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Abstract: The integration of wind energy into power systems is vital for global decarbonization 
goals but faces technical and economic challenges, including transmission losses, grid instability, 
and risks of disconnection during severe contingencies. This review proposes a synergistic 
framework that aligns Static Synchronous Series Compensator (SSSC) technology, Security-
Constrained Optimal Power Flow (CSCOPF) strategies, and carbon trading mechanisms to enable 
coordinated benefits for power system stakeholders. SSSC reduces transmission losses, thereby 
improving the overall transmission efficiency for general power producers and wind energy 
operators, enabling a more efficient energy flow that contributes to carbon reduction. Part of the 
resulting carbon credits can be allocated as incentives to transmission operators, creating a mutually 
beneficial outcome. Simultaneously, CSCOPF ensures grid stability under severe fault conditions, 
preventing wind farms from disconnection and enabling their continued participation in the carbon 
trading market, safeguarding both economic returns and decarbonization objectives. By 
synthesizing existing research, this review highlights the interlocking relationships among 
technologies, market incentives, and carbon reduction, providing a pathway to achieve sustainable, 
stable, and economically efficient power systems. 

Keywords: wind energy integration; SSSC technology; security-constrained optimal power flow; 
grid stability; carbon markets; renewable energy; emission reduction 

 

1. Introduction 

The global transition to a low-carbon economy has intensified the need for integrating renewable 
energy sources into power systems. As highlighted in the Paris Agreement, countries worldwide are 
committed to achieving carbon neutrality by 2050, making the energy sector—a major contributor to 
global greenhouse gas emissions—a critical area for decarbonization efforts [1,2]. Wind energy, with 
its vast potential and scalability, has emerged as a cornerstone of these efforts, offering a sustainable 
and cost-effective solution for meeting rising electricity demand while reducing emissions. 

Global wind power capacity has seen rapid growth, with 117 GW of new installations in 2023 
alone, bringing the total cumulative capacity to 1,021 GW and surpassing the 1 TW milestone [3]. 
This growth has been driven by both technological advancements and supportive policy frameworks, 
particularly in key markets like China, the United States, and Brazil. China alone contributed 75 GW 
in 2023, representing nearly 65% of the global total [4]. As shown in Figure 1, 2023 marked a record 
year for onshore wind installations, with 106 GW added—54% more than the previous year. Offshore 
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wind also experienced notable growth, with 10.8 GW of new capacity added, marking the second-
best year on record for offshore wind [5]. 

 
Figure 1. Record growth of onshore and offshore wind power installations in 2023 (Data source: 
GWEC [5]). 

Despite this progress, integrating large-scale wind power into existing grids remains challenging 
due to its variability and intermittency. These characteristics lead to grid instability, such as voltage 
fluctuations, frequency deviations, and reactive power imbalances, particularly in regions with high 
wind energy penetration [5,6]. Traditional grid infrastructures, originally designed for dispatchable 
power sources, are ill-equipped to manage these fluctuations, necessitating advanced control 
strategies to maintain grid stability and operational efficiency. 

Among emerging solutions, Static Synchronous Series Compensators (SSSC), a key component 
of Flexible AC Transmission Systems (FACTS), have gained attention for their ability to address these 
challenges [6,7]. SSSC technology enhances grid performance by providing dynamic compensation 
for power flow variations, reducing transmission losses, and stabilizing voltage under fluctuating 
wind conditions [8,9]. For instance, Ma et al. demonstrated that integrating SSSC with hybrid control 
strategies effectively mitigates voltage drops and enhances microgrid resilience [10]. By improving 
transmission efficiency, SSSC enables general power producers and wind energy operators to reduce 
energy losses, contributing to carbon reduction and generating carbon credits that can be partially 
allocated as incentives to transmission operators [11,12]. 

Meanwhile, wind energy operators face additional challenges related to grid stability during 
severe faults. Disconnections caused by grid contingencies force wind farms to exit carbon trading 
markets, disrupting both economic returns and emission reduction goals. The Security-Constrained 
Optimal Power Flow (CSCOPF) model has been proposed to address this issue by optimizing power 
dispatch under fault conditions [13]. CSCOPF ensures that the grid maintains stability without 
requiring immediate manual adjustments, allowing wind farms to remain connected and continue 
participating in carbon trading markets [14]. 

At the policy level, carbon trading systems have emerged as a key mechanism for supporting 
renewable energy adoption. For example, the European Union Emissions Trading System (EU ETS) 
has successfully reduced emissions by over 30% since its inception while promoting investments in 
renewable technologies [15,16]. Carbon trading assigns a financial value to emission reductions, 
creating incentives for industries to adopt cleaner energy solutions. When combined with 
technologies like SSSC and CSCOPF, carbon trading provides a unified framework for achieving 
economic benefits and grid stability, aligning the goals of transmission operators and wind energy 
producers [17]. 

Despite these advancements, existing research primarily focuses on either technical solutions 
(e.g., grid stability technologies) or economic mechanisms (e.g., carbon trading), often treating them 
in isolation. This disconnect highlights the need for a coordinated approach that bridges technological 
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advancements and market mechanisms. While grid technologies such as SSSC and CSCOPF improve 
system stability and efficiency, their integration with carbon trading systems remains underexplored. 
Aligning these elements can provide a unified solution for achieving technical reliability and 
economic sustainability in power systems. For instance, Zhang et al. explored the efficiency of 
ladder-type carbon trading models but did not consider their integration with advanced grid control 
technologies [18]. Similarly, Gao et al. emphasized the role of policy in optimizing energy systems 
but overlooked the interaction between policy frameworks and grid solutions [19]. Although these 
studies provide valuable insights into isolated aspects of energy systems, they fail to address how 
advanced grid control technologies can complement policy-driven carbon reduction frameworks. 
Understanding this interaction is crucial for enhancing wind energy integration and achieving 
decarbonization goals. 

