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Abstract: This study analyzes the residual demand curves of 42 countries under five scenarios with
varying variable renewable energy (VRE) levels to observe how replacing coal with VRE can alter
the demand curve. Using 2018 demand data, the residual demand was calculated and analyzed
by subtracting the VRE supply curve from the demand curve. The operational requirements for
low-carbon load-following sources amid high VRE penetration are examined. Key findings indicate
that substantial peak residual demand persists even with 70% energy from VREs, emphasizing the
need for significant load-following resources. Transitioning to a 70% VRE scenario could reduce CO2

emissions by approximately 16.799 billion tons, advancing towards carbon neutrality. However, this
benefit depends on maintaining grid stability, highlighting the importance of adequate load-following
plants to manage VRE intermittency. Countries like Malaysia, South Korea, Tunisia, the UK, Japan,
Indonesia, Thailand, and Libya face higher load-following demands due to specific renewable energy
contexts. This study reveals varying renewable energy environments across countries, suggesting that
a universal strategy for carbon neutrality and replacing coal may not be feasible. Each nation must
develop its own approach to emission reduction, considering its unique conditions. This research
emphasizes the urgent need for developing cost-effective, flexible, low-carbon load-following sources
to enhance decarbonization potential globally.

Keywords: residual demand; coal replacement; deep VRE penetration; load-following; ramp rate

1. Introduction

Transitioning to a society with zero carbon emissions has become a critical global
priority. To achieve carbon neutrality, replacing coal with other carbon-free energy sources
is an important step. To keep global warming below a 1.5-degree-Celsius increase, the
Intergovernmental Panel on Climate Change (IPCC) recommends reaching carbon neu-
trality worldwide by 2050 [1]. However, the 6th Assessment Report of the IPCC predicts
that global warming will likely exceed 1.5 degrees during the 21st century based on the
nationally determined contributions (NDCs) announced in October 2021 [2]. In order to
limit warming to 2 degrees, immediate action is required.

The transition to a green society ‘an b’ summarized into two major tasks: electrification
and electricity decarbonization [3–5]. Electrification is needed in transportation, heating
and cooling, industrial processes, and cooking [6–10]. Electricity decarbonization is mainly
being pursued through expanding VRE (variable renewable energy) sources. However,
achieving net zero in the power sector by moving away from coal and solely relying on
VREs is close to impossible as power generation from these sources depends on the weather
conditions and does not follow the demand curve.
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With the growing prevalence of VREs, the demand for load-following plants capable of
adapting their power output to meet demand has increased. At present, low-carbon load-
following power sources are scarce, with hydropower being among the few viable choices.

However, a critical aspect that warrants further exploration is the operational require-
ments and implications of integrating low-carbon load-following sources within grids
characterized by high VRE penetration. The variability and unpredictability of renewable
sources necessitate the development and deployment of energy systems that are not only
low in carbon but also highly flexible and responsive to the fluctuating energy landscape.
This includes a detailed examination of how such systems can be scaled, their economic
viability, and their potential environmental impacts in comparison to existing solutions.

Given the increasing reliance on renewable energies, the role of low-carbon load-
following sources becomes ever more pivotal. These sources, capable of quickly adjusting
their output to balance the supply–demand mismatch inherent in high VRE scenarios,
are crucial for ensuring grid reliability and stability. Yet, the transition towards these
advanced systems poses a myriad of challenges, from technological hurdles to financial
and regulatory barriers. It is essential to delve into these challenges, exploring innovative
solutions such as advanced battery storage, demand response mechanisms, and novel
generation technologies that promise greater flexibility and lower carbon footprints.

Moreover, the integration of these technologies into existing grids requires a com-
prehensive understanding of their operational dynamics, particularly in terms of their
interaction with VREs. This involves a thorough analysis of grid management strategies,
including the optimization of energy storage, the potential for repurposing existing infras-
tructure for carbon capture and storage, and the role of digital technologies in enhancing
grid responsiveness. Addressing these aspects is fundamental to devising practical path-
ways for the transition to a low-carbon, resilient energy system capable of supporting the
ambitious goals of carbon neutrality and sustainable development.

