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Abstract14

In recent decades, large-scale deployment of photovoltaic (PV) power15

leads to management challenges for recycling PV module waste in China.16

With the growth of waste PV volumes, it is necessary to figure out17

the spatio-temporal distribution of PV waste at the provincial level.18

Based on China’s carbon neutrality goal by 2060, six development path-19

ways of PV installed capacity are proposed to identify in-use stocks20

of PV capacity. In particular, we developed the retired flow estima-21

tion model for PV modules that is constructed by three PV module22

degradation scenarios. The results show that a relatively large scale23

of PV waste will be started to emerge in China by 2030 and the24

cumulative waste is expected to reach 1100 ∼ 1450 GW by 2060.25

Our findings also indicate an unequal distribution of PV waste across26

regions and the highest PV waste volumes by 2060 is the East China27

region at 31.4%, with Shandong (8.99%) and Hebei(8.65%) ranking as28

the top provinces. This prospective research will help the PV industry29

plan the location and capacity of recovery facilities at an appropriate30

time to advance toward a more resource efficient and circular economy.31
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1 Introduction34

In response to climate change, China has set a clear goal of achieving carbon35

neutrality before 2060 (Zhao et al., 2022). Renewable energy, especially solar36

energy, is anticipated to become the dominant source of electricity due to37

zero carbon dioxide emissions when generating electricity (Kök et al., 2018).38

Moreover, investment in solar energy is increasing rapidly in China, since the39

cost of solar power has dropped dramatically over the past decade (He et al.,40

2020; IRENA, 2021). By the end of 2021, China’s new and total installed41

photovoltaic (PV) capacity ranked first in the world for nine and seven years,42

respectively (Muthusamy et al., 2022). Large-scale PV deployment also will43

generation substantial amounts of end-of-life (EOL) PV modules (Muthusamy44

et al., 2022; Walzberg et al., 2021). As a result, China will face significant45

obstacles on the path to carbon neutrality, that is how to deal with large46

volumes of PV modules at the end of their approximately 30-year lifespan47

emerges (Heath et al., 2020) as large-scale global PV deployment proceeds.48

There’s a need for China to recycle PV waste sooner or later, which not only49

reduces environmental problems but also avoids wastage of crucial resources50

(Salim et al., 2019). Because solar energy is China’s most abundant renewable51

energy resource, particularly in western China (EF, 2015), the most notewor-52

thy feature of China’s PV waste management is the spatial heterogeneity.53

While planning EOL PV panels recovery, monitoring changes in the PV mod-54

ule design and regional trends in PV module deployment could assist the55

recycling industry in designing and adapting recycling infrastructure (Choi56

and Fthenakis, 2014; Goe et al., 2015). To manage those waste PV modules57

in China, a comprehensive and accurate estimation of waste spatio-temporal58

distribution is necessary.59

There are two main points involved: one is that discarded PV modules60

are generally generated where the PV power station is installed. China’s solar61

power deployment pattern is shifting from western to eastern regions, and from62

centralized to distributive form (Li and Huang, 2020). Furthermore, the major-63

ity of centralized PV power plants are located in northwest China, whereas64

distributed PV power generation is a more cost-effective option in central and65

eastern China (Wu et al., 2022). Previous research has highlighted the neces-66

sity of waste distribution for ease of collection and transport across the area to67

reduce resource waste (Hemmelmayr et al., 2014). Consequently, as an emerg-68

ing waste type with a complicated composition and a broad spatial dispersion,69

waste PV’s distribution data is critical for infrastructure considerations when70

proximity to the waste source is relevant (Goe et al., 2015).71
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Second, we recognize that the different pathways to achieve carbon neu-72

trality lead to different targets for solar energy installed capacity (Zhao et al.,73

2022), which will directly affect the volume of PV waste generated. Addition-74

ally, solar energy deployment in China is highly reliant on unpredictable future75

market conditions and public policies, including but not limited to polices76

aimed at achieving the country’s ”dual carbon” goal (Wei and Xin-gang, 2022).77

Little attention has been paid to the impact of the context of carbon neutrality78

on PV waste flow in China (Wang et al., 2021). Therefore, considering poten-79

tial PV development pathways in the context of carbon neutrality enables an80

accurate prediction of waste.81

There are a large number of studies that have focused on waste PV recycling82

domains such as recovery technology (Azeumo et al., 2019; Cui et al., 2022),83

environmental impacts, and economic return of stakeholders (Faircloth et al.,84

2019; Liu et al., 2020). Many studies have provided insightful information on85

estimating the future generation of PV waste in several countries, including86

Italy, Mexico, Australia, America, India, and Spain (Dominguez and Geyer,87

2019, 2017; Mahmoudi et al., 2019, 2021; Paiano, 2015; Santos and Alonso-88

Garcia, 2018; Gautam et al., 2022). Very few studies have emphasized the89

influence of the carbon-neutral target on newly added PV flows, in-use stocks,90

and retired flows of China, the world’s largest solar power market (Xu et al.,91

2020).92

Motivated by the research gaps, this study assesses the provincial cumula-93

tive waste generation to accurately grasp the spatio-temporal pattern of waste94

PV generation and provide a reasonable basis for recycling strategies in China.95

