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Abstract:  Integrated Transmission and Distribution (ITD) systems are linked high-

voltage and lower-voltage electric power systems whose operations depend  on strongly 

intertwined physical, economic, contractual, and data/signal processes.  This perspective 

considers ongoing efforts to base ITD system operations more fully on markets and other 

price-supported procurement arrangements for energy, ancillary services, and reserve in 

accordance with nine goals: incentive alignment; resource adequacy; efficiency; 

operational security; fairness; conceptual coherency and transparency; minimal 

administrative intervention; internalization of externalities; and minimal transitional 

disruption.   Special attention is focused on physical and economic concepts and 

conundrums that must be carefully considered if these efforts are to succeed.   

 

Grid-supported electric power systems in many regions of the world have been 

substantially restructured during the past thirty years into partially decentralized 

forms based more fully on transactive arrangements.  These arrangements include 

markets and other types of price-supported procurement processes for energy, 

ancillary services, and reserve.  In parallel with these structural changes, power 

system participants have become increasingly heterogeneous and dispersed.   

 
In a 2019 report [1, p. 11], the GridWise Architectural Council formalized the 

conception of a Transactive Energy System (TES) as follows:  A TES is “a set of 

economic and control mechanisms that allows the dynamic balance of supply and 

demand across an entire electrical infrastructure using value as a key operational 

parameter.”  Note the generality of this TES definition; the electrical infrastructure 

in question can be a high-voltage transmission system, a lower-voltage distribution 

system, or a system consisting of electrically linked high-voltage and lower-voltage 

subsystems. Any design for an electrical infrastructure that conforms to this TES 

definition will hereafter be referred to as a transactive design.   For extensive reviews 

of transactive design studies undertaken to date, see [2]—[5]. 

 

This perspective considers transactive design issues arising for restructured grid-

supported electric power systems organized as follows:  A wholesale electric power 
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market centrally managed by an independent system operator operates over a high-

voltage alternating-current transmission grid linked2 to one or more lower-voltage 

distribution grids populated by electrically interconnected entities called grid-edge 

resources.  Hereafter, such systems are referred to as Integrated Transmission and 

Distribution (ITD) systems. 

 

As depicted in Fig. 19.1, ITD system operations entail strongly intertwined physical, 

economic, contractual, and data/signal processes. Attempts to change aspects of 

these operations without consideration of these intertwined processes as a whole can 

be extremely risky due to the strong possibility of unintended consequences. 

 

 
 

Fig. 19.1:  Schematic depiction of an ITD system comprising physical, economic, 

contractual, and data/signal processes 

 

This perspective commences in Section 19.1 with descriptions of nine 

multidisciplinary goals for the transactive design of ITD systems. Briefly 

summarized, these nine goals are: incentive alignment; resource adequacy; 

efficiency; operational security; fairness; conceptual coherency and transparency; 

minimal administrative intervention; internalization of externalities; and minimal 

transitional disruption. 

   

Remaining sections highlight conceptions and conundrums that must be carefully 

considered if these goals are to be achieved. Section 19.2 analyzes physical and 

economic attributes of grid-delivered energy, and discusses implications of these 

attributes for the conceptual coherency and practical usefulness of the power flow 

formulations currently used to support ITD system operations.  Section 19.3 

compares and contrasts physical and economic conceptions of efficiency, and 

identifies potential sources of inefficiency in current ITD system operations.  Section 

19.4 examines physical and economic  aspects of operational security for ITD 

systems.  Key points stressed in Tesfatsion [4] regarding the development and 

performance testing of transactive designs for ITD systems are briefly reviewed in 

Section 19.5.  Concluding remarks are given in Section 19.6.   

 
2 The linkage between high-voltage and lower-voltage grids can take either a traditional continual form 

or a deliberately designed intermittent form that permits lower-voltage grids to electrically disconnect 

from the high-voltage grid under specified conditions.   
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19.1  Nine Goals for the Transactive Design of ITD Systems  

The following nine goals for the transactive design of ITD systems are slightly 

modified versions of the nine goals proposed in Tesfatsion [4]: 

 

Goal (G1):  Incentive Alignment.  An ITD system design should align the system 

goals and constraints of the ISO 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 incentivize 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 increasing uncertainty and 

volatility of net load. 

 

Goal (G3): Efficiency.  An ITD system design should be efficient, i.e., it should not 

waste resources. For short-run efficiency, the design should permit production, 

transmission, and distribution of power based on existing resources to be informed 

by accurate assessments of benefits and costs.  For 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): Operational Security.  An ITD system design should ensure continual 

net-load balancing during normal system operations, despite weather events and 

other anticipated types of disturbances.  The design should also support rapid 

recovery and return to normal system operations following major disruptions, such 

as the unscheduled shut-down of a pivotal generator, or a power outage caused by 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 participants to compete for the provision of 

reserve and ancillary support services, 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 the business practices and data/signal protocols 

instituted in accordance with this design should be as transparent as possible for ITD 

system participants.   

 

Goal (G7): Minimal Administrative Intervention.  An ITD system design 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.   
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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 an orderly gradual transition from  previously instituted rules 

and standard operating procedures. Where possible, it should provide continued 

support for previous reform efforts by ITD system regulators, operators,  

participants, and other stakeholders that are in keeping with goals (G1) through (G8).  

 

19.2  Physical and Economic Attributes of Grid-Delivered Energy 

 

19.2.1  Overview 

 
Grid-delivered energy E, measured in megawatt-hours (MWh) for high-voltage 

transmission grids and in kilowatt-hours (kWh) for lower-voltage distribution grids, 

is the key transacted product in many current ITD systems. The conceptually 

problematic implications of this product presumption for the reliability and 

efficiency of ITD system operations are carefully analyzed and illustrated in 

Tesfatsion [6,7].   

 

This section highlights fundamental physical and economic attributes of grid-

delivered energy at the heart of the concerns stressed in [6,7].  For concreteness, the 

discussion focuses on the operations of a high-voltage (HV) alternating current  (AC) 

transmission grid G(L,N) consisting of L transmission lines and N nodes (line 

juncture points).  The L transmission lines are assumed to form closed paths 

permitting current flow; thus, G(L,N) is an electric circuit.  The N nodes are electrical 

points of interconnection for wholesale (“bulk”) power buyers and suppliers and for 

lower-voltage distribution grids populated by grid-edge resources.3   

 

19.2.2  Conceptual Definition for Grid-Delivered Energy 

 
As for any electric circuit, the instantaneous power pn(t) expressed in Watts (W) at a 

node n at a time-point t for the HV AC grid G(L,N) is conceptually defined to be the 

product of nodal voltage4 vn(t) expressed in volts (V) and current in(t) expressed in 

amperes (A):  pn(t) :=  vn(t)in(t).  See, for example, von Meier [8, Ch. 3]. 

 

As defined in Tesfatsion [6,7], a power-path pn(T) :=  (pn(t) : t in T ) for G(L,N) is a 

sequence of power injections and/or withdrawals pn(t) (MW) that take place at a 

single designated grid node n in N during a designated time-interval T := [ts,te) whose 

duration is measured in hours (h), e.g., 24h, 1h, 0.5h.  See Fig. 19.2 for illustration. 

  

 

 
3 As indicated in Fig. 19.1, these grid-edge resources can include power producers, power consumers, 

prosumers able to produce or consume power, ancillary service providers, and energy storage facilities.   
4 The nodal voltage at a node n of an electric circuit is the voltage difference to a designated circuit 

reference node (typically ground). 
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Fig. 19.2:  Illustration of a power-path pn(T) realized at a single grid-node n  

during a time-interval T := [ts,te) 

 
The quantity of energy En(T) (MWh) grid-delivered at n during T can thus be 

conceptually expressed as the cumulation (time integral) of the power levels pn(t) 

constituting the power-path pn(T).   

 

19.2.3  Operational Measurement for Grid-Delivered Energy 

 
The revised standard IEEE St. 1459-2025 [9] provides operational definitions for the 

instrumentation-based measurement of grid-delivered energy En(T) (MWh) at a grid 

node n during a time-interval T under varied phase and wiring conditions.5  For 

example, for a single-phase 2-wire electrical grid, the definition provided for En(T) 

is the integral of the instantaneous power pn(t) := vn(t)in(t) (MW) injected or 

withdrawn at n during consecutive time points t in T (h); see [9, Sec. 3.2.3, Table 5].   

 

The instantaneous voltage vn(t) and instantaneous current in(t) for a single-phase 

electrical grid are listed in [9, Sec. 3.1, Table 2], along with notations for current and 

voltage under alternative phase and wiring assumptions. This listing is captioned 

“Notations for observable quantities.”  In a comment immediately preceding this 

listing, it is noted that all other quantities in IEEE St. 1459-2025 are indirectly 

measured quantities derived from the voltage and current quantities in this listing.   

 

However, a “NOTE 3” included for this listing warns that the listed voltage and 

current quantities are equivalent to sampled values.  Although these quantities are 

associated with a given time t, they are not actually obtained “instantaneously” at 

this time; and for certain purposes it might be important to account for this delay.   

 

Subsequent thought-provoking commentary [10] on the operational definitions 

provided in the revised standard IEEE St. 1459-2025 [9] emphasizes the critical 

distinction between operational measurements and physical reality. An 

 
5 From [9, Sec. 1.1]: “This document provides quantity definitions for designing and using 

instrumentation for the measurement of electric power quantities under sinusoidal, nonsinusoidal, 

balanced, and unbalanced conditions.” 
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operationally-measured power quantity can correspond to various distinct multi-

attributed physical realities, or indeed might have no real physical counterpart except 

possibly in highly restricted circumstances.  For example, power pn(t) := vn(t)in(t) 

(MW) at a given time t is often measured in practice by calculating the average of 

products vn(s)in(s) sampled at times s in a neighborhood of t, i.e., in an open time 

interval that strictly includes t.  The resulting measurement for pn(t) can thus 

correspond to multiple distinct physical realities, all consistent with this one average 

value.  Alternatively, this measurement might have no real physical counterpart if it 

is non-causally dependent on future times s > t.   

 

Thus, the operational measurement of power and energy (cumulated power) for 

electrical grids potentially entails serious many-to-one and non-causality issues. As 

seen below in Section 19.2.5, this observation has important ramifications for the 

conceptual coherence and practical usefulness of the power flow formulations 

currently used to support the physical and economic operations of ITD systems.   

 
19.2.4  Economic Valuation for Grid-Delivered Energy 

 
Markets for grid-delivered energy must necessarily be forward markets due to the 

speed of real-time grid operations.  That is, all such markets must necessarily have a 

non-trivial Look-Ahead Horizon (LAH); see Fig. 19.3. 

 

 
 

Fig. 19.3: A forward market M(T) in relation to its future operating period T 

 
For concreteness, this section focuses on the current use of Locational Marginal 

Pricing (LMP) for the transmission-level valuation of grid-delivered energy in all 

seven U.S. RTO/ISO-managed wholesale power markets.6  For detailed 

explanations, mathematical derivations, and illustrative examples of LMP, see [11].  