This review addresses these gaps by proposing a synergistic framework that combines wind 
energy integration, SSSC technology, CSCOPF strategies, and carbon trading mechanisms. 
Specifically, this study aims to: 
(1) Evaluate the role of SSSC technology in reducing transmission losses and improving grid 

stability [6–12]. 
(2) Analyze how CSCOPF strategies maintain grid resilience during severe contingencies, enabling 

continuous wind farm operation and market participation [13,14]. 
(3) Explore the integration of SSSC, CSCOPF, and carbon trading systems to optimize grid 

performance, reduce emissions, and create economic incentives for stakeholders [15–19]. 
While these objectives align with existing efforts, recent studies highlight the need for a more 

coordinated approach that bridges technological advancements with policy-driven frameworks to 
fully unlock the potential of low-carbon energy systems [20]. 

By synthesizing recent advancements, this study provides a comprehensive overview of the 
interactions between technical solutions and carbon trading mechanisms. It highlights the potential 
for aligning advanced grid technologies with market-based policies to achieve resilient, sustainable, 
and economically efficient power systems. 

2. Control strategies in wind energy integration 

The global shift towards renewable energy sources has positioned wind energy as a central pillar 
in the decarbonization of the power sector [21,22]. However, the integration of wind energy presents 
significant challenges, primarily due to its intermittency and variability. Efficiently integrating wind 
energy while maintaining grid stability requires the implementation of sophisticated control 
strategies and optimization models. This chapter explores the application of Static Synchronous 
Series Compensators (SSSC) [23] and Security-Constrained Optimal Power Flow (CSCOPF) models 
[24] in wind energy integration, focusing on their potential to stabilize power flows, improve grid 
reliability, and contribute to carbon reduction goals. 

2.1. SSSC and its application in wind energy integration 

The SSSC is a critical device for stabilizing power systems when integrating renewable energy 
sources like wind power. Given the intermittent nature of wind generation, power systems often face 
voltage instability and power flow imbalances. The SSSC addresses these issues by dynamically 
injecting a series voltage into the transmission line, aligned with the current phase, thereby 
controlling power flow and stabilizing voltage fluctuations [23]. As illustrated in Figure 1, the SSSC 
utilizes a voltage source converter (VSC) and pulse width modulation (PWM) techniques to regulate 
voltage magnitude and phase, reducing transmission losses and enhancing overall grid stability. In 
high wind penetration regions, the SSSC acts as a dynamic stabilizer, injecting controlled reactive 
power to mitigate grid disturbances caused by fluctuating wind power. 
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Figure 2. Overview of the SSSC structure [23] 

Practical Studies and Carbon Market Implications: 
Recent studies, such as Sadiq et al. (2024) [25], demonstrate that the SSSC effectively mitigates 

power oscillations and improves voltage stability during periods of significant wind generation 
variability. However, these studies primarily focus on small-scale systems or ideal conditions, 
limiting their applicability to large-scale wind-integrated grids. For example, Zunnurain et al. [26] 
explored the resilience benefits of SSSC but did not address its economic implications. Similarly, Ma 
et al. [27] demonstrated improvements in microgrid voltage stability but left gaps regarding its 
integration within carbon trading mechanisms. While Sadiq et al. [25] highlighted SSSC's 
effectiveness in stabilizing grid voltage, their focus was primarily on small-scale systems under ideal 
conditions. Zunnurain et al. [26] further explored SSSC’s resilience benefits but did not address its 
economic implications within large-scale wind-integrated grids. Ma et al. [27] demonstrated SSSC’s 
potential to reduce voltage drops in microgrids; however, the broader integration of SSSC within 
carbon trading frameworks remains insufficiently studied. 

Moreover, integrating SSSC technology within carbon trading frameworks offers substantial 
economic benefits. By reducing transmission losses, SSSC indirectly generates carbon credits through 
improved wind energy utilization. These carbon credits can serve as economic incentives for 
transmission operators, encouraging further adoption of SSSC technology. This integration not only 
supports grid stability but also aligns with policy-driven carbon reduction frameworks, fostering a 
mutually beneficial relationship between technical advancements and market-based mechanisms. 
This improved efficiency not only enhances renewable energy delivery but also creates opportunities 
to align technological investments with carbon market incentives. By quantifying transmission loss 
reductions and linking them to carbon credits, SSSC could serve as a key enabler for transmission 
operators to actively participate in carbon markets, fostering a win-win scenario for both grid stability 
and economic returns. 

As Lu et al. (2023) highlighted [23], optimizing power flow with SSSC allows renewable 
generation to displace fossil fuel-based power, leading to measurable reductions in emissions. These 
carbon credits can be allocated to transmission operators as economic incentives, aligning grid 
stability solutions with market-based mechanisms for carbon reduction. 

The interaction between SSSC and wind energy systems can be modeled using the Equivalent 
Current Injection (ECI) method [24]. Ma et al. [27] demonstrated that by integrating SSSC with hybrid 
dual-vector controllers, voltage drop compensation and microgrid resilience were significantly 
improved. These findings emphasize the role of SSSC in mitigating reactive power imbalances in high 
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wind penetration grids, further reinforcing its potential to support grid stability while enabling 
greater renewable energy utilization. By introducing a virtual bus (Figure 3), the SSSC regulates real 
and reactive power flow dynamically, enhancing load flow analysis and providing greater control 
over grid stability. The resulting improvements in power quality and transmission efficiency play a 
pivotal role in promoting the economic viability of wind energy projects in carbon markets. While 
SSSC effectively addresses power flow challenges and reduces transmission losses, further research 
is needed to evaluate its scalability and long-term economic impact within carbon trading systems. 
The complementary role of CSCOPF in maintaining grid stability and enhancing market participation 
will be discussed in the following section. 
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Figure 3. The modified model of the SSSC equivalent circuit. 

2.2. Power flow instability and CSCOPF in wind energy integration 

The variability of wind generation introduces significant power flow instability, causing issues 
such as voltage sags, frequency deviations, and line overloads. Traditional grid management 
techniques are often inadequate to handle these challenges, necessitating the development of 
advanced optimization models like Security-Constrained Optimal Power Flow (CSCOPF) [24]. 

