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Fig. 11. Generator's power output under ramping constraints
with limited energy generator (leg) in case 2.

ramping connection inside of 6-8 hours. Transmission
components are formed by hourly marginal costs as it
is studied in previous research. There are also voltage
components in a range of -2.12 to 0.03 rub/MWh. Due to
small values, there is no need to rigorously study them.

B. Case 2: LMPs with Limited Energy Constraints

To further consider LMP at node 8, a limited energy
generator with energy limit of 25 MWh was installed there.
This generator can dispatch active power of less than or
equal to 10 MW with a comparably low marginal cost. The
generator provides the range of reactive power from —5 to
5 MVAr. LMPs and generators' output are shown in Figs.
11 and 12 while marginal generators are given in Table III.

The Figures show that the generators' output and LMPs
are smoothed out during 8-20 hours. With the help of the
new limited energy generator, the system is able to refuse
high price offers of generators 13, 23, and 27 at hours
7-21, when the new generator is fully utilized replacing
other resources.

As expected, there are less binding ramping constraints
in the system. Ramp-up rates are achieved by generators 1,
2,22, and 27 at hour 7. Ramp-down rates are reached by
generators 1 and 22 at hour 22 and by generator 2 at hour
22-23. Nevertheless, the problem has not been solved. We
can see from LMPs in Fig. 12 that the amplitude of the

Table 3. Marginal generators under ramping constraints with
limited energy generator in case 2.

Generator Hours Marginal Cost Type
201 23 1300 a) conventional
202 6-7,21-23 1320, 1370-1320  b) ramping
8-20 1370 a) conventional
gl3 7 1450 a) conventional
g22 21-22 1390 b) ramping
227 0-5,22-23 1310 a) conventional
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Fig. 12. LMPs under ramping constraints with limited energy
generator in case 2.

ramping "cardiogram" curve has remained the same. On
the other hand, LMP at node 8 was lowered considerably
(see Fig. 10), but the transmission constraint in line 6-8 is
still binding.

The number of marginal generators under ramping
constraints has increased. For example, generator 2 has
become marginal with ramping type b during a 3-hour
interval from hour 21 to hour 23. LMPs at node 2 at those
hours are 1393.05, 1304.33, and 1312.62 rub/MWh,
respectively. Offer prices are 1370, 1320, and 1320 rub/
MWh, respectively. An average value of both price arrays
is the same and is equal to 1336.66 rub/MWh. LMPs at the
price-forming node 2 are formed taking into account the
opportunity cost:

LMP, 51 = Cy51 + V25, = 1393.05,
LMP; 55 = Cy05 — Va22 + V3,3 = 1304.33,
LMP, 53 = Cy 53 — V5,3 = 1312.62,

V322 = 0.803762(Cya0 + Cp33) — 0.196238C; 5,
+0.195997(Cyp1 + Cp222) — 1.001186C;7 5,
—0.689971C; 53 — 0.120668C;7 »3
—0.005732C;3, = 23.05,

Va3 = 0.887871C; 2, — 0.112129(C; 51 + Cz22)
+0.112075(Cyp91 + Caa22) — 0.762173Cy 55
—0.133295C,7 53 — 0.003237C,7 2,
—0.003358C;5, = 7.38.

Marginal cost C; ; (1450 rub/MWh) is connected with
hours 21-23 through the binding energy limited constraint
at hours 7-21. We can explain it by the following chain
of events. The output of generator 13 at hour 7 should be
slightly increased to lower the output of limited energy
generator 8 at the same hour in order to support the ramping
constraints of generator 2 at hours 22-23 by increasing its
output at hour 21.

