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1. Introduction 
 
This study reviews design strategies for grid-supported electric power 
systems organized as follows:  A wholesale electric power market 
centrally managed by an Independent System Operator (ISO) operates 
over a high-voltage (HV) alternating current (AC) transmission grid 
electrically connected1 to one or more lower-voltage (LV) distribution 
grids populated by electrically connected entities called Grid-Edge 
Resources (GERs).  Hereafter, such systems are referred to as Integrated 
Transmission and Distribution (ITD) systems; see Fig. 1 for illustration.   
 

 
 

Fig. 1:  Schematic depiction of an ITD system  
 

 
1 The electrical connection between HV and LV grids can take either a traditional 
continual form or a deliberately designed intermittent form, e.g., a contractual 
agreement detailing circumstances under which an LV grid is permitted to 
disconnect from the HV grid.   
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The study commences in Section 2 with summary descriptions of nine 
proposed goals for ITD system design [1, Sec. 1]**.   Briefly stated, these 
goals are: incentive alignment; resource adequacy; efficiency; 
reliability/resiliency/security; fairness; conceptual coherence; minimum 
administrative intervention; internalization of externalities; and 
minimum transitional disruption. 
 
Section 3 highlights key ways in which the legacy core design of current 
U.S. ITD systems is not well-aligned with these goals.  This misalignment 
is causing increasing operational difficulties as these systems attempt to 
adjust to rapidly changing circumstances.   
 
This legacy core design was originally implemented in the mid-nineteen 
nineties.  At that time U.S. power demands were well-understood and 
able to be forecasted with acceptably small error.  These power demands 
were primarily serviced by U.S. centrally-dispatchable fossil-fuel based 
power resources.   
 
In contrast, current U.S. HV net loads -- i.e., power withdrawals and 
inadvertent power losses from HV transmission grids net of non-
dispatched power injections into these grids --  are becoming increasingly 
volatile and uncertain.  On the demand side, recent developments such 
as crypto mining, AI data centers, and vehicle electrification are resulting 
in large difficult-to-predict down/up load swings.  On the supply side, 
climate pressures are encouraging greater reliance on weather-
dependent renewable power sources not under complete dispatchable 
control, such as wind and PV solar power facilities not fully firmed by 
storage.   
 
U.S. ITD system stakeholders appear to be in general agreement that 
design reform is needed to cope with these trends, and various 
researchers are actively exploring such reforms.  However, these efforts 
are greatly hindered by the daunting nature of the task.  As indicated in 
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Fig. 1, current U.S. ITD system operations are a complex mix of strongly 
coupled physical, economic, and legal processes. Consequently, any 
effort to introduce piecemeal changes in some of these processes 
without multidisciplinary consideration of these processes as a whole 
could prove ineffective or even counterproductive.  
 
For example, as noted in a carefully-sourced thought-provoking study by 
Macey [2]*, a basic regulatory principle is that system participants will 
modify their behavior when regulations make it more expensive to 
engage in this behavior.  Macy argues this principle does not apply to 
large parts of the U.S. electric power industry because the U.S. legal 
system permits investor-owned utilities to recover costs from captive 
rate-paying customers.  Macy concludes (p. 1243) that ``aggressive 
governance reforms are needed to make climate and reliability policies 
more effective and easier to administer” within this industry. 
 
However, a recent detailed report [3]* by Central Hudson Gas & Electric  
-- a regulated gas and electric utility serving the Mid-Hudson Valley 
region in the footprint of the New York Independent System Operator 
(NYISO) – gives some pause to the Macey argument favoring ̀ `aggressive 
governance reforms” for the U.S. power industry.       
 
Parts I and II of this Central Hudson report review utility-led efforts to 
design a new Distributed System Implementation Plan (DSIP) for New 
York.  These two parts indeed narrowly construe stakeholders as 
``utilities, developers, and  policy makers” (p. 110).   
 
In contrast, Part III of this report focusing on implementation of specific 
DSIP components (e.g., energy storage integration, data sharing, billing 
and compensation) explicitly recognizes (p. 201) a much broader range 
of stakeholders. These include market participants, government officials, 
community members, agencies, customers, and specific interest groups.    
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Moreover, Part III stresses the critical need to proactively consider the 
actual (rather than presumed) goals and needs of these varied 
stakeholders in order to ensure their voluntary conscientious 
participation in these DSIP components.   In short, Part III suggests that 
efforts currently underway to transition NYISO to decarbonized grid 
operations with a much more diverse and active group of stakeholders 
could be incentivizing NYISO utilities to pursue a more customer-
responsive approach to product development and provision.   
 
As this NYISO example indicates, rules of operation for U.S. ITD systems 
are complex and dynamically changing in response to changed 
circumstances even within one-state ISOs with relatively cohesive goals 
and constraints.  Thus, any attempt to redesign these systems should 
proceed with extreme caution.   Ideally, this redesign should ensure that 
system goals, reliability requirements, product offerings, and market 
processes are well-aligned with the local goals, constraints, needs, and 
privacy concerns of stakeholders, based on mutual agreements 
buttressed by  legally enforceable contracts.    
 
However, given the extraordinary complexity of this task, moving too 
soon to implement a proposed new ITD system design or design feature 
could entail a major risk of adverse unintended consequences.  Indeed, 
the past history of such attempts is replete with cautionary examples.2 
This fraught history suggests the desirability of taking a deliberative 
tiered approach to ITD system design, in analogy to the  Technology 
Readiness Level (TRL) assessment scale [5]* devised by the U.S. 
Department of Energy for energy technology developments.    
 

 
2 See Boyd [4, Sec. I.C]** for dismaying carefully-sourced historical accounts of 
attempts to restructure electric power systems in Chile, the UK,  California, and 
other regions of the U.S. starting in the early 1980s.   
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Section 4 of this study advocates a nine-tiered Design Readiness Level 
(DRL) classification for ITD system designs ranging from initial 
conceptualization (DRL-1) to real-world deployment (DRL-9), a modified 
version of the DRL classification proposed in Tesfatsion [6, Sec. 18.2]* 
for general institutional designs.  Special attention is paid to the ``Valley 
of Death” DRLs 4-6 that separate typical university design studies at DRLs 
1-3 from typical industry and government design studies at DRLs 7-9.   
This ``Valley of Death” is a potential impediment to the completion of 
full design arcs from conceptualization to deployment. 
 
The nine-tiered DRL classification is used in Section 5 to sort recent ITD 
system design studies into design readiness levels.  This sorting indicates 
that ITD system design researchers are now routinely using 
computational platforms to traverse the ``Valley of Death” DRLs 4-6.  
 
Section 6 highlights specific ways in which computational platforms 
facilitate (or could facilitate) ITD system design research in keeping with 
the nine ITD system design goals highlighted in Section 2.   Special 
attention is focused on co-simulated agent-based platforms. 
 
Briefly, co-simulation permits reduced computational complexity, hence 
enhanced ``Valley of Death’’ bridging capabilities.  Agent-based 
architectures permit careful matching of modeled agents to their 
empirical counterparts, e.g., use of Digital Twin agents to represent real-
world physical devices, and use of generative AI learning agents to 
represent real-world human decision-makers and smart physical-device 
controllers.  Thus, co-simulated agent-based platforms can facilitate 
Iterative Participatory Modeling (IPM) studies in which ITD system design 
researchers and stakeholders engage together in a repeated cycling 
through DRLs 1-9 in an attempt to ensure continual design improvement. 
 
Concluding remarks are given in Section 7. 
 



7 
 

2.  ITD System Design:  Nine Proposed Goals 
 
Goal (G1):  Incentive Alignment.  An ITD system design should align the 
goals and constraints of the ISO, reflecting the physical attributes and 
operational requirements of grid-delivered electric power, with the local 
goals and constraints of system participants in a manner that respects 
the privacy rights and concerns of these participants. 
 
Goal (G2): Resource Adequacy.   An ITD system design should provide 
incentives for new power resources to enter in sufficient quantity to 
accommodate retirements, de-ratings, and increases in power demand 
over time while maintaining adequate reserve (power production 
capabilities)  to handle the uncertainty and volatility of net load. 
  