The CSCOPF model ensures that the grid remains stable while accommodating large-scale wind 
energy integration. By optimizing power generation dispatch under security constraints (e.g., voltage 
limits, line capacities), the CSCOPF model minimizes operational costs while maintaining grid 
reliability. While Lu et al. [24] successfully demonstrated CSCOPF’s role in grid stability, their study 
focused on static conditions, leaving its performance under dynamic fault scenarios less explored. 
Additionally, existing research often simplifies wind variability, neglecting its real-time impact on 
carbon credit generation and market participation. Addressing this gap requires stochastic models 
that simulate the dynamic interaction between wind fluctuations and power flow optimization. The 
objective function of CSCOPF considers both economic factors (e.g., minimizing generation costs) 
and operational constraints, as expressed in Equation (1): 

min ෍ 𝐶௜

ே

௜ୀଵ

(𝑃௜)    

subject to:   𝑃௠௜௡ ≤ 𝑃௜ ≤ 𝑃௠௔௫ ,   𝑉௠௜௡ ≤ 𝑉௜ ≤ 𝑉௠௔௫ ,   ห𝑃௙௟௢௪ห ≤ 𝑃௠௔௫_௙௟௢௪ , 

(1)

where: Ci(Pi) is the cost function of generation i, Pi is the generated power, Pmin, Pmax are the 
minimum and maximum limits for generation at node i, Vi is the voltage magnitude at node i, Pflow is 
the power flow across the transmission line, and Pmax_flow is the maximum allowable power flow. 

Ensuring Market Participation through CSCOPF: 

One of the critical roles of CSCOPF is maintaining grid stability during severe contingencies, 
which prevents wind farms from disconnecting. This stability ensures that wind energy producers 
can continuously participate in carbon trading markets. By ensuring uninterrupted power delivery, 
CSCOPF safeguards the economic viability of wind farms in carbon markets. Prioritizing renewable 
energy dispatch during high wind availability reduces dependency on fossil fuels and generates 
consistent carbon credits, which are critical for achieving long-term emission reduction targets. As 
Lu et al. (2024) demonstrated [24], the application of CSCOPF enables grids to prioritize wind energy 
over fossil fuel generation during high wind availability, leading to significant emission reductions. 
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The integration of CSCOPF into wind power systems directly supports carbon market goals by: 
(1) Ensuring grid reliability under fluctuating wind conditions. 
(2) Maximizing the utilization of wind energy, thereby reducing reliance on fossil fuel generation. 
(3) Sustaining wind farm participation in carbon markets, ensuring continuous generation of carbon 

credits. 
This dual impact—technical stability and economic sustainability—positions CSCOPF as a 

crucial strategy for achieving low-carbon power systems. The model's ability to optimize power flow 
and stabilize the grid while supporting market participation aligns with global decarbonization goals.  

In summary, CSCOPF provides a robust optimization framework for balancing grid stability 
and economic efficiency under fluctuating wind conditions. By ensuring continuous carbon credit 
generation and prioritizing renewable energy dispatch, CSCOPF bridges the gap between technical 
solutions and carbon market objectives. The synergistic integration of SSSC and CSCOPF 
technologies with carbon trading mechanisms will be further explored in subsequent sections. 
Together, SSSC and CSCOPF provide a holistic framework for stabilizing grids, optimizing 
renewable energy dispatch, and ensuring sustained carbon market participation. The following 
sections will analyze their combined impact on achieving a resilient and economically sustainable 
low-carbon power system. 

3. Carbon markets and wind energy integration 

The integration of wind energy into power systems is increasingly essential for achieving global 
decarbonization goals [26,27]. However, this integration brings various challenges related to the 
stability of power systems, transmission, and grid balancing [28,29]. Alongside technical innovations, 
carbon market mechanisms have emerged as a crucial policy tool to incentivize the adoption of 
renewable energy technologies, including wind power [30]. This chapter discusses the global carbon 
market mechanisms, strategies for integrating wind energy into these markets, and the synergies 
between policy and technology. Additionally, the chapter explores the role of international 
cooperation in addressing the challenges and advancing the integration of wind energy within the 
context of global carbon markets. 

3.1. Overview of global carbon trading mechanisms 

Carbon markets have become a central part of climate policy frameworks around the world. 
These markets provide financial incentives for industries and countries to reduce carbon emissions 
by setting a price on carbon, thus promoting the adoption of cleaner energy technologies. The 
European Union Emissions Trading System (EU ETS) is one of the most established and successful 
carbon trading mechanisms globally [31,32]. Since its inception in 2005, the EU ETS has played a 
pivotal role in reducing emissions from sectors like power generation and manufacturing, which are 
major contributors to greenhouse gas emissions. 

In 2022, the EU ETS covered more than 40% of the EU’s total emissions, making it one of the 
largest carbon markets in the world. The price of carbon allowances has risen significantly over the 
years, reaching around €80 per tonne of CO2 in 2023, compared to around €30 per tonne in 2019. This 
rise in carbon prices has provided a stronger economic incentive for companies to reduce their 
emissions and invest in low-carbon technologies like wind energy [33,34]. As shown in Figure 4, the 
price of EU ETS carbon allowances has fluctuated significantly over the years, with a notable increase 
in recent years [35]. 
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Figure 4. EU ETS allowance prices from 2008 to 2023 [34]. 

Successful Case: The EU ETS： 
The EU ETS operates on a cap-and-trade principle, where a total cap on emissions is set for 

participating sectors. Companies are allocated emission allowances, which they can trade with one 
another. This system has incentivized industries to innovate and reduce their carbon emissions 
efficiently. Over the years, the EU ETS has contributed significantly to the EU's emissions reduction 
targets. In 2022, the EU's emissions were 33% lower than in 1990, which directly correlates with the 
success of the carbon market in promoting cleaner energy technologies [36]. 

