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ABSTRACT

As a high-efficiency and low-carbon energy supply
mode, district energy systems (DESs) have gained rapid
development recently. This paper proposes a framework
for energy trading among DESs, with the aim of
exploiting the synergies and complementary advantages
of various energy demand profiles in DESs. Blockchain
technology is utilized to facilitate energy trading. The
distributed algorithm based stochastic decision-making
process is developed to determine the energy trading,
including the transaction quantities and prices. A chance-
constrained programming model is developed for
dealing with the uncertainties. The illustration of the
technique is provided based on a test system.
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NONMENCLATURE
Abbreviations
DES District energy system
CHP Combined heat and power
Symbols
t Time step
P, Electric power of CHP unit ¢
H Heat power of CHP unit ¢
H, Heat power of auxiliary boiler
PM‘Z';” Power capacity of wind turbine w
P, Power output of wind turbine w
Hy, Heat demand of building b
P, Electric demand of building b

1. INTRODUCTION

In the last decades, the fast-growing energy
consumption has raised concerns over supply difficulties,
exhaustion of energy resources and heavy
environmental impacts all over the world [1]. Under such
circumstances, there has been intense interest in the
development of energy-efficient technologies and
systems. District energy systems (DESs) have aroused a
wide interest of academic and engineering for its ability
of supplying thermal energy to buildings while reducing
peak demand, annual energy use, and total greenhouse
gas emissions [2]. DESs use a central energy plant, which
is usually a combined heat and power (CHP) plant [3], to
produce thermal power and then distribute them
through underground pipes to local buildings [4].
Moreover, DESs may also include the distributed
renewable energy generation, such as wind power or
solar power, to supply the electrical loads. As a
consequence, DESs contribute significantly to the
decarbonization of the building sectors.

Recently, the optimal operation of the DES has been
studied. References [5] and [6] developed a mixed-
integer linear programming (MILP) model to optimally
design and operate a DES in a limited urban area with
interconnected buildings via a heat distribution network.
A district energy management strategy was devoted to
monitor and control district power consumptions to
satisfy customer comfort and preferences at minimum
cost [7]. Some studies exploited the flexibility of CHP
units for improving the DES operation. Authors in [8]
presented the opportunities for increasing the flexibility
of CHP units using electric boilers and heat storage tanks.
Reference [9] presented a model that determined the
theoretical maximum flexibility of a CHP system coupled
with a thermal energy storage solution.

In  previous studies, DESs are operated
independently with each other. Restricted by their
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relatively limited scale, DESs usually do not participate in
the centralized energy markets. In such a situation, DESs
may face the mismatch between the supply and demand
and lack of operational flexibility.

This paper develops an energy sharing and trading
framework for the connected DESs based on the
blockchain and smart contract technologies. In the
framework, the energy surplus can be traded between
the DESs. In this way, the synergies and complementary
advantages of various load profiles in different DESs can
be exploited. Moreover, DESs can be standby to each
other and therefore the operational reliability of the
DESs can be improved.

Energy trading between the DESs is formulated as a
collaborative decision-making problem. Each DES
determines how much energy it wants to purchase or sell
to minimize the total operation cost. Moreover, the
optimal operation of each DES is formulated as a chance-
constrained  programming  problem  with the
consideration of the uncertainties about the renewable
energies and energy demand. Then, an iterative-based
distributed algorithm is used to solve the collaborative
optimization problems of the DESs. Finally, the energy
trading between the DESs can be determined. The
energy transaction information is broadcasted to every
DESs. During the operation phase, the transactions will
be executed and cleared.

2. BLOCKCHAIN BASED ENERGY TRADING
2.1 Introduction of district energy systems

DESs are used to satisfy comprehensive energy
demands for different types of loads in an industrial park,
hospitals, military bases, a cluster of commercial
buildings, universities, and other similar settings [10]. A
DES usually consists of a CHP unit, auxiliary boiler,
distributed renewable energy resources and the energy
networks for supplying the local buildings [11]. The CHP-
based DES considered in this paper is illustrated in Fig. 1,
which includes CHP plant, auxiliary boilers and wind
power representing distributed renewable energies.
Moreover, it is assumed multiple DESs are connected
with each other through electricity transmission lines,
allowing the energy flow between DESs.