In the context of carbon neutrality, this study aims to: (1) investigate the96

development of the PV industry to propose PV installed capacity under three97

different scenarios with two classical growth patterns; (2) develop a method-98

ology to forecast the input and output of PV power installed, including the99

timing and position of PV waste generation; (3) and estimate the PV waste100

volumes and its mid-long term waste distribution in China from 2022 to 2060.101

This study also provides a foundation for other nations with similar waste102

concerns to China, as well as related industries, to gain more insights.103

The structure of this paper is organized as follows: In Section 2, the method104

and data of this paper are described in detail; the results and discussion are105

reported in Section 3; followed by the conclusions in the final section.106

2 Research methods and data107

2.1 Research framework108

An analysis of how much, when, and where the PV systems will reach their
EOL will aid in PV waste management planning (Dominguez and Geyer,
2019). According to the input and output theory, the relationship of the newly
flows (annual newly installed PV capacity N(t)), in-use stocks (cumulative PV
installed capacity Q(t)), and retired flows (yearly waste PV modules W (t)) in
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the year t can be represented as:

Q(t) = Q(t− 1) +N(t) −W (t) (1)

Q (t) =

31∑
i=1

Q(t)i (2)

W (t) =

31∑
i=1

W (t)i (3)

N (t) =

31∑
i=1

N(t)i (4)

where Q(t)i represents cumulative PV installed capacity in the year t in the109

province i, W (t)i represents yearly PV waste volumes in the year t in the110

province i, and N(t)i indicates the annual newly installed PV capacity in the111

year t in the province i.112

Following that, we explains the PV waste estimation methodology (see113

Fig.1) and the source of data. Firstly, three development scenarios are con-114

structed with two classical growth patterns for cumulative PV installed115

capacity forecasting. Secondly, considering the characteristics of PV power116

market development stages, the Weibull forecasting model is established to117

estimate the retired flows. As a result, based on historical data, this research118

assesses how much waste PV modules are discarded, as well as when and where119

those are available for collection.
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Fig. 1: PV waste estimation methodology
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2.2 Estimation of cumulative PV installed capacity121

There are two-stage to the projection of PV installed capacity in China, which122

will influence PV waste estimation. First, we construct three PV development123

scenarios by outlining the short-term and long-term development targets from124

government and authority organizations. Then, the trend of cumulative PV125

installed capacity is simulated by applying two PV growth patterns. Therefore,126

we have 6 (3 × 2) pathways to consider.127

2.2.1 PV development scenario128

Achieving carbon neutrality by 2060 in line with China’s broader development129

goals (IEA, 2021b). It stands at the confluence of the strategic national objec-130

tives at some pointy stages, including a peak in CO2 emissions before 2030131

and becoming the top innovation-oriented country by 2035 (Xi, 2021). Based132

on well-recognized settings that were collected from the official report, three133

scenarios have been considered for the target goals of the PV installed capac-134

ity in the years 2035 or 2050, and 2060 in China (Table 1), which are the main135

input to cumulative PV installed estimation.

Table 1: The target PV installed capacity of different development scenarios

Abbreviation
Capacity in

2035 (GW)

Capacity in

2050 (GW)

Capacity in

2060 (GW)
Source

Stated Policies

Scenario (STEPS)
1486 2157 —— CNREC (2018)

Announced Pledges

Scenario (APS)
1470 —— 4515 IEA (2021a)

Accelerated Transition

Scenario (ATS)
1764 —— 5418 IEA (2021b)

136

The first is the Stated Policies Scenario (STEPS), where data points are137

collected from the “Below 2 degrees” scenario that shows ambitious deploy-138

ment targets for 2050. This provides a more conservative benchmark for the139

future because it does not take it for granted that governments will reach all140

announced goals (IEA, 2021c). Therefore, this energy scenario set specific PV141

installed targets for 2035 and 2050 to be around 1486 GW and 2157 GW,142

respectively.143

The second scenario, the Announced Pledges Scenario (APS), reflects144

China’s enhanced targets that it declared in 2020 in which emissions of CO2145

reach a peak before 2030 and net-zero by 2060, in line with China’s stated146

goals. The solar energy sector’s cumulative PV capacity is 1470 GW and 4515147

GW in 2035 and 2060, respectively.148

The third is the Accelerated Transition Scenario (ATS), which is an even149

faster transition and has the socio-economic benefits than APS. China has the150
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technical capabilities, economic means, and policy experience to accomplish a151

faster clean energy transition than the APS. Therefore, in this scenario, PV152

installed capacity rises by about 15% above the level of the APS.153

2.2.2 PV growth pattern154

Given the PV development scenario, the growth patterns specify the annual155

development of solar power to reach the installed capacity target (Ren et al.,156

