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Executive summary

In 2021 and 2022, several provinces in China experienced power shortages. As a result,

many provincial governments have reverted to the ʻoldʼ solution of approving and

building large amounts of new coal capacity to address the power shortage issue.

However, such a simple solution does not address the core reasons for the power

shortages in China.

At the national level, the market was fundamentally over-supplied before 2017 and has

been re-balancing since then. But there is no shortage of physical capacity because the

average effective reserve margin is still comfortably higher than 15% (the target reserve

margin). Furthermore, the average utilisation hours of coal power are estimated to be

about 4,600, still below the target utilisation hours of 5,000-5,500. While some parts of

China, like Heilongjiang, experienced power shortages, the capacity factor of coal plants

remained low, indicating that not all coal capacity started up or ramped up to help

mitigate the power shortage issues. Thus, simply adding more coal capacity across the

whole of China may not fundamentally address the power shortages in China.

The underlying core reasons for the 2021 and 2022 power shortages are the current

tariff-setting mechanism and the associated dispatch protocol. Their specific designs

have led to distorted incentives for power capacity operation and investment within and

across the provinces.

● Coal power tariffs are not high enough to cover high coal fuel prices, particularly

during peak demand seasons. This incentivises the coal capacity owners to

generate less power to reduce loss at times when the system needs them to

generate more power to meet peaks in demand.

● The ʻequalʼ dispatch protocol and ʻaverageʼ tariff-setting approach do not reward

power plants for high flexibility. Thus, generators are not incentivised to invest and

operate their plants more flexibly or to proactively manage their fuel procurement.

The lack of the ʻflexibilityʼ features in the physical capacity mix and the rigid

dispatch and tariff-setting approachmakes it almost impossible for the power

system to respond quickly to avoid power shortages when unexpected events

occur, such as the dry and hot weather conditions experienced in 2022.

● The inter-provincial power flows are still primarily based on rigid
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government-to-government contractual arrangements. Their scheduling and

dispatch are largely fixed ahead of time and are not easy to change, even when

conditions changematerially within the year. For example, even when Sichuan

experienced power shortages in summer 2022 due to unexpected dry and hot

weather conditions, it had to continue to export power that was agreed in late 2021.

To resolve power shortages andmeet future system needs of rising renewable

penetration, possible options include the following (see Figure 1):

● Maximise the contribution of existing generating capacity and inter-provincial
transmission infrastructure through regulatory and policy changes.

● Maximise the contribution of the demand side to managing peak loads.

● Incentivise the expansion of the right technology mix of new capacity to meet
evolving system needs and long-term sustainability goals.

Our detailed quantitative analysis shows that accelerating capacity expansion of solar,
wind and energy storage solutions will be more cost effective than building more coal
capacity. Such a portfolio option also aligns with the long-term decarbonisation strategy
and reduces the long-term risk of stranded coal assets in China.

Figure 1: Key technology options for mitigating power shortage andmeeting future

energy system needs

Our Guangdong province case study confirms that local and imported solar and wind energy

storage solutions are the most economical options to meet demand growth and reduce carbon

emissions in the future. Compared to the government plan scenario with large coal capacity

additions in 2024–2030, the economic expansion case shows no need to addmore coal
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capacity a�er 2025. Furthermore, in 2025–2040, the economic expansion case can save

Chinese yuan (CNY) 186 billion, reduce carbon dioxide (CO2) emissions of 1.6 billion tonnes in

Guangdong province andmaintain the same system reliability. This is equivalent to an annual

cost reduction of about 3% and an annual carbon emissions reduction of 20% in 2025–2040.

Thus, the case study shows that adding a large amount of coal capacity as planned by the

provincial government will increase both the system cost and carbon emissions in the next two

decades without providing additional benefits for system reliability.

The following policy insights are gained from this study:

● Investment and planning

- The government should take immediate action to limit the current round of coal

capacity expansion.

- The government should continue to facilitate the entry of solar and wind projects for

local consumption and export, possibly through enhancement of regulations and

policies on green trading and the carbonmarket.

● Enhancingmarket signals

With enhancedmarket signals, existing coal and gas capacity can operate more

efficiently and have the incentives to generate energy to help meet peak load or provide

back-up capacity. Market enhancement should also be targeted to facilitate entry of

flexible capacity like energy storage solutions and demand-side initiatives like demand

response. This could include the removal of the coal tariff cap, strengthening scarcity or

peaking price regimes, considering introducing a capacity market for all capacities that

can contribute to the increase in power reliability, and enhancing the design of the retail

market and end-user retail tariff.

● Enhancingmarket design for inter-provincial power flow

Enhancing market design for inter-provincial power flow should include strengthening

governance for inter-provincial power trading and enhancing power market trading

across different provinces through incremental changes.
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执行摘要

中国的部分省份在2021年和2022年经历了电力短缺问题。因此，许多省政府依赖于他

们一直使用的解决方案——即大量核准和建设新的燃煤装机来解决电力短缺问题。

然而，这样简单的解决方案并不能解决中国缺电的核心问题。

在国家层面上，电力市场在2015-2017年处于过剩的状态，直到2017年之后才逐渐开始

回归供需平衡。但实际上，电力装机并不存在短缺，因为平均有效备用容量率仍然明

显高于15％（目标备用容量率）。此外，燃煤发电的平均利用小时数约为 4,600小时，仍

低于目标利用小时数的 5,000-5,500小时。虽然中国，如黑龙江等一些地区，经历了缺

电，但燃煤电厂的利用率仍然较低，这表明并非所有燃煤装机都开机发电或增加出力

以帮助缓解电力短缺问题。因此，单纯增加更多燃煤装机可能并不能从根本上解决

中国的电力短缺问题。

2021年和2022年电力短缺的根本原因是当前的电价制度和相关的调度协议。它们的

设计缺陷实际上扭曲了省内和省际电力容量运营和投资的激励机制。

● 煤电的电价不足以补偿高企的煤炭燃料价格，尤其在需求高峰季节更是如此。

这导致燃煤电厂在系统需要它们发更多电以满足需求高峰时，它们反而减少出

力以减少损失。

● “平等”的调度协议和“平均”电价设置方法并不能奖励高度灵活的电厂。因此，发

电厂也不愿意去投资灵活性改造，以更灵活地方式运营他们的电厂，或更主动

地管理燃料采购。实际的煤电产能中缺乏“灵活性”和僵化的调度及电价机制，

使得电力系统在发生意外事件（如2022年的干旱和高温天气）时几乎无法快速响

应以避免电力短缺。

● 省际电力调度仍然主要基于政府之间硬性的协议安排。这些调度和交易大多是

提前确定的。即使当年的情况发生了实质性变化，这些协议也很难及时改变。

例如，即使四川在2022年夏季由于意外的干旱和高温天气条件而经历了电力短

缺，它仍然要按照2021年底达成的协议继续执行电力外送。

为解决电力短缺问题并满足未来可再生能源装机不断提高的系统需求，可能的选择

包括以下几点（见图1）：

● 通过监管和政策变革最大限度地利用现有发电容量和省际输电基础设施的贡

献。

● 最大限度地利用需求侧管理峰值负荷。
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● 通过激励机制使新增容量中正确的技术组合得以发展，以满足不断变化的系统

需求和长期的可持续性目标。

本研究的详细定量分析表明，加速扩展光伏、风电和储能解决方案的规模将比建设更

多煤电产能更具成本效益。这样的组合选项也符合长期脱碳战略，降低中国煤电项目

资产搁浅的长期风险。

图1：缓解电力短缺和满足未来系统需求的关键技术选项

我们的广东省案例研究证实，使用本地和其他省份输送的光伏和风电以及发展储能是未来

满足需求增长和减少碳排放的最经济选择。与政府计划情景中2024年至2030年大规模增

加煤电装机的情况相比，经济扩张情景显示，2025年后不再需要增加更多煤电装机。此外，

在2025年至2040年期间，经济扩张情景可以给广东省节省1860亿元人民币，减少16亿吨二

氧化碳排放，并实现相似的系统可靠性。这相当于在2025年至2040年期间，每年成本降低

约3％，年碳排放减少20％。因此，案例研究表明，广东省政府计划新增的大量煤电容量将

在未来二十年内增加系统成本和碳排放，同时也没有在系统可靠性实现更多提升。

本研究中获得的政策见解如下：

● 投资和规划

- 政府应立即采取措施限制当前一轮煤电扩张。

- 政府应继续促进光伏和风电项目进入本地消费和外送电力交易，例如加强绿电交

易和碳市场的相关法规和政策。

● 增强市场信号

增强市场信号后，现有的煤电和天然气装机可以更高效地运营，并且有经济动力提

高发电出力以满足峰值负荷或提供备用容量。市场的改进也应重点促进灵活容量（如
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储能解决方案）和需求侧的解决方案（如需求响应）。另外可以考虑的措施也包括如

取消煤电电价上限、完善稀缺或峰值价格机制、考虑引入适用于所有能增加电力可

靠性容量的容量市场，以及增强电力零售市场和终端用户零售电价的设计。

● 增强省际电力流动的市场设计

增强省际电力传输的市场设计，包括完善省际电力交易的政府治理制度，以及逐步

加强省际之间的电力市场交易。
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1 Introduction
In the past few decades, China has experienced cycles of power surplus and shortage. Recent

power shortages occurred in 2000–2003, 2010–2012 and 2021–2022.

In 2000, Guangdong experienced a power shortage that expanded to the whole nation in the

following three years. It led to the suspension of the power market reform that was started in

the late 1990s and aimed to create liberalised wholesale electricity trading markets similar to

the Australian National Energy Market (NEM) or the Pennsylvania–New Jersey–Maryland (PJM)

Interconnection in the United States (US).

In order to attract new coal capacity investment, the Chinese government increased the tariff

level and introduced the on-grid coal tariff regime in 2004. The on-grid coal tariff is based on a

single energy charge, in terms of Chinese yuan (CNY) per kWh, and is supposed to be set at a

sufficiently high level to recover the capital expenditure (CAPEX), operation andmaintenance

(O&M) and fuel cost of a typical coal plant. The determination of the per kWh tariff level is

based on an expected annual generation hour of the coal plant. The on-grid coal tariff is then

used as the ʻanchorʼ pricing point to set specific tariffs for other generation technologies, such

as nuclear and gas. Expected generation hours for those technologies are also determined to

set the per kWh tariff levels.

The tariff policy changes did manage to attract new coal investment in the following years, and

the power shortage situation was mitigated in 2007–2009. However, the introduction of the

on-grid coal tariff regime did not address the core issues that led to power shortage; instead, it

led to distortion in power dispatch and generatorsʼ incentives to generate electricity to meet

peak load1,2:

● Distortion to power dispatch. Under the on-grid tariff regime, power scheduling and

dispatch were planned, to the extent possible, to maintain the expected generation

hours for different generation technologies, which created the ʻequal shareʼ or ʻfairʼ

dispatch protocol. The provincial dispatch organisations under the grid companies

2 Kahrl, F. and Wang, X. (2015). Integrating Renewables Into Power Systems in China: A Technical Primer
— Electricity Planning. RAP,
https://www.raponline.org/wp-content/uploads/2016/05/rap-e3-chinaelectricityplanning-2015-oct.pdf.

1 Kahrl, F., Dupuy, M. and Wang, X. (2016). Issues in China Power Sector Reform: Generator
Dispatch. Regulatory Assistant Project (RAP),
https://www.raponline.org/knowledge-center/issues-in-china-power-sector-reform-generator-di
spatch/.
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issued similar annual generation quotas for the same type of generation technology.

Such a dispatch process is inefficient and inconsistent with the least-cost economic

dispatch adopted by manymature international power systems.

● Distortion to generatorsʼ incentives. In China, coal fuel prices fluctuate according to the

fuel market fundamentals. Although setting the on-grid coal power tariff is supposed to

be adjusted to reflect changes in coal prices, the government delays the adjustment

mainly because of the need to curb inflationary pressure. This leads to the misalignment

of high input coal fuel prices and low on-grid coal power tariffs. Suchmisalignment is

typically the most extreme during high growth years, when incremental coal power

supply is needed the most to meet rapid demand growth. The low on-grid coal tariff

disincentivises existing coal capacity to procure more expensive spot coal fuel to increase

energy generation to meet higher-than-expected demand growth. Such dynamics were

one of the main contributors to the power shortages in 2010–2012 and 2021–2022.

In 2010–2012, power shortages occurred across China, even during non-peak seasons. Average

annual power demand growth in 2009–2011 was nearly 10%, driven by the large infrastructure

stimulus plan a�er the 2008 global financial crisis. However, there was limited incremental

energy supply, mainly because of the disincentive of coal-fired power plants to generate more

power because the on-grid coal power tariff was not adjusted to reflect the much higher coal

fuel prices. The on-grid coal tariff was increased in late 2011 and 2012, when coal prices

droppedmaterially a�er 2011. This incentivised the rapid expansion of coal capacity even as

demand grewmuch less than expected in the following years, leading to excess coal capacity

in 2015–2020. The cost of over-supplied coal capacity was estimated to be very high, in the

range of CNY 1.9-3.98 trillion (USD 270-570 billion) in a recent paper from the Energy

Foundation3.

