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Abstract

With the installed capacities of Distributed Generations (DGs) dramatically
increasing in power systems from Distributed Energy Resources (DERs) such as
hydropower, wind, solar, geothermal and biomass, the operation methods of DERs
tradings or transactions become more and more complicated. However, the energy
market of DERs in Microgrids (MGs) is still under devolvement due to low security
and transparency at present. Therefore, a small-scale microgrid energy market is
proposed in this study based on Decentralized Autonomous Organization of Par
allel, Integrity, Longevity, and Transparency (PILT-DAO) of the features of the
blockchain. The microgrid owners can complete the transaction in the PILT-DAO
market.
In order to implement this energy trading platform, the first step is to simulate a
modified distributed IEEE 13 node test feeders system. The next step is to develop
a price mechanism method based on a consensus+ innovation distributed algorithm
to calculate the distributed Distribution Locational Marginal Price (DLMP). At the
meantime, smart meters record the Power Flow (PF) data of each DG as one node
of the whole simulated distributed power system and send them to blockchain in
cluding distributed price and power generation data. The third step is to constitute
a decentralized autonomous market by programming smart contracts in Ethereum

ii

DAO, running in an artificial system parallelly. A case study of a small-scale micro
grid energy market based on PILT-DAO is illustrated followed by the conclusion.
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was underscored by the Energy Policy Act of 2005, which aimed to facilitate price
transparency in interstate markets for the sale and transmission of electric energy,
and to prohibit energy market manipulation. However, under FERC regulatory ju
risdiction, each Regional Transmission Organization (RTO) has developed its own
regulations or rules on markets. These regulations and rules let operational issues
and regional differences more and more difficult. Electricity market issues can be
usually separated into two categories: manipulation by market participants or RTO
market structural issues. According to a report on electricity markets in 2016 from
Congressional Research Service (CRS), which is a federal legislative branch agency
and housed inside the Library of Congress and charged with providing the United
States Congress non-partisan advice on issues that may come before Congress, com
petitive electricity markets should be developed by restructuring utility and RTOs

[3].
Throughout the history of electricity markets in the United States, the central
ized electricity markets of renewable energy sources are recently playing an impor
tant role in energy generation markets. However, in existing centralized microgrid
energy markets, buyers or consumers can only indirectly trade with generation sup
pliers through the retailers or utility companies. Obviously, direct trading between
consumers and generation suppliers will both improve their own benefits without
retailers as an inter mediator or third party. However, the transaction manage
ment methods of centralized electricity markets are still facing the following major
problems: [4, 5, 6, 7, 8, 9, 10, 11]
• DG suppliers need to pay high operation and regulation fees for transactions,
and prices are decided by the centralized energy market;
• Centralized electricity markets face information security problem such as losing
data and users' privacy;

2

autonomous organization without any testing operations at the same time in another
"parallel chain" . Therefore, we consider applying another useful theory, parallel
system methodology, in establishing this ILT-DAO business model. Specifically,
PILT-DAO is based on parallel system methodology and the ACP approaches, i.e.,
modeling with "artificial systems" (A), analyzing with "computational experiments"
(C), and controlling through "parallel execution" (P) [16, 17].

1.2

Contribution

According to above transaction problems of existing grid market and the ad
vantages of PILT-DAO, this thesis proposes a future energy market based on PILT
DAO, which is illustrated in Figure 1.1 "architecture of small-scale microgrid energy
market," to solve those problems - high operation cost, low security, and low trans
parency. Therefore, this architecture is designed with three layers including entities
modeling layer, pricing mechanism layer, and PILT-DAO market layer to update
previous three layers such as distributed energy resource layer, distribution system
operator layer and regional transmission organization layer.