As wind power is a key renewable resource with virtually no emissions, the EU ETS has created 
financial incentives for wind energy projects. Wind farm developers can generate carbon credits by 
offsetting emissions from fossil fuel-based generation, making wind energy more economically 
attractive. According to the European Commission, wind power in the EU reduced carbon dioxide 
emissions by approximately 300 million tonnes per year in 2022, contributing to the achievement of 
the EU’s climate targets [37]. 

3.2 Carbon trading strategies in wind energy integration 

Wind energy projects have the potential to directly benefit from carbon market mechanisms. By 
producing clean energy, wind farms displace fossil fuel-based generation, thereby reducing 
greenhouse gas emissions. By improving wind power transmission efficiency, SSSC technology 
reduces line losses, enabling higher utilization of wind energy. For instance, studies have shown that 
SSSC can reduce transmission losses by 10%-12% in high wind penetration scenarios [23]. This 
efficiency directly translates to increased carbon credit generation, providing additional economic 
incentives for wind farm operators to participate in carbon markets.Through this displacement, wind 
energy projects can generate carbon credits, which can be sold or traded on carbon markets. These 
credits provide an additional revenue stream for wind farm operators, improving the financial 
viability of wind energy projects. The amount of carbon emissions reduced by a wind energy project 
can be estimated using the following formula: 

∆𝐸 = 𝑃௪௜௡ௗ ∙ 𝑡 ∙ 𝐶𝐹௪௜௡ௗ  ∙ 𝜂ௌௌௌ஼  (2)

Here, ΔE represents the total carbon emissions reduction (in tonnes), Pwind is the installed capacity of 
the wind farm (in MW), ttt is the annual operational time (in hours), CFwind is the wind farm's capacity 
factor, and ηSSSC is the efficiency improvement brought by the integration of SSSC technology. By 
enhancing transmission efficiency and reducing losses, SSSC contributes directly to increasing the 
carbon credits generated by wind energy projects. In fact, studies have shown that wind farm 
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developers can earn between €5-10 million annually in carbon credit revenues, depending on the size 
and location of the project [38]. 

In some regions, wind energy developers can receive subsidies or tax incentives based on the 
amount of carbon they offset through their generation. For example, the United States’ Renewable 
Energy Production Tax Credit (PTC) provides a financial incentive of $23 per MWh of wind energy 
produced, and these incentives can significantly reduce the levelized cost of wind energy [39]. 
Furthermore, the integration of SSSC into wind farms can further optimize power flow and enhance 
grid stability, increasing the value of wind energy projects in carbon markets. As SSSCs improve the 
efficiency and reliability of wind energy integration, they can also generate additional carbon credits 
by stabilizing the grid and reducing curtailment. 

In addition to stabilizing grid performance, SSSC technology plays a key role in boosting carbon 
credit generation by improving power flow efficiency and minimizing transmission losses. However, 
these technical advancements need to be complemented by well-structured carbon market policies to 
fully realize their potential, creating a synergistic framework that benefits both grid operators and 
renewable energy stakeholders. According to recent research, integrating SSSCs into wind power 
transmission systems can reduce transmission losses by up to 15% and improve system efficiency by 
10-12% in high-penetration wind energy scenarios [40,41]. These improvements reduce the need for 
fossil-fuel-based backup generation, thus generating carbon credits through emission reductions. 
These improvements are particularly critical in carbon markets, as they reduce the reliance on fossil 
fuel-based backup generation, leading to measurable carbon emissions reductions that can be 
monetized as carbon credits. 

In some cases, the implementation of SSSCs can reduce the carbon intensity of wind power by 
enhancing the grid’s ability to accommodate fluctuations in wind generation. By improving the 
performance of the transmission system, SSSCs enable more wind energy to be transmitted over 
longer distances without the need for additional backup generation, contributing to the reduction of 
carbon emissions across the power grid. 

3.3 Synergy between policy and technology 

To bridge the gap between technical innovation and economic incentives, carbon trading 
mechanisms like the EU ETS are essential. These policies provide the financial foundation to support 
advanced grid technologies such as SSSC, which optimize wind energy integration by reducing 
transmission losses and stabilizing power flow. Yet, the effectiveness of such mechanisms varies 
significantly across regions, depending on the regulatory environment and levels of technological 
adoption. Policies governing carbon markets and wind energy integration differ depending on the 
local economic context, regulatory frameworks, and levels of wind energy penetration. The 
deployment of SSSC technology, supported by carbon market incentives, creates a synergistic effect 
that enhances wind energy integration. For example, carbon pricing revenues can help offset the costs 
of SSSC deployment, driving further investments in grid stability solutions. This alignment between 
policy mechanisms and technological advancements ensures reduced transmission losses, improved 
wind energy utilization, and consistent carbon credit generation.  

𝐹஼(𝑃௚೔
) = ෍ 𝐴௜𝑃௚೔

ଶ +

௡೒

௝∈௚೔

𝐵௜𝑃௚೔
+ 𝐶௜   (3)

The CSCOPF model addresses these challenges by optimizing power generation costs while 
maintaining grid reliability. The objective function FC minimizes the total generation cost across all 
units, where Pgi is the real power output and Ai, Bi, Ci are cost coefficients. 

For instance, countries in Europe have established robust carbon pricing mechanisms, whereas 
many developing countries are still in the early stages of adopting carbon trading systems. These 
regional differences impact how wind energy can be integrated into power systems and how carbon 
markets can incentivize this integration [42,43]. 

