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Abstract 

Achieving net-zero greenhouse gas emissions in the energy system requires substantial electrification 

of transportation and many industrial applications, utilizing net-zero generation resources in conjunction 

with net-zero gas and heat systems. This paper describes and evaluates a centralized net-zero energy 

system with liberalized electricity, gas, and heat production facilities, a regulated network utility, and the 

operator of the net-zero system. Existing market-based electricity systems in Europe and the United 

States provide the starting point for transitioning to a net-zero energy system and inform the design 

choices needed to enable that. Such centralized net-zero energy systems may improve system 

efficiency and reliability through jointly optimizing electricity and gas operations and planning, while 

accommodating regional policy and governance preferences. Their success depends on whether 

existing market and regulatory practices can be extended, and new practices developed, to satisfy the 

multiple policy objectives of net-zero energy systems, accommodate emerging net-zero energy 

technologies, successfully optimize markets with multiple energy products, efficiently regulate markets 

and network investment, and implement effective governance. 
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1. Introduction and Policy Context  

Up to 145 countries worldwide have or are considering net-zero energy emission targets, namely, an 
energy system that emits at most no greenhouse gases after accounting for emission absorption and/or 
the capture and storage of emissions from the atmosphere. Similarly, 24 states in the United States 
(U.S.) and the U.S. District of Columbia are committed to transitioning to net-zero energy systems. 
These targets aim to eliminate net greenhouse gas emissions and be consistent with other objectives 
regarding the affordability of energy and the security of energy supply. The starting point for countries 
and states of the transition is the electric power system, given that it offers the most numerous and cost-
effective options compared with other sectors for achieving net-zero emissions. Additionally, through 
electrification, it can extend its impact into other major sectors such as transportation, heating, and 
industrial processes.  

A whole-system approach that includes electricity and other energy sources and carriers, such as 
natural gas, hydrogen, carbon dioxide-derived fuels, and heat (steam and hot water) networks, is 
considered. A centralized system’s approach serves two purposes. First, it is a conceptual model that 
provides a benchmark for evaluating the efficiency of a net-zero energy system (NZES). Second, it is a 
starting point for practical proposals that are premised on centralized market and network optimization. 
For example, in response to the United Kingdom’s 2023 Energy Act, the National Energy System 
Operator replaced the National Grid Electricity System Operator so as to accelerate the net-zero energy 
transition (United Kingdom Department for Energy Security and Net Zero, 2024; Chyong, 2025).  

At the outset, it is important to discuss terminology and abbreviations. The paper extends the terms and 

concepts of the electric power system to the NZES. For instance, the term energy is used in lieu of 

electricity, and also covers multiple gases, steam, and hot water.1 Whereas NZES refers to the physical 

system, the corresponding terms for independent system operators/regional transmission operators 

(ISOs/RTOs) and transmission system operators (TSOs) are extended to the energy system operator 

(ESO), the regional energy transportation operator (RETO), and the transportation energy system 

operator (TESO). Transportation refers to the long-distance transmission of energy carriers and their 

local distribution. The term ‘social welfare’ is the sum of consumer and producer surplus and does not 

include broader societal objectives, such as distributional impacts or environmental justice. The term 

‘liberalized’ refers to markets for energy products and carriers, but with a monopoly utility transportation 

and delivery system subject to economic regulation, such as cost-of-service or incentive-based 

regulation. Other extensions of nomenclature that apply to existing electric, natural, and heating systems 

are introduced throughout the paper. 

The remainder of the paper is organized as follows. Section 2 is a literature review of NZES. Section 3 
describes and analyzes the architecture of independent energy system operators (IESOs), regional 
energy system operators (RESOs), and TESOs. Section 4 summarizes the findings and identifies 
avenues for additional research. 

2. Net-Zero Energy System Literature Review 

The literature is replete with NZES proposals (DeAngelo et al., 2021). Net-zero emissions is more than 
a physical definition; it also includes multiple objectives as it is operationalized within economic, social, 
and political systems (Fankhauser et al., 2022). Although the specifics of these proposals vary 
geographically, depending on the available resources, priorities, and political contexts, there are 
important similarities. The proposals include increased electrification, the ability to manage the variability 
of power generation from wind and solar photovoltaic (PV) panels, integration with gas and heating 
systems, a hybrid market and public utility regulatory structure, and governance, including stakeholder 
involvement and regulatory oversight. As discussed further below, an NZES encompasses layered 
technologies, markets, economic regulation, and governance, as presented in Table 1 (Clarke et al., 
2022; Felder, 2014). 

 

 

 
1 Various terminology is used in the literature such as power-heat-gas and electricity-heat-gas.  
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Table 1: The end-state net-zero energy system is layered and intertwined  

Net-zero energy 

system layer 
Net-zero energy system elements and description 

Objectives Energy trilemma: energy security, sustainability, and affordability 

Technologies 

Electrification (much of transportation, heating, and industrial processes), 

wind and solar PV panels, nuclear (large-scale and small modular reactors), 

energy storage, transmission and distribution, transformers, power lines, 

grid enhancing devices net-zero emission gases (hydrogen, gas, and 

ammonia), heat (steam and hot water), and demand response 

Markets and 

economic regulation 

• Wholesale energy commodity markets  

• Retail energy markets  

• Economic regulation (cost-of-service, incentive-based, performance-

based) of the net-zero energy network with cost-reflective tariffs 

Governance  

Stakeholders 

Regulators 

Political process 

• Role of stakeholders (informational, consultation) 

• Energy and environmental 

• Regulatory structure and appointments, legal statutes and review, 

political environment and support 

The following subsections review the literature on NZES objectives, technologies, market and economic 

regulation, and governance.  