By incorporating a focused discussion on these critical operational requirements
and potential solutions, this paper aims to contribute valuable insights into the complex
interplay between low-carbon load-following technologies and high VRE penetration.
Understanding these dynamics is key to unlocking the full potential of renewable energies
and achieving a seamless transition towards a greener, more sustainable energy future.

Nevertheless, emerging technologies, including Small Modular Reactors (SMRs) and
gas turbines fueled by clean hydrogen, may become feasible in the future. Fuel cells may
also be implemented at a large scale if costs can be brought down to comparable prices.
Additionally, natural gas power combined with carbon capture and sequestration could be
another potential alternative. All these options can be first utilized for coal repowering.

An excess generation of renewable energy may result in higher costs and diminished
environmental advantages, highlighting the importance of efficient energy storage solu-
tions [11–16]. Energy storage systems, such as batteries and pumped hydro, can mitigate
the variability of renewable energy sources and offer backup power during periods of low
renewable energy supply. Nevertheless, these technologies remain relatively costly and
have limited capacity. Other storage technologies, such as Thermal Energy Storage, Liquid
Air Energy Storage, Compressed Air Energy Storage, are also being developed in several
countries. Any storage method that can be economically built at the grid scale will be
useful in the near future.

In summary, the transition to a carbon-neutral society and walking away from coal
power necessitates a variety of technologies and strategies to achieve equilibrium between
energy supply and demand. As the VRE penetration rate increases, volatility in the grid
increases rapidly and it becomes increasingly harder to operate load-following power
plants to match the demand. The discrepancy between the demand curve and the VRE
load curve is called the residual demand. To maintain grid stability, it is crucial to predict
the residual demand of countries as their VRE penetrates deeply into the system.

This paper aims to predict the residual demand in some of the major countries globally
under circumstances of deep variable renewable energy penetration and analyze its impli-
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cations. Scenarios with different energy mixes will be analyzed to observe the outcome in
different countries. Ultimately, it will show which countries are more vulnerable in high
VRE share environments while reducing reliance on coal.

Currently, the most rigorous peak load following is primarily handled by Open Cycle
Gas Turbines (OCGTs). To sustain a low-carbon profile, alternative load-following methods
are necessary; however, rapid and substantial changes in the grid create an unfavorable
environment for less flexible energy sources. With this study, it will be possible to find the
operational standard for these environmentally friendly load-following sources.

Our study aims to fill a crucial gap in renewable energy research by focusing on the
analysis of residual demand in systems with high VRE penetration. This objective is vital
for understanding the operational challenges posed by the variability of renewable energy
sources. By examining residual demand across various countries, we contribute to a better
understanding of how different regions might be affected by a shift towards greater reliance
on VREs.

The importance of this analysis lies in its potential to inform energy policy and planning.
By identifying patterns of vulnerability in high VRE environments, our findings offer insights
into the future needs of energy systems transitioning away from fossil fuels. This research is
pivotal in highlighting the complexities of integrating renewable energy at scale, underscoring
the need for innovative thinking in grid management and capacity planning.

In essence, our paper aims to contribute to the global dialogue on sustainable energy
transition by providing a detailed examination of the challenges associated with high VRE
penetration. Through this focused analysis, we aspire to enhance the understanding of
energy system dynamics in the era of renewable energy, supporting the ongoing efforts
towards achieving carbon neutrality.

2. Literature Review

Transitioning towards carbon neutrality and improving energy efficiency necessitates an
integrated approach, combining policy frameworks, technological innovation, and market
adaptations. This literature review outlines the progression from global energy policy impacts
and technological advancements to specific regional implementations and challenges.

The pivotal role of policy instruments in enhancing energy efficiency is highlighted in
research focusing on the OECD countries, where environmental taxes and green technology
are shown to significantly improve energy efficiency and productivity. The criticality of
governance, specifically the “Rule of Law,” in facilitating these outcomes suggests that
effective policy frameworks are fundamental to achieving sustainability goals [17].