In China, the national carbon market launched in 2021 is still in the process of developing, with 
a focus on the power sector. Although it covers over 1700 power plants (approximately 40% of the 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 18 December 2024 doi:10.20944/preprints202412.1427.v1

https://doi.org/10.20944/preprints202412.1427.v1


 9 

 

country’s emissions), the price of carbon allowances has remained relatively low, around $7 per 
tonne. This price is too low to drive substantial investments in renewable energy, which highlights 
the need for policy refinement [44]. Conversely, in California, a more mature carbon market has 
successfully driven investments in renewable energy projects, with wind energy capacity increasing 
by 25% over the last five years, largely due to favorable carbon credit policies [45]. Egions such as 
Taiwan have demonstrated the potential of combining SSSC technology with carbon trading policies 
to optimize grid efficiency. By leveraging international experiences like the EU ETS and California's 
Cap-and-Trade Program, emerging markets can refine their carbon pricing frameworks to encourage 
the deployment of advanced grid technologies, ensuring a stable and low-carbon energy transition. 

Case Study: Taiwan's carbon market and wind energy integration 
A case study of Taiwan provides valuable insights into the potential for integrating wind energy 

into emerging carbon markets. Taiwan has made significant strides in adopting renewable energy, 
particularly wind power, and is exploring ways to link its wind energy projects with carbon markets. 
Taiwan’s government has introduced various incentives for wind energy developers, including 
financial subsidies and tax credits. However, there are still challenges in harmonizing the country’s 
wind energy projects with its carbon pricing mechanisms. The lack of a well-established carbon 
market infrastructure and the nascent stage of renewable energy policies in Taiwan mean that there 
is still substantial room for policy optimization. 

Through international collaboration and policy dialogue, regions like Taiwan can learn from 
established carbon markets like the EU ETS and integrate carbon pricing mechanisms more 
effectively. Collaborative efforts between countries, particularly those with high wind potential, will 
be crucial in achieving global climate goals [46,47]. 

4. Synergy between SSSC technology and carbon market mechanisms for wind power 
integration 

4.1. SSSC technology for wind power integration: opportunities and benefits 

The SSSC is a critical component of FACTS designed to improve power flow control, stabilize 
voltage, and reduce line congestion in transmission systems. In the context of high wind energy 
penetration, SSSC offers significant technical benefits by addressing challenges such as voltage 
fluctuations, reactive power management, and system instability [48–50]. 

Several studies have shown that integrating SSSC technology into wind-dominated grids can 
reduce transmission losses by approximately 10-12%, while enhancing system efficiency by up to 
15% [51,52]. These benefits are particularly pronounced in regions with intermittent wind generation, 
where traditional transmission networks face significant strain due to variable power outputs. 
Furthermore, the integration of SSSC technology not only enhances grid efficiency but also aligns 
with carbon market incentives. By reducing line losses and improving system stability, SSSC enables 
wind farms to generate additional carbon credits, providing a direct economic benefit within active 
carbon trading frameworks such as the EU ETS or California Cap-and-Trade Program. 

Despite the documented technical advantages, existing literature rarely considers how SSSC 
technology aligns with carbon market mechanisms to generate additional value. [23] introduced a 
framework that integrates SSSC technology with carbon trading to achieve carbon reduction. As 
shown in Figure 5, the test results highlight the effectiveness of SSSC technology in improving system 
efficiency and reducing emissions, with carbon credits being generated as part of this process. 

As shown in Figure 5, integrating SSSC technology with carbon trading mechanisms results in 
significant carbon reductions and improved system efficiency. Specifically, a 50% carbon reduction 
is achievable with SSSC technology, while carbon trading mechanisms alone can only achieve up to 
40%. These results are based on real data from the Taiwan power grid, where SSSC plays a crucial 
role in enhancing transmission efficiency and further reducing emissions. 

While [23] demonstrates the integration of SSSC and carbon trading, it does not address the 
potential of wind power integration. This study highlights that combining wind power with SSSC 
could maximize carbon credit generation and provide a more effective solution for carbon reduction. 
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Figure 5. Impact of CO₂ reduction targets on line losses and carbon emissions [23]. 

4.2. Carbon Market Mechanisms and Their Role in Wind Energy Projects 

Carbon markets, such as the EU Emissions Trading System (EU ETS) and California’s Cap-and-
Trade Program, have become critical instruments in the global effort to reduce greenhouse gas 
emissions. By putting a price on carbon, these mechanisms encourage industries to transition to low-
carbon technologies, including wind energy, which plays a pivotal role in mitigating the effects of 
fossil-fuel-based power generation [53]. Wind power, being inherently low in emissions, is well-
positioned to generate tradable carbon credits, thus financially incentivizing further investments in 
renewable energy technologies. 

While the positive impact of carbon markets on renewable energy adoption is well-documented, 
the interaction between advanced transmission technologies like SSSC and carbon market incentives 
remains underexplored. For example, studies conducted in Taiwan demonstrate that integrating 
SSSC technology into wind-dominated power grids can lead to a significant reduction in carbon 
intensity, with measurable improvements in grid efficiency. These reductions translate directly into 
carbon credits, which, when traded in established carbon markets, provide financial incentives that 
offset the initial deployment costs of SSSC technology [23]. This synergy highlights the potential for 
aligning technical innovation with economic mechanisms to accelerate wind energy integration. Most 
studies focus on how carbon markets can encourage the deployment of wind energy, but they rarely 
quantify the additional benefits of integrating technologies that improve the delivery efficiency of 
wind power, such as FACTS devices [54]. FACTS technology enhances the transmission system by 
reducing curtailment rates and improving power transfer capacity, which in turn allows for more 
efficient integration of wind power into the grid [55]. 

The integration of FACTS technology into wind power systems can substantially increase the 
amount of carbon credits that wind farms generate, thereby boosting the economic viability of 
renewable energy projects. The benefits of FACTS technology, such as reduced transmission losses 
and improved grid stability, directly correlate with increased carbon credit generation. This 
additional financial incentive further enhances the attractiveness of wind projects in regions with 
well-established carbon markets. 

Recent studies have highlighted the role of carbon reduction revenue in driving investments in 
wind power projects. For example, Wang et al. (2023) demonstrated that carbon revenues play a 
significant role in improving the economic viability of distributed wind power investments, as seen 
in Shanghai's renewable energy initiatives [56]. Similarly, the hybridisation of wind farms with 
integrated technologies, such as solar energy, power-to-gas, and power-to-liquid systems, presents 
further opportunities for circular business models to enhance both technical and economic 
performance (Mendoza and Ibarra, 2023) [57]. 