2021). Two commonly used growth patterns are employed to construct a157

concrete China’s PV energy pathway toward 2060 (Ren et al., 2021).158

One is the Exponential Growth (EG), which can reflect the rapid growth
of new energy technology at the beginning phase or in the fast-growing phase
(Hansen et al., 2017). History shows an exponential growth for the new renew-
able energy (RE) technologies (e.g. wind and solar energy) (Fell, Breyer, and
Métayer, Fell et al.). The logistic function can be written as follows:

Q(t) = x0(1 + r)t (5)

where Q(t) is the cumulative PV installed capacity in the year t in China, x0 is159

the PV installed capacity in the year t0, and r is the fixed annual growth rate.160

The second is the Logistic Growth (LG), which can reflect the mature phase
of an energy technology during the study period. It has also been shown to
adequately model energy demand and consumption (Cherp et al., 2021; Harris
et al., 2018; Madsen and Hansen, 2019). Solar power production as a function
of time can be well described by a logistic curve in Italy and China (Bianco
et al., 2021; Madsen and Hansen, 2019). The logistic growth formula is shown
as follows:

Q(t) =
S

(1 + e(−k(t−ta)))
(6)

where S is the asymptotic PV installed capacity, k is the diffusion rate, ta is161

the inflection point where the maximum growth rate occurs.162

2.2.3 Evolution of China’s cumulative PV installed to 2060163

As the previous section described, combined 3 deployment scenarios (Stated164

Policies Scenario (STEPS), Announced Pledges Scenario (APS), and Acceler-165

ated Transition Scenario (ATS)) and 2 types of growth patterns (Exponential166

Growth (EG) and Logistic Growth(LG)), we have 6 (3×2) pathways to take167

into account. Using historical cumulative PV installed data from the year 2009168

to 2021 and the target value in the years 2035, 2050, and 2060, the estimation169

of parameters are listed in Table 2.170

Then the six pathways are simulated in Fig.2. For example, the STEPS-171

LG is regarded as a China’s PV development pathway under the STEPS172

development scenario with the LG growth pattern.173
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Table 2: Parameters estimation of PV development pathway

Pathway Scenario Growth pattern Parameter

STEPS-LG STEPS LG S = 2228.5; k = 0.1808; t = 11.1634

STEPS-EG STEPS EG 2021-2035: r = 0.1195; 2035-2060: r = 0.0252

APS-LG APS LG S = 4893.1; k = 0.1330; t = 21.3551

APS-EG APS EG 2021-2035: r = 0.1186; 2035-2060: r = 0.0459

ATS-LG ATS LG S = 5722.2; k = 0.1475; t = 20.4783

ATS-EG ATS EG 2021-2035: r = 0.1333; 2035-2060: r = 0.0459

Fig. 2: Cumulative PV installed capacity in China under six pathways

2.3 Estimation of waste volumes174

2.3.1 Weibull distribution function for waste generation175

The reliable statistics on the waste quantity are limited because China’s PV
modules degradation tide has not yet reached its peak. Because of this uncer-
tainty, a Weibull distribution function was chosen to determine the evolution
of the failure probability for the PV capacity installed in China (Zhang and Fu,
2020). Its suitability to describe the PV module failure under real working con-
ditions has been previously shown in previous research (Mahmoudi et al., 2019,
2021; Santos and Alonso-Garcia, 2018). Then the probability shows installed
PV module degradation in the time interval between 0 and x, as shown in
Eq.(7).

