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Abstract

Proliferation of distributed energy resources (DERs) in active distribution networks
(ADNSs) brings challenges for the distribution system operator (DSO) pertaining to their op-
timal scheduling, pricing, coordination among stakeholders, and market participation. This
thesis addresses these critical issues by developing OPF-based optimization frameworks un-
der different operating conditions. In this regard, a network-dependent, sensitivity-based,
quadratic approximation of the branch-flow Distribution Optimal Power Flow (DOPF) model
is proposed. This model is decomposed to compute active and reactive power distribution
locational marginal prices (DLMPs), comprising incremental costs for energy, loss, conges-
tion, and voltage components. These price signals vary according to the ADN operating
conditions, thereby aiding DSO in incentivizing DERs for voltage support and congestion
relief. Further, the proposed DOPF model is extended to incorporate the dynamic capabil-
ities of heterogeneous DERs, enabling cost-benefit analyses for enhanced DSO operations.
Moreover, the grid events arising from forecast errors and inherent uncertainties can result
in load curtailment at the cost of economic losses and consumers’ discomfort. To address
this issue, an OPF-based electro-thermal DER scheduling framework within the integrated
energy system (IES) is proposed. This supports resilient and economically efficient ADN
operations, preventing it from collapsing or heavy load shedding during uncertain events.

The emergence of Distributed Energy Resource Aggregators (DERAs) to aggregate nu-
merous small-scale DERs within ADN challenges their coordination with the DSO. To ad-
dress this challenge, this thesis develops DER aggregation and DSO-DERA coordination
under different market settings. A box polytope/ hyperrectangle-based geometric approach
is proposed for characterizing DER flexibility. Using this method, the DERA aggregates



operating regions of individual DERs through the Minkowski sum and submits a collec-
tive bid to the DSO. The DSO then performs an ADN-constrained optimization and sends
disaggregated signals back to the DERA. This approach reduces the computational and
communication burden of the DSO while empowering the DERA to distribute the sched-
ules among its contracted DERs, thereby maximizing their benefits. With this approach,
the DERA can operate at any point within the aggregated feasible region, ensuring com-
pliance with ADN operational constraints. Furthermore, three DSO-DERA coordination
frameworks for flexibility allocation under different market settings, i.e., joint, sequential,
and independent, are proposed while ensuring ADN limits. The joint flexibility alloca-
tion (JFA) framework co-optimizes energy and flexibility markets. The sequential flexibility
allocation (SFA) framework separates these markets via nodal price-based flexibility alloca-
tion, enabling flexibility evaluation by DERA. The independent flexibility allocation (IFA)
framework evaluates nodal injection/withdrawal capabilities at DER nodes, facilitating au-
tonomous DERA participation in local and wholesale markets without DSO interference.
In summary, this thesis provides a set of comprehensive tools and methodologies for the
DSO and DERA to manage DERs, improving the operational and economic efficiency of
ADNs. It offers scalable, market-integrated solutions that enhance DER participation in
system services and electricity markets, supporting the transition toward a decentralized,

resilient, and sustainable power system.

Key Words: Active Distribution Network (ADN), Distributed Energy Resources (DERs),
DER Aggregator (DERA), Distribution Locational Marginal Prices (DLMPs), Distribution
System Operator (DSO), Congestion, Optimal Power Flow (OPF).
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g FRw Yeas (ADN) & faia =t garemi (DER) &1 Y6R fBawor yomelt e
(DSO) & foTT 37k TTAH UG, oI MR, RagReH! & o= 93 3R IR ARER 9 Faied
TR ST € | I e fafve aferem Rt % aea OPF-snenia sishe s R #eeh
T TEAYol eI T aIed el § | 39 9 H, En-vare et 2| ureR vt (DOPF) wiss #
T Aeah-HWR, FagARiaal-anend, fGam afrhed g Brm ar €1 39 Atea 1 abra 3R
TR fotet fomeor =i dWia wmal (DLMP) i oM &7 & fo foafeq fmam St €,
TS s, BT, WIS SR diedst Hewhi o o1y Figeitel AT e el € | 3 9eg Feohd ADN di=re
TRt & orgEr e 2 €, e dieest 99909 3R Wiewe ¥ Ted & g DER &1 dieted & |
DSO #I Fewam Brit € | T e, Jeataa DOPF witeet &1 e DER &t Tifasiiet swanett i
A A % g forqiva foran 2, Se@ 39d DSO F=e # forg amrg-en fagersor gers 2
T | ZHeh AT, YATIH FAfeat 3R siafifea sifferdarstt 4 S fre searsti & ufommesy snfdes
THEH 3R STWHSA Hl ST 1 HIHT TS H Heldl 8l Fohall & | 39 H2 1 Fafad F: & g,
T St gt (IES) % ¥R Ts OPF-3emia Seragl-aie DER Iegfer Ef=n weantaa foar &
% | 78 o oY e &9 § Feret ADN aienet i gu2dq ue el €, adr AWiEa seret &
TN THF S B A1 9T «re AT F g €