 Goal (G3): Efficiency.  An ITD system design should be efficient, i.e., it 
should not waste resources. To promote short-run efficiency, the design 
should permit  the production, transmission, and distribution of power 
based on existing resources to be informed by accurate assessments of 
benefits and costs.  To promote longer-run efficiency, the design should 
encourage development and adoption of new technologies permitting 
increased benefits from power use and reduced costs for power 
production, transmission, and distribution.      
 
Goal (G4): Reliability, Resiliency, and Security.  An ITD system design 
should ensure continual net-load balancing during normal power system 
operations, despite weather events and other anticipated types of 
disturbances.  The design should also support rapid recovery and return 
to net-load balancing following sudden major disruptions, such as loss of 
a line or generation unit, or a cybersecurity attack. 
 
Goal (G5): Fairness.  An ITD system design should be fair, i.e., it should 
provide an even playing field for all current and potential system 
participants. Thus, it should permit current and potential system 
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participants to compete for the provision of reserve and for the actual 
grid delivery of electric power. It should also avoid the unintended 
creation of structural and strategic advantages for some participants to 
the detriment of others.    
        
Goal (G6): Conceptual Coherency and Transparency.  An ITD system 
design should be conceptually coherent, and rules instituted in 
accordance with this design should be as transparent as possible.   
 
Goal (G7): Minimum Administrative Intervention.  An ITD system should 
discourage ad-hoc rule-making and decision-making by administrators.  
The primary activity of administrators should be the  management and 
oversight of participant activities to ensure orderly operations in 
accordance with instituted rules. These instituted rules should be based 
on service requirements rather than on irrelevant physical and 
operational attributes of participants, to an extent compatible with the 
attainment of other design goals.   
 
Goal (G8): Internalization of Externalities.  An ITD system design should 
permit the net-benefit (i.e., benefit minus cost) objective functions used 
in ISO-managed optimization processes to internalize social benefits and 
costs reflecting the external environmental impacts of electric power 
production, transmission, and distribution.   
 
Goal (G9):  Minimal Transitional Disruption.   A newly proposed ITD 
system design should permit a gradual orderly transition from  previously 
instituted rules and standard operating procedures. Where possible, it 
should provide continued support for previous reforms efforts by ITD 
system regulators, operators,  participants, and other stakeholders that 
are in keeping with goals (G1) through (G8). 
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3.  Operational Issues for U.S. ITD Systems 
 
3.1  Conceptually-Problematic Core Design Presumptions 
 
The U.S. currently has seven ITD systems.3  Each ITD system supports the 
transmission-level operations of a grid-supported wholesale power 
market centrally managed by a fiducial Regional Transmission 
Organization (RTO) or Independent System Operator (ISO).  The key 
feature distinguishing RTOs from ISOs is that RTOs cover larger regions.    
 
The common core design of these grid-supported centrally-managed 
wholesale power markets is based on four conceptually-problematic 
presumptions at odds with physical and economic realities.  In addition, 
this common core design reflects the conceptually-problematic 
presumption that utilitarian distributive justice principles provide an 
appropriate guide for the design of grid-supported centrally-managed 
electric power markets.  These five conceptually-problematic 
presumptions are summarized below for a general ITD system with ISO-
managed transmission-level operations. Each of these five presumptions 
is then successively critiqued in subsections 3.2 through 3.6. 
 
(PP-1): Within the context of an ITD system, grid-delivered energy E(n,T) 
conditional on grid delivery location n and delivery period T is a 
standardized commodity with perfectly substitutable units (MWh).  
 
(PP-2): The primary task of the ISO is the management of short-run (day-
ahead, intra-day) energy markets SM(n,T) for grid-delivered energy 
E(n,T) conditional on grid delivery location n and delivery period T, 
supplemented by ancillary service and capacity procurements.   

 
3 CAISO (California ISO); ERCOT (Electric Reliability Council of Texas ISO); ISO-NE 
(New England ISO); MISO (Midcontinent ISO);  NYISO (New York ISO); PJM (RTO 
covering all or parts of 13 states plus D.C.);  and SPP (Southwest Power Pool RTO). 
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(PP-3): For off-peak hours (i.e., hours during which installed operable 
capacity is not a binding constraint on production),  the energy markets 
SM(n,T) in presumption (PP-2) should be structured  as competitive spot 
markets settled by uniform per-unit Locational Marginal Prices LMP(n,T) 
($/MWh) determined in accordance with the standard competitive 
(marginal benefit = marginal cost) pricing rule. 
 
(PP-4): Revenue sufficiency is assured for suppliers of grid-delivered 
energy E(n,T) (MWh) who participate in the energy markets SM(n,T) in 
presumption (PP-2) if competitive pricing for off-peak hours is 
augmented with peak-load  pricing4 for on-peak hours, i.e., hours during 
which installed operable capacity is a binding constraint on production.   
 
(PP-5):  The outcomes resulting under (PP-1) through (PP-4) are in 
accordance with basic utilitarian principles, an appropriate conception of 
distributive justice for ITD systems. 
 
Presumptions (PP-1) through (PP-5) envision the desired core design for 
the transmission-level operations of an ITD system to be a collection of 
short-run ISO-managed energy markets SM(n,T) for grid-delivered 
energy E(n,T) (MWh) conditional on grid delivery location n and delivery 
period T, where E(n,T) is a standardized commodity.  The remainder of 
this section provides strong counterclaims to these presumptions.   
 
 
 
 
 

 
4 The peak-load price ($/MWh) for an on-peak hour H is defined by energy 
economists to be the price that equates marginal energy supplier profit ($/MWh) 
for H to supplier capacity cost c ($/MWh) for H, where c denotes the amortized 
fixed cost of energy production per hour ($/h) per unit of capacity (MW).   
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3.2 Counterclaim (CC-1) to Presumption (PP-1)   
 
The following four definitions from Tesfatsion [1]** provide essential 
underpinnings for counter-claim (CC-1) to the presumption (PP-1) that 
grid-delivered energy E(n,T) (MWh) is a standardized commodity. 
 
Def-1: Standard Unit of Measurement u.  A specified positive amount u 
of some phenomenon commonly used (by law or convention) to 
measure quantities of this phenomenon in a comparable manner. 
 
Def-2: u-Asset.  An asset is anything in physical or financial form able to  
function as a store of value.  A u-asset is an asset that has a standard unit 
of measurement u. 
 
Def-3: Standardized Commodity.  A physically exchangeable u-asset Q 
such that, conditional on location and time, each Q-trader considers all 
Q-units u available for trade to be perfect substitutes. 
 
Def-4:  Power-Path.  A power-path p(n,T) := (p(n,t) : t in T) is a sequence 
of power injections and/or withdrawals p(n,t) (MW) at a single 
designated grid location n during a designated time-interval T. 
 
Grid-delivered energy E(n,T) (MWh) conditional on a grid delivery 
location n and a delivery period T is a u-asset with megawatt-hour (MWh) 
as its standard unit of measurement u.  However, E(n,T) is not a 
standardized commodity as defined in Def-3 because the unit MWh 
depends fundamentally on the passage of time.  
 
More precisely, E(n,T) (MWh) is the accumulation of the power p(n,t) 
(MW) injected or withdrawn at location n at the successive time points t 
that constitute delivery period T (h).   The instantaneous power p(n,t) is 
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conceptually defined to be the product p(n,t) :=  v(n,t)i(n,t) of nodal5 
voltage v(n,t) and current i(n,t).6  For expanded discussion of these 
concepts, see [1, Sec. 3.2]**, [7]*, [8]**, and [9, Ch. 3]**.  
 
The key concern regarding presumption (PP-1) is that multiple power-
paths p(n,T) := (p(n,t): t in T)  with distinct dynamic attributes can 
typically be used to implement the delivery of any given amount E(n,T) 
(MWh) of grid-delivered energy at a grid location n during a delivery 
period T.  For example, these multiple power-paths  can have distinct 
dynamic period-T profiles (shapes) for capacity (MW), for nodal voltage 
(V), for current (A), and/or for ramp-rate (MW/min).  
 