 
Let M(T) denote a U.S. RTO/ISO-managed wholesale power market operating over 

an HV AC transmission grid G(L,N) for a near-term (same-day, next-day) future 

operating period T whose duration is measured in hours (h).  For simplicity of 

exposition, it is assumed that each participant m in M(T) has a single electrical Point 

of Interconnection (POI) to G(L,N) at a grid-node n(m) in N.   

 

The basic purpose of M(T) is the determination of grid-delivered energy En(T) 

(MWh), together with a per-unit price LMPn(T) ($/MWh), at each node n during T 

such that marginal buyer benefit is equated to marginal supplier cost.  This purpose 

 
6 These seven markets are: 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 the District of Columbia); and SPP (Southwest Power Pool RTO).  The key 
feature distinguishing an Independent System Operator (ISO) from a Regional Transmission Organization 

(RTO) is that the latter has a larger territorial scope. 
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is often justified as an application of the competitive (marginal benefit = marginal 

cost) pricing rule for commodity spot markets, a linchpin of neoclassical market 

theory.  However, as carefully explained in Tesfatsion [7, Chps. 3-4], this pricing 

rule depends on strong presumptions regarding the physical and economic attributes 

of the transacted product that do not hold for grid-delivered energy. 

 

Specifically, this LMP justification requires each buyer j participating in M(T) at n(j)  

to have a well-defined marginal benefit function MBj(E) for grid-delivered energy at 

n(j) for T that answers the following type of query:  If you have already arranged to 

buy an amount E (MWh) of grid-delivered energy at n(j) for T, what is the maximum 

amount MBj(E) ($/MWh) you would be willing to pay for the procurement of one 

additional unit (MWh) of grid-delivered energy at n(j) for T ? 7   

 

In addition, this LMP justification requires each supplier i participating in M(T) at 

n(i) to have a well-defined marginal cost function MCi(E) for grid-delivered energy 

at n(i) for T that answers the following type of query: If you have already arranged 

to supply an amount E (MWh) of grid-delivered energy at n(i) for T, what is the 

minimum amount MCi(E) ($/MWh) you would be willing to receive in payment for 

the supply of one additional unit (MWh) of grid-delivered energy at n(i) for T?8   

 

The key observation is that the existence of these marginal benefit (cost) functions 

would require each buyer (supplier) participating in M(T) at a POI n to consider all 

possible “next” units (MWh) of grid-delivered energy available for procurement 

(supply) at n for T to be perfect substitutes. That is, all such buyers (suppliers) would 

have to consider grid-delivered energy at n for T to be a “standardized commodity,” 

defined as follows: 

 

Definition 1:  Standardized Commodity.   

A physically-exchangeable asset Q with a standard unit of measurement u such that, 

conditional on location and time, each Q-trader considers all Q-units u available for 

trade to be perfect substitutes.     

 
Energy En(T) grid-delivered at a node n during an operating period T has a well-

defined standard unit of measurement: namely, a megawatt-hour (MWh).  However, 

the key conceptual issue is that this unit depends essentially on the passage of time, 

confounding any attempt to view all “next” available units as perfect substitutes.  

 

Recall from Section 19.2.2 that grid-delivered energy En(T) (MWh) is conceptually 

defined to be the cumulation (time integral) of a power-path pn(T) = (pn(t): t in T) 

consisting of power pn(t) (MW) injected and/or withdrawn at n at successive times t 

in T (h).  The instantaneous power pn(t) is conceptually defined to be the product 

pn(t) := vn(t)in(t) of nodal voltage vn(t) (Volts) and current in(t) (Amps).   

 

 
7 Under commonly assumed regularity conditions in neoclassical market theory, a buyer j’s marginal 

benefit function MBj(A) ($/u) for an asset A with a standard unit of measurement u coincides with buyer 
j’s (inverse) demand schedule Dj(A) ($/u) for asset A.  
8 Under commonly assumed regularity conditions in neoclassical market theory, a supplier i’s marginal 

cost function MCi(A) ($/u) for an asset A with a standard unit of measurement u coincides with supplier 
i’s (inverse) supply schedule Si(A) ($/u) for asset A.  
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Consequently, for any given En(T), the grid-delivery of each possible “next” energy 

unit (MWh) at n during T can typically be implemented in dynamically distinct ways 

using dispatched power from distinct subsets of dispatchable power suppliers i with 

POIs n(i) either coincident with node n or connected to node n by non-congested 

transmission lines. The local power-path implementations for the various possible 

“next” energy-unit deliveries at n during T could thus have distinct nodal voltage 

profiles (Volts), distinct current profiles (Amps), and/or distinct ramp-rate profiles 

(MW/min).  Such dynamic distinctions could matter greatly to buyers, to suppliers, 

and to the RTO/ISO itself.   

 

A key implication of the above discussion is as follows.  Reliance on the standard 

competitive (marginal benefit = marginal cost) pricing rule to justify the assignment 

of a single per-unit valuation LMPn(T) ($/MWh) for grid-delivered energy En(T) 

(MWh) at a grid node n for a future operating period T is conceptually problematic 

due to a serious many-to-one economic measurement problem:  Given any amount 

of energy E (MWh) to be grid-delivered at n for T, there is no conceptually coherent 

way for a buyer with POI n, or a supplier i with POI n(i) able to participate directly 

or indirectly in the grid-delivery of energy at node n, to assign a common valuation 

to each possible “next” unit (MWh) of  grid-delivered energy at n for T.   

 

The only way to avoid this problem would be to drastically restrict the dynamic 

properties of cleared power-paths for grid-delivery of  “next” energy units. This is 

precisely what is done in U.S. RTO/ISO-managed wholesale power markets M(T).  

The actual quantity demanded (supplied) by a cleared buyer (supplier) m at its POI 

n(m)  has a required step-function energy-block form, i.e., it must consist of a 

sequence of demanded (supplied) energy-blocks En(m)(t(k),T):= pn(m)(t(k),T)∙∆t(k)  

(MWh) for a standardized partition of T into finitely many subperiods t(k) of duration 

∆t(k), k = 1,…,K.  For example, for a day-ahead market M(D+1), these standardized 

subperiods are the 24 successive hours of operating day D+1.9 

 

Thus, buyers are required to participate in market M(T) as if they were “energy 

loads” rather than “power loads”10 for each standardized subperiod t(k).  In reality, 

however, most buyers participating indirectly (through load-serving entities) or 

directly in these markets are power loads.11  They value having assured flexible 

availability of power permitting them to use myriad types of electrical devices for 

diverse just-in-time local purposes and needs. The idea that the just-in-time power 

demands of increasingly diverse buyers during future operating periods can be 

accurately forecasted by cleared demand functions for grid-delivered energy (MWh) 

expressed in standardized step-function energy-block forms is a chimera.12    

 
9 Each cleared demanded energy-block En(m)(t(k),T) can consist of fixed (non-price-sensitive) and/or price-

sensitive parts.  For detailed explanation and illustrations of these constructions, see Tesfatsion [7,Sec. 2]. 
10 Schweppe et al. [12, Fn. 1, p. 1153] characterize energy loads by two conditions:  (1)  need for a certain 

amount of energy for a time-period T in order to fulfill a function (or purpose); and (2) indifference as to 
the exact timing within T when this energy is furnished.  In contrast,  power loads are characterized as the 

loads of devices requiring power at specific times within a time-period T in order to fulfill their functions 

(or purposes). 
11 A simple self-test drives home this point. 
12 As noted by Ballouz et al. [13, p. 257], a key reason why this LMP-based short-run energy market 

design (including step-function energy-block formulations for cleared quantity demands and cleared 
quantity supplies) seemed workable for the U.S. in the 1990s, when this design was first instituted, was 

the existence of ample reserve capacity to ensure continual grid power-balance.   
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19.2.5 Implications for Optimal Power Flow Formulations 

 
The economic measurement issues for grid-delivered energy discussed in Sec. 19.2.4 

are conjoined with the physical measurement issues for grid-delivered energy 

discussed in Sec. 19.2.3 in the Optimal Power Flow (OPF) formulations currently 

used to support transmission-level operations for all seven U.S. ITD systems.     

 

For example, the core design for these transmission-level operations includes a day-

ahead market M(D+1) held on each day D to determine scheduled amounts of energy 

(MWh) to be grid-delivered by suppliers at designated grid nodes during each hour 

H of day D+1. The OPF formulation for M(D+1) is typically implemented in two 

steps for increased computational tractability. 

 

During the morning of each day D the RTO/ISO first conducts a Security-

Constrained Unit Commitment (SCUC) optimization to determine the subset Sc of 

dispatchable suppliers s to be cleared (“committed”) for the servicing  of nodal 

energy demands and operating reserve requirements during each hour H of day D+1.  

The RTO/ISO next conducts a Security-Constrained Economic Dispatch (SCED) 

optimization conditional on Sc, hereafter denoted by SCED(Sc).  A primary purpose 

of SCED(Sc) is to determine a dispatch schedule for each cleared supplier s in Sc that 

gives the expected amount of grid-delivered energy En(s)(H,D+1) (MWh) that s will 

be dispatched to provide at its POI n(s) during each hour H of day D+1. 

 

Ideally, SCED(Sc) should be expressed in full AC form.  For example, the power 

pn(t) := vn(t)in(t) (MW) injected or withdrawn at each grid node n at each instant of 

time t should be expressed as the product of nodal voltage vn(t) (V) and current in(t) 

(A), where nodal voltage and current are entangled time-varying physical 

phenomena.   However, for tractability, SCED(Sc) is commonly formulated in 

approximate linearized Direct Current (DC) form as a DC Optimal Power-Flow 

(DC-OPF) optimization13 having the numerically desirable form of a strictly concave 

or strictly convex quadratic programming problem.  

 
When some buyers have price-sensitive demands, this DC-OPF optimization for 

M(D+1) posits the RTO/ISO-managed maximization of an objective function with 

respect to RTO/ISO choice variables, subject to system constraints.  The objective 

function expresses the expected net benefit (i.e., benefit minus avoidable cost) 

attainable by buyers and suppliers participating in SCED(Sc) who have submitted 

price-sensitive demand bids and price-sensitive supply offers for grid-delivered 

energy on day D+1.  This objective function is maximized with respect to RTO/ISO 

choice variables (e.g., scheduled energy procurements, scheduled energy supplies, 

voltage angles) subject to submitted demand bids, submitted supply offers, system 

state forecasts, and various system constraints expressed in approximate linearized 

 
13 As explained and illustrated in Liu et al. [11, Sec. 3], three assumptions commonly used to derive DC-
OPF approximations for SCED optimizations expressed in AC OPF form are as follows: (i) line resistance 

levels are negligible compared to line reactance levels; (ii) the nodal voltage magnitude at each node n is 

equal to a base voltage magnitude Vo; and (iii) the voltage angle difference δ(n*,n**) :=  [δn* – δn**] across 
a line L(n*,n**) connecting any two distinct nodes n* and n** is sufficiently small to permit the following 

size approximations: cos(δ(n*,n**)) ≈ 1 and sin(δ(n*,n**)) ≈ δ(n*,n**).   
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DC form.  For example, these system constraints include nodal power-balance 

equations expressed in energy-block form (MWh) for each hour H of day D+1.14  

 

Locational Marginal Prices (LMPs) for M(D+1) are conceptually defined to be 

nodal per-unit prices ($/MWh) derived as dual-variable solutions for the nodal 

energy-block balance equations included among the system constraints for 

SCED(Sc).  Given suitable regularity conditions, the per-unit price LMPn(H,D+1)  

($/MWh) determined at node n for some hour H of day D+1 expresses the rate of 

change of the optimized SCED(Sc) objective function ($) with respect to a change in 

the constraint-constant (MWh) for the node-n  energy-block balance equation for 

hour H of day D+1.   

