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Abstract: This study investigates resource adequacy and renewable energy integration in the United 
States, European Union, and Pakistan amid global energy market liberalization and greenhouse gas 
reduction efforts. It explores how these regions are adapting to the surge in renewable sources like 
wind and solar, which, despite their financial and environmental benefits, challenge resource 
adequacy and the economic viability of traditional energy sources. In the US and EU, significant 
improvements have been introduced in wholesale electricity markets and capacity accreditation 
mechanisms, which enhanced the large-scale deployment of renewables. This shift has prompted a 
reevaluation of resource adequacy, leading to increased deployment of battery storage and demand 
response. Presently, gas-based generation is largely upholding resource adequacy, however, future 
trends indicate a move towards greater consumer participation, energy efficiency, and utility-scale 
storage, with a decline in fossil fuel use. Pakistan aims to adopt a liberalized market structure by 
balancing competitive markets with legacy contracts. Public pressure is driving a shift from costly 
fossil-based generation to renewables. Similarly, a trend in the rise of behind-the-meter solar 
generation can be witnessed. In future, Pakistan may also experience resource adequacy challenges. 
It will likely need to implement battery storage, demand response, and modern capacity 
accreditation tools, by drawing lessons from developed markets. 

Keywords: resource adequacy; capacity accreditation; competitive trading bilateral contract market 
(CTBCM), renewable energy, demand response, battery storage, capacity remuneration 

 

1. Introduction 

As power grids globally shift towards decarbonization and the integration of variable renewable 
energy (VRE) sources, ensuring resource adequacy has become crucial for grid reliability. Resource 
adequacy measures a power system's capacity to consistently meet electricity demands throughout 
the year, especially during peak periods, by evaluating the likelihood of outages due to insufficient 
capacity and considering the impact of failures in components like generators and transmission 
infrastructure, along with uncertainties in generation and load [1]. Market liberalization, declining 
Levelized Cost of Electricity (LCOE) for VRE, and policies such as green certificates, feed-in tariffs, 
tax credits, and greenhouse gas reduction initiatives in the US and EU have significantly influenced 
the generation mix and successfully facilitated VRE deployment. The rise of VRE has led to lower 
wholesale electricity prices and reduced reliance on conventional technologies, making fossil-fueled 
capacities economically unviable [3,4]. Successful integration of VRE requires precise short-term price 
formation, increased demand-side participation, and a shift from technology-specific subsidies to 
carbon pricing. 

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and 
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting 
from any ideas, methods, instructions, or products referred to in the content.
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The intermittent nature of VRE raises uncertainty in firm capacity estimation, leading to higher 
reserve requirements and potential generation-load mismatches, which increase costs related to 
power balancing and re-dispatch [10–12]. Addressing these issues involves improving forecasting, 
implementing fast dispatch practices, and managing reserves effectively. Balancing long-term 
bilateral contracts with short-term trading mechanisms, interconnecting distributed resources, 
employing Battery Energy Storage Systems (BESS), and utilizing wind-solar hybrid systems can 
mitigate intermittency impacts and reduce curtailment. Demand Response (DR) mechanisms 
improve system flexibility and cost efficiency during peak load hours [5,13]. 

The increasing reliance on VRE sources like wind and solar, combined with the retirement of 
fossil fuel generators, underscores the importance of energy storage and load flexibility. The BESS 
and DR offer competitive alternatives to traditional combustion turbines for addressing shortfall 
events [2]. As VRE deployment increases, the need for BESS grows to store cheap generation during 
the day and to discharge during the evening peak load hours where the highest resource adequacy 
risk lies. The need for BESS depends on system size and conventional resource flexibility in terms of 
ramp rates and low power operation. However, if the conventional generation resources are less 
adaptable, enhanced BESS deployment is vital for managing fluctuations and ensuring resource 
adequacy [6]. This transition should also be supported by adequate long-term policy frameworks and 
constant guidance from the regulators. Combining technological advancements with policy measures 
is essential to address performance gaps and improve system flexibility [7–9]. In microgrids, 
decentralized VRE combined with BESS and DR reduces reliance on the main grid, alleviates 
congestion, and increases investment efficiency in infrastructure. Decentralized VRE provide 
valuable grid services and can potentially offset high infrastructure costs [14]. 

Pakistan is pursuing deregulation under the Competitive Trading Bilateral Contract Market 
(CTBCM), inspired by the US and EU's Security-Constrained Economic Dispatch (SCED) model. This 
approach aims to establish short-term dispatch and trading markets, integrate long-term contracts, 
and transition to an annual capacity market, promoting efficient dispatch, investment in modern 
technologies, and the retirement of uneconomical capacity [15]. However, this transition poses 
resource adequacy risks to Pakistan's fragile grid infrastructure because the conventional generation 
fleet is highly rigid and cannot cater to the modern needs of system flexibility. The Country is also 
facing high public pressure due to high fossil-based generation prices, and exploring ways to 
accommodate more and more solar generation in the grid. Ensuring resource adequacy in Pakistan 
will require enhancing the flexibility of conventional generation, improving ramp rates, 
implementing DR mechanisms, and deploying BESS. 

2. Aims and Objectives 

This study aims to explore recent trends in ensuring resource adequacy and integrating 
renewables in modern power systems like those in the US and EU. It examines common problems 
both regions face in the post-deregulation era regarding resource adequacy and the renewable drive. 
By investigating these challenges and lessons learned, the study provides insights for developing 
countries like Pakistan, which is transitioning from a single-buyer model to the Competitive Trading 
Bilateral Contract Market (CTBCM). Given Pakistan’s increasing share of renewables, it is likely to 
encounter similar resource adequacy challenges. This paper evaluates the resource adequacy 
mechanisms in the US, EU, and Pakistan, trends in VRE generation, challenges faced by market 
participants, and responses to these challenges. For Pakistan, the study assesses renewable 
deployment goals and the evolving liberalized market model, drawing potential solutions from 
established markets like the US and EU. It suggests future pathways for Pakistan's energy sector to 
align with its goal of indigenizing the energy mix with a higher share of clean energy, following 
international best practices [16]. This study contributes to Pakistan's future green vision by utilizing 
qualitative data from various sources, including government reports, review papers, research studies, 
journals, books, publications, and newspapers. 
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3. Literature Review 

The integration of Variable Renewable Energy (VRE) sources like wind and solar into the U.S. 
electricity grid poses significant challenges. As highlighted in [1,75], the increasing penetration of 
VRE complicates grid reliability, making traditional methods like Loss of Load Probability (LOLP) 
insufficient. This necessitates a reevaluation of resource adequacy, incorporating demand response 
(DR) and Battery Energy Storage Systems (BESS). The inherent variability of VRE, influenced by 
weather conditions, impacts both energy supply and demand, requiring adaptive strategies to 
manage high-risk scenarios, such as low VRE generation and droughts, as discussed in [76]. This 
variability calls for a dynamic approach to reserve margins and resource adequacy assessments, 
emphasizing the importance of considering economic and policy objectives in determining optimal 
reserve margins, whether through energy-only or capacity market designs [34]. 

The complexity of capacity markets is further exacerbated by the need to address potential 
"missing money" gaps, where generators may struggle to cover fixed costs, and by variations in 
market designs, including demand curves and reference technologies [38]. High VRE penetration can 
depress wholesale energy prices, increasing reliance on capacity payments and necessitating 
regulatory intervention and market rule adjustments to ensure adequate generator revenues. Report 
[88] discusses the evolving accreditation processes for wind, solar, and storage resources, advocating 
for standardized and transparent methods that link accreditation to operational performance. The 
integration of VRE also demands substantial storage investments to maintain grid reliability, 
especially in the face of climate change, as underscored in [20]. Studies [17,18] propose DR as a critical 
tool for grid management and enhancing renewable integration, highlighting the significant impact 
of weather on resource adequacy costs. Additionally, integrating power system and meteorological 
methods is essential to address resource adequacy challenges in high renewable power systems, as 
emphasized in [19]. 

In Europe, the European Union (EU) is actively working to integrate VRE while ensuring 
resource adequacy. The study in [21] discusses the EU's legal framework, which supports VRE 
integration through capacity mechanisms and support schemes, vital for maintaining grid reliability 
and achieving energy policy objectives. Reports [29,87] define adequacy and its application in EU 
countries, aiming to establish a unified methodology and model for evaluating adequacy, along with 
metrics to measure adequacy levels across the EU. Similarly, [22] emphasizes the importance of a 
coordinated regional approach to capacity investment and grid interconnection, including strategies 
to prevent the premature retirement of existing plants, enhance demand-side management, and 
develop cost-effective energy storage solutions for the long term. 

The report in [89] underscores the need for systemic, efficient, and fair improvements in the EU 
energy system to support significant decarbonization and the doubling of renewable electricity 
generation by 2030. It highlights the necessity of enhancing flexibility resources, regional cooperation, 
and interconnectors to manage the variability of weather-dependent renewable output and meet 
future energy needs. Report in [92] further stresses the need for bold renewable energy designs and 
advanced storage technologies to support Europe’s deep electrification and decarbonization goals, 
emphasizing that a combination of local and interconnected storage solutions, along with strategic 
overbuilding of generation resources, is essential to managing variability and ensuring economic and 
environmental viability, with wind energy playing a dominant role. These efforts collectively aim to 
create a resilient, efficient, and sustainable energy system across the EU, capable of meeting future 
energy demands and climate objectives. 

The potential benefits of expanding VRE in Pakistan are discussed in [23], including increased 
security of supply, diversity, and reduced reliance on imported fossil fuels. The analysis in [24] shows 
that renewables-based energy systems are the most cost-effective and optimal solution for Pakistan. 
By 2050, as noted in [25], solar PV is expected to dominate installed capacity and electricity generation, 
providing the majority of energy production due to its cost efficiency and widespread availability. 
Utility-scale and prosumer batteries will meet 99% of electricity storage needs, enabling efficient use 
of solar energy throughout the day. Pakistan's transition towards renewable energy is crucial for 
addressing its energy security and climate change challenges, as highlighted in [27], which 
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emphasizes the need for robust policy frameworks and capacity-building measures to support the 
integration of renewable energy sources in Pakistan's evolving power sector. The establishment of 
renewable portfolio standards is identified in [26] as an effective regulatory tool to enhance the 
participation of renewables. 