Furthering the discussion on policy frameworks, the transition to renewable energy
sources emerges as a crucial strategy for meeting climate goals and mitigating the adverse
effects of fossil fuel usage on the environment, economy, and human health. Halkos and
Gkampoura [18] illustrate the variance in consumer willingness to pay for renewable
energy across nations, indicating the pressing need for tailored policy interventions to
foster its widespread adoption. This analysis aligns with the narrative that effective policy
instruments are key to driving the transition towards sustainable energy systems.

Expanding the scope to economic factors influencing energy efficiency, a study on G7
countries reveals that trade and financial development are conducive to energy efficiency
improvements [19]. This study also notes the indirect impact of governance and research
and development on energy efficiency, pointing to the complex interplay between economic
policies and sustainability efforts. Building on this, Paramati, Sinha, and Dogan [20]
demonstrate that renewable energy consumption significantly enhances economic output
while reducing CO2 emissions in developing economies, thereby supporting sustainable
economic development. This suggests that integrating renewable energy considerations
into economic policies is crucial for long-term sustainability and efficiency.

In the realm of technological solutions and market mechanisms, the economic potential
of variable renewable energy (VRE) sources in U.S. ancillary services markets underscores the
benefits and challenges of integrating VRE into the grid [21]. The significant potential of solar
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energy to meet global energy demands, highlighted by Lewis and Nocera [22], emphasizes
the need for technological innovation in efficiently harnessing and storing solar power. This
discussion complements the exploration of a blockchain-based energy trading platform for
renewable energy microgrids, showcasing the role of digital technologies in facilitating efficient
and secure energy transactions and enhancing renewable energy markets [23].

Moving to regional impacts and the implications of renewable energy generation,
the analysis of the French power system illustrates how increased renewable capacity
contributes to system flexibility and stability by improving the balance between supply
and demand [24]. Bhattacharya, Paramati, Ozturk, and Bhattacharya [25] further assert
that renewable energy consumption significantly enhances economic output in top renew-
able energy-consuming countries, underscoring the importance of increasing renewable
energy investments for low carbon growth. These insights highlight the transformative
potential of renewable energy in regional power systems and its critical role in achieving
decarbonization targets and enhancing energy efficiency.

The challenges of integrating high shares of VRE and achieving decarbonization targets
are addressed in a study on Spain’s power grid. It concludes that without new technologies to
address flexibility and stability constraints, ambitious decarbonization goals may not be realis-
tic, highlighting the technological and operational challenges in high VRE environments [26].

Technological advancements and their role in supporting ecological improvements
are further examined in South Asia, where energy efficiency and productivity growth are
attributed to technological changes rather than efficiency improvements. This finding
emphasizes the importance of innovation in driving regional sustainability efforts [27].

Lastly, the examination of China’s carbon emission trading scheme (ETS) on high-
carbon firms illustrates the financial implications of environmental policies. The increased
debt financing costs for firms under the ETS due to credit risk and environmental reputation
issues underscore the need for careful policy design and implementation to support firms
in transitioning towards lower emissions [28].

Collectively, these studies offer insights into the multifaceted approach required for
the transition to sustainable energy systems. They highlight the significance of policy,
technology, and market mechanisms in navigating the complexities of energy efficiency,
carbon neutrality, and the pivotal role of renewable energy. Integrating renewable energy
into global energy policies, economic strategies, and technological innovation is vital for
achieving sustainability goals, underscoring the importance of a cohesive strategy that
leverages policy frameworks, market adaptations, and technological advancements in
driving the shift towards a sustainable and energy-efficient future.

3. Methodology
3.1. Data Sources

In order to model the residual demand, hourly grid demand data are required. The
data of 42 countries were acquired from Tong D. et al. [29], which includes a combination
of government and public data. All the countries from the paper were analyzed.

Data from 2018 were utilized, as this precedes the economic recession caused by COVID-
19. The data were subsequently normalized by the hourly average demand, as the focus was
on the profile and trend of the hourly demand curve rather than the absolute value. Only
data from one calendar year were used as the demand curve is changing rapidly due to
increased VRE proportions. Many private solar power generators are prosumers, meaning
they consume their own electricity and therefore reduce their footprint on the demand curve.