While researchers are discussing the risk of over investment and the stranded cost of coal

assets in China, many provinces started to experience seasonal power shortages again in 2021

and 2022. As a result, provincial governments have shi�ed their policies on coal investment

since late 2021, and are re-starting a newwave of coal investment4.

4 Global Energy Monitor, CREA, E3G, and others (2023). Boom and Bust Coal 2023: Tracking the Global
Coal Plant Pipeline. https://globalenergymonitor.org/report/boom-and-bust-coal-2023/.

3 Wang, Y., Wang, K., Liu, J., Wang, T., Yang, Q. and Zhuang, S. (2022). Stranded Assets and Credit Default
Risk in Chinaʼs Coal power transition. Energy Foundation,
https://www.efchina.org/Attachments/Report/report-lceg-20221104/Stranded-Assets-and-Credit-Defaul
t-Risk-in-Chinas-Coal-Power-Transition.pdf.
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Questions arise in relation to reasons for the power shortages in China, and the need for

increasing energy demands in the future. Is the ʻoldʼ practice of investing in a large fleet of new

coal capacity to resolve the power shortage problem the right economic option? Or will

investing in coal power plants exacerbate the stranded cost issue without resolving the

underlying problems that lead to power shortages? Furthermore, how will this ʻoldʼ solution

align with the long-term plan to achieve carbon neutrality and the increasingly diverse needs

of a dynamic economy with many power consumers demanding green power?

This study delves deeply into data, practices and regulations to answer these questions. A�er a

short introduction to the power shortages history in Chinaʼs power system, Section 2 assesses

the root causes of the current power shortages in China, and Section 3 evaluates different

options to resolve the shortages. Guangdong province is used as a case study for an in-depth

quantitative analysis in Section 4. Policy-related insights are developed in Section 5. The

methodology for calculating the levelised cost of energy and power optimisation model and

key assumptions for the Guangdong case study are attached as appendices.
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2 Root causes of recent power shortages in
China

Chinaʼs power shortage issues in 2021–2022 and typical reasons for it that have been

addressed in the literature5,6,7,8,9 include:

● Seasonal spike in demand and unexpected low hydro generation due to weather

events like a cold snap in January 2021 in Central China, and hot and dry summers in

2021 and 2022.

● Lack of coal fuel supply.

● Misalignment of coal power tariff and coal fuel price, disincentivizing coal capacity to

generate more power to meet higher-than-expected demand growth.

● Lack of physical peaking flexible capacity to meet a spike in demand.

● Rigid and unclear inter-provincial trading arrangement to efficiently re-balance and

co-share resources across provinces.

● Dual energy target policies in 2021, leading local governments to reduce power supply

to energy intensive industries to meet the ʻdual energy targetsʼ in 202110.

These points indicate that the reasons behind the current power shortages are not simple.

Many different intertwined unexpected events, incentives and government policies are

involved. To assess the underlying core reasons for the power shortages in 2021–2022, we ask

the following three questions in sequence:

● Is there sufficient reliable physical capacity to meet the hourly load in China?

● How efficient is the existing capacity utilised, especially during tight or shortage

periods?

10 Dual energy targets refer to Chinaʼs energy intensity and total energy consumption targets. In
2021, many provinces were at risk of not meeting the dual energy targets set by central
government; and the provincial governments decided to simply order reduced power supply to
many energy intensive manufacturing plants.

9 Chen, Y. (2023). “十四五”初电力政策演进简析. Energy Observer Magazine, January 2023,
https://h5.drcnet.com.cn/docview.aspx?version=gov&docid=6784400&leafid=25649&chnid=6415.

8 CEC (2022).适应新型电力系统的电价机制研究报告. https://cec.org.cn/detail/index.html?3-315266.

7 China Electric Council (CEC) (2022). 2021年电煤与电力供应紧张原因分析调研报告. BJX,
https://news.bjx.com.cn/html/20221124/1271443.shtml.

6 Zhang, L. (2022). Coal no solution for China's drought-driven factory shutdowns. Nikkei Asia,
https://asia.nikkei.com/Opinion/Coal-no-solution-for-China-s-drought-driven-factory-shutdowns.

5Xia, Z. (2022). Chinaʼs power system needs to modernise. China Dialogue.
https://chinadialogue.net/en/energy/chinas-power-system-needs-to-modernise/.
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● How efficient are the investment signals to meet emerging power system needs?

2.1 Is there sufficient reliable physical capacity in China?

From 2016–2022, China's average compounded demand growth rate (CAGR) of power

consumption was 6.3%. The average annual incremental consumption growth was 450 TWh,

equivalent to an average load growth of about 50 gigawatts (GW)11. This is equivalent to adding

1.3 times the UK or 1.5 times the Australian power market size each year. Such relatively high

demand growth is driven by new structural factors, including the electrification and

digitalisation of the economy (expansion of big data centres, 5G, coal-to-power switching,

penetration of electric vehicles), as well as rising household income. With the high power

consumption growth, the over-supplied market in 2015 was gradually re-balanced. As

illustrated in Figure 2, the effective energy reserve margin was reduced from a high level of

about 40% from 2015–2017 to 24% in 2022, and the average utilisation hour of different

generation technologies has increased gradually in the past seven years.

Figure 2: Market fundamentals at the national level from 2011–2022

Note: Effective reserve margin = [available supply – peak load – net export]/peak load. It takes into

11 Figures are calculated based on CEC data. Total power consumption was 5920 TWh in 2016
(https://www.cec.org.cn/detail/index.html?3-5857) and 8637 TWh in 2022
(https://www.cec.org.cn/detail/index.html?3-317390).
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consideration the availability factor of different types of capacity (details are provided in the note in
Figure 2a). As a rule of thumb, at a national level, a market is in balance with an effective reserve margin
of 15-30%. If its reserve margin is higher than 30%, it is over-supplied; if it is less than 15%, it is a
relatively tight market with seasonal shortages.

Source: WaterRock Energy research and analysis based on National Energy Administration (NEA) and
China Electric Council (CEC) Data.

Figure 2a: Utilisation rate of different generation technologies in 2016–2022

Source: WaterRock Energy analysis based on China Electric Council (CEC) Data.

Even though the market fundamentals have been re-balancing since 2017, there is no shortage

of physical capacity at a national level. Figure 3 shows that China has sufficient reliable

available capacity to meet peak load and reserves. The effective operating reserve margin of

the national market is estimated to be 24% in 2022, higher than the expectedminimum reserve

margin of 15% tomeet Chinaʼs reliability standard.

Furthermore, the average utilisation hours of coal power was estimated to be around 4,60012,

still lower than the target generation hours of 5,000–5,500 for on-grid coal tariff setting. Such a

relatively low utilisation rate of thermal capacity also indicates no shortage of physical

12 Data are sourced from China Electric Council (CEC),
https://news.bjx.com.cn/html/20230120/1284300.shtml.
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capacity in China.

Figure 3: Comparison of 2022 physical energy supply and demand at the national level

Note: *For power system operation, gross installed capacity needs to be de-rated to account for reliably
available capacity to meet peak load. For coal, gas, nuclear, pumped hydro storage and biomass
capacity, we use their average equivalent availability factor from 2016 to 2021 to account for their
expectedmaintenance and forced outage to derive their reliable available capacity13. The effective
reliable availability factor is 92% for coal and gas, 91% for nuclear, 89% for pumped hydro storage and
85% for biomass capacity.

For conventional hydro, solar and wind projects, ideally, an Effective Load Carrying Capacity (ELCC)
approach should be used to derive their reliable available factor but there are very limited studies on
this. Without better information, we simply used their average capacity factor for 2016–2021 as the
'equivalent reliable capacity factor'. Thus, the effective reliable availability factor is 40% for conventional
hydro, 23% for wind, 14% for utility-scale solar, and 11% for distributed solar capacity.

** The 1993 Grid Dispatch Regulations explicitly required grid companies to hold some capacity in
reserve. The 1994 Implementation Measures specified 'load' reserves (负荷备用容量) and contingency
reserves (事故备用容量). 'Load' reserve is commonly known as regulation (or regulating) reserves
elsewhere. It addresses short-term fluctuations in load and load forecast error and is specified to be
2-5% of 'peak generator load'; we use 5% as a conservative assumption. Contingency reserve (事故备用
容量) is to respond to equipment failure and was set at 10% of peak generator load in the 1990s, but not
less than the largest unit in the regional grid. As the market size increases, the requirement could be less
than 10%. Nonetheless, we use 10% as a conservative assumption.

Source: WaterRock Energy analysis based on NEA and CEC data.

Even though there are no physical shortages of power capacity at the national level, the

market fundamentals at the provincial level differ materially as there is a substantial inherent

mismatch of resource endowment and economic activities within China (see Figure 4-6). As the

HuHuanyong Line demonstrated, China is divided into two sections (see Figure 4):

13 NEA (2021 and 2022). 2020 and 2021年全国电力可靠性年度报告. http://prpq.nea.gov.cn/ndbg.
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● The eastern side of China comprises 36% of Chinaʼs land but 94% of the total
population andmore than 90% of the economic activities.

● The western side of China accounts for more than 80% of the energy endowment and
75% of energy production but consumes less than 30% of total energy14.

Figure 4: Regional grids and ultra-high voltage (UHV) lines in mainland China15

Source: WaterRock Energy analysis and drawing based on data/maps from State Grid and China
Southern Grid (CSG).

15 Disclaimer: The designations employed and the presentation of the material on maps contained in this
report do not imply the expression of any opinion whatsoever concerning the legal status of any country,
territory, city or area or of its authorities, or concerning the delimitation of its frontiers or boundaries.

14
电规总院 (2022).我国能源区域布局的变与不变.

http://www.21spv.com/news/show.php?itemid=143691.
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Figure 5: Solar photovoltaic power potential16

Source: Solargis.

Figure 6: Onshore wind potential17

Source: International Energy Agency (IEA) and Energy Resource Institute (ERI).

In the past two decades, the government has encouraged power exports from the

resource-rich west to load centres in coastal provinces in the east. The grid companies are also

17 IEA, ERI (2011). Technology Roadmap - China Wind Energy Development Roadmap 2050.
https://www.iea.org/reports/technology-roadmap-china-wind-energy-development-roadmap-2050.

16 Solargis (2020). Photovoltaic Electricity Potential.
https://solargis.com/maps-and-gis-data/download/china.
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incentivised to build ultra-high voltage (UHV) and high voltage (HV) lines to help the

transmission of power across provinces and regions (see Figure 4). Total power flows across

regions and provinces have increased to 2,535 TWh in 2022, up from around 5% of total

generation in 2001 to 13% in 2011 and then to 29% in 2022. The bulk of inter-provincial trading

is still based on framework agreements between the provincial governments.

Figure 7: Effective reservemargin at the provincial level in 2022 [a�er accounting for
imports/exports] in mainland China18

Note: imports/exports are accounted for based on actual average net import/export at the provincial
level. The transmission transfer capacity between different provinces is (much) higher than the actual
average net import/export, so the inherent power market fundamentals in each province/municipality
are more balanced as indicated in this figure. Some importing provinces/municipalities, such as Beijing,
do have the option to import more from neighbouring provinces to ensure system reliability.

Source: WaterRock Energy research and analysis.

A�er considering power imports and exports across the different provinces, the power balance

for different provinces still differs materially. Based on the effective reserve margin by

province, inland provinces, such as Gansu, Ningxia and Inner Mongolia, have reserve margins

higher than 30%, indicating that they have surplus physical capacity. On the other hand,

provinces in coastal and central China have an effective reserve margin of less than 10%,

indicating that there could be seasonal power shortages.

18 Disclaimer: The designations employed and the presentation of the material on maps contained in this
report do not imply the expression of any opinion whatsoever concerning the legal status of any country,
territory, city or area or of its authorities, or concerning the delimitation of its frontiers or boundaries.
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The national and provincial reserve margin analysis results prove that there is still ample room

to facilitate more inter-provincial trading to help re-balance the power market.
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2.2 How efficiently is existing capacity utilised?
2.2.1 Power plant operation within the province

Even if there is sufficient available reliable capacity, power shortages can still occur if capacity

owners have no incentives to proactively manage their fuel procurement and ramp up their

plant operation to meet higher-than-expected power requirements during shortage periods. In

China, the current regulatory regime does not provide sufficient incentives; instead, it

discourages high power production during shortage periods.

Misalignment of coal fuel price and coal power tariff

Adjustment delays reflect rising or falling coal fuel costs under the current on-grid coal tariff

regime. As discussed in Section 1, the adjustment delays have led to inefficient operational

and investment signals. When economic growth is better than expected, coal prices increase

due to restricted coal supply and demand fundamentals; meanwhile, power demand also

growsmore than expected. However, the on-grid coal tariff is not adjusted upwards

accordingly. Incremental generation by procuring high spot price coal fuel is loss-making

based on the low regulated tariff and high fuel cost of the coal plants. This disincentivises the

coal power plant owners to procure fuel to increase their generation to meet rising demand.