1.3

Organization

Chapter 1 of this thesis is the introduction. Chapter 2 presents the literature
reviews. Chapter 3 describes the modeling of modified IEEE 13 nodes test feeder sys
tem. Chapter 4 depicts how a consensus

+ innovation approach achieves distributed

multi-agent coordination in a Microgrid and calculate the DLMPs of this test power
system for this energy market. Chapter 5 demonstrates a study case to program
smart contracts into PILT-DAO communicating with calculated distributed DLMPs
and power generation data in previous chapter. Chapter 6 concludes this thesis and
discusses the future works.
4

most successful and distinguished platforms to implement smart contracts and a
new token system.
Furthermore, a new business model is born with blockchain: The DAO. The
DAO is an unstopped blockchain, run and written by sets of smart contracts to
achieve an autonomy system. The DAO business model is shown in Figure 2.2.
In this figure, all participants are witnesses in the blockchain ecological system,
and they can trade energy by smart contracts in the PILT-DAO energy market
based on blockchain network. For example, Alice sends a detailed smart contract of
buying energy to Bob such as period, amount, and price, etc.. And then, after Bob
confirmed the smart contract and Alice's historical credibility, he sells the energy
via physical devices according to this contract. Finally, the transaction is done and
recorded by blockchain system [15, 19].
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Figure 2.2: The DAO business model
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training from the actual system (learning and training). Secondly, experimenting
and evaluating the artificial systems reflects the status and evolution pattern of
the actual system (Experiment and evaluation). Thirdly, the parallel execution
between actual and artificial systems achieves the management and control of the
real physical system in real-time (Management and control).
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u

Figure 2.3: A conceptual framework of PILT-DAO
Based on the ACP approach, the PILT-DAO can be defined as an ILT-DAO
which is born from the interactions and parallel executions (depiction, prediction,
and conduction) between real physical and software-defined systems.
However, after human interaction getting involved in, the cyber-physical-social
system (CPSS) will be established by parallel system theory instead of previous
cyber-physical system (CPS). The Newtons Laws (Small Data, Big Laws) cannot
be applied to CPSS straightly, thus, the Mertons Laws (Big Data, Small Laws)
should be exploited [24]. PILT-DAO systems as a new paradigm based on ACP
must be applied to this new technology. The whole processes are shown in Figure
2.4.
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Figure 2.4: PILT-DAO based on ACP: from CPS to CPSS

2.5

Social Energy

The definition of social energy is introduced by Jun Jason Zhang et al in a pa
per, "Social energy: mining energy from the society" [25]. A social energy system
is a complex physical energy system, which is enabled by the recent advancement
in intelligent technology, including artificial intelligence, machine learning, sensing,
communication, Internet of Things technologies, and massive high-performance
computing and extreme-scale data analytics technologies.

In this paper,

authors provide power system simulation, real-time pricing at distribution level,
and social response to the pricing signals.

2.6

Distribution Locational Marginal Price

Distribution Locational Marginal Prices (DLMPs) is a mathematical method for
setting the wholesale electric energy prices and for reflecting the value of electric
energy at different locations in a distribution system corresponding to Locational
Marginal Price (LMP) in a transmission system [26]. P JM learning center explains
that LMP is analogous to a taxi ride for megawatts of electricity. When traffic is
11

light, you can expect a consistent and predictable taxi fee, which would represent
a period with little to no congestion on the grid.

Similarly, heavy traffic

results in a higher fee, which is like a lot of congestion on the transmission
system [27, 28, 29]. Thus, we can consider that DLMP is the additional cost of
transferring one more Megawatt (MW) at any feeder.
In a transmission system, if there is no any congestion and losses, all LMPs would
be the same called Market Clearing Price (MCP) because it reflects only the cost of
serving the next increment of the load, otherwise, the bus price will differ. Generally,
LMPs are different among locations due to transmission losses and constraints for
the next cheapest MW of electric energy can reach all locations in this system.
Therefore, when the next cheapest MW can reach all locations, the cost of physical
transmission losses will result in different LMPs across this system. Obviously, to
understand cost of energy, a congestion charge, and transmission system losses are
the three most important components of LMPs calculation.
In addition, day-ahead and real-time LMPs and DLMPs are two different types
of methods for calculating prices in a power system. However, they are based on the
same basic calculation using the different nodal prices, optimizing the dispatches
and minimizing the costs for energy, congestion, and losses [30, 31].
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Chapter 5

PILT-DAO Market Layer
We will consider connecting all components in this PILT-DAO market layer,
after setting entities modeling and price mechanism layers. In the third layer, DAO
will be used to design the decentralized microgrid market layer on Ethereum private
blockchain with the parallel methodology. So, there are two systems instantaneously
such as real and artificial ITL-DAO system by combining a PILT-DAO market using
ACP method.

