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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 

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:
𝐿𝐿𝐿𝐿𝑃𝑃$,$& = 𝐶𝐶$,$& + 𝜈𝜈$,$$+ = 1393.05, 
𝐿𝐿𝐿𝐿𝑃𝑃$,$$ = 𝐶𝐶$,$$ − 𝜈𝜈$,$$+ + 𝜈𝜈$,$3+ = 1304.33, 
𝐿𝐿𝐿𝐿𝑃𝑃$,$3 = 𝐶𝐶$,$3 − 𝜈𝜈$,$3+ = 1312.62, 
𝜈𝜈$,$$+ = 0.8037629𝐶𝐶$,$$ + 𝐶𝐶$,$3: − 0.196238𝐶𝐶$,$& 
+0.1959979𝐶𝐶$$,$& + 𝐶𝐶$$,$$: − 1.001186𝐶𝐶$;,$$ 
−0.689971𝐶𝐶&,$3 − 0.120668𝐶𝐶$;,$3 
−0.005732𝐶𝐶&3,; = 23.05, 

𝜈𝜈$,$3+ = 0.887871𝐶𝐶$,$$ − 0.112129(𝐶𝐶$,$& + 𝐶𝐶$,$$) 
+0.1120759𝐶𝐶$$,$& + 𝐶𝐶$$,$$: − 0.762173𝐶𝐶&,$3 
−0.133295𝐶𝐶$;,$3 − 0.003237𝐶𝐶$;,$$ 
−0.003358𝐶𝐶&3,; = 7.38. 

 Marginal cost C13,7 (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 

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

Fig. 12. LMPs under ramping constraints with limited energy 
generator in case 2.

Generator Hours Marginal Cost Type 

g01 23 1300 a) conventional 
g02 6–7, 21–23 1320, 1370–1320 b) ramping 

8–20 1370 a) conventional 
g13 7 1450 a) conventional 
g22 21–22 1390 b) ramping 
g27 0–5, 22–23 1310 a) conventional 

 

Table 3. Marginal generators under ramping constraints with 
limited energy generator in case 2.
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resources make the following LMP components: 
Δ𝜆𝜆#,%–'(

) = 1418.05, Δ𝜆𝜆#,%–'(+, = 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 8–20 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: 𝑆𝑆𝑆𝑆# = 10 MWh, 𝜂𝜂% = 1.01, 𝜂𝜂& = 0.95,  = 10 
MWh, ηg = 1.01, ηd = 0.95, Cd = 0, Cg = 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 

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 Δ𝜆𝜆#,%&'

( = 1334.98 and Δ𝜆𝜆#,%&'
%* = 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 
Δ𝜆𝜆#,%&'(

) = 1464.33 and  Δ𝜆𝜆#,%&'(
%+ =	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. 

  
Fig. 13. Generator's power output under ramping constraints 
with storage (s) in case 3.

Fig. 14. LMPs under ramping constraints with storage in 
case 3.

Generator Hours Marginal Cost Type 

g01 22–23 1300 a) conventional 
g02 6–7 1320 b) ramping 
g13 7–9, 12–21 1400 a) conventional 

g27 0–5 1310 a) conventional 
8–21 1460 a) conventional 

 

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

References

[1]	 W. W. Hogan, “Contract networks for electric power 
transmission,” J. Regul. Econ., vol. 4, no. 3, pp. 211–
242, 1992.

[2]	 W. W. Hogan, E. G. Read, and B. J. Ring, “Using 
mathematical programming for electricity spot 
pricing,” Int. Trans. Oper. Res., vol. 3, no. 3–4, pp. 
209–221, 1996.

[3]	 M. Caramanis, R. Bohn, and F. C. Schweppe, 
“Optimal spot pricing: practice and theory,” IEEE 
Trans. Power Appar. Syst., vol. PAS-101, no. 9, pp. 
3234–3245, Sep. 1982.

[4]	 R. E. Bohn, M. C. Caramanis, and F. C. Schweppe, 
“Optimal pricing in electrical networks over space 
and time,” Rand J. Econ., vol. 15, no. 3, pp. 360–376, 
Sep. 1984.