For example, Heilongjiang experienced a blackout in September 2021, and one of the main

reasons was due to the limited incentives for the coal power generators to proactively procure

coal fuel and increase power generation to meet unexpected changes in supply and demand.

From 23–25 September 2021, wind generation was unexpectedly reduced due to weather

conditions. At the time, wind generation typically accounted for about 10% of the total supply,

and there was more than sufficient physical coal capacity to start up and generate electricity to

make up for the loss from the wind generation. However, the coal fuel inventory was very low

in Heilongjiang and coal plants did not have incentives to increase their generation because

the on-grid coal tariff was set at a much lower level than the cost of incremental supply by

importing spot coal19. Based onmonthly coal power generation data, coal generation in

September 2021 was only 13% lower than the level in August 2021, and the average capacity

factor of the coal plant was less than 40% (see Figure 8).

19 Peng, D. (2021).东北缺电何以至此？会常态化吗? 中国新闻周刊,
https://news.sina.com.cn/c/2021-10-04/doc-iktzscyx7812321.shtml.

18

https://news.sina.com.cn/c/2021-10-04/doc-iktzscyx7812321.shtml


Figure 8: Capacity factor of thermal plants in Heilongjiang

A�er the blackout in Heilongjiang and brown-outs (a drop in voltage) in various provinces in

the third and fourth quarters of 2021, the Chinese central government announced amajor

change to the on-grid coal tariff regime. From December 2021 onwards, all coal capacity must

participate in market trading; but the market tariff is still capped at 20% above the on-grid coal

benchmark for most commercial and industry (C&I) customers. Even thoughmarket prices

have increased to close to the cap level in many provinces, they are still insufficient to cover all

the costs. The China Electricity Council (CEC) reported that all coal plants have made a loss of

CNY 95 billion in the first three quarters of 2022, estimated to be CNY 0.025/kWh, 6.7% of the

average regulated on-grid coal tariff20. Therefore, even under the current de-regulated tariff

system, the coal power generators are still not keen to proactively procure more coal to

increase their generation to meet the rising demand. Such behaviour increases the risk of

power shortages and is one of the key contributors to the seasonal power shortages in 2022.

For example, in Sichuan, the capacity factor of coal plants remained very low between April

and July in 2022 because the water reserve was depleted during those months. It quickly

ramped up to a high level in August 2022 to help mitigate the power shortage situation in

Sichuan (see Figure 9).

20 CEC (2022).适应新型电力系统的电价机制研究. https://cec.org.cn/detail/index.html?3-316363.
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Figure 9: Capacity factor of thermal plants in Sichuan

Note: China only reports monthly thermal generation by province, so we can only include the average
monthly capacity factor of thermal capacity. It largely reflects the capacity factor of coal-fired power
plants as most of the thermal capacity is coal-based in China.

Date source: Monthly generation data are from China National Bureau of Statistics
(https://data.stats.gov.cn/); capacity data are sourced from State Grid
(https://sgnec.sgcc.com.cn/renewableEnergy/developmentSituation). The capacity factor is calculated
by WaterRock Energy based on the monthly generation and capacity data.

Rigid dispatch protocol

As discussed in Section 1, the equal dispatch protocol is adopted to align the utilisation hour of

each generation technology to the target generation hours used to set the per kWh on-grid

tariff. But such an arrangement has made the dispatch of power plants less efficient andmore

costly as the equal dispatch protocol does not differentiate the more efficient units from those

that are less efficient. Furthermore, it does not give any incentives for the power generators to

invest and operate generation capacity flexibly to keep adjusting their generation plans to

meet sudden changes in supply and demand, such as dealing with the unexpectedly dry and

hot weather conditions in 2021.

The following refinements have beenmade to improve the efficiency of dispatch in the past
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twenty years:

● Generation rights trading (发电权交易) was introduced in Jiangsu in 2006 and later

expanded to other provinces. It facilitates less efficient coal plants to sell their right to

generate electricity to more efficient coal plants, or to renewable capacity.

● The energy efficient dispatch (节能调度) systemwas introduced in several provinces in

South and East China from 2007 to 2012.

● Since 2017, an increasing share of power generation has been carved out for market

trading or economic dispatch. This helps to facilitate least-cost economic dispatch and

helps to create an appropriate market price signal to increase incentives for generators to

operate their plants more flexibly to meet changing system needs. Nonetheless, more

needs to be done (see Section 5.2).

No shortage pricingmechanism

To improve operational efficiency during shortage periods, the 'marginal' and 'shortage'

pricing mechanism21 is important to incentivise the investment and efficient operation of all

available physical capacity.

Setting the power tariff is still largely based on the average cost per kWh, which does not take

into account the required additional cost for plants to invest in flexibility features and to start

up and/or ramp up and down tomeet load fluctuation. Thus, power plants have no incentives

to proactively make the necessary investments, procure fuel and ramp up and down tomeet

sudden changes in supply and demand.

Under the current power market reform, several provinces, such as Guangdong and Shandong,

have started to use marginal pricing in the competitive spot wholesale markets. But low price

21 Marginal pricing formation reflects the marginal cost of supply and demand-side resources to
meet the last incremental load. Thus, the prices reflect an increasing marginal cost of supply as
the system approaches a supply shortage.

The system enters supply shortage conditions a�er all supplies have been deployed and the
market begins depleting operating reserves to meet the systemʼs energy demand. At that time, all
supply resources are being utilised such that cost-based supply bid offer prices have been
exhausted. Administrative shortage pricing could be used to help to reflect increasing value of
providing supply services as operating reserves are depleted more andmore, and as the system
approaches firm load shed conditions.

Administrative shortage pricing can be formulated using different approaches. For example, a flat
price cap can be adopted, which should reflect the maximum ʻwillingness to payʼ for energy and
ancillary services; alternatively, a price step function that increases as shortage conditions
increase in severity can be used.
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caps are still imposed. The primary price caps in the existing wholesale electricity markets are

set at CNY 1.0-1.5/kWh (USD 140-200/MWh) in China. For example, the price cap is set at CNY

1.5/kWh (USD 220/MWh) in Guangdong province. This is much lower than the price caps in

international wholesale electricity markets. In Singapore, the price cap is set at SGD (Singapore

dollar) 4500/MWh (USD 3300/MWh)22. There are no shortage pricing mechanisms designed to

increase energy and ancillary services market prices during times of supply shortage to

enhance market price signals for the need and value of quick-start and fast-ramping resources.

2.2.2 Inter-provincial power flow

Inter-provincial trading and dispatch

Current inter-provincial trading is largely based on rolling renewed annual contracts between

the provincial governments (地方政府间框架协议) or mandated by the central government

(国家指令性计划). Most of the power import/export volumes are under national or regional

dispatch, and the import/export volumes are typically fixed ahead of time. China currently

adopts a five-level dispatch hierarchy: national dispatch (国调), regional dispatch (网调),

provincial dispatch (省调), prefecture dispatch (地调), and county dispatch (县调).

Inter-provincial power flows are typically scheduled by national or regional grid companies

and are under national or regional dispatch. They have scheduling priority over provincial and

sub-provincial grid companies.

The scheduling of the inter-provincial power flow is largely based on the annual andmonthly

contractual quantities. Such an arrangement can largely address the spatial disparities

between energy resources and load centres. However, it is too rigid and cannot address the

mismatches in supply and demand on shorter timescales (weekly, daily and hourly) or help to

meet needs arising from unexpected changes in the supply and demand balance.

To address such issues, power market exchanges have been set up since 2005, and ad-hoc

market trading has been organised. However, those were designed to not influence provincial

generator output planning, and the allowedmarket trading volumes remain low, at less than

10% for inter-provincial power flow. Thus, the year-ahead scheduling based on annual

contracts remains largely unchanged. When situations change within the year, the ability to

re-calibrate and re-optimise power scheduling of existing capacity generation for power

import/export is still limited. Such a rigid arrangement has contributed to the power shortages

22 Zhang, L. (2019).他们用这些“价格帽”降低了市场失灵风险. 南方能源观察,
https://mp.weixin.qq.com/s/hssxlD5rm29Zjno0I1A6YA.
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experienced in some of the provinces in the past two years.

For example, summer 2022 was unexpectedly dry and hot in South West China. Sichuan

registered the highest temperatures and lowest rainfall in some 60 years. The hot temperature

increased electricity consumption due to air-conditioning load but dry weather reduced

hydropower generation in the province. Even though Sichuan had issues meeting its local

demand, it still had an obligation to physically deliver about 300 GWh per day of hydropower

generation to Shanghai, Zhejiang and Jiangsu provinces in the summer. There were no

immediate trading and price discovery mechanisms to help Sichuan plan and quickly

re-optimise its export commitment with the power receiving provinces. Furthermore, the

receiving provinces did not have any incentives to proactively optimise their resources in their

provinces to see whether they could ramp up local power generation to reduce imports from

Sichuan. The coordination to deal with the power shortage issue had been done through

ad-hoc negotiation and trading facilitated by the local governments and provincial grid firms.

Such an approach is inefficient with high transaction costs and could sometimes lead to

unintended consequences.

Intervention from governments and grid firms

In China, local provincial governments are responsible for ensuring local power supply

reliability. In a tight market situation, provincial governments are under strong pressure to

intervene in the market to ensure their local markets are adequately supplied first andmay

simply ask the provincial grid companies to manually change the power scheduling to reduce

export. A recent example concerns the power exports from Ningxia to Anhui via the

point-to-point Yin-Dong (Yinchuan-Dongyin) ultra-high voltage direct current (UHV DC) line. In

the first quarter of 2022, the Northwest dispatch centre unilaterally changed the hourly export

profile by reducing the export amount to almost zero for the hours of 5pm to 9am the next

morning. This was probably instructed by the local Ningxia government, which was keen to

maintain supply reliability during the evening and night peak hours by not exporting any

power out of its provinces23.

Such practices are detrimental to creating a robust commercial market framework for

inter-provincial power trading.

23 Wu, W. (2022).尴尬的省间电力交易. https://news.bjx.com.cn/html/20220118/1200094.shtml.
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2.3 How efficient are the investment signals for meeting emerging
power system needs?

According to a recent report from CREA, there was under-investment in flexible capacity before

202224.

● The actual achieved expansion of pumped hydro storage capacity was only about 50% of

the target under the governmentʼs Five Year Plans (FYPs) in 2010–2015 and 2016–2020

(see Figure 10).

● China targeted to retrofit 133 GW of existing coal capacity to operate more flexibly in

2016–2020, but the actual retrofit amount was less than half25. Furthermore, retrofitting

mainly reduces the minimum stable load of coal units and decouples the power and heat

generation for the combined heat and power plants in the Northwest, North and

Northeast regions. Retrofitting could not fundamentally change the technical

characteristics of coal plants, which have relatively slow ramp rates and lengthy and

costly start-up and shut-down procedures.

Figure 10: Pumped hydro storage incremental capacity expansion

Source: WaterRock Energy research and analysis based on NEA and NDRC data.

The lack of flexible capacity leads to the inability of the system operators to tap into resources

to quickly ramp up or down generation to meet unexpected real-time changes in load and

power generation. There is also likely to be a supply gap to meet the higher requirement of

25 Zhu, Y. (2020).煤电灵活性改造为啥这么慢.
http://paper.people.com.cn/zgnyb/html/2020-06/22/content_1993790.htm

24 Yang, M., Shi, X., Zhang, X. and Wang, S. (2023). Opportunities and challenges of flexibility
technologies for achieving a net-zero electricity future in China. CREA,
https://energyandcleanair.org/wp/wp-content/uploads/2023/04/CREA_ISETS_Opportunities-and
-challenges-of-flexibility-technologies-for-achieving-a-net-zero-electricity-future-in-China_Final_
April-2023.pdf.
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frequency regulation and reserves as more wind and solar capacity is built into the power

system. This has contributed to the power shortage seen in the past three years.

The main function of flexible capacity is to start up and ramp up generation quickly to help

meet peak demand, or ramp down quickly when the net load is low. By definition, operation

hours of flexible peaking capacity are low (200–1800 hours), and the operation hours can vary

materially for different years, depending on the weather conditions. A capacity payment is

typically required to help de-risk the CAPEX investment. Alternatively, very high shortage

prices need to be allowed in the energy market. However, the adoption of the 'average per

kWh' tariff design for most technologies in China does not allow it to monetise its flexibility

value, thus disincentivising investors to build flexible capacity.

Recently, the tariff regime for pumped hydro storage and battery energy storage capacity has

been changed. Proxy capacity payment schemes are allowed, and there have beenmany

activities to build pumped hydro storage and large-scale battery energy storage capacity in

recent months. Such refinement should gradually address the issue related to the lack of

flexible capacity.