Pakistan's current single-buyer electricity market faces challenges related to affordability and 
supply due to rising capacity payments. An analysis in [15] examines the new Competitive Trading 
Bilateral Contract Market (CTBCM) model, suggesting it could improve resource adequacy and 
efficiency, despite potential short-term price increases, by leveraging competitive market 
mechanisms and optimal technology deployment. These efforts are essential for ensuring a 
sustainable and resilient energy future for Pakistan, focusing on maximizing the potential of VRE 
and modernizing the energy infrastructure. 

4. Estimating Resource Adequacy 

A key metric for measuring reliability is Loss-Of-Load Expectation (LOLE). This refers to the 
average number of hours per year that demand exceeds available supply, leading to blackouts or 
controlled load shedding (where some consumers are forced to reduce their usage). 

Measurement of resource adequacy or reliability standard is a complex process. It involves 
estimating the Value of Lost Load (VoLL), which quantifies the economic impact of electricity supply 
interruptions on consumers and the Cost of New Entry (CONE), which refers to the expense required 
to build and operate a reference generation technology, typically a peaking power plant, capable of 
ensuring reliability. Additionally, it also includes calculating the Loss of Load Expectation (LOLE), 
which measures the number of hours per year during which the electricity supply is expected to be 
insufficient to meet demand. The Value of Lost Load (VOLL) is measured by considering several key 
parameters. These parameters should accurately reflect typical load-shedding events, taking into 
account factors such as the duration of outages and whether consumers receive advance notice. 
Additionally, they incorporate observed patterns of energy not being supplied, highlighting the most 
significant causes and effects of outages. By using these representative parameters, the VOLL 
calculation estimates the economic consequences for different consumer types under various 
conditions, ensuring a comprehensive and realistic assessment of power outage impacts. The best 
estimate of the sectoral VOLL for a given consumer type under specific VOLL parameters is 
expressed in € or $/MWh. Moreover, the weighting for each consumer type under these VOLL 
parameters is included to provide an accurate and detailed analysis [28]. For example, the single 
national VoLL calculated in some countries of EU as well as in US and Pakistan are given in Figure 
1. 

 
Figure 1. VoLL values in euros/MWh. 
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Source: Author’s own illustrations based on [29–31] 
The fixed cost of new entry (CONEfixed) of the reference technology is the expected revenue a new 

generation source should receive to cover its annualized capital costs as well as fixed costs. The 
reference technology is different for different countries, however, most of the times Open Cycle Gas 
Turbine (OCGT) is used as reference technology in US, EU and Pakistan keeping in view low fixed 
costs. The fixed cost of new entry along with reference technology for certain EU countries is given 
in Figure 2 
 

 
 

Figure 2. CONEfixed and technology defining the reliability standard in certain EU Countries [29]. 

The variable cost of new entry is the marginal cost of reference generation plant. It is mainly 
comprised of fuel costs. It also reflects the price at which a generation resource will bid in the energy 
market. 

The Loss of Load Expectation (LOLE) threshold or LOLERT, is set for new energy projects or 
renewals when their costs are lower than the Value of Lost Load (VOLL) and the market will also be 
considered perfectly efficient. This threshold helps balance the cost of new capacity with the expected 
reduction in power outages. LOLERT measures the point where the cost of adding new capacity equals 
the benefit from reduced outages. This process assumes that more capacity is needed to reduce 
outages and that these reductions are specific to certain areas. By considering both fixed and variable 
costs of new capacity, the approach ensures that reliability standards are optimized economically and 
regionally, enhancing the overall efficiency and reliability of the energy system. Once VoLL, CONEfixed, 
CONEvar is computed, following equation 1 calculates the LOLERT: 

 
𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑅𝑅𝑅𝑅 =

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅−𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑣𝑣𝑣𝑣𝑣𝑣

                                (1) 

 
Where: 
• LOLERT: The Loss of Load Expectation threshold for the reference new entry, measured in hours. 

Threshold represents the point where the cost of adding new capacity (both fixed and variable 
costs) is equal to the value of avoiding an hour of lost load. 

• CONEfixed: The best estimate of the fixed Cost of New Entry, expressed in local currency per MW, 
according to established guidelines. 

• VOLLRS: The best estimate of the single Value of Lost Load for reliability standards, measured in 
local currency per MWh, as per established guidelines. 

• CONEvar: The best estimate of the variable Cost of New Entry, expressed in local currency per MWh. 
If the CONEvar is negligible compared to VOLLRS, it can be disregarded. 

The LOLE threshold is determined by balancing the marginal cost of adding new capacity 
(CONE) or renewing/prolonging existing capacity (CORP) with the marginal reduction in Expected 
Energy Not Supplied (EENS), calculated as LOLE multiplied by VOLLRS (Value of Lost Load for 
Reliability Standards). The EENS quantifies outage severity in terms of lost energy. Optimality is 
achieved when these two values are equal meaning the cost of adding one unit of energy is equal to 
benefit achieved by equal reduction in VoLL. If marginal benefit is less than marginal cost then 
investment in expansion is not efficient. The reduction in EENS can be directly linked to LOLE, 
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meaning that for each unit of installed capacity, EENS decreases by LOLE. Moreover, additional 
capacity is necessary to reduce EENS. The calculation of the LOLE threshold provides a precise 
economic balance between cost and reliability. 

The values of LOLE for different countries in the EU are given in Figure 3. 

 
Figure 3. Reliability standard as LOLE [29]. 

5. Estimating Reserve Margin 

The LOLE is the total sum of Loss of Load Probabilities (LOLPs) over a specified study period, 
such as one year. It is defined as follows:  

𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 = ∑ (𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿)𝑇𝑇
𝑡𝑡=1                               (2) 

Factors such as peak load and forced outage are directly proportional to LOLE [32]. As the peak 
load and Forced outage rate increase, the value of LOLE increases. In order to achieve that reliability 
standard in terms of LOLE, an optimal reserve margin is estimated. 

In the United States, reliability metrics for power systems commonly use a standard of "one day 
in 10 years," equating to a Loss of Load Probability (LOLP) of 0.1 for peak hours annually. Key metrics 
include Expected Energy Not Served (EENS), and time-dependent metrics such as Loss of Load 
Frequency (LOLF) and Loss of Load Duration (LOLD), reflecting the frequency and duration of 
outages. Unlike other North American power systems, the Electric Reliability Council of Texas 
(ERCOT) does not adhere to a formal resource adequacy standard or reserve margin requirement but 
targets a minimum reserve margin of 13.75% of peak demand. ERCOT performs a biennial 
Probabilistic Risk Assessment, reporting various reliability metrics to the North American Electric 
Reliability Corporation (NERC), including Expected Unserved Energy (MWh), Loss of Load Hours 
(hours/year), and Expected Unserved Energy as a percentage of Net Energy for Load, with 
projections for two and four years ahead. [33] 

In the US, the administratively set LOLP criteria of one event in ten years translates into varying 
reserve margins across different regions, with values ranging from 13.0% to 18.5%. This is often 
higher than economically optimal reserve margins, which can range from less than 6% to 16.5%, 
reflecting a trade-off between reliability standards and economic efficiency. Meeting stringent 
reliability criteria like 0.1 LOLE can lead to higher reserve margins and increased costs without 
proportional economic benefits as shown in Figure 4. Balancing reliability with economic efficiency 
requires careful consideration of system characteristics, including transmission intertie sizes and the 
integration of demand response and storage solutions.  
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. 

Figure 4. Optimum reserve margin vs. cost to provide reliable supply [34]. 

 
In case of Pakistan, the reliability criterion is administratively set at 1% per year [35] with the 

reserve margin of 10%, however, value of efficient level of reserves based on least cost solution is 35% 
[36] Which is calculated as per equation 3. 
 

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 =
∑ �𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑖𝑖𝑖𝑖 𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 𝑌𝑌

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑖𝑖𝑖𝑖 𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 𝑌𝑌 −1�∗100𝑦𝑦

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑜𝑜𝑜𝑜 𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦
                 (3) 

 
Note: Installed capacity in year Y is the total capacity, which minimizes the total costs of the system. 

Capacity-based reliability criteria, such as "loss of load" or "reserve margin," are becoming fairly 
outdated, stemming from an era of monopolistic electricity businesses favoring large, central-station 
generation for lower costs and higher returns. Historically, reserve capacity was the only option to 
address demand, weather, and generation uncertainties due to the lack of electricity storage and 
control technologies. Today, with the advent of competitive small generators, smart grids, and 
advanced control devices, there are more cost-effective solutions for handling supply failures, 
reducing the need for expensive reserve generation. Modern energy-based criteria, such as "loss of 
energy expectation (LOEE)" and "expected unserved energy (EUE)," offer a more accurate assessment 
of meeting consumer energy demand. These criteria enhance planning and configuration of power 
supply and delivery to minimize energy losses. For Pakistan, transitioning to a competitive wholesale 
electricity market requires understanding the costs and value of supply reliability linked to 
generation dynamics and demand patterns. The integration of renewable technologies and BESS 
complicates resource adequacy but also offers opportunities to avoid costly peaking plants. [37] 

6. Resource Adequacy Framework in US, EU and Pakistan 

Central to ensuring resource adequacy is the creation of a secondary market dedicated to 
securing future electricity supply. This market can take various forms, including capacity payments, 
capacity auctions, reliability options, or strategic reserves. Each of these mechanisms plays a role in 
ensuring that sufficient resources are available to meet demand and maintain grid reliability. The 
mechanism employed in the US, EU and Pakistan are briefly described below. 