 

As detailed in Footnote 14, the energy-block form for the nodal balance equations 

appearing in the system constraints for SCED(Sc) presumes step-function energy-

block (MWh) formulations for cleared demand bids and cleared supply offers.  

Consequently, the standard SCUC/SCED optimizations and LMP determinations 

currently underpinning the operations of all seven U.S. RTO/ISO-managed 

wholesale power markets conjoin the physical many-to-one measurement problem 

for grid-delivered energy discussed in Section 19.2.3 with the economic many-to-

one measurement problem for grid-delivered energy discussed in Section 19.2.4.   

 

Fortunately, efforts to improve the economic operations of centrally-managed 

wholesale power markets in the U.S. and Europe appear to be gaining momentum.  

For example, see the 2021 order [14] issued by the U.S. Federal Energy Regulatory 

Commission (FERC) requesting reports on the modernization of U.S. wholesale 

electric power markets, including reconsideration of their current reliance on 

locational marginal pricing.   See, also, the 2025 European University Institute study 

[15] that explores major reforms undertaken for European Union (EU) electricity 

markets since 2019.  Finally, see the 2025 Resources for the Future (RFF) study [16] 

that compares eleven proposed redesigns for electric power markets in the U.S., the 

EU, and Great Britain.   

 

On the other hand, efforts to improve the physical operations of U.S. RTO/ISO-

managed wholesale power markets by introducing “reactive power requirements” 

into currently used DC OPF formulations for SCUC/SCED optimizations could be 

moving in a seriously wrong direction.  The recently revised IEEE Standard 1459-

2025 [9] providing IEEE-standardized definitions for the operational measurement 

of electric power quantities strongly questions the conceptual coherence and 

practical usefulness of “reactive power” for power engineering purposes.  

Specifically, the introduction [9, pp. 8-10] carefully explains how reactive power 

fails to meet basic requirements for measurement on a rational scale because it 

cannot be meaningfully concatenated.  The multiple different methods currently used 

to measure what is supposed to be the same quantity of “reactive power” thus give 

inconsistent results.   

 

 
14 More precisely, the power-balance equation for each node n for each hour H of day D+1 is expressed 
in terms of potentially cleared power withdrawals pn(b)(H,D+1) for buyers b with POI n(b)=n, potentially 

cleared power injections pn(s)(H,D+1) for suppliers s in Sc with POI n(s)=n, and incoming net power 

injections Fmn(H,D+1) at node n supported by transmission lines L(m,n) connecting node n to other nodes 
m.  These power  levels (MW) are all assumed to be maintained at fixed levels during H (h).  Thus, the 

node-n power-balance equation is effectively expressed in terms of energy-blocks p∙1h (MWh). 



11 
 

A subsequent table [9, Table 8] lists four different formulas commonly used to 

measure single-phase reactive power, all based on the P-Q-S Power Triangle for real 

power P, reactive power Q, and apparent power S.  This table is accompanied by a 

“NOTE 1” that conveys to readers the following strong warning for all four listed 

reactive power formulas:  “All of these formulas are useful in legal metrology but 

may not have scientific meaning.”  The two  formulas listed in [9, Table 8]  for “non-

fundamental” reactive power, for which harmonics are not filtered out, are marked 

as “deprecated.” These two deprecated formulas are accompanied by an extensive 

technical “NOTE 2” explaining why, under nonsinusoidal conditions, these two 

formulas include an unknowable contribution caused by harmonics. 

 

IEEE Standard 1459-2025 [9] should clearly be studied with care by all researchers 

exploring tractable extensions of currently used DC-OPF formulations to include 

reactive power considerations.  See, for example, the extended DC-OPF formulation 

presented and analyzed in Yang et al. [17, Sec. II.D] that includes separate equations 

(10) and (11) for active and reactive power flows across transmission lines.  If 

reactive power is indeed both conceptually and practically problematic, use of such 

extended formulations could seriously compound the physical and economic 

measurement problems identified in Sections 19.23 and 19.24.  

 

19.2.6 Reactive Power: Physical Phenomenon or Math Artifact?  
 

Let n denote a node of an electric grid, and let T = (t1,...,tK) denote a sequence of 

successive time points.  Let V(n,T) := {v(n,t): t in T} and I(n,T) := {i(n,t): t in T} 

denote measured values for nodal voltage v(n,t) (Volts) and current i(n,t) (Amps) at 

node n for each t in T.  Define avgP(n,T) to be the average of the products p(n,t) := 

v(n,t)i(n,t) (Watts) for nodal voltage v(n,t) and current i(n,t) at node n for each t in T, 

and define S(n,T) to be the product RMS(V(n,T)RMS(I(n,T) of the separately 

calculated root-mean square averages for V(n,T) (Volts) and I(n,T) (Amps).       

 

The inequality avgP(n,T) ≤ S(n,T), with equality holding if and only if v(n,t) = a∙i(n,t) 

for some scalar a for each t in T, is an implication of the Cauchy-Schwarz Inequality, 

one of the most famous inequalities in all of mathematics.15   However, as detailed 

in [9-10], power engineers have sought for decades to provide a physical 

interpretation for a frequently observed strict inequality P < S between real power P 

measured as avgP(n,T) and apparent power S measured as S(n,T).  This measured 

difference is commonly attributed to reactive power Q (VAr) via an assumed (P,Q,S) 

Power Triangle relationship Q2 = S2 – P2.  Does reactive power Q correspond to an 

actual physically distinct type of power?  Or is it simply a mathematical artifact? 

 

The mathematical artifact argument can be summarized as follows.  The real power 

measurement avgP(n,T) is highly sensitive to possible intrinsic dependencies 

between the nodal voltage measurement v(n,t) and current measurement i(n,t) at each 

successive time t in T.  In contrast, by construction, the apparent power measurement 

S(n,T) is insensitive to intrinsic dependencies between nodal voltage and current. 

 

 
15 Let Z denote a vector space over the field F of real or complex numbers with inner product <∙,∙ >.  Then 

the Cauchy-Schwarz Inequality states that the square |<x,y>|2 of the absolute value of the inner product 
<x,y> of any two vectors x and y in Z is less than or equal to <x,x>∙<y,y>, with strict equality holding if 

and only if x = ay for some a in F.   
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Probability theory provides an informative analogy.  Two random variables X and Y 

with finite second moments are said to be uncorrelated if the expectation Exp[XY] 

of their product XY is equal to the product Exp[X]Exp[Y] of their separate 

expectations.   

 

A discrepancy between Exp[XY] and Exp[X]Exp[Y] implies the existence of some 

form of dependency between the realizations for X and Y.  This dependency could 

signal the existence of an external factor affecting both X and Y, e.g., a physical 

phenomenon Z whose realizations jointly influence the realizations for X and Y.  

Alternatively, this dependency could be purely intrinsic to X and Y. For example, X 

and Y could be positively (or negatively) correlated phenomena whose realizations 

at any given time tend to have the same (or opposite) sign.   

 

19.2.7 What Can be Done to Address These Fundamental OPF Issues?  
 

What can be done to address the fundamental physical and economic measurement 

issues highlighted in Sections 19.2.2 through 19.2.6 for currently used optimal power 

flow formulations?  Two potential ways forward are as follows.   

 

First, express optimal power flow formulations in terms of the two basic observables 

for electric power grids – nodal voltage v (Volts) and current i (Amps) – instead of  

“real power” P (Watts), “reactive power” Q (VAr), and “apparent power” S.  Past 

research efforts along these lines have been stymied by computational difficulties.   

However, given the serious warnings and deprecations included for “reactive power” 

in [9], together with recent advances in computational tools (e.g., digital twinning,16 

agentic AI, quantum computing), it is perhaps time to upgrade this line of research 

from important to essential.   

 

Second, adhere more broadly to the following two modeling principles that have 

already proven to be immensely productive for some power engineering purposes, 

e.g., the derivation and use of Thévenin and Norton equivalent circuits [8,Ch. 2]: 

 

(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. 

 

Completely Agent-Based Modeling (c-ABM), characterized by seven modeling 

axioms in Tesfatsion [18, Sec. 2], is fully in accordance with modeling principles 

(MP-1) and (MP-2).  Agents in c-ABM are encapsulated software entities that can 

represent physical, biological, social, and/or institutional phenomena.  For example, 

within c-ABM a Digital Twin (DT) is a special type of data-driven agent whose 

empirical referent is a physical entity.   

 

 

 

 
16 A Digital Twin (DT) is a digital representation of a real-world physical entity (e.g., an electrical device) 

that is able to interact with this entity in run-time by means of a data and information channel. 
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19.3  Physical and Economic Conceptions of Efficiency     
 

19.3.1 Overview 
 

The general economic definition of “efficiency” is “non-wastage of resources.” 

However, economists distinguish carefully between physical and economic 

conceptions of wastage for an economic process.   

 

The physical interpretation – called “productive efficiency” -- requires no wastage 

of physical inputs or outputs in this economic process.  The economic interpretation 

– called “Pareto efficiency” -- requires no wastage of opportunities to increase net 

benefits for participants in this economic process.  

 

This critical distinction is illustrated in the following subsections for the special case 

of a U.S. RTO/ISO-managed short-run (intra-day, day-ahead) market M(T) for a 

future operating period T operating under Locational Marginal Pricing (LMP).  For 

ease of exposition, all costs and earnings associated with participation in M(T) are 

expressed in U.S. dollars ($); and each bid (offer) submitted to M(T) by a buyer 

(supplier) m at its POI n(m) is assumed to consist of a single energy-block En(m)(T)  

(MWh) for T together with a per-unit bid (offer) price πn(m)(T) ($/MWh).17    

 

19.3.2  Productive Efficiency for M(T): Basic Definition   
 

Let s denote a potential supplier of grid-delivered energy (MWh) with POI n(s).  

Suppose supplier s must decide now, in advance of M(T), whether to participate in 

M(T) by submitting a supply offer SOn(s)(T) that specifies: (i) an energy-block En(s)(T) 

(MWh) that s is offering to supply at n(s) during T; and (ii) the per-unit price πn(s)(T) 

($/MWh) that s is requesting in payment for En(s)(T).  

 

Suppose supplier s does decide now to participate in M(T).  Suppose, also, that the 

RTO/ISO clears the supply offer SOn(s)(T) that s submits to M(T) and subsequently 

dispatches s during T to deliver the offered energy-block En(s)(T) at n(s).   

 

This realized supply transaction is then said to be productively efficient if and only 

if it results in no physical wastage of  production inputs or production outputs.  That 

is, minimal inputs must be used for the production of the energy-block En(s)(T), and 

En(s)(T) must be the maximum possible energy-block attainable from these inputs.     

 

Definition 2: Productive Efficiency for Market M(T).  Productive efficiency is said 

to hold for market M(T) if every realized supply transaction is productively efficient, 

i.e., it results in no physical wastage of production inputs or production outputs. 