2.2 Blockchain and smart contract

Blockchain technology is utilized to facilitate energy
trading between the DESs. Blockchain is an emerging
technology for decentralized computation and data
storage, secured by a combination of cryptographic
signatures and a distributed consensus mechanism. As

shown in the bottom half of Fig. 1, a blockchain is

composed of a chain of data packages (blocks) [12]. Each

block comprises multiple transactions at a time step t.

The blockchain is extended by each additional block and

hence represents a complete ledger of the transaction

history. In addition to the transactions, each block
contains a timestamp, the hash value of the previous
block (“parent”), and a nonce, which is a random

number for verifying the hash [13].

The idea of energy trading between DESs based on
blockchain technology can be illustrated as:

e DESs determine how much energy they want to
purchase or sell at time t in advance based on the
forecasted supply and demand conditions;

e a collaborative decision-making process is launched
for matching buy and sell contracts, and the quantity
and price of each transaction are confirmed in this
step;

e the block t recording the concluded transactions for
time t is generated and the blockchain is extended.

e At time t, the operators of the DESs will read the
information from blockchains and execute the
transactions.

Take the DESs in Fig. 1 as an example, DES1 will
deliver Pi.;: of electricity to DES2 and supply Pi.3 of
electricity to DES3 according to the concluded
transactions. Moreover, the transactions will be settled
through the smart contracts, which are self-executing
contracts with the terms of the agreement between
buyer and seller being directly written into lines of code
[14]. In this case, DES1 will receive the payment of
Pioe Py o *P g P15 attimet.

\j I ;HP DESI

I\nllunm /)
P
wilid powg
Buildings
Pix Pra
M P

-j I 7" PEs
e
g

| Pz P Prn !
Hash of block 0 —— | Hash ol block ¢
Time stamp Notce [Time stamp | [ Nonee | Monce
- e — =
Transactions Transactions
——
Gensis bk Block ¢ Block 1 +1

Fig 1 Blockchain based energy trading among DESs.

3. COLLABORATIVE DECISION-MAKING PROCESS
This section introduces the collaborative decision-
making process for determining the transactions,
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including the quantities and prices. First, the chance-
constrained programming for each DES is developed
which tries to satisfy the buildings energy demands with
minimum costs while considering the uncertainties.
Then, the collaboration between the DESs is formulated
as a collaborative decision-making process, which
optimizes the energy flow between the DESs, based on
which the transactions are concluded.

3.1 Chance-constrained programming for DES

In this subsection, an individual optimal operation
problem of the DES is formulated without the
consideration of energy exchange with other DESs. In this
case, DES operator schedules the CHP plant, auxiliary
boilers and wind power to meet the buildings energy
demands. Notice that there are several uncertainties
need to be considered in the DES optimization. Indeed,
neither the power consumption or wind power can be
exactly predicted [15]. The uncertainties related to the
electricity demand and wind power will influence the
DES operation.

For handling the demand and wind power
uncertainties, the DES optimization is formulated as a
chance-constrained stochastic programming problem
[16],[17]. The objective function of the DES optimization
problem is shown in (1):

manF( oH ) a

As shown in (1), the objective function includes
operating costs of the CHP plant F. and auxiliary boiler F,
and the penalty cost for the wind power curtailment with
y,, denoting the penalty rate.

B (Ho ), S (P —R) )

The optimization problem needs to consider the
following constraints:

Nb
m/'t :Zb:]_mbt (2)
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where m,, denotes water mass flow to the building b;
m;,, denotes the aggregated heat water mass flow of DHS

i; Sy and E, denotes the supply and return water

temperature to building b, respectively; S, and Ej,

denotes the supply and return water temperature from

DHS j, respectively; T, denotes the ambient

ot
temperature; c, denotes the specific heat of water; h

and / denotes the heat transfer coefficient and length of
the heat pipeline, respectively; k, denotes the heat

transfer coefficient with outside; s, and ¢
respectively denote the surface area and heat capacity of
the building b; n denotes the air exchange time; T,
denotes the indoor temperature of the building b.

Equations (2)-(4) denote the heat power
distribution constraints in the DES; equations (5)-(8)
denote the thermal dynamic model of buildings [18].

