in storage capacity leads to an increase in PV penetration and

a decrease in fossil energy consumption for building heating.

(A) Reduction in fossil energy use for building heating in different provinces.

(B) Energy savings from heating buildings in different provinces.

(C) CO2 emission savings from heating buildings in different provinces.

(D) The capacity of the thermal battery provided by a building in different provinces. The capacity of the storage is calculated based on the theoretical range of

temperature variations of the building envelope.
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tons of standard coal per year in savings. The heating energy savings and CO2 reductions resulting from the extension of this PV heating

method to every northern Chinese city are shown in Figures 4B and 4C. Owing to the large building density and roof area in North andNorth-

east China, a greater installed PV potential leads to greater heating energy savings and CO2 reductions.
44 It is worth mentioning that the

envelope-embedded PV heating system turns the building into a thermal battery. Based on the heat storage capacity of the building enve-

lope calculated by themodel, the thermal battery capacity provided by a buildingwith the envelope-embedded system in northernChina was

calculated, as shown in Figure 4D. The thermal battery capacity is based on an average of the heat released during periods without PV power

throughout the heating season. According to a rough estimation, buildings in the northern provinces of China could provide 8465.1 MWh in

thermal battery capacity and a national CO2 emission reduction of 7435.7 tons annually could be achieved.
Implications

Carbon emissions from the building operation account for about 22%of all carbon emissions in China, and building heating is themain source

of carbon emissions from building operations. Therefore, adopting PV power to meet building heating needs is an effective way to reduce

carbon emissions in China. Conventional commercial heating devices like heat pump cannot be directly connected to PV because PV power is
iScience 27, 109892, June 21, 2024 7
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fluctuating, the original system requires batteries to ensure that the system voltage is stabilized. Whereas, the system proposed in this study

does not require expensive battery and control system, which is economically more promising in practical applications. The innovation of this

study is to propose a performance model of a PV heating system based on thermal storage in the building envelope, as well as the concept

and application of transforming the building envelope into a thermal battery. Our proposed envelope-based thermal storage approach can

reduce the cost of storage for PV heating and increase the penetration of renewable energy in building heating energy systems. Figure 2D

proposes a new design scheme for the envelope to take on the multiple functions of heat storage-insulation-heating.
DISCUSSION

To provide an affordable, sustainable, and scalable energy storage option for building energy savings, we developed a PV heating system

based on thermal storage in the building envelope, which transforms the building envelope from an energy consumer to an energy storage

component. To implement the envelope-embedded system, a carbon-fiber heating device was designed and integrated into the building

envelope. Our proposed heating system and energy storage method can adapt to fluctuating PV energy by connecting directly to PV, over-

coming the limitations of conventional heating devices that require stable voltage and power. The results of our experiments show that the

impact of the volatility of the PV power at room temperature can be effectively mitigated by the thermal energy storage of the envelope.

The building envelope thermal storage functions as a bridge to connect the fluctuating energy supply to a stable thermal load. In this study,

the building envelope is transformed into a thermal battery for the heating system.

Our simulation verified the effects of heat storage in the building envelope and evaluated the energy-saving and CO2 reduction perfor-

mance of installing the envelope-embedded system.Our assessmentmodels can be applied to buildings and climatic zones in different coun-

tries.With proper parameter design, the envelope-embedded system and carbon fiber heating equipment provide a flexible solution for both

existing and new buildings to reduce the cost and space of energy storage devices for PV heating systems and achieve building heating en-

ergy savings, while satisfying the necessary comfort demands. A building envelope in northern China can provide a large energy storage ca-

pacity, as shown in Figure 4D, whereas the cost of constructing a chemical battery with the same storage capacity is more than 400 times that

of using the building envelope for thermal storage. During the non-heating season, the PV power can be fed into the grid to provide zero-

carbon electricity for satisfying loads around the building. We believe that the envelope-embedded system is promising for energy-efficient

building applications and can contribute positively to global carbon neutrality and sustainability.
Limitations of the study

There are some limitations of this study that need to be explored in subsequent studies. On the one hand, since the energy consumption of a

building is mainly related to the floor area (i.e., the roof area identified in this paper through satellite imagery), the building envelope, and

local meteorological parameters. Therefore, we mainly considered these three indicators in our large-scale modeling analysis. Other factors,

like variations in building topologies, also affect building loads. Since these parameters have a relatively small degree of influence and would

greatly increase the complexity of themodel, they were purposely simplified.On the other hand, our proposed PV heating system can achieve

zero-carbon heating in single buildings (e.g., most rural buildings in China) because of the ample roof area available, high PV potential, and

relatively low total heating load. However, large commercial buildings and multi-story buildings with high loads and small roof areas with low

