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a  b  s  t  r  a  c  t

Singapore  is going  to implement  a demand  response  (DR)  program  to  further  enhance  the  efficiency
and  competitiveness  of  its  electricity  market.  This  paper  aims  to provide  an  in-depth  investigation  of
this  DR program  which  features  demand  side  bidding  and  incentive  payments.  First,  the  current  market
clearing  model  (MCM)  of  Singapore’s  existing  wholesale  market,  which  has  no  demand  side bidding,  is
introduced.  A mathematical  model  of  the  MCM  is  formulated  to  explain  and  solve  the  current  market
clearing  process,  where  the  energy  and  ancillary  services  are  settled  simultaneously  through  a  form  of
auction pricing.  Second,  the mechanism  of  how  the  demand  side  bidding  is  incorporated  into  the current
MCM  is explained,  with  an emphasis  on the  demand  side  offer and  the  newly  introduced  constraints.  A
modified  MCM  with  DR is  then  formulated.  Third,  the  incentive  payment  mechanism  intended  to  promote
DR  participation  is  elaborated.  Numerical  analysis  is  performed  to demonstrate  how  the  current  MCM
and  MCM  with  DR  work,  as  well  as  how  the  incentive  payment  is  settled.  Various  numerical  case  studies
are  carried  out to discuss  the  economic  benefits  from  participating  in  the  DR  program.

©  2016  Elsevier  B.V.  All  rights  reserved.

1. Introduction

The wholesale electricity market of Singapore, as Asia’s first lib-
eralized electricity market, is constantly aiming to provide reliable
and secure energy supply, and promote effective competition [1].
A recent important change in the market is the introduction of a
demand response (DR) program which is scheduled for implemen-
tation in 2016. The newly introduced DR program is intended to
reduce the wholesale electricity price when it is high by allowing
the consumers to voluntarily reduce their energy demand. The final
determination paper on this topic was issued in 2013 by the Energy
Market Authority (EMA), the system operator of Singapore’s elec-
tricity market [2]. In December 2015, the Energy Market Company
(EMC), the independent market operator of Singapore’s wholesale
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electricity market, publicized the modification of the market rules
for implementation of the DR program [3]. This DR program is the
first initiative in Singapore to allow consumers actively manage
their demand in response to market prices.

Singapore’s current wholesale market is a real-time market
(spot market) consisting of a half-hourly auction of energy and
ancillary services. During each auction period, generation com-
panies provide energy and ancillary service offers which vary
depending on the demand forecast and their willingness to enter
the market for the upcoming dispatch period [1]. The trade of
energy among the market participants, e.g. generation companies
and load providers, is governed by a market clearing model
(MCM). The MCM  considers the offers from generators and clears
the market by providing the market participants (1) the dispatch
schedule which corresponds to the least total cost of energy supply,
namely, the optimal dispatch schedule, and (2) the market clearing
price (MCP), which is the price used to settle the transactions.
When clearing the market, MCM  has to balance the energy supply
with the load forecast while satisfying the physical constraints
from the generation facilities and transmission system, such as
capacity, ramping rate and congestion. Moreover, the MCM  has to
fulfill a number of requirements, which are set by Power System
Operator (PSO) for ensuring reliable and secure energy supply. The
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Nomenclature1

A. Acronyms
DR Demand response
MCM  Market clearing model
MCP  Market clearing price
PSO Power System Operator
BVP Balance vesting price
MILP Mixed-integer linear programming
LP Linear programming
EMA  Energy Market Authority
EMC  Energy Market Company
ACS Additional consumer surplus
IP Incentive payment
TNC Total non-curtailable load

B. Constants
VoLL Value of lost load ($5000/MWh)
Dn Forecasted amount of system load or regulation

(MW),  n = 1,3
M Number of supply offers
Tn
i

Number of the price-quantity tranches of the ith
supply offer

Pni,j Price ($/MWh) of the jth tranche of the ith offer,
n = 1,2,3

Qni,j Quantity (MW)  of the jth tranche of the ith offer,
n = 1,2,3

PL A high bidding price (10 × VoLL)
Ks Violation penalty factor for excess amount
Kd Violation penalty factor for deficit amount
Q1
E Power to be exported (MW)
Q1
I Power to be imported (MW)
�0 Power loss factor
�1 Risk adjustment factor for reserve
�2 Reserve proportion factor
Oi Capacity (MW)  of the generating unit associated

with the ith offer
Inf A large positive constant (MW)
RegMAXi Maximum output (MW)  associated with the ith

offer to dispatch regulation
RegMINi Minimum output (MW)  associated with the ith

offer to dispatch regulation
H Number of load offers
Sk Number of the price-quantity tranches of the kth

load offer
LPk,j Price ($/MWh) of the jth tranche of the kth load offer
LQk,j Quantity (MW)  of the jth tranche of the kth load offer
TLk Total load of the kth load offer (MW)
TLpre
k

