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ABSTRACT

In this paper wepropose dinear programing model to
determine the optimal size d&fthaseChange Energy
Sorage (PCES)for the planning ofActive Distribution
Systen{ADS). The objective function of proposed model
consiss of the investment and operation caftADS
andthe constraints consider the operating conditions of
ADS and PCESA case study based on theal peak
valley electricity price and 8768ours cooling load in
Beijing proved the effectiveness of proposed mdded
economic benefit of implemérg PCES in ADS ialso
illustrated by the numerical results

INTRODUCTION

Active DistributionSystem(ADS), proposed by CIGRE

in 20094, has featured the addition of Distributed
Energy Resources (DER) with thénclusion of
Distributed Generations (DGIgad control, and Energy
Storage System (ESSincluding Electrical Energy
Storage (EES) and hermal Storage Systems (TSS}o

the traditionabistributionsystemplanning.

TSS based onphase change material®CM) with
solidHiquid transition are considered be an efficient
alternative to sensible thermstiorage(STS) system&l,
From an energy efficiency point of viewhaseChange
Energy Storage (PCES systems haw the advantage
that they operate with small temperature differences
between charging and discharging. Furthermore, these
storages have high energy densities compared to
STE,

In recent yearsthere aresome researchers working on
the topic of evaluation model fapplyingPCES$4€l, In
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electricity price and 8768ours cooling load in Beijing
proved the effectiveness of proposed mod€&he

numerical resultsof the case studiedllustrated the

economic benefit of implementing PCES in AD&

urban area

TYPICAL APPLICATION MODE OF PCES
IN ADS

PCES can be manufacturenh different shapes, as
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Figure 1 Different shapesf PCESunits

With the features of higheenergy efficiencyand
smaller temperature differencégtween charging and
discharging the heat exchange of PCES is more
controllable than that of STS.

Compared with EESg.g. battery storage, and STS, the
advantageanddisadvatagesof applying PCES in ADS
of urban area are concludedTiable1.

Table 1 Comparisons for EER}CES and STS

[4], a PCM utilization factorand corresponding design
tool to evaluatethe effect of PCM wallboardsire
proposedUsing daytime solar enerdgr supplying heat
for a building after storing energy by paraffione of

PCM) is proved to be feasible ifb]. Other Researchers
propose a model to evaludtee thermal performance of
building wall and roof incorporatind®CM panel for

cooling applicationin [6]. | t ' s
models aim at evaluatindhé energysaving benefit of

not ethese t hy

Perunit EES PCES STS
Cost
(RMB/M 3,185,000 800,000 210,000
Wh)
Lowest cost
Storage Lower cost '
Advanta electrial Higher energy Big temperature
ith i differences while
ges energy wit densitiesand harginc/disch
t h rauttiple ues efficiency charging/discharg
ing

implementing PCESnstead of optimize the capacity of
PCES considering the coordinatibetween ADS with
PCESandbulk power market.

A linear programing model toalculatethe optimal size
of PCESfor the planning ofADS is prgposed in this

Only storage heating /cooling energy

Disadvan
tages

Small temperature

differenceswhile

charginddischargi
ng

High cost Lower energy
densities and

efficiency

paper The objective function of proposed model
considerghe investment and operation cost of ADS, and
the constraintincludethe operating conditions of ADS
and PCES. A case study based on the real-paisy

Paper No ###

The cost of construction projects and ancillary facilities
for each type oESS has been consideliedhe first line
of the table® p-@ ni t , whiohsig based on the data
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provided in[7] and the manufacturer$he“MWh” here
refers to the electrical power consumption while
supplying cooling load with air conditioner, the
coefficiency of performancéCOP) of which is 1:4.
From this table it can be concluded that: EES is much
more expensive than PCES and SiTthey are applied
as thermal energy storagedevices It should be noted
that even comparedith STS e.g. vater sbrage tank
PCES is more suitable for beiegnstructedn ADS for
urban area due tdts higher energy densities and
efficiency, which results in a lower area and room
consumption.

The proposed mode for applying PCES in ADSshsft
power load from peaload hours to valley load hours, as
illustrated in Figure 2. That is, storage the
heating/cooling energy with relatively cheap electricity
at night, then discharge and supply hedtiaglingload

in daytime epladng electrical bder and air conditioner.
Becausd t cormmonthatthere is a considerablarice
difference between the electricity prices of peak load
hours and valley load houirs most bulk power market
thus can make it economic to add PCES in ADS for
utilities, so tkat they can reduce the electricity power
cost when trading with bulk power market.
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Figure 2 Proposed Operation Strategy of PCES

For example, arrent industrial and commercial peak
valley price in Beijing is illustrated ifable 2 below,
which indicates the potential of applying PCES in ADS
to reduce the total cost of investment and operation.