5.1

Whole PILT-DAO Blueprint

In this section, the whole PILT-DAO layers blueprint is demonstrated in Figure
5.1 showing how all elements in the three layers are connected together.
According to Figure 5.1, The three layers are briefly summarized. Firstly, there
are lots of facilities in entities modeling layer such as PV solar panels, microgrids,
smart batteries and smart net meters for generating, transmitting, distributing, and
consuming. We number those assets in Figure 5.1, for example, microgrid#l con
tains smart battery#l and smart net meter#l, and PV solar panel#l is connected
to smart battery#3 and smart net meter#3.

31

Figure 5.1: Whole PILT-DAO layers blueprint
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In the second layer, the price mechanism layer, the consensus + innovation approach is
used to achieve DCOPF and distributed DLMPs calculation. And then , the most
important is to program the smart contracts on the Ethereum constituting an
ILT-DAO. The power generation and price values from this algorithm will be
written in smart contracts and be sent to blockchain using Application Programming
Interfaces ( APis) as well. This function will be shown in the following case study.
Finally, the ACP method is used to implement the PILT-DAO from ILT-DAO
with the parallel system in the PILT-DAO market layer. The advantages to utilize
the parallel system for ILT-DAO are: 1) Virtual programs can be fed-back for real;
and 2) To protect and speed up real system data and calculation. The flowchart of
detailed parallel execution process in PILT-DAO system is shown in Figure 5.2 [38].
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Figure 5.2: The flowchart of detailed parallel execution process in PILT-DAO

33

Bibliography

[1] E. lbanez A. Florita M. Heaney B.-M. Hodge M. Hummon and G. Stark D. Lew,
G. Brinkman and G. Stark. T he western wind and solar integration study. Tech
nical Report NREL/TP-5500-55588, NREL, NREL, GOLDEN, CO, September
2013.
[2] David Palchak Joshua Novacheck Jack King Clayton Barrows Eduardo Ibanez
Matthew OConnell Gary Jordan Billy Roberts Caroline Draxl Aaron Bloom,
Aaron Townsend and Kenny Gruchalla. Eastern renewable generation integra
tion study. Technical Report NREL/TP-6A20-64472, NREL, RePPAE LLC,
GE, August 2016.
[3] Prepared by, Mathew J. Morey, and Laurence D. Kirsch. Retail choice in
electricity: W hat have we learned in 20 years. 2266.
[4] Esther Mengelkamp, Johannes Grttner, Kerstin Rock, Scott Kessler, Lawrence
Orsini, and Christo£ Weinhardt. Designing microgrid energy markets. Applied
Energy, 210:870-880, jan 2018.
[5] December. Distributed energy resources market design concept proposal a re
port by the new york independent system operator. 2017.
[6] Jaroslaw Stanczak, Weronika Radziszewska, and Zbigniew Nahorski. Dynamic
pricing and balancing mechanism for a microgrid electricity market. In Advances in Intelligent Systems and Computing, pages 793-806. Springer Inter
national Publishing, 2015.