Because of the demand and wind power
uncertainties, the electric power balance constraint (9)
has a stochastic characteristic. Using the expected values
of the random variables and applying the chance
constraint technique, the corresponding stochastic
constraint is formulated by:

Z:Nc1 > Z:NW1 » Z (9)
Pr{z ( P + R )+ZW e _zbzlet}Zl—LOLPt (10)

R, SPM™ —P,;R,<u.-At (11)

Equation (9) represents the electric power balance
constraint where the expected values of wind power and
demand are considered; equation (10) restricts the loss
of load probability (LOLP, ) to achieve the required level;
equation (11) provides the limit of the operating

reserves of CHP plant R, which is constrained by the
maximum electric power output P and the ramping

rate vu,.

In this paper, the wind power forecast error at time
tis modeled as a Gaussian variable with a zero mean and
a standard deviation of g, . Similarly, the electricity load
forecast error at time t is modeled as a Gaussian variable
with a zero mean and a standard deviation of o,,.

The probability distribution functions (PDFs) of wind
power and demand are respectively expressed as:

Py =Py +0P,,, AR, €N(0,0,,,) (12)

wt?

Pyt =Py +APy, AR, €N (0,0, ) (13)
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where Pb*t and Pv:t denote the forecast for electricity load
and wind power generation, respectively.

Then, the chance constraint expressed in (10) is
converted into the equivalent deterministic constraint
based on the PDFs of wind power and demand. The
equivalent deterministic constraint is shown as (14):

Zf’il(Pct +R, )+Z o
2 nglet +Z o1pt I:z,,,vv:(awt )2 + Z:ﬁl(abt )2}

In (14), Z,, denotes the inverse process of

(14)

probability calculating, which is used to find a value x*
that satisfies

SIETAED WAL D WACH

where x follows a Gaussian variable with a zero mean and

(o) + 2050w )

3.2 Energy transactions between DESs

a standard deviation of \/252

This subsection describes the collaborative decision-
making process for determining the energy transactions
between DESs.

Considering the energy trading, the shared variables,
i.e. the transaction power between the DESs, should be
considered. In this paper, the pseudo generation/load
model is used to deal with shared variables between the

DESs [19]. Suppose that the power P, is transferred

from the DES i to DES j. Then, the energy trading is
modeled as a pseudo electric demand from the
perspective of DES j and as a pseudo generator from the
perspective of DES j. In this way, the optimization
problems of DESs are separated from each other.

With the consideration of energy transactions, the
optimization problems of DESs need to be modified.
First, a set of augmented Lagrangian penalty functions
are added to the objective functions of the optimization
problems denoting the impacts of pseudo
generator/load. Using these penalty function as well as
penalty multipliers, each DES can individually solve its
own local optimal operation problem. The modified
objective function of DES i is expressed as:

manF( > H ) a(Hat)+VW%(PVZQ”'_PWt)
w=1 (16)

+ Z ( Ijl’( it Ijt H6Ijl’ Pljt)i)

=L j#i
are the penalty multipliers; the

and 86

where q; it

i-jt

symbol o represents the Hadamard product; P,.Tjt

denotes the pre-scheduled transaction power while P,
denotes the transaction power need to be optimized.
The power balance constraint and equivalent

deterministic constraint are also modified as:

ZC =1 ct Zw =1 wt Z Pbt 21¢: i-jt (17)
Zivil(P“ +R“ )+Z lP‘;fl/’ _Zj¢lpljt
SHARTIND JACHED LA

The transaction power is restricted by the tie-line
capacity, which is expressed as:

Pt _P (19)
The iterative solution procedure is used to solve this

collaborative decision-making process and determine

the transaction power Py - This algorithm is briefly

(18)

explained as follows:

e Set the iteration index s=1 and choose initial values

*s— l s-1 65—1

fOf' l/t Ijt'ljt’

e Solve the optimal scheduling problem for each DES

with the variable A7, and the values ofP,Jst from

the previous iteration.

e Check the following necessary-consistency (20) and
sufficient (21) stopping criteria. If they are not
satisfied, go to next step; otherwise, the converged
optimal result is obtained and the solution
procedure stops.

The necessary-consistency condition and sufficiency
are expressed as (20) and (21), respectively:

PP <& Vi, Vj,Vt (20)
Sufficiency condition:
S—fN/fP<e, ViVt (21)

where f,.S denotes the value of the objective function;

e Set s=s+1 and update the values of multipliers, and

return to step 2.

Solving the collaborative decision-making process,
the power of transactions between the DESs can be
determined. Then, the prices are evaluated as follows.