2.1 Objectives of Net-Zero Energy Systems 

A standard but not universal taxonomy of net-zero energy system goals is the energy trilemma: 

affordability, energy security, and sustainability (Pliousis et al., 2019). In many countries and U.S. states, 

NZES objectives also include economic development, that is, creating and expanding industries, supply 

chains, employment, and tax revenues within the realm of pursuing an NZES (IEA, 2024). The other 

objectives of an NZES may also have sub-objectives, as illustrated in Figure 1. Figure 1 is not meant to 

be exhaustive but to illustrate that there are multiple policy objectives and layers to NZES. 

Table 2: Generic taxonomy of the objectives of net-zero energy systems 

Objectives of net-zero energy systems 

Economic Environmental and public 

health 

Energy security 

Affordability 
Economic 

development 

Greenhouse 

gas emission 

reductions 

Additional 

sustainability 

objectives (air, 

water, land) 

Reliability Resiliency 

There are three generic approaches to addressing the multiple policy objectives. One approach is to 

reduce all the objectives and sub-objectives to a common numerical metric, such as cost (Webb and 

Ayyub, 2017). The second is to select one objective, typically minimizing cost or maximizing economic 

social welfare, while adhering to certain limits in order to enable other policy objectives to also be 

achieved. The third is to analyze the tradeoffs between the distinct objectives through multi-criteria 

methods (Hobbs and Meier, 2012). 

For the purposes of this paper, and consistent with the economic literature on TSOs and ISOs, social 

welfare maximisation is assumed to be the objective. It accounts for the price elasticity of demand 
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subject to constraints on environmental and energy security.2 To maximize social welfare, meaningful 

demand response from energy loads is necessary, supported by cost-reflective tariffs (FTI Consulting, 

2025; Felder and Athawale, 2014). If energy demand is incorrectly assumed to be perfectly inelastic, 

then social welfare maximization reduces to cost minimization (Cretì and Fontini, 2019). 3  Energy 

affordability, equity, and environmental justice are assumed to be addressed through the broader 

political process that encompasses the energy sector, and public safety and health systems.  

2.2 Net-Zero Energy Technologies 

NZES involves integrating multiple existing and emerging technologies, starting with the electricity 

sector. The transition to net-zero greenhouse gas emissions depends in part on the deployment of large 

amounts of wind and solar PV energy (IRENA, 2023; United States Department of Energy, 2024b). Wind 

resources are generally located at remote locations that may be far from existing transmission facilities. 

Typically, solar PV resources are available near the distribution system and in areas requiring 

transmission development. Integrating these variable and intermittent resources requires additional 

transmission and distribution capacity, energy storage, and demand response to reduce the cost of 

near-instantaneously balancing supply and demand, which is required to ensure the reliability of the 

electricity system (Aghaei et al., 2018; Tagliapietra et al., 2019).  

Expanding transmission and enabling multiple types of energy storage are also critical for achieving net-

zero emissions for three reasons (Joskow, 2021). First, electricity demand loads, such as from data 

centers, for transportation, and industrial electrification, are increasing (Berkeley Lab, 2024; IEA, 2025). 

Second, as mentioned, the grid is integrating ever-increasing amounts of variable renewables, such as 

wind and solar PV. Third, electric transmission systems are ageing, and a slate of grid-enhancing 

technologies is emerging as cost-effective solutions for increasing transmission capacity (Chao and 

Wilson, 2020).  

Electrification may not be suitable for all industrial and commercial applications that consume natural 

gas or require process heat. Therefore, NZES may require gases with net-zero or negative emissions, 

such as biogas, biogas with carbon capture, and net-zero hydrogen, and appropriate storage solutions 

(Leicher et al., 2024; Davis et al., 2018). That some of these gases can be produced using net-zero 

electricity sources, and the substitutability of electricity with these gases in some applications, indicates 

that an already interdependent electricity-natural gas system may evolve into an even more 

interdependent energy system. This system could incorporate multiple energy sources and carriers that 

would benefit from the centralized optimization of operations and investment (Hong, de León, and Zhu, 

2018; Raheli, Wu, Zhang, and Wen, 2021; Zhao, Conejo, and Sioshansi, 2017). The NZES could use 

the centralized RTO/ISO unit commitment and dispatch strategy or the decentralized European TSO 

strategy that schedules suppliers and consumers through exchanges (Ahlqvist, Holmberg, and 

Tangerås, 2022). 