ADN % iR &% 31 99 o DER a1 Ushia o o forg foafed St ganed winex (DERA)
1 Igd DSO o |1 37k FH=T Sl FHN odl & | 36 AT 1 GHIEME 6 o (oY, I8 fifeq &fve
IR e % qeqd DER a0 iR DSO-DERA 6= &f@a <t & | DER @=ieius &
Fifed 3 % 1Y U afeg dieiieid)/SRuiaeTa-Semia S efbshor ynaa R ™ 8 | 39
TER 1 START Fd U, DERA Rishieent I & Aread § AfeTd DER & S=ed &5 &1 Tt
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FAT © R DSO =l T Arfeeh arelt U&qd &l & | DSO @ ADN-URETEd e el © 3K
S-S Hehdll bl DERA &l 199 99Tl © | I8 2f¥aiol DSO & FFeREa 3R YR aiF &l &7
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=, ADN e sl GHIEa Xd T T=anad fhT 1T € | < aaiemaq saed (JFA) S St

R A=A & AR 1 FE-ATHIC HAT © | SThiHeh A= aided (SFA) = Aied qea-
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Index of thermal/electrical BESS units.
Indices of ADN nodes/buses.

Index of time intervals.

C. System Parameters and Constants

et /ndis

chp /,.chp
Nee / U

nit fnglis

—=€e

Pchp

—ch ,—=dis

P h / P h
ch

P, /P

S

dis
s

R;

Charging/Discharging efficiency of electrical BESS unit s.

Electrical/Thermal power conversion efficiency of CHP with boiler BESS unit
chp.

Charging/Discharging efficiency of thermal BESS unit h.

Maximum electrical power generation by CHP with boiler unit chp [kW].
Maximum charging/discharging limit of thermal BESS unit h [kW].
Maximum charging/discharging limit of electrical BESS unit s [kW].

Maximum ramp capacity at node i at time ¢ kW /hr].
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Dehp Heat-to-power generation ratio of CHP unit chp.
P, Active power schedule (by DSO) of DER ¢ at time ¢ [kW].
E,/E), Minimum/Maximum energy limits of thermal BESS unit A [kWh].

E,JE, Minimum/Maximum limits of energy stored in electrical BESS unit s [kWh].

bl
chp

Bi’ﬁw /P Minimum /Maximum limit on thermal power generation by CHP with boiler unit

chp [kW].
Q dg / @dg Minimum/Maximum limit on reactive power generation by DG unit dg [kVAr].
Qg /@g Minimum/Maximum limit on reactive power generation by DER unit g [kVAr].
V.V, Minimum/Maximum limit on voltage magnitude at node i [pu].
ca Active power cost bid of DERA « at time ¢ [$/kWh].
Cint/ Cgﬁ Active/Reactive power generation cost of DG unit dg at time ¢ [$/kWHh].
C;/Cg% Active/Reactive power bid of DER g at time ¢ [$/kWh].
CFec Active power price at PoC, time ¢ [$/kWh)].
FUR/FAR - Total upward/downward flexibility request (by DSO) at time ¢ [kW].
Him.i Network incidence matrix with PoC as reference node [N x Np].
PP/QP  Active/Reactive power demand at node 4, time ¢ [kW].

TP Thermal power demand at node 4, time ¢ [kW].

VoLL Value of lost load [$/kWh].

