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t P. Luh, who was the co-supervisor of this project, tragically passed away in November 2022. He was a professor
emeritus of the Department of Electrical and Computer Engineering, University of Connecticut, Storrs, CT 06269,
USA, and with the Department of Electrical Engineering, National Taiwan University, Taipei 10617, Taiwan. As a
tribute to our dear friend and mentor, the remaining coauthors dedicate this paper to commemorating Dr. Luh’s
contributions and legacy.

Abstract: In real-time electricity markets, locational marginal prices (LMPs) can be determined by
solving multi-interval economic dispatch problems to manage inter-temporal constraints (i.e., ramp
rates). Under the current practice, the LMPs for the immediate interval are binding, while the prices
for the subsequent intervals are advisory signals. However, a generator may miss the opportunity
for higher profits, and compensatory uplift payments are needed at the settlement. To address these
issues, the “temporal locational marginal pricing (TLMP)” that augments LMP by incorporating
multipliers associated with generators’ reported ramp rates was developed. It was demonstrated that
it would result in zero uplift payments, showing great potential as a good pricing scheme. Numerical
examples also showed that “the generators had incentives to reveal their ramp rates truthfully”. In
this paper, the incentive compatibility of TLMP with respect to ramp-rate reporting is discussed. Our
idea is to develop numerical examples to investigate whether reporting the true ramp rates is the
best option for generators. The results indicate that TLMP is not incentive compatible, and there are
market-clearing scenarios where not reporting true ramp rates may be beneficial.

Keywords: multi-interval economic dispatch; locational marginal pricing; incentive compatibility;

ramp-rate constraints

1. Introduction

In real-time electricity markets, locational marginal prices (LMPs) can be determined
by solving rolling-window multi-interval economic dispatch (ED) with reported generator
parameters and bids to manage inter-temporal constraints, i.e., ramp rates [1-3]. Under the
rolling-window framework, LMPs for the immediate interval are binding and used at the
market settlement, while the prices for subsequent intervals are advisory signals. It has
been shown that multi-interval dispatch improves operational flexibility and system relia-
bility as compared with single-interval dispatch since it considers system needs in future
intervals [4-8]. However, the major challenge with the rolling-window multi-interval
dispatch is the disparity between the settlement prices and advisory prices, as the ED prob-
lem is solved repeatedly with updated information to account for operational uncertainty.
As a result, a generator may miss the opportunity for higher profits when it is asked to
hold back generation to provide ramping support or to generate more, but the settlement
prices may not support such dispatch decisions. Thus, out-of-market discriminatory uplift
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payments, such as lost opportunity costs (LOCs) are needed to compensate for generators
at settlement based on the solutions to the profit maximization problems of individual
generators. Otherwise, this might create a dispatch-following issue, where a generator may
have incentives to deviate from the ISO dispatch. Therefore, a good pricing scheme should
guarantee zero LOC while being incentive compatible.

Several approaches have been reported to reduce uplift payments [5-9]. In [5,6], the
past opportunity costs that are represented by the dual variables of the past interval’s
optimization problem are added to the current interval’s optimization objective. In this
way, the past opportunity costs are reflected in the current interval’s clearing price. A
multi-settlement system is developed in [7,8] to coordinate between day-ahead (DA) and
real-time (RT) markets in multi-interval pricing. Under this scheme, the DA schedule is
financially binding, and the RT prices are used to settle the deviation from the DA market
clearing. Market participants are only exposed to the RT price volatility by locking the
DA clearing prices. In [9], a pricing model that minimizes uplift payments is developed,
which uses prices as decision variables and coordinates between multi-period and single-
period dispatches. However, none of the above-mentioned approaches [5-9] can guarantee
zero LOC.

As reviewed in Section 2, the temporal locational marginal pricing (TLMP) was re-
cently developed [10,11]. It augments LMPs by incorporating multipliers associated with
generators’ reported ramp-up and -down rates (which could be different), leading to in-
dividualized pricing, which is uncommon in power systems [5,6,8]. TLMP shows great
potential as a good pricing scheme with zero LOC, regardless of rolling-window or one-shot
(the prices for all the intervals are binding) dispatch, and of perfect or imperfect forecasts.
With the same value for a generator’s ramp-up and -down rates and linear generation
costs, numerical testing shows that “the generators had incentives to reveal their ramp
rates truthfully” [11]. However, rather than linear generation costs, piecewise linear or
quadratic cost functions are usually used in most practical electricity markets.