In turn, these distinct dynamic profiles can have strongly divergent 
physical and economic implications for power system operators, power 
suppliers, and power users.   For example, profiles characterized by sharp 
down/up power ramping events or voltage volatility can threaten grid 
stability, increase equipment wear-and-tear costs for power suppliers, 
and reduce power quality (hence benefits) for power users.    
 
Presumption (PP-1) is therefore an idealized conception of grid-delivered 
energy E(n,T) at a delivery location n during a delivery period T as a 
single-attributed product with perfectly substitutable units (MWh), a 
conception strongly misaligned with physical and economic realities.  
  
 
 
 

 
5 The nodal voltage at a node n of an electrical circuit is the voltage difference to a 
designated circuit reference node (typically ground),  sometimes labelled node 0.    
6 Power p is measured in Watts (W), nodal voltage v is measured in Volts (V), and 
current i is measured in Amperes (A). Power p(n,t) := v(n,t)i(n,t) is measured by 
calculating the average of products v(n,s)i(n,s) at times s in a neighborhood of t.  
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3.3  Counterclaim (CC-2) to Presumption (PP-2)   
 
ITD system participants can generally secure private insurance 
protection against price and/or volumetric (quantity) risks at their grid 
locations if the localization of these risks permits insurance companies 
to cover these risks by means of extended risk-diversified insurance 
pools with low aggregate risk.  In contrast, ITD system participants 
typically cannot secure private insurance protection against systemic 
(system-wide) price and volumetric risks whose strong cross-correlation 
prevents such risk pooling.  
 
Grid instability or collapse is a serious systemic risk for ITD systems with 
potentially huge costs to ITD system participants, including loss of life. 
The protection of ITD system participants against such systemic risks is 
an essential fiducial duty of an ITD ISO.   
 
Consequently, in contradiction to the (PP-2) stress on short-run (day-
ahead, intra-day) energy market management, the primary focus of an 
ITD ISO should be voltage management (i.e., voltage control and reactive 
power needs) and reserve procurement for assurance of continual 
power balance.  Here reserve is defined to be the guaranteed availability 
of dispatchable power-paths for possible ISO dispatch at designated grid 
locations during designated future operating periods as protection 
against volumetric grid risk (power imbalance).  
 
While some reserve procurement can take place in markets with 
relatively short look-ahead horizons (e.g., day-ahead, intra-day),  
assurance of reserve adequacy will typically require procurement of 
longer-term reserve contracts through bilateral negotiations, organized 
exchanges, or reserve markets with relatively long look-ahead horizons. 
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3.4  Counterclaim (CC-3) to Presumption (PP-3) 
 
For any given grid delivery location n and off-peak delivery period T, 
presumption (PP-3) posits the possibility (and desirability) of 
determining transacted amounts E(n,T) (MWh) of grid-delivered energy 
in an energy spot market SM(n,T) at a uniform competitively determined 
per-unit energy price LMP(n,T) ($/MWh).  
 
Bichler and Knorr [10]* review serious conceptual and computational 
problems that can arise when attempts are made to determine optimal 
unit commitments and scheduled amounts of grid-delivered energy by 
means of standard competitive spot market formulations subject to 
system constraints.  In the authors’ mathematical formulation, these 
problems arise from nonconvexities in supplier total avoidable cost 
functions, and from the non-convex form of the AC power flow equations 
that need to be included among the system constraints in order to 
ensure the physical feasibility of scheduled energy deliveries.   
 
Given these non-convexities, competitive energy spot prices do not exist.  
Attempts in practice to counter these non-convexities by use of modified 
pricing processes -- such as Convex Hull (CH) pricing -- typically require 
the system operator to pay out-of-market side-payments to cleared 
suppliers to ensure their revenues suffice to cover their incurred 
avoidable costs (including lost opportunity costs).  
 
An additional fundamental counter-claim to (PP-3) is highlighted in  
Section 3.2:  namely, grid-delivered energy E(n,T) (MWh)  conditional on 
grid delivery location n and delivery period T is not a standardized 
commodity because the units (MWh) of E(n,T) are not perfect substitutes 
conditional on n and T.  Enforcing a uniform per-unit price ($/MWh) for 
E(n,T) is thus conceptually problematic on direct valuation grounds.  
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The mathematical argument against such an action is that the 
fundamental marginal benefit and marginal cost functions needed to 
generate competitive per-unit (marginal benefit = marginal cost) prices 
are not conceptually well-defined for E(n,T).  This assertion follows 
immediately from definition Def-2 for a u-asset A, given in Section 3.2, 
together with the following crucial lemma:      
 
Quantity Axis Lemma:   A conceptually-meaningful real-line quantity axis 
cannot be constructed for an asset A for a specific purpose P, conditional 
on location and time, unless asset A is a u-asset whose u-units are perfect 
substitutes for purpose P, conditional on this location and time. 
   
   Lemma Proof:  In the absence of the stated conditions for asset A, the 
precise ordering of the units u of asset A along a real-line quantity axis R+ 
:= {r in R :  r ≥ 0} will matter for purpose P.  For example, any attempt to 
evaluate the value for purpose P of a marginal (``next”) unit u* of asset 
A, given a currently held positive amount r* of A as measured by point r* 
along R+, will typically depend on: (i) the specific composition of the r* 
units of A that are currently held, i.e., that are presumed to precede point 
r* along R+; and (ii) the idiosyncratic combination of attributes possessed 
by the marginal unit u*.  // 
 
As noted in Section 3.2, ITD system participants typically do not consider 
units (MWh) of grid-delivered energy to be perfect substitutes,  
conditional solely on grid delivery location n and delivery period T, 
because the dynamic attributes of the power-paths that implement 
deliveries of these units can matter to them. Hence, by the Quantity Axis 
Lemma, amounts E(n,T) (MWh) of grid-delivered energy cannot be 
represented in a conceptually meaningful manner as points r along a 
real-line quantity axis R+ unless the dynamic attributes of the power-
paths implementing deliveries of these amounts are severely restricted.    
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Finally, from a more practical vantage point, ex-FERC Commissioner and 
Chair Mark Christie [11]* provides a scathing carefully-sourced 
performance assessment of the Single-Clearing Price (SCP) mechanisms 
currently implemented in U.S. RTO/ISO-managed wholesale power 
markets.  These SCP mechanisms include both the use of Locational 
Marginal Pricing (LMP) in short-run (day-ahead, intra-day) markets and 
the use of  highest clearing supply price  (possibly inflated by a subjective 
multiplier) in longer-run capacity markets with administratively set 
demand curves.    
 
Christie asserts (p. 4): ``(T)hese `markets’ … have never been true 
markets, but rather administrative constructs with some market 
characteristics.  The questions about SCP mechanisms raised in (my 
assessment) cannot be divorced from the question whether these 
markets were based on deregulation assumptions that may no longer be 
valid, if they ever were.” 
 
3.5  Counterclaim (CC-4) to Presumption (PP-4)   
 
In contradiction to (PP-4),  it is shown in Tesfatsion [1, Secs. 5.3, A.4]** 
that the full avoidable costs (i.e., avoidable fixed costs plus variable 
costs) commonly incurred by power suppliers participating in real-world 
grid-supported electric power markets cannot necessarily be recouped 
by augmenting competitive pricing for grid-delivery energy during off-
peak hours with peak-load pricing during on-peak hours.    
 
The avoidable fixed costs incurred by these power suppliers include 
capital investment costs, transaction costs, and lost opportunity costs as 
well as standard types of unit commitment costs.  The variable costs 
incurred by these power suppliers include supply-chain costs, rental 
costs, transmission service charges, variable cost offsets from joint 
production, waste disposal costs, and various types of operation and 
maintenance costs (fuel, labor, and depreciation).    
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As illustrated in Tesfatsion [1, Sec. 5.3]**, the varied forms of these 
avoidable costs force profit-seeking power suppliers to undertake a 
complex dynamic approach to cost calculation.  For example, power 
suppliers considering whether to participate in a power market M(n,T) at 
a grid delivery location n for a delivery period T must consider with care 
the possible dynamic realization patterns for their incurred avoidable 
costs before, during, and after period T. 
 