In regulated utilities, Integrated Resource Planning (IRP), supported by government regulators, 
helps manage reserve margins. Utilities like those in the Southwest Power Pool (SPP), Southeast 
Reliability Corporation (SERC), and the Western Electricity Coordinating Council (WECC) can raise 
customer rates to recover costs for new power plants or generation capacity. Conversely, the "missing 
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money" problem in wholesale markets is tackled by imposing adequacy standards on Load Serving 
Entities (LSEs), ensuring they secure enough capacity to cover peak load plus a reserve margin. If 
LSEs fail to meet their capacity obligations by a specified deadline, ISOs/RTOs in centralized capacity 
markets procure the shortfall on their behalf. This is enforced in capacity markets like NYISO, ISO-
NE, PJM, SPP, MISO, and California. In California, LSEs rely solely on self-supply and bilateral 
procurement for capacity. In MISO, most capacity is procured by LSEs before centralized auctions, 
whereas in PJM, ISO-NE, and NYISO, restructured regions with retail competition, capacity 
obligations are often met through centralized auctions. These auctions enhance competition, 
efficiency, and transparency, with the equilibrium value representing the " Net Cost of New Entry 
(Net CONE)," It represents the minimum payment needed for new power generation entrants to 
recover their investment costs. It is a critical metric in capacity markets, ensuring that new generation 
capacity is financially viable. So overall, as the market evolves from regulated to deregulated, the 
capacity procurement practice also moves from administrative measures to competitive measures. 
Centralized capacity auctions employ demand curves to procure right amount of capacity with the 
right incentive by keeping in view the market principle like demand and supply. As demand increase 
so does the price. The demand curves employed in ISOs/RTOs can be seen in the Figure 5. 

. 

Figure 5. US ISOs/RTOs Demand Curves [38]. 

In most capacity market demand curves, the price cap is not reached at the required reliability 
level, but higher prices can still be achieved when reliability falls below the target, rewarding 
generators during these periods. Conversely, building more generation is discouraged by lowering 
prices below net Cost of New Entry (CONE) levels, thus deterring new power plant construction. 
Currently, all markets use a peaking plant, typically an Open Cycle Gas Turbine (OCGT), as the 
benchmark for determining net CONE. Capacity procurement can be planned months to years in 
advance, depending on market demand and local requirements, with the shape of the demand curve 
affecting reserve levels and the benefits of participating in capacity markets. The price cap in capacity 
markets should be high enough to signal investment when reserve margins tighten, ensuring markets 
maximize signals before using backup mechanisms. RTOs design demand curves to meet reserve 
margin targets and should set price caps to balance low prices during surplus conditions, enabling 
investors to earn Net CONE on average. 

The Electric Reliability Council of Texas (ERCOT) manages the electricity market for most of 
Texas. Unlike other U.S. markets that have a capacity market where generators are paid simply for 
having the ability to provide power, ERCOT relies solely on an energy-only market. Here, generators 
are only compensated for the electricity they actually produce and sell in energy as well as ancillary 
markets. This market is designed to be dynamic, with prices adjusting based on supply and demand. 
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When demand is high, scarcity pricing kicks in, driving prices up to incentivize generators to produce 
more or bring new capacity online. 

The EU Electricity Regulation (EU/2019/943) mandates strict guidelines for capacity 
remuneration mechanisms (CRMs) to ensure their effective and appropriate use. CRMs should be 
introduced only to address residual adequacy issues that cannot be solved through market reforms 
alone. Initially, countries must attempt market-based solutions and reforms. CRMs must comply with 
state aid rules to avoid distorting competition and the internal market, ensuring they are temporary 
and targeted. CRMs must be technology-neutral, open to all capacity providers, including demand 
response, storage, and cross-border participation, promoting a level playing field. Emission limits 
require new capacity providers receiving CRM support not to exceed 550g of CO2 per kWh, aligning 
with the EU’s climate goals. Additionally, member states are required to monitor and report annually 
on the implementation and effectiveness of CRMs to the European Commission. [39] 

Capacity payments, Strategic reserves and reliability options (Table 1) are mechanisms used in 
the European electricity market to ensure reliability and address capacity concerns. Strategic reserves 
are used as a last-resort measure, activated only when transmission system operators (TSOs) face the 
risk of exhausting their balancing resources. These reserves operate outside the regular market, 
preventing market distortions and preserving price signals. They are secured through competitive 
tendering and are not remunerated from wholesale markets. The 2016 Commission Sector Inquiry in 
[40] identified strategic reserves as the most suitable mechanism for addressing temporary or local 
adequacy concerns. Reliability options, on the other hand, function like market-based insurance 
policies, where power plants enter into option contracts with TSOs or large consumers to provide 
additional electricity at a predetermined strike price if needed. This incentivizes power plants to 
maintain future capacity. Compared to these nuanced approaches, capacity payments are simpler 
but potentially more expensive, ensuring adequate electricity capacity in Europe's market. 

Table 1. Capacity Remuneration Mechanism (CRM) in EU. 

Capacity Remuneration Mechanism (CRM) Country 

Capacity Market Bulgaria, France, Greece, Ireland, Hungary, Italy, Poland, Portugal, 

Romania, Spain, Slovakia, Belgium 

Strategic Reserve Croatia, Finland, Germany, Netherlands, Lithuania 

No CRM Czech Republic, Denmark, Estonia, Latvia, Luxembourg 

Mostly countries in EU have a unified auction for both new and existing capacities, but differentiating through contract 

lengths i.e., 15 years for new capacity and 1 years for existing capacity generation. 

Source: Author’s own illustration based on [41]. 

Almost two-third of electricity demand have capacity mechanism with some countries yet to set 
their reliability standards. Cross border participation is still lagging. Clean technologies are 
beginning to be contracted; however, 57% capacity mechanism support still goes to fossil-based 
generation. [42] 

Pakistan's power sector has relied on the "Take or Pay" model since the 1990s, where long-term 
power purchase agreements with Independent Power Producers (IPPs) were indexed to inflation and 
currency exchange rates, while heavily relying on imported oil. While initially effective due to stable 
foreign reserves and controlled inflation, the model has faced increased challenges in the early 2020s, 
in the form of surging generation costs due to currency devaluation and rising interest rates, coupled 
with declining electricity consumption from shrinking economy. The "Take or Pay" model ensures 
generators are paid annual fixed charges regardless of actual energy provision, leading to financial 
strain without competitive pricing mechanisms or market signals. This model, compounded with 
lack of investment in transmission and distribution infrastructure, results in high-capacity charges 
for consumers as shown in Figure 6 and frequent power outages.  
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Figure 6. Historical trend of capacity and energy payments in Pakistan as well as total cost of capacity 
mechanisms in the EU. 

Source: Author’s own illustrations based on [43–45] 
From the Figure 6, it is evident that the cost of capacity mechanism in Pakistan, having 

significantly smaller generation capacity, is comparable to that of EU. The EU employs various 
capacity mechanisms such as strategic reserves, reliability options, and targeted capacity payments, 
designed to be more flexible and market-responsive. These mechanisms aim to minimize market 
distortions and optimize costs, contrasting with Pakistan's more rigid “Take or Pay” approach. 

In 2018, significant amendments were introduced to the National Electric Power Regulatory 
Authority (NEPRA) Act to foster a deregulated and competitive electricity market in Pakistan, known 
as the Competitive Trading Bilateral Contract Market (CTBCM) [46]. This model is primarily inspired 
from the modern competitive markets such as US and EU and will be sharing basic features like 
security constrained economic dispatch (SCED), independent system operator from transmission 
owners, “pay as clear” pricing on the basis of marginal costs, balancing mechanism for energy and 
capacity.  This market framework established new licenses alongside existing ones for system 
operator, market operator, special purpose agent (for legacy contracts), transmission service 
providers, metering service providers, transmission as well as distribution wheeling charges, 
competitive generation (participating in competitive market), independent auction administrator (for 
future balancing capacity auctions), competitive traders, distribution network services providers, 
bulk power consumers (primarily industries consuming more than 1 MW). [47] It also 
introduced/amended codes like Grid Code-2023, Market Commercial Code-2022 to guide the market 
participants. In phase-I, All Bulk Power Consumer (BPC) having sanctioned load more than 1 MW 
will have a choice to either enter into bilateral agreements with power producers, get supply through 
competitive traders or keep connected with distribution companies (suppliers of last resort). In phase-
II, a retail market will be established and threshold of 1MW will be decreased further until all 
consumers have choice to choose their competitive supplier.  

In terms of resource adequacy under CTBCM Model, all market participants need to procure 
100% capacity for 3 years (starting from present year), 80% for 4th year and 60% (BPC, Suppliers of 
Last Resort-SLR), 50% (Competitive Supplier) for 5th year. Levelized fixed cost of reference 
technology (Net Cost of New Entry) will be equal to the difference between profit earned from the 
energy balancing market during 50 critical hours (when system was in stress during lowest reserves) 
in previous year and levelized investment cost of that technology. Reference technology will be that 
of lowest levelized fixed cost. [36] 

Under CTBCM, there will be Yearly Balancing Market for Capacity for Market participants who 
have not sold/acquired their capacity in Bilateral agreement. All plants before CTBCM will be paid 
through Legacy Capacity Contracts distributed as per their share of supply to Distribution companies 
as shown in Figure 7 
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. 

Figure 7. Suppliers of Last Resort Pre-CTBCM Capacity Allocation Factors. 

Source: Author’s own illustrations based on [36] 
In post-CTBCM era, capacity will be traded either through bilateral contracts or competitive 

capacity auctions on balancing market for capacity. The suppliers with their negative capacity 
balance and generation companies with their positive capacity balances will participate in auction 
based competitive market to procure/sell their capacity. The Figure 8 illustrates the determination of 
capacity prices using a combination of supply and demand curves. The demand curve consists of two 
segments: the mandatory capacity segment (red line from A to B) and the efficient capacity segment 
(green line from B to C). The supply curve (green line) represents the capacity surplus offered by 
market participants. The intersection points indicate different price levels for the capacity market. At 
point A, the price is set at $75209, twice the levelized fixed cost of the reference technology (Gas 
Turbine). Point B indicates the total capacity deficit, where the price drops to $37604, equivalent to 
the levelized fixed cost. Point C represents the efficient capacity price at $30083, and point D reflects 
the price at 80% of the levelized fixed cost. The mandatory reserve margin is set at 10% with a Loss 
of Load Probability (LOLP) of 1%, while the efficient reserve margin is 35%, aligning with the least-
cost solution as per IGCEP. This model aims to balance reliability and cost-efficiency by setting 
appropriate price levels for capacity while considering both mandatory and efficient reserves. 