40

[7] Antonio J. Conejo, Juan M. Morales, and Luis Baringo. Real-time demand
response model. IEEE Transactions on Smart Grid, 1(3):236-242, dee 2010.
[8] Jian Wang, Qianggang Wang, Niancheng Zhou, and Yuan Chi. A novel electric
ity transaction mode of microgrids based on blockchain and continuous double
auction. Energies, 10(12):1971, nov 2017.
[9] Kerstin Rock Scott Kessler Lawrence Orsini Christo£ Weinhardt Esther Men
gelkamp, Johannes Garttner. Designing microgrid energy markets a case study:
The brooklyn microgrid. 2017.
[10] Ahmad F. Taha Shen Wang and Jianhui Wang. Blockchain-assisted crowd
sourced energy systems. In IEEE Power & Energy Society General Meeting
2018, Portland, Oregon, August 2018. IEEE.
[11] Qiuyu Peng and Steven H. Low. Optimal branch exchange for feeder reconfig
uration in distribution networks. In 52nd IEEE Conference on Decision and
Control, Florence, Italy, December 2013.
[12] Satoshi Nakamoto. Bitcoin: A peer-to-peer electronic cash system, 2009.
[13] A NEXT, GENERATION SMART, CONTRACT, DECENTRALIZED AP
PLICATION, PLATFORM, By Vitalik, and Buterin. Ethereum white paper.
2009.
[14] Vitalik Buterin. A next-generation smart contract and decentralized application
platform. Technical report, Ethereum, 2017.
[15] Vitalik Buterin. Daos, <lacs, <las and more: An incomplete terminology guide.
Technical report, Ethereum Blog, 2014.

41

[16] F. Wang. Toward a paradigm shift in social computing: The acp approach.
IEEE Intelligent Systems, 22(5):65-67, September 2007.
[17] Fei-Yue Wang. Cpscom 2010 keynote speech: Feiyue wang. In 2010 IEEE/ACM
Int'l Conference on Green Computing and Communications Int'l Conference on
Cyber, Physical and Social Computing, pages lvi-lvi, December 2010.
[18] Nick Szabo. Smart contracts. 1994.
[19] by Ralph C. Merkle and merkle@merkle.com. Daos, democracy and governance.
2016.
[20] Huaiguang Jiang, Yingchen Zhang, Eduard Muljadi, Jun Zhang, and Wenzhong
Gao. A short-term and high-resolution distribution system load forecasting
approach using support vector regression with hybrid parameters optimization.
IEEE Transactions on Smart Grid, 2016.
[21] Huaiguang Jiang, Xiaoxiao Dai, David Wenzhong Gao, Jun Jason Zhang,
Yingchen Zhang, and Eduard Muljadi. Spatial-temporal synchrophasor data
characterization and analytics in smart grid fault detection, identification, and
impact causal analysis. IEEE Transactions on Smart Grid, 7(5):2525-2536,
2016.
[22] Huaiguang Jiang, Yingchen Zhang, Jun Jason Zhang, David Wenzhong Gao,
and Eduard Muljadi. Synchrophasor-based auxiliary controller to enhance the
voltage stability of a distribution system with high renewable energy penetra
tion. IEEE Transactions on Smart Grid, 6(4):2107-2115, 2015.
[23] Yi Gu, Huaiguang Jiang, Yingchen Zhang, Jun Jason Zhang, Tianlu Gao, and
Eduard Muljadi. Knowledge discovery for smart grid operation, control, and
situation awarenessa big data visualization platform. In 2016 North American
Power Symposium (NAPS), pages 1-6. IEEE, 2016.
42

[24] J. J. Zhang, F. Wang, Q. Wang, D. Hao, X. Yang, D. W. Gao, X. Zhao,
and Y. Zhang. Parallel dispatch: a new paradigm of electrical power system
dispatch. IEEE/CAA Journal of Automatica Sinica, 5(1):311-319, January
2018.
[25] Jun Jason Zhang, David Wenzhong Gao, Yingchen Zhang, Xiao Wang, Xi
angyang Zhao, Dongliang Duan, Xiaoxiao Dai, Jun Hao, and Fei-Yue Wang.
Social energy: mining energy from the society. IEEE/CAA Journal of Auto
matica Sinica, 4(3):466-482, 2017.
[26] J. Hao, X. Dai, Y. Zhang, J. Zhang, and W. Gao. Distribution locational real
time pricing based smart building control and management. In 2016 North
American Power Symposium (NAPS), pages 1-6, September 2016.
[27] Jian Qiu and Yun-Bo Yi. Random walk simulation model of diffusion in circu
lar and elliptical particulate composites. International Journal for Multiscale
Computational Engineering, 16(2), 2018.
[28] J Qiu, YB Yi, and X Guo. Computational prediction of electrical and ther
mal conductivities of disklike particulate composites. International Journal of
Computational Materials Science and Engineering, 4(03):1550013, 2015.
[29] Jian Qiu. Computational Modeling of Percolation Conduction and Diffusion of
Heterogeneous Materials. PhD thesis, University of Denver, 2017.
[30] Yingchen Zhang Rui Yang. Three-phase ac optimal power flow based distribu
tion locational marginal price. In 2017 IEEE Power & Energy Society Innova
tive Smart Grid Technologies Conference (!SGT), number 17315158, Washing
ton, DC, USA, April 2017. IEEE.