Let us consider the LMP formation at node 8 and
its influence on price-taking LMPs during hours 7-21.
The LMP is equal to 1458.33 rub/MWh. Price-forming
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Fig. 13. Generator's power output under ramping constraints
with storage (s) in case 3.

resources make the following LMP components:
A/1£’7_21 = 1418.05, A/lgf7_21 =40.28. Each of them is

connected with price-forming marginal costs through
price-bonding factors. After determining the limited
energy generator LMP at considered hours, we can make
the next step and switch the status of the node to marginal.
Its variable output is responsive to changes inside each
time period. Node 8, being price-forming, makes spatial
LMP structure at hours 820 clear. There are two price-
forming nodes — each for zones of high and low LMPs
under the influence of transmission congestion in line 6-8.
Conventional marginal generator 2 supports incremental
changes in demands and determines LMPs at nodes 1-7,
9-12 (blue lines in Fig. 12). An incremental change in
demand for nodes 19-30 (red lines in Fig. 12) is handled
by node 8.

C. Case 3: LMPs with Energy Storage

In case 3, we choose a storage resource to be installed at
node 8 instead of the limited energy generator. The storage
resource is defined by the following parameters: SCg = 10
MWh, 5, = 1.01, ,= 0.95, C, = 0, C, = 500 rub/MWh.
Optimization results after replacing the resource are shown
in Figs. 13 and 14. Marginal generators are listed in Table
Iv.

The results show that the storage resource has a more
significant effect on LMPs in comparison to a limited
energy generator. The reason lies in the demand side. At
hour 6, the demand of the storage resource has replaced

Table 4 marginal generators under ramping constraints with
storage in case 3

Generator Hours Marginal Cost Type
201 22-23 1300 a) conventional

202 67 1320 b) ramping
gl3 7-9, 12-21 1400 a) conventional
g27 0-5 1310 a) conventional
8-21 1460 a) conventional
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Fig. 14. LMPs under ramping constraints with storage in
case 3.

increased output of generators 13 and 27 at hour 7 in case 1.
This considerably reduced the effect of ramping constraints
on LMPs. Nevertheless, as is seen from Fig. 10, the LMP at
node 8 has not changed much because of a required marginal
cost of the storage resource and its inefficiency.

Charging phase of the storage resource begins at hour
1 and continues until hour 6, excluding hour 5. During this
phase, LMP is equal to 1339.37 rub/MWh and consists
of AAL,, =133498and A, , =4.39. Discharging
phase lasts from hour 8 to hour 21 with LMP formed
to be 2093.75 rub/MWh. This LMP is composed of
A’V;.tdch = 1464.33 and Algftdch =629.43. Both LMPs
are price-forming inside specific time periods.

Thus, they augment the list of marginal generators in
Table IV with costs 1339.37 and 2093.75 rub/MWh, which
in turn were comprised by given marginal costs of all
connected hours.

VI. CONCLUSION

This paper proposes a new methodology to express
Locational Marginal Prices (LMPs) as the sum of spatial
components due to transmission and voltage constraints,
and temporal components due to intertemporal constraints.
The most common forms of intertemporal constraints are
taken into consideration, namely ramping constraints,
limited energy constraints, and storage constraints. The
proposed approach is innovative in introducing a new
definition of multi-period marginal and price-forming
resources and a novel technique to uncover the dependence
of the LMPs on various types of marginal resources from
different time periods.

LMP decomposition is done for opportunity costs of
marginal resources under intertemporal constraints. Each
such resource brings marginal costs of adjacent periods
multiplied by price-bonding factors into a current LMP
structure. However, it is shown that the influence of the
intertemporal constraints on the LMP varies considerably.
Ramping constraints lead to "cardiogram" LMP curves.
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Limited energy and storage constraints smooth out the
LMPs and price-bonding factors (PBFs) throughout the
considered period. Although the marginal status of storage
refers rather to LMP difference during high and low pricing
periods.

This paper handles the multi-period AC OPF in order
to calculate the LMPs, which helps to reflect intertemporal
constraints in the system when determining the LMPs.
The developed methodology provides a complex temporal
structure of price signals that can support useful information
about the profitability of placing additional resources to
manage net load variability and system congestion. The
methodology has been tested on a 30-node energy system.
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