However, while carbon markets have been effective in promoting renewable energy adoption, 
their synergy with advanced transmission technologies such as FACTS remains an emerging area of 
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research. As wind energy projects scale up, their integration with technologies that optimize power 
delivery and grid efficiency becomes more critical. Without these technologies, the full potential of 
carbon markets to incentivize large-scale renewable energy projects, particularly in regions with high 
wind penetration, may not be realized. Therefore, the future of wind energy integration into carbon 
market frameworks hinges on the combination of technological innovation and market incentives. 

4.3. Synergistic Effects: Combining SSSC with Carbon Market Mechanisms 

The combination of SSSC technology with carbon market mechanisms offers a powerful synergy 
that enhances both the technical performance and economic viability of wind energy projects. SSSC 
is an essential component in improving power transmission efficiency, particularly in grids with high 
levels of renewable energy penetration. By improving power flow, stabilizing voltage, and mitigating 
transmission losses, SSSC enables a more reliable and efficient integration of wind power into the 
grid. Additionally, carbon markets, such as the EU ETS and California's Cap-and-Trade Program, 
incentivize the generation of carbon credits, which further supports the financial viability of 
renewable energy projects. 

Integrating SSSC technology into wind-dominated grids not only improves system performance 
but also contributes to the generation of carbon credits, which can be traded in established carbon 
markets. As wind power is inherently low in emissions, wind farms that deploy SSSC technology can 
increase their carbon credit generation by reducing transmission losses and improving overall grid 
stability. This creates an additional financial benefit for developers, making wind energy projects 
even more attractive in markets with active carbon trading systems. 

Research demonstrates that SSSC technology plays a key role in improving power transfer 
efficiency and stabilizing grids in high-wind penetration scenarios [58,59]. These technical 
advancements, when aligned with carbon market incentives, enable wind farms to generate 
additional carbon credits by reducing transmission losses and improving grid stability. This synergy 
offers both economic and environmental benefits, accelerating the adoption of renewable energy. 
These improvements directly contribute to the creation of additional carbon credits, which can be 
sold in carbon markets, generating new revenue streams for wind farm operators. In Taiwan, for 
example, the application of FACTS devices like SSSC has proven to be effective in improving grid 
integration and reducing curtailment while generating substantial carbon credits for wind projects 
[23,24]. 

However, despite these advantages, the full potential of SSSC technology combined with carbon 
market mechanisms is still not fully realized in many regions. While carbon markets have 
successfully driven the adoption of renewable energy technologies, their synergy with advanced 
transmission technologies like SSSC remains an emerging area of research. For wind energy projects 
to scale up effectively, their integration with technologies that optimize power delivery is becoming 
increasingly crucial. The full benefits of carbon markets in incentivizing large-scale renewable energy 
projects cannot be realized without the integration of SSSC technology, which enhances grid 
efficiency and supports the smooth integration of intermittent renewable energy sources [59]. 

The future of wind energy integration into carbon market frameworks depends on the 
combination of innovative transmission technologies like SSSC and evolving market mechanisms 
that provide financial incentives for large-scale wind energy projects. As wind energy projects 
continue to grow, policymakers and regulators will need to address the barriers that hinder the 
widespread adoption of SSSC technology. This includes improving access to financial incentives, 
supporting the development of more sophisticated carbon trading systems, and ensuring that SSSC 
technologies are deployed where they can have the greatest impact on grid stability and carbon 
reduction. 

Ultimately, the combination of SSSC technology and carbon market mechanisms represents a 
unique opportunity to accelerate the transition to a low-carbon energy system, supporting both the 
technical and economic dimensions of wind power integration. By fostering the development of a 
more integrated and efficient energy grid, these synergies can play a pivotal role in achieving global 
decarbonization goals. 
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5. Wind energy integration with SSSC and carbon markets: case studies and practical 
implementation 

5.1. Case study: optimal power flow of wind energy integrated systems considering costs and emissions 

In this section, we review the optimization of wind energy integration into power systems, 
specifically focusing on the optimal power flow (OPF) problem [60–62]. The integration of wind 
energy, while reducing reliance on fossil fuels, introduces challenges due to the intermittent and 
variable nature of wind generation. A recent case study on the IEEE 118-bus system revealed that 
OPF implementation, combined with SSSC technology, reduced overall system losses by 8% and 
improved grid stability under variable wind penetration conditions [24]. A recent case study on the 
IEEE 118-bus system revealed that OPF implementation, combined with SSSC technology, reduced 
overall system losses by 8% and improved grid stability under variable wind penetration conditions 
[24]. These improvements not only enhance operational efficiency but also translate into measurable 
emission reductions, enabling wind farm operators to earn additional carbon credits [25]. This dual 
benefit aligns economic gains with environmental goals, further incentivizing participation in carbon 
trading markets. This demonstrates the practical effectiveness of OPF solutions in optimizing power 
flow and aligning economic benefits with emission reduction goals. The OPF problem is crucial in 
these systems as it seeks to determine the most cost-effective and environmentally friendly operation 
of the power system while meeting demand and ensuring grid stability. In comparison with 
traditional OPF models, the integration of SSSC in wind-dominated systems reduced line congestion 
and improved overall grid efficiency. The resulting operational cost savings further align with carbon 
credit generation goals, highlighting the dual economic and environmental benefits achievable 
through this synergistic approach. The following section explores the role of SSSC in enhancing wind 
power delivery efficiency and its contributions to carbon market participation. 