Hourly capacity factor data for wind and solar power plants were obtained from a
study by Lei Duan et al. [30]. According to the reference study, the modeling is as follows.
The Modern-Era Retrospective Analysis for Research and Application, Version-2 (MERRA-2)
reanalysis product was employed to model the profile. The world was segmented into
207,936 cells, and the capacity factor for each cell was computed. The latitude was 0.5◦ and
the longitude was 0.625◦. The calculation of the wind capacity factor assumed a wind turbine
hub height of 100 m with a cut-in speed of 3 m/s and a cut-out speed of 25 m/s. The capacity
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factor was 1.0 when the speed was higher than 12 m/s but 0 when above the cut-out speed.
For solar PVs, the zenith angle was determined based on location and time. To calculate the
capacity factor for individual countries, the average of the top 25% of grid cells within each
country was taken.

Hydropower plants, together with Pumped Hydro Storage (PHS) plants, are among the
few low-carbon power plants with high ramp rates. As the penetration of VREs increases, there
is a need to address greater intermittency. Since hydropower plants provide rapid responses
to sudden changes in load, their significance also grows. Data on the total capacity and
generation amount of hydropower plants and PHS plants were obtained from the International
Hydropower Association [31].

3.2. Scenarios

Many countries are aiming to achieve carbon neutrality in the power generation sector
by replacing coal with carbon-free energy sources. This includes a significant proportion
of the energy mix to be taken care of by VRE sources in the future. Five scenarios were
simulated and compared. The five scenarios are as follows:

Scenario 1: VRE 30% (solar/wind = 1:1).
Scenario 2: VRE 50% (solar/wind = 1:1).
Scenario 3: VRE 70% (solar/wind = 1:1).
Scenario 4: VRE 70% (solar/wind = 1:2).
Scenario 5: VRE 70% (solar/wind = 2:1).
In the first three cases, the installed capacity of solar and wind power was 1:1. The

total VRE (solar and wind) penetration rate was 30%, 50%, and 70%, respectively. However,
in some countries, solar power is more effective than wind power or vice versa. Therefore,
in cases 4 and 5, the solar and wind ratio was set as 1:2 and 2:1, respectively.

3.3. Residual Demand Modeling

The normalized demand had the electricity generated from VREs subtracted on an hourly
basis. The VRE generation proportion was set as 30, 50, or 70% depending on the scenario.
The ratio between solar and wind is 1:1 in scenarios 1 to 3 and altered to 0.333:0.666 and vice
versa in scenarios 4 and 5. The total VRE capacity is given an initial guess and then iterated
to match the generation proportion. The subtraction of VRE load from demand leaves the
residual demand, which must be managed by load-following sources.

Hydropower plants and PHS plants can assist in flattening the residual demand by
operating only when the ramp rate of the load-following source, which represents the
change in residual demand over time, exceeds a certain threshold. This approach reduces
the maximum ramp rate, enabling less flexible load-following sources to contribute more
effectively. In Section 4, the residual demand will refer to the residual demand after the
subtraction of solar, wind, and hydroelectricity.

Residual Demand = Demand − ESolar − EWind − EHydro

The total generation from hydro is first normalized to the same scale. Generation
capacity (GWh) is divided by the total electricity consumption of a country. The load
from hydroelectricity is only increased when the ramp rate of residual demand surpasses
the threshold. The maximum generation power rating (GW) is capped on the actual
hydroelectricity data of each country. The total generation from hydroelectricity is summed
up to check if the hydro proportion is equal to the current hydro share of each country. The
threshold ramp rate is increased or decreased according to the generation amount and the
process is iterated until errors becomes less than 0.1%.