In short, (PP-4) vastly oversimplifies cost recovery needs for power 
suppliers participating in grid-supported electric power markets.  To 
assure supplier revenue sufficiency in these markets, i.e., to assure 
supplier revenues suffice to cover their incurred avoidable costs,  
settlement processes must align with physical and economic realities.   
 
First and foremost, this alignment requires recognition that any grid-
supported electric power market M(n,T) conducted at a grid location n 
for a delivery period T must operate as a forward reserve market for T 
due to the speed of real-time grid operations.  That is, M(n,T) must take 
place in advance of T; and any supply offer submitted to M(n,T) must be 
an offer of reserve at n for T, i.e.,  an offer to guarantee availability of a 
physically-characterized collection PP(n,T) of dispatchable power-paths 
p(n,T) for possible ISO dispatch at n during T as protection against 
volumetric grid risk (power imbalance).  
 
Consequently, in analogy to standard physically-covered insurance 
contracts, a supply offer submitted to M(n,T) by a dispatchable power 
resource m electrically connected at grid location n should be a nodal 
two-part pricing contract that permits m to assure its revenue sufficiency 
by appropriate specification of the following two contractual terms:   
 

(i) a contract offer price (insurance premium) in lump-sum or 
amortized form ensuring m is compensated ex ante (i.e., prior to T) for 
verified incurred reserve availability costs; and 
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(ii) a performance payment method detailing the compensation m 
requires ex post (i.e., after T) for any performance costs incurred by m 
for verified ISO-dispatched power-path delivery at n during T. 

 
3.6  Counterclaim (CC-5) to Presumption (PP-5)   
 
The economic theory of competitive markets for standardized 
commodities is firmly based on utilitarian principles of distributive 
justice, supported by the First Welfare Theorem [12, Sec. 2.C].7   
 
The welfare of each consumer j in an economy E is assumed to be 
measured by a utility function Uj; and social welfare for an economy E 
comprising N consumers, evaluated at a resource allocation q = (q1,…,qN)  
for these N consumers, is measured by a social welfare function 
W(U1(q1),…,UN(qN)) satisfying the following monotonicity property:  W 
is a strictly increasing function of the utility level Uj(qj)  attained by 
consumer j, all else equal, for each  j  = 1,…,N.  This monotonicity property 
assures that any feasible resource allocation q* that maximizes social 
welfare is Pareto optimal.   
 
Social welfare functions taking the utilitarian form W(U1(q1),…,UN(qN))  
in principle permit some consumers to be sacrificed for the greater total 

 
7 For example, consider a pure-exchange economy E with consumers j = 1, …, N, 
where each consumer j has: (1) an initial endowment ej := (ej1,…,ejM) consisting of 
amounts of M standardized commodities Q1,…,QM; and (2) a utility function Uj(qj) 
measuring the utility that j would obtain from consuming various different amounts 
qj := (qj1,…, qjM) of these M commodities.  Given regularity conditions, the First 
Welfare Theorem for E  states that any feasible reallocation q* = (q1*,…,qN*) of the 
initial endowment allocation e = (e1,…,eN) across these N consumers that can be 
price-supported as a competitive market equilibrium for E is Pareto optimal.  That 
is, there does not exist any other feasible reallocation q’ of e across these N 
consumers such that each consumer attains at least as much utility under q’ as 
under q* and at least one consumer attains strictly higher utility under q’.   
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benefit of others. This controversial feature is obscured by the concavity 
assumptions that economists commonly impose on utility functions in 
order to ensure the existence of competitive market equilibrium prices. 
 
For example, consider the  special case in which an amount Q* of a single 
standardized commodity Q is to be allocated across N consumers.  
Suppose the utility function Uj(qj) for each consumer j = 1, …,N is a strictly 
concave, strictly increasing, and positively-valued function of j’s 
allocation qj as long as qj  is greater or equal to j’s subsistence 
consumption need scnj > 0.  Suppose, also, that a consumer j dies unless 
his subsistence consumption need is met, hence Uj(qj)=0 for all qj < scnj.  
The utility function for each consumer j thus has a non-concave kink at 
j’s positive subsistence consumption need, and j contributes nothing to 
social welfare unless this need is first met.   
 
In this case, as shown in Tesfatsion [13, p. 296], the allocation of Q* 
among the N consumers j = 1,…,N to maximize social welfare 
W(U1(q1),…,UN(qN)) systematically dictates that consumers j with 
relatively high subsistence consumption needs scnj should be allowed to 
die with commodity allocations qj = 0 for the greater total benefit of all 
remaining consumers.  This dictum can result in the deaths of some 
consumers for the benefit of all other consumers even if Q*  is sufficient 
to satisfy the total subsistence consumption need for all N consumers. 
 
The social welfare implications of utilitarianism for human societies have 
been extensively analyzed and strongly critiqued by a diverse range of 
scholars, including Emile Durkheim, Robert Nozick, John Rawls, and Max 
Weber.  Focusing specifically on electric power systems, Boyd [4]** 
considers whether designs for electric power markets should instead be 
tempered by acceptance of the idea (long espoused by some) that 
electric power is a primary social good, i.e., a good essential for ensuring 
a decent quality of life.     
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More precisely, Boyd [4, pp. 937-938]** writes:   
``(It) is increasingly clear that the forty-five-year global experiment 
with neoliberal electricity has failed to deliver on even the most basic 
metrics and, more importantly, is no longer fit for purpose as 
electricity becomes the chief instrument of decarbonization for most 
economies around the world. … The key objective (of my study) is to 
understand how law, politics, and economics have together structured 
distributional struggles over the design and maintenance of electricity 
markets and how they might be recombined in new ways to realize a 
vision of electricity as a key system of provisioning and vital 
infrastructure for the clean energy future.’’  

 
For a literature review focusing specifically on justice and equity 
objectives for electric power systems, see Goforth et al. [14].   
 
4.  A Tiered Approach to Design Readiness Level   
 
Extensive testing of an ITD system design should precede its real-world 
implementation to reduce the risk of major adverse unintended 
consequences.  Ideally, this testing should address  the nine design goals 
highlighted in Section 2: incentive alignment; resource adequacy; 
efficiency; reliability/resiliency/security; fairness; conceptual coherency; 
minimum administrative intervention; internalization of externalities; 
and minimal transitional disruption.  Consequently, a complete ITD 
system design arc from conceptualization to real-world deployment will 
typically require a series of modeling and testing efforts at different 
scales, and with different degrees of empirical fidelity.    
 
To facilitate this process, Table 1 proposes a nine-tiered Design 
Readiness Level (DRL) classification for ITD system designs analogous to 
the nine-level Technology Readiness Level (TRL) assessment scale [5]* 
developed by the U.S. Department of Energy for new energy 
technologies.    
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Design Readiness Level DRL No. DRL Description 

Conceptual  idea DRL-1 Conceptualization of a design 
with desired attributes 

Explicit formulation 
 

DRL-2 Modeling of design concept 

Low-fidelity small-scale 
modeling & testing 
 

DRL-3 Testing using a small-scale model 
with highly idealized real-world 
features 

Medium-fidelity small-
scale modeling & testing 
 

DRL-4 Testing using a small-scale model 
with several salient real-world 
features 

High-fidelity modeling & 
testing apart from scale 
 

DRL-5 Testing using a small-scale model 
with many salient real-world 
features 

Pilot study DRL-6 Testing using a model reflecting 
expected deployment conditions 
apart from scale 

Prototype study DRL-7 Testing using a model reflecting 
expected deployment conditions 
at realistic scale  

Field study DRL-8 Use and evaluation in a real-world 
setting under real-world 
deployment conditions.  

Real-world deployment 
 

DRL-9 Real-world implementation for a 
full range of operating conditions 

        
Table 1:  A nine-tiered approach to the determination of 

Design Readiness Level (DRL) 
 
ITD system design research carried out at universities typically falls 
within DRLs 1-3.  In contrast, ITD system design research carried out at 
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industrial and government-sponsored research facilities typically falls 
within DRLs 7-9.    
 