For example, in systems with high wind penetration, implementing OPF solutions has been 
shown to significantly reduce transmission losses while enhancing grid stability and cost efficiency 
[60]. These improvements allow wind energy operators to optimize power dispatch, minimize 
reliance on fossil-fuel-based backup generation, and maximize participation in carbon trading 
markets, achieving both economic and environmental goals. The optimization process also takes into 
account carbon market participation, where wind energy's reduced emissions enable power 
producers to generate carbon credits. This introduces a dual optimization objective: economic 
performance (cost minimization) and environmental performance (emission reduction). Several 
studies have examined the economic benefits of carbon credit generation in conjunction with OPF, 
finding that carbon pricing can significantly impact generator dispatch decisions and enhance the 
overall cost-efficiency of wind-integrated systems. Figure 6, derived from these studies, illustrates 
the optimization results for various objectives—cost, power loss, and voltage deviation. It highlights 
the trade-offs between these factors and visually demonstrates how wind energy integration 
influences both the economic and technical performance of the power system, reinforcing the dual 
objectives of cost minimization and emission reduction discussed in the literature.  

 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 18 December 2024 doi:10.20944/preprints202412.1427.v1

https://doi.org/10.20944/preprints202412.1427.v1


 13 

 

                          

 
Figure 6. Optimization results for different objectives: cost, power loss, voltage deviation 

5.2. Enhancing wind power flow and carbon credit potential through SSSC technology: opportunities and 
challenges 

In Section 5.1, we highlighted how different optimization objectives, such as minimizing 
transmission losses, can lead to lower carbon emissions and improved system efficiency, as shown in 
Figure 5. When minimizing line losses is the primary goal, the system achieves the lowest carbon 
emissions, as reducing losses reduces the need for backup fossil-fuel-based generation. This directly 
contributes to carbon credit generation. It is in this context that advanced technologies like FACTS 
devices, particularly SSSC technology, can play a pivotal role in optimizing wind energy flow, further 
enhancing carbon credit generation. 

SSSC technology has demonstrated clear potential in improving power transfer efficiency and 
stabilizing voltage profiles under fluctuating wind conditions. By mitigating reactive power 
imbalances and enhancing power flow control, SSSC minimizes energy losses and supports carbon 
credit generation, particularly in wind-intensive regions with active carbon trading systems [61,62]. 
This synergy highlights SSSC's economic and environmental contributions in modern power 
systems. This highlights its role as a complementary solution in wind energy projects seeking to align 
technical performance with carbon market incentives. By optimizing the flow of wind power, SSSC 
technology improves power transfer efficiency, stabilizes voltage, and reduces reactive power 
imbalances, which are critical in areas with high wind energy penetration. These improvements can 
help reduce transmission losses and reliance on fossil fuel generation, both of which lead to 
significant reductions in carbon emissions. As a result, wind farms using SSSC technology can 
produce more carbon credits by offsetting emissions that would otherwise be generated by 
conventional power sources. 

The potential for SSSC technology to enhance wind power flow and increase carbon credit 
generation represents a significant opportunity for wind energy projects to generate additional 
revenue streams. However, while optimizing wind power flow through SSSC can maximize carbon 
credit potential, the stability of wind energy integration into the grid remains a key concern, 
particularly during grid disturbances or faults. 

In regions with high wind penetration, wind generation can fluctuate significantly, making grid 
stability a critical issue [63–65]. SSSC technology plays an important role in maintaining stability by 
regulating power flow and ensuring that wind energy remains integrated into the grid. However, 
during fault conditions, it is essential to ensure that wind farms do not disconnect from the grid and 
can continue to operate, ensuring that they can still participate in carbon markets and continue 
generating carbon credits. 

Thus, while SSSC technology can enhance carbon credit generation, ensuring the stability of 
wind power integration during fault conditions is an essential area for further research. The ability 
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of SSSC to improve both wind power flow and grid stability[66,67] will be crucial for maximizing the 
economic and environmental benefits of wind energy in the context of carbon markets. 

5.3. Enhancing grid stability and carbon credit continuity through CSCOPF 

In a case study of a wind-integrated power system, CSCOPF solutions successfully optimized 
power dispatch during fault conditions, ensuring uninterrupted wind power delivery and 
minimizing voltage deviations [24,68]. By maintaining grid stability during faults, CSCOPF prevents 
wind power curtailment, ensuring continuous carbon credit accumulation. This capability reinforces 
the economic feasibility of wind energy projects, particularly in regions with stringent carbon 
emission targets. This capability safeguards wind farms' participation in carbon trading markets, 
offering stable economic returns while supporting grid reliability under dynamic operational 
scenarios. By incorporating preventive security constraints, CSCOPF optimizes power flow, mitigates 
voltage deviations, and reduces the risk of system instability. This optimization is particularly critical 
for wind power systems, where intermittent generation often challenges grid resilience. 
CSCOPF in wind-integrated systems: case study and validation [24]: 

To evaluate the effectiveness of CSCOPF in renewable-dominated grids, Figure 6 compares the 
voltage stability performance between the traditional OPF and CSCOPF under fault conditions using 
the IEEE 118-bus system. The results demonstrate that CSCOPF significantly reduces voltage 
deviations, maintaining grid stability and ensuring continued wind power delivery during 
contingencies (Figure 7). 

 

 
Figure 7. Voltage stability comparison between traditional OPF and CSCOPF under fault conditions 
[24]. 

Further validation of CSCOPF’s capabilities is presented in Figure 8, which illustrates the power 
distribution patterns under both normal operation and the most severe contingency. The CSCOPF 
model efficiently redistributes power flows, mitigating overloads and enhancing grid reliability even 
in highly stressed conditions. 
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Figure 8. CSCOPF distribution under normal operation and the most severe contingency for the IEEE 
118-bus system [24]. 

These results highlight CSCOPF’s role in enabling wind farms to remain operational during grid 
disturbances, ensuring uninterrupted power delivery and contributing to the consistent generation 
of carbon credits. 