In many countries, the electricity grid is interconnected with neighboring countries.
The importance of load-following plants is often underestimated because of interconnection.
In this study, interconnection was not modeled in order to evaluate each country’s electricity
generation environment in deep VRE penetration situations.
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No generation or transmission losses were accounted for. Unless curtailed due to
excessive load, all generated electricity was absorbed by the demand curve. Also, no base
load energy was modeled as, in the given scenarios (i.e., no coal power), residual demand
will often drop to zero and leave no space for base load plants.

By analyzing the residual load, the no-residual-load time can be calculated, which
shows how much time of the year does not require any other dispatchable sources. Cur-
tailed VRE energy can be calculated to see how effectively the plants are operating and to
see if implementing ESS can be a viable option. The top VRE load can be checked along
with the top residual demand, which are proportional to the installed capacity of VRE
plants and load-following plants.

In load-following modes, arguably the most important parameter is the ramp rate. In
this study, the hourly ramp rate of residual demand was compared. The maximum ramp
rate can give operational specifications for load-following sources under development.
Also, in order to reflect the frequency and magnitude of ramping, the sum of ramp up and
ramp down was calculated.

4. Results and Discussion

The analysis of solar and wind capacity factors across 42 countries reveals a diverse
landscape of renewable energy potential. As depicted in Table 1, countries exhibit varying
degrees of solar and wind capacity factors, highlighting the influence of geographical and
climatic factors on renewable energy generation. For instance, countries such as Argentina
and Chile boast high-capacity factors for both solar and wind power, indicating favorable
conditions for renewable energy deployment. Conversely, countries like Malaysia and
Sweden demonstrate lower capacity factors, suggesting challenges in harnessing solar and
wind resources efficiently.

Table 1. Average capacity factor of solar and wind power in each country (Green for high CF countries
and red for low CF countries).

Country Name Solar CF Wind CF
AR Argentina 0.304 0.553
AU Australia 0.300 0.407

BR Brazil 0.269 0.234
CA Canada 0.190 0.391

CL Chile 0.347 0.522
CN China 0.303 0.369

CO Colombia 0.226 0.107
DE Germany 0.196 0.395
DZ Algeria 0.293 0.377
EG Egypt 0.310 0.383
ES Spain 0.259 0.289

FR France 0.233 0.368
GB United Kingdom 0.183 0.469

GH Ghana 0.216 0.161
ID Indonesia 0.218 0.087

IN India 0.271 0.248
IR Iran 0.300 0.343
IT Italy 0.231 0.248
JP Japan 0.223 0.298

KR South Korea 0.233 0.270
LY Libya 0.310 0.353

MA Morocco 0.300 0.462
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Table 1. Cont.

Country Name Solar CF Wind CF
MX Mexico 0.281 0.257

MY Malaysia 0.197 0.044
MZ Mozambique 0.282 0.294

NG Nigeria 0.253 0.259
NZ New Zealand 0.227 0.405

PE Peru 0.303 0.067
PL Poland 0.187 0.352

PY Paraguay 0.251 0.352
RU Russia 0.190 0.357

SA Saudi Arabia 0.301 0.337
SD Sudan 0.318 0.400

SE Sweden 0.168 0.230
TH Thailand 0.221 0.193
TN Tunisia 0.280 0.338
TR Turkey 0.262 0.226

UA Ukraine 0.205 0.333
US United States 0.270 0.402

VE Venezuela 0.259 0.277
VN Vietnam 0.227 0.203

ZA South Africa 0.308 0.360

Expanding upon the scatter plot presented in Figure 1, which illustrates the relation-
ship between solar and wind capacity factors, a linear trend emerges, indicating a general
correlation between the two variables. Countries with poorer solar power conditions tend
to exhibit lower wind capacity factors, and vice versa. Out of the 42 countries, 3 countries
had a less than 0.1 wind capacity factor and 2 of them had a solar capacity factor under
0.22. This observation underscores the interconnectedness of solar and wind resources and
emphasizes the importance of considering multiple energy sources in energy planning and
policy formulation.
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In addition to the existing analysis, it is worth delving deeper into the specific factors
influencing the capacity factors of solar and wind power in different countries. Factors
such as geographical location, topography, atmospheric conditions, and investment in
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renewable energy infrastructure can significantly impact the efficiency and utilization of
solar and wind resources.