The relative infrequency of studies undertaken within the ``Valley of 
Death” DRLs 4-6 can hinder the development of ITD system designs 
across the full design arc from conceptualization (DRL-1) to real-word 
deployment (DRL-9).  Fortunately, as discussed in the following Sections 
5 and 6, recent advances in computational platform capabilities are 
helping ITD system design researchers to traverse this ``Valley of Death.”      
 
5.   DRL Classifications for Recent ITD System Design Studies 

State-of-the art assessments of transmission-level operations for U.S. 
ITD systems have regularly appeared since major restructuring of these 
operations began in the early 1990s.  These assessments differ 
substantially in content and tone depending on the date of their 
preparation before or after the extreme cold wave (``Winter Storm Uri”)  
that affected the Texas grid operator ERCOT (Electric Reliability Council 
of Texas) and surrounding areas during February 14-20, 2021.  For 
example, compare Glachant et al. [15] with Lo Prete et al. [16]*.   
 
At the time of Winter Storm Uri, ERCOT’s core market design closely 
reflected presumptions (PP-1)--(PP-5) covered in Section 3 apart from an 
imposed high market price cap of $9000/MWh.  According to a report 
[17, p. 10]* issued by Vibrant Clean Energy, LLC, on March 23, 2021, real-
time market prices in ERCOT ``started to rise steeply on February 14th 
and hit the market cap of $9,000/MWh when the blackouts first started 
occurring. The real-time market energy prices were continuously at the 
market cap from February 16th through most of February 19th.” 
 
A storm assessment [18]* issued in November 2021 by the U.S. Federal 
Energy Regulatory Commission concluded that Winter Storm Uri led to 
infrastructure failures and electricity losses for ERCOT that ``caused the 
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deaths of numerous Texans.”  This FERC assessment subsequently led to 
a FERC Order Directing Reports [19]* seeking comments on the 
modernization of U.S. RTO/ISO-managed wholesale power markets. 
 
Table 2 displays the DRLs assigned to illustrative recent  (``post-Uri”) ITD 
system design studies classified strictly between initial conceptualization 
and modeling (DRLs 1-2) and real-world deployment (DRL-9).  Asterisks 
are used to identify studies that have been influential (*) or highly 
influential (**) for this review. 
 
Some of the modeling and examples used in the DRL-3 classified studies 
in Table 2 rely on conceptually-problematic economic presumptions, 
such as (PP-1)-(PP-5) in Section 3.  Also, some presume a copperplate 
grid permitting power to flow freely from any one grid location to 
another without physical constraint and without concern for physical 
reliability of grid operations.    
 
Nevertheless, all DRL-3 classified studies in Table 2 highlight important 
ITD system design issues in need of further study.  These issues include: 
price formation for zero-carbon electricity markets ([16]*,[20]*); 
hedging of price risks ([21],[22]); energy storage incorporation [23]; 
potential benefits of taking a ``hybrid markets” approach to transmission 
system design combining elements of regulatory planning and 
competitive markets ([24]*,[25]*); the need for coordinated 
transmission and distribution expansion in support of decarbonization 
goals [26]; lessons from Winter Storm Uri [27];  and the potential 
usefulness of agent-based modeling and digital twinning for power 
system design ([28]*,[29]).   
 
All DRL 4-8 classified studies in Table 2 consider – with varying degrees 
of empirical fidelity – key issues arising from the strongly coupled 
physical and economic aspects of ITD system operations.   Several of 
these studies also address key legal issues for ITD system design.   
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Category DRL 
Range 

Illustrative ITD System Design  Studies  

Low-fidelity 
small-scale 
modeling & 
testing  
 

DRL-3 Lo Prete et al. [16]*, Zhou et al. [20]*, 
Bilimoria et al. [21], Dimanchev et al. [22],   
Gu & Sioshansi [23], Joskow [24]*, Keppler    
et al. [25]*, Ma [26],  Mays et al. [27],  van  
der Veen et al. [28]*, Palensky et al. [29]  
 

Medium-fidelity 
small-scale 
modeling & 
testing   
 

DRL-4  Tesfatsion [6]*,  Palensky et al. [29],     
Ballouz et al. [30]*, Battula & Tesfatsion [31]*, 
Cheng et al. [32]*, Conejo & Wu [33], Hastings 
et al. [34], Li & Wang [35], Mishra et al. [36]*, 
Rehtanz et al. [37], Yao et al. [38]  
 

High-fidelity 
modeling & 
testing apart 
from scale  
 

DRL-5 Bichler & Knorr [10]*,  Billimoria et al. [39]*, 
Doepfert et al. [40], Estanqueiro et al. [41], 
Ledesma et al. [42], Mengesha & Roy [43]* 

Pilot study   DRL-6 Central Hudson [3]*, ADRA [44],  
Sun & Conejo [45]  
 

Prototype and 
field studies 
 

DRLs  
7-8 

Central Hudson [3]*, Kirkham et al. [8]**,  
Rehtanz et al. [37],  Yao et al. [38] ,  
ADRA [44], Sun & Conejo [45],   
Hancher et al. [46]*,  Ospina et al. [47]   
 

 
Table 2:  Classification of Illustrative recent ITD system design studies  
from DRL-3 through DRL-8.  Asterisks indicate that a study has been 

influential (*) or highly influential (**) for this review. 
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These key physical/economic (PE) and legal (L) issues are categorized 
below in broad terms, together with a list of Table 2 DRL-classified 
studies that address these issues.  Each issue is illustrated using one or 
more of its listed studies. 
 
(PE1) Ability of short-term pricing mechanisms to ensure grid reliability 
(Bichler & Knorr [10]*, Ballouz et al. [30]*, Hastings et al. [34], Ledesma 
et al. [42]) 

 
Demand-response programs focus on how to organize ensembles of 
customer loads to enhance grid reliability.  Ballouz et al. [30]* stress 
that, to date, demand response programs based on real-time prices 
have generally failed to meet planner expectations due to mismatches 
between competitive market theory and reality.  For example, the 
authors demonstrate by means of analytical formulations and 
empirically-informed test cases that energy consumption can be a 
discontinuous function of real-time energy price.  This discontinuity, a 
violation of standard competitive market theory presumptions, can 
have serious adverse implications for the reliability of grid operations. 
      More generally, Ballouz et al. [30]* emphasize that short-term 
optimization does not necessarily ensure a long-term optimal 
outcome.  They note (p. 257) that the deregulation of U.S. electric 
power systems in the 1990s, with its emphasis on short-run (day-
ahead, intra-day) competitive markets, worked for several years only 
because these systems already had ample reserve capacity to meet 
system reliability needs. 
     In Sec. 5.3 (pp. 258-259), Ballouz et al. [30]* favorably cite the call 
by Joskow [24]* and Keppler et al. [25]* for a ``hybrid market” 
approach to electric power market design that separates long-term 
reliability planning from short-term operations by means of a balanced 
differentiated use of competitive and regulatory design elements. 
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(PE2) Effective provision of incentives for capital investment in needed 
power production and reliability support capabilities (Tesfatsion [6]*,   Lo 
Prete et al. [16]*, Estanquiera et al. [41],  Hancher et al. [46]*)   

 
Tesfatsion [6]* proposes a hybrid Linked Swing-Contract Market 
Design for RTO/ISO-managed wholesale power markets, supported by 
conceptual consistency considerations, analytical formulations, and 
empirically-informed 5-bus and 30-bus test cases. 
      The proposed design is motivated by the following fundamental 
observation: Any grid-supported electric power market must 
necessarily be a forward market due to the speed of real-time grid 
operations.   Thus, only one type of physical product can effectively be 
offered in such markets: namely, reserve, an insurance product 
offering advance availability of dispatchable power production 
capabilities for possible dispatch at designated grid locations during 
designated future operating periods to protect against volumetric grid 
risk (power imbalance).   
     The proposed design permits dispatchable power resources to offer 
diverse reserve into an RTO/ISO-managed collection of linked forward 
long-to-short bid/offer-based reserve markets via two-part pricing 
insurance contracts taking a flexible swing form.  The swing in these 
contracts permits efficient advance RTO/ISO planning for servicing of 
just-in-time customer power demands and grid reliability needs.  The 
two-part pricing form of these contracts permits cleared suppliers to 
ensure their revenue sufficiency.  A principled cost allocation rule 
supports the independence of the RTO/ISO by assuring revenue 
adequacy for system operations as a whole. 
         Hancher et al. [46]* carefully review the interaction among Long-
Term Contracts (LTCs), markets, and legal processes during the 
ongoing European Union push towards electric power market 
decarbonization and increased industrial electrification.  They argue 
that this push can only succeed if market designers reconsider their 
out-dated hostility to LTCs – whether in the form of renewable Power 
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Purchase Agreements (PPAs) or Contracts for Difference (CfDs).  They 
conclude that ``without predictability, investors cannot be properly 
motivated or encouraged to assume the level of risk required to 
commit extensive funds and to engage in the urgent race towards 
deep decarbonization.” 
 