PV potentials cannotmeet the building’s heating needswith PV energy alone, in which case they need to be supplementedbymunicipal grids

or other energy sources.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

In this study, the thermal model of the building-envelope-based PV heating system has two components. The first part of the model is the

charging model of the thermal battery, which calculated the time-by-time power of the PV system. The PV power calculation includes

the prediction of meteorological parameters based on hierarchical clustering, irradiance calculation based on coordinate analysis, and the

MPPT algorithm.38 Another part of the model is the exothermic modeling of the thermal battery, which is the calculation of the building heat-

ing load based on heat storage in the envelope. The heating line inside the thermal storage wall was defined as a thermal disturbance, the

value of which was calculated using the PV power model. The heating load of the building was calculated based on different methods using

the building energy consumption software DeST.39–41 The model can be adapted to different climate types and weather conditions, and

DeST can be used to model buildings with different structures.

Thermal battery charging model

Meteorological parameter prediction

PV power is closely related to weather conditions, and irradiance and temperature are essential parameters affecting the generating capacity

of PV panels.45 Therefore, obtaining future weather conditions in advance is necessary for predicting PV power. In this study, a hierarchical

clustering method is proposed to achieve rapid hourly irradiance prediction.

The core of the cluster analysis involves dividing points at different positions into different types according to their similarity in the distance.

The bottom-up clusteringmethod was adopted; that is, points with similar distances formed a cluster, clusters with similar distances formed a

group, and finally, the method formed a cluster tree from the bottom up. In this study, the historical hourly irradiance, including direct, total,

and diffusion irradiance, was exported from the PV calculation software PVSYST46 and divided into four seasons: spring, summer, fall, and

winter. According to the weather type standard formulated by the Meteorological Administration, the weather conditions were divided

into 34 types. Because similar weather types have similar irradiance characteristics in Ruicheng County (north latitude 34�36’-48,’ east longi-
tude 110�36’-42’), China, in this study, five types of generalized weather, which involve the most common weather conditions based on
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historical meteorological data, were considered. The hourly daily radiation of each season was grouped into five categories representing the

five weather conditions: sunny, rainy, cloudy, sunny to cloudy, and cloudy to sunny. Each weather condition in each season corresponds to a

specific hourly irradiance.

The calculation procedure for the hierarchical clustering algorithm comprises seven steps (Figure S1). In Steps 1 to 3, the input dataset and

number of clusters were provided. In Step 4, the membership function m and the non-membership function n can be defined as47

mi =
xi � xmin

xmax � xmin
(Equation 2)

then

ni =

�
1 �

�
xi � xmin

xmax � xmin

�k�1
k

(Equation 3)

where xi is an element of the hourly irradiance matrix, which is defined as

j = 1 � n � m (Equation 4)

where m˛ ð0;1Þ, n˛ ð0;1Þ, and 0%mi + ni % 1. The correlation coefficientu, which acts as theweight for the hesitance component, is computed

as follows:

uðA;BÞ = 1 � 1

n

Xn
i = 1

si

1+si
(Equation 5)

where A and B represent two matrices: si = jmAðxiÞ � mBðxiÞj+ jnAðxiÞ � nBðxiÞj+ jjAðxiÞ � jBðxiÞj. After computing the weights for all

matrices, we can compute the probabilistic Euclidean distances between each pair of data points and store them in a matrix, for example,

a distance matrix, whose size is 13 24. Using the weights obtained from Equations 2, 3, 4, and 5 for the membership, non-membership, hes-

itance degree, and hesitation components, respectively, the distance between the matrices can be expressed as follows:

dðA;BÞ =

(
1

2n

Xn
i = 1

h
ðmAðxiÞ � mBðxiÞÞ2+ðnAðxiÞ � nBðxiÞÞ2+uðA;BÞðjAðxiÞ � jBðxiÞÞ

i)1
2

(Equation 6)

In this equation, we consider each pair of data points as an individual cluster in Step 4, and enter the loop in Step 5.

In Step 6, we check the number of clusters for the termination condition. If the required number of clusters is obtained, the loop is termi-

nated. Because the number of rows in the distance matrix represents the number of clusters formed in the algorithm, we can check for the

termination condition as follows. If the number of rows (size (dist, 1)) in the distance matrix is greater than the number of given clusters (c), we

proceed to Step 7; otherwise, we terminate the loop and reach the end of the algorithm.