. 

Figure 8. Demand and supply curve in the Balancing Mechanism for capacity. 

Source: Author’s own illustration based on [16,36,48] 
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7. Rise of Renewables 

7.1. Background 

Initially, during the post-deregulation of electricity markets in the US (1990s) and the EU (2000s), 
the focus was on structural reform and establishing instruments to make the markets more 
transparent and competitive. In the US, this was driven by FERC Orders 719, 888, 889, 890, and 2000, 
while the EU implemented the First and Second Energy Packages. The aim was to enhance market 
efficiency and integration, particularly within the EU, which sought greater cohesion among member 
states' energy policies. In the 2010s, after the foundational rules were established, attention shifted 
towards enhancing transmission infrastructure and regional integration. This phase saw the issuance 
of US FERC Orders 825 and 1000, alongside the EU's Third Energy Package. These initiatives aimed 
to improve grid reliability and support the seamless transmission of electricity across regions. By the 
late 2010s, the focus further evolved to prioritize the integration of renewables and other green 
solutions. This was marked by US FERC Orders 841 and 2222 and the EU's Clean Energy Package, 
reflecting a global commitment to reducing carbon emissions and promoting sustainable energy 
sources. During this period, the US transitioned from coal to gas as the primary source of generation 
[49], while the EU maintained a diverse mix of electricity sources, including nuclear, coal, gas, and 
hydropower, varying across countries due to geographical, policy, and historical factors. [50] 

In Pakistan, the partial deregulation of the electricity sector began in the 1980s, transitioning 
from a monopoly to multi-generation players. Significant milestones included The Water and Power 
Development Authority (WAPDA) privatization plan in 1992 and the establishment of National 
Electric Power Regulatory Authority (NEPRA) in 1997 to regulate the market. The formation of the 
Central Power Purchasing Agency (CPPA) by the National Transmission and Despatch Company 
(NTDC) in 2002 for procurement and billing evolved into the Central Power Purchasing Agency 
(Guarantee) Limited (CPPA-G) in 2009, which the NEPRA recognized as the Market Operator in 2017. 
In 2019, NEPRA approved the Competitive Trading Bilateral Contract Market (CTBCM) to enhance 
market efficiency. Additionally, Pakistan introduced the Alternative and Renewable Energy (ARE) 
Policy 2019, focusing on competitive bidding for renewable generation and procurement based on 
the least cost, aligned with the Indicative Generation Expansion Plan (IGCEP). 

After the Paris Agreement in 2015 [51], renewable-based resources started gaining significant 
attention, leading to the deployment of renewable plants in the US, EU, and Pakistan. This trend 
accelerated further after 2020 when the levelized cost of electricity from renewable sources dropped 
significantly. Additionally, the prices of fossil-based resources increased in the EU due to the Russia-
Ukraine war and in Pakistan due to currency depreciation and rising inflation. Both Pakistan and the 
EU experienced a rise in behind-the-meter solar generation installations in response to high electricity 
tariffs, while the US saw major investments in utility-scale solar projects. 

7.2. Stages of Renewable Integration 

Renewable energy auctions, a competitive process for procuring electricity generated from 
renewable sources, evolve through distinct stages as depicted in [52].  

In the initial stage, simple energy-only auctions focus on awarding power purchase agreements 
(PPAs) based on the lowest energy bid to demonstrate market interest and facilitate price discovery, 
often transitioning from administratively set feed-in tariffs (FITs) to competitive bidding. The US and 
EU have utilized these early-stage auctions to attract investment into the power sector, starting with 
small capacity quotas, similar to Pakistan's current phase.  

The second stage addresses grid integration challenges by adding requirements related to 
energy output timing and desired renewable locations, with significant investments in modernizing 
and digitizing grids. For example, the US identifies specific geographic zones for renewable capacity, 
sometimes necessitating new transmission infrastructure, while the EU stipulates energy supply 
during particular times of the year and specific hours of the day. Renewables-plus-storage solutions 
are increasingly adopted to enhance dispatchability and improve energy value.  
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In the third stage, renewable energy is integrated into electricity markets using mechanisms like 
feed-in premiums (FIP) and contracts for difference (CFD), requiring renewable generators to sell 
directly into wholesale markets and participate in ancillary services and balancing markets. This 
approach, seen in various EU countries, minimizes public subsidies and provides clear market signals 
for renewable energy.  

The fourth stage involves commercial and industrial (C&I) power purchase agreements (PPAs), 
where C&I consumers procure power directly from renewable plants. In the US and EU, corporations 
are motivated by climate commitments, hedging against market fluctuations, and supply security. 
Auctions are used to secure the best prices, with both state utility and corporate auctions impacting 
competition levels and pricing. This stage benefits from technical assistance and supportive 
regulatory environments to facilitate corporate auctions. 

Recent Initiatives 
In September 2023, EU Parliament endorsed a new goal to achieve 42.5% of energy from 

renewable sources by 2030, while EU member states are encouraged to aim for 45%, a target also 
supported by the Commission as part of its REPowerEU initiative [53]. Recent initiatives include 
REPowerEU (May 2022), Net-Zero Industry Act (March-2023), Critical Raw Materials Act (March-
2023), EU electricity market design reforms to boost Renewables (march 2023) [54], and The European 
Green Deal (March 2023) [55] all aiming at promoting clean technologies enhancing manufacturing 
capacity for technologies crucial to the clean energy transition. 

From the US, different states have varying target years and percentages for renewable energy 
goals, as shown in Table 2. This diversity in standards and goals reflects the varied approaches and 
timelines states are adopting to transition towards renewable and clean energy. [56] 

Table 2. Renewable & Clean Energy Goals and Standards [44]. 

Type State Year Target 

Renewable Portfolio Standard 

Delaware 2026 25% 

Connecticut 
2030 40% 

2040 100% 

New Jersey 
2030 50% 

2050 100% 

Maryland 2030 50% 

Illinois 2040 50% 

Washington, D.C. 2032 100% 

Rhode Island 2033 100% 

Virginia 2045 100% 

Massachusetts 
2030 40% 

2050 80% 

Clean Energy Standard 

New York 
2030 70% 

2040 100% 

Oregon 2040 50% 

California 
2030 60% 

2045 100% 

New Mexico 
2040 80% 

2045 100% 

Washington 2045 100% 

Clean Energy Goal Colorado 2050 100% 
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Nevada 
2030 50% 

2050 100% 

Wisconsin 2050 100% 

Renewable Portfolio Standards (RPS) and Clean Energy Standards (CES) are regulatory 
mechanisms that mandate specific percentages of energy to come from renewable or clean sources, 
with RPS focusing primarily on renewable energy and CES encompassing a broader range of clean 
energy technologies. Both RPS and CES are legally binding, with clear targets and penalties for non-
compliance. In contrast, Clean Energy Goals are typically aspirational targets that set broad, long-
term objectives for achieving a cleaner energy mix but may lack the strict legal enforceability of RPS 
and CES. The primary purpose of RPS and CES is to directly drive the integration of clean energy 
into the grid, whereas Clean Energy Goals provide a strategic vision for future energy transitions. 

FERC Order No. 2023 [57] aims to streamline the connection process for renewable energy 
projects to the transmission system, enhance certainty in interconnection procedures managed by 
multiple transmission providers nationwide, and ensure equitable access for new technologies to the 
grid. FERC Order No. 2222 [58] focuses on facilitating the participation of distributed energy 
resources (DERs) in regional electricity markets administered by grid operators. 

Recently Pakistan has also introduced various policies to facilitate the smooth transitioning to 
the clean and affordable generation technologies. National Electricity Plan 2023-2027 envisage 
renewable generation capacity of 40% of total generation capacity by FY-2025 and 60% of total 
generation capacity by FY-2030. Also, it establishes policy guidelines for promotion of hybrid 
renewable based generation to tackle intermittency, future participation of distributed renewable 
based generation, regional interconnectivity, transmission and distribution expansion and 
digitalization [59]. Fast Track Solar PV Initiatives 2022 [60] promotes solar PV Generation on 11 kV 
Feeders and solarization of Public Buildings. 

In 2022, Pakistan introduced microgrid policy which paved the way for the establishment of 
microgrids in Pakistan with the power rating up to 5MW. This policy is inspired from the "the 
Alternative and Renewable Energy Policy 2019" which envisages the development of microgrids in 
the country to provide renewable based power to the far-flung isolated communities. [61] 

Renewable based generation trends 
The US power market is undergoing substantial changes, driven by the increasing integration of 

renewable energy sources and adjustments in fossil-based generation. From 2014 to 2028, wind and 
utility-scale PV generation capacities have shown significant growth. Wind capacity increased from 
64,303.9 MW in 2014 to an operational capacity of 155,900.2 MW by April 2024, with planned projects 
pushing it to 171,867.2 MW by 2028. Utility-scale PV capacity exhibited rapid growth, rising from 
8,988 MW in 2014 to 128,950.9 MW by April 2024, and is projected to reach 182,111.9 MW by 2028. 
Net-metering PV also showed substantial growth from 7,096.83 MW in 2014 to 47,000 MW by 2023. 
These trends can be seen in Figure 9. 

. 
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Figure 9. Renewable generation trends in US. 

Source: Author’s own illustration based on [62,63] 
Between 2020 and 2024, there were significant fossil-based retirements amounting to 62,339.4 

MW, with fossil-based additions totaling 31,668.3 MW. These changes reflect the ongoing transition 
from traditional fossil fuels to cleaner energy sources as depicted in Figure 10. Additional fossil fuel-
based plant additions are projected: 7,044 MW in 2025, 4,574.7 MW in 2026, 3,487.3 MW in 2027, and 
1,101.5 MW in 2028. These additions indicate continued investments in fossil-based generation, albeit 
at a reduced rate compared to renewable energy investments. CAISO and ERCOT are leading the 
market in terms of renewable based generation. 