(PE3) Validity of traditional representations for market operations and 
grid reliability needs based on now-invalid presumptions of  thermal 
power predominance (Palensky et al. [29], Hastings et al. [34], Li & Wang 
[35], Yao et al. [38], Billimoria et al. [39]*, Doepfert et al. [40], ADRA [44], 
Sun & Conejo [45], Ospina et al. [47]) 

 
Operational security is the extent to which a power system is capable 
of addressing and mitigating various types of disturbances that affect 
the stability of power system operations across both short and longer-
term horizons, as measured by voltage, frequency, and other forms of 
metrics. Billimoria et al. [39]* note that the increasing incorporation 
of renewable power resources with inverter-based (DC to AC) 
technologies into the current mix of power suppliers connected to HV 
transmission grids has critical implications for the operational security 
of these grids.   
     Thermal generators with rotating turbines and a synchronous 
interface to an HV transmission grid are capable of providing a range 
of services that support operational security.  For example, the inertia 
inherent in their rotating turbine operations provides automatic ̀ `ride-
through” frequency support in response to fault contingencies.   In 
contrast, traditional inverter-based technology is grid-following, 
meaning it passively relies on system frequency with no means to 
support this frequency in fault situations. Consequently, power 
engineers are now exploring how to equip inverter-based resources 
with grid-forming (frequency support) capabilities.    
     Billimoria et al. [39]* stress that traditional market conceptions of 
ancillary services and other forms of security goods designed for HV 
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transmission grids dominated by thermal generation will require major 
adjustments to match these and other rapidly occurring technological 
shifts.  The authors question whether planners currently overseeing 
the transition of HV transmission grids to decarbonized operations 
adequately appreciate the pressing need for these major adjustments.   
The authors summarize their concerns as follows (p. 2): 
     ``Our key findings are that as the engineering of operational security 
becomes increasingly complex so too does the economic 
characterization.  Importantly, this means that a singular pubic goods 
characterization can no longer be adopted for all power system 
security goods – and a `basket of goods’ approach is more suitable.  
Finally, this means that regulatory and market design must reflect 
these nuances and must recognize the relationships between various 
security requirements and between grid standards and network access 
regulations.” 
  

Key legal issues addressed in the Table 2 DRL-classified studies include 
the following concerns:   

 
(L1) Legal clarity and enforceability of contracts (Tesfatsion [6]*, van der 
Veen et al. [28]*, Hancher et al. [46]*)  
 

Van der Veen et al. [28]* focus on the design, construction, operation, 
and maintenance of Cyber-Physical Energy Systems (CPES), 
characterized as ``systems for which physical and computational 
components are integrated to monitor and control physical energy 
processes.”   They stress that, in order for a CPES to function properly, 
stakeholder objectives and obligations must be clearly articulated and 
agreed upon by all parties.    
     The authors’ Table 1 (p. 44) provides an illustrative list of CPES 
stakeholder objectives and obligations.  For each listed objective, the 
table identifies an Objective Beneficiary Party (OBP) that would benefit 
from this objective being met together with an Objective Obligated 
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Party (OOP) that has been committed to produce this benefit.   The 
authors stress the need for the expectation of each OBP to match the  
expectation of the corresponding OOP, a difficult requirement for 
rapidly evolving CPES.   
     In the remainder of their study (pp. 45-51), the authors propose an 
approach using digital twins and cyberagents intended to facilitate the 
matching of OBP and OOP expectations in CPES undergoing changes in 
organizational structure, expectations, and responsibilities.  A digital 
twin is defined to be a virtual representation of a physical object, and 
a cyberagent is defined to be an intelligent digital component that acts 
on behalf of parties such as connected customers and grid operators.  
The ultimate goal of the authors’ approach is to enable a ``no regret” 
evolutionary approach to CPES technological investment. 
       

(L2) Mitigation of market power (Tesfatsion [6]*; Zhou et al. [20]*)  
 
In economics, market power is the ability of some participants in a 
market to secure advantages relative to other participants by gaming 
the market’s rules of operation. A classic example arising in a 
competitive market for a standardized commodity Q with a unit of 
measurement u, settled by means of a uniform market-clearing 
(demand = supply) price π ($/u), is when a pivotal supplier is able to 
increase π by withholding supply capacity from the market. 
     Zhou et al. [20]* provide a literature review focusing on electricity 
market design and price formation challenges, including the mitigation 
of market power.  In Section 2.3 the authors stress that market power 
monitoring and mitigation mechanisms in use for existing grid-
supported electricity markets might need to be revisited as these 
markets transition to decarbonized operations.    
     For example, consider a U.S. RTO/ISO-managed day-ahead market  
DAM(n,D+1) conducted on day D to plan for grid operations at a grid 
location n during each hour h of the following day D+1.  Suppose the 
supply mix for DAM(n,D+1) is dominated by intermittent renewable 
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power resources.  In this case, storage resources heavily dependent on 
opportunity costs to determine their DAM(n,D+1) supply offers will 
have a greater chance of being dispatched as marginal units that 
determine the resulting market-clearing Locational Marginal Price 
LMP(n,h) ($/MWh) at n for each hour h of day D+1.  Since storage 
opportunity costs are not directly observable, monitoring these 
storage supply offers to protect against market power manipulation 
could be very difficult.        
     Tesfatsion [6, Ch. 14]** further cautions that grid-delivered energy 
E(n,h) (MWh) delivered at a grid location n during an operating hour h 
is not a standardized commodity because the valuation of any ``next” 
energy unit (MWh) delivered at n during h will typically depend on the 
dynamic attributes (e.g., ramp-rate profile, voltage profile) of the flow 
of power (MW) that implements this unit delivery at n during h.  In 
consequence, the exercise of market power in grid-supported electric 
power markets can take much more varied and subtle forms than 
anticipated for standardized commodity markets. 
 

(L3) Respect for customer privacy rights (Cheng et al. [32]*) 
 
Transactive Energy System (TES) design is a relatively new approach to 
electric power management, pioneered by researchers at the Pacific 
Northwest National Laboratory (PNNL).  As defined in [48, Sec. 3.1], a 
TES design is a collection of economic and control mechanisms that 
allows the dynamic balance of power supply and demand across an 
entire electrical infrastructure, using value as the key operational 
parameter.  Respect for customer privacy rights is an important 
objective stressed in TES design studies.   
     For example, Cheng et al. [32]* develop a consensus-based TES 
design managed by an Independent Distribution System Operator 
(IDSO) for an unbalanced LV distribution grid electrically connected to 
an HV transmission grid.   The distribution grid is populated by welfare-
maximizing budget-constrained customers with price-sensitive 
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electrical devices (as well as fixed loads) who make multiple successive 
power-usage decisions during each Operating Period (OP).    
     A key design objective is to determine retail power prices for each 
OP that align the system reliability goals and constraints of the IDSO 
with the local goals and constraints of the customers in a manner that 
preserves customer privacy.   This objective is accomplished by having 
the IDSO and customers engage in a negotiation process in advance of 
each OP that determines customer-specific retail power prices 
dependent on: (i) customer grid location (for voltage control); and (ii)   
customer-reported slider-knob control settings between 0 and 1 for 
their price-sensitive electrical devices indicating preferred  emphasis 
on power benefit (``0”) relative to power cost (``1”) during OP.    
     The IDSO-customer negotiation process for each OP is analytically 
formulated as a dual decomposition algorithm. Convergence and 
optimality properties of this algorithm are first established for a 
general analytically-formulated ITD system with an IDSO-managed 
unbalanced radial distribution grid. Numerical test cases that 
concretely demonstrate these properties are then reported for a 
special case of this ITD system with a 123-bus distribution grid. 
 