In Step 7, after computing the distance matrix for each pair of data points, the minimum distance pair is selected and merged to form a

cluster. The minimum-distance pair is the closest pair of clusters. After the minimum distance pair is merged, the distance matrix is updated,

whereby each pair of data points is considered as an individual cluster. With each iteration, the minimum distant pair cluster in the distance

matrix is merged, and the distance matrix for the merged cluster and other clusters is updated.

Taking the historical meteorological data of Ruicheng County, Shanxi Province, Central China, in winter as an example, matrices of total

radiation corresponding to each weather condition were obtained, and the cluster analysis results are shown in Figure S3.

Thus, the corresponding hourly direct irradiance anddiffusion irradiance can be obtained according to theweather conditions providedby

the Meteorological Administration. The predicted future hourly temperature change was also obtained directly from the Meteorological

Administration website so that the hourly meteorological parameters affecting the PV power in the future could be obtained using the hier-

archical clusteringmethod. For weather conditions with turning points, qualified hourly irradiance parameters were selected according to the

turning points provided by the meteorological network.

Prediction of receiving radiation

To obtain the actual irradiance received by the PV panels, the proportion of direct radiation received by the PV panels was calculated accord-

ing to the relative positions of the sun and the PV panels, and the proportion of sky diffusion and ground reflection received by the PV panels

was determined according to the inclinations of the PV panels. The sum of the irradiances of these parts was the radiation received by the PV

panel surface.

First, a three-dimensional Cartesian coordinate system was established with three axes pointing perpendicular to the ground: due south

and due east. Next, the positional relationship between the sun and the photovoltaic panel was described in this coordinate system. Figure 4

illustrates the relationship between the solar position and the collectible solar irradiation for the photovoltaic panel. The incoming beam ra-

diation can be divided into two perpendicular components. One component was the portion of the radiation projected onto the N–S vertical

plane (Figure S4). The other component was parallel to the horizontal plane. The latter component does not contribute to the radiation avail-

able to the photovoltaic panel, and can be neglected.
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The position of the sun can be expressed as48

S1 = cos d$cos 4$cos 2+ sin d$sin 4

S2 = � cos d$sin 2

S3 = cos d$sin 4$cos 2 � sin d$cos 4
(Equation 7)

where z is the solar hour angle;B is the latitude, i.e., the angular location north or south of the equator; d is the declination, i.e., the angular

position of the sun at solar noon (i.e., when the sun is on the local meridian) with respect to the plane of the equator, where north is positive;

and the declination can be expressed as49

d =
180

p
ð0:006918 � 0:399912 cos B + 0:070257 sin B � 0:006758 cos 2B + 0:000907 sin 2B

� 0:002697 cos 3B + 0:00148 sin 3BÞ (Equation 8)

where B can be expressed as

B = ðn � 1Þ$360
365

(Equation 9)

where n is the nth day of the year. The solar hour angle can be expressed as50

2 =
180

p
ðu � 12Þ$15

u = t + 4ðLst � LlocÞ+E

(Equation 10)

where Lst is the standard meridian for the local time zone, Lloc is the longitude of the location in question, and the longitudes are in degrees

west;u is the time based on the apparent angularmotion of the sun across the sky with solar noon being the time the sun crosses themeridian

of the observer; and E is a time-dependent coefficient, which can be expressed by

E = 229:2$

�
0:000075+ 0:001868 cos B � 0:032077 sin B
� 0:014615 cos 2 B � 0:04089 sin 2 B

�
(Equation 11)

The unit normal vector coordinates of the photovoltaic panels can be expressed by

Vp = ðcos b; 0; sin bÞ (Equation 12)

where Vp are the unit normal vector coordinates of the photovoltaic panels, b is the angle between the photovoltaic panel and the horizontal

plane, and the angle between the direct radiation emitted by the sun and the normal line of the photovoltaic panel can be expressed as

qp =
180

p
$arccos

�
Vp $Vs

�
(Equation 13)

where qP is the included angle between the direct radiation emitted by the sun and the normal line of the photovoltaic panel, and Vs is the

coordinate of the position of the sun, which is (S1, S2, S3).