The modeling approach employed in this study utilizes normalized values and as-
sumes a similarity between the profile of future demand curves and that of 2018. While
providing valuable insights into potential renewable energy deployment scenarios, it is
essential to acknowledge the limitations and assumptions inherent in the modeling process.
The reliance on historical data for demand curve projection may overlook emerging trends
or disruptive factors that could influence future electricity demand patterns.

To enhance the accuracy of future demand predictions, it is imperative to incorporate
yearly increase rates of demand and consider dynamic factors such as technological ad-
vancements, demographic shifts, and policy changes. By adopting a more dynamic and
adaptable modeling framework, stakeholders can better anticipate future energy needs
and devise informed strategies for renewable energy integration and grid optimization.
Nevertheless, to gain insight into the magnitude of the values, the value of total electricity
generated in 2018 was utilized for this study.

The examination of the no-residual-time duration sheds light on the availability of
uninterrupted periods with no need for load-following plants other than hydroelectric facilities.
Figures 2 and 3 depict the relationship between hydroelectricity proportion and the duration
of no residual demand for different scenarios. In scenario 1, where VRE contributes 30% of
electricity generation, countries with over 70% hydroelectricity demonstrate extended periods
of no residual demand, highlighting the complementary nature of renewable energy sources
and hydroelectric power in meeting fluctuating electricity demand.
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Expanding upon these findings, it is evident that countries with significant hydroelec-
tric capacity possess inherent advantages in managing renewable energy variability and
ensuring grid stability. Other studies also show that countries like Iceland, Norway, Costa
Rica, Brazil, and Canada have electric grids with high fractions of renewables, primarily
hydropower, showcasing its role in achieving near or complete renewable energy supply.
Hydropower’s affordability and renewability, despite being limited by geography and
rainfall, have been pivotal [32].

However, it is essential to recognize the geographical constraints and environmental
considerations associated with hydroelectric development, underscoring the need for a
balanced and diversified approach to renewable energy deployment.

To augment the analysis, further investigation could explore the temporal and spatial
variability of the no-residual-time duration across different regions and climatic zones. Addi-
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tionally, assessing the economic implications of prolonged periods of no residual demand on
energy markets and grid operations can provide valuable insights for energy stakeholders.

Table 2 identifies countries with hydro shares of 30% and above, providing insights
into their energy profiles and renewable energy integration strategies. These countries,
including Paraguay, Mozambique, and Colombia, exhibit a reliance on hydroelectricity as a
primary source of renewable energy, contributing to grid resilience and energy security. By
examining the experiences of these countries, policymakers and energy planners can glean
valuable lessons on optimizing renewable energy portfolios and mitigating the impacts of
climate variability on energy systems.
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Table 2. Countries with hydro shares of 30% and above.

Country Name Hydro Share

Paraguay 99.68%

Mozambique 80.36%

Colombia 71.92%

Venezuela 64.38%

Sudan 60.28%

Canada 60.25%

New Zealand 55.23%

Peru 54.85%

Brazil 54.76%

Sweden 43.71%

Ghana 34.43%

Vietnam 30.36%

In addition to the listed countries, it would be beneficial to explore case studies of
other countries with varying levels of hydroelectric capacity to offer a comprehensive
understanding of the challenges and opportunities associated with hydro-based renewable
energy integration. Furthermore, analyzing the role of cross-border energy cooperation
and interconnections in harnessing hydroelectric resources can provide valuable insights
for regional energy planning.
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Malaysia and South Korea curtailed more than 300 GWh of energy in scenario 1,
topping the list. The numbers even surpassed 300,000 GWh in scenario 5.