(L4) Internalization of waste-product externalities via instituted policies 
(Mishra et al. [36]*, Mengesha & Roy [43]*)  
 

Mishra et al. [36]* investigate Agent-Based Modeling (ABM) 
contributions to ``four segments of the anticipated transition to 
decarbonized energy systems – consumers, cities, grids, and electricity 
markets.”   The authors identify, review, and assess empirically-based 
ABM use cases for each of the four segments.  Based on this review, 
the authors conclude (p. 17) that ``the greatest potential contribution 
of ABM to energy transition studies lies in its practical application to 
decision-making in policy and planning.”    
     Mengesha & Roy [43]* assert (p. 1) ``there is an urgent need for 
coordinated efforts by countries, businesses, and individuals to limit 
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global warming well below the 2 degrees Celsius threshold.” The 
authors stress that a carbon pricing policy that prices (taxes) carbon 
emissions is a promising way to internalize the external costs of carbon 
emissions in order to incentivize low-carbon practices. 
       To study this conjecture more carefully, the authors develop an 
agent-based ``integrated assessment” framework for carbon pricing 
policy experiments able to mirror innovation-driven economic growth, 
a capability ``of special interest concerning energy efficiency vis-à-vis 
carbon pricing.”   As depicted in Fig. 2 (p. 3) of their study, the authors’ 
framework ``integrates the energy sector, refined household behavior 
rooted in both rational and bounded rationality as per behavioral 
economics literature, and nuanced firm and labor market dynamics.” 
The authors use observed empirical regularities to empirically validate 
their framework, including measured cross-correlations for various 
key macroeconomic variables. 
 

(L5) Treatment of common-pool resources (Billimoria et al. [39]*) 
 

In economics a common-pool resource is a hybrid resource that shares 
characteristics of both public and private resources.  As for public 
resources, a common-pool resource is non-excludable, meaning that 
people typically cannot be prevented from using it.  However, as for 
private resources, a common-pool resource is  rivalrous, meaning that 
its use by a person reduces the ability of other people to use it.   A 
classic example of a common-pool resource is a public swimming pool. 
     Billimoria et al. [39]* develop ``a physics-informed approach” for 
classifying products and services for electric power systems, resulting 
in three highlighted findings.  First, these products and services ``have 
both public and private characteristics.”  Second, ``many new system 
services are consistent with a common-pool resource 
characterization.”    Third, these first two findings indicate the need for 
``an enhanced role for more localized network planning and 
coordination of access and service provision.” 
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(L6) Distributive justice concerns (Mengesha and Roy [43]*) 
 

As reported in (L4), Mengesha and Roy [43]* study the ability of prices 
(taxes) imposed on carbon emissions to internalize the environmental 
costs of these emissions, hence to incentivize lower-carbon practices.   
     As part of this study, the authors conduct experiments to 
investigate the distributional impacts of large two-year fossil fuel price 
shocks on household income and wealth.  As reported on p. 7, the 
authors find (for example) that households with lower income and 
wealth are more negatively affected by these price shocks, with 
negative effects on  wealth observed to be more persistent than 
negative effects on income.  The authors stress that this type of 
information is vital for mitigating potentially adverse social welfare 
effects of carbon pricing, e.g., through strategic redistributions of 
carbon tax revenues.  
      

(L7) Establishment of industry standards for the operational definition of 
key power concepts (Kirkham et al. [8]**). 

 
Kirkham et al. [8]** comment extensively on the 2025-revised report 
IEEE-Std1459-2025 [7]* that provides official standardized quantity 
definitions ``for designing and using instrumentation for the 
measurement of electric power quantities under sinusoidal, non-
sinusoidal, balanced, and unbalanced conditions.”  
     This thought-provoking commentary emphasizes the critical 
distinction between operational quantity measurements and physical 
reality.  For example, a measured quantity for a power concept can in 
fact correspond to multiple distinct physical realities. Conversely, 
different methods currently in use to measure quantity for a given 
power concept (e.g., reactive power) can systematically give rise to 
different measurements, which has led some to assign spurious 
distinct physicality to these different measurements. 
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 6. ITD System Design via Computational Platforms   
 
As stressed in earlier sections, ITD systems are complex dynamic systems 

encompassing strongly coupled physical, economic, and legal processes.  

Making significant changes to the current design of these systems is thus 

exceedingly difficult, even if stakeholders agree that reform is needed.   

The nine-tiered Design Readiness Level (DRL)  approach to ITD system 

design proposed in Sec. 4 highlights the potential importance of dividing 

the full design arc -- from conceptualization to deployment -- into a 

sequence of more manageable steps.  However, these steps still require 

researchers to cross the ``Valley of Death” DRLs 4-6 separating typical 

university design research at DRLs 1-3 from typical industry and 

government design research at DRLs 7-9.     

Fortunately, as seen in Table 2 in Section 5, computational modeling 
developments are greatly aiding the ability of researchers to accomplish 
this crossing.   All Table-2 studies classified at DRLs 4-6 rely on some form 
of computational modeling to develop and test their proposed ITD 
system designs or design features. 
 
A relatively recent development is the use of ``co-simulation” platforms 
for electric power applications; see, for example, the Table-2 studies [29, 
31*, 34, 42].  A co-simulation platform permits the joint simulation of 
multiple coupled computational components.  Potential advantages of 
co-simulation include faster computational times and enhanced ability 
to protect sensitive data and processes from external view. 
 
A co-simulation platform for an electric power application can be 
formulated and implemented using versatile software packages such as 
MATPOWER (Matlab) and PowerModels.jl (Julia) [49]*.  Alternatively, 
the components for such an application can be expressed in distinct  
programming languages, such as C++, Java, Julia, and Python; and the 
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interactions among these coupled components can be restricted to occur 
at component interfaces at discretely-spaced points in time.  In this case 
the component interactions can be synchronized and facilitated by an 
external framework, such as the Hierarchical Engine for Large-Scale 
Infrastructure Co-Simulation (HELICS) [50]* developed by researchers at 
the National Renewable Energy Laboratory (NREL).  
 
Another promising development is the enhancement of computational 
platforms with Artificial Intelligence (AI) capabilities.   This development 
could be especially important for ITD system design studies that include 
a strong focus on strategic decision-making by human and/or non-
human decision-makers.   
 
Consider, for example, the use of agent-based computational platforms 
for ITD system design studies, such as the ITD TES V2 co-simulation 
platform developed by Battula and Tesfatsion [31]*.  Roughly expressed, 
the qualifier ``agent-based” means the dynamics of the computationally 
implemented system are driven by interactions among software entities 
called ``agents” with encapsulated states (data, attributes, and/or 
methods), starting from initial user-specified conditions.  
 
The agents populating an agent-based computational platform can 
encompass a broad array of agent types.  As illustrated in [51], these 
agent types can include: ``human” entities, such as individual producers, 
suppliers, distributors, buyers, and consumers; ``institutional” entities, 
such as production facilities, markets, system operators, and system 
monitors; and ``physical” entities such as grids, electrically connected 
physical devices, and weather systems. 
 
Early work focusing on agent-based computational platforms for ITD 
system design research includes Kok [52]*, Kok & Widergren [53], 
Tesfatsion [54]*, Kristov [55], and Battula et al. [56].  More recent work 
includes the following Table-2 studies: [28], [31]*, [36]*, [41], [43]*.  
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Although these studies differ in important regards, their agent-based 
foundations ensure their adherence to the following two modeling  
principles that have been immensely productive for electric power 
engineering science-with-practice research; see, e.g., [9, Ch. 2]**. 8    
 
(MP-1)  Focus primary attention on the fit-for-purpose specification of 
input-output interfaces for key interacting components;  
 
(MP-2) Where possible, use simplified representations of internal 
operations for interacting components to reduce model complexity. 
 