Table 2 Industrial and Commercial Peakalley
Electricity Price of Beijing
) Total Price
Type Time ofone day ()  (RMB/KWH"
Summer 11:00~13:00
Peak _ _ 3 1.4409
> July Sep” 20:00~21:00
Peak 10:00~15:00
(Other monthy  18:00-21:00  ° 19222
7:00~10:00
Normal 15:00~18:00 8 0.8395
21:00~23:00
Valley 23:00~7:00 8 0.3818
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MODEL FORMULATION

Objective function

The djective of proposed model is to minimize the total
cost of investment and operation for ADS in terms of
supplying cooling load. Therefore, the investment cost is
mainly the construction project and facilities of PCES.
And the operation cost considers thlectricity power
trading cost of ADS with bulk power market.

The objective function is as below:;

; C ESS, 24 TR pELE gr? coln
min X7+ —_—
INV ay. (l+i)y h:al. h cop (1)

WhereC,,, is the petunit construction cost of PCES
x5%% is the designed capacity for PCEich is the key
variable in the modelthus C,,, x***is the investment

cost of PCES

— is the coefficient for operation
@+i)’

cost in planning yeay, since theannualdiscount rate

(which is usually the interest ratef future cost isi,

8.7.60 gCooling ) o ]

§ P =_— is the electricity power trading cost of

het CcopP

ADS in each year in terms adperating the cooling

system, withP™* as electricity prices irhour h and

COP (coefficiency of performanceonstant, e.g., 4) are

both known conditions. The variablg ™" is the

cooling load in houth. Divided ty COP, the cooling

load g™ is transferred into electricalload

Obviously, the objective function consider the 8760
8760

hour (a yearscenariovith §
h=1

Constraints

The Investment and Operation of PCES
"hi[L2,--,8760

1
EL=E €°E0 5 E) @)
0CEF ¢xS 3)
EF=EF  "hmod(h,24) < (4)
EPI‘ID ¢ /EZDXESS (5)

Ef:: ¢ /EZCXESS (6)

Where (2) is the power balance of PCES, is the
stored cooling energy in PCES at hdurES is the
charging cooling power and&} is the discharging
cooling power at houh, respectively.#° and A° are
the charging anddischarging efficiency of PCES,
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respectively(3) is the relationship between the planning Table 3 Maximum cooling load power supplied by air

capacity x=°° of PCES and its stored energy. It is

obvious that thestored energyES cannot exceed the
capacity. (4) indicates the requirement that at the
beginning houth of each day ‘( h,mod(h,24) =) ES

is a known constanE; . (5) and (6) are the limits of

charging and discharging power, with known constant
ESS

/e, and /., to transfer the capacitx=—" into its
correspondent power limits.
Balance of cooling load
"hi[L2,-,8760
gEOO”ng:ghLOAD"'(EhC _EhD) (7)

Where g-°*® is the cooling power load of ADS at hour

h, which is also a known condition by reasonable
prediction.

CASE STUDIES

Case Conditions

The casestudy was based omn actual demonstration
project in a new development zoneBd#ijing, which has
been discussed ifB].

=

Figure 3 Block division ofthe new development zone

Based on theooling load prediction data ifable 2 and
planning results i8], the cooling loadsupplied by the
combined cooling, heating and power (CCHP) was
subtracted from the total cooling load, thus generating
the cooling load supplied by the air conditioner and
PECS, illustrated aBable3.

In order to get the predicth annual cooling load power
curve to plan the optimal capacity for PCES in each
block, these data will be multiplied by the typical 8760
hour cooling load curve in Beijing, thus producing
annual cooling load curve in, e.g. Block A, as shown in
Figure 4.
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conditionerin each block

Block Maximum cooling load power
supplied by air conditioner (MW)

A 27.2
36.2
56.0
47.5
71.7
134.9
123.0

OGTmMmMmOO®
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Figure 4 8760-hours(annua) cooling load of Block A

In Figure4, thecoordinate valuef top point* y =27 . 17"
means that the maximum cooling lopdweris 27.17
MW, which comes from the first row offable 3,
“x=5127" means t hath=52Zréen mom

this year, because the horizontal axis is the time.
The parameters of PCESshownbelow:

Table 4 The cost and performance parameters of PCES

Parameters Value Unit
Chy 20 _ 10* /MWh
Cost d maintenance 0 _ 10* /MWh
/e20 1 MW/MWh
leac 1 MW/MWh

h® 0.95 pu

h° 0.95 pu

Es 0.5 pu

The maintenanceof PCES is usually covered by the
manufacturer, some types of PCES are even
maintenancdree As a result, theast of maintenancs
set to 0. Because ¢fCES excellent performancen
thermal exchange efficiencgnd the assumptiothat
charging and dischangj are completed within one day,
h¢ and AP are sett®5%, /., and /., are setto 1, which
means that 1 MWh PCES caharge or discharge within 1
MW by inequdities (5) and(6).