The solar radiation received on the surface of the photovoltaic panels is composedof three parts: direct irradiance, sky diffusion irradiance,

and ground reflection irradiance. The direct irradiance can be expressed as

Gz = DNI$cos qp (Equation 14)

whereGz is the direct irradiance photovoltaic panel (W/) andDNI is the hourly direct irradiance obtainedby hierarchical clustering (W/)m2. Sky

diffusion radiation can be expressed as

Gs = Ik$
1+cos b

2
(Equation 15)

where Gs is the sky diffusion irradiance received by the photovoltaic panels (W/) m2, and Ik is the hourly diffusion irradiance obtained by hi-

erarchical clustering (W/) m2. The ground reflection irradiance can be expressed as

Gf = Ig$r
1 � cos b

2
(Equation 16)

where Gf is the ground reflection irradiance received by the photovoltaic panel (W/m2) and Ig is the hourly total irradiance obtained by hi-

erarchical clustering (W/m2). The total hourly solar irradiance received on the surface of photovoltaic panels is given by

Gt = Gz +Gs +Gf (Equation 17)
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Equivalent circuit model

The equivalent circuit model for photovoltaic panels under standard conditions is shown as51

Isc =
h
1 � P1

	
e

U
P2Uoc � 1


i

P1 =

�
1 � Im

Isc

�
e
� Um

P2Uoc

P2 =

�
Um

Uoc
� 1

��
ln

�
1 � Im

Isc

��� 1

(Equation 18)

where Isc is the short-circuit current, A; Im is the current at the maximum power point, A;Um is the voltage at the maximum power point, V;Uoc

is the open-circuit voltage, V; and Equation 18 is only applicable under standard test conditions, that is, a total irradiance of 1000W/m2 and a

temperature of 25�C. However, in practical engineering, the temperature and irradiance differ; therefore, the parameters in Equation 18must

be modified, as shown52

Isc = Isc ref
Gt

Gref
ð1+aDTÞ

Uoc = Uoc ref lnðe+bDGÞð1 � cDTÞ

Im = Im ref
Gt

Gref
ð1+aDTÞ

Um = Um ref lnðe+bDGÞð1 � cDTÞ

(Equation 19)

where a, b, and c are compensation coefficients for the temperature and irradiance. The values of these three numbers are 00025 (�C)-1, 0.0005
(W/m2)-1, and 0.00288 (�C)-1, respectively, according to a large amount of experimental data [9-11]. Isc ref is the short-circuit current under stan-

dard test conditions, A; Im ref is the current at the maximum power point under standard test conditions, A; Um ref is the voltage at the

maximum power point under standard test conditions, V; Uoc ref is the open-circuit voltage under standard test conditions, V;Gref is the stan-

dard total irradiance, 1000w/m2; and DT is the difference between the actual temperature and the standard temperature, �C.

Improved MPPT algorithm

The volt-ampere characteristics of photovoltaic panels can be obtained through the diode model, but different output voltages of PV panels

will lead to different output powers; thus, the actual output power of the photovoltaic panels remains unknown. In an actual project, a con-

verter with theMPPT algorithm is installed between the photovoltaic panel and the load side to ensure that the photovoltaic panel generates

power at the parameter point withmaximumpower on the U-I diagram. Therefore, theMPPT algorithmwas added to the photovoltaic power

prediction model. In this study, the modified conductance increment method was used to determine the power point of the photovoltaic

panels.

In the U-I image of the photovoltaic circuit, the partial derivative of the maximum power point with respect to the voltage is zero, as

shown in53

dP

dU
=

dðIUÞ
dU

= U
dI

dU
+ I = 0 (Equation 20)

Equation 21 defines an index K, and the distance from the maximum power point and the adjustment direction can be determined using

the value of K in the calculation process.

K =
dI

dU
+
I

U
(Equation 21)

When K> 0, the output voltagemust be increased to the left of themaximumpower point to reach themaximumpower point; when K< 0,

the output voltage must be decreased to the right of the maximum power point to reach the maximum power point; and when K = 0, the

output power is directly at this point without adjustments to the voltage.

However, the traditional conductance increment method requires a long convergence time because of the random selection of the initial

point. Therefore, in combination with the idea of the constant voltage method, the initial point is set to 0.7 Um in this study, which can reduce

the convergence time and response time compared with the traditional random selection method. The voltage step is lower than the tradi-

tional value, which can increase the adjustment accuracy and avoid back and forth oscillations at the maximum power point. The principle of

the improved conductance increment method is shown in Figure S5.
Exothermic modeling of the thermal battery