As discussed above, the optimal operation problems
of DESs are formulated as nonlinear optimization
programming represented by (16)-(19), and (2)-(8). The
problems can be solved with the interior point method
(IPM). Moreover, the shadow prices corresponding to
constrint (17) at the optimal solution denote the
marginal electricity cost of the DESs on real time. It is
assumed that the marginal electricity cost for DHS j and
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DHS jare p, and p,, respectively. Then, the clearing
price for transaction P, is set as:

pi-jrz(pit +pjt)/2 (22)

Actually, p, should be equal to p, if the tie-line

capacity is not bounded. In this case, we have:
Pijt=Pit=Pjt (23)

4. COLLABORATIVE DECISION-MAKING PROCESS
4.1 System and parameters

Three connected DESs are considered, which supply
energy to the residential, commercial and industrial
buildings, respectively. The electric and heat demand
profiles for the three DESs are shown in Fig. 2 [20].

—+— DES|—s— DES2—— DES3

L2 DES |—s— DES2—s— DES3

3

0.8 »ag .

0.4+

Heat demand

0.0 P : A
4 b 12 16 20 24 4 8 12 16 20 24

Fig. 2 Demand profiles for the three DESs.

The basic data are derived based on the real DES
project in Hallstahammar, Sweden. The CHP plant is sized
to supply 12MW of power and 25MW of thermal energy
from the condenser. The installed capacity of wind
power is set as 4MW. The capacity of gas-fired auxiliary
boiler is set as 5SMW. The maximum electric demand and
heat demand are 10MW and 20MW, respectively. The
cost parameters of CHP plant are set as
a,=0,=0.5;b, =b, =40;c, =c, =0. The cost functions of

auxiliary boilers are setas F, (Hat ):60Hat .

4.2 Simulation results

The transactions between the three DESs are
determined based on the proposed technique. The
transaction power and corresponding prices over the 24
hours are shown in Fig .3.
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Fig. 3 Energy trading between the DESs over 24 hours.

As we can see from Fig. 3, the transactions are
frequent and sizable. The transaction prices are also
variable, which are determined by the demand and
supply conditions in the DESs.

To illustrate the benefits of energy trading, two
scenarios are modeled with scenario 1 denoting the non-
trading scenario and scenario 2 denoting the with-
trading scenario. First, the two scenarios are compared
in term of daily operation cost (S) as shown in Table I.

Table | Summary of the comparisons in term of cost

Scenarios Scenario 1 Scenario 2
DES1 3.14x10% 3.07x10*
DES2 1.35x10% 1. 06x10*
DES3 1.81x10% 1.73x10*

As shown in Table |, the operation costs in the three
DESs all decrease in Scenario 2 compared with Scenario
1. Averagely, the operation cost can decrease by 7.5%
with the consideration of energy trading. The simulation
results in the two scenarios are also compared in term of
wind power integration. Without the consideration of
energy trading, the mismatch between wind power and
demand may lead to wind power curtailment. As shown
in Fig. 4, wind power curtailment in DES2 and DES3 in
Scenariol. In Scenario2, the energy surplus can be traded
and therefore the wind power can be fully utilized.

—— Integration in S1 —— Integration in S2

=
=
o
B3
[=]
(=9
o
£
2
4 8 12 16
hours

Fig. 4 Comparisons in term of wind power integration.
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CONCLUSION

The framework for energy trading among DESs is
developed based on the blockchains technology.
Stochastic  chance-constrained programming and
distributed algorithm are applied to determine the
transaction quantities and prices. Evidenced by the
simulation results, the energy trading contributes to the
operation cost saving and wind power integration.

ACKNOWLEDGMENT

The research is supported by the National Natural
Science Foundation China and Joint Programming
Initiative Urban Europe Call (NSFC—JPI UE) under grant
71961137004.

REFERENCE

[1]L. Pérez-Lombard, J. Ortiz, and C. Pout, "A review on
buildings energy consumption information," Energy and
Buildings, vol. 40, no. 3, pp. 394-398, 2008.

[2]JL. T. Cooper and N. Rajkovich, "An Evaluation of
District Energy Systems in North America: Lessons
Learned from Four Heating Dominated Cities in the US
and Canada," available on
<http://www.ourenergypolicy.org/wp-content/ uploads
/2012/08/0193-000354.pdf.>

[3]D. Gvozdenac, B. G. Urosevié¢, C. Menke, D. Urosevic,
and A. J. E. Bangviwat, "High efficiency cogeneration:
CHP and non-CHP energy," Energy , vol. 135, pp. 269-278,
2017.