 

 

 
17 LMP is not a pay-as-offered pricing rule.  For example, a price-sensitive supply offer submitted on day 

D by a supplier s to an RTO/ISO-managed day-ahead market M(D+1) specifies hourly supply offers 
SOn(s)(H,D+1) for the 24 hours H of day D+1.  Each  SOn(s)(H,D+1) consists of incremental energy-blocks 

En(s)(k,H,D+1) (MWh) offered for H by s at its POI n(s) together with corresponding per-unit offer-prices 

πn(s)(k,H,D+1) ($/MWh), k =1,…,K. The RTO/ISO uses price-sensitive supply offers, plus fixed and price-
sensitive demand bids, to determine a single “market clearing” price LMPn(H,D+1) ($/MWh) for grid-

delivered energy (MWh) at each grid node n during each hour H of D+1. See Tesfatsion [7,Sec. 2]. 
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19.3.3  Pareto Efficiency for M(T): Basic Definition 

 
Pareto efficiency is a more complex concept than productive efficiency.  To aid 

understanding, various cost and benefit definitions will be given prior to providing a 

formal definition for the Pareto efficiency of market M(T).18  

 

Definition 3:  Supplier Non-Avoidable Fixed Cost (“Sunk Cost”).  The cost Sunk(s) 

($) that: (i) supplier s incurs whether or not s decides now to participate in M(T); and 

(ii) does not depend on the specific supply offer SOn(s)(T) that s submits to M(T), 

should s decide now to participate in M(T).   

Supplier Sunk Cost Example:  Previous purchase of a production facility or piece 

of equipment that now has no use value and no scrap value.  

 

Definition 4: Supplier Avoidable Fixed Cost.  The cost AvdFC(s) ($) that:  (i) 

supplier s incurs if and only if  s decides now to participate in M(T); and (ii) does not 

depend on the specific supply offer SOn(s)(T) that s submits to M(T), should s decide 

now to participate in M(T).   

Supplier Avoidable Fixed Cost Examples:  Transaction cost (e.g.,  legal service 

charges); insurance premiums; unit commitment cost; opportunity cost (i.e., 

earnings foregone by not committing assets to an alternative use). 

 

Definition 5:  Supplier Variable Cost.  The cost Var(s) ($) that: (i) supplier s incurs 

if and only if s decides now to participate in M(T), the RTO/ISO clears the submitted 

supply offer SOn(s)(T), and the RTO/ISO subsequently dispatches s to deliver the 

energy-block En(s)(T) (MWh) at n(s) during T; and (ii) does depend on the specific 

attributes of the energy-block En(s)(T) (MWh) that s delivers at n(s) during T. 

Supplier Variable Cost Examples: Fuel cost; labor cost; intermediate good 

(supply-chain) cost; transmission service charges; insurance co-payments; 

variable-cost offsets from sale of valuable by-products; disposal cost for waste 

by-products.  

 
Definition 6:  Supplier Avoidable Cost. Summation AvdC(s):= [AvdFC(s) + Var(s)] 

of the avoidable fixed cost and variable cost that s incurs from participation in M(T). 

 

Definition 7:  Supplier Benefit.  Benefit B(s) ($) that supplier s receives if and only 

if supplier s decides now to participate in M(T). 

Supplier Benefit Examples:  Earnings from provision of grid-delivered energy; 

Earnings from provision of ancillary services (e.g., unencumbered generation 

capacity); RTO/ISO make-whole payments to ensure supplier revenue 

sufficiency (i.e., to ensure coverage of all costs incurred from M(T) 

participation); RTO/ISO uplift payments to compensate for out-of-market 

RTO/ISO-directed actions undertaken to ensure grid operational security. 

 

Definition 8: Supplier Net Benefit. The net benefit  [B(s) – AvdC(s)] ($) that 

supplier s receives if and only if s decides now to participate in M(T).  

 

 
18 For a fuller analysis of cost and benefit concepts relevant for the operations of U.S. RTO/ISO-managed 

wholesale power markets, see Tesfatsion [7, Secs. 3-5].   
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Let b denote a potential buyer of grid-delivered energy (MWh) with POI n(b).  

Suppose buyer b must decide now, in advance of M(T), whether to participate in 

M(T) by submitting a demand bid DBn(b)(T) that specifies: (i) an energy-block 

En(b)(T) (MWh) that b is seeking to procure at n(b) for T; and (ii) the per-unit price 

πn(b)(T) ($/MWh) that b is offering to pay for this procurement. 

 

Definition 9:  Buyer Non-Avoidable Fixed Cost (“Sunk Cost”). The cost Sunk(b) 

($) that: (i) buyer b incurs whether or not b decides now to participate in M(T); and 

(ii) does not depend on the specific demand bid DBn(b)(T) that b submits to M(T) if 

b decides now to participate in M(T).   

Buyer Sunk Cost Example:  Past purchases of electrical devices no longer 

permitted to connect to the grid due to operational security concerns.  

 

Definition 10:  Buyer Avoidable Fixed Cost. The cost AvdFC(b) ($) that: (i) buyer 

b incurs if and only if  b decides now to participate in M(T); and (ii) does not depend 

on the specific demand bid DBn(b)(T) that b submits to M(T) if b decides now to 

participate in M(T).   

Buyer Avoidable Fixed Cost Example: Investment in smart meter technology. 

 

Definition 11: Buyer Variable Cost. The cost Var(b) ($) that: (i) buyer b incurs if 

and only if b decides now to participate in M(T), the RTO/ISO clears b’s submitted 

demand bid DBn(b)(T), and b subsequently procures its demanded energy-block     

En(b)(T) (MWh) at n(b) during T; and (ii) does depend on the specific attributes of the 

energy-block En(b)(T) (MWh) that b procures at n(b) during T. 
Buyer Variable Cost Examples: Charges for power usage fluctuating within 

normal anticipated ranges during an operating period T; Penalties imposed by (or 

rebates received from) a local utility for power usage during an operating period 

T that exceeds (or does not exceed) an announced upper limit in a declared 

emergency situation.  

 

Definition 12: Buyer Avoidable Cost. Summation AvdC(b):= [AvdFC(b) + Var(b)] 

of avoidable fixed cost and variable cost for buyer b. 

 

Definition 13:  Buyer Benefit. The benefit B(b) ($) that buyer b receives if and only 

if buyer b decides now to participate in M(T).   

Buyer Benefit Examples: Profits and salaries received by company owners and 

employees, enabled by just-in-time availability of electric power during T for 

device use; homeowner comfort sustained during T by use of an electrical HVAC 

system; food storage enabled during T by use of electrical refrigeration devices. 

 

Definition 14: Buyer Net Benefit.  The net benefit [B(b) – AvdC(b)] ($) that buyer 

b receives if and only if b decides now to participate in M(T).  

 

Definition 15: Pareto Efficiency for M(T). A dispatch solution determined for a 

market M(T) by means of a SCED(Sc) optimization conditional on a set Sc of SCUC-

committed suppliers is said to be Pareto Efficient if there is no wastage of 

opportunity to increase net benefit for some buyer and/or supplier participants 

without loss of net benefit for any other buyer and/or supplier participants.  
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Pareto Efficiency for market M(T) is a static efficiency conception in the following 

sense:  No attention is paid to how the RTO/ISO has determined the set Sc of supplier 

participants for M(T) by means of a prior SCUC optimization.  

 

This static focus on the efficiency of market outcomes, taking buyer and supplier 

participants as given, accords with the standard measure of market efficiency used 

in neoclassical economic theory.  The efficiency of a market is defined to be the ratio 

of achieved total buyer and supplier net benefit to maximum possible total buyer and 

supplier net benefit, taking as given a collection of buyer and supplier participants.  

For extended discussion of these points, see Tesfatsion [6, Ch. 12; 7, Sec. 4].   

 
However, Pareto Efficiency is not assured for U.S. RTO/ISO-managed wholesale 

power markets M(T) even if buyer and seller participants are taken as given.  First, 

the presence of binding capacity constraints for transmission lines can cause 

separation between the LMPs charged to buyers and the LMPs paid to suppliers, 

leading to “net-surplus” extractions19 by the RTO/ISO that substantially reduce the 

net-benefit extractions by buyers and suppliers.  Second, the representation of  

supplier avoidable costs in these markets is seriously incomplete and overly static.    

These two issues are addressed in turn in the next two subsections.   
   

19.3.4  RTO/ISO Net-Surplus Extractions  
 

As in Sec. 19.2.2, let G(L,N) denote an HV AC transmission grid consisting of L 

transmission lines and N nodes (line juncture points), where nodes function as Points 

of Interconnection (POIs) for wholesale (“bulk”) power suppliers and LV 

distribution grids.  For simplicity of exposition, it is assumed that all loads for G(L,N) 

arise from buyers populating LV distribution grids. 

 

Suppose nodal prices LMPn(T) ($/MWh) are determined for a G(L,N)-supported 

forward market M(T) by means of an RTO/ISO-conducted SCED(Sc) optimization 

in standard DC OPF form, with line power losses assumed to be zero.  In the absence 

of any binding capacity constraints for the transmission lines in L, these nodal prices 

will collapse to a single per-unit price π(T) ($/MWh) that: (i) buyers pay for each 

unit (MWh) procured during T, regardless of nodal location; and (ii) suppliers 

receive for each unit (MWh) supplied during T, regardless of nodal location.  In this 

case, Pareto Efficiency holds for M(T).   

 

Conversely, suppose at least one capacity constraint for the transmission lines in L 

is binding. The resulting nodal prices LMPn(T) ($/MWh) will then typically exhibit 

some degree of separation across the nodes n in N, resulting in “net surplus” 

extractions by the RTO/ISO that reduce the net benefits directly received by buyers 

and/or suppliers from their participation in M(T).  In this case, Pareto Efficiency will 

not hold for M(T) except possibly through a delayed recoupment of these “lost” 

buyer and/or supplier net benefits through the uses the RTO/ISO subsequently makes 

of its “net surplus” extractions.  

 

 
19 In some studies of RTO/ISO-managed wholesale power markets, RTO/ISO “net-surplus” extractions 

are referred to as “congestion rents.”  
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For detailed discussions and illustrations of the above points, see Tesfatsion 

[6,Ch.13] and Li and Tesfatsion [19].  In the remainder of this section a simple yet 

informative example, adapted from Salazar [20], is used to illustrate how LMP 

separation and ISO net surplus extraction can arise in the presence of a binding 

capacity constraint for a transmission line. 

 

Consider an ISO-managed SCED(G1,G2) optimization held on day D for some hour 

H of day D+1.  As illustrated in Fig. 19.4, this optimization is assumed to be 

conducted for a two-node single-line transmission grid populated by two committed 

generation units (power suppliers) G1 and G2 plus a Load-Serving Entity (LSE) 

tasked with securing power to meet the power needs of a managed collection of retail 

customers during hour H of day D+1.  The POI of the “cheaper” generation unit G1 

is node n(1), and the POI of the “more expensive” generation unit G2 is node n(2). 

The transmission line L12 connecting nodes n(1) and n(2) has a finite upper line-

capacity limit M > 0 measured in megawatts (MW).   