Total load of the kth load offer (MW)  for the imme-
diately preceding period

RUk ,RDk Ramp-up and ramp-down rate (MW/min) associ-
ated with the kth load offer

lpre
k

Scheduled MW amount of the kth load offer for the
immediately preceding period

� Aggregate quantity (MWh)  of the loads covered by
regulatory contracts

C. Variables
qn
i,j

Scheduled amount (MW)  of the jth tranche of the
ith supply offer, n = 1,2,3

qn
i

Scheduled amount (MW)  of the ith supply offer,
n = 1,2,3

qn Total scheduled amount (MW)  of energy, reserve
and regulation, n = 1,2,3

qns Supply excess (MW),  n = 1,2,3
qn
d

Supply deficit (MW),  n = 1,2,3
b3
i

Binary integer variable for the ith supply offer
˛n
i
, ˇ3
i
, wk, uk Slack variables (MW)

MCPn Market clearing price ($/MWh)
lk,j Scheduled amount (MW)  of the jth tranche of the

kth load offer
lk Scheduled amount (MW)  of the kth load offer
l Total scheduled amount of load (MW)
TNC Total non-curtailable load (MW)
INCk Individual non-curtailable load (MW)  of the kth load

offer
LCk Scheduled curtailment (MW)  in the kth load offer
LCQk Curtailed load (MWh)  associated with the kth load

offer
LREFk Reference power consumption (MW) of the kth load

offer for the current dispatch period
LREFpre

k
Reference power consumption (MW) of the kth load
offer for the immediately preceding period

LCP Load curtailment price ($/MWh)
IPk Incentive payment associated with the kth load offer

($)

Singapore’s MCM  is different from many economic dispatch
models discussed in the literature due to the fact that it schedules
energy and ancillary services concurrently [4–7].

DR is well-known for bringing the energy market system-wide
benefits including reducing energy prices, curbing exercise of mar-
ket power, enhancing system securities and promoting efficient
investments [5,8–10]. A number of most common obstacles and
challenges faced by DR, including those from consumer, producer
and central market structure, are examined in Ref. [11]. In order
to meet the DR goals and maximize the DR benefits, a variety of
MCMs  incorporating DR have been developed [8,12–14]. In Ref. [8],
a price-based self-scheduling model in the day-ahead market is for-
mulated as a mixed integer linear programming (MILP) problem, in
order to determine the optimal schedule of DR and maximize the
aggregator’s payoff. A decomposition algorithm is developed in Ref.
[12] to address the optimization problem for market clearing with
DR from end users. In Ref. [14], a real-time balancing market model
is proposed to enable the elastic demand volumes and achieve
system-wide balancing. In particular, the MCM  of smart grid often
features DR since it is considered as one of the key components in
smart grid [15–18].

The Singapore’s DR program is introduced to allow the con-
sumers the option of managing their energy demand in response
to the price signals through demand side bidding. Thus, during
the occurrences of high energy prices, consumers can opt to cur-
tail their energy consumption thereby leading to a reduction in
the energy price. Conceptually, this has similar characteristics as
some of the aforementioned DR works. Yet, the Singapore’s DR
program has two  salient features that distinguish it from those dis-
cussed in the literature. The first feature is the form of its demand
side offers and how the demand side offers are interpreted by
the MCM.  Unlike other demand side bidding offers, this DR pro-
gram requires the load providers to bid on the energy curtailment
rather than explicit energy consumption. The second feature is
the incentive payment mechanism specially designed for promot-
ing DR participation. With these two  features, this DR program is
an important step towards achieving a more liberalized electric-
ity market in Singapore. The contribution of this paper is twofold.
First, it provides an in-depth review of Singapore’s wholesale elec-
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