2.3 Market and Economic Regulation 

The existing electricity and natural gas sectors in the U.S. and Europe are a hybrid of markets and 
economic regulation. The commodity production of electricity and natural gas are considered 
competitive, or potentially so with appropriate legal and regulatory oversight, and therefore can be 
market-based. Market-based means that, for the most part, individual electricity and natural gas 
producers decide whether to invest in or retire their assets, and how to operate them in response to 
market conditions and prices, subject to antitrust laws, power market rules, and reliability requirements. 
In NZES, the premise is that the production of electricity, gas, and heat is market-based, and natural 
gas is replaced with net-zero energy carriers. The sale of retail energy can be either economically 
regulated or market-based. The benefits of liberalizing the electric system depend on the successful mix 
of markets, transmission, and distribution (Felder, 2020). 

 

 

 
2 For textbook treatments, see Cretì and Fontini (2019), and Biggar and Hesamzadeh (2014).  
3 For a review of the viability of demand response of electricity customers, see Spees and Lave (2007). 



 

 
4 

 

The contents of this paper are the author’s sole responsibility. They do not necessarily represent the views  
of the Oxford Institute for Energy Studies or any of its Members. 

 

Transmission and distribution investments in Europe and the U.S. are almost exclusively economically 

regulated and not market-based. The assumption underpinning this is that the transportation of 

electricity and natural gas for a given region is most efficiently performed by a single entity, namely an 

economically regulated network monopoly subject to public utility regulation. Such a system’s regulator 

requires the regulated entity to serve all customers based on a tariff, the costs of which the regulator 

determines and approves (Posner, 1978). The NZESO with an independent energy system operator 

(IESO) or a transmission energy system operator (TESO) extends this assumption by having a single 

electricity, gas, and heat systems operator. 

Efficiently reconciling these two investment regimes – regulatory and markets – has been a fundamental 

challenge within the electricity sector and will continue to be so for the net-zero energy (NZE) transition 

to succeed.4 The electric transmission and distribution systems need to be significantly expanded to 

accommodate dispersed renewable resources and additional demand from increased electrification 

(European Union, 2023; U.S. Department of Energy, 2023; Clean Air Task Force, 2024; Centre on 

Regulation in Europe, 2024; de Lima et al., 2024). The motivations for expanding distribution systems 

are to address load growth and increase the installation of distribution-level generation, such as solar 

PV and energy storage (Centre on Regulation in Europe, 2024; de Lima et al., 2024). The ongoing falling 

costs of distributed energy resources (DERs), and the introduction of policies to encourage their 

installation are resulting in electric utilities conducting integrated distribution planning (U.S. Federal 

Energy Regulatory Commission, 2020; Berkeley Lab, 2025). Integrated electricity distribution planning 

applies a generation and transmission framework similar to integrated resource planning but for the 

distribution system, using DERs and distribution assets. Furthermore, the question of how to 

accommodate DERs into electricity markets is also important (U.S. Department of Energy, 2024a; 

Gerard, Puente and Six, 2018). 

The corresponding electricity, gas, and heat transportation infrastructure is likely to be substantially 

different from its present form. In contrast to an expanding electricity transmission and distribution 

system, major parts of a natural gas system may shrink while being converted to a system that can ship 

net zero-emission gases, such as hydrogen and ammonia, as well as steam, heat, and carbon dioxide 

emissions for storage (Center on Global Energy Policy, 2021; Frontier Economics, 2024; Metaxas, 2024; 

Saad et al., 2025). The expansion of the electricity system and the gas system conversion need to be 

tightly coordinated to be efficient and secure (Von Wald et al., 2022). This includes coordinated 

transportation and delivery expansion policies, which should be designed in anticipation of transitioning 

to multiple energy system sources and carriers. The fundamental question bedevilling the electric power 

sector of how to efficiently achieve the broader coordination of market-based investments and 

economically regulated ones is also pressing for NZES. 

2.4 Governance of Net-Zero Energy Systems 

The existing governance of ISOs/RTOs and TSOs provides some insights into the need, scope, and 

approach to the governance of ESOs, whether IESOs or TESOs (Anaya and Pollitt, 2017). There are 

competing models of governance and incentive design. A transactional economics perspective 

underscores the need for the governance of power systems, given their fundamental structure (Felder, 

2002). Incentive design, in contrast, uses economic and financial mechanisms to induce stakeholders 

to maximize social welfare. The term ‘layered governance’ is used to include stakeholder governance 

and consultation, regulatory policy, and the broader public policy. The term ‘stakeholder governance 

and consultation’ refers to the processes regulators initially use to govern ISOs/RTOs and TSOs. 

‘Stakeholder governance’ refers to formal governance structures where stakeholders have explicit 

powers to govern, such as in the U.S. ISOs/RTOs, and ‘consultation’ refers to regulators obtaining formal 

input from stakeholders but limited to informational purposes.  

 

 

 
4 For a collection of papers on transmission investment in liberalized electricity markets, see Hesamzadeh, Rosellón, and 

Vogelsang (2020). 
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Presently, ISOs/RTOs and TSOs are subject to both governance and incentive-based approaches. 