A special strength of agent-based computational platforms is the ease 
with which ``encapsulated intentionality” can be implemented for 
decision-making agents.  Encapsulated intentionality is the innate, 
evolved, learned, or designed ability of a decision-maker to hide from 
external view an intended next action.    
 
Encapsulated intentionality can render decision-makers unpredictable to 
one another even if the encapsulated states (data, attributes, and/or 
methods) determining the intended next actions of these decision-
makers do not entail true randomness.   Inattention to such asymmetric 
information effects can seriously degrade the value of collected and 
processed real-world data; see, for example, Zhou et al. [57].   
 
Agent-based computational platforms permit decision-making agents, 
both ``human” and ``physical,” to have encapsulated intentionality with 
regard to intended next actions.  Moreover, these intended next actions 
can be generated or influenced by agent learning processes ranging from 
simple to sophisticated [58].  Examples include: reactive reinforcement 
learning; physics-informed machine learning; deep learning using 

 
8 For example, the derivation and use of Thévenin and Norton equivalent circuits in power 
engineering exemplifies the application of these two modeling principles. 
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Artificial Neural Networks (ANNs) with multiple hidden layers; and 
anticipatory learning enhanced with data-driven generative AI tools such 
as Large Language Modeling (LLM) [59].   
  
Exploratory ITD system studies have established that computationally 
implemented decision-making agents enhanced with LLM and other AI 
support tools can ``handle huge complexity, adapt to local contexts, and 
operate at scale” [44].  The demonstrated capabilities of these agents, 
trained on synthetic data, include: load forecasting, congestion 
management (including exploration of topological grid reconfigurations), 
anomaly detection, and contingency analysis.  See, also, the literature 
review [60] of agent-based energy market studies that integrate 
machine learning methods. 
 
A related development in ITD system research is the use of 
computational platforms that incorporate Digital Twin (DT) 
representations for physical devices [61].  Roughly defined, a DT is a 
data-driven digital representation of a real-world physical entity that is 
able to interact with this physical entity in real time by means of a data 
and information channel.  A DT can thus provide a holistic representation 
of its real-world counterpart, including the run-time operational state 
(data, attributes, and/or methods) of this counterpart. 
 
Finally, computational platforms could potentially facilitate a repeated 
cycling through DRLs 1--9 by ITD system design researchers and 
stakeholders in an open-ended Iterative Participatory Modeling (IPM) 
process.  The basic goal of IPM is the determination of robust solutions 
for complex real-world problems for which definitive optimal solutions 
do not generally exist [62]*.   Repeated cycling through DRLs 1--9 could 
enable successive improvements to previously-determined design 
solutions in response to successive changes in external circumstances. 
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7.  Conclusions 
 
Current U.S. ITD systems are a complicated tangle of physical, economic, 
and legal processes. Business practice manuals that began as principled 
discussions of operational procedures in support of clearly articulated 
design goals have devolved into lengthy lists of confusing if-then rules.  
As stressed in Tesfatsion [1, Sec. 6.6]**, this devolution has seemingly 
arisen due in part to the following type of conundrum: 
 
Ptolemaic Epicycle Conundrum for System Design:   
When conceptually-problematic design principles are incorporated into 
the core rules governing the operations of a system, operational 
difficulties arise.  An attempt by system managers to resolve these 
difficulties by augmenting the core rules with a layer of new rules results 
in further operational difficulties.  Rule layer accretion then continues to 
occur because – ignoring the ``sunk cost is sunk” dictum -- correction of 
the fundamental inconsistencies in the core rules is persistently deemed 
to be too costly to undertake.    
   
To avoid this conundrum, the core design of an ITD system should be 
carefully aligned with physical and economic realities.  Moreover, to 
ensure orderly operations, the rules instituted in accordance with this 
core design should be buttressed by legally enforceable contracts.    
 
This study advocates a nine-tiered Design Readiness Level (DRL) 
approach to ITD system design to facilitate the discovery of suitable core 
designs in manageable steps. The nine DRL tiers range from initial 
conceptualization (DRL-1) to real-world deployment (DRL-9).   
 
To illustrate this approach, thirty-three recent ITD system design studies 
are sorted by DRL tier.  Each of these studies addresses important design 
issues. However, the studies classified at higher-level DRL tiers use 
higher-fidelity models or real-world settings to test design performance.  
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Key physical, economic, and legal issues addressed in these thirty-three 
studies are categorized in broad terms, together with a listing of the 
specific studies that address each issue.  Each of these issues is then 
illustrated more fully using one or more of its listed studies. 
 
Many of the DRL-sorted studies falling within the ``Valley of Death” DRLs 
4-6 separating typical university design research at DRLs 1-3 from typical 
industry and government design research at DRLs 7-9 are greatly 
facilitated by AI-enhanced computational platforms, including agent-
based co-simulation platforms.  The latter versatile platforms permit 
reduced computational complexity, flexible tailoring of model 
simplifications to purposes at hand, matching of modeled agents to 
empirical referents, and systematic testing of design aspects that involve 
coupled physical, economic, and legal processes.  
 
The ability of future ITD system design researchers to span complete 
design arcs from conceptualization to successful deployment could thus 
depend on  two factors:  the willingness of these researchers to envision 
promising new designs from appropriately expanded multidisciplinary 
perspectives; and the willingness of these researchers to model, test, 
and evaluate their newly envisioned designs by means of appropriately 
expanded toolkits.  
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Four Highly Influential References for This Review  
 
[1]**  Tesfatsion, L. Economics of Grid-Supported Electric Power 
Markets: A Fundamental Reconsideration, Foundations and Trends in 
Electric Energy Systems 8:1, Delft, The Netherlands: NOW Publishers; 
2024, 123pp.  
[8]**  Kirkham, H, Kitzig, JP, Laverty, D, Riepnieks, A, Strickland, D, White, 
R.  Measuring the Grid: Mysteries Explained.  Piscataway, NJ: Wiley (IEEE 
Press); 2025, 416pp.   
[9]** von Meier, A. Electric Power Systems: A Conceptual Introduction.  
2nd ed., Piscataway, NJ:Wiley (IEEE Press); 2024, 507pp.  
 
Importance of Key References [1]**, [8]**, and [9]**:   
     As stressed in these three references, power is a multi-attributed real-
world phenomenon expressed as a product of nodal voltage and current.  
Power injected into a grid flows across this grid at near speed-of-light 
rapidity and must immediately be balanced by power withdrawal and/or 
power loss.  Customers value flexible reliable front-of-the-meter (FTM) 
power availability, permitting them to meet their just-in-time local needs 
and goals for running myriad types of electrical devices, in possible 
combination with bottom-up build-outs of variously configured behind-
the-meter (BTM) storage and peer-to-peer electric power markets.  
Flexible just-in-time availability of suitably diverse FTM power 
production capabilities is needed to meet these just-in-time FTM power 
demands as well as just-in-time grid reliability needs.  However, due to 
the speed of real-time grid operations, any grid-supported market 
process intended to match FTM power demands and needs with FTM 
power supplies must essentially be a forward market for reserve, i.e., for 
the advance availability of FTM power production capabilities for 
possible dispatch during designated future delivery periods at designated 
grid locations.  ITD system design proposals should reflect these various 
physical and economic realities.  
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[4]** Boyd, W.  Decommodifying electricity.  Southern California Law 
Review 2024:101:937-1027.  DOI:10.2139/ssrn.4889020 
 
Importance of Key Reference [4]**:   
     Reference [4]** reminds readers that distributive justice concerns are 
important for the allocation of ``primary social goods,” roughly 
characterized as goods deemed essential for attaining a decent quality 
of life.  Reference [4, p. 938]** considers whether electric power 
markets should be redesigned ``to realize a vision of electricity as a key 
system of provisioning and vital infrastructure for the clean energy 
future.” 
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