/

I, Maximum squared current capacity of line connected between nodes i and k [pu].
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Maximum ramp capacity of DER ¢ at time ¢ [kW /hr].
V. Squared maximum voltage magnitude limit at node ¢ [pu].

(]

Pl kjt/ [;ukjt Minimum/maximum capabilities of active power flow (after energy schedule) at

the line connected between nodes k and j, at time ¢ [kW].
pa /?aAt Minimum/Maximum active power bid by DERA «a at time ¢ [kW].
P ?Z;j Minimum/Maximum active power injection capacity at node i at time ¢ [kW].
Py/Pag  Minimum/Maximum limit on active power generation of DG unit dg [kW].

P,/P, Minimum/Maximum limit on active power generation of DER unit g [kW].

P, /Py Minimum/Maximum limit on active power flow at line connected between nodes

i and k [kKW].
V!V, Minimum/Maximum limit on squared voltage magnitude at bus i [pu].
Chp/Cér, Cost of heat /electricity generation by CHP with boiler unit chp [$/kWh].
Cyn/Cyy  Fuel cost of heat/electricity generation by CHP with boiler unit chp [$/kg].

D. Decision Variables

it Voltage angle at node 7, time ¢ [rad].

Coehpt Total cost of CHP with boiler unit chp at time ¢ [3].
Cogt Total cost of DG unit dg at time ¢ [$].

Chi Total cost of flexible load f at time ¢ [$].

En Energy stored in thermal BESS unit & at time ¢ [kWHh].
Eq Energy stored in electrical BESS unit s at time ¢ [kWh].
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F;@/ngt

F;%T / F;ltr

Iik:t
PA

at

Pbl

chpt

Pceifpt
piri
Pdgt/ngt
Py

P, gt/ Qgt

ch dis
Pht /Pht

Hkt/@ikt

P/ Qi

Upward/downward active power flexibility capabilities (after energy schedule) of

DER g at time ¢t [kW].

Upward/downward flexibilities allocated (upon DSO request) to DER g at time
t [kW].

Upward/downward ramp capabilities (after energy schedule) of DER ¢ at time
t [kW/hr].

Squared line current flowing between nodes ¢ and k at time ¢ [pu].
Active power schedule of DERA a at time ¢ [$/kWh].

Thermal power output from CHP with boiler unit chp at time ¢ [kW].
Electrical power output from CHP with boiler unit chp, time ¢ [kW].
Active power injection at node m [kW].

Active/Reactive power schedule of DG unit dg at time ¢ kW /kVAr].
Flexible load f at time ¢ [kW].

Active/Reactive power schedule of DER g at time ¢ [kW /kVAr].

Charging/Discharging power drawn/supplied by thermal BESS unit A at time ¢
[kW].

Active/Reactive power flow on line connected between nodes ¢ and k at time ¢

[kW /kVAr].

Active/Reactive power loss of line connected between nodes i and k at time ¢

[kW /kVAr].
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ch dis
Pst /Pst

Charging/Discharging power drawn/supplied by electrical BESS unit s at time
t [kW].

Plix/ Pujxy Lower/upper active power flow capability (after energy schedule) of line con-

!
ngt

nected between nodes ¢ and j at time ¢ [kW].

Linear variable associated with reactive power generation from DG unit dg

[kVAr].
Linearized reactive power variable of DER ¢ at time ¢t [kVAr].

Squared voltage magnitude at node 4, time ¢ [pu].

E. Lagrangian Variables and Sensitivities

B1/ B2
Bs/Bs
Y7 /8

Yo

i/

Lagrangian variable associated with active/reactive power balance.
Lagrangian variable associated with active/reactive power loss.

Lagrangian variable associated with lower /upper limits of voltage magnitude.
Lagrangian variable associated with branch flow current limits.
Active/Reactive power DLMP at node i, time t.

Sensitivity of line current with respect to active power injection.

Sensitivity of line current with respect to reactive power injection.
Sensitivity of active power loss with respect to active power injection.
Sensitivity of active power loss with respect to reactive power injection.
Sensitivity of reactive power loss with respect to active power injection.

Sensitivity of reactive power loss with respect to reactive power injection.
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Sup Sensitivity of voltage magnitude with respect to active power injection.

Sug Sensitivity of voltage magnitude with respect to reactive power injection.
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