The model establishes heat transfer equations for the envelope structure of the room and the air in the room, considers the PV power as a

thermal disturbance, and then solves it based on the difference method.
14 iScience 27, 109892, June 21, 2024
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First, the heat transfer equation for the wall was established. Considering the north wall as an example, the heat conduction equation for

this wall is expressed as follows:

rwcw
vtw
vt

= lw
v2tw
vx2

(Equation 22)

where, rw is the density of the wall, kg/m3; cw is the specific heat capacity of the wall, J/(kg*�C); lw is the thermal conductivity of the wall, W/

(m*�C); tw is the temperature of the wall, �C. The north wall is divided into n layers along the thickness direction, where the thickness of the

layer in contact with the indoor air and outdoor air is d/2, and the distance between the nodes in themiddle is d. Therefore, for the outermost

layer of the north wall, that is, the node with n=1, the heat transfer equation is given by

d

2
rwcw

vtw;1

vt
=

2lw
d

ðtw;2 � tw;1Þ+ hoðto � tw;1Þ (Equation 23)

where, ho is the convective heat transfer coefficient between the outdoor air and the outer surface of the north wall, W/(m2*�C) and to is the

temperature of the outdoor air, �C.
For the layer in the middle of the north wall, that is, the node between 1-n+1, the heat transfer equation is given by

drwcw
vtw;i

vt
=

lw

d
ðtw;i� 1 � tw;iÞ+ lw

d
ðtw;i+1 � tw;iÞ (Equation 24)

For the innermost layer of the north wall, when the number of nodes is n+1, the heat transfer equation is as follows:

d

2
rwcw

vtw;n+1

vt
=

2lw
d

ðtw;n � tw;n+1Þ + hinðta � tw;n+1Þ + hf ðtf � tw;n+1Þ+
X4
i = 1

hr ;iðtr ;n+1 � tw;n+1Þ (Equation 25)

where, hin is the convective heat transfer coefficient between the indoor air and the inter surface of the north wall, W/(m2*�C); ta is the tem-

perature of the indoor air, �C; hr is the convective heat transfer coefficient of the equivalent to the radiation between the inter surface of the

other walls and the inner surface of the north wall, W/(m2*�C), this item represents the radiant heat exchange between the north wall and

the other walls and roofs; hf is the convective heat transfer coefficient of the equivalent to the radiation between the surface of the floor

and the inter surface of the north wall, W/(m2*�C), this item represents the radiant heat exchange between the north wall and the floor; tf
is the temperature of the surface of the floor, �C; tr;n+1 is the temperature of the surface of the other walls and the roof, �C;

The floor is assumed to be adiabatic, and the heat transfer equation for the floor is given by

hfaðta � tf Þ +
X5
i = 1

hfr ;iðtr;n+1 � tf Þ = 0 (Equation 26)

where, hfa is the convective heat transfer coefficient between the indoor air and the surface of the floor, W/(m2*�C); hfr is the convective heat

transfer coefficient of the equivalent to the radiation between the surface of the floor and the surface of the other walls, W/(m2*�C), this item
represents the radiant heat exchange between the floor and the other walls and roofs. Equation 26 gives an analytical solution for the floor

temperature, tf =
hfata+

P5

i = 1
hfr tr;n+1

hfa+
P5

n = 1
hfr

.

Similar to the heat transfer calculation process for the wall, the glass of the window was divided into three layers along the thickness di-

rection, and the heat transfer equation of the outermost layer is as follows:

dwinrwincwin
vtwin;1
vt

=
lwin

dwin
ðtwin;2 � twin;1Þ+ hwoðto � twin;1Þ (Equation 27)

where, rwin is the density of the window, kg/m
3; cwin is the specific heat capacity of the window, J/(kg*

�C); lwin is the thermal conductivity of the

window, W/(m*�C); twin is the temperature of the window, �C. hwo is the convective heat transfer coefficient between the outdoor air and the

outer surface of the window, W/(m2*�C);
For the layer in the middle of the window, the heat transfer equation is as follows:

dwinrwincwin
vtwin;2
vt

=
lwin

dwin
ðtwin;1 � twin;2Þ+ lwin

dwin
ðtwin;3 � twin;2Þ (Equation 28)

For the innermost layer of the window, the heat transfer equation is shown as

dwinrwincwin
vtwin;3
vt

=
lwin

dwin
ðtwin;2 � twin;3Þ + hwinðta � twin;3Þ + hwf ðtf � twin;3Þ+

X4
i = 1

hwr ;iðtwr ;n+1 � twin;3Þ (Equation 29)

where, hwin is the convective heat transfer coefficient between the indoor air and the inter surface of the window,W/(m2*�C); hwr is the convec-
tive heat transfer coefficient of the equivalent to the radiation between the inter surface of other walls and the inter surface of the window,W/

