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ABSTRACT 
 To achieve carbon neutrality while maintaining 
economic stability, it is imperative to promote the 
widespread adoption of clean energy and further reduce 
emissions from fossil fuel use. With the decreasing cost 
of clean energy and the increasing penetration of electric 
vehicles (EV), utilizing EVs as the primary energy storage 
for photovoltaic (PV) systems can play a crucial role in 
constructing low-carbon cities. In this study, we 
conducted a technical and economic analysis of a 
combined rooftop PV generation and EV energy storage 
system in Qingdao, China. Our findings reveal that 
leveraging EV energy storage to address the bottleneck 
in urban distributed PV development holds immense 
potential. By 2030, carbon emissions in the electricity 
and vehicles part could be reduced by 73%, while energy 
costs could decrease by 35%. This study can provide a 
reference for the decarbonization in Qingdao and 
provide a research framework for smaller scale studies. 
 
Keywords: Renewable energy, decarbonization, 
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NONMENCLATURE 
Abbreviations  
 PV Photovoltaics 
 EV Electric Vehicles  
 FIT Feed-in-tariff 

V2H Vehicle to Home 
NPV Net present value 

1. INTRODUCTION 

For a very long time, fossil fuels were a major source 
of energy for economic growth and urban construction, 
which generated significant carbon emissions, however, 
clean energy has become an important way to address 
this issue[1]. After the Paris Agreement, clean energy is 
booming, with the photovoltaic industry growing rapidly 
worldwide[2]. As one of many low-cost clean energy 
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sources, photovoltaics has become one of the cheapest 
in some areas, and prices keep dropping[3]. At the same 
time, the carbon-reducing capabilities of EV are being 
emphasized by various countries[4]. EV are also gaining 
popularity worldwide and the market is rising 
exponentially[5]. 

In China, the government stated a "dual carbon 
target" in 2020, which is to strive for carbon peaking by 
2030 and carbon neutrality by 2060[6]. As a response to 
the goals, the cumulative PV installed capacity has 
reached 610 GW at the end of 2023, officially surpassing 
hydropower[7]. Meanwhile, EV penetration has reached 
35.2% in 2023[8], accounting for about 60% of global EV 
sales[5]. Therefore, it is becoming increasingly important 
to fully utilize the role of PVs and EVs in carbon 
neutrality. 

There have been many studies on the 
decarbonization potential of PV-EV systems. the 
combination of PV and EV in residential scenarios in cities 
such as Kyoto[9], Fukushima[10] and Jakarta[11] has 
proved to be a low-cost and very effective way of 
decarbonization. Studies in Japan[12], China[13], 
Thailand[14], and France[15] have also demonstrated 
that the combination of PV and EV at the urban scale can 
adequately compensate for the mismatch between PV 
power generation and urban power loads. 

In this study, we investigate the decarbonization 
potential of PV versus EV at different scales with a more 
refined economic and technical analysis. 

2. STUDY AREA 

Qingdao is a regional center city in northern China 
with 10.34 million residents and an administrative area 
of 11,293 square kilometers. In terms of the power 
structure, coal-fired power, clean energy, and extra-
urban power transmission account for 44.2%, 5.3%, and 
50.5% respectively, with a relatively low self-sufficiency 
rate in clean energy. PV installations amount to 1,001.6 
MW, with a total power generation of 857 million kWh, 
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constituting 4.5% of the total power generation[16]. 
Roof area data used in this study was obtained from[17]. 

3. METHODOLOGY 

3.1 Techno-economic analysis on a city scale 

Techno-economic analysis aims to assess the 
interaction between technology and the economy. In the 
city scale analysis, we followed the idea of our previous 
study[12,18]. The city was considered as a “power 
system” with rooftops, vehicles and electricity load. PV 
generation, power usage, and storage, which determines 
how much the system can save on energy costs, supply 
electricity, and reduce carbon emissions[12,18,19]. 
Following factors were taken into account in the analysis: 
(a) PV: solar and weather conditions, tilt, losses and 
degradation, installation and O&M cost; (b) EV: battery 
capacity, driving pattern, driving energy cost, EV extra 
cost, charging rules, battery degradation, V2H system 
cost; (c) economics factors: inflation rate, discount rate, 
tariff structures. 

We used an open resource software, System Advisor 
Model(SAM, version 2020.2.29)[20] for techno-
economic analysis. We set up 6 scenarios (No FIT: a. PV 
Only with 2018 technology cost, b. PV Only for 2030, c. 
PV+EV for 2030; With FIT: d. PV Only for 2018, e. PV Only 
for 2030, f. PV+EV for 2030) to compare with each other, 
and with the base scenario (grid electricity and gasoline 
vehicles). NPV was used to find the optimal PV capacity 
for each scenario, using the PV capacity corresponding to 
the maximum value of NPV. 