 

 
 

Fig. 19.4:  Illustration of LMP separation and ISO net-surplus extraction arising 

at a market-clearing (aggregate demand = constrained aggregate supply) solution 

point for an ISO-managed SCED optimization due to a binding upper capacity-

limit M for a transmission line. Example adapted from H. Salazar [20]. 

 

The LSE-managed retail customer load pL, with POI at node n(2), consists of two 

parts:  (i) a fixed (non-price sensitive) maintained power-usage level pF
L (MW) 

demanded for hour H of day D+1 at a charged regulated price r ($/MWh); and (ii) a 

demand schedule pS
L displaying the successive power-usage increments (MW) that 

retail customers would be willing to maintain during hour H of day D+1 at 

successively lower charged per-unit prices ($/MWh). 

 

The “unconstrained aggregate supply” in Fig. 19.4 depicts the form the system 

supply curve would take if the upper line-capacity limit M were not binding for line 

L12.  In this case it is seen that generation unit G1 at node n(1) has sufficient power-

production capacity to service the entire fixed load pF
L plus a portion of the price-

sensitive load pS
L at a cheaper cost than generation unit G2 at node n(2).  The 
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“constrained aggregate supply” in Fig. 19.4 depicts the form the system supply curve 

takes when the upper line-capacity limit M is binding for line L12.  This binding limit 

M constrains the ability of generation unit G1 at node n(1) to service load at node 

n(2), as follows:  Any load greater than M at node n(2) can only be serviced by the 

generation unit G2 at node n(2).   

 

Consequently, as seen in the market-clearing outcome depicted in Fig. 19.4, LMP 

separation occurs when M is binding.  The market clearing LMP realized at node 

n(2), denoted by LMP2, is strictly higher than the market clearing LMP realized at 

node n(1), denoted by LMP1.  Note, also, that only the fixed (non-price-sensitive) 

portion pF
L of the load pL at node n(2) ends up being serviced with power delivery at 

the market clearing solution when the line-capacity limit is binding.   

 

What net benefit (i.e., benefit minus avoidable cost) is extracted by suppliers G1 and 

G2 at the market-clearing outcome depicted in Fig. 19.4?   

 

The constrained aggregate supply curve in Fig. 19.4 indicates the lowest-possible 

“marginal cost” incurred by suppliers G1 and G2 for each successively higher power 

level (MW) maintained during hour H of day D+1, given a binding limit M.20  Note 

G1 located at node n(1) is paid LMP1 ($/MWh) for each MWh that G1 supplies at 

node n(1) during hour H of day D+1, whereas G2 located at node n(2) is paid LMP2 

($/MWh) for each MWh that G2 supplies at node n(2) during hour H of day D+1.  

Thus, the net benefit ($/h) attained by G1 at node n(1) for hour H of day D+1 is 

measured by area S1 in Fig. 19.4, and the net benefit ($/h) attained by G2 at node 

n(2) for hour H of day D+1 is measured by area S2 in Fig. 19.4   

 

The aggregate demand curve in Fig. 19.4 indicates the “marginal benefit” attained 

by the LSE for each successively higher MW of power usage maintained at node 

n(2) by its managed retail customers during hour H of day D+1.21   For power-usage 

levels ranging from 0 through pF
L , this marginal benefit is given by the per-unit 

regulated price r ($/MWh) that the LSE charges to its managed retail customers.  On 

the other hand, the marginal cost incurred by the LSE for each successively higher 

MW of power usage maintained at node n(2) by its managed retail customers during 

hour H of day D+1, from 0 through pF
L , is the per-unit price LMP2 ($/MWh).  Thus, 

the net benefit ($/h) attained by the LSE at node n(2) for hour H of day D+1 is 

measured by area B in Fig. 19.4.   

 

Finally, what “net benefit” accrues to the ISO, itself, as a result of its overall 

management of market operations for hour H of day D+1?  The ISO: (i) collects 

from buyers all LMP payments required for their power procurements; and (ii) 

distributes to suppliers all LMP payments earned for their power supplies.  For the 

illustrative example at hand, these LMP-based collections and distributions result in 

a net positive amount ($/h) left in the hands of the ISO.  This ISO “net benefit” ($/h) 

is  measured by the shaded area labeled “ISO net surplus” in Fig. 19.4.    

 

As shown in Li and Tesfatsion [19], the sizes of the “ISO net surplus” extractions 

resulting in both simulated and actual U.S. RTO/ISO-managed wholesale power 

markets can be surprisingly large. 

 
20 See Footnote 8 in Section 9.2.4. 
21 See Footnote 7 in Section 19.2.4.   
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19.3.5  Dynamic Cost Illustrations for an RTO/ISO-Managed Short-

Run Wholesale Power Market M(T)  

 
As detailed in Tesfatsion [6, Ch. 13; 7, Sec. 2], the legacy core “two settlement 

system” design underpinning the operations of all seven U.S. RTO/ISO-managed 

wholesale power markets forces suppliers participating in short-run (intra-day, day-

ahead) markets to express their costs as functions of grid-delivered energy (MWh).  

As seen in Section 19.3.3, many types of avoidable fixed costs and variable costs 

critical for supplier participation in these markets cannot be adequately expressed in 

this manner.   

 

However, a deeper issue is also in play.  This legacy core design strongly reflects 

simple static economic cost conceptions underpinning neoclassical microeconomic 

theory, e.g., marginal, average, and total cost functions expressed in a quantity-cost 

plane.  Even if attention is focused solely on energy production costs incurred by 

suppliers in short-run grid-supported electric power markets, these costs take much 

more dynamic forms than envisioned by these neoclassical cost conceptions.  

 

The remainder of this section demonstrates this fundamental point for an RTO/ISO-

managed short-run wholesale power market M(T) for a future operating period T, 

using examples adapted from Tesfatsion [6, Ch. 5; 7, Sec. 5.3.3].    

 

 
 

Fig. 19.5: Example 1 Illustration.  Energy production (MWh) undertaken by a 

thermal generator s at its POI n(s) before, during, and after an operating period T 

to meet its supply-offer obligation cleared in an RTO/ISO-managed market M(T): 

namely, grid-delivery at n(s) during T of an energy-block with height pdisp.  This 

energy production has six components: start-up (SU); no-load (NoLoad); shut-

down (SD); ramp-up (RU);  energy-block (Dispatch); and ramp-down (RD). 

 

Consider,  first,  the relatively simple Example 1 illustrated in Fig. 19.5. A 

dispatchable thermal generator s with POI n(s) has down/up ramp-rate limits RD < 0 

< RU, measured in MW/min, and a maintainable capacity range C := [0,pdisp] (MW) 



20 Running head book title 

20 

 

consisting of the power-injection levels p (MW) that s could feasibly maintain during 

period T.   Generator s is in a shut-down state (i.e., a non-synchronized state at a zero 

power generation level) prior to a start-up time tsu in advance of  T, and s must return 

to a shut-down state as soon as possible after T concludes. The depicted power-

injection level p(t) := [g(t) – gsync] (MW) for s at its POI n(s) at time t is the difference 

between the total power generation g(t) (MW) of s at time t and the power gsync (MW) 

that s needs to generate at time t to maintain its synchronization to the grid.   

 

Generator s must decide now, in advance of market M(T), whether or not to submit 

a supply offer SOn(s)(T) to M(T).  If cleared, this supply offer would require s to be 

ready to implement the grid-delivery of a single energy-block En(s)(T) := pn(s)(T)∙∆T  

(MWh) at n(s) during T,  where:  pn(s)(T) (MW) in C denotes an RTO/ISO-dispatched 

power injection level to be maintained by s during T; and ∆T denotes the duration of 

T measured in hours (h).  Fig. 19.5 depicts the specific “Dispatch” form the energy 

block En(s)(T) would take if the RTO/ISO were to dispatch s at n(s) during T at s’s 

maximum maintainable power injection level pdisp. 

 
Example 1 Query:  What energy costs should generator s consider with care as it 

decides now, in advance of market M(T),  whether to submit a supply offer SOn(s)(T) 

to M(T) that – if cleared -- would obligate s to be ready to grid-deliver an energy-

block En(s)(T) (MWh) at n(s) during T in response to RTO/ISO dispatch set-points?  

 

Four considerations complicate the response to this Example 1 query.  One 

consideration is the synchronization state22 of generator s at its POI n(s) before, 

during, and after period T.  A second consideration is the run-time power generation 

capability of s before, during, and after period T. A third consideration is the need to 

distinguish carefully between: (i) the power generation (MW) that s undertakes 

before, during, and after period T as ancillary support for the grid-delivery of the 

energy-block En(s)(T) (MWh) at its POI n(s) during period T, if s’s supply offer is 

cleared; and (ii) the specific power injection level (MW) in C that s is dispatched to 

maintain at its POI n(s) during period T (h) if s’s supply offer is cleared.  

 

A fourth consideration is that generator s must be able to respond flexibly and 

accurately to a range of possible RTO/ISO dispatch instructions for period T, if s 

submits a supply offer SOn(s)(T) to M(T) that is subsequently cleared.  Specifically, 

s must ensure in advance of T that it is capable of executing RTO/ISO set-points for 

the grid-delivery at n(s) during T of a single energy-block En(s)(T) (MWh) at any 

maintained height (MW) from 0 to  pdisp > 0 that the RTO/ISO chooses to dispatch.  

 
To be able to grid-deliver the period-T energy-block “Dispatch” in Fig. 19.5, 

generator s starts up its generating facilities at the start-up time tsu > 0.  Generator s 

then ramps up its total power generation g(t) at ramp-up rate RU until time tsys > tsu, 

the time that s first attains a synchronized state to the grid.  At time tsys, generator s 

is spinning at synchronous speed, ready to inject power into the grid at its POI n(s); 

however, s is not yet injecting any power into the grid.   

 

 
22 A thermal generator s with POI n(s) for a grid G is synchronized to G if it is in an operating state that 

permits it to inject power into G at n(s), even if it is not currently injecting any power into G at n(s). 
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Generator s then continues to ramp up its total power generation g(t) at ramp-up rate 

RU until its power injection level at n(s) reaches level pdisp at the start-time ts of 

operating period T.  The total power generation of s at time ts is g(ts) = pdisp + gsync.  

However, only the injected portion pdisp is visible to the RTO/ISO.    

 

Generator s then maintains the power injection level pdisp at its POI n(s) during the 

entire period T.  At the end-time te for T, generator s initiates a ramp-down process 

at ramp-down rate RD.  During the initial phase of this ramp-down, from time te to 

time tsye, generator s is still injecting power into the grid at its POI n(s).  However, 

once the total power generation level g(t) of s falls to its synchronized total power 

generation level gsync at time tsye, s is no longer injecting any power into the grid.  

Generator s then continues to ramp down its total power generation g(t) at ramp-

down rate RD until it reaches a shut-down state g(tsd) = 0 at time tsd. 

 

The cumulation of the power that generator s injects into the grid at its POI n(s) 

during operating period T to meet its supply-offer obligations to the RTO/ISO results 

in the grid-delivery of the  energy-block labeled “Dispatch” in Fig. 19.5.  The energy 

cost that s incurs during period T specifically for this grid-delivery is hereafter 

referred to as DispatchCost.   