[5]	 F. Schweppe, M. Caramanis, R. Tabors, and R. Bohn, 
“Spot pricing of electricity. Boston: Kluwer”, Kluwer 
Academic Publishers, 1988.

[6] T. Orfanogianni and G. Gross, “A General Formulation 
for LMP Evaluation,” IEEE Trans. Power Syst., vol. 
22, no. 3, pp. 1163–1173, Aug. 2007.

[7]	 T. Vaskovskaya, P. Guha Thakurta, and J. Bialek, 
“Contribution of transmission and voltage constraints 
to the formation of locational marginal prices,” Int. 
J. Electr. Power Energy Syst., vol. 101, pp. 491–499, 
Oct. 2018.

[8]	 V. K. Singh and S. K. Singal, “Operation of hydro 
power plants-a review,” Renew. Sustain. Energy Rev., 
vol. 69, pp. 610–619, Mar. 2017.

[9]	 A. J. Wood, B. F. Wollenberg, and G. B. Sheble, 
“Power generation, operation, and control”, 3rd ed., 
Wiley, 2013.

[10]	M. T. L. Barros, F. T.-C. Tsai, S. Yang, J. E. G. Lopes, 
and W. W.-G. Yeh, “Optimization of large-scale 
hydropower system operations,” J. Water Resour. 
Plan. Manag., vol. 129, no. 3, pp. 178–188, May 
2003.

[11]	O. Hoseynpour, B. Mohammadi-ivatloo, M. Nazari-
Heris, and S. Asadi, “Application of dynamic non-

linear programming technique to non-convex short-
term hydrothermal scheduling problem,” Energies, 
vol. 10, no. 9, pp. 1–17, Sep. 2017.

[12]	C. P. Nguyen, M. Marwali, M. Swider, C. Rosecrans, 
and C. Sanada, “Limited energy resource optimization 
in the electricity market,” in Proc. IEEE Power and 
Energy Society General Meeting, 2018, pp. 1–5.

[13]	E. Barbour, I. A. G. Wilson, J. Radcliffe, Y. Ding, 
and Y. Li, “A review of pumped hydro energy storage 
development in significant international electricity 
markets,” Renew. Sustain. Energy Rev., vol. 61, pp. 
421–432, Aug. 2016.

[14] “Electric storage participation in markets operated by 
regional transmission organizations and independent 
system operators,” Federal Energy Regulatory 
Commission, Fed. Regist., vol. 83, no. 44, pp. 9580–
9633, 2018.

[15]	A. Sakti, A. Botterud, and F. O’Sullivan, “Review 
of wholesale markets and regulations for advanced 
energy storage services in the United States: Current 
status and path forward,” Energy Policy, vol. 120, pp. 
569–579, 2018.

[16]	J. Zhao, T. Zheng, and E. Litvinov, “A Multi-Period 
Market Design for Markets with Intertemporal 
Constraints,” arXiv e-prints, pp. 1–12, Dec. 2018. 
[Online]. Available: http://arxiv.org/abs/1812.07034.

[17] S. Zaferanlouei, M. Korpas, J. Aghaei, H. Farahmand, 
and N. Hashemipour, “Computational efficiency 
assessment of multi-period AC optimal power flow 
including energy storage systems,” in Proc. 2018 
International Conference on Smart Energy Systems 
and Technologies, SEST 2018 - Proceedings, 2018, 
pp. 1–6.

[18]	J. A. Taylor, “Financial storage rights,” IEEE Trans. 
Power Syst., vol. 30, no. 2, pp. 997–1005, 2015.

[19]	D. Muñoz-Álvarez and E. Bitar, “Financial storage 
rights in electric power networks,” J. Regul. Econ., 
vol. 52, no. 1, pp. 1–23, Aug. 2017.

[20]	V. Popović, B. Jereb, M. Kilibarda, M. Andrejić, A. 
Keshavarzsaleh, and D. Dragan, “Electric vehicles as 
electricity storages in electric power systems,” Logist. 
Sustain. Transp., vol. 9, no. 2, pp. 57–72, Oct. 2018.