The aim of this paper is to investigate the incentive compatibility of TLMP with
respect to ramp-rate reporting through numerical examples. The incentive compatibility
with respect to ramp-rate reporting is defined as a profit-maximizing generator that has no
incentive to misreport its ramp rates. Following the testing examples in [10,11] as closely
as possible, the incentive compatibility of TLMP is analyzed through numerical examples
with different ramp-up and -down values and with piecewise linear and quadratic costs
in Section 3. The incentive compatibility results with different costs are analyzed and
discussed. Results show that a generator could be better off by not reporting its true ramp
rates, leading to possible infeasibility in ED.

2. Temporal Locational Marginal Pricing

In this section, TLMP [10,11] is briefly reviewed. The ISO’s one-shot ED problem is to
minimize the total dispatch cost subject to the power balance as well as the ramp rate and
generation capacity constraints of the bid-in generators but no transmission constraints for
simplicity [10]. It is formulated (following Equation (3) in [10]) as

N T
Min F(G),with F(G) = Y Y fir(git), 1)
G=[gi] i=1t=1
N
s.t. (At ) : Zgit =d;, Vtel,.,T, (2)
i=1
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where f;; is generator i’s bid-in cost at time ¢ (assumed convex and differentiable); g;; is
the generation level; g; is the maximum generation limit (the minimum is assumed to be
zero for simplicity); 7; and r; are bid-in ramp-up/-down rates per time interval (could be
different); and d; is the systgm demand. In the above, the dual variables are shown in front
of the corresponding constraints.

The TLMP of generator i at interval ¢ is defined as the marginal benefit of generator i
at g;y = gj; (obtained by solving the above ED):

9
9git

T = F_ir(G"), ©)
where F_;;(G) = F(G) — fit(git) is the partial cost that excludes generator i’s cost at t. With
git fixed at g}, the modified ED is to minimize F_;(G). Based on the envelope theorem,
TMLP is the sum of the multipliers associated with g7, (Proposition 2 of [9]):

)

T —
! g}

F_it(G") = Af + Apy — Ap_qy = A + By, (6)

where A}, = Apj, — Ay;‘( 1) with Apj, = pi* — ub* is the increment of the shadow prices
associated with the ramp-rate constraints.

With optimal multipliers, the Lagrangian function in the dual space can be obtained as
L= Z (fit(git) — (A} + A} gir + (pll,;/lax* . Pf\t/ﬁn*)git) L .
it

where the rest of the terms are independent of g;;. Now, Equation (7) clearly shows
that under TLMP 71;; = Af + Aj;, the multi-interval dispatch problem is decoupled into
individual single-interval dispatch problems because the multipliers associated with the
time-coupling ramp-rate constraints have been incorporated into TLMP.

To further understand TLMP, consider a special case when only the ramp-down
constraint is binding at t — 1, i.e., LMP plus the marginal cost if the generator can ramp
down more. TMLP is given as

it = Af iy ) @®)

Given TLMP, the profit maximization (PM) problem of generator i is to maximize the
total profit over all intervals without knowing other generators’ costs. As described earlier
in Equation (6), the multipliers associated with ramp rates are incorporated as a part of
TLMP after solving ED. When solving PM, the multipliers associated with the ramp rates
are zero according to the KKT conditions [10]. The multipliers with the capacity constraints
at the minimum and maximum sides are the same as pf\t/ﬁ”* and pﬁd”x*, respectively. Op-
timal generation in PM is thus identical to g}, (Theorem 3 of [10]). Consequently, LOC
is guaranteed to be zero, implying that TLMP satisfies market clearing and individual
rationality conditions (Definition 2 of [10]). As the multipliers associated with the ramp-
rate constraints in PM are all zero, the multi-interval dispatch is decoupled in time. LOC
is thus zero regardless of rolling window or one shot, or perfect or imperfect forecasts
(Theorems 3 and 4 of [10]).