 

The cumulation of the behind-the-meter power that s generates during the “start-up” 

time interval [tsu,tsys) to support its transition from a shut-down state to a 

synchronized state is labeled “SU” in Fig. 19.5.  The cumulation of the behind-the-

meter power that s generates during time interval [tsys,tsye) to maintain itself in a 

synchronized state is labeled “NoLoad” in Fig. 19.5.  Finally, the cumulation of the 

behind-the-meter power that s generates during the “shut-down” time interval 

[tsye,tsd) to support its transition from a synchronized state to a shut-down state is 

labeled “SD” in Fig. 19.5.  The costs incurred by generator s for the energy amounts 

SU, NoLoad, and SD are hereafter referred to as SUCost, NoLoadCost, and SDCost. 

 

Note Fig. 19.5 also depicts two additional power-injection regions “RU” and “RD”.  

The ramp-up region RU reflects the need for generator s to ramp up its power 

injection level to pdisp at the start-time ts for period T, commencing from a power 

injection level 0 at time tsys, in order to meet its energy-block delivery obligation for 

T.  The ramp-down region RD reflects the need for generator s to ramp down its 

power injection level to 0 after this period-T delivery obligation is met, as part of its 

required progression towards a shut-down state.  The costs incurred by generator s 

for the energy amounts RU and RD are hereafter referred to as RUCost and RDCost. 

 
Revenue sufficiency for generator s requires s to be fully compensated for all 

avoidable cost – i.e., avoidable fixed cost plus variable cost -- that s incurs if s 

decides to participate in market M(T).  Thus, focusing solely on energy costs, 

revenue sufficiency for s in the Example 1 illustration depicted in Fig. 19.5 requires 

s to be compensated for the following types of energy costs. 

 

Example 1: Fig. 19.5 Illustration.  The avoidable energy costs incurred by 

generator s that must be compensated in order for s to be revenue sufficient for 

market M(T) are as follows: 

Avoidable Fixed Energy Costs:  SUCost;  NoLoadCost;  SDCost 

Variable Energy Costs:  RUCost;  DispatchCost;  RDCost 
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SUCost, NoLoadCost, and SDCost are avoidable fixed energy costs for generator s 

in Fig. 19.5 because: (i) they are energy costs that s incurs if and only if s decides 

now to participate in M(T) by submitting a supply offer SOn(s)(T) for the future 

operating period T offering to grid-deliver a single energy-block En(s)(T) (MWh) at 

n(s) during T; and (ii) they are energy costs that do not depend on the specific form 

of the energy-block that s is actually dispatched to grid-deliver during T.    

 

RUCost, DispatchCost, and RDCost are variable energy costs for generator s in Fig. 

19.5 because: (i) they are energy costs that s incurs if and only if s decides now to 

participate in M(T) by submitting a supply offer SOn(s)(T ) for the future operating 

period T offering to grid-deliver a single energy-block En(s)(T) (MWh) at n(s) during 

T; and (ii) they are costs that do depend on the specific form of the energy-block that 

s is dispatched to grid-deliver at n(s) during period T.    

 

A key point to note is that this partitioning of the energy costs incurred by s into 

avoidable fixed energy cost and variable energy cost is still valid for the general 

version of Example 1 in which the RTO/ISO can dispatch s to grid-deliver an energy-

block during T that has any specified height between 0 and pdisp. The realizations for 

RUCost, DispatchCost, and RDCost will vary, depending on this exact height 

specification; but their categorization as variable costs will remain unchanged. 

 

More complicated forms of supplier dispatch in RTO/ISO-managed wholesale 

power markets M(T) entail more complicated types of avoidable cost that must be 

compensated if these suppliers are to achieve revenue sufficiency for M(T).   

 

Fig. 19.6: Example 2 Illustration. Energy production (MWh) undertaken by a 

thermal generator s at its POI n(s) before, during, and after an operating day D+1 

to meet its supply-offer obligation cleared in an RTO/ISO-managed day-ahead 

market M(D+1): namely, grid-delivery of two successive energy-blocks E1 and E2 

during day D+1.  The components of this energy production are: start-up (SU); no-

load (NoLoad); minimum run-time (MinRun); shut-down (SD); transitional 

ramping (R1, R2); energy-blocks (E1, E2); and variable shut-down (VSD). 
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Consider Example 2 illustrated in Fig. 19.6.  As in Example 1, a dispatchable thermal 

generator s with POI n(s) has down/up ramp-rates RD < 0 < RU (MW/min) and a 

maximum maintainable power-injection level pmax (MW) > 0.  However, in contrast 

to Example 1, generator s in Example 2 also has a positive minimum maintainable 

power-injection level pmin (MW) > 0.   

 

The Example 2 generator s must decide now, prior to an RTO/ISO-managed day-

ahead market M(D+1) held on day D, whether or not to submit a supply offer 

Sn(s)(D+1) to M(D+1).  If cleared, this supply offer would obligate s to be ready to 

grid-deliver two successive energy-blocks E1n(s)(D+1) and E2n(s)(D+1) at n(s) during 

day D+1 in accordance with received RTO/ISO dispatch set-points specifying their 

timing, heights, and widths.  The height (MW) of each dispatched energy-block must 

lie in the range [pmin, pmax], and the transitional ramping (MW/min) needed before, 

between, and after these two dispatched energy-blocks must lie in the range [RD, RU].    

 

Example 2 Query:  What energy costs should generator s consider with care as it 

decides now, in advance of M(D+1), whether to submit a supply offer SOn(s)(D+1) 

to M(D+1) that, if cleared, would obligate s to grid-deliver two successive energy-

blocks E1 and E2 at n(s) during T in response to RTO/ISO dispatch set-points?  

 

The key considerations for this Example 2 query include all of the considerations 

previously stressed for Example 1.  First and foremost, what is the synchronization 

status of generator s, and its basic power generation capability, during the time 

periods immediately preceding and following operating day D+1?  With what degree 

of flexibility must power provision commitments be offered by s?  And what 

ancillary support services might be desirable or needed to support these power 

provision commitments?    

 

However, several new considerations arise as well.  Generator s’s  run-time power-

injection constraint p ≥  pmin > 0 in Example 2 poses a new form of cost risk for the 

RTO/ISO: namely, the possibility that s might have to be compensated ex post for 

energy costs that are not offset by compensating benefits.  Also, the ability of 

generator s to grid-deliver two successive energy-blocks depends on its run-time 

transitional ramping capabilities; hence, there could be an increased need for the 

RTO/ISO to monitor the run-time operational state of generator s. 

   

Suppose generator s decides to participate in the day-ahead market M(D+1).  

Revenue sufficiency for s then requires s to be fully compensated for all avoidable 

cost (i.e., avoidable fixed cost plus variable cost) that s incurs due to this 

participation.  Consequently, focusing solely on energy costs,  revenue sufficiency 

for s in the Example 2 illustration depicted in Fig. 19.6 requires s to be compensated 

for the following types of energy costs: 

 

Example 2: Fig. 19.6 Illustration.  The avoidable energy costs incurred by 

generator s from participation in the day-ahead market M(D+1) that must be 

compensated in order for s to be revenue sufficient for M(D+1) are as follows: 

Avoidable Fixed Energy Costs:  SUCost, NoLoadCost, MinRunCost, SDCost 

Variable Energy Costs:  R1Cost, E1Cost, R2Cost, E2Cost, VSDCost 
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The costs SUCost, NoLoadCost, MinRunCost, and SDCost incurred by generator s 

for the energy amounts SU, NoLoad, MinRun, and SD depicted in Fig. 19.6 for 

Example 2 are avoidable fixed energy costs for s because: (i) they are energy costs 

that s incurs if and only if  s decides now to participate in M(D+1) on day D by 

submitting a supply offer SOn(s)(D+1) to M(D+1) offering the grid-delivery of two 

successive energy-blocks E1 and E2 at node n(s) during day D+1; and (ii) they are 

energy costs that do not depend on the specific forms of the energy-blocks E1 and 

E2 that s is actually dispatched to grid-deliver at node n(s) during day D+1.    

 
The costs R1Cost, E1Cost, R2Cost, E2Cost, and VSDCost incurred by generator s 

for the energy amounts R1, E1, R2, E2, and VSD depicted for Example 2 in Fig. 19.6 

are variable energy costs for s because: (i) they are energy costs that s incurs if and 

only if s decides now to participate in M(D+1) on day D by submitting a supply offer  

SOn(s)(D+1) to M(D+1) offering the grid-delivery of two successive energy-blocks 

E1 and E2 at node n(s) during day D+1; and (ii) they are energy costs that do depend 

on the specific forms (e.g., heights) of the energy-blocks E1 and E2 that s is actually 

dispatched to grid-deliver at node n(s) during day D+1.    

 

 
 

Fig. 19.7: Example 3 Illustration. One possible down/up power-path an RTO/ISO 

could signal a dispatchable ancillary service (down/up power) provider m with 

POI at a T-D linkage node n(m) = n* to grid-deliver at n* during an operating day 

D+1, given the  RTO/ISO clears the supply offer submitted by m to a day-ahead 

market M(D+1) held on day D. The dispatched grid-delivery of this power-path 

during day D+1 requires m to make non-dispatched local power adjustments 

during start-up (SU) and shut-down (SD) phases before and after day D+1, given 

m’s assumed shut-down state prior to the start of day D+1 and m’s assumed need 

to return to a shut-down state after the end of day D+1. 

 

Finally, consider the distinctly different Example 3 depicted in Fig. 19.7, relevant 

for FERC Order No. 2222 [21]. An RTO/ISO-managed day-ahead market M(D+1) 

conducted on day D is supported by the operations of an HV transmission grid 

connected to an LV distribution grid at a linkage node n*.  A grid-edge resource 

aggregator m with POI n(m) = n* offers ancillary services (dispatchable down/up 

power) into M(D+1), where these ancillary services are harnessed from LV 

distribution grid households with smartly controlled electrical HVAC systems in 
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return for contractually determined payments.  A particularly interesting feature 

depicted in Fig. 19.7 is that all avoidable energy cost incurred by m is variable energy 

cost.  Avoidable fixed energy cost is absent because all of the down/up power 

harnessed by m comes from down/up adjustments in the power usage of electrical 

HVAC systems that are already in operation to service local household purposes. 

 

Section 19.3.6  Short-Run Versus Longer-Run Market Efficiency  

 
As briefly noted in Goal (G3) in Section 19.1, short-run efficiency concerns the non-

wastage of existing resources.  Here, “non-wastage” is interpreted in two senses:  (i) 

non-wastage of physical resources (e.g., avoidance of spoilage); and (ii) non-wastage 

of opportunities to increase the net benefit (i.e., benefit minus avoidable cost) 

attained by resource users. In contrast, longer-run efficiency concerns the longer-run 

development and adoption of new technologies permitting either increased output 

(or net benefit) to be obtained from a given amount of resources, or a lower amount 

of resources to be used to obtain a given level of output (or net benefit). 

 

Focusing specifically on market processes, economists commonly measure the 

short-run efficiency of a market M assuming that M is operating under a given 

market design with a given collection of participants.  A common metric used to 

measure the short-run efficiency of a market M is the ratio of total net benefit 

achieved by current participants in M to the maximum possible net benefit that these 

participants could have achieved had they engaged in different market behaviors.   