P (x) = 1 − e(x/T )β , x ≥ 0 (7)

Where P (x) is the degradation probability in the time interval between 0 and176

x, x equals to module life in years, T is the average lifetime of PV modules,177
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and β, called shape factor, is responsible for the typical S shape of the Weibull178

curve.179

Accordingly, the annual retired waste PV flows in the year t can be repre-
sented as the sum of the annual newly capacity installed before year t times
its failure probability in the year t. Therefore, the annual retired waste PV
flows of the province i in the year t can be expressed as

W (t)i =

t−1∑
k=t0

[N(k)i × (P (t− k)i − P (t− k − 1)i)], t > t0 (8)

where N(k)i represents the province i’s annual newly installed PV capacity in180

the year k, P (t− k)i is the degradation probability of a PV module installed181

in province i after (t− k) years of service. P (t− k)i −P (t− k− 1)i is the loss182

probability during the (t− k)th year of service.183

2.3.2 Parameter estimation184

To model the temporal evolution of losses in the PV modules, the shape param-185

eter β, and the characteristic lifetime T , had to be previously specified (Santos186

and Alonso-Garcia, 2018). Based on previous literature, the assumption of β187

and T in both schemes was estimated based on the systematic review and188

expert judgment for the PV module loss probability model (IEA-PVPS, 2014;189

IRENA, 2016). In our research, based on the process of solar PV power market190

development, we analyze the value of parameters by defining the PV module191

degradation scenario, shown in Table 3.192

Table 3: Parameters values of Weibull function

Stage Scenario β T

Industrial establishment stage Early-loss Scenario 2.4928 20

Large-scale development stage Early-loss Scenario 2.4928 30

High-quality development Stage Regular-loss Scenario 5.3759 30

Before 2008, China’s PV power market had centered on off-grid rural elec-193

trification projects (Zhang et al., 2013), while the amount of consumption was194

less than 1% of the world’s total consumption capacity compared with a total195

solar cell production amounted to 45% of world capacity in 2008 (Zhao et al.,196

2011). At this time, the PV industry was in the initial stage of the pilot, and197

PV installed capacity was very small (Hanfang et al., 2020; Huo and Zhang,198

2012). Because of the limitation of data acquisition, the waste generated in199

this time is not into account in our research. And from 2009, we divide the200

process of PV power development into three stages and the characteristics of201

those stages are stated as follows.202
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(a) Industrial establishment stage (2009-2012): From 2009 to 2012, China203

implemented five phases of the ”Golden Sun project” and ”photovoltaic204

building” (Grau et al., 2012), which played an important role in initiating205

a domestic PV market (Sun et al., 2014) and resulted in concerns about206

the installation of low-quality PV projects. By the end of 2012, the gross207

installed capacity of the solar PV industry was about 6.5 GW. However, a208

report released by the China Compulsory Certification (CCC) showed that209

out of the 425 solar PV stations from 32 provinces investigated in 2014,210

30% that were built more than three years or older exhibited various qual-211

ity issues (Chen et al., 2019). In this stage, PV module failure during the212

early life stages, meaning early-loss, and its life cycle is shortened (Wu et al.,213

2019). The corrected shape factor and characteristic lifetime are listed in214

Table 3.215

(b) Large-scale development stage (2013-2017): With the introduction of the216

national PV zone on-grid price system in 2013 (Ye et al., 2017), the annual217

newly installed capacity increased significantly from 12.92 GW in 2013 to218

53.06 GW in 2017, with an average annual growth rate of more than 40%.219

At the same time, there are “abandoned light” problems in western China.220

This is because the majority new projects were installed in western China,221

which has a limited ability to absorb renewable energy and is located far222

from the load centres of eastern and central China (Ye et al., 2017). So PV223

module in this stage can be regarded as the early-loss and those parameter224

values are listed in Table 3.225

(c) High-quality development Stage (Since 2018): Under significant pressure226

arising from the financial shortfall, the Chinese government issued the new227

“5.31” policy 2018, which promotes the transition of the PV market from a228

‘high-speed development’ road to a ’high-quality development’ path. Some229

proper operation and maintenance strategies are adopted by the power230

station owners to make solar power energy systems run as they are supposed231

to (Osmani et al., 2020). This stage can be seen as a regular-loss scenario232

and the parameters for scenario type are listed in Table 3.233

2.4 Estimation of annual newly installed PV capacity234

The distribution of the province i’s annual newly installed PV capacity is
determined according to the cumulative installed capacity of the previous year
(t− 1), that is:

N(t)i = N(t) ∗
Q(t− 1)i
Q(t− 1)

(9)

The data of each province from 2009 to 2021can be obtained according to235

the statistical annual report, new energy development plan, and Golden Sun236

installation plan of each province (NEA, 2022). The historical provincial solar237

photovoltaic (PV) installed capacity data are listed in Table 4.238

3 Research results and Discussion239
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3.1 Newly installed PV capacity in China during240

2022–2060241

The annual newly installed PV capacity in China from 2022 to 2060 is derived242

by combining the historical data and estimation model (Fig.3). Clearly, we243

see that the new capacity shows different characteristics in the Exponential244

Growth (EG) and Logistic Growth (LG) patterns.245

2020 2030 2040 2050 2060
0
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Year