3.2 Weather data 

We used the climate reanalysis data “MERRA-2”[21] 
for 2018 and reprocessed it using "SIREN"[22] to produce 
a weather file so that it can be read directly by SAM. One 
point that needs to be clarified is that, based on previous 
studies in Kyoto[9], we found that the PV potential was 
overestimated. Therefore, we adjusted the radiation 
values to 65% of their original values following 
observation data[23]. 

3.3 Electricity load 

In China, hourly load profiles for cities are typically 
unavailable, only monthly data is available[24]. 
Therefore, we extracted the daily power load from [25] 
pixel by pixel via Python, and calculated the hourly 
electricity loads according to the hourly trend in Figure 1. 
For the growth rate of electricity consumption, we use 
real electricity growth data from 2018-2023[26], and for 
data after 2023 we use the expected values from the 
Qingdao Energy Development Plan[16].  

3.4 Economics factors 

The exchange rates utilized in this paper are based 
on the average exchange rate published by the National 
Bureau of Statistics of China in 2018 (1 USD = 6.6174 
CNY)[27]. For Chinese photovoltaic (PV) projects, some 
studies have used a discount rate above 8%[28,29]; 
however, due to the rapid development of the PV 
industry in recent years, the use of a higher discount rate 
is no longer appropriate. In our previous research on 
Japan, we used a value of 3%, so we conservatively 
adopted a discount rate of 6.37% based on[30] as a 
reference. The inflation rate is taken as the average of 
the past decade, at 2.25%[31]. 

3.5 Tariff structures and FIT 

The peak-valley electricity pricing system is widely 
adopted in China, including in Qingdao where both 
residential and industrial/commercial electricity 
consumption primarily operate under this pricing 
mechanism[32]. The electricity usage in Qingdao is 
categorized into industrial and commercial electricity 
(55.09%), residential electricity (17.82%), and other 
types of electricity (27.08%)[24]. Given that agricultural 
production electricity consumption is significant within 
the "other" category and its electricity price is close to 
that of residential electricity, to simplify our model, we 
have recalculated the peak-valley electricity pricing 
suitable for the SAM model by combining the 
proportions of each electricity type with the electricity 
prices[33] in Shandong Province. A FIT of $0.06[34] was 
used in this study and details of the price can be found in 
Figure 2. 

3.6 Cost of PV and EV system 

The price of PV systems is rapidly decreasing[35]. 
Although PV system prices in China have consistently 

 
Fig. 1 Average hourly electricity load of each day in a 

week from 2016 to 2017 
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been lower than in other countries worldwide, it is 
anticipated that the price will decrease from $1.08/W in 
2018[35] to $0.5/W by 2030[3,13]. Also, the operating 
costs will be reduced from 7.96$/kW-yr in 2018[13] to 
3.40$/kW-yr in 2030[3]. 

The prices of EVs are rapidly declining in China[36], 
with brands like BYD representing lower prices and 
higher battery capacities. However, due to the limited 
adoption of V2H technology in China, this study 
continues to use the Nissan Leaf as the model EV, also, 
assuming 70% of vehicles are electric. Specific 
parameters of this vehicle can be found in our previous 
research[12]. 

4. RESULTS 

4.1 Overview of 6 scenarios 

The impact of FIT and EV energy storage on PV 
systems is significant. This is consistent with our previous 
findings regarding Japan. Also, due to the larger scale of 
Chinese cities, there exists substantial rooftop PV 
potential. We use five evaluation metrics to assess the 
economic-technical analysis results of the scenario: (a) 
self-consumption: the proportion of PV electricity used 
within the city compared to the total PV electricity 
generated; (b) self-sufficiency: the proportion of PV 

electricity used within the city in comparison to the city’s 
demand considering a supply and demand balance; (c) 
energy sufficiency: the proportion of total PV electricity 
generated compared to the electricity demand in the 
city; (d) cost saving: the percentage of potential energy 
cost savings compared to the base scenario costs; (e) CO2 
emission reduction: the percentage of potential CO2 
emission reduction compared to the base scenario CO2 
emissions. For detailed results, please refer to Table 1. 

4.2 Energy penetration and self-sufficiency 

In the absence of FIT, even with cost reduction more 
than half(from $1.08/W to $0.5/W), due to the mismatch 
between PV generation and electricity consumption, 
self-sufficiency only increases from 25% to 32%, while 
corresponding self-consumption decreases from 97% to 
78%. The importation of EVs mitigates well the wastage 
of electricity caused by the rising number of PVs, 
allowing the city to further increase the penetration of 
PVs while maintaining high self-consumption(Fig.3). 