. 

Figure 10. Nameplate Capacity Net Additions and Retirements from 2013 to 2023 by Resource Type 
[64]. 

Similar trend can be overserved in case of EU. In 2023, the EU electricity market experienced 
notable changes, highlighted by a 3.4% decrease in electricity demand due to high gas prices. Despite 
the 2022 energy crisis setbacks, the transition to clean energy gained momentum, driven by the 
REPowerEU commitment and the new 2030 renewable energy target of 44.5%. Renewable energy 
generation reached 1,200 TWh, surpassing fossil fuel generation at 788 TWh and accounting for 45% 
of total electricity generation. This growth was powered by an 18% surge in solar power and wind 
energy surpassing gas and coal generation for the first time as shown in Figure 11. 

. 

Figure 11. Evolution of generation per type in the EU-27 (TWh) [65]. 

The EU has seen substantial growth in the installation of solar photovoltaic (PV) and wind 
systems, with a rapid acceleration in capacity over the past two decades. Countries like Germany, 
Spain, and Italy have been leading expansion in solar while Germany, Sweden and Netherlands 
leading the wind energy expansion. Projections indicate that this growth will continue especially in 
solar, driven by supportive policies and technological advancements, leading to higher shares of 
wind and solar power in the overall energy mix as depicted in Figures 12. 
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. 

Figure 12. EU Future outlook for solar and wind cumulative installed capacity [66]. 

As of 2023, Pakistan's renewable energy potential remains significantly underutilized as shown 
in Figure 13. The country has an installed capacity of 10,663 MW from hydroelectric sources, 1,555 
MW from solar power (including net-metering), and 1,845 MW from wind energy. 

. 

Figure 13. Utility scale renewable generation potential vs installed capacity (2023). 

Source: Author’s own illustration based on [16,67] 
Due to shrinkage of demand in recent years as observed in figure 6, the future scenario fell short 

of accommodating more renewables such as solar and wind. As the projected future demand is low 
so the requirements for the new RE based generation may not be increasing at high pace in future. 
However, government is actively planning to get rid of imported fossil-based generation due to fiscal 
constraints and gradually introducing incentives for solar generation [68]. If the demand for power 
increases in future, the requirements for penetration of solar also increase many folds. This 
phenomenon can be seen in Figure 14, which presents the year 2033-34 scenario in Pakistan. The 
distinction among base, medium and high demand is largely based on future GDP growth targets of 
Pakistan. 
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. 

Figure 14. Installed capacity scenario for Year 2033-34. 

Source: Authors own illustrations based on [16] 
To meet future demand, hydel generation in Pakistan is progressing well and can significantly 

contribute to decarbonization goals. However, it has limitations due to site issues, lack of foreign 
investment, and seasonal variability. Hydel generation is abundant during summer peak demand 
but low in winter, which is not problematic due to reduced demand. However, as winter demand 
increases due to gas supply limitations, rising gas prices, and industrialization, Pakistan may need to 
rely more on solar and wind energy as solar and wind poses lowest tariffs in Pakistan (Figure 15) 

. 

Figure 15. Tariffs of different generation sources in Pakistan [24]. 

The net-metering scheme, introduced in 2015, has accelerated due to high electricity tariffs. By 
June 2023, net-metering-based solar installations reached 63,703, with a total capacity of 1,055.03 MW, 
and are anticipated to exceed 4 GW by 2033-34 [16,69]. However, the shift to solar and wind energy 
is hindered by inadequate financial incentives and inflexible power generation contracts. Current 
ramp rates for power plants are below international standards, limiting their adaptability to variable 
renewable energy sources (VRE) and their technological potential. Revising these ramp rates is 
essential for stable system operation, adapting to changing loads, and enhancing reserve power 
capacity [31]. Additionally, speculation about switching from net-metering to gross metering to 
manage the capacity cost of decreasing demand from the national grid has caused confusion among 
small-scale investors. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 14 August 2024                   doi:10.20944/preprints202408.0852.v1

https://doi.org/10.20944/preprints202408.0852.v1


 18 

 

Historically, till 2018, Pakistan was effectively trying to deploying renewable based generation 
as indicated by renewable energy country attractiveness index (RECAI) where Pakistan ranked 
among the top 40 countries in terms of country’s attractiveness for renewable energy investment and 
deployment [70–72] but later on, the rate of deployment couldn’t keep pace with the rate observed in 
US and EU. This phenomenon can be observed from the Figure 16. 

. 

Figure 16. percentage share of Solar and Wind generation installed capacity [73]. 

Although VRE currently contribute about 5% of Pakistan's electricity generation mix, solar 
energy is crucial for addressing the needs of the 25% of the population lacking grid access. The private 
sector, particularly in rural areas, is actively deploying solar solutions, with projects like solarizing 
tube wells and rural electrification gaining traction. A recent 30% decline in PV module prices since 
Q4 2023 has enhanced solar cost-competitiveness, facilitating wider adoption of solar energy in 
Pakistan. [74] 

Implementing a Competitive Trading Bilateral Contract Market (CTBCM) in Pakistan can 
significantly address existing challenges and facilitate VRE deployment. By introducing a day-ahead 
market, generation companies can better project revenues and respond to competitive pressures, 
fostering a dynamic market environment with clear price signals that attract renewable energy 
investments. This competitive framework promotes efficiency and innovation, enabling renewable 
sources to compete equally with conventional generation. Lessons from the EU and US indicate that 
such competitive markets enhance the integration of VRE by providing financial incentives and 
encouraging technological advancements. Relying solely on long-term contracts may hinder 
renewable energy progress, underscoring the need for CTBCM adoption. 

8. Renewable induced Resource Adequacy Challenges 

In competitive energy markets, renewables offer advantages such as zero fuel costs and low 
emissions, which drive their deployment. However, their intermittency requires grid operators to 
rely on flexible generation sources to complement them for reliable service. Intermittent supply based 
on natural resources such as wind, solar and run of the river generation may create scarcity in their 
absence which necessitate dispatchable installed capacity to bridge the gap and abundance in their 
presence which led to curtailment especially during low demand. This situation impact system 
stability and pose a challenge to long-term resource adequacy. US Department of Energy in [75] 
highlighted several challenges expected to be faced in future in electricity markets. It is to be noted 
that most of top priority challenges are associated with integration of renewables as shown in Table 
3. 
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Table 3. Future challenges in US Power Market [75]. 

. 

8.1. Diminished Reserve Margins 

The US Seasonal Risk Scenario (On-Peak Reserve Margins assessment for summer 2024) [76] 
highlights the variability and reliability challenges faced by the U.S. power grid as renewable energy 
sources become more prominent. Regions like MISO, NPCC-New York, and PJM exhibit significantly 
reduced reserve margins during higher demand, outages, and extreme conditions, with some 
margins turning negative. This underscores the critical need for robust resource adequacy planning 
and integration strategies that account for the intermittency of renewables such as wind and solar. 
Traditionally calculated reserve margins, based on Loss of Load Expectation (LOLE) metrics, become 
compromised under extreme conditions, revealing vulnerabilities not accounted for in standard 
models. Diminished reserve margins while taking into account extreme conditions such as low 
renewables, high demand and drought conditions can be seen as per Figure 17. 

. 

Figure 17. Effect of extreme conditions on reserve margins. 

Source: Authors own illustrations based on [76] 
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8.2. Negative Pricing 

The increased participation of renewables in the energy mix has increased the incidence of 
negative prices in the wholesale market. The phenomena of negative prices are peculiar to renewable 
subsidies such as state renewable portfolio standards (RPS). Eligible renewable generators can take a 
2.2 cents/kWh or $22/MWh production tax credit (PTC) on electricity sold in the US. This means that 
some generators, primarily those operating wind turbines, may be willing to sell their output at 
negative prices to continue producing power. Though negative prices may not be occurring solely 
due to subsidized renewables in the market but they do contribute largely to this phenomenon. With 
the rise of negative prices, the generation revenues of other plants (fossil based) decrease which 
discourage the future investment in dispatchable Peaker plants, resulting in decreased adequacy. [77] 
In case of EU, the negative pricing in the spot market has increased 12-folds. Northern Europe 
witnessed the highest number of negative pricing occurrences due to low demand and high 
renewable generation. The historical trend of negative pricing in wholesale energy markets can be 
seen in the Figures 18 & 19 

. 

Figure 18. Figure 1 Historical trend of negative prices in the EU (left) and US (right) wholesale markets 
[78,79]. 

8.3. Shifting of Net-Peak Demand and Enhanced Flexibility Requirements 

In many regions of the US, EU, and especially Pakistan, the peak electricity demand traditionally 
occurred during hot summer days. However, recent trends indicate a shift of net peak demand 
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towards the evening hours when solar generation ceases, necessitating other resources to meet the 
net load.[80] with this shift the resource adequacy risk has also shifted to evening hours where 
dispatchable generation has to fulfill the huge scarcity of power. This phenomenon can be observed 
in both US markets such as CAISO and ERCOT, which are leading the renewable deployment. In 
CAISO, it exacerbates "duck curve" effect, requiring dispatchable plants to ramp up or down more 
steeply and frequently, which is both costly and inefficient. [81] This phenomenon can be observed 
in Figures 20 & 21. In CAISO, with each passing years, the duck curve is getting deeper, thus creating 
high ramping requirements for dispatchable plants and necessitating the installation of BESS. 

. 

Figure 20. Figure 2 Shifting of net-load in ERCOT (left) & CAISO Duck Curve (right) [82,83]. 

This transition places significant pressure on other generation facilities to be more flexible and 
fulfill the demand, increasing the risk of load shedding during these solar-deprived hours.  

Similarly in EU, the daily flexibility requirements are also expected to increase as shown in 
Figure 22 due to increased participation of renewables. 

. 