 

Longer-run market efficiency is commonly assessed in terms of the success (or not) 

of efforts undertaken for the express purpose of permitting future market participants 

to extract increased net benefit from their participation.  These undertaken efforts 

can include changes in market design as well as changes in participant behaviors. 

For example, a market M currently designed to accommodate the particular 

circumstances of a current group of buyer and supplier participants might be 

redesigned to be more “contestable” in the following sense:  Potential buyers and 

suppliers with new ideas for ensuring increased net benefit extraction per unit of 

transacted product have fairly provided opportunities to compete against current 

buyers and suppliers for the right to submit bids and offers into M.  

 
However, at a more fundamental level, both short and longer-term market efficiency 

clearly depend on having conceptually-sound market designs that have been 

carefully tailored to match the attributes, both physical and economic, of the products 

whose transactions they are intended to support.     

 

19.4  Physical and Economic Aspects of Operational Security 

 

19.4.1  Overview 

 
In a thought-provoking study [22], Billimoria et al. address a complex 

multidisciplinary research question:  How to ensure the operational security of 

electric power systems, taking into consideration economic as well as physical 

requirements?  The term “operational security” is broadly used to encompass both 

operational reliability (maintenance of system operations under normal operating 
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conditions) and operational resiliency (ability to restore system operations following 

a major disruption, such as the tripping of a line or the loss of a pivotal generator). 

 

Billimoria et al. [22] commence with a classification for general types of operational 

security products (goods and services) for electric power systems in accordance with 

two key attributes highlighted in standard public economic theory: 

   

(i) Excludability:  The degree to which entities can be prevented from product use;   

 

(ii) Rivalry:23  The degree to which an entity’s use of a product reduces the ability of 

other entities to use this product. 

 

The authors then identify three basic physical requirements for the operational 

security of electric power systems:  namely, frequency stability; voltage stability; 

and resource stability (i.e., angular, resonance, and control system stability).  They 

highlight technical challenges hindering the attainment of these requirements that are 

arising from efforts to transition electric power systems from a heavy reliance on 

fossil-fuel based power to a greater reliance on renewable-resource based power.   

 

Billimoria et al. [22, Fig. 1, p. 4] next depict a value chain for power system security 

illustrating how “elementary services” (down/up increments of active and reactive 

power) harnessed from synchronous and/or inverter-based  resources are developed 

into standardized system security products based on characteristics such as triggering 

events, speed, precision, and delay.   They stress that, in order for a product to be 

standardized, “the service (offered by the product) should be definable and 

measurable, and the impacts of the service on operational risks should be able to be 

quantified.”  They acknowledge this standardization can be difficult to achieve for 

power system phenomena, such as “system strength,” that involve “dynamical 

interactions between power networks and resource control systems.”   

 
The authors also discuss and illustrate the varied degrees of excludability and rivalry 

that system security products can display, depending on system circumstances.  For 

example, they depict voltage control products dynamically transitioning to being 

rivalrous as well as non-excludable, the two defining conditions for a Common Pool 

Resource (CPR), as a grid’s transmission lines become increasingly congested.    

 

The authors devote the final part of their study to transactive trading schemes for 

power systems.  They outline key features for five distinct “canonical designs” that 

could be adopted for this purpose.  They also propose a “hybrid centralized-

decentralized model underpinned by locally facilitated coordination” that supports 

the authors’ favored “basket of goods” approach to the provision of system security 

products.  

 

The remainder of this section considers key aspects of  Billimoria et al. [22] in need 

 
23 Billimoria et al. [22] use the more restrictive term “subtractability” rather than “rivalry” for their second 

classification criteria; a “subtractable” product is characterized (p. 6) as a product that has a “positive 
marginal cost of extension” to a new  beneficiary or user.   As shown in Tesfatsion [7, Ch. 4], “marginal 

cost” is not conceptually well-defined for a product unless this product is a standardized commodity, i.e., 

an asset A with a standard unit of measurement u such that, conditional on location and time, A-traders 
consider all A-units u available for trade to be perfect substitutes.  The security products identified in [22] 

as “subtractable” are all “rivalrous;” however, most of these products are not standardized commodities. 
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of further study, based in part on findings reported in Sections 19.2 and 19.3 of this 

perspective and in Tesfatsion [7].  Briefly, these key aspects are: (i) problematic 

characterization of reactive power provision as an elementary service; (ii) serious 

joint-product issues arising for identified system security products, confounding 

their ability to be separately transacted; and (iii) the important need to recognize 

endogenously generated price volatility as a potential contributor to the operational 

insecurity of power systems. 
 

19.4.2  Problematic Reliance on Reactive Power  

 
Billimoria et al. [22, Fig. 1, p. 4]  identify down/up increments of reactive and active 

power as the “elementary services” for a depicted value chain of system security 

products able to be grid-delivered via control schemes and/or inherent responses by 

synchronous and inverter-based resources.    

 

However, in order for this value chain to be scientifically meaningful, it must be 

constructed on solid physical and economic foundations.  Also, in order for this value 

chain to be operationally useful, it should permit terms of trade to be backed by 

legally-enforceable contracts.  Legal enforceability requires contractual terms to be 

expressed in a manner permitting ex post verification of their fulfillment in a court 

of law, which typically means that contracts must carefully specify the metrics to be 

used as the basis for this verification.  

 

As explained in Section 19.2.5, the measurement of reactive power is highly 

controversial because reactive power fails to meet basic requirements for 

measurement on a rational scale.  In consequence, different methods currently used 

for reactive power measurement produce inconsistent results. Indeed, as discussed 

and illustrated in Section 19.2.6, measured reactive power could simply be a 

mathematical artifact with no actual physical counterpart.   

 

As an indicator of the seriousness of this situation, IEEE St. 1459-2025 [9, Table 8] 

warns that four commonly used formulas for the operational measurement of reactive 

power “are useful in legal metrology but may not have scientific meaning.”  

Moreover, measurement issues for the two reactive power formulas that do not filter 

out harmonics are found to be so egregious that these formulas are marked as 

“deprecated.”  

 

How can scientific meaningfulness and operational usefulness both be assured for a 

value chain of system security products if the elementary services designated for this 

value chain include down/up reactive power increments?    

 

19.4.3  Non-Separability Concerns for Security Products 

 
Billimoria et al. [22,p. 9] stress that their detailed analysis of products essential for 

system security, referred to as ESS products, reveals these products to be a “basket 

of goods” with dissimilar features.  They note this characterization has important 

implications for market design.  One highlighted implication is the potential non-

separability of ESS products, characterized as a procurement issue:  The approach to 

the procurement of one such product can affect the procurement of another.  



28 Running head book title 

28 

 

 

Product non-separability can also arise at an earlier stage, in two production-based 

forms well-known to economists.  The first form, called a “joint product problem,” 

entails the simultaneous production of multiple valued products.  The second form, 

called a “by-product problem,” entails the production of a valued product that 

inadvertently results in the production of one or more undesirable by-products. These 

production-based forms of product non-separability are formally stated and 

illustrated below. 

 
Definition 16:  Joint Product Problem.  Multiple valued products are the jointly 

determined outcomes of a single production process.    

 

Mathematical Joint-Product Example:  A production process F(x) = (Y1(x),Y2(x)) 

generates amounts Y1(x) and Y2(x) for two distinct valued products, Y1 and Y2, given 

any positive amount x of an input X.     

 

Empirical Joint-Product Examples: 

 

Ex.1.  Co-production of electric power and useful spatial heating from an internal 

combustion engine in fixed proportion to each other; 

 

Ex. 2.  Co-production of electric power and useful spatial heating from a steam 

turbine in variable (“rival”) proportion to each other; i.e., the more of one output, 

the less of the other.  In this case the co-generation of either output has an 

“opportunity cost,”  namely, the lost opportunity to produce more of the other output; 

 

Ex. 3.  Co-determination of scheduled power dispatch levels and operating reserve 

(power generation capacity unencumbered by dispatch obligations) in variable 

(“rival”) proportion to each other in an RTO/ISO-managed wholesale power market.  

 

Definition 17:  By-Product Problem.  A production process for a valued product 

results in one or more undesirable by-products that require costly disposal or costly 

undertaking of offsetting actions.   

 

Empirical By-Product Examples:  (i) Radioactive waste resulting from the 

generation of nuclear power;  (ii) accumulation of heat in transmission lines that 

reduces their run-time transmission capacity; (iii) transmission line heat dissipation 

(“power loss”) that reduces the useable amount of generated power. 

 
Definitions 16 and 17 are stated in static form.  However, as power engineers are 

well aware, serious joint-product and by-product issues  routinely arise dynamically 

for grid-supported electric power markets during their run-time operations.  For 

example, as depicted in Fig. 19.5 through Fig. 19.7, a power resource might have 

rated minimum and maximum capacity limits pmin and pmax (MW) as well as rated 

down/up ramp rates RD and RU (MW/min).  However, in run-time, a power resource 

running close to its minimum (or maximum) capacity limit will have minimal ability 

to ramp down (or up) its current power generation level.24  

 
24 See Tesfatsion [6, Ch. 16] for an illustrative example of an ISO-managed day-ahead market 
SCUC/SCED optimization in Mixed Integer Linear Programming (MILP) form with all system 

constraints expressed in run-time form using techniques adapted from Carrión and Arroyo [23]. These 
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More generally, grid-supported centrally-managed electric power markets are 

necessarily forward markets due to the speed of real-time grid operations.  

Consequently, the basic product in need of efficient reliable transaction in these 

markets is  reserve (physically-covered insurance) for protection against power 

imbalance (volumetric grid risk).  This reserve consists of the guaranteed availability 

of dispatchable nodal power-paths pn(T) := (pn(t): t in T) for possible central dispatch 

at designated grid nodes n during designated future operating periods T.   

 

As illustrated in Fig. 19.2, any single dispatched power-path pn(T) has multiple 

jointly-produced static and dynamic attributes.  The static attributes of pn(T) include 

its delivery location n and the total cumulated energy E(n,T) (MWh) it grid-delivers 

at n during T.  The dynamic attributes of pn(T) include its capacity (MW) profile, 

nodal voltage (V) profile, current (A) profile, ramp-rate (MW/min) profile, and 

ramp-mileage (meters) defined to be the power-path’s total down/up length.   The 

difficulty for central managers of grid-supported electric power markets is that these 

various static and dynamic attributes, potentially important for system reliability as 

well as for the net-benefit outcomes of market participants, are strongly correlated 

attributes of each individually dispatched power-path.  This extreme form of product 

non-separability is far more complicated to address than the joint-product and by-

product problems routinely studied within economics. 

 

However, numerous highly multi-attributed products are successfully transacted in 

the real world.  Examples include housing, mortgages, health-care services, and labor 

services.  For current purposes, the “labor services” example is most intriguing.  

Labor (“work”) performed by people is measured in person-hours, similar to the 

manner in which energy is measured in kilowatt-hours (kWh). More precisely, 

economists define a person-hour to be the amount of work performed by an average 

worker in one hour.  The inadequacy of the person-hour measure has long been 

recognized; apart from simple types of unskilled labor, it is clearly unrealistic to treat 

labor as a “standardized commodity” able to be transacted in bulk at a per-hour wage 

($/h) conditional on location and time.   