43

[31] Yingchen Zhang Rui Yang. T hree-phase ac optimal power flow based distribu
tion locational marginal price: Preprint. Technical Report NREL/CP-5D0068112, NREL, NREL, GOLDEN, CO, May 2017.
[32] A. Khodaei. Resiliency-oriented microgrid optimal scheduling. IEEE Transac
tions on Smart Grid, 5(4):1584-1591, July 2014.
[33] K.P. Schneider, B. A. Mather, B.C. Pal, C.. Ten, G.J. Shirek, H. Zhu, J.C.
Fuller, J. L. R. Pereira, L. F. Ochoa, L. R. de Araujo, R. C. Dugan, S. Matthias,
S. Paudyal, T. E. McDermott, and W. Kersting. Analytic considerations and
design basis for the ieee distribution test feeders. IEEE Transactions on Power
Systems, 33(3):3181-3188, May 2018.
[34] G. Hug, S. Kar, and C. Wu. Consensus

+ innovations approach for distributed

multiagent coordination in a microgrid. IEEE Transactions on Smart Grid,
6(4):1893-1903, July 2015.
[35] J.Mohammadi, G. Hug, and S. Kar. Asynchronous distributed approach for de
optimal power flow. 2015 IEEE Eindhoven PowerTech, pages 1-6, June 2015.
[36] J. Mohammadi, G. Hug, and S. Kar. Fully distributed dc-opf approach for
power flow control. In 2015 IEEE Power Energy Society General Meeting,
pages 1-5, 2015.
[37] Gabriela Hug Javad Mohammadi, Soummya Kar. Distributed approach for
de optimal power flow calculations. arXiv: Cornell University, pages 1-11,
October 2014. Optimization and Control.
[38] Zhi-Wei Gao and Fei-Yue Wang. New results on doubly coprime fractional
representations of generalized dynamical systems. IEEE Transactions on Au
tomatic Control, 48(2):299-303, February 2003.

44

Appendix A

ACRONYMS
ACP

Artificial systems, Computational experiments, Parallel
execution

API

Application Programming Interface

CPS

Cyber-Physical System

CPSS

Cyber-Physical-Social System

CRS

Congressional Research Service

DAO

Decentralized Autonomous Organization

DER

Distributed Energy Resource

DG

Distributed Generation

DLMP

Distribution Locational Marginal Price

DPT

Distribution Power Trading

DS

Distributed Storages

DSO

Distributed System Operator

ED

Economic Dispatch

EMS

Energy Management System
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EVM

Ethereum Virtual Machine

FERC

Federal Energy Regulatory Commission

ILT

Integrity, Longevity, and Transparency

ISO

Independent System Operator

LMP

Locational Marginal Price

MCP

Market clearing Price

MG

Microgrid

MW

Megawatt

OPF

Optimal Power Flow

PF

Power Flow

P2P

Peer-to-Peer

PILT

Parallel, Integrity, Longevity, and Transparency

PJM

Pennsylvania, New Jersey, Maryland

P.U.

Per Unit

PoW

Proof-of-Work

RTO

Regional Transmission Organization
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Appendix B

Nomenclature
Functions:
Operation Cost Function
Sets:
Set of Generators
Set of Nodes
Set of Buses
Set of Line Segments
Indices:

n

Index of Generators

t

Index of time

i

Index of iteration

k

Index of buses k

j

Index of buses j
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Binary and Integer Variables:
Line Reactance
Maxmium Power Flow

-P--i
J

Minmium Power Flow
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