2.4 Summary

Only the most simplistic analysis would seek to link the current power shortage to the coal

capacity shortage in the power system and address the issue by pushing for a big wave of new

coal capacity investment. And it would be wrong to do so. At a national level, the market

fundamental was over-supplied before 2017 and since then has been re-balancing. But there is

no shortage of physical capacity at the national level with an effective reserve margin of 24%,

which is still comfortably higher than the minimum reserve margin of 15%.

The key underlying core reasons for power shortage are the current tariff-setting mechanism

and the associated dispatch protocol. Their specific designs have led to distorted incentives for

power capacity operation and investment within and across the provinces, as outlined below:

● The per kWh on-grid coal tariff regime has adjustment delays to reflect the changing coal

fuel prices. This sets off unintended feedback to send exactly the wrong signal for

efficient operation. When the economy is growing fast, the demands for coal fuel and

power are high. Coal prices increase but the on-grid coal tariff is not adjusted or capped.

The misalignment of the coal fuel price and the coal power tariff incentivises the coal

capacity owners to generate less power to reduce loss when the system needs them to
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generate more power to meet rising demand.

● The equal dispatch protocol and average tariff-setting approach do not differentiate

different types of power capacity with different efficiency and operational flexibility.

Thus, generators are not incentivised to invest and operate their plants more flexibly or

manage their fuel procurement more proactively. The lack of the flexibility features in the

physical capacity mix and the market design makes it almost impossible for the power

system to respond quickly to avoid power shortages when unexpected events occur, like

the dry and hot weather conditions in 2021.

● The inter-provincial power flows are still primarily based on rigid

government-to-government contractual arrangements. Their scheduling and dispatch

are largely fixed ahead and are not easy to change even when conditions change

materially within the year, such as the hot, dry conditions in Sichuan in 2021.

Furthermore, the local governments may choose to intervene in the market at any time,

creating a robust challenging commercial market framework for inter-provincial power

trading.
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3 Options tomitigate/resolve near-term
power shortage

3.1 What are the real needs?

From the 1980s to the early 2010s, electricity demand growth was primarily driven by fast

expansion in the heavy manufacturing sector, which has a flat load profile, and supply-side

focus was to quickly add base-load capacity, mainly coal, to meet the rapid demand growth. In

the past decade, both supply and demand have been evolving.

● Load: Rising household income, digitalisation and electrification of the economy have

become the new structural drivers for load growth.

- Rising residential and commercial consumption has led to a bigger seasonal

consumption change and higher peak load profile. For example, increasing adoption of

air-conditioning in the residential and commercial sectors for cooling in summer and the

switch from coal-to-electricity for heating in winter in the northern part of China have led

to bigger seasonal swings in consumption and bigger peak and off-peak load differences

during the day.

- Meanwhile, the electrification of the economy, like the adoption of electric vehicles,

provides opportunities to have more active demand-side participation, such as demand

response (DR), to manage consumption and shi� load from peak hours to off-peak hours.

● Supply: The share of intermittent solar and wind capacity and generation has been

increasing quickly.

With these structural changes, the power system needs are evolving and system operators

need to overcomemultiple operational challenges to ensure high power system reliability.

● Higher need for frequency regulation to cater for unpredictable solar and wind

fluctuation over short time scales.

● More frequent cycling. The bigger swing in load level and variable solar and wind

generation forces other units to ramp up/down and turn on/offmore frequently.

● Greater need for fast ramping in the late a�ernoon because of the duck curve

phenomenon with rising solar penetration.

● Greater reserve requirements in the system as solar and wind displace conventional
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generation, leading to lower system inertia.

● Greater non-spinning reserve requirements as the frequency of requiring idle plants to

start up quickly in meeting reserve requirements will increase.

● Greater back-up capacity requirements to cater to unexpected supply changes

because power generation from a higher share of capacity is dependent on weather

conditions.

3.2 What are the options tomeet energy needs?

Different generation resources have different capabilities to provide system needs (see Figure

11).

● More capacity and energywill be required to meet the rising demand and replace old

capacity. Coal, gas, nuclear and large hydropower are well suited to provide capacity and

energy. A portfolio approach, bundling solar, wind, battery energy storage, pumped

hydro storage, demand response and energy efficiency, can also provide most of the

capacity and energy requirements.

● Clean attributes of power generation are becoming increasingly important because

demand for green energy from end-users is increasing and the government is aiming to

reach net carbon zero in the long-term. Coal capacity does not fulfil green energy

demand.

● Ancillary service requirements, including frequency regulation, spinning reserves,

non-spinning reserves26 and load following/flexibility, can bemet by different generation

sources. Gas and energy storage technologies are best suited to provide all of these

ancillary service requirements because they are fast to start up and can

increase/decrease their generation quickly.

● Voltage support and black start can also be best provided by gas and hydropower

capacity.

26 Non-spinning reserve is off-line generation capacity that can be ramped to capacity and
synchronised to the grid within 10 minutes of a dispatch instruction by the system operator, and
that is capable of maintaining that output for at least two hours.
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Figure 11: Technical capability of generation resources to provide system needs27

Therefore, new coal capacity is just one of the potential options to meet some of the future

system needs. Compared to other resources, coal is not clean and cannot provide non-spinning

reserves due to slow start-up. A portfolio of other types of resources, such as solar plus wind

plus battery energy storage solutions (BESS) plus pumped hydro storage capacity, is better

suited to meet the future system needs.

As discussed in Section 2, the current round of power shortage is caused by multiple factors,

most of which are related to the design of existing tariff and dispatch mechanisms. To resolve

the power shortages andmeet future needs, the following options should be considered.

● Maximise the value of existing capacity and inter-provincial transmission

infrastructure.

- Re-optimise the dispatch and operation of power plants to maximise their value for

meeting local load and load across provinces through enhancement on the existing

regulations, which are discussed in Sections 5.2 and 5.3.

27 Spees, K. (2019). Page 14 of The Next Generation of Energy Resource Planning - Rethinking system
needs in a future dominated by renewables, new tech, and engaged consumers.
https://www.brattle.com/wp-content/uploads/2021/05/16833_the_next_generation_of_energy_resourc
e_planning.pdf.
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- Consider refurbishing the existing capacity to enhance technical attributes to meet

emerging needs.

● Maximise value from the demand side. Increase efforts for energy efficiency to reduce

wasteful consumption and incentivise more demand response resources to meet peak

demand.

● Incentivise the expansion of the appropriate technologymix of new capacity to meet

the evolving system needs and long-term sustainability goals. Possible options include the

following:

- accelerate the capacity expansion of local solar, wind and energy storage solutions;

- increase imports from renewable resource-rich provinces;

- increase capacity expansion of other low carbon emissions technologies, such as
nuclear;

- increase capacity expansion of local thermal capacities, such as coal and gas.

3.3 Evaluation of different options

We propose a total value framework (TVF) to evaluate different possible options, taking into

account cost, sustainability and security (see Figure 12).

Figure 12: The total value frameworkmodel

Source: WaterRock Energy.
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The TVF considers a full range of costs, benefits and risks of specific generation technologies. It

seeks to identify all the costs and benefits by decomposing each leg of the energy trilemma

into different sub-items and quantifying them to the extent possible.

When evaluating the key trilemma sub-items, the changing energy landscape should be taken

into account, such as the cost reduction of renewable technologies and greater emphasis on

sustainability for project financing and investment. Furthermore, near-term versus long-term

costs, benefits and risks, should be taken into account. It is important to evaluate the

cost-effectiveness of an energy option over a long-term time horizon. The long-term risks of

specific energy options can vary greatly. For example, coal-fired power projects may be

dispatched less frequently in a world with high renewable penetration and/or are forced to be

retired before the end of their economic life due to climate change-related regulations. Thus,

the risk of long-term stranded coal power is higher than for other generation capacities.

Maximising the value of existing resources and the demand side is certainly the most cost

effective.

For building new capacity, the pace of expanding or reducing new thermal capacity is typically

the key issue being debated concerning regulators and investors in China. In our analysis, we

focus on the comparison of building and operating thermal capacity versus solar and wind

capacity under the trilemma framework.

3.3.1 Cost effectiveness

The cost of building solar and wind capacity has declined substantially in the past 15 years and

has become cost-effective compared to other types of generation sources. In China, the

increasing share of grid-parity wind and solar capacity has participated in market trading and

competed with coal generation in provincial electricity trading markets. In many provinces,

solar and windmarket prices are lower than coal power market prices. For example, in Hunan

in 2022, the average wind and solar market tariff (including value-added tax) was CNY

0.444/kWh, about 18% lower than the market coal power tariff of CNY 0.540/kWh. In Shanxi, the

solar market tariff for local consumption is CNY 0.24-0.35/kWh, lower than the coal power

market tariff of CNY 0.39/kWh28. Furthermore, solar and wind projects can earn reasonable

returns, while coal projects have beenmaking losses.

28 The power tariff data in Hunan and Shanxi are collated by WaterRock Energy based on publicly
available data from Hunan Power Exchange and Shanxi Power Exchange.
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Based on our internal database on the levelised cost of energy (LCOE) for solar, wind and

thermal capacity, the cost of building new local solar and wind is cheaper than coal.

Table 1 provides a summary of key assumptions of the thermal, solar and wind plants for our

cost-competitiveness analysis in China.

Table 1: Key assumptions for the thermal, solar and wind plants in China, nominal term

Unit New USC
coal plant

New
CCGT

Utility-scal
e solar

Onshore
wind

Offshore
wind

Total CAPEX CNY/kW 3800 3108

4294
(2022),
3857(2030),
3555
(2035).

6824 (2022),
6259 (2030),
5764 (2035).

10573
(2022),
7932 (2030),
6887 (2035)

A�er-Tax
WACC
(ATWACC)

- 5.6% 5.6% 5.6% 5.6% 5.6%

Corporate
Tax Rate - 25% 25% 25% 25% 25%

Economic
life Year 25 25 25 20 20

Capital
recovery
cost*

CNY/kW-
year 332 271

375 (2022),
337 (2030),
310 (2035).

656 (2022),
601 (2030),
554 (2035).

1016 (2022),
762 (2030),
662 (2035).

FOM CNY/kW-
year 182 140

67 (2022),
71 (2030),
75 (2035).

111 (2022),
117 (2030),
124 (2035).

1016 (2022),
762 (2030),
662 (2035)

VOM CNY/kW
h 0.023 0.016 - - -

Net HHV
heat rate** GJ/MWh 9.0 6.9 - - -

Fuel cost CNY/GJ 24.8 61.3 - - -
Non-carbon
emissions
treatment
cost

CNY/kW
h 0.023 0 - - -

Tax of CO2

Availability
factor -

Assumed to run
5000 hours for
base-load
application and
2500 hours for
mid-merit
application

Average
15% (or
1285 hours)

Average 25%
(or 2198
hours)

Average
34% (or
3000 hours)

*Note: Details of different items and calculation of the levelised cost of energy (LCOE) is discussed in
Appendix A.

**We use the typical practice in Asia and quote net HHV heat rate.

Source: WaterRock Energy estimates and analysis.
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Figure 13: Comparison of cost of thermal plants versus wind/solar (average)

Note: We use Ultra-Supercritical (USC) coal units to represent 'coal' and advanced CCGT units to
represent 'gas'. Assumptions are listed in Table 1. The methodology of LCOE calculation is provided in
Appendix A. A carbon tax of CNY 40/metric tonne is used. 50% of the 2-4 hour BESS cost is recovered
from the ancillary service market and the other 50% is recovered from the energy market. Our costs do
not include value added tax.

Source: WaterRock Energy research and analysis.

Based on the assumptions in Table 1, we calculated the LCOE for new coal, gas, solar and wind

capacities in China (see Figure 13). The comparison of LCOE values show that solar and wind

capacities have more material savings than coal and gas capacities, and the savings will

increase in the future as the cost of building solar and wind is expected to continue to fall.

The bullet points below present a summary of the key findings from the LCOE analysis:

● Onshore solar/wind versus coal: The LCOE for new utility-scale solar and wind projects

has beenmore than 10% cheaper than the new coal projects in China in 2022, and the

discount will widen further in the coming years. Furthermore, the determination of the

LCOE for ultra-supercritical coal projects is conservative because we assume that the

financing cost for the coal projects is the same as other types of capacity and we do not

assume a declining utilisation rate for coal projects in future years.

● Offshore wind versus coal and gas: Based on the LCOE, offshore wind projects are still

slightly higher than the average total costs of coal capacity in 2022, but it is cheaper than

gas capacity. We expect the offshore wind cost to decline and become cheaper than the

LCOE of coal projects in the next few years, especially if China imposes a higher carbon

tax than our CNY 40/metric tonne assumption.
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● Solar/wind + 20% BESS versus coal and gas: Bundling solar and wind capacity with 20%

of 2-4 hour BESS can help to address the wind and solar intermittency issues and shi�

some of the solar and wind energy generations to peak hours. In 2022, its cost was

slightly higher than coal, but it will become cost competitive by 2024/2025.