 STEPS-EG
 APS-EG
 ATS-EG
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(a) Newly installed PV capacity in Exponen-
tial Growth (EG) pattern
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0

100

200

300

400

Year

 STEPS-LG
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(b) Newly installed PV capacity in Logistic
Growth (LG) pattern

Fig. 3: Annual newly installed PV capacity in China from 2022 to 2060

In the EG pattern, the curve of annual newly installed PV capacity looks246

like a sawtooth (Fig.3(a)), which means that the annual newly capacity ramps247

upward from 2022 to 2035, sharp drops in 2036, and then rises during 2036-248

2060. In 2035, the newly installed PV capacity in the STEPS-EG, APS-EG,249

and ATS-EG pathways will be 164 GW, 162 GW, and 213 GW, respectively.250

Obviously, after 2035, the newly installed PV capacity under the three path-251

ways in turn is ATS-EG, APS-EG, and STEPS-EG. As shown in Fig.3(a), in252

2060, the capacity in the STEPS-EG, APS-EG, and ATS-EG pathways will253

be 153 GW, 292 GW, and 353 GW, respectively.254

Compared to the EG pattern, the annual newly installed PV capacity in255

the LG pattern increases at first, peaks at some point, and then slowly drops256

down (Fig.3(b)). The annual newly installed PV capacity in STEPS-LG, APS-257

LG, and ATS-LG is expected to peak at about 105 GW in 2032, 182 GW258

in 2045, and 228 GW in 2042, respectively. Furthermore, it is demonstrated259

that after 2030, the annual newly installed PV capacity from high to low will260

be ATS-LG, APS-LG, and STEPS-LG. Even on the STEPS-LG pathway, the261

annual newly installed PV capacity would be 90 GW.262

3.2 Waste PV volumes in China during 2022–2060263

In this section, based on the Weibull distribution model, the yearly and cumu-264

lative waste PV volumes are estimated for the period 2022–2060 in China in265
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the six pathways. There is a growing tendency among yearly waste PV vol-266

umes (Fig.4(a) and Fig.4(c)). From 2022 to 2030, the average growth rate of267

the yearly waste PV volumes will decrease from 25% to 10%, and the cumula-268

tive waste volume might reach 25 GW by 2030. However, beginning in 2030,269

the annual growth rate began to rise and will reach 17% in 2040, bringing the270

cumulative amount of PV waste to 100 GW. As a result, the increase in the271

average growth rate will result in a significant increase in PV waste after 2030.272

Between 2040 and 2050, although the annual growth rate decreases, it remains273

over 10%, causing the cumulative waste PV volume to increase rapidly and274

reach 400 GW by 2050. After 2050, although the annual growth rate decreases,275

about 70∼100 GW waste modules will be generated each year.276
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(a) Yearly waste volumes in Exponential
Growth (EG) pattern
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(b) Cumulative waste volumes in Exponential
Growth (EG) pattern
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(c) Yearly waste volumes in Logistic Growth
(LG) pattern
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(d) Cumulative waste volumes in Logistic
Growth (LG) pattern

Fig. 4: PV waste volumes in China from 2022 to 2060

The cumulative waste is estimated to be 5 GW in 2022, increasing to 26 GW277

by 2030, then reaching 100 GW in 2040 and about 400 GW in 2050 (Fig.4(b)278

or Fig.4(d)). The cumulative waste grows faster and faster with time, reaching279

1100∼1450 GW by 2060. Using an exponential model to fit the predicted280



Springer Nature 2021 LATEX template

13

data of cumulative PV waste from 2022 to 2060, we find that the exponential281

growth rate of the six pathways of STEPS-EG, APS-EG, ATS-EG, STEPS-282

LG, APS-LG, and ATS-LG is 13.75%, 13.79%, 14.20%, 14.11%, 14.01%, and283

14.47%, respectively. As part of the results, the correlation coefficient reveals284

the ”quality of fit,” which is labeled as 0.9923, 0.9928, 0.9945, 0.9929, 0.9939,285

and 0.9955, indicating that the exponential model is a good fit to the predicted286

data. This observation implies that the exponential trend in PV power station287

decommissioning between 2022 and 2060 is inevitable, no matter which path288

is chosen for PV power generation development. Significantly, the exponential289

growth will become fast, even if it is slow now.290

In order to understand the impact of the three development scenarios and291

two growth patterns on waste volumes in China, we undertake further work to292

explore this. As illustrated in Fig.4(b) and Fig.4(d), in the same growth pat-293