[21] 	A. Khodabakhsh, O. Papadigenopoulos, J. Matuschke, 
J. Horn, E. Nikolova, and E. Pountourakis, “Electric 
Vehicle Valet,” arXiv e-prints, pp. 1–8, Nov. 2018. 
[Online]. Available: http://arxiv.org/abs/1811.06184.

[22]	K. Bradbury, L. Pratson, and D. Patiño-Echeverri, 
“Economic viability of energy storage systems based 
on price arbitrage potential in real-time U.S. electricity 
markets,” Appl. Energy, vol. 114, pp. 512–519, Feb. 
2014.

[23]	L. Yao, B. Yang, H. Cui, J. Zhuang, J. Ye, and J. 
Xue, “Challenges and progresses of energy storage 

http://esrj.ru/


Energy Systems Research, Vol. 2, No. 2(6), 2019Tatiana A. Vaskovskaya

40

technology and its application in power systems,” 
J. Mod. Power Syst. Clean Energy, vol. 4, no. 4, pp. 
519–528, Oct. 2016.

[24]	C. K. Das, O. Bass, G. Kothapalli, T. S. Mahmoud, 
and D. Habibi, “Overview of energy storage systems 
in distribution networks: Placement, sizing, operation, 
and power quality,” Renew. Sustain. Energy Rev., vol. 
91, pp. 1205–1230, Aug. 2018.

[25]	P. Denholm, M. O’Connell, G. Brinkman, and J. 
Jorgenson, “Overgeneration from Solar Energy in 
California. A Field Guide to the Duck Chart,” Natl. 
Renewable Energy Lab., Tech. Rep. NREL/TP-
6A20–65023, Nov. 2015.

[26]	“What the Duck Curve Tells Us About Managing a 
Green Grid,” California ISO, Shap. a Renewed Futur., 
pp. 1-4, 2015.

[27]	B. Hua, D. A. Schiro, T. Zheng, R. Baldick, and 
E. Litvinov, “Pricing in multi-interval real-time 
markets,” IEEE Trans. Power Syst., vol. 34, no. 4, pp. 
2696–2705, Jul. 2019.

[28]	P. Zou et al., “Evaluating the impacts of flexible 
ramping products on the market equilibrium, in Proc. 
IEEE Power Energy Soc. Gen. Meet., 2016, pp. 1–5.

[29]	A. Cornelius, R. Bandyopadhyay, and D. Patiño-
Echeverri, “Assessing environmental, economic, 
and reliability impacts of flexible ramp products in 
MISO’s electricity market,” Renew. Sustain. Energy 
Rev., vol. 81, no. 2, pp. 2291–2298, Jan. 2018.

[30]	M. R. Davidson et al., “Mathematical model of power 
system management in conditions of a competitive 
wholesale electric power (capacity) market in Russia,” 
J. Comput. Syst. Sci. Int., vol. 48, no. 2, pp. 243–253, 
Apr. 2009.

[31] “General Information About Zagorskaya Hydtor Power 
Plant,” RusHydro website. [Online]. Available: http://
www.zagaes.rushydro.ru/pshpp/general/ (visited on 
05/30/2019).

[32]	E. Ela and M. O’Malley, “Scheduling and Pricing 
for Expected Ramp Capability in Real-Time Power 
Markets,” IEEE Trans. Power Syst., vol. 31, no. 3, pp. 
1681–1691, May 2016.

[33] Т. Vaskovskaya. “IEEE-30 energy system data of multi-
period market with intertemporal constraints,” Zenodo 
Repository, DOI: 10.5281/zenodo.2702758, 2019.

Tatiana A. Vaskovskaya received 
the B.S., M.S. and Ph.D degrees from 
National Research University ”Moscow 
Power Engineering Institute” (MPEI), 
Moscow, Russia. Currently, she is with 
MPEI and the Head of Analytical and 
OJSC ”Trading System Administrator”, 
Moscow, Russia. Her main interests 
include power markets, locational 
marginal pricing in full AC power flow 
framework, and data-driven applications 
in power markets.

http://esrj.ru/