 

The key observation is that real-world transactions of highly multi-attributed 

products are typically supported by customized contracts whose terms address the 

goals, needs, constraints, perceived risks, and other specific concerns of the 

transacting parties.   As stressed in Tesfatsion [6,7], a customized-contracts approach 

for grid-supported centrally-managed electric power markets is both desirable and 

possible.   The specific “swing contract” approach developed in [6] for such markets 

is next briefly reviewed for illustration. 

 

As previously noted, the key product in need of efficient reliable transaction in grid-

supported centrally-managed electric power markets is reserve (physically-covered 

insurance) taking the form of nodal power-path production capabilities available for 

possible central dispatch during future operating periods. This reserve serves two 

 
system constraints include: unit commitment constraints; transmission line power flow constraints; power 

balance constraints; capacity constraints; down/up ramping constraints for start-up, normal, and shut-
down conditions; dispatchable generator minimum up-time, minimum down-time, start-up, and shut-

down constraints; and both system-wide and zonal down/up reserve requirements.  The key enabler of 

these run-time constraint formulations is careful use of initial system state conditions, system parameter 
values, initial state conditions and parameter values for each dispatchable resource unit, and the ISO’s 

unit-commitment decisions for each next-day operating hour.  
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distinct roles:  (i) servicing of customer just-in-time demands for down/up power at 

their POIs for local behind-the-meter purposes; and (ii) servicing of system operator 

just-in-time needs to coordinate grid-delivery of multiple power-paths with specific 

combinations of attributes at multiple grid nodes to ensure operational security.    

 

A centrally-managed collection of linked, forward, bid/offer-based  reserve markets 

is proposed in Tesfatsion [6] to support these needed reserve transactions.   The look-

ahead horizons of these reserve markets can range from short to long, as can the 

durations of their future operating periods.   

 

A flexible customized contractual form is proposed for the reserve offers to be 

submitted to these reserve markets:  namely, a two-part pricing contract in swing 

form.  The “swing” in these contracts permits suppliers to convey the flexibility of 

their offered power-production capabilities.  The “two-part pricing” form of these 

contracts permits cleared reserve suppliers to ensure their revenue sufficiency.  

Finally, a principled cost allocation rule is proposed that supports the independence 

of the central manager by ensuring break-even revenue adequacy for system 

operations as a whole. 

 

 19.4.4  Endogenous Price Volatility as a Potential Security Threat 
 
A critical issue not addressed by Billimoria et al. [22] is the potentially significant 

impact of endogenous price volatility on the operational security of ITD systems.  

This sub-section explains why this potential source of instability warrants careful 

consideration. 

 

Within economics it is well known that potentially divergent cycles can arise for 

prices and quantities that are repeatedly determined in a dynamic market for which 

a lag exists between the decision to produce a non-storable good and its actual 

production. Power engineers have raised similar concerns for the prices and 

quantities determined in an electric power market for which real-time wholesale 

market-clearing prices directly pass through to end-use consumers as real-time retail 

prices; see, for example, the study by Roozbehani et al. [24]. 

 

Thomas and Tesfatsion [25] use mathematical analysis and computational 

experiments to study the effects of incorporating “dynamic-price retail contracting” 

into a modeled U.S. ITD system.  Wholesale operations are organized as an 

RTO/ISO-managed two-settlement system.  During each day D, a Day-Ahead 

Market (DAM) and Real-Time Market (RTM) operate in tandem with transactions 

separately settled by Locational Marginal Prices (LMPs).  A dynamic-price retail 

contract between a contract-issuer i and a retail customer c for an operating period 

∆t specifies the amount of grid-delivered energy (kWh) that c agrees to purchase 

from i for period ∆t as a function of i’s offered retail price ($/kWh).25     

 

The key finding of study [25], important for FERC Order 2222 [21] objectives, is 

that the incorporation of LSE-managed dynamic-price retail contracting into such an 

ITD system results in “braided” cycling for the price and quantity outcomes 

 
25 Traditionally, retail grid-delivered energy (kWh) in the United States has been sold at a fixed flat rate r 

($/kWh) set to ensure cost recovery for retail suppliers.   
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determined in the DAM and RTM.  Assuming the absence of line congestion, these 

braided cycles either converge to limit points, converge to stable non-trivial cycles, 

or diverge over time depending on a relatively small number of structural parameters 

characterizing demand and supply conditions for the DAM and RTM. 

 

For example, Fig. 19.8 schematically displays the basic feedback loop for the 

wholesale and retail operations of an ITD system test case with LSE-managed 

dynamic-price retail contracting [25,Sec. IV].   The retail sector for the ITD system 

test case displayed in Fig. 19.8 consists entirely of households who own and operate 

smart (price-sensitive) electrical air-conditioning (A/C) systems for thermal comfort 

together with various types of  conventional (non-price sensitive) electrical devices.  

 

 
 

Fig. 19.8.  Feedback loop for wholesale and retail operations in the ITD system 

test case: An LSE engages in dynamic-price retail contracting with household 

owners of price-responsive A/C systems.  Since retail prices and RTM loads are not 

affected by RTM imbalance adjustments, these adjustments are not depicted. 

 

A single LSE manages the power usage of these households by means of dynamic-

price retail contracts.  On each day D the LSE submits a demand bid to the day-D 

DAM requesting grid-delivered energy for each hour H of day D+1 in accordance 

with forecasted hourly household power demands for day D+1.  On day D+1 the 

LSE procures grid-delivered energy for each hour H of day D+1 from the day D+1 

RTM which it resells to households (at a marked-up price) to service actual hourly 

household power demands for day D+1.26  These actual demands affect the LSE’s 

forecast for hourly household power demands for day D+2, hence the demand bid 

the LSE submits to the day-(D+1) DAM to schedule next-day grid-delivered energy 

amounts to service these forecasted demands for day D+2. 

 

Fig. 19.9 depicts how “braided cycles” arise for DAM/RTM prices and quantities 

over successive operating days for the test case in Fig. 19.8. 

 
26 In an attempt to ensure its revenue sufficiency, the LSE selects a mark-up factor m ≥ 0 and sets the retail 
price for grid-delivered energy during day D+1 equal to [1+m] times the wholesale price the LSE must 

pay to procure this energy. The LSE pays day-D DAM hourly LMPs for any grid-delivered energy 

acquired through the day-D+1 RTM that matches the LSE’s day-D DAM scheduled hourly grid-delivered 
energy procurements for day D+1.  Any RTM deviations from day-D DAM scheduled hourly grid-

delivered energy procurements for day D+1 are settled using day D+1 RTM hourly LMPs. 
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Fig. 19.9.  Depiction of the braided cycles that arise for DAM/RTM prices and 

quantities for the ITD system test case described in Fig. 19.8 during three successive 

operating days.  One complete wholesale cycle takes the form WO → A1→ A2 → 

A3, and one complete retail cycle takes the form RO → B1 → B2 → B3.    
 
The dynamic behavior of the test-case braided cycles depicted in Fig. 19.9 – 

convergence to limit points, convergence to stable repeated cycles, or divergence –

depends on:  the LSE’s retail price mark-up factor m; the dynamics governing the 

thermal state of each house; and the way the smart (price-sensitive) controller for 

each household’s A/C system determines adjustments in A/C system energy usage 

in response to LSE-set retail prices for grid-delivered energy, given household 

comfort objectives and house thermal states. 
 

The basic explanation for the braided cycle findings reported in Thomas and 

Tesfatsion [25], in particular the possibility of divergent braided cycling for 

DAM/RTM-determined prices and quantities, is the myopic form of the actions 

undertaken by households, the LSE, and the ISO.  Households optimize their current 

A/C power usage in response to current LSE-set retail prices, the LSE sets retail 

prices in an attempt to assure its short-term revenue sufficiency, and the ISO 

conducts DAM/RTM operations to optimize the short-run net benefits of market 

participants.  However, no ITD system participant  pays attention to the potentially 

destabilizing feedback effects of current household power usage levels on future 

DAM/RTM prices and quantities. These potentially destabilizing feedback effects 

can only be discerned by considering ITD system operations over successive days.  

 

This explanation suggests that researchers and policy makers interested in the 

operational security of ITD systems should give increased attention to transactive 

ITD system designs permitting two-way communication between system operators 

and system participants. Two-way communication could permit system operators to 

solicit from system participants certain types of information critical for operational 

security, such as information about the smart-controller algorithms dictating 

household price-sensitive power usage.   

 

 19.5  Development and Performance Testing of Transactive 

Designs for ITD Systems 

 
This section briefly summarizes three key issues highlighted in Tesfatsion [4] for the 

development and performance testing of ITD system transactive designs.   
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ITD system managers have traditionally stressed operational security, highly 

dependent on the management of nodal voltage v (Volts).  In contrast, ITD system 

buyer/supplier participants have traditionally focused on own net benefits attained 

from the production, transmission, distribution, and use of  power p := vi (Watts).  

 

One key issue for ITD system designers is the desirability of aligning the goals and 

constraints of system managers with the goals and constraints of system participants 

by means of conceptually sound and computationally tractable optimization 

formulations.  Research addressing this alignment issue has highlighted serious 

issues with currently used Optimal Power Flow (OPF) formulations.  DC OPF 

formulations, while tractable, prevent consideration of voltage management.  On the 

other hand, as noted in Section 19.2.5, AC OPF formulations depend on questionable 

operational measurements for “reactive power;” and they also pose severe 

tractability issues due to their inclusion of non-convex system constraints. 

 

A second key issue is the desirability of ensuring manager and participant 

compliance with instituted operational rules and data/signal protocols by means of  

contracts enforceable in a court of law.  This legal enforceability requires careful 

verification of the fulfillment of contractual obligations by all contracting parties in 

accordance with contractually-specified metrics.  At present this verification is 

difficult to achieve for ITD systems due to a lack of standardized metrics for the 

scientifically meaningful measurement of “reactive power services” and a lack of 

smart-metering capability at participant POIs permitting compliance verification in 

a manner that respects privacy rights.   

 

A third key issue is the need for computational platforms permitting careful modeling 

of the complex multidisciplinary facets of real-world ITD system operations 

depicted in Fig. 19.1.  Fortunately, great progress is occurring along these lines that 

could also facilitate the resolution of the first two key issues. For example, as 

reviewed in Tesfatsion [4, Sec. 6], agent-based co-simulation platforms with data-

assisted generative AI enhancements are permitting reduced computational 

complexity, flexible tailoring of model simplifications to purposes at hand, matching 

of modeled agents to empirical referents (e.g., digital twinning), and systematic 

performance testing of proposed transactive designs entailing coupled physical, 

economic, contractual, and data/signal processes.   

 

19.6  Concluding Remarks 

 
This perspective considers the transactive design of ITD systems in accordance with 

nine multidisciplinary design goals.  The daunting nature of this design task requires 

more than knowledge separately gleaned from multiple disciplines; it requires 

cohesive multidisciplinary thinking about a societally-critical multidisciplinary 

challenge.  If this perspective inspires future transactive designers for ITD systems 

to think across the confines of traditional disciplinary boundaries, it will have 

achieved its intended purpose.   
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