The truthful reporting of ramp rates was discussed via numerical examples based on
a three-generator system in [11]. For each generator, a linear marginal cost was considered,
and the same value was used for its ramp-up and -down rates. Results showed that “under
TLMP, profits of all generators grew as the revealed ramping limits grew to their true
values” [11]. This implies that “the generators had incentives to reveal their ramp limits
truthfully” [11]. However, linear costs may not be practical in current electricity markets.
In addition, a generator’s ramp-up and -down rates could be different.
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3. Numerical Testing on Incentive Compatibility of TLMP

In this section, numerical examples are developed to investigate the incentive compat-
ibility of TLMP with respect to ramp-rate reporting under piecewise linear and quadratic
costs, following [10,11] as closely as possible.

3.1. Data for Numerical Testing

Consider the three-generator system used in Section 5 (Performance) of [11]. The three
generators are connected to a single bus, and their capacities, true ramp rates (same for
up and down), and linear costs presented in [11] are shown in Table 1 below. It is shown
in [11] that when the cost is linear, the profit of a generator grows when the revealed ramp
rate grows to its true value. However, linear costs are not practical in the current electricity
markets. Hence, in our study, for each generator, the piecewise linear cost is approximated
from its linear cost and consists of two blocks (40 MW and 60 MW). Then, its quadratic
cost function is approximated from the piecewise linear cost. The above two costs are
also shown in Table 1. The system demand over 24 h to be shown later is approximated
from the average demand curve presented in Figure 2 of [11] , which was generated from
300 scenarios of a CAISO load profile.

Table 1. Generator parameters.

. True Ramp  Linear Piecewise .
Capacity . Quadratic
G (MW) Rate Costs Linear Cost Functions ($)
(MW/h) ($/MW)  Costs ($/MW)
Gy 100 25 28 (28,29) 0.008568¢2 + 28.7897¢
Gy 100 60 30 (30,31) 0.007¢2 + 29.9626¢
Gs 100 60 40 (40,41) 0.008568¢2 + 39.7897¢

Following [11], two generators report their true ramp rates (same for up and down),
but the third generator might not report truthfully. In our study, it is assumed that the
third generator reports its true ramp-up rate but it may not report its true ramp-down
value. With the reported ramp rates, the ED problem is solved in a rolling-window manner
with a window size of four intervals, where only the first interval is binding following [11].
Then, the PM problem is solved in a one-shot manner with the true ramp rates given TLMP
for all intervals. The results with piecewise linear and quadratic costs are presented in
Sections 3.2 and 3.3, respectively.

3.2. Incentive Compatibility of TLMP with Piecewise Linear Costs

In this subsection, the piecewise linear costs presented in Table 1 are considered. It is
assumed that generators G, and Gz report their true ramp-up and -down rates (the same),
and Gj reports its true ramp-up rate (25 MW /h). It is also assumed that G; may report its
ramp-down rate as 25 MW /h (the true value) or 5 MW /h (a low value). The ED problem is
solved twice with the true and low values of the reported down-up rate of G;. For each
scenario, the G; PM problem is solved with its true ramp rate given the corresponding
TLMP for all intervals. Then, the same process is repeated for scenarios where G, or Gs
may not report its true ramp-down value. The results are presented in Table 2 and Figure 1
below. It can be shown that each generator makes a higher profit by revealing a lower
ramp-down rate. This implies that revealing ramping rates truthfully may not be in the
best interest of the generators when their costs are piecewise linear.
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Table 2. Profits with piecewise linear costs.

Report Truth Under-Report
G
RD (MW/h) Profit ($) RD (MW/h) Profit ($)

Gy 25 7460 5 8260

Gy 60 3340 5 3420

G3 60 0 5 120

Profits with Piecewise Linear Costs

9000
8000
7000
6000
2 5000
Z 4000
3000
2000
1000

0 —

Gy G, Gs
= Report truth 7460 3340 0
® Under-report 8260 3420 120

m Reporttruth ®Under-report

Figure 1. Generator profits with piecewise linear costs.

To further illustrate the results in Table 2, consider G, as an example. Figure 2 shows
the TLMP values when G, reports a ramp-down rate of 60 MW /h (the true value) and
when it reports 5 MW /h (a low value). With the low ramp-down rate, the TLMP values
are higher during time intervals 4 to 8 and for intervals 18 and 21. This is because G,
cannot ramp down fast enough when demand decreases for these intervals, resulting in
binding ramping-down constraints and thus higher prices. This indicates that a generator
can obtain higher prices by under-reporting its ramp-down rate.