tern, there is no remarkable difference in PV waste flow between the STEPS,294

APS, and ATS scenarios until 2035. This is because the yearly PV waste295

volume differences across the three scenarios are less than 1% before 2035296

(Fig.4(a) and Fig.4(c)). Then the gap between the amount of PV waste in the297

three scenarios is growing over time. After 2050, we can see that the cumula-298

tive waste in ATS is greater than that in APS, which is greater than that in299

STEPS. For example, in 2060, the cumulative waste in ATS-EG is 16% higher300

than the cumulative waste in APS-EG, which is 3% greater than in STEPS-301

EG. Further, in the same development scenario, we observe that the waste302

volumes in the LG pattern are always higher than those in the EG pattern303

and this gap increases over time. In 2060, the cumulative waste PV in the LG304

pattern is an average of 10% higher than that in the EG pattern.305

3.3 Provincial waste PV volumes during 2022–2060306

3.3.1 Yearly waste PV volumes distribution307

Based on geographical characteristics, the 31 provinces can be divided into308

seven regions (Table 5). The highest average annual waste is observed in309

Northwest China (1.53 GW), followed by East China (1.42 GW), North China310

(1.24 GW), Central China (0.94 GW), South China (0.48 GW), Southwest311

China (0.46 GW), and Northeast China (0.44 GW). The PV waste genera-312

tion is not only spatially associated with the distribution of solar resources in313

China, but also inextricably linked to the promotion of PV distributed gener-314

ation. Specifically, Shandong will generate the most waste, followed by Hebei,315

Jiangsu, Qinghai, and Zhejiang, all of which will face greater PV waste bur-316

dens. In comparison, waste PV module growth in Beijing, Shanghai, Hainan,317

and Chongqing will be relatively smaller at the same time.318

Fig.5 presents the changes of yearly waste PV volumes for 31 provinces319

in China. The yearly waste PV volumes distribution in 31 provinces shows320

increased changes from 2022 to 2060 under six pathways (STEPS-EG, APS-321

EG, ATS-EG, STEPS-LG, APS-LG, ATS-LG). We discover that the ATS322

scenario has the greatest yearly waste PV volumes, followed by the APS and323
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Table 5: The yearly waste PV volumes of 31 province, 2022–2060

Region Province

Average

annual

waste

(GW)

Average

annual

growth

rate

Region Province

Average

annual

waste

(GW)

Average

annual

growth

rate

Central

China

Henan 1.46 13.50%
South

China

Guangdong 0.99 13.48%

Hunan 0.49 13.10% Guangxi 0.26 14.43%

Hubei 0.87 13.19% Hainan 0.18 12.28%

North

China

Beijing 0.08 11.11%

Northwest

China

Shaanxi 1.35 13.52%

Tianjin 0.21 13.37% Gansu 1.24 9.00%

Hebei 2.73 13.65% Ningxia 1.52 11.08%

Shanxi 1.63 13.60% Qinghai 1.99 10.67%

Inner Mongolia 1.57 11.10% Xinjiang 1.56 10.53%

East

China

Shandong 2.83 13.85%
Northeast

China

Heilongjiang 0.39 15.83%

Jiangsu 2.11 11.93% Jilin 0.42 14.26%

Anhui 1.72 13.02% Liaoning 0.50 13.33%

Shanghai 0.17 11.68%

Southwest

China

Sichuan 0.24 12.34%

Zhejiang 1.89 13.34% Guizhou 1.31 18.52%

Jiangxi 0.97 12.96% Yunnan 0.49 12.15%

Fujian 0.25 13.47%
Chongqing 0.08 17.70%

Tibet 0.17 12.56%

STEPS. The PV waste produced in the ATS scenario corresponds to 1.03324

times that generated in the APS scenario and 1.21 times that generated in325

the STEPS scenario. We can see that, in the seven regions, the province at326

greater risk of PV waste management is Henan, Hebei, Shangdong, Guang-327

dong, Qinghai, Liaoning, and Guizhou, respectively. Therefore, if the PV waste328

is collected by region, the recycling facility should be located in the province329

where the most waste is produced in order to save transportation costs and330

enhance efficiency. For example, the recycling facility in central China may be331

established in Henan province rather than Hunan or Hubei province. Hence,332

the yearly waste PV volumes might serve as a valuable reference for capacity333

planning and expansion to improve the recycling rate.334

3.3.2 Cumulative waste PV volumes distribution335

Considering the provincial spatial distribution, we analyzed the distribution of336

cumulative waste PV volumes in each province in 2030 and 2060. The results337

are presented in Fig.6 and Fig.7, which indicate that the spatial and temporal338

distributions exhibit evident differences across regions.339

Analysis of the forecasting data of provincial cumulative waste PV volumes340

in 2030, we can find that:341
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Fig. 5: Yearly waste PV volumes of 31 provinces