While LCOE is useful to indicate the cost competitiveness of different generation technologies,

it does not fully capture the contribution of renewable generation to system reliability. At a low

solar penetration rate with a generation share of less than 5%, such as in Guangdong and

Jiangsu, solar generation aligns well with day-time high load and high price hours when

expensive plants, such as gas and oil plants, have to be run to meet the load requirement.

Thus, solar competes with mid-merit and peaking capacity (i.e. gas or oil), implying that the

value of 1MWh solar generation is higher than a typical base-load generation at low solar and

wind penetration. For example, when solar capacity entered the Jiangsu grid in 2022, it

replaced expensive gas generation to meet high loads during the daytime on weekdays (see

Figure 14).

Figure 14: Average hourly generation in Guangdong grid in 2022 (estimated)

Note: Typical load profile data on weekdays and weekends/public holidays in Guangdong are based on
publicly released 2020 load profile data from the NDRC. Installed capacity and expected generation
hours are based on public data from CEC. WaterRock uses publicly available data and our ownmodelling
expertise to estimate the typical hourly generation by technology to meet the hourly load.

Source: WaterRock Energy estimates based on NDRC and CEC data.

Solar and wind tend to produce power at roughly the same time and are not controllable

(except by curtailment), therefore their marginal value to the power system declines as more
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electricity is added. At certain thresholds, they start to crowd each other out and push the peak

load for power to off-renewable hours, such as early evening a�er the sun has set. Storage is a

good technical fix for short-term renewable unavailability. In many inland provinces and some

coastal areas, such as Shandong, the solar and wind generation share has reached amodestly

high level (see Figure 15). The inherent value of solar generation for the local grid has become

much less as they tend to generate during the new 'off-peak' hours. There are two ways to

partially mitigate this:

● If solar and wind generation can be exported to coastal provinces freely, their value can

be (much) higher, such as solar exports from Shanxi to Jiangsu via the Jinbei-Jiangsu

UHV DC line;

● Solar and wind capacity can bundle with BESS capacity, and this can partially resolve its

non-dispatchability. Bundling with 10–20% 2-hour BESS capacity will increase the total

cost of wind and solar capacity by 10–20%. As the cost of BESS declines, it will become

more cost competitive than coal-fired capacity in the medium and long term.

Figure 15: Average 2022 hourly generation in Shanxi (estimated)

Source: WaterRock Energy estimates based on NDRC and CEC data.
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3.3.2 Sustainability

Environmental sustainability

Environmental concerns have become increasingly important in decision making for

governments and corporations. Renewable capacity has positive attributes compared to

thermal capacity due to zero emissions of pollutants (see Figure 16).

Figure 16: Non-carbon air pollutant and carbon dioxide (CO2) emissions

Source: WaterRock Energy analysis based on Intergovernmental Panel on Climate Change (IPCC) data.

For non-carbon emissions, coal-fired power plants, even with the installation of air quality

control systems, emit some non-carbon air pollutants (SOx, NOx, particulates andmercury),

especially when low-quality coal with high sulfur content is used.

For carbon dioxide (CO2) emissions, there are no cheap ways to remove CO2 from coal and

gas-fired power plants. Even though carbon capture and storage (CCS) has been widely

discussed, the technology is still largely economically unproven and large-scale commercial

application in the power sector is almost non-existent. It is also likely very costly to implement.

There will be costs related to carbon emissions from coal and gas-fired power plants. Chinaʼs

national carbonmarket started trading in early July 2021, and the market prices have been

CNY 40-60/tonne-CO2 (USD 6-10/tonne) based on published data in Shanghai Environment

and Energy Exchange. At the moment, the carbon trading market is similar to the Europe Union

(EU) 'cap and trade' mechanism. The critical difference is that China determines the 'cap'

based on an emission benchmark (tonne/kWh) for coal and gas plants. Free allowance is given
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in the near term, but the 'free' carbon allowance is expected to be reduced over time and they

will start carbon allowance auctions in the future. For our analysis and detailed modelling in

the case studies, we assume a carbon tax of CNY 40/metric tonne for all CO2 emissions from

coal- and gas-fired power plants a�er 2025. We have used a relatively low carbon tax mainly

because the Chinese government is keen to keep the additional cost related to carbon

emissions manageable for coal and gas generators and power consumers.

Financial/investment sustainability

A growing number of countries, companies and financial institutions are embedding practices

to minimise financial exposure to coal-related projects andmaximise flows to low carbon

economic activity and assets. Transitioning to renewable sources can enhance the financial

competitiveness in China. Furthermore, an increasing number of international corporations

have sought to procure renewables for their operation. Limiting the pace of renewable

capacity through coal expansion can potentially slow down foreign investment in China.

3.3.3 Security

Physical and economic security

Energy security is a complex issue. It has a physical dimension related to the value of ʻkeeping

the lights on ,̓ and it also has an economic dimension related to the relative undesirability of

exposure to price and cost risks. There is also a time dimension, because short-term risks and

long-term risks have different implications for exposure and response. Compared to coal and

gas capacity, wind and solar can provide values for each aspect of the energy security risk

matrix.

Firstly, local wind and solar can diversify the energy mix and increase short-term and long-term

physical energy security in China. In the past, China has added a substantial amount of coal

capacity to meet its incremental demand, making its energy mix heavily reliant on coal.

Extreme weather events, which have becomemore frequent due to climate change, can

potentially disrupt the supply chain of coal, leading to blackouts.

Secondly, renewables can improve economic energy security by mitigating fuel prices and

tariff fluctuation. Investment in wind and solar capacity is mostly CAPEX-related and they have

zero fuel cost. Such attributes of wind and solar capacity can help to reduce tariff fluctuation.

Thirdly, embracing renewables now also creates opportunities for regulators and local
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investors/developers to gain knowledge on grid integration and technical knowledge of

deployment and operation, positioning different provinces in China as renewable/new

technology hubs in the long-term.

Operational reliability

Wind and solar capacity have shortcomings because they are intermittent, and they cannot

provide spinning reserves. Nonetheless, this can be partially mitigated by expanding energy

storage capacity in the system.

Coal-fired power capacity has limitations for short-term operational reliability. It takes time to

start and shut down a coal plant, and it ramps up and down relatively slowly, so it could have

some technical constraints to respond quickly to changing short-term supply and demand

situations in minutes and hours.

3.4 Provincial differences

Different provinces in China have different resource endowments and existing capacity mix, so

the best options to meet the system needs differ. We investigated three detailed case studies to

provide insights. We discuss the Guangdong case study in detail in the following section. We

plan to issue follow-up reports on Sichuan and Inner Mongolia in July 2023.

3.5 Summary

The Chinese power sector is undergoing structural changes, and its system needs are evolving.

● Bulk supply. Coal, gas, nuclear, hydro, wind, solar, energy storage, demand response and

intertie for import/export have different capabilities to provide system needs. New coal

capacity is just one of the potential options to meet some of the future system needs.

Compared to other resources, coal is not clean and is technically less flexible than gas and

energy storage solutions. A portfolio of other types of resources, such as solar plus wind

plus BESS plus pumped hydro storage capacity, could be better suited to meet future

system needs.

● Options from customers. The electrification and digitization of the economy provide

opportunities to have more active demand-side participation. For example, the rising

penetration of electric vehicles and smart home appliances could allow customers to more

actively manage consumption and shi� load from peak hours to off-peak hours.
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Furthermore, more customers, especially global manufacturers, are looking to contract

green power.

Based on our total value framework (TVF), at the national level, we find the following:

● Cost effectiveness. The average LCOE for new utility-scale solar and wind projects is more

than 10% cheaper than the new coal projects in China in 2022, and the discount will widen

further in the coming years. If 20% bundling of 2–4 hour BESS is required for new solar and

wind projects to address intermittency and non-dispatchable issues, the total cost of

solar+BESS or wind+BESS is slightly more expensive than coal in 2022 but will become cost

competitive by 2024/2025.

● Sustainability. Solar and wind projects do not emit any CO2 or non-carbon air pollutants.

Coal projects emit large amounts of CO2 and there are no cheap ways to remove CO2 from

coal plants. Even though CCS has been widely discussed, the technology is still largely

economically unproven.

● Security. Local wind and solar projects can increase energy security because they can

reduce fuel imports and reduce the impact of volatile international commodity prices on

power tariffs. For short-term reliability, wind and solar projects have intermittency issues,

but expanding BESS and pumped hydro storage capacity can largely mitigate the

intermittency issues. Coal-fired power capacity has its limitations for short-term

operational reliability because it may not be sufficiently flexible to provide the greater

need for fast ramp up and fast start-up in a power grid with high solar and wind installed

capacity.
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4 Case study for Guangdong province
We havemodelled for alternative future power capacity and generation mix scenarios,

optimising for the least cost, subject to demand requirements for the Guangdong province.

Assumptions made for demand, supply, fuel and technology costs are discussed in Appendix B.

4.1 Current status of Guangdong powermarket

Figure 17: Supply and demand fundamentals in Guangdong

Note: 2022 capacity is estimated. Effective reserve margin = available supply less peak load /peak load.
Available factor assumptions: thermal – 92%, hydro (normal) – 29%, pumped storage hydro – 89%,
onshore wind – 20%, solar – 13%.

Source: WaterRock Energy created amodel based on data published by China Statistical Bureau and
CEC.
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Figure 18: Local generation and net imports in Guangdong

Source: WaterRock Energy created based on data published by China Statistical Bureau and CEC.

Figure 19: Ultra-high voltage direct current (UHV DC) grid connectivity in Guangdong

Source: WaterRock Energy analysis based on data from NEA and public news.

Since 2021, the effective reserve margin of Guangdong has been slightly less than 10% (see

Figure 17). The local market fundamentals have therefore been tight, and the province has

been experiencing power shortages during summer, with shortages estimated to be 8-11 GW

(or equivalent to 6-8% of its peak load). In addition to the tight market fundamental, the root

causes discussed in Section 2 also contribute to the power shortage, including the disincentive
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for coal and gas power plants to ramp up production to meet peak load during tight periods29,

relatively rigid inter-provincial power trading arrangements affecting optimisation of

inter-provincial power flow, and a general lack of appropriate compensation mechanisms for

flexible capacity.

4.2 Levelised cost of energy of different generation sources in
Guangdong

Guangdong will need to invest in new resources to help resolve its power shortage issue and

meet its growing demand for power. We calculate the levelised cost of energy for different

sources to meet consumption in Guangdong based on the samemethodology outlined in

Section 3.3.1 with assumptions to reflect the Guangdong situations (see Figure 20).

Figure 20: Levelised cost of energy of different resources in Guangdong

Note: We have not included the cost of nuclear and hydro capacity in the cost comparison. Both nuclear
and hydro capacity are cost competitive, so Guangdong will maximise the available sites to build nuclear
and hydro power generation sources.

In Guangdong, the average number of utilisation hours of solar is assumed to be 998, onshore wind
1,800 hours, offshore wind 3,000 hours. Delivered coal price to Guangdong is assumed to be CNY
750/metric tonne and delivered gas price to Guangdong is assumed to be CNY 2.4/cubic metres in the
medium- and long-term. A carbon tax of CNY 40/metric tonne is assumed for the analysis. 50% of BESS
cost is recovered via the ancillary service market and 50% is recovered from the energy market. Detailed

29 In 2021–2022, medium- to long-term coal power market tariff is capped at 20% above the
regulated on-grid coal tariff for normal commercial and industrial customers. This reduced the
incentives of some coal plants to import high spot coal fuels to generate more power.

For gas-fired power plants in Guangdong, their power tariff is regulated at a level that is
insufficient for them to cover the cost of spot or short-term LNG imports in late 2021–2022. Thus,
they do not have any incentives to import more LNG to supplement their existing gas supply so as
to generate more to meet power during tight periods.
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fuel price assumptions are also provided in Appendix B.

Source: WaterRock Energy research and analysis.

Several observations can bemade:

● Imports are an economical option even if imports are to be sold to Guangdong at 10%

premium.

● The LCOE of solar and wind in Guangdong is 25–30% higher than the national average

because the expected average generation hours of solar and wind are lower. It also has

limited local solar and onshore wind resource endowments, so it is generally more

difficult to develop local solar and onshore wind projects. Guangdong has relatively good

offshore wind resources and has been expanding offshore wind capacity. If Guangdong

builds local new coal and gas projects, it needs to import coal and gas from other

provinces or other countries. This will drive up the LCOE of coal and gas, which is 15–20%

higher than the national average.

● Comparing the LCOE of local coal and gas capacity versus local solar and wind capacity,

building local onshore wind and solar capacity is cheaper now and will be cheaper in the

next few years. Thus, Guangdong should maximise its expansion of local solar and wind

capacity. At the moment, the solar and wind penetration level is also relatively low, so

integration of solar and wind capacity into the grid should be simple. In the medium- and

long-term, building BESS andmore pumped hydro storage capacity can help the

Guangdong grid integrate much larger amounts of local and imported wind and solar

capacity. By 2030, bundling 20% of 2–4 hour BESS with local solar and wind capacity will

be cheaper than that of building and running new coal and gas capacity.