Governance consists of multiple tiers, including stakeholder governance and consultation, regulatory 

oversight, and the political process. These tiers manage the competing incentives among market 

participants, aiming to avoid the system operator principal-agent problem (Felder, 2012). The behavior 

of the system operator is determined in part by whether it owns transmission and the type of economic 

regulation it is subject to, such as cost-based regulation or incentive regulation (Strbac et al., 2014). The 

competing incentives of utilities and other stakeholders are also managed, alongside those of market 

participants, ideally to achieve energy security, economic, and environmental objectives at the lowest 

cost.  

The combined market-economic regulatory strategy is twofold. The first focuses on setting up market 

and regulatory rules that align the incentives of the various energy system entities to achieve social 

efficiency (Hogan, 2002a). This necessitates having sufficiently competitive energy commodity markets 

such that the cost of fixing market imperfections exceeds the inefficiencies caused by these 

imperfections (that is to say, they are workably competitive).  

The second part of the strategy focuses on the governance of the ISOs/RTOs and TSOs. Stakeholder 

governance can be used as a tool to aid the regulator, that is, the stakeholders perform some of the 

functions that a regulator would otherwise undertake in lieu of any stakeholder governance. Stakeholder 

governance aids in addressing the principal-agent problem, and furthering buy-in by stakeholders helps 

avoid regulatory and legal challenges. Stakeholder governance without regulatory oversight, however, 

is insufficient because stakeholders are self-interested and undertake their governance roles to further 

their own objectives.  

A major governance problem for existing ISOs/RTOs and TSOs is the planning of competing generation 

resources and their interconnection to the transmission and distribution grid. This problem is challenging, 

given that every new interconnection can adversely impact the ability of existing and planned generation 

to deliver electricity. Furthermore, there is also a longer planning horizon for major transmission 

compared with generation, different incentives for merchant and regulated network providers, various 

distributed effects on participants of transmission versus generation investments, and divergent cost 

allocation approaches (Chao and Wilson, 2020). 

The principal-agent problem regarding the need and size of proposed expansions has resulted in both 

over- and under-investment by transmission utilities (Athawale and Felder, 2023; FERC 2024a; 

Complainants. (2024)). Furthermore, there are long-term uncertainties in transmission and distribution 

planning (for instance, load growth, renewable deployment, technological advances, and the impacts of 

climate change on the electric system). Identifying, quantifying, and analyzing the benefits of 

transmission and distribution investments are challenging and has  contributed to transmission under 

investment (FERC 2024b; Mavroeidis, 2015). Expanding transmission and distribution also raises equity 

and social justice priorities, which are at the nascent stage of being considered and modeled within the 

planning framework. As mentioned above, there is a need to integrate power generation markets with 

transmission and distribution regulation.  

Unlike the implementation of RTOs/ISOs and TSOs, where the electricity transmission and distribution 

systems were already in place, the establishment of an ESO, whether an IESO or a TESO, requires a 

fundamental expansion of the electricity system and a likely shrinkage and reconstitution of the natural 

gas system for it to become net zero. Thus, it is necessary to delve into the proposals aimed at facilitating 

large energy transportation investments.  

The proposals and policies aimed at reconfiguring the transmission system to enable it to achieve net-

zero energy goals start with improving the planning process (Joskow, 2021). Examples of this include 

Federal Energy Regulatory Commission (FERC) Order 1920, which implemented a series of reforms, 

including identifying and expanding the list of transmission benefits that should be considered, 

conducting a scenario analysis that captures the value of transmission, for example under extreme 

weather conditions, requiring the consideration of grid enhancing technologies and not just new 

transmission lines, and the improved facilitation of stakeholder input, including U.S. states, in the 

planning process (FERC 2024b; Complainants, (2024)). 



 

 
6 

 

The contents of this paper are the author’s sole responsibility. They do not necessarily represent the views  
of the Oxford Institute for Energy Studies or any of its Members. 

 

Another proposal is anticipatory transmission planning, which aims to address the coordination 

challenge between generation investment and transmission investment (Groppi and Fumagalli, 2014). 

Given that transmission planning usually takes much longer than generation planning and that the 

locations of grid-scale renewables are well-known, the thought is that the transmission system can be 

expanded to those likely locations in anticipation of the development of renewable resources. 

Cost allocation proposals are also considered fundamental to expanding the transmission system. Some 

find that ‘beneficiary pays’ is the only cost allocation method that avoids free ridership (Macey and Mays, 

2024; Rotger and Felder, 2001). Others argue that transmission costs should be socialized to reduce 

the rate impact on individual stakeholders. This should help in gaining broad support because the 

financial burden is spread across all constituents, remedying the fact that many of the benefits of 

transmission expansion are experienced regionally and inter-regionally. Seams issues between 

RTOs/ISOs and TSOs reduce the benefits of transmission because, if the transactions are uneconomic, 

the value of the interconnections is negative (Simeone and Rose, 2024). Barriers to transmission 

expansion include a lack of coordination of transactions and a lack of resource adequacy sharing. 

Additional barriers to transmission expansion include differing regional political objectives, stakeholder 

agreement, diverse organizational arrangements, cost allocation, cost determination, and local 

opposition for multiple reasons (Joskow, 2021). Although the governance of an NZES is not sufficiently 

broad enough to address these issues directly, it nonetheless needs to be responsive to them. 

Consumer protections are also important. They include market power, market manipulation, and fraud 

at the wholesale and retail levels (Felder, 2024a). 