Figure 22. Past and Future Flexibility Needs in different time frames (EU) [84]. 

8.3. Market Design 

The deregulation of electricity markets introduced competition, shifting the focus to market 
forces to determine the generation mix. This change incentivized renewable energy due to its zero 
marginal cost and growing environmental concerns. However, it also introduced challenges, 
particularly in ensuring resource adequacy. In deregulated markets, where generators earn revenue 
based on electricity sales and ancillary services, underinvestment in capacity can occur due to 
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depressed market prices, especially when renewable energy drives prices down. This leads to the 
"missing money" problem as shown in Figure 23, Factors contributing to this issue include: [85] 
• Market regulations that cap prices below the Value of Lost Load (VoLL), restricting revenue 

needed to cover fixed costs. 
• Overly stringent reliability criteria, leading to excess generation capacity and lower market 

clearing prices, which can deter new investment. 

. 

Figure 23. Missing money problem in ERCOT [86]. 

As the current deregulated market design in EU and US is competitive essentially working on 
the principle of demand and supply, so high reserve margins or excess generation in the market 
means no scarcity condition and hence no scarcity rent or pricing. In order to maintain that excess 
generation, some form of reward for maintaining resource adequacy for existing generation or some 
form of incentive to attract new generation is provided in the form of capacity market, reliability 
options or scarcity rents. However, keeping in view the present design of reliability mechanisms 
prevalent in different regions of US and EU, they do create missing money problems due to increased 
supply from renewables. 

As Pakistan is also transitioning to competitive market, it may also experience missing money 
issue with increased participation of renewables in future. 

. 

Figure 24. Capacity Supply Curve in CTBCM Scenario [15]. 

The VRE additions push the supply curve to the right side as shown in Figure 24, resultantly 
decreasing capacity clearing price as well as capacity clearance from fossil-based generation, thus 
creating the missing money problem for more fossil-based generation. 
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9. Enhancing Integration of Renewables 

Policies supporting low-carbon generation have significantly increased VRE production, 
displacing thermal generation due to the low operational costs of renewables. This shift, along with 
the economic crisis's impact on power demand, has led to a sharp decline in thermal plant load levels 
investment in new fossil-based dispatchable resources. The reduced use of flexible thermal 
generation, which is essential for managing renewable production fluctuations, poses a challenge for 
maintaining grid stability. Ensuring grid adequacy now requires the addition of new flexible 
resources to complement wind and solar power, which are subject to significant and sometimes 
sudden fluctuations. To balance these changes in electricity supply and demand, it is essential to 
deploy fast-acting generation, release stored electricity, or adjust consumption in response. Therefore, 
market incentives must be established to encourage investment in and retention of system flexibility, 
which is critical for the ongoing transformation of the electricity system. [87] 

9.1. Tackling Intermittency 

The combination of wind and solar PV along with BESS has the advantage that they complement 
each other since the peak operating times for each system occur at different times of the day and year. 
The power generation of such a hybrid system including BESS, is more continuous i.e., fluctuates less 
in terms of time and frequency if these are developed and operated jointly. [16] If solar is linked with 
appropriate storage its dispatchability enhances and combined capacity value exceeds individual 
capacities offered by solar and BESS due to diversity benefit. This phenomenon can be seen in Figure 
25. 

. 

Figure 25. Hybrid renewables generation [88]. 

Technological complementarity involves integrating solar and wind generation profiles, both on 
a project and local level, considering their distinct peak and off-peak times. This integration results 
in a more consistent and less variable generation compared to individual technology profiles. As a 
result, there is a reduced requirement for flexibility resources to bridge the gap between variable 
renewable generation and demand. Combining wind and solar electricity supply has the potential to 
decrease short-term generation variability by approximately 30% in the EU.[89] 

9.2. Improving Capacity Accreditation 

Capacity accreditation methods are crucial for assessing a generator's ability to supply electricity 
during critical shortages, using capacity credits to represent each generator's contribution to resource 
adequacy. These credits are important for capacity market offers and competitive procurements. 
While a megawatt-hour (MWh) of energy is uniform, a megawatt (MW) of capacity varies in 
reliability based on availability. As resource mixes change and reliability risks shift to periods of 
lower demand with reduced resource availability due to weather or fuel disruptions, accurately 
evaluating each resource’s reliability is vital for grid stability. 

Measuring firm capacity for variable resources, influenced by factors like insolation and wind 
speed, is challenging due to their unpredictability. Capacity contribution factors can impact resource 
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contribution, future procurement decisions, and the choice of reference technology and capacity 
remuneration. The net CONE to be recovered through the capacity market fluctuates with renewable 
capacity support. Incorrect capacity values can significantly affect the net CONE value. The 
relationship between capacity value and net-CONE is shown in Figure 26. 

. 

Figure 26. Effects of capacity value on Net-Cone. 

Source: Author’s own illustration based on [90] 
As the capacity value decreases, the net cost of that resource type also increases thus making it 

unsuitable to be cleared in the capacity market. This phenomenon discourages the participation of 
variable generation in capacity market. 

Currently in Pakistan, the net capacity of a generation plant is determined based on the Initial 
Dependable Capacity (IDC) Test conducted at the Commercial Operation Date (COD) and repeated 
annually. Each unit's de-rated capacity is recorded and remunerated accordingly. However, this 
capacity accreditation method will change in the post-CTBCM era. For dispatchable generation units 
commissioned before CTBCM, the Market Operator will determine Initial Firm Capacity based on 
the actual Available Capacity during System Peak Hours over the past three years. For non-
dispatchable generation units, it will be based on the average hourly energy injected into the Grid 
System during System Peak Hours over the past three years. These peak hours consist of 50 critical 
hours during periods of extreme system stress. For new generation units commissioned after 
CTBCM, the Market Operator will calculate Initial Firm Capacity based on the technology used, 
multiplying the Installed Net Capacity by Equivalent Availability Factors (EAF), provided the unit 
shows full availability during System Peak Hours as outlined in Figure 27. 

. 

Figure 27. Availability factors for determining capacity provision of different generation. 

Source: Author’s own illustration based on [36] 
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This approach mirrors the Effective Load Carrying Capability (ELCC) method used in the U.S., 
which dynamically measures the reliability contribution of resources in the capacity market. In 
Pakistan, capacity accreditation is based on EAF, assigning flat percentage rates to each type of 
generation based on reliability—92% for conventional sources like hydro, thermal, and bagasse, and 
lower rates for variable sources like wind (30%) and solar PV (22%). While straightforward, this 
method may not fully capture grid dynamics and the intermittent nature of renewables. 

The U.S. ELCC approach evaluates each generating technology's contribution to overall system 
reliability during peak demand periods. It adjusts dynamically to specific regional challenges and 
storage solutions, offering a nuanced understanding of resource adequacy. For instance, solar with 
storage can have higher ELCC values, indicating more reliable grid contributions compared to solar 
alone. This method acknowledges the critical timing and location of energy generation. 

Using ELCC, regions in the U.S. can tailor capacity accreditation to better reflect actual reliability 
under varying conditions as shown in Figure 28, leading to a more efficient and realistic capacity 
market where VRE sources are integrated effectively with advanced technologies like storage. In 
contrast, Pakistan's more generalized method underscores the need for sophisticated measures as 
grids evolve with more intermittent renewable energies. 

. 

Figure 28. The ELCC class ratings in different regions of US. 

Source: Author’s own illustration based on [91] 
The ELCC method, also gaining traction in the EU, provides a more practical and accurate 

measure of resource adequacy than traditional de-rated capacity methods. As Pakistan introduces 
more variable generation resources, it may adopt the ELCC method to account for intermittency and 
local conditions more accurately. 

9.3. Effective Forecasting 

Accurate predictions of energy output from wind, solar, and other renewable sources enable 
grid operators to manage supply and demand effectively, minimizing the risk of blackouts and 
ensuring a continuous power supply. By anticipating periods of high and low renewable generation, 
utilities can better plan the integration of complementary energy sources such as hydro and Energy 
Storage Systems (ESS), which help mitigate the variability and intermittency inherent in renewables. 
This proactive approach not only optimizes the utilization of available resources but also reduces the 
need for costly and carbon-intensive backup generation, supporting the transition to a more 
sustainable and resilient energy infrastructure. In case of US, the expected contribution of various 
renewables during summer-2024 can been seen in the figure given below: 
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Figure 29. Forecasted contributions of renewables and battery storage during Peak Hours. 

Source: Author’s own illustrations based on [76] 
Wind energy, with a nameplate capacity of 167,552 MW, has an expected contribution of only 

29,725 MW during peak demand, reflecting just 18% of its nameplate capacity due to its variability 
and dependence on weather conditions. Solar PV shows a higher expected performance, contributing 
64,277 MW out of its 108,320 MW nameplate capacity, representing 59%. Hydro energy demonstrates 
greater reliability with an expected contribution of 63,692 MW from its 103,461 MW nameplate 
capacity, accounting for 62%. Energy Storage Systems (ESS) exhibit the highest reliability, 
contributing 16,821 MW from a 22,960 MW nameplate capacity, or 73%. This highlights the 
importance of ESS, which plays vital roles in balancing the intermittency of wind and solar power, 
thereby supporting the integration of VRE into the grid. 

9.4. Battery Storage 

The high variability caused by extensive renewable energy installations, particularly PV 
systems, results in significant intra-hour power load fluctuations that must be managed by fast-
response batteries. Oversizing capacity to ensure constant balance between consumption and 
production necessitates substantial investments in generation infrastructure and leads to frequent 
curtailment. However, integrating electricity storage dramatically reduces the need for over-
provisioning solar and wind capacity, cutting overcapacity by half within the European power grid. 
The continuous decline in technology costs, as shown in Figure 30, is paving the way for new, cost-
effective storage solutions beyond traditional pumped hydro storage. The development of robust and 
affordable future energy systems based on renewable generation hinges on the ability to store 
substantial amounts of electricity over both short and long timescales. [92] 
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. 

Figure 30. Average Total System Capital Costs of Utility-Scale Batteries Globally and in Key Markets 
from 2020 to 2050 [93]. 