(a) Until 2030, there are no significant disparities in the cumulative waste PV342

volumes of the six pathways at the provincial level (Fig.6).343

(b) Provinces or municipalities with large cumulative waste PV volumes344

included Gansu (10.47%), Qinghai (9.56%), and Xinjiang (8.31%), where345

the cumulative waste will exceed 2 GW (Fig.6). In comparison, the cumu-346

lative waste PV volumes in Yunnan, Liaoning, Hunan, Jilin, Guizhou,347

Sichuan, Shanghai, Fujian, Heilongjiang, Hainan, Tianjin, Tibet, Guangxi,348

Beijing, and Chongqing will less than 0.5 GW.349

(c) For the sake of further analysis, we divided the country into seven regions.350

The region with the largest PV waste volumes in 2030 is the Northwest at351

38.1%. East China comes in second, accounting for more than 27.3% of total352

garbage creation, followed by North China (17.4%). The region of Central353

China, Southwest China, South China, and Northeast China will generate354

7.4%, 3.9%, 3.2%, and 2.7% of PV waste, respectively.355

Furthermore, analyzing the forecasting data of provincial cumulative waste356

PV volumes in 2060 (Fig.7), we can find that:357

(a) There is a gap in the cumulative waste PV volumes in different provinces358

under different pathways.359

(b) Two provinces provide the highest figures, including Shandong (8.99%) and360

Hebei (8.65%) (Fig.7(g)). The region with the highest PV waste volumes361

by 2060 is the East at 31.4%. The next is Northwest China, which accounts362
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(a) STEPS-EG (b) APS-EG (c) ATS-EG

(d) STEPS-LG (e) APS-LG (f) ATS-LG

(g) Cumulative PV waste volumes in 2030 at the provincial level

Fig. 6: Cumulative PV waste volumes in 2030 (GW)

for over 24.2% of total waste, followed by North China (19.6%). The waste363

generated in Central China, Southwest China, South China, and Northeast364

China regions will account for 8.9%, 7.2%, 4.5%, and 4.1%, respectively.365

(c) The ATS scenario generates the most waste, followed by the APS and366

STEPS scenarios. Under the PV growth pattern of EG, compared with367

the STEPS-EG pathway, the cumulative amount of waste in APS-EG and368



Springer Nature 2021 LATEX template

17

(a) STEPS-EG (b) APS-EG (c) ATS-EG

(d) STEPS-LG (e) APS-LG (f) ATS-LG

(g) Cumulative PV waste volumes in 2060 at the provincial level

Fig. 7: Cumulative PV waste volumes in 2060 (GW)

ATS-EG will increase by 3.14% and 19.71%, respectively. Under the PV369

growth pattern of LG, compared with the STEPS-LG pathway, the cumu-370

lative amount of waste in APS-LG and ATS-EG will increase by 3.46% and371

22.24%, respectively.372

(d) Waste volumes in the LG pattern are higher than those in the EG pattern.373

In the STEPS, compared with the EG path, the cumulative waste amount374

of each province under the LG path increases by 9.16%. In APS, the cumu-375

lative waste of each province in the LG scenario is 9.51% higher than that in376
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the EG scenario. In the ATS scenario, the cumulative scrap amount of each377

province in the LG scenario is 11.47% higher than that in the EG scenario.378

3.4 Discussion379

The goal of carbon neutrality provides a bright future for the photovoltaic380

industry, and green manufacturing has been implemented in the PV business.381

The significance of waste recycling, which every industry must deal with during382

the development process, cannot be ignored (Zhang et al., 2022). We extend383

the research to 2060 and predict the development scenario of PV in the context384

of carbon neutrality. Simultaneously, based on historical data from China, we385

developed PV module degradation scenarios that are more in line with the real386

situation. Further, combined with the renewable energy development pathway,387

the spatio-temporal distribution of waste PV modules in China is estimated,388

which is consistent with IEA’s findings (IRENA, 2016).389

Previous studies have identified that recycling this waste offers significant390

economic and environmental advantages (Sica et al., 2018). Recycling 1 t of391

waste PV modules enables a reduction of about 8-12 t CO2 eq (Cucchiella392

et al., 2015) and the unit benefit for recyclable material in China is about393

340 USD (Liu et al., 2020). According to our research, more than 20 million394

t of PV waste will be generated in 2060, equating to 6800 million USD worth395

of recyclable material, a valuable resource for China, and will reduce around396

160-240 million t CO2 eq throughout the recycling process. As a result, it is397

critical that materials used in solar modules may be recycled or repurposed398

for future use, which is beneficial to the photovoltaic industry’s cost-cutting399