These countries were also among the countries with the most VRE capacity installed.
The installed VRE capacity of Malaysia increased from 25 GW (scenario 1) to 159 GW
(scenario 3). The capacity of South Korea increased from 69 GW (scenario 1) to 220 GW
(scenario 3). This is because these countries have very low VRE capacity factors. Since a
large portion of electricity is being supplemented with these low capacity factor plants,
the installed capacity needs to be very high and high curtailment comes along with it.
Furthermore, economic burdens due to the installation of transmission lines will become
inevitable in these countries. Figure 4 shows the large discrepancy between the VRE load
and demand. Without energy storage systems, all this energy is lost. Peru tops the VRE
curtailment list in many of the scenarios. Even though Peru has generous sunlight, the
wind capacity factor is among the lowest, making wind farms very ineffective.
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Expanding upon the discussion of VRE curtailment, it is essential to highlight the
implications of such high curtailment levels on energy security, economic efficiency, and
environmental sustainability. High curtailment rates not only represent wasted energy re-
sources but also entail financial losses for energy stakeholders and potential environmental
impacts due to increased reliance on conventional energy sources.

The United Kingdom, Tunisia, and Japan had three of the highest peak residual
demands. This can be translated to the load-following plant capacity required as load-
following plants will be operating to fill the gap between VRE generation and demand.
Demand usually peaks near noon but solar plant generation also peaks around noon and
negates the peak demand. Therefore, the peak residual demand usually happens during
sunset when people are still relatively active but power generation from solar plants drop
dramatically. Wind power generation is quite random; if wind happens to stop blowing
during sunset, then it is highly possible for the yearly peak residual demand to happen.

France topped the list in scenario 1 but quickly descended in the following scenarios.
The UK required 53 GW (Figure 5) of capacity and Japan 153 GW (Figure 6) in scenario 1.

Further elaborating on the peak residual demand analysis, it is essential to discuss the
challenges associated with balancing variable renewable energy generation with fluctuating
demand patterns. This includes the need for flexible and responsive grid infrastructure, as
well as the potential role of energy storage technologies in mitigating peak demand periods
and enhancing grid stability. The variations in peak residual demand observed across
different countries underscore the importance of tailoring energy policies and investment
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strategies to address specific regional energy dynamics and maximize the efficiency of
renewable energy integration.

Tunisia, Malaysia, and South Korea had the highest hourly ramp up rates. South
Korea needed 35 GW of additional electricity within an hour in scenario 5. Considering
that the load-following capacity needed in this scenario is 70 GW, very harsh operating
conditions are required for the load-following plants. The maximum ramp down rate
required in that same scenario was also incredibly high (33 GW/h). In Figure 7, it can be
observed that residual demand drops to zero around noon and rises abruptly when the
sun sets, triggering the hydroelectric sources to operate and mitigate the high ramp rate of
load-following plants.

However, the table can change from year to year. Solar power usually shows a
repetitive pattern from day to day. If the wind generation happens to drop near sunset, the
residual demand can rise rapidly. Although wind power tends to have a higher capacity
factor than solar power in many countries, wind speed and direction can change abruptly
and affect wind power generation. Countries must be prepared for such abrupt changes
that can jeopardize the power grid and must have enough firm sources ready [33].

Not only the maximum ramp rate but also the summation of ramp rates matter. This
shows how much pressure is applied to the load-following plants on a year-long basis. The
ramp rates for ups and downs were added up individually. Malaysia, Indonesia, Thailand,
and Libya were among the highest in the ramp up and down list. Although these countries
do not necessarily have the highest solar capacity factors, they have a very regular solar
generation pattern. On most days, the residual demand decreases rapidly, often times
reaching zero, then increases substantially during sunset. Since these countries are located
near the equator and do not experience winter, the pattern continues throughout the year.