While CSCOPF effectively enhances fault resilience and optimizes grid performance, its 
combination with SSSC technology offers additional benefits for wind-integrated power systems: 
(1) Power flow optimization: SSSC dynamically regulates line impedance and improves reactive 

power compensation, complementing CSCOPF’s optimization of power dispatch. 
(2) Reduced transmission losses: The combined implementation minimizes energy losses, ensuring 

that more wind energy reaches the grid efficiently. 
(3) Enhanced voltage stability: By mitigating voltage fluctuations caused by wind variability, SSSC 

strengthens the stability improvements achieved by CSCOPF. 
The synergy between CSCOPF and SSSC ensures that wind farms can operate reliably during 

grid contingencies, maximizing both technical performance and economic benefits. 
The integration of CSCOPF and SSSC technologies plays a vital role in helping various 

stakeholders participate effectively in carbon trading markets, thereby contributing to broader 
decarbonization goals: 
(1) Transmission system operators (TSOs): By reducing line losses and ensuring fault resilience, 

TSOs can improve grid efficiency and reliability, supporting the seamless integration of 
renewable energy into the system. 

(2) Wind farm operators: Maintaining grid connection during fault conditions ensures 
uninterrupted power delivery, enabling wind farms to continuously generate carbon credits, 
thus improving financial returns in carbon trading markets. 

(3) Other renewable energy Stakeholders: Solar and other renewable energy operators can benefit 
from the CSCOPF-SSSC framework to address grid challenges, enhancing their ability to 
participate in carbon trading while reducing operational emissions. 
By ensuring grid stability and minimizing disruptions, CSCOPF and SSSC enable these 

stakeholders to maximize their contributions to carbon reduction targets while capitalizing on 
economic incentives offered by carbon markets. 

The integration of CSCOPF and SSSC technologies addresses critical challenges in wind-
integrated power systems, including grid stability, power loss reduction, and fault resilience. By 
enabling uninterrupted renewable energy delivery, these solutions empower transmission operators, 
wind farm operators, and other renewable energy stakeholders to participate effectively in carbon 
trading markets, achieving both economic benefits and significant carbon reduction effects. 
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6. Conclusions and future perspectives 

6.1 Summary of key findings 

This review highlights the synergistic integration of SSSC technology, CSCOPF strategies, and 
carbon trading mechanisms as a comprehensive solution to grid stability and emission reduction 
challenges. By reducing line losses, improving grid reliability, and supporting continuous carbon 
credit generation, these approaches provide a sustainable and economically viable pathway for large-
scale wind energy integration. By reducing transmission losses, stabilizing voltage, and maintaining 
wind farm operations under contingencies, these solutions contribute collectively to decarbonization 
objectives. Through a comprehensive analysis of existing research, the synergistic potential of 
combining SSSC technology, CSCOPF models, and carbon market mechanisms has been identified 
as a promising approach to address these challenges. 

The key findings of this review are: 
(1) SSSC technology enhances grid performance by reducing line losses, stabilizing voltage, and 

improving power flow, enabling wind farms to maximize energy output. 
(2) CSCOPF models provide robust solutions for grid stability, ensuring optimized power dispatch 

and secure operation under normal and contingency conditions. 
(3) Carbon market participation offers economic incentives for wind and other renewable energy 

operators, encouraging emission reductions through efficient grid operations. 

6.2 Conceptual contribution: A synergistic framework 

The primary contribution of this work lies in proposing a synergistic concept that combines: 
(1) Wind energy as a clean and intermittent renewable source. 
(2) SSSC technology for power flow optimization and transmission efficiency. 
(3) CSCOPF models for grid stability and fault resilience. 
(4) Carbon trading markets as a platform to incentivize emission reduction. 

This framework ensures that: 
(1) For transmission operators: Line losses are minimized, and power transfer capacity is 

maximized through the deployment of SSSC devices, enhancing grid performance under high 
renewable penetration. 

(2) For wind energy operators: Grid stability is maintained even during faults, preventing 
disconnection and enabling uninterrupted power generation, which ensures continuous carbon 
credit accumulation. 

(3) For carbon market stakeholders: The combined use of CSCOPF and SSSC technologies supports 
greater emission reductions by optimizing renewable energy utilization and reducing reliance 
on fossil-fuel-based generation. 

6.3 Future directions 

Future studies should prioritize pilot implementations of the proposed framework in high wind-
penetration regions to validate its technical and economic feasibility. Additionally, developing 
integrated models that combine SSSC, CSCOPF, and hybrid renewable systems (e.g., wind-solar) will 
further enhance grid resilience and emission reductions. Research should also focus on creating 
policy-driven financial incentives to promote the large-scale adoption of these technologies, ensuring 
alignment with global decarbonization targets: 
(1) Practical implementation: Develop real-world case studies that validate the combined 

application of CSCOPF and SSSC in renewable-dominated grids. 
(2) Economic impact analysis: Quantify the financial benefits of improved grid stability and 

continuous carbon credit generation for renewable energy operators. 
(3) Scalability and integration: Explore the integration of other renewable energy sources, such as 

solar and hybrid systems, within the proposed framework to create a unified low-carbon energy 
system. 
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(4) Regulatory and policy support: Establish policies and incentives that promote the deployment 
of advanced grid control technologies while facilitating carbon market participation. 
Future work should include large-scale pilot projects to evaluate the practical deployment of 

SSSC and CSCOPF technologies under real-world grid conditions. Additionally, comprehensive cost-
benefit analyses are needed to quantify the financial advantages of carbon credit generation for 
transmission and wind farm operators. Developing stochastic models that incorporate wind 
variability and fault dynamics will further enhance the robustness of power flow optimization 
strategies, ensuring scalability in diverse energy systems. 

6.4 Final remarks 

By combining wind energy, SSSC technology, CSCOPF models, and carbon market mechanisms, 
this synergistic framework provides a pathway to address current challenges in renewable energy 
integration. It not only enhances grid stability and operational efficiency but also ensures 
uninterrupted renewable power delivery, enabling consistent carbon credit generation. This 
contribution supports the global transition to a sustainable, low-carbon energy future and provides 
practical insights for industry stakeholders, policymakers, and researchers. 
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