● Our analysis imposes a low carbon tax of CNY 40/metric tonne. If a higher carbon tax is

adopted in the future, the cost competitiveness of renewables against coal and gas will

become even bigger.

4.3 Mitigate near-term power shortage andmeet future power
system needs

4.3.1 Government plan scenario

Government plan

The Guangdong government has ambitious plans to expand its coal, renewable, energy storage
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and imports to resolve the near-term power shortage andmeet future system needs.

● Coal capacity expansion: Based on the data collated by Global Energy Monitor30, as of

January 2023, 14.5 GW of coal projects were under construction, which will be

commissioned in the coming 1–4 years; 10.5 GW of coal projects were permitted and 7.2

GW coal projects were pre-permitted. Under this scenario, we assume that the 10.5 GW

permitted coal capacity will be built and commissioned in 2025–2028. For the 7.2 GW

coal projects under pre-permitted category, we assume that they will be approved and

built in 2028–2030. In total, the government plans to build more than 30 GW of coal

capacity in 2023–2030. The annual incremental coal capacity is assumed to be 1 GW in

2023, 4.5-5.0 GW each year in 2024–2030. Such an annual expansion rate in 2024–2030

will be even higher than the last coal investment wave in 2010–2016, which was at an

average annual coal capacity addition of 3.7 GW.

● Gas capacity expansion: The Guangdong government plans to increase gas capacity by

a total of 36 GW in 2021-202531, but actual gas capacity expansion is likely to be slower

than the government plan. Most of the new gas projects are to replace old coal projects

for producing power and heat for industry and/or to provide peaking service in the Pearl

River Delta area.

● Nuclear capacity: Guangdong will continue to build nuclear capacity. Phase I Huizhou

Taipingling (2x 1000 MW), using Hualong technology, is expected to be commissioned

before the end of 202532. Guangdong also plans to build new nuclear plants including

Lufeng, Liang Jiang and phase II Taipingling.

● Renewable capacity: Under the Guangdong 14th Five-Year Plan for the energy sector, the

aim is to increase the capacity of solar and wind by 20 GW each from 2021 to 2025.

Guangdong has ambitious plans to expand offshore wind capacity in Yangjiang, Zhuhai,

Zhanjiang, Huizhou, Shantou, Jieyang and Shanwei. By 2030, the installed capacity of

wind and solar is to reachmore than 74 GW33.

33广东省人民政府 (2023).广东：到2030年风电和光伏装机量达到7400万千瓦以上.
https://guangfu.bjx.com.cn/news/20230207/1287085.shtml.

32 Feng, L., Yang, Y. (2023).太平岭核电项目1号机组核岛设备进入大规模安装期.
http://www.huizhou.cn/news/newsc_counties/newsc_hz/202305/t20230511_1522910.htm.

31广东省人民政府 (2022).广东省能源发展 “十四五”规划.
http://www.gd.gov.cn/attachment/0/486/486725/3909374.pdf.

30 Global Energy Monitor (2023). Newly Operating Coal Plants by Year, 2000–2022 (MW).
https://globalenergymonitor.org/projects/global-coal-plant-tracker/summary-tables/.
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● Energy storage:

- Guangdong plans to build several pumped hydro storage plants: Yangjiang (2.4 GW

in 2 phases), Meizhou (2.4 GW in 2 phases), Huizhou, Yunfu and Zhaoqing. The target

is to reachmore than 15 GW by 2030.

- Guangdong is also incentivising the construction of large-scale battery energy

storage for ancillary services (like frequency regulation) and price arbitrage in the

energy market. The target is to reachmore than 2 GW of BESS by 2025 in the net

carbon zero plan issued in February 2023. In March 2023, the target was further

increased to 3 GW by 2025 and 4 GW by 202734.

● Import: Guangdong is exploring options to import clean energy from other provinces,

including the clean energy from Northwest and Tibet. However, Northwest and Tibet are

under State Grid while Guangdong is under China Southern Grid. Based on the track

record, it is almost impossible for China Southern Grid to import large amounts of power

from the State Grid regions35. In the near- andmedium-term, Guangdong can possibly

import more power from Guizhou and Yunnan provinces, which are also located in the

Southern China grid. Under the government plan scenario, we simply assume that power

imports of Guangdong grow at the same rate as demand growth. There will be limited

incentives for the Guangdong government to proactively get more renewable imports

a�er the new local coal capacity comes online, because the market will be sufficiently

supplied and then become slightly over-supplied a�er 2027.

● Demand: Is forecasted to grow at 4.9% annually in 2021–202532, and we expect that

demand growth will slow down to 2.5–4.0% in the next 20 years, mainly driven by the

electrification of the economy.

As the Guangdong government is pushing to aggressively expand all types of generation

capacity, new capacity will start to come online from 2024 onwards. Even if demand grows as

fast as the governmentʼs expectation and import share does not increase, its effective reserve

margin will increase from about 10% in 2022 to around 28% in 2035 and only decrease to 24%

in 2040 (see Figure 21). As the target effective reserve margin in China is around 15%, the

35 There are some exceptions. For example, a portion of power from the Three Gorges hydro
project (located in State Gridʼs Central region) is allocated to Guangdong. But that needs to
involve the central government.

34广东省人民政府 (2023). 广东省人民政府办公厅关于印发广东省推动新型储能产业高质量发
展指导意见的通知. http://www.gd.gov.cn/zwgk/wjk/qbwj/yfb/content/post_4136417.html.
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Guangdongmarket fundamentals would start to shi� to be slightly over-supplied from 2027

onwards under this scenario. This indicates that there could be an over-built coal capacity. If

annual demand growth is less than expected, the over-supplied situation would worsen.

With a slightly over-supplied market in the medium-term, the Guangdong government would

be less keen to push for more renewable imports or expansion of local offshore wind capacity.

Figure 21: Guangdongmarket fundamental in 2020-2040 (Government Plan Case)

Source: WaterRock Energy research and analysis.

A�er 2040, wind, solar, BESS and imports continue to be expanded. The over-supplied

situation for coal is unlikely to improve unless coal-fired plants are retired early. However, early

retirement of coal capacity will lead to issues on CAPEX cost recovery for those coal projects.

Model output of capacity and generationmix under government plan scenario

Coal capacity and generation mix in Guangdong remains about the same up to 2030 and only

declines gradually a�er 2030 under the government plan scenario (see Figure 22 and Figure

23).
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Figure 22: Capacity mix in Guangdong under the government plan scenario

Source: WaterRock Energy Modelling.

Figure 23: Generationmix in Guangdong under the government plan scenario

Source: WaterRock Energy Modelling.

Figure 24 illustrates the average hourly generation for week-days and weekends/public

holidays. Coal and gas capacities are run at lower utilisation rates and need to be cycled more

in the medium- and long-term (2030 and 2040). A relatively large amount of capacity is idle

during the weekend and public holidays. In a coal capacity surplus market, if most of the coal

capacity bids to the electricity market at low prices to avoid shutting down, it can potentially

push out renewable generation, leading to renewable curtailment at the weekend and public

holidays.

Figure 25 illustrates the average hourly generation from January to December. As Guangdong

imports a large amount of hydropower from Yunnan, the import is much greater during the wet

season from June to October. This largely aligns well with the higher load during summer

times in Guangdong.
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Figure 24: Average hourly generation in Guangdong

Note: ESS is Energy Storage Solution. It includes BESS and pumped hydro storage capacity.

Source: WaterRock Energy Modelling.
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Figure 25: Average hourly power generation bymonth in 2022, 2030 and 2040

Note: ESS is Energy Storage Solution. It includes BESS and pumped hydro storage capacity.

Source: WaterRock Energy Modelling.

In the future, more solar and wind capacity will be built in Yunnan province and other locations

in the Southern China Grid. They can possibly bundle with hydro generation in Yunnan for

export to Guangdong. Based on the monthly wind, solar and hydro generation in Yunnan, they

have different seasonality and are complementary to each other (see Figure 26).

● In the wet season (June-October), the wind speed tends to be low, resulting in lower

wind generation. There are typically more rainy days in the wet season and solar

irradiance is expected to be below average, leading to low solar generation in the wet

season.

● In the dry seasons, wind speed and solar irradiation are typically high, leading to high

wind and solar generation.
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Figure 26: Generation by season in Yunnan Province

Note: Power generation by season is based on the actual average reported monthly generation data of
hydro, solar and wind in 2019–2022 from China Statistical Bureau (http://data.stats.gov.cn/).
Source: WaterRock Energy Research and Analysis based on China Statistical Bureau data.

Model output of system cost and carbon emissions

Total system cost includes all costs that result from electricity production decisions. These

include fuel costs, CAPEX cost, variable and fixed O&M costs, and costs associated with other

quantifiable aspects of the total value framework as illustrated in Figure 12, such as costs

associated with environmental impacts.

● For the cost of building and running the power plants, we have included fuel cost, O&M

cost and annualised the CAPEX cost of building new power plants. Details of the different

assumptions are provided in Appendix B. The method to annualise the upfront CAPEX

cost for different generation sources is based on the amortisation method discussed in

Appendix A.

● For the environmental-related cost, we assume that new coal plants will need to install

the air quality control system to reduce the emission of SOx and NOx to very low levels.

We also impose a carbon tax of CNY 40/metric tonne-CO2 from 2025 onwards. As the

carbon tax assumption is relatively low, we also produce the total CO2 emissions and

grid emission factor to compare CO2 emissions across the two scenarios.
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● For the security-related cost, the model has ensured that it builds sufficient capacity to

meet the peak demand and ancillary service requirements. Other items, such as fuel

diversification and price volatility, are hard to quantify. Those are not included in the

system cost.

Figure 27 illustrates the results for the Guangdong power market's total and average system

cost. The average system cost is expected to decline very slowly in the medium- and long-term,

mainly driven by a higher share of solar and wind capacity. If one reduces coal capacity

addition and tries to increase the amount of solar, wind and imports, the cost reduction can be

bigger.

Figure 27: Total system cost by different components and average system cost under the

government plan scenario

Source: WaterRock Energy modelling.
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Figure 28: Total carbon emissions and grid emissions factor in Guangdong

Source: WaterRock Energy modelling.

Figure 28 illustrates the total carbon emissions and grid emission factor in Guangdong

province. With the expected new coal capacity entering power production in the next eight

years, the local government will be much less interested in bringing in additional renewable

imports from other provinces. The carbon emissions may only peak around 2030 and start to

go down very slowly a�er 2030. As the share of renewable and nuclear generation increases,

the average grid emission factor, defined as total carbon emissions divided by total

consumption, is expected to go down from about 0.4 kg-CO2/kWh in 2020 to about 0.3

kg-CO2/kWh in 2040.

4.3.2 Economic expansion scenario

There could be different alternative scenarios for the Guangdong power market. As illustrated

in Figure 20, building coal capacity is more costly than the other options, including imports and

local wind and solar.

In an ideal world, Guangdong should refrain from proceeding to build more coal plants and

focus its efforts on local wind and solar capacity expansion and bringing more imports from

other provinces within China Southern Grid and inland provinces outside China Southern Grid.

However, in the real world, it will take time for Guangdong to bring in more imports, and some

coal capacity is already under construction. Furthermore, the construction of new coal projects

is not driven by pure economics, but partly to help stimulate the local provincial economy in

the near term. Given these considerations, we have simulated an alternative case with the

following assumptions:
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● The local government will finish the construction of 70% of the coal and gas capacity

that is planned to be commissioned in 2023–2025. Meanwhile, it will try its best to

bring in more imports from inland provinces.

● Capacity expansion is based on economic expansion a�er 2025. For example, if

building new coal is not economical it will not build any.

● Themodel chooses to bring in more imports and expand slightly more local solar and

wind capacity to meet the system needs in the medium- and long-term.

Under such a scenario, Guangdong does not over-build capacity in 2027–2035 but can still

meet the system needs with its effective margin around 15% (see Figure 29).

Figure 29: Guangdongmarket fundamental under the economic expansion scenario

Coal capacity and generation share are expected to decline in 2023–2030 under the economic

expansion case (see Figure 30). Thus, its carbon emissions remain the same in 2023–2024 and

start to decline from 2024 onwards. Compared to the government plan scenario, total carbon

emissions in Guangdong are reduced by about 20% in 2030 and about 35% in 2040 (see Figure

31). This is equivalent to a reduction of CO2 emissions of 80 million tonnes in 2030 and 155

million tonnes in 2040. Meanwhile, the system cost is reduced by 1.3% in 2030 and 3.7% in

2040. The annual cost savings are about CNY 2 billion in 2025 and increase to CNY 6 billion in

2030 and CNY 23 billion in 2040 (see Figure 32). Thus, in 2025–2040, the economic expansion

scenario can help to save a total of CNY 186 billion while helping to reduce CO2 emissions of 1.6
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billion tonnes.

Figure 30: Capacity and generationmix in Guangdong under the economic expansion

scenario

Source: WaterRock Energy modelling.