This literature review of the development of NZES, informed by the pursuit of net-zero emission policies 

by electricity markets with an ESO, highlights several points. First, although the objective function of the 

NZES is to maximize social welfare, this policy objective is pursued within a broader policy framework 

of energy security, and economic and environmental objectives. Second, the need for an ESO to 

efficiently manage economic dispatch and congestion also supports the need for a central NZES 

operator (NZESO), given the existing and future interdependencies of the electricity, natural gas, and 

heating systems. Third, efficiently integrating a market-based production system with an economically 

regulated network system is a major challenge for NZES. Fourth, a broad and layered governance 

system is needed to manage a range of problems that cannot be completely addressed through 

incentive mechanisms for market participants, system operators, and utilities. 

Based upon the above literature review, the next section describes and analyzes the physical, market, 

and governance architecture of the NZES that serves as the basis for the findings discussed in the final 

section. 

3. Architecture and Description of the Market and Regulatory Structure of the 
Net-Zero Energy System 

After describing RTOs/ISOs and TSOs, this section depicts the basic architecture of the NZESO and 

several important variations. The premise is that a single regional NZESO that includes net-zero electric, 

gas, heat, and transportation is more efficient than alternative structures that do not combine all these 

functions. There are two reasons for this premise. First, the non-linear electricity flows depend on 

conditions and constraints throughout the system, making electricity system decentralized operation 

inefficient (Hogan, 2002b; Mansur and White, 2007). Similarly, the close coupling of electric and gas 

operations due to the interconnections of both systems supports integrated operations and planning 

(Peng and Poudineh, 2016; Guerra et al., 2021; Farrokhifar et al., 2020; Schwele et al., 2020; Li et al., 

2023).  

3.1 Existing Transmission System Operator and Regional Transmission 

Operator/Independent System Operator Architecture 

The starting point for the analysis is two existing electricity models, the European TSO model and the 

U.S. RTO/ISO model (Pollitt, 2012). Both models structurally separate generation investment and 
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ownership from the system operator. The TSO model combines system operations with transmission 

ownership, whereas the RTO/ISO model separates the system operator from the transmission owner. 

RTOs/ISOs are non-profit utilities whose cost-based budget is approved by their regulators with input 

from their stakeholders. In contrast, TSOs are generally for-profit utilities regulated by national 

authorities. Table 3 summarizes these two structures, with the caveat that any such summary omits 

important exceptions and nuances. 

Table 3: Summary of existing TSO and RTO/ISO architectures 

Function 
European electricity market and 

regulatory structure 
U.S. RTO/ISO structure 

 

Objectives 

 

Overall objective 

Promote European Union climate 

and renewable integration policy 

via the European Network of 

Transmission System Operators 

for Electricity (ENTSO-E) 

Achieve just and reasonable 

wholesale electricity rates via 

wholesale markets that maximize 

social welfare, but in practice, the 

focus is to minimize costs 
 

Electricity technologies  

 

Fossil fuel generation 

Market and regulatory structure 

designed around dominance of 

fossil fuel generation 

Market and regulatory structure 

designed around dominance of 

fossil fuel generation 

Net-zero technologies 

Market and regulatory structure 

modified over time to 

accommodate increasing shares 

of net-zero technologies 

Market and regulatory structure 

modified over time to 

accommodate increasing shares 

of net-zero technologies 

Grid Enhancing 

Technologies (GETs) 

Focus on traditional transmission, 

although accommodating GETs 

Focuses on traditional 

transmission, although 

accommodating GETs 

Distributed Energy 

Resources (DERs) 

Focuses on grid-scale generation, 

although accommodating DERs 

Focuses on grid-scale generation, 

although accommodating DERs 
 

Market and network regulation  

 

Generation ownership Separate from TSO Separate from RTO/ISO 

Transmission 

ownership 

Owned and operated by TSO Separate from RTO/ISO, although 

subject to RTO/ISO requirements, 

such as scheduling planned 

outages and operations 

Distribution ownership Separate from TSO Separate from RTO/ISO 

Fuels 

Electricity only in most cases, but 

multiple fuels are used for the UK’s 

National Energy System Operator 

Electricity only 

Wholesale electricity 

market 

Forecasting, balancing markets, 

congestion management, and 

reserve capacity markets run by 

nominated electricity market 

operators (NEMOs) 

Forecasting, economic dispatch, 

unit commitment, auctions for 

transmission congestion 

contracts, financial settlements, 

credit policy, market monitoring 

and mitigation 
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Function 
European electricity market and 

regulatory structure 
U.S. RTO/ISO structure 

System operations 

TSO based on portfolios of offers, 

load serving entities’ bids, and 

transition system status 

RTO/ISO based on generation 

unit offers, load serving entities’ 

bids, and transmission system 

status 

Products 

Energy, capacity, ancillary 

services, and transmission 

congestion contracts 

Energy, capacity, ancillary 

services, and transmission 

congestion contracts 

Generation 

interconnection policies 

Administers the interconnection 

process 

Administers the interconnection 

process 

Market monitoring and 

market power 

TSO and regulators perform these 

functions 

Independent market monitoring 

and mitigation 

Transmission planning 

– local 

Utilities conduct local 

transmission planning 

Limited role of RTOs/ISOs in local 

transmission planning 

Transmission planning - 

regional 

TSOs conduct transmission 

planning 

Conducts regional transmission 

planning and participates in inter-

regional transmission planning 

Reliability 

NEMOs Rules developed by the North 

American Electric Reliability 

Organization (NERC) and 

approved in the U.S. by the 

Federal Energy Regulatory 

Commission (FERC) 