(m2*�C), this item represents the radiant heat exchange between the window and the other walls and roof; hwf is the convective heat transfer
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coefficient of the equivalent to the radiation between the surface of the floor and the inter surface of the window, W/(m2*�C), this item rep-

resents the radiant heat exchange between the window and the floor; twr;n+1 is the temperature of the surface of the roof, the other walls and

the roof, �C.
The heat transfer equation for the indoor air node is as follows:

racaV
vta
vt

=
X5
i = 1

Fwhr ;iðtw;i+1 � taÞ + qv + qs + Ff hfaðtf � taÞ + Fwinhwinðtwin;3 � taÞ (Equation 30)

where, ra is the density of the air, kg/m3; ca is the specific heat capacity of the air, J/(kg*�C); Fw is the area of the wall, m2; Fwin is the area of the

window, m2; Ff is the area of the floor, m2; qv is the heat loss of ventilation, W; qs is the heat gain in the room, W.

Simultaneously, with the above heat transfer equations, the heat balance equation for the entire room is established as follows:

C _T = AT +Bu (Equation 31)

where C represents the heat capacity; A represents the relationship between each temperature node; B represents the contribution of each

thermal disturbance to the temperature node; and u represents each thermal disturbance term, including the matrices of ventilation, indoor

heat gain, and outdoor temperature.
U-net convolutional neural network model

In this study, the semantic segmentationmodel U-net algorithmwas used toanalyze satellite images of all Chinese cities toobtain the roof area of

each city and calculate the building PV installation potential.42 Original satellite image data were obtained from Google Maps, and the images

were segmented into 2563256 pixels using the remote sensing software ArcGIS. The segmented images were then flipped, mirrored, and

enhanced to form the training set for the U-net model. In the U-net model, the size of the satellite images was continuously reduced from

2563256 to 1283128, 64364, 32332, and 16316 px. Simultaneously, the feature channels were multiplied in each transformation step to 1024.

Finally, an upward convolutionwas applied to double the resolution of the featuremap and halve the number of channels. Subsequently, feature

maps from the same layer of the left shrinkagepathwereconcatenated, and two 333 convolutions andReLUwere applied. Thiswas repeatedon

the rightpathuntil the resolutionof the featuremapsmatched thatof the input images.54Once themodel hadbeen trained, itwas applied ina test

set that cut city-level satellite imagery across the country to obtain the national building rooftop areas and PV installation potential.

To train thismodel, we used the SoftMax function to calculate the classification probability of each pixel in the last layer and used the cross-

entropy loss function as the target. Gradient optimization was performed according to the Adam algorithm, as shown in Equations 32 and 33,

as follows.

pnðxÞ = expðanðxÞÞ
, XN

n

exp
�
akðxÞ

�!
(Equation 32)
E =
X
x˛X

wðxÞlog
	
plðxÞðxÞ



(Equation 33)

where an(x) denotes the activation in the feature channel n at pixel position x ˛ X with X ˛ Z2, N is the number of classes, and PN(x) is the

approximatedmaximum function.X is the true label of each pixel and w is a weightmap that we used to give somepixels more importance in

the training process.

The building PV potential was obtained by multiplying the local irradiance with the roof area, PV generation efficiency, and shading factor.

The irradiance of each area was obtained using the PVsyst software. The shading factor of the PV is taken as 0.4 for urban buildings and 0.6 for

rural buildings.
METHOD DETAILS

Material characterization

The diameter of the carbon-fiber electric wire was 5.5 mm, and the thickness of each layer was 1 mm. The resistance of the carbon fiber is 16.8

ohms per meter. SEM images were acquired using an FEI Nova NanoSEM instrument (5 kV).
Thermal measurements

We conducted experiments in Ruicheng County, central China. The outdoor irradiance and temperature in Ruicheng County are shown in

Figure S7 in the supplemental information. The heating area of the roomwas 15m2, the installed PV capacity was 5.3 kW, and the heat-storage

wall area was 13 m2. We arranged temperature sensors in the farmhouse and collected test data over the entire heating season, from

November 2021 to March 2022. The physical parameters tested include the indoor air temperature, outdoor air temperature, indoor black

bulb temperature, heat storage wall surface temperature, heating wire surface temperature, temperature at the center of the thermal storage

wall, and temperature on the surface of the insulation board. The temperature sensor has an accuracy of 0.1�C and a range of -30�C to 100�C.
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