Figure 31: CO2 emissions under the economic expansion scenario

Source: WaterRock Energy modelling.
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Figure 32: System cost under the economic expansion scenario

Source: WaterRock Energy modelling.

Under the economic expansion scenario, the system reliability remains about the same as the

existing gas capacity – the addition of BESS and pumped hydro storage capacity can help to

meet the rising peak load and integrate the solar and wind capacity in Guangdong. At the

weekends and on public holidays, BESS and pumped hydro storage is needed to charge the

expected surplus generation to avoid renewable curtailment and discharge to meet peak load

during evening and night hours (see Figure 33). The key factor is to ensure that the regulatory

and policy regimes incentivise flexible capacity to operate efficiently to help meet peak

demand during tight and shortage periods.
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Figure 33: Average hourly generation in Guangdong onweekdays andweekends/public

holidays under the economic expansion scenario

Note: ESS refers to energy storage solutions. It includes BESS and pumped hydro storage capacity.

Source: WaterRock Energy modelling.

4.4 Summary

The power optimisation model confirms that local and imported solar and wind with energy

storage solutions are the most economical options to meet demand growth and reduce carbon

emissions in Guangdong. To address the short-term intermittency, they can bundle with

battery energy storage or pumped hydro storage capacity. Even a�er bundling with 20% 2–4

hour BESS, solar/wind + BESS is still the economical option in the medium- and long-term.

On security, for back-up capacity to cater for sudden changes in weather conditions, the focus

should be to refine the existing regulation to incentivise existing coal and gas capacity to

perform such back-up duty rather than adding new capacity. Demand-side initiatives should

also be rolled out. In Guangdong, adding more solar and wind capacity has an additional

benefit because using the two renewable forms to generate power has a negative correlation

with hydro imports from Yunnan, so adding wind and solar has a positive diversification

benefit to mitigate potential power supply issues during unexpected dry and hot years.

56



The two scenarios we simulated show that permitted and pre-permitted new coal capacity is

not needed in Guangdong. Reducing the amount of new coal power can also avoid the issue of

long-term stranded coal assets.

● Under the government plan scenario, a total of more than 30 GW of new coal capacity

will be added in 2023–2030. Meanwhile, the government also plans to add a large

amount of solar, wind, pumped hydro storage and battery energy storage capacity.

This will move the Guangdongmarket to be over-supplied a�er 2027.

● Our economic expansion scenario does not add new coal capacity a�er 2025 and starts

to retire coal capacity from 2030 onwards. Slightly more local renewable capacity is

added, and the government proactively brings more renewable imports to maintain an

expected reserve margin of 15%.

Key results of the two scenarios for the Guangdong power market are:

● Both scenarios canmeet the power reliability standard.

● Compared to the government plan scenario, total carbon emissions in Guangdong can

be reduced by about 20% in 2030 and about 35% in 2040. This is equivalent to a

reduction of emissions of 80 million tonnes in 2030 and 155million tonnes in 2040.

● The system cost would also be reduced by 1.3% in 2030 and 3.7% in 2040. The annual

cost savings is about CNY 2 billion in 2025 and will increase to CNY 6 billion in 2030 and

CNY 23 billion in 2040.

● Thus, in 2025–2040, the economic expansion scenario can help to save a total cost of

CNY 186 billion while helping to reduce CO2 emissions of 1.6 billion tonnes in

Guangdong.
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5 Policy-relevant insights
Based on the key findings from Section 2 to Section 4, we develop several policy-relevant

insights in the following sections.

5.1 Policies on investment

5.1.1 Limit the current round of coal capacity expansion

The government should take immediate actions to limit the current round of coal capacity

expansion.

● Cost and sustainability: The country level analysis shows that adding new coal capacity

is more expensive than adding solar and/or wind plus energy storage solutions. Based on

the Guangdong case study, the newly approved coal projects are unnecessary. If all new

coal power plants are built, the Guangdongmarket could become over-supplied in coal

capacity a�er 2027. Simply following through with the current round of coal capacity

expansion can add a total of CNY 186 billion stranded assets and increase CO2 emissions

by 1.6 billion tonnes in 2025–2040. The additional cost and emissions will continue a�er

2040 because coal projects typically last for 25–30 years.

● Security:

- Short-term system reliability. In a power systemwith an increasing share of wind and

solar capacity, the dispatchable capacity will need to start up and shut down frequently

and be able to ramp up or down quickly. It is questionable whether the technical

characteristics of coal-fired power plants are most suitable for such future system needs.

Even with the current solar and wind penetration, the more frequent start-ups and

shut-downs have presented technical challenges and increased operating costs for the

existing coal plants36.

- Long-term back-up capacity. If coal capacity is required as a long-term back-up capacity

to cater for scenarios where there is a prolonged low renewable generation, the focus

should be to investigate how tomaintain the existing coal fleet to enable them to

perform such back-up roles.

36 Hua S. (2023). 当频繁启停成为常态：新型电力系统下煤电的困境与隐忧.
https://news.bjx.com.cn/html/20230407/1299745.shtml.
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5.1.2 Investment in wind, solar and flexible capacity

The cost of wind and solar have fallen to a 5–30% cheaper level than coal-fired power capacity

in different provinces in China, and will fall further over time. However, standalone wind and

solar capacity are intermittent, which means that they cannot provide the same capacity value

for the system as thermal plants. A�er wind and solar reach a certain threshold, they will create

more system demands for cycling, ramping, frequency regulation and non-spinning reserves,

which would add cost to the system. Adding battery energy storage and hydro-pumped storage

to the system can help mitigate many of the technical issues of high wind and solar share

presented to the system operator.

Thus, rather than disincentivising solar and wind capacity and going back to the 'old' solution

of adding more coal projects, the central and local governments should try their best to push

for the construction of more wind, solar, energy storage and other flexible capacity options

from both the supply-side and demand-side (see Figure 34). Such an approach also aligns well

with Chinaʼs long-term decarbonisation strategy.

Figure 34: Proposed actions/aims for different types of technologies
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To encourage investment in renewable capacity, China can further enhance its current regime

of green trading and the carbonmarket for the power sector. Possible enhancements could

include:

● Making the provincial renewable portfolio standard mandatory and linking it closely to

the green trading and green energy certificate (GEC) trading.

● Further studying how to improve the national carbon trading market and how the

carbon allowances can be priced rather than giving out for free.

5.2 Enhancingmarket signals to optimise utilisation of existing
capacity and investment of future capacity

As discussed in Section 2, the current power shortages are partly due to:

● The existing tariff regime, which disincentivises existing coal and gas plants to generate

more during shortage periods/seasons;

● The dispatch protocol within the province and across provinces also leads to

sub-optimised utilisation of existing generation resources to meet peak load.

In recent years, China has been reforming the power sector to partly address these issues, but

more work needs to be done.

At a high level, the market signals need to be enhanced to incentivise existing resources to

operate more efficiently in an evolving grid systemwith an increasing share of renewable

capacity. We recommend to continue:

● the tariff reform in the generation and retail sides, including removing the tariff cap on

coal capacity, strengthening the scarcity pricing regime, and liberalising further on

retail and end-user tariffs;

● to reform the dispatch regime to make it based on economic dispatch;

● to review and refine specific regulations as it rolls out wholesale spot electricity

markets across China, including introducing the capacity market and re-designing the

ancillary service markets.
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5.2.1 Tariff reform

Reform on coal tariff at the generation side

As discussed in Section 2.2.1, the misalignment of the regulated on-grid coal tariff and coal

prices has disincentivised coal capacity to generate when the market is tight. Such regulation

needs to be changed to fully utilise the existing capacity to mitigate the power shortage

situation.

Under the ongoing market reform, local governments should consider removing the 20% cap.

Implementations can include:

● The +/- 20% trading range for market contracts can be widenedmuchmore, for

example, +/- 50%. Ideally, the trading cap should be removed.

● Allow retailers to link market contractual tariffs to coal fuel price indices without any

cap, such as those implemented in Guangdong in 2023.

Strengthening scarcity pricing regime in the wholesale electricity market

Several provinces, including Guangdong, Shandong, Shanxi, Gansu and Mengxi in Inner

Mongolia, have created spot wholesale electricity markets. Many other provinces will also

create wholesale electricity markets in the comingmonths/years. Thus, the tariff regime is

increasingly market-based. Nonetheless, prices are still capped at a relatively low level. For

example, in the existing spot wholesale electricity markets, 15-minute spot electricity prices

are capped at CNY 1.0-1.5/kWh (USD 140-210/MWh)37. This is considered very low compared to

other international wholesale markets, such as the price cap of the National Electricity Market

(NEM) of Singapore, which is set at Singapore dollar 4500/MWh (USD 3300/MWh). Low price

caps disincentivise the investment of flexible capacity and efficient operation of plants to help

meet peak load.

In the near term, the real-time spot electricity markets provide good hourly price signals for the

operation of power plants without any price caps. For example, when the system is in distress,

the real-time 15-minute market prices need to quickly increase to send the right market price

signal to incentivise the peaking units to rapidly start up, run for a short period of time and

shut down. However, if the prices in the spot market are artificially kept low with the

37 Data are sourced from themarket rules of wholesale spot markets in Guangdong, Shandong,
Gansu and Mengxi.
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imposition of pricing caps in the electricity market, the peaking units may not have any

sufficient incentives to start up to help mitigate the system distress situation as the low price

caps are insufficient to pay for the total cost of starting up, running for a short time and

shutting down.

In the medium- and long-term, investors will be less willing to invest in flexible and peaking

capacity if price caps in the spot markets are kept too low. Low price caps reduce the upside

potential for the flexible or peaking capacity.

Thus, to enable the efficient operation of peaking plants to meet peak load during tight

periods, we recommend increasing the price caps in the spot wholesale electricity markets.

Furthermore, local governments can consider creating ancillary service markets and

co-optimising energy and ancillary service markets in the wholesale electricity markets in the

future. During tight periods, reserves are generally in short supply, and co-optimisation and

energy and ancillary service markets can help to sharpen the price signal to incentivise flexible

capacity to start up and ramp up quickly to help meet peak load during those hours.

Consider introducing a capacity market or resource adequacy credit market

The government andmarket participants have discussed the introduction of a capacity

market in China. The capacity market can be formulated in terms of resource adequacy credits,

taking into account the evolving shortage risks and accurately expressing the contribution to

resource adequacy for each resource type. Thus, capacity payment should be for more than

just coal capacity. Any form of power-generation technology that can contribute to resource

adequacy should be included. Demand response, battery energy storage and other

power-generation resources can be even better suited to address the long-term resource

adequacy issue in a power systemwith a high share of wind and solar.

Enhancing the design of medium- to long-term contractual trading

For trading medium- to long-term power contracts in the provincial and central power

exchanges, the market operators typically use a two-step process where the first step is to

identify the eligible trade and the second step is to determine if the trade is physically feasible.

The two-step process is not the most efficient method.

In international power exchangemarkets, physical trade feasibility is generally ignored, and

the trading parties are obligated to make good on the trade even if it physically cannot be
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achieved. They do so by treating the trade as a financial trade involving a buy and sell price at

specific locations but not necessarily involving specific generating assets.

Financial contracts, like contract-for-difference (CfD), have been gradually introduced for the

markets with spot wholesale electricity markets. Such arrangements should be rolled out

across China over time.

Regulators also need to help facilitate the set-up of associated financial markets for risk

management. This is to enable retailers to offer different types of retail contracts to end-users

so that they canmanage their risk efficiently. In international power exchanges, retailers can

define usage profiles (flat, sculpted or option-based), and some products could have detailed

hourly, half-hourly, blocks of hours, base, and strip products with 'shapes' of power for

specified times for the power delivery or withdrawal.

Reforming the end-user retail tariff

For the end-user retail tariff, the market design needs to also include efforts to unlock system

flexibility, such as with smart tariffs, that empower consumers to contribute to maintaining

reliability at low cost, for instance by charging their electric vehicle in a manner that supports

grid security.

5.2.2 Adopt themost economical dispatch process for markets

The 'fair' power dispatching method is mainly for a planned power systemwith coal capacity

as the primary generation source. As wind and solar generation share increases, the

dispatching method can no longer work efficiently because it cannot adapt to frequent

short-term changes in supply and demand.

Since 2021, a form of economic dispatch has been adopted in some provinces with a

wholesale electricity market, such as Guangdong. However, a subset of generation hours for

some generation sources, for example, nuclear, are still under the 'fair' dispatch regime or the

generation quota system. Such an arrangement is suboptimal because it can reduce the

incentives for generation capacity to proactively plan ahead to meet unexpected changes in

supply and demand.

Furthermore, economic dispatch distorts the market price signal in the wholesale electricity

markets. The wholesale spot market price is based on calculating the incremental cost of

meeting onemore MWh at a location. With some generations subjecting to the rigid generation

quota system, marginal price may not be a sensible value because dispatch does not strictly
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abide by least-cost economic dispatch principles.