Historically, utility scale batteries were deployed for the provision of ancillary services, 
however, this role is transforming to ensuring resource adequacy through energy shifting and 
providing peaking capacity as shown in Figure 31. 

. 

Figure 31. The role of batteries in US (left) and EU (right) [49,95]. 

Note: 
• Ancillary services: Includes services such as frequency regulation, voltage control, reactive power support, 

and reserve capacity. 
• Energy arbitrage: Trading electricity for profit from demand price discrepancies. 
• Capacity market: Offers guaranteed power availability, boosting grid reliability. 
• Others: Includes energy trading, power backup, firming, and ramp control. 

BESS provides reliable dispatchable capacity to meet peak electricity demand, ensuring a stable 
and consistent power supply. By discharging during peak hours, BESS reduce the need for additional 
secure capacity from sources like gas turbines. As utility-scale BESS become increasingly competitive 
with other dispatchable capacity sources, their share in total dispatchable power capacity is expected 
to rise significantly. Currently, conventional unabated fossil fuel power plants dominate, accounting 
for 70% of available dispatchable capacity, with hydropower and nuclear contributing a combined 
quarter. In scenarios aimed at achieving Net Zero Emissions (NZE) by 2030, BESS are projected to 
constitute one-eighth of total dispatchable capacity, while unabated fossil fuels' share is expected to 
fall below 50%. By 2050, BESS are anticipated to become the primary global source of dispatchable 
capacity, with installed capacity exceeding 4 TW, as illustrated in Figure 32. 
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. 

Figure 32. Installed capacity by sources [94]. 

In the United States, the Inflation Reduction Act offers a federal tax credit of up to 50% for 
storage projects, while nine states have set storage targets totaling over 50 GW within the next 20 
years. The Act also provides a 30% tax credit for residential clean energy equipment, including 
behind-the-meter battery storage systems with a minimum capacity of 3 kWh. Additionally, states 
like California, Arizona, Massachusetts, Hawaii, Colorado, and New York have introduced further 
incentives for behind-the-meter storage, such as time-of-use tariffs and dedicated storage incentives. 
[94] 

Historically, pumped storage dominated the electricity markets until recently battery storage 
has experienced significant growth in US as shown in Figures 33 & 34. This rapid expansion is driven 
by advancements in battery technology, decreasing costs, and the need for flexible storage solutions 
to support renewable integration. Batteries offer rapid response times, essential for balancing short-
term fluctuations in renewable generation. They also play a critical role in peak shaving, storing 
excess renewable energy during low-demand periods and releasing it during peak demand, thereby 
enhancing resource adequacy. Additionally, batteries contribute to grid stability by providing 
ancillary services such as frequency regulation and voltage support, which are crucial in a grid 
increasingly powered by variable renewable sources. However, the usage factor, which peaked at 
6.8% in 2017, has fluctuated and settled around 5.7% in 2023. This disparity between rapid capacity 
growth and inconsistent usage factors suggests potential integration challenges and underutilization 
issues. 
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Figure 33. Figure 3 Overall US storage past trends and future outlook (left) and region wise battery 
installed capacity (right). 

Source: Authors own illustration based [62,96] 
As CAISO and ERCOT have massively deployed renewables especially solar so these ISOs have 

also been deploying battery storage on massive scale. California’s strong policy support and high 
renewable penetration, combined with Texas’s market-driven approach and need for grid resilience, 
position these regions as leaders in the battery storage market. 

Battery storage can successfully operate during the evening peak hours when solar generation 
fall. Moreover, it can take advantage of the low or near zero prices during the day to charge while 
discharge during the evening peak hours. With the participation of battery, renewables curtailment 
rate also drops as battery takes advantage of the excess generation and store it. The enhanced 
participation of battery in future scenarios in US can be seen from the Figure 35. 
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Figure 35. Hourly U.S. electricity generation for selected cases and representative years (billion kWh) 
[97]. 

In the European Union, member states plan to deploy approximately 45 GW of storage by 2030 
as outlined in their National Energy and Climate Plans. Support for BESS includes reforms in 
Sweden, Spain, Italy, and Germany to eliminate double taxation and grid tariffs, along with long-
term remuneration mechanisms in Greece and Italy. The EU also finances BESS projects through the 
Innovation Fund and Recovery and Resilience Facility. In countries like Germany and France, BESS 
are crucial providers of frequency response and reserves, driven by market reforms. BESS also 
enhance system adequacy and congestion management, with initiatives like Germany's grid boosters 
easing transmission bottlenecks. Utility-scale BESS are primarily used for energy shifting and 
peaking capacity. Germany, Italy, and other EU states encourage behind-the-meter storage through 
subsidies such as grants, low-interest loans, and tax rebates, though Italy has recently phased out its 
Superbonus tax credit, which had spurred much of the growth in behind-the-meter storage. Overall, 
EU member states are increasingly promoting self-consumption and moving away from feed-in 
tariffs and net metering schemes for solar PV, thereby encouraging the adoption of behind-the-meter 
BESS. [94] 

The European Commission has issued recommendations in [98] to enhance the deployment of 
energy storage, emphasizing its crucial role in decarbonizing the EU energy system. These 
recommendations highlight that storage allows excess electricity to be saved and used later, 
improving the integration of VRE. The document underscores the flexibility storage provides, 
enabling the electricity system to adapt to changing demands, lower prices during peak times, and 
support consumer energy management. Additionally, storage technologies aid in the electrification 
of sectors like buildings and transport, and contribute to decarbonizing heating and cooling. The 
Commission advises EU countries to consider the unique aspects of energy storage in network 
charges and tariffs, streamline permit processes, and maximize storage potential in network design 
and operation. It also addresses the need for long-term revenue visibility to attract financing, 
encourages research and development, and calls for data publication to support investment 
decisions.  

In terms of financing, the recommendation suggests measures to enhance revenue predictability 
for storage operators, including remuneration for services provided. It also encourages the use of 
competitive bidding procedures within state aid rules and improvements in capacity mechanism 
design to achieve the requisite flexibility. The accompanying Staff Working Document underscores 
storage's critical role in the energy transition, emphasizing its contribution to decarbonization targets. 
It provides insights into global storage deployment trends and outlines best practices for integration, 
with a particular focus on battery storage. Goals for 2030 and 2050 center around enhancing the 
integration of renewables and achieving greater flexibility in the energy system. [99] 

The demand for energy storage in Europe is advancing at fast pace. In 2023 alone, a staggering 
10 gigawatts (GW) of new storage capacity was installed, with 7 gigawatts (GW) being Behind-the-
Meter (BtM) and 3 gigawatts (GW) being Front-of-Meter (FoM) storage power capacity. This 
impressive growth is fueled by two main drivers: government programs that support storage 
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development and an overall improvement in market conditions for these systems. Interestingly, the 
trend is shifting towards storage solutions that can hold energy for longer periods. Previously, most 
projects involved systems that could store energy for 2 hours, but 4-hour systems are becoming 
increasingly popular. Experts even predict that storage with even longer durations will be 
commonplace in the near future. When it comes to the leading markets for energy storage, Germany 
and Italy remain the frontrunners for both BtM and FoM storage capacity. This dominance by these 
both countries is expected to continue for the foreseeable future. [100] 

The latest projections as per shows a parabolic trend. The projections are given in Figures 36 & 
37. 

. 

Figure 36. Figure 4 ERAA 2024 Projections (left) & Yearly additions (right) [93,101]. 

Note: The European Resource Adequacy Assessment (ERAA) is crucial to European energy 
policy, helping policymakers ensure secure, affordable, and sustainable energy. It provides a 
comprehensive, pan-European evaluation of power system resource adequacy, projecting up to 10 
years into the future. 

In Pakistan, the development of viable business models for battery storage is hindered by a lack 
of an adequate regulatory framework. Though recently, 20MW BESS pilot project in Pakistan was 
deployed for the provision of ancillary services and few other projects involving battery storage in 
the feasibility stage. Merchant risk and uncertainty over long-term revenues also impede investment. 
Most importantly, short-term price signals are absent. Even after the introduction of CTBCM with 
adequate short-term price signals in place, Pakistan may still face significant barrier in the form of 
double taxation or double charging of grid tariffs, where BESS is taxed both when charging and 
discharging due to their dual nature as both generation and load. This results in a systemic 
disadvantage compared to other technologies, and storage systems can be subject to withdrawal 
tariffs for each charging cycle. As Pakistan move towards more and more renewables in response to 
future increased demand as well as more aggressive installation of Behind the meter solar generation, 
Pakistan may need to establish additional mechanisms for resource adequacy and BESS can play a 
greater role in that sense. Moreover, it can also be financially viable to go for batteries as well as 
meeting clean energy goals. As the delta between peak and off-peak rates increases, the battery 
installation start making sense [102]. The BESS, when paired with solar and wind power, have the 
potential to reduce electricity prices to as little as 6-8 cents per unit in Pakistan and can also provide 
reliable power to communities located far from the national grid. [103] 
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The WB study [31] evaluated various scenarios for future generation expansion in Pakistan 
keeping in view the reliability criteria, reserve margin requirements, existing generation contracts, 
trends, regulations and government policies for introduction of renewables. Possible scenarios along 
with their ranking are given in Table 4. 

Table 4. Scenarios of future generation expansion in Pakistan. 