When the system can sell electricity to the grid, the 
increase in PV penetration is no longer limited by the 
city's electrical load. Because a city is viewed as an 
integrated system in this study, power that exceeds the 
city's load can be consumed by other cities. 
Nevertheless, with the PV capacity of the scenarios with 
FIT much larger than the scenarios without FIT, the self-
sufficiency of PV Only with FIT for 2018 (31%) and PV 
Only with FIT for 2030(46%) is still lower than that of 
scenario PV+EV without FIT for 2018 (50%). 

4.3 Economic and environmental benefit 

Introducing PV with EV can reduce the total system 
cost compared to the base scenario. When FIT is not 
considered, PV Only for 2018, PV Only for 2030, and 
PV+EV for 2030 can bring average annual cost savings of 
$91 million, $367 million, and $1.30 billion, respectively. 
When FIT is considered, this rises to $96 million, $598 
million, and $1.73 billion. In the case where system 
generation can cover 50% of the city's electricity load 

 
Fig. 2 Qingdao Peak-Valley Tariff Structure and FIT 

Scenarios 2018 PV 
Only 

2030 PV 
Only 

2030 
PV+EV 

2018 PV 
Only 

2030 PV 
Only 

2030 
PV+EV 

FIT Without FIT With FIT 
self-consumption 97% 78% 95% 87% 23% 40% 

self-sufficiency 25% 32% 50% 31% 46% 72% 
Energy sufficiency 26% 42% 53% 35% 196% 179% 

Cost saving 2% 7% 25% 2% 27% 35% 
CO2 emission reduction 18% 25% 52% 24% 38% 73% 

       
       
       
       
       
       

Table 1 Results of techno-economic analysis under different conditions 
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(scenario c), the discounted payback period is 5.8 years. 
In a larger scale PV scenario, where the system 
generation covers 72% of the urban electricity load, the 
discounted payback period is only 7.9 years (scenario f). 

The carbon reduction potential of the system rises 
with PV installation. When FIT is considered, the 2030PV 
scenario and the 2030PV+EV scenario can reduce CO2 
13.49 Mt and 28.05 Mt, respectively. Since Qingdao's 
grid carbon emission factor is higher than the national 
average, the system will have a higher potential for 
carbon reduction as clean energy penetration gradually 
increases. 

5. DISCUSSION 

With PV costs falling and EV penetration rising, the 
combination of PV and EV will have considerable 
economic and environmental benefits in the future. As 
one of the countries with the lowest PV costs and one of 
the highest EV penetration rates, it is necessary for China 
to utilize the strong impetus of both to help reform the 
power system. Similar to our previous study[12,18], 
Qingdao can further accelerate carbon neutrality by 
increasing PV penetration to improve energy self-
sufficiency. However, like many other regional center 
cities in China, for example Wuhan[37], despite high 
urbanization rate, residential buildings in the urban area 
are predominantly high-rise, and the rooftop that can be 
used for PV installations is very limited, with a large 
percentage of rooftop located in rural areas and other 
areas far from the city center. Therefore, how to 
promote grid connectivity between rural and urban 
areas through EVs deserves further research. 

Currently, FIT policies are implemented nationwide 
in China as a policy tool to promote the development of 
the PV industry and increase the share of clean energy. 

Although in our study we assume that the stored 
electrical energy in EV can only used to power the 
building’s electricity load, not sold back to the grid, 
surplus solar energy generation is difficult to accept by 
the grid if it is not sufficiently consumed at certain times. 
In central and western cities of China, where renewable 
energy has not yet become the primary source of 
electricity, curtailment of solar power has already been 
observed. In 2023, the overall utilization rate of PV 
power generation in China was 98%, with utilization 
rates in western regions such as Qinghai and Gansu 
provinces at 95%, and Tibet at only 78%.[38] Therefore, 
policy makers need to consider introducing EVs as energy 
storage to ease the bottleneck of PV development during 
the transition period of power system reform. 

6. CONCLUSIONS 

With the decreasing costs of clean energy and the 
increasing penetration of EV, leveraging EV to alleviate 
the bottleneck period encountered during PV 
development holds significant potential. We conducted 
a techno-economic analysis of a PV-EV system in 
Qingdao, China, and found that by 2030, the PV-EV 
system could increase CO2 emission reduction from a 
single PV by 24% to 73%, while also saving costs by 35%. 
Therefore, policymakers need to consider integrating EV 
as the primary energy storage solution for 
accommodating PV, thereby further promoting the 
widespread adoption of clean energy and the 
development of low-carbon cities. 
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