Retail electricity market  

No explicit role, but can 

accommodate countries that have 

retail electricity markets 

No explicit role, but can 

accommodate states that have 

retail electricity markets 

 
Governance 

 

Governance 
Formal stakeholder consultations Formal stakeholder input and 

governance 

Network regulation 

Sector regulated by European 

and national electricity codes with 

cost-of-service or incentive-based 

transmission rates 

RTOs/ISOs regulated by FERC 

tariff (except for the Electricity 

Reliability Council of Texas 

[ERCOT]) with cost-of-service 

transmission rates 

There are many variations within and among the RTO/ISO and TSO models (Rious et al., 2008; Imran 

and Kockar, 2014). The fundamental reason for these variations is that policymakers have different 

views regarding competing design choices (Imran and Kockar, 2014). These differences could be due 

to differing technical assessments, practical considerations, or valuations of the associated tradeoffs. 

The basis for the general claim that all these variations can be addressed within an NZESO framework 

is that underlying an efficient RTO/ISO and TSO is a set of technical optimization problems (examples 

being economic dispatch, unit commitment, transmission congestion contract [TCC] revenue 

maximization, and optimal transmission planning). The discussion below illustrates how some of these 

variations can be extended to the NZESO models. There are also a set of governance and economic 

regulatory issues (like the principal-agent problem, transaction cost economics) similar to those of an 

NZESO that must be addressed.  

The optimization problems may not explicitly account for the governance-regulatory-policy context but 

are nonetheless affected by it. For instance, economic dispatch and unit commitment performed by 
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RTOs/ISOs do not have explicit constraints in their formulation that restrict generation ownership. Their 

inputs, however, reflect the regulatory policy that limits generation ownership through mergers and the 

approval of market-based rates (Helman, 2006). The explicit optimization problems occur within the 

broader governance-regulatory-policy context of RTOs/ISOs, summarized in Table 4. 

Table 4: The governance-regulatory-policy context that affects the optimization of electricity 

markets and transmission in RTOs/ISOs 

Governance-regulatory-policy context 

• Role of stakeholders in RTO/ISO and TSO decision making 

• Regulatory and legislative policy 

Explicit optimization problems 

• Economic dispatch/generation portfolio optimization 

• Unit commitment 

• Transmission congestion contact revenue maximization 

• Transmission planning 

There are many examples of existing design variations in RTOs/ISOs and TSOs. For instance, the 

RTO/ISO for almost all of Texas, ERCOT, does not have capacity markets and instead implements an 

operating reserve curve (Zarnikau et al., 2020).5 Furthermore, there are multiple transmission planning 

and interconnection policies that TSOs and RTOs/ISOs can select. These include options across the 

spectrum from planning new transmission on the basis of existing generation to anticipatory planning 

policies, from ‘check and connect’ to ‘connect and manage,’ local to interregional planning, and 

transmission to non-transmission alternatives. Another variation is in how congestion is managed, using 

either locational marginal pricing or zonal pricing. All RTOs/ISOs use locational marginal pricing except 

for the New York ISO (NYISO), which started with some form of zonal pricing. European TSOs use 

zonal pricing. Another problem is how to economically regulate the TSOs, RTOs/ISOs, and utilities. The 

alternatives span from cost-of-service regulation to incentive-based regulation. Table 5 summarizes 

some of the major variations of the TSO and RTO/ISO models. 

Table 5: Summary of some major design variations of the TSO and RTO/ISO models 

Function Variations 

Congestion pricing Nodal vs. zonal 

Resource adequacy Capacity remuneration mechanism (Bublitz et al., 2019) vs. 

energy-only market 

RTO/ISO/TSO regulation Cost-of-service with or without performance vs. incentive-based 

Generation interconnection First-come, first-served queue  

Transmission planning Anticipatory planning 

Internalizing the social cost of 

carbon 

Greenhouse gas (GHG) tax, GHG cap and trade, renewable 

portfolio standards, tax credits, and subsidies 

3.2 Extending the TSO and RTO/ISO Models to the Energy System Operator 

This section describes how system operator models, and their significant variations can be extended to 

include NZE transportation and delivery systems. The focus is on RTOs/ISOs, but analogous extensions 

apply to TSOs. Figure 1 illustrates the physical components and connections of such a system, focusing 

on the production of energy carriers and carbon dioxide flows. Figure 1 shows the production of these 

 

 

 
5 Since the large-scale blackout in ERCOT in February 2021, Texas has been exploring and implementing additional measures 

to ensure resource adequacy beyond its operating reserve demand curve. 
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energy carriers from multiple energy sources through transportation and delivery. It does not, however, 

include steam and water and does not illustrate the meshed network of the combined system with 

multiple injection points, transportation and delivery paths, and withdrawal points. 