We suggest removing the 'fair' dispatch protocol (or generation quota system) and adopting

the least-cost economic dispatch when a wholesale spot electricity market begins. To avoid

some of the generation sources being financially disrupted, CfD type contracts can be

introduced, such as the system that was adopted in the Singapore NEM.

5.3 Enhancing themarket design for inter-provincial power flow

As discussed in Section 2.2.2 and Section 4, inter-provincial power flows can provide multiple

benefits. However, their trading arrangement is still too rigid. There are many barriers for more

efficient inter-provincial trading arrangements and transmission planning.

Table 2: Summary of barriers to inter-provincial power trading arrangement and
transmission planning

Key barriers

Priorities,
alignment and
understanding

● Misaligned interests of different key stakeholders, including provincial
governments for import and export provinces, grid firms and generators.

● Local governments prioritise their local interests.

● No/limited leadership from any key stakeholders to prioritise
optimisation in inter-provincial and inter-regional planning and
operation.

Planning process
and analytics

● No/limited transparent information and studies to understand the
benefit/cost of inter-provincial planning and trading.

● Cost allocation is o�en too contentious.

Regulatory
constraints

● Overly prescriptive tariffs and power trading and operating agreements
between provincial governments or grid firms.

Improving inter-provincial power flow and resource co-sharing can help to mitigate the current

power shortage issue in the coastal areas and expand solar and wind capacity in the inland

provinces in the medium- and long-term. Our key policy recommendations include:

● Enhancing governance for inter-provincial trading and planning;

● Enhancing power market trading across provinces with market design focused on

optimising resources across a broad region;

● Other enhancements, including inter-provincial transmission tariff design, co-sharing of

back-up capacity and studying the most practical cost allocation methods.
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Enhancing governance for inter-provincial trading and planning

In China, provincial governments have been driving the current round of power market reform

and they are also key parties for the contractual and trading arrangements of the existing

inter-provincial power flow. As incentives and priorities of provincial governments change,

provincial governments may occasionally step into the market, for example, the power flow

between Ningxia and Shandong via the Yin-Dong UHV line in the first quarter of 2022, as

discussed in Section 2.2.2. The current practice is that the NEAmay choose to step in to

understand the rationales of market intervention from the local governments and could

possibly come out with mitigation measures. Given the set-up of the political structure in

China, it will be very challenging to change such practices.

One possible way to enhance the governance of inter-provincial trading and planning is for

NEA to set up amore robust process to monitor and issue regular reports on unexpected

market interventions from the local governments at the expense of other provincesʼ investors

or consumers. Furthermore, information transparency can also help different stakeholders to

monitor the situation and raise potential issues so that NEA or NDRC can step in to intervene in

a timely fashion.

Enhancing powermarket trading across provinces

Inter-provincial market trading needs to involve multiple stakeholders, including provincial

governments at the sending and receiving end, provincial and regional grid companies,

generators, retailers and end-users at the sending and receiving end. Making changes typically

involves the reallocation of benefits and costs across provincial borders, so it could be very

challenging to manage if the reallocation is material. Thus, making incremental steps to

gradually enhance power market trading across different provinces may be the most practical

way forward. The overall principle for the incremental enhancement should focus on

optimising resources across a wider region to bring overall net benefits to the system. Similar

to the provincial market reform, both medium- to long-term power contractual trading and

spot market trading should be used.

The bullet points below outline our thoughts on incremental enhancement:

● For point-to-point or point-to-grid power exports such as those via most of the UHV DC

lines, the government can consider including provincial market trading and wholesale

electricity spot electricity markets. The legacy contractual arrangement can be
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converted to CfD financial contracts.

● For grid-to-grid power import/export such as those via the UHV AC loops in North

China and East China, China can facilitate more medium- to long-term and spot trading

for surplus capacity via the Beijing Power Exchange.

● Over time, integrated regional contractual and spot markets can be introduced. The

ultimate aim could be to create regional markets, such as PJM in the United States.

Resources across different provinces are economically dispatched and co-shared to

meet capacity, energy and ancillary services. Such an outcome will also be able to

deliver the most economic value, as discussed in a recent International Energy Agency

report38.

Other enhancements to facilitate efficient inter-provincial trade

Many other specific items need to be studied to understand whether they should be changed

and the practicality of changing them in China.

For most transmission lines, the inter-provincial transmission tariff is based on a per kWh tariff

set up with expected utilisation hours. Such tariff set up is similar to the on-grid coal tariff

regime. It should be studied whether the per kWh tariff should be shi�ed to two-part pricing

with a capacity charge set up for recovery of CAPEX. If a capacity charge is adopted to recover

CAPEX of the inter-provincial transmission line, it should be able to help to better optimise

short-term power flows across different provinces because the short-term landed tariff of

power imports will only include the short-run variable cost of the power plants at the sending

end plus the short-run variable cost of using the transmission line plus transmission loss. This

should be able to provide overall system cost savings.

The government should facilitate more co-sharing of back-up capacity across different

provinces. Specific regulation and cost allocation can bemore carefully studied by going

through international best practices and discussing with the key stakeholders in China.

One of the key barriers for more inter-provincial flow is that it creates wealth transfer across

the provincial borders. As power markets across different provinces become integrated, cost

and benefit allocation of obligations and resource sharing across different provinces need to

be studied.

38 IEA (2023). Building a Unified National Power Market System in China Pathways for spot power
markets.
https://www.iea.org/reports/building-a-unified-national-power-market-system-in-china.
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5.4 Concluding remarks

It is understandable that provincial governments are concerned about power shortages as

market fundamentals tighten. The solution of adding large amounts of coal projects over a

short timeframemaymitigate the power shortage in the near term, but it would lead to higher

system costs andmuch higher carbon emissions in the medium- and long-term. A high

emissions scenario does not align with 2030 carbon peaking and 2060 net carbon zero targets

for China, nor is it aligned with the evolving power system needs. Instead, the focus should be

to support and enable the expansion of solar, wind, battery energy storage and pumped hydro

storage capacity as well as to facilitate more efficient inter-provincial power flows.

Well-designed end-user tariffs, energy policies, and enabling infrastructure should also be

adopted to guide direct participation from customers. Lastly, the government needs to make

the necessary regulatory and policy changes, such as removing the coal tariff cap and

sharpening peak/shortage pricing, to maximise the value of existing coal and gas capacity to

incentivise them to generate more electricity during tight market situations.
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Appendix A: Methodology for calculating
levelised cost of energy
The a�er-tax weighted-average cost of capital (ATWACC) estimates the cost for an investor to

raise capital (both debt and equity). This represents the necessary return to raise the capital

needed to make the investment, which is a fair return because anything less would not support

the investment and anything above this amount reflects excess rents collected by the investor.

Fixed operation andmaintenance (fixed O&M) cost refers to the operation andmaintenance

cost that cannot be changed in the short-term and does not relate to the generation volume,

such as full-time staff cost, office services, long-term service cost for the power turbines,

insurance cost etc. Variable operation andmaintenance (variable O&M) cost refers to the cost

that is related to the generation volume, such as water cost, the balance of plant, chemicals,

and consumables.

Capital cost recovery is based on the summation of annual cost recovery and annual

depreciation shield. The annual cost recovery (not including the depreciation tax shield) in

each year of the investment life cycle would allow the supplier to earn a fair return on the

investment.

𝐴𝑛𝑛𝑢𝑎𝑙 𝐶𝑜𝑠𝑡 𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 =  
𝐼𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡 * 𝐴𝑇𝑊𝐴𝐶𝐶 * (1+𝐴𝑇𝑊𝐴𝐶𝐶)𝑌𝑒𝑎𝑟𝑠 𝑖𝑛 𝐿𝑖𝑓𝑒 𝐶𝑦𝑐𝑙𝑒−1 

(1+𝐴𝑇𝑊𝐴𝐶𝐶)𝑌𝑒𝑎𝑟𝑠 𝑖𝑛 𝐿𝑖𝑓𝑒 𝐶𝑦𝑐𝑙𝑒−1
*(1+𝐴𝑇𝑊𝐴𝐶𝐶)

(1−𝑇𝑎𝑥 𝑅𝑎𝑡𝑒)

The total investment is depreciated over the life cycle using straight-line depreciation, meaning

the depreciation is equal in each year of the investment life. The annual depreciation tax shield

is calculated based on the tax rate multiplied by the annual depreciation and then gross-up

with the corporate tax rate.

𝐴𝑛𝑛𝑢𝑎𝑙 𝐷𝑒𝑝𝑟𝑒𝑐𝑖𝑎𝑡𝑖𝑜𝑛 𝑆ℎ𝑖𝑒𝑙𝑑 =  𝑇𝑎𝑥 𝑅𝑎𝑡𝑒 * 𝐴𝑛𝑛𝑢𝑎𝑙 𝐷𝑒𝑝𝑟𝑒𝑐𝑖𝑎𝑡𝑖𝑜𝑛
(1−𝑇𝑎𝑥 𝑅𝑎𝑡𝑒)

Levelised Cost of Energy (LCOE) of a Technology per kWh =

𝐻𝑒𝑎𝑡 𝑅𝑎𝑡𝑒 𝑥 𝐹𝑢𝑒𝑙 𝑃𝑟𝑖𝑐𝑒 + 𝑉𝑎𝑟𝑖𝑎𝑏𝑙𝑒 𝑂&𝑀 +  𝐹𝑖𝑥𝑒𝑑 𝑂&𝑀+ 𝐶𝑎𝑝𝑡𝑖𝑎𝑙 𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 𝐶𝑜𝑠𝑡
(𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝐹𝑎𝑐𝑡𝑜𝑟 𝑥 8760)
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Appendix B: Power optimisationmodel and
key assumptions for the Guangdong case
study

B.1 Background of the power optimisationmodel

WaterRockʼs power optimisation model is our proprietary tool to simulate representative

hourly market operations, investment, and retirement over a 10–30 year time horizon, and was

designed from the bottom up to analyse how key drivers of demand growth and decarbonised

policies will affect future market outcomes.

The model focuses on energy market dynamics and carbon constraints, including both

dispatch and developing an optimal long-term capacity expansion plan to meet hourly load

and annual carbon emissions constraints (if any) at least cost for the system. Figure 35

illustrates the input and output structure of the model.

Figure 35: The power optimisation tool developed byWaterRock Energy

Source: WaterRock Energy.

In the past five years, we have used the model to assist multiple investors in assessing the

economics of building solar, wind, battery energy storage, LNG-fired CCGTs and LNG terminals

in mainland China, Taiwan, the Philippines, Singapore, Vietnam and Oman.
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B.2 Assumptions on the fuel prices and levelised cost of energy in
Guangdong

Figure 36 illustrates the coal, gas prices and carbon tax assumptions in Guangdong. We expect

coal and gas prices to drop slightly from the current high level in the next few years.

Figure 36: Fuel price and carbon tax assumptions in Guangdong

Source: WaterRock Energy analysis.

We also have the CAPEX and O&M cost assumptions for different generation sources. Using fuel

cost, CAPEX, O&M and carbon tax assumptions, we can calculate the levelised cost of energy

for different generation sources as illustrated in Figure 37. The specific assumptions for hydro

and nuclear do not affect our analysis because we have the same capacity and generation of

hydro and nuclear capacity for both scenarios. For BESS capacity, we assume that it is 2–4

hours of BESS and 50% of the cost is recovered from the energy market. The other 50% of the

cost is recovered through the ancillary service market by providing frequency regulation or

other reserves.
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Figure 37: Levelised cost of energy of different generation sources

Note: For the battery energy storage capacity, we assume that it obtains 50% of its revenue from
ancillary services and 50% from the energy market. The expected capacity factors of the BESS capacity
are based on the modelling output of discharging to meet the load during peak hours.

Source: WaterRock Energy research and analysis based on in-house data.

B.3 Demand growth

Power consumption is expected to slow down from the high growth period in 2016–2022,

mainly because of a slow down in the heavy industry manufacturing activities. The

consumption growth will be mainly driven by growth in commercial and transport, and the

residential sectors (see Figure 38).

● Penetration of electric vehicles in the transportation sector will drive the demand in the

transportation sector.

● Residential demand growth is mainly driven by rising household income.
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Figure 38: Demand growth in Guangdong

Source: WaterRock Energy analysis.
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Abbreviations
AC alternating current

ATWACC a�er-tax weighted-average cost of capital

BESS Battery Energy Storage Solution

CAPEX Capital Expenditure

CEC China Electric Council

CfD contract-for-difference

CNY Chinese Yuan

CO2 carbon dioxide

CREA Centre for Research on Energy and Clean Air

DC direct current

EU Europe Union

GEC green energy certificate

GW gigawatts

IEA International Energy Agency

HV high voltage

IPCC Intergovernmental Panel on Climate Change

LCOE levelised cost of energy

NEA National Energy Administration (China)

NEM National Energy Market

O&M Operation and Maintenance

PJM Pennsylvania-New Jersey-Maryland
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RAP Regulatory Assistance Project

UHV ultra-high voltage

US United States

USC ultra-supercritical

USD US dollar
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