Figure 3 shows the power output of G, when the reported ramp-down rate is 60 MW /h
and when it is 5 MW /h. With the true ramp-down rate, it can be seen that the power output
of G, becomes 0 MW when demand is lower than 100 MW (intervals 5 to 8) and G, does
not get paid. However, with the low reported ramp-down rate, the power output of G
decreases slowly from 30 MW to 15 MW and does not reach 0 MW. As seen in Figure 2, the
TLMP values for these intervals are higher than the marginal cost of G ($30 for the first
block). Therefore, Gy is paid between intervals 5 and 8. The above shows that G, can get
paid more by under-reporting its ramp-down rate.
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Figure 3. Demand and power output of G, under different reported ramp-down rates.

Figure 4 shows the profits of G under different reported ramp-down rates. During
intervals 4 to 8 and for intervals 18 and 21, the profits with the low reported ramp-down
rate are higher than those with the true value. As mentioned early in Figure 2, when G,
reports a low ramp-down rate, it obtains higher prices because it cannot ramp down fast
enough when the demand decreases during these intervals. From Figure 3, for intervals
4 to 8, it is clear that the power output of G, when under-reporting its ramp-down rate
is higher than that when reporting truthfully. During intervals 4 to 8, the combination of
higher prices and higher power output results in higher profits for G, when it reports a low
ramp-down rate. For intervals 18 and 21, high profits are caused by high prices. The results
are similar for generators G; and G3. This demonstrates that a generator can make higher
profits by under-reporting its ramp-down rate when reporting its ramp-up rate truthfully
under the TLMP pricing scheme.
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Figure 4. Demand and profits of G, under different reported ramp-down rates.

3.3. Incentive Compatibility of TLMP with Quadratic Costs

In this subsection, the quadratic cost functions presented in Table 1 are considered.
Again, it is assumed that generators G, and G3 report their true ramp-up and -down rates
(the same), and Gj reports their true ramp-up rate (25 MW /h). It is also assumed that G;
may report its ramp-down rate as 25 MW /h (the true value) or 5 MW /h (a low value).
The ED and PM problems are solved in the same way described above in Section 3.2. The
ED problem is solved twice with the true and low values of the reported down-up rate
of G;. For each scenario, the G; PM problem is solved with its true ramp rate given the
corresponding TLMP for all intervals. Then, the same process is repeated for scenarios
where G, or Gz may not report their true ramp-down value. The results are presented in
Table 3 and Figure 5 below. Similar to what is presented in Section 3.2, each generator
makes a higher profit by revealing a lower ramp-down rate. This implies that revealing
ramping rates truthfully may not be in the best interest of the generators when their costs
are quadratic under the TLMP pricing scheme.

In summary, when the generation costs are linear, TLMP is incentive compatible with
respect to ramp-rate reporting, and the generator profits are not affected [11]. However,
when the generation costs are piecewise linear or quadratic, TLMP is not incentive compat-
ible. A generator might be able to make higher profits by under-reporting its ramp-down
rate. This under-reporting of ramp-down rates could result in the possible infeasibility of
ED. This may affect the reliability, stability, and overall performance of the grid, leading to
operational difficulties within power systems.

Table 3. Profits with quadratic costs.

Report Truth Under-Report
¢ RD (MW/h) Profit ($) RD (MW/h) Profit ($)
Gy 25 6884 5 7075
Gy 60 2774 5 3153

G3 60 25 5 76
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Figure 5. Generator profits with quadratic costs.

4. Conclusions

This paper discusses the incentive compatibility of TLMP with respect to ramp-rate
reporting through numerical examples following [11], where it was shown that generators
have the incentive to reveal their ramp rates truthfully when the marginal costs of gener-
ators are linear. As the linear costs used in [11] are not practical in the current electricity
markets, piecewise linear and quadratic costs are considered. In addition, it is assumed
that a generator may report different values for its ramp-up and -down rates. The results
show that a generator can achieve higher profit by under-reporting its ramp-down rate
while reporting its true ramp-up rate when costs are either piecewise linear or quadratic.
It is implied that revealing the ramp rate truthfully may not be beneficial for a generator
under the TLMP pricing scheme, resulting in the possible infeasibility of ED. This may
affect the reliability, stability, and overall performance of the grid, leading to operational
difficulties within power systems.
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