The planning period is 10 yearng=(@0), and the annual
discount rate i=5%. And the electricity price is
illustrated inTable2.
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Results and analyses PCESiIin an ADS operated in a power market with
significant peakvalley price difference According to
the numerical resultsyithin the 10-yearplanning period
the total cost of supplying cooling load in urban area can
be reduced by about ¥Wif PCES is applied. Also, the
flexibility and energy efficiencyof the system is

Proposedmodel is applied to calculate the optimal
capacity of PCES inaeh block.The results are shown
in table below.

Table 5 Comparison oftwo cases(with and without

PCES) improved significany.
Casel Case 2
(without (with the integration of Cost ACKNOWLEDGEMENT
Block PC?ES) PCE9 ARed”(;:?n This project is supported by National Hitgth R&D
) v‘i‘} ) f‘fgb ) ,F\’ACVShS -1 (863)Program of China (2014AA051902).
A 5784 5221 36 563 REFERENCES
B 7698 6948 48 749 [1] D Adamo C, Jup®9 "SlobalAbbey
survey on planning and operation of active
c 11908 10749 5 1159 distribution networks: update of CIGRE6Q1
D 10101 9117 63 983 working group activities", 20th International
Conference on Electricity DistributipnCIRED,
E 15247 13762 95 1484 IET Services Ltd1-4.
F 28686 25893 180 2793 [2] Cabeza, L. F., et al.2012 "Review of Solar
G 26155 23609 164 2546 Thermal Storage Techniques and Associated Heat
Transfer Technologies.Proceedings of the IEEE
The cost data in Case 1 (without PCES) is from the [3] Demirbas, M. Fatih. 2006 "Thermal Energy
planning results if8]. It can be concluded from this Storage and Phase Change Materials: An
table thatthe cost ofsupplying cooling load within Overview."Energy Sources Part B Economics
planning period is significantly reduced by Planning & Policy, vol.1, 85-95.
implementing PCES torealize supplying peakour [4] A. Guiavarch, D. Bruneau and B. Peuportier, 2014
cooling load with valleshour electricity power energy. "Evaluation of Thermal Effecvf PCM Wallboards
The total cost is reducdsy 10277 10* RMB. It should by Coupling Simplified Phase Change Model with
benotedthat hi s model hasn’t c¢ ons Deasign T®al" Journhl eof Bubidngy €dnsgtructon
such as powesupply reliability enhancement for ADS and Planning Researchipl. 02, 1229.
and the cost reduction on air conditioner yet. Therefore, [5] Liang, Pan. 2014 "Feasibility analysis on the
the application of PCES can bringany benefitdor the phase change thermal storage heating system of
investment and operation of ADS. solar energy.Advanced Research and Technology
It should be pointed out that PCES is usually built up in in Industry Applications (WARTIA), 2014 |IEEE
the building orat leastvery dose to the user sidé\s a Workshop on36-38.
result, thesuccessful implementatioof PCES depends [6] X. Kong, S. Lu, Y. Li, J. Huang, and S. Liu, 2014,
on the willing of powessupply users and specific "Numerical studyon the thermal performance of
conditions ofconstruction However, these factors have building wall and roof incorporating phase change
not been considered and included in the proposed model. material panel for passive cooling application,"
Energy and Buildings/ol. 81,404-415.
CONCLUSIONS [7] Sandia National LaboratorieBebruary 2015 Li-
) . i , ion Battery Systems for Utility T&D @&d Support,
A linear programing mode$ proposedo determine the DOE/EPRI Electricity Storage Handbook in
optimal size of PCES ithe planning of ADSWith the Collaboration with  NRECA AlbuquerquéNew
integration of PCESthis planning model is a further Mexico, US, Appendix B, Table B29.
_researcHor the previousvork presented in a S€hdex [8] Shen, X, Han Y. Zhu S. et al, 2015
g e A0 Toe o oy of | Corshense poueugly pang o scive
Fhis mogel consider the inve]stment and operation cost of distribution system considering aing,  heating
> ! and power load balancelburnal of Modern
PCES The peakvalley electricity price of Beijing and Power Systems & Clean Energpl.3, 485493.

8760hours cooling load have beeraken into
consideration in terms of operation simulation

The case studies Y& proved the effectiveness of
proposed model and illustrated the benefits of applying
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