and profit-increasing efforts.400

The spatio-temporal distribution of waste PV modules may provide the401

reference for when, and where is available for recycling facility setup. On the402

one hand, there are variances between each province or municipality in waste403

spatial distribution. Therefore, in the early stage of PV recycling, we can first404

start recovery business in those regions with substantial volumes of PV waste,405

for instance, Northwest and East China. For the region with less waste vol-406

umes, it may be a good choice to carry out cross-regional cooperation with407

the leading regions. On the other hand, the changes in PV waste volumes in408

the temporal dimension may aid the pre-planning, expansion, and shifting of409

recycling facilities’ capacity. When demand changes, some classic methodolo-410

gies, such as Mixed-Integer Programming (MIP), can be applied to solve the411

dynamic facility location and capacity planning problem in order to minimize412

environmental and socioeconomic impacts.413

The issue of how to deal with increasing PV waste has been put on the414

agenda of China’s waste management plan (NDRC, 2021; PRC, 2021; MIIT,415

2022). This study fills current data gaps to create a solid foundation for good416

policymaking. The following policy implications are suggested:417

(a) It appeared that technology and infrastructure would need to be developed418

soon in order to deal with the increasing waste volumes. The infrastructures419
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can be launched initially as pilot projects, on a regional or provincial basis.420

Simultaneously, the government must define responsibility, structure, and421

standards for recycling waste modules through regulatory measures.422

(b) Moreover, in order to improve resource efficiency and incentivize the transi-423

tion to a circular economy, the PV industry could be encouraged to replace424

traditional material inputs derived from virgin resources with recovered425

materials, reducing demand for virgin resource extraction. Taxes, subsidies,426

and tradable permit schemes can be utilized by the government to enhance427

resource efficiency.428

(c) Further, alternative PV module materials with ecodesign but higher recy-429

clability might be a future option. It is especially appealing for PV module430

manufacturers that undertake their recycling and benefit from the improved431

recyclability. Therefore, the government should promote manufacturers to432

increase the performance criteria for PV modules in terms of quality, dura-433

bility, and recyclability. This research result has direct reference significance434

to similar emerging waste streams, such as wind energy and lithium-ion435

batteries.436

4 Conclusion437

The rapid growth of solar PV installation will result in a serious PV waste438

issues. In the context of carbon neutrality, we analyze six PV industry path-439

ways to estimate PV installed capacity. Considering the PV degradation440

characteristics of the different development stages, we estimate the spatio-441

temporal distribution of waste volume in China from 2022 to 2060, offering442

valuable insights for the design and construction of recycling facilities. The443

research conclusions are as follows:444

(a) It has been demonstrated that cumulative waste in China increased expo-445

nentially between 2022 and 2060, and large volumes of yearly waste are446

anticipated in China after 2030. The cumulative waste is expected to be 5447

GW in 2022, 26 GW by 2030, and 1100 ∼ 1450 GW by 2060.448

(b) The PV waste distribution is uneven in different regions or provinces. The449

highest average annual waste generation is observed in Northwest China450

(1.53 GW), followed by East China (1.42 GW), North China (1.24 GW),451

Central China (0.94 GW), South China (0.48 GW), Southwest China (0.46452

GW), and Northeast China (0.44 GW). In 31 provinces, the highest aver-453

age annual waste will produce in Shandong, followed by Hebei, Jiangsu,454

Qinghai, and Zhejiang, while Beijing, Shanghai, Hainan, and Chongqing455

will generate the least.456

(c) The distribution of PV waste changes over time. By 2030, the majority457

of cumulative waste will be distributed in the Northwest, accounting for458

38.1%. The provinces or municipalities with the greatest cumulative waste459

PV volumes are Gansu (10.47%), Qinghai (9.56%), and Xinjiang (8.31%).460

By 2060, the East, which stands for 31.4% of all garbage, will have the461
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greatest volumes of cumulative PV waste. The biggest percentages come462

from two provinces, Shandong (8.99%) and Hebei (8.65%).463

(d) Different PV development pathways have various effects on PV waste vol-464

umes. Additionally, the effect increases over time. In the same growth465

pattern, the PV waste in the ATS scenario is greater than that in the APS466

scenario, which is larger than that in the SETPS scenario; In the same467

development scenario, the waste in the LG pattern is higher than that in468

the EG pattern.469

The waste assessment conducted in this study provides a strong foundation470

for the construction of recovery facilities in China, which will promote the471

long-term sustainable development of the PV industry. Our study also offers a472

research framework for other countries that should carry out spatio-temporal473

analyses of waste distribution, particularly those that are implementing large474

solar or wind energy installations. Due to data availability, the type of PV475

module is not taken into account in this study.476
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