[4] "Enviromental and Energy Study Institite.
What is District Energy? 2011. available on:
https://www.eesi.org/files/district energy factsheet 0
92311.pdf."

[5] S. Bracco, G. Dentici, and S. Siri, "Economic and
environmental optimization model for the design
and the operation of a combined heat and power
distributed generation system in an urban area," Energy,
vol. 55, pp. 1014-1024, 2013.

[6] M. Ameri and Z. Besharati, "Optimal design and
operation of district heating and cooling networks with
CCHP systems in a residential complex," Energy and
Buildings, vol. 110, pp. 135-148, 2016.

[7] M. P. Fanti, A. M. Mangini, M. Roccotelli, W. J. I.
T. Ukovich, and Engineering, "A district energy
management based on thermal comfort satisfaction and
real-time power balancing," [EEE Transactions on
Automation Science and Engineering, vol. 12, no. 4, pp.
1271-1284, 2015.

[8] X. Chen et al.,, "Increasing the Flexibility of
Combined Heat and Power for Wind Power Integration

in China: Modeling and Implications," IEEE Transactions
on Power Systems, vol. 30, no. 4, pp. 1848-1857, 2015.
[9] T. Nuytten, B. Claessens, K. Paredis, J. Van Bael,
and D. Six, "Flexibility of a combined heat and power
system with thermal energy storage for district heating,"
Applied Energy, vol. 104, pp. 583-591, 2013.

[10] J. Allegrini, K. Orehounig, G. Mavromatidis, F.
Ruesch, V. Dorer, and R. Evins, "A review of modelling
approaches and tools for the simulation of district-scale
energy systems," Renewable and Sustainable Energy
Reviews, vol. 52, pp. 1391-1404, 2015/12/01/ 2015.

[11] B. Morvaj, R. Evins, and J. Carmeliet,
"Decarbonizing the electricity grid: The impact on urban
energy systems, distribution grids and district heating
potential," Applied Energy, vol. 191, pp. 125-140, 2017.
[12] Z. Zheng, S. Xie, H.-N. Dai, and H. Wang,
"Blockchain challenges and opportunities: A survey,"
International Journal of Web and Grid Services, 2016.
[13] M. Nofer, P. Gomber, O. Hinz, and D. Schiereck,
"Blockchain," Business & Information  Systems
Engineering, vol. 59, no. 3, pp. 183-187, 2017.

[14] N. Szabo, "Formalizing and  Securing
Relationships on Public Networks," First Monday, 1997,
1997-09-01 1997.

[15] A. Kargarian, M. Raoofat, and M. Mohammadi,
"Probabilistic reactive power procurement in hybrid
electricity markets with uncertain loads," Electric Power
Systems Research, vol. 82, no. 1, pp. 68-80, 2012.

[16] H. Wu, M. Shahidehpour, Z. Li, and W. Tian,
"Chance-constrained day-ahead scheduling in stochastic
power system operation," IEEE Transactions on Power
Systems, vol. 29, no. 4, pp. 1583-1591, 2014.

[17] Q. Wang, Y. Guan, and J. Wang, "A chance-
constrained two-stage stochastic program for unit
commitment with uncertain wind power output," /EEE
transactions on power systems, vol. 27, no. 1, pp. 206-
215, 2011.

[18] H. Hui, Y. Ding, W. Liu, Y. Lin, and Y. Song,
"Operating reserve evaluation of aggregated air
conditioners," Applied Energy, vol. 196, pp. 218-228,
2017.

[219] A. Kargarian, Y. Fu, and H. Wu, "Chance-
constrained system of systems based operation of power
systems," [EEE Transactions on Power Systems ,vol. 31,
no. 5, pp. 3404-3413, 2015.

[20] A. Hussain, V.-H. Bui, H.-M. Kim, Y.-H. Im, and J.
Lee, "Optimal Energy Management of Combined Cooling,
Heat and Power in Different Demand Type Buildings
Considering Seasonal Demand Variations," Energies, vol.
10, no. 6, p. 789, 2017.

6 Copyright © 2019 CUE


https://www.eesi.org/files/district_energy_factsheet_092311.pdf
https://www.eesi.org/files/district_energy_factsheet_092311.pdf