Figure 1: Example of integrated net-zero energy system 

 

Source: Davis et al., 2018 
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The major players in the NZES are energy producers, energy storage owners and operators, the ESO, 

electric and gas transmission and distribution utilities, energy service companies (ESCOs), energy 

consumers, and energy regulators. The market-based participants, including the TESO, are maximizing 

profits subject to their technological constraints, the joint constraints of the NZES, and the regulations 

applicable to them. The regulated IESO maximizes the management’s utility (say, compensation, 

prestige, and level of effort) subject to its budget and regulatory mandates. Industrial and commercial 

energy buyers make energy purchases as part of their profit maximization, and residential buyers do so 

as part of their utility maximization.  

The following subsections generalize the electricity locational marginal pricing model to a four-carrier 

(electricity, net-zero gas, steam, and hot water) energy system. This generalization assumes that such 

a system can be modeled with sufficient accuracy by a tractable convex optimization model that 

maximizes social welfare, with its dual yielding a set of four prices at each node on the system every 

five minutes. System nodes that can only provide some of the four energy carriers’ prices have, in effect, 

infinite prices for the energy carriers that are not available at those nodes. This assumption regarding 

model accuracy is one of two fundamental premises for adopting a hybrid market-regulatory structure 

for a multi-carrier, net-zero energy system (Leslie and Billimoria, 2025). The other assumption is that a 

hybrid structure using a combination of optimization and oversight is more efficient than a centralized 

regulatory one or a decentralized market-regulatory structure. 

The development of a market-regulatory NZES can both identify and characterize the key tradeoffs 

among alternatives. The tradeoff dimensions are the following: First, there is a tradeoff between 

economic regulation and the hybrid model (regulation versus markets). Second, there is a tradeoff 

among types of economic regulation (cost of service versus incentive-based versus regulation versus 

performance-based regulation). Third, a tradeoff exists between centralization and decentralization (a 

single multi-carrier system versus multiple single-carrier systems). The following discussion focuses on 

extending the U.S. RTO/ISO model to a liberalized NZES. 

3.2.1 Energy Markets 

The extension of locational marginal and zonal pricing for IESOs and TESOs is straightforward. Based 

upon an assumed tractable and sell-behaved mathematical model, each of the four energy carriers has 

unit prices for each location (for example, the node or zone) that vary every five minutes in the real-time 

market, and every hour in the day-ahead market. These prices reflect the marginal cost of producing 

one more unit of each energy source at that location or zone. These prices are a generalized economic 

dispatch of the system that satisfies the demand up to the value of lost load (VOLL) for each carrier at 

each location. The real-time prices can be defined as either ex-ante or ex-post (Zheng and Litvinov, 

2010). At each energy carrier source and sink, there would be a vector of four prices (in many cases, 

some of the elements of these vectors would be infinite, reflecting the impossibility of producing or 

consuming one or more energy carriers at that location). In a zonal model, collections of nodes, referred 

to as hubs, could be defined in which the hub price is the average of the nodal prices. In a zonal model, 

sets of these locations would be grouped together to determine the zonal price.  

The 24-hour day-ahead market is based on unit commitment. Presently, its premise is the start-up time 

of thermal generators, which is mostly less than 24 hours, and the shapes of the daily electricity load. 

With the expansion of renewable resources that do not have start-up times because they are not heating 

up water to produce steam and energy storage, the periodicity of the day-ahead market may change to 

improve market performance, and there may be a need to have multiple unit commitment markets.  

RTOs/ISOs do not limit themselves to conducting unit commitments only once every 24 hours 

(Nicholson, 2014). Instead, they may perform additional unit commitments in response to generation 

and transmission contingencies. Similar situations may arise with the combined hybrid system, and 

these additional unit commitments will be integrated into the process of real-time dispatch. Bilateral 

contracts of various types can be agreed upon among willing parties based on expected real-time and 

day-ahead energy prices, and these can be settled financially either between the negotiating parties or 

using the IESO’s settlement system. 
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This nodal or zonal multi-carrier pricing structure (real-time market and day-ahead hour) supports many 

policies advancing the energy transition. Pricing greenhouse gases directly or via a cap-and-trade 

program would be internalized in the prices of the various energy carriers and, therefore, the relevant 

optimization problems of the market participants and the IESO. Other transition policies, such as 

renewable portfolio standards and tax incentives, also work. Unlike pricing greenhouse gases, these 

policies result in revenue streams for some of the market participants that are not internal to the NZES, 

leading to price suppression (Felder, 2011). 

3.2.2 Reliability, Resiliency, Resource Adequacy, and Capacity Markets 

Electricity and gas systems currently have reliability and resiliency requirements, and the NZESO would 

need to integrate these policies into a coherent system. This section describes how this can be done. 