SCENARIO 

TOTAL 
COSTS 

(w/o 
Emission 

Costs) 
(NPV) 

bn USD 

TOTAL 
COSTS 
(with 

Emission 
Costs) 
(NPV) 

bn USD 

Total 
Emissions 

(2019 - 
2040) 

Gt CO2 

Wind 
Share 

(2025, %) 

Solar Share 
(2025, %) 

Wind 
Share 

(2030, %) 

Solar Share 
(2030, %) 

Rank 
(VRE 
Share-
2025) 

RANK 
(Average 
Cost w/o 
Emission 

Costs) 

RANK 
(Emissions) 

PLEXOS 
Optimum 84.3 106.5 1,184.5 10.0 17.3 7.7 25.3 8 7 10 

Government 
RE Policy 

Targets 
+0.6% +3.3% +20.6% 8.8 11.2 9 21 17 8 16 

Low Demand -11.9% -11.8% -18.0% 9.2 13.9 7.2 24.1 14 2 3 
Nuclear 
Flexible 0.0% -0.1% -0.5% 9.9 18.0 7.8 25.4 5 6 9 

Delays 
Hydropower +6.3% +8.3% +17.6% 9.5 21.9 11.5 28.8 2 16 14 

Distributed 
PV +2.5% +3.5% +8.2% 10.6 9.5 10.9 16.8 16 12 12 

Battery -0.4% -1.9% -11.2% 9.8 19.6 10.8 26.0 4 5 6 
        1= Best    18=Worst 

The analysis of various energy scenarios highlights that both the Battery and Low Demand 
scenarios, especially when combined with demand-side management (DSM), offer optimal solutions 
for Pakistan's future energy planning. The Battery scenario is cost-efficient, demonstrating lower total 
costs and significant emission reductions, making it a strong option for balancing economic and 
environmental goals. The Low Demand scenario shows the most significant cost and emission 
reductions, and when enhanced with DSM, it optimizes energy usage, reduces peak demand 
pressures, and improves overall grid reliability. Together, these strategies support the integration of 
VRE resources, maintaining competitive shares of wind and solar energy. 

The BESS significantly enhance the power system's integration of VRE sources like wind and 
solar by increasing VRE absorption, reducing conventional capacity, delaying hydropower 
expansion, encouraging higher VRE installation, and minimizing curtailment. Several factors could 
support an even faster rate of least-cost VRE deployment, potentially enabling Pakistan to approach 
a 100% carbon-free electricity sector in the future. The adoption of new technologies such as BESS, 
DR, and other "smart grid" solutions, particularly if they become more affordable, would be crucial 
in this transition. 

9.5. Demand Response 

Demand response (DR) steps in as a crucial tool to address the challenges posed by variable 
renewable generation. DR programs incentivize consumers and businesses to adjust their electricity 
consumption patterns in response to grid conditions. During periods of high demand, DR can 
encourage reduced consumption, helping to balance the system and potentially avoiding the need 
for expensive backup generation. 

In US, formal Demand Response (DR) programs have seen significant growth, particularly those 
involving commercial and industrial customers who have agreements with their load-serving entities 
to curtail load during high demand periods. Furthermore, some entities have introduced programs 
targeting retail customers, providing operator-controlled demand-side management capabilities. 
Examples of such programs include those implemented by the ERCOT in Texas, which demonstrate 
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how DR programs can contribute to operating reliability and resource adequacy during the summer 
months. The quantum of DR in US can be seen in Figure 38. 

. 

Figure 38. DR in US regions [76]. 

The DR is also gaining traction in EU. On May 8, 2024, the European Distribution System 
Operators Entity (EU DSO Entity) and the European Network of Transmission System Operators for 
Electricity (ENTSO-E) submitted a joint proposal to the European Union Agency for the Cooperation 
of Energy Regulators (ACER) for the Network Code on DR. This regulation adheres to principles of 
non-discrimination and technology neutrality, while considering the specific requirements of 
demand response, energy storage, distributed generation, demand curtailment, and aggregation, and 
the potential need for adapting current and future rules. [104] 

In Italy, the pilot project for mixed-enabled virtual units allowed small-scale units, including DR 
providers, to aggregate and establish a virtual power plant, offering ancillary services to the system 
operator. Embracing different forms of aggregation not only promotes a competitive atmosphere that 
lowers costs for end users but also presents a feasible business prospect for proactive consumers. 

The DR participation in France is incentivized through dedicated measures, supporting the 
electricity system by reducing consumption during peak hours. This approach provides quick and 
environmentally friendly flexibility to the system. France enhances consumer participation in 
balancing and wholesale markets with specific capacity payments. Temporarily, DSR providers are 
remunerated through regular, competitive tenders. The contracted volume from these tenders is 
subtracted from the market-wide capacity mechanism's requirements. The remuneration for DR-
specific auctions is generally higher than that of the market-wide mechanism, reflecting the 
additional incentives needed to encourage consumer participation. During the COVID-19 pandemic, 
the auction price cap was raised from 35,000 to 60,000 euros per MW to contract a higher volume as 
shown in Figure 39. Consequently, contracted volumes and their remuneration approximately 
doubled, although they still fell short of the target. 
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Figure 39. Contracted volume and remuneration in France. 

Author’s own illustration based on [29] 
Demand response faces multiple barriers, including difficulties accessing markets, lack of 

national regulations, and retail prices that don't reflect system needs. While each barrier might seem 
minor individually, together they create significant obstacles that impact the overall market. 
Overcoming these barriers requires substantial effort. A certain degree of price volatility, including 
occasional negative wholesale prices, is crucial for signaling and activating demand response. 
However, policies that dampen these signals may hinder the transition to a more dynamic, 
responsive, and renewables-ready system. Key barriers include the absence of a proper legal 
framework for distributed energy resources to access electricity markets and provide services, lack 
of incentives for flexibility, restrictive requirements for participating in balancing and congestion 
management services, limited competitive pressure in the retail market, and public interventions in 
retail electricity prices. Additionally, other issues such as insufficient cross-border electricity capacity, 
bidding zones not reflecting structural congestions, and administrative and financial requirements 
also impact distributed energy resources. 

In future, managing VRE deficit situations will be crucial for resource planning as they pose a 
risk to supply security if not handled properly. Between 2021 and 2030, the demand for non-VRE 
generation is expected to decrease substantially in most hours, totaling nearly half (46%), equivalent 
to the annual output of 182 baseload thermal power plants in EU. However, despite the overall 
decrease in the need for non-VRE generation, high VRE deficit situations are expected to persist. 
These instances occur during limited hours in a year when VRE generation is significantly lower than 
demand. [89] 

Overall, there will still be a small number of hours annually where a significant amount of 
flexibility resources will be required to compensate for the shortfall in VRE generation. Flexibility 
requirements will shift from a 'high capacity - high volume' scenario suited for gas generators to a 
'high capacity - low volume' scenario, increasingly feasible with carbon-free alternatives. Demand 
response measures like peak shaving and demand shifting, along with storage solutions, will be 
essential in addressing these peak events. 

10. Recommendations 

Based on the extensive analysis provided, several tailored recommendations can enhance 
resource adequacy and VRE integration in the power sectors of the United States, European Union, 
and Pakistan. For the United States, improving market design is essential to address the "missing 
money" problem by refining capacity market designs and implementing scarcity pricing that reflects 
the true cost of reliability. Investments in BESS should be accelerated to enhance grid flexibility and 
reliability, utilizing incentives like the Inflation Reduction Act’s federal tax credit and state-specific 
storage targets. Expanding demand response initiatives across regions will help manage peak load 
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and integrate more VRE, encouraging participation from commercial, industrial, and residential 
sectors through regulatory support and financial incentives. Advanced forecasting technologies 
should be invested in to better predict VRE generation and manage grid operations effectively. 
Additionally, promoting hybrid renewable systems that combine solar, wind, and storage can 
mitigate intermittency and enhance overall generation reliability. 

In the European Union, implementing robust CRMs is crucial to address residual adequacy 
issues, ensuring they are technology-neutral, open to all capacity providers, and compliant with state 
aid rules. Expanding battery energy storage systems through the Innovation Fund and Recovery and 
Resilience Facility will support system adequacy and congestion management. Enhancing regulatory 
frameworks to facilitate demand response and flexibility resources will promote market participation 
from distributed energy resources (DERs), including through the implementation of the Network 
Code on Demand Response. The integration of renewables should be prioritized through policies like 
the REPowerEU initiative and Net-Zero Industry Act, supporting both local and interconnected 
storage solutions and the strategic overbuilding of generation resources. Developing advanced 
forecasting and capacity accreditation methods, such as Effective Load Carrying Capability (ELCC), 
will improve the predictability of renewable generation and grid management. 

For Pakistan, resolving costly fossil fuel contracts is a priority to create financial space for VRE 
investments. Implementing the Competitive Trading Bilateral Contract Market (CTBCM) model will 
promote market efficiency and VRE integration, with robust capacity procurement practices and clear 
regulatory guidelines. As VRE penetration is expected to increase in future, investments in BESS are 
essential to support grid reliability and manage renewable energy variability, while promoting 
demand response programs will stabilize the grid during peak load hours. Upgrading grid 
infrastructure to accommodate increased VRE sources and ensure a stable power supply is necessary, 
with a focus on digitalization and smart grid technologies. Attracting foreign investment and 
exploring innovative financing options like green bonds and renewable portfolio standards, 
alongside additional fiscal incentives for VRE projects such as tax exemptions and duty relaxations, 
will be crucial. Adopting advanced capacity accreditation methods, transitioning to ELCC or similar 
methods, will accurately measure the contribution of VRE sources to resource adequacy. Promoting 
hybrid renewable systems that combine solar, wind, and storage can enhance generation reliability 
and reduce intermittency. Additionally, investing in effective forecasting tools to better predict r 
generation and manage grid operations will be vital, integrating weather data with grid management 
systems for more accurate predictions. Finally, making conventional generation more adaptable by 
improving ramp rates and low power operation will further enhance the resource adequacy in near 
future. 

11. Study Limitation and Future Research 

This study examines the latest trends in the power markets of developed economies like the EU 
and US, providing a roadmap for Pakistan to achieve resource adequacy through modern and clean 
solutions such as battery storage and demand response. Future research should focus on quantifying 
the appropriate size of energy storage and demand response needed to integrate more renewable 
generation in Pakistan, and exploring alternative storage techniques beyond BESS. While this study 
emphasizes the technical aspects of the power market, it does not address political and financial 
issues in the US, EU, and Pakistan. Unique challenges in Pakistan, such as outdated transmission 
infrastructure, circular debt, high losses, and frequent power interruptions are also beyond this 
study's scope but are critical to consider for a successful energy transition. 
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