In addition to analyzing the ramp rates, it is important to discuss the operational
challenges faced by load-following plants in meeting rapid changes in electricity demand.
This includes the need for advanced control systems and grid management strategies to
ensure system reliability and stability amidst fluctuating renewable energy generation. The
high ramp rates observed in countries like Tunisia, Malaysia, and South Korea underscore
the urgency of implementing measures to enhance grid flexibility and resilience, such as
demand response programs, grid-scale energy storage, and advanced forecasting tech-
niques. Furthermore, the reliance on hydroelectric sources to mitigate ramp rates highlights
the interconnectedness of different renewable energy technologies and the importance of
adopting a holistic approach to energy planning and management.
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5. Summary and Conclusions

The residual demand curves of 42 countries were compared. Five scenarios with different
VRE proportions and different VRE compositions were modeled on an hourly basis to under-
stand the implication of replacing coal with VRE. The demand data of the year 2018 were used.
The analysis of residual demand aimed to comprehend the operational necessities for future
low-carbon load-following sources under extensive VRE penetration with no coal. Even when
70% of energy is generated from VREs, the peak residual demand remains considerably high,
meaning that great amounts of load-following sources will be required.

If all 42 countries in the study can transition to scenario 3 (VRE 70%), a maximum
of approximately 16.8 billion tons of CO2 emissions can potentially be reduced and move
closer to carbon neutrality by moving away from coal. However, all the environmental
benefits from the transition can be questioned if the grid stability is jeopardized. To maintain
stability, it is crucial to have enough load-following plants to support the intermittency of
VREs and substantial investment is needed to install large transmission infrastructure.

Some countries were more vulnerable than others under deep VRE penetration sce-
narios. Malaysia, South Korea, Tunisia, the United Kingdom, Japan, Indonesia, Thailand,
and Libya showed aggressive load-following requirements if these countries transition
from coal to VRE aggressively. Great amounts of low-carbon load-following sources will be
needed in these countries. This is usually due to the low capacity factor of solar and wind
power plants. Countries near the equator also tended to be more vulnerable as sunrise
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and sunset was very regular throughout the year and high ramp rates were required all
throughout the year.

Countries have very different environments for generating renewable energy. Imple-
menting a single uniform strategy to reach carbon neutrality and move away from coal
may not be effective. With different VRE generation patterns, load-following patterns will
differ too. Countries must each find the best pathway to lower their carbon emissions in
their given conditions.

The need for flexible low-carbon energy is higher than ever and whether a cost-
effective, low-carbon, load-following source can be developed or not will determine the
decarbonization potential of countries.

The findings of this study underscore the urgent need for robust policy frameworks
that facilitate a smoother transition towards VRE. Governments should prioritize policies
that incentivize the development of low-carbon load-following capabilities and support
the expansion of transmission infrastructure to ensure grid stability. Given the diverse
operational challenges identified across different countries, policies must be tailored to
address specific regional vulnerabilities and energy generation patterns. Implementing dif-
ferentiated strategies that consider each country’s unique environmental and geographical
conditions is crucial for an effective transition to carbon neutrality.

This analysis, while comprehensive, acknowledges its limitations. The reliance on
demand data from 2018 may not fully capture future fluctuations in energy demand or
the rapid advancements in renewable energy technologies. Additionally, this study’s
approach to modeling a uniform transition across all countries may oversimplify the
complex, country-specific challenges involved in shifting from coal to VRE and other low-
carbon sources. The varying capacity factors of solar and wind power plants highlight the
necessity for more nuanced, context-specific energy transition models.

Future research should aim to address these limitations by incorporating more dy-
namic, multi-year datasets to account for potential shifts in energy demand and techno-
logical innovation. Exploring the socio-economic impacts of VRE transitions, especially in
regions identified as highly vulnerable, will provide deeper insights into the challenges
and opportunities of moving away from coal. Investigating emerging low-carbon load-
following technologies that are economically viable could significantly contribute to the
global decarbonization effort. Furthermore, studies examining the effectiveness of different
policy interventions in accelerating the transition to renewable energy are essential for
informing policymakers and stakeholders.

The extensive VRE penetration scenarios analyzed across these 42 countries highlight
the multifaceted challenges and investments required to achieve a sustainable, low-carbon
future. Significant efforts in policy-making, technological innovation, and infrastructure
development are essential for navigating the complexities of this energy transition. Collab-
orative efforts among policymakers, researchers, and industry stakeholders are imperative
to develop and implement strategies that address the unique energy landscapes and vul-
nerabilities of each country, ensuring a balanced approach to global decarbonization and
energy sustainability.
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