Typically, the reliability of the wholesale electricity system is divided into resource adequacy and 

security.6 The amount of resource adequacy is determined using a resource adequacy model that 

satisfies a loss-of-load-probability (LOLP) or an unserved energy standard (Felder, 2024b). For an NZES 

that chooses to have a capacity requirement, this resource adequacy framework for the single energy 

carrier, electricity, can be extended to the other energy carriers. A straightforward extension is for each 

energy carrier to have an LOLP or unserved energy standard and a resource adequacy model that 

assesses the need for reserves to satisfy this standard. In the case of natural gas, some jurisdictions 

already use a planning standard that sets the amount of gas that local distribution companies must 

purchase, typically based on a design day (Goldman et al., 1993). As the NZES becomes increasingly 

integrated, it may make sense to have an integrated LOLP standard and resource adequacy model for 

the entire system. The other prong of reliability is the electricity system’s ability to withstand the failure 

of any single component or the N-1 criterion. This criterion can be extended to each of the energy 

carriers so that the NZES is planned and operated to satisfy this requirement (Niu et al., 2025).  

Policymakers are increasingly concerned about resiliency, which considers the system’s ability to 

withstand and respond to severe events (Felder and Petitet, 2022), and resiliency policies could be 

applied to the NZES. Common-cause failures, also referred to as correlated failures, are the failure 

modes that lead to prolonged electricity outages and, by extension, energy outages (Felder, 2001). 

Including resiliency and having an integrated NZES increases the importance of identifying and 

quantifying common-cause failure increases. 

3.2.3 Ancillary Services  

The provision of ancillary services that support the NZES starts with the typical existing services for the 

electricity system, namely operating reserves (10-minute spinning, 10-minute non-spinning, and 30-

minute), black start (ability to restart generation units without using electricity from the grid during a 

blackout), and automatic generation control. Similar ancillary services may be necessary for the non-

electricity carriers. For each ancillary service, a determination would be made as to whether it should 

be provided via markets, as is done with operating reserves and automatic generation control, or through 

a regulated mechanism. As the NZES develops, there may be a need to define new ancillary services 

or redefine existing ones. For example, repressurizing the gas system is a challenge, and there may be 

a need for the equivalent of a black start for the gas system.  

4. Conclusions, Policy Implications, and Further Research 

Based on a literature review and extending the analysis of electricity markets to NZES, there are three 

primary findings. First, a whole-systems approach that covers electricity and multiple other energy 

sources such as natural gas, hydrogen, carbon dioxide-derived fuels (e.g., methane or methanol), and 

 

 

 
6 Security refers to the ability of the electric power system to continue to operate without disconnecting firm electricity load due 

to the failure of generation or transmission components (Billimoria, Mancarella, and Poudineh, 2020). 



 

 
13 

 

The contents of this paper are the author’s sole responsibility. They do not necessarily represent the views  
of the Oxford Institute for Energy Studies or any of its Members. 

 

heat networks is necessary to achieve net-zero objectives efficiently. As the energy landscape becomes 

increasingly interconnected, addressing issues in the electricity grid often requires a broader perspective 

that includes other energy sources, carriers, technologies, and sectors. The objective of an NZESO 

should be to maximize social welfare to be as efficient as possible so that other and more important 

societal objectives, such as equity and environmental justice, can be pursued. Two important areas in 

which these broader societal objectives can be addressed are retail energy access and pricing, and the 

siting of energy facilities. 

Second, a centrally optimized, liberalized energy market with a regulated network is a useful conceptual 

model and, potentially, a viable market-regulatory construct. Such centralized net-zero energy systems 

may improve efficiency and reliability through the joint optimization of electricity, net-zero gas, and 

heating operations and planning, while accommodating regional policy and governance preferences.  

Third, the success of an NZESO depends on its ability to extend existing market and regulatory practices 

and develop new ones to satisfy the multiple policy objectives of net-zero energy systems, 

accommodate emerging net-zero energy technologies, successfully optimize markets with multiple 

energy products, efficiently regulate markets and network investment, and implement effective 

governance. Existing market-based electricity systems in Europe and the U.S. provide the starting point 

for transitioning to a net-zero energy system and inform the design choices needed to enable it. There 

are many important design choices for the NZESO, including whether the system operator owns the 

network (IESO versus TESO), whether to have a capacity market, and the strategy for network 

investment. Many of these design choices have already been made by existing ISOs and TSOs, based 

upon national and regional considerations, and can therefore be extended to the centralized NZESO. 

By elaborating on the design of the NZES, this paper identifies three key assumptions necessary for it 

to be efficient. First, meaningful demand response by energy loads is necessary to achieve the objective 

of social welfare maximization, and not just cost minimization. Adopting cost-reflective tariffs and 

enhancing the price responsiveness of electricity, net-zero gases, and heating consumers improves the 

efficiency of the NZESO. Second, the optimization model used by the NZESO to calculate energy prices 

needs to accurately approximate the physical system. Third, the governance of the network utility and 

the system operator must minimize the exercise of market power by market participants and the 

principal-agent problem of the utility and system operator regarding system operation and network 

investment. 
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Abbreviations 

DER – Distributed energy resources 

IESO – Independent energy system operator 

NZE – Net-zero energy    

NZES – Net-zero energy system 

NZESO – Net-zero energy system operator, referring collectively to IESO and TESO   

RTO/ISO – Regional transmission operator/independent system operator 

TESO – Transportation energy system operator 

TSO – Transmission system operator 
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