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C. Implementation

The limits on the power supplied by demand response block
from unit depend on the orientation of the block. A block

which commences with up-regulation followed by down-reg-
ulation is positively orientated, and the orientation parameter

is assigned the value 1. The opposite orientation has the
value zero. Consideration of the orientation of the block is nec-
essary when defining its power limits, as described in equation
set (7). This set of four equations employs the “Big M” formu-
lation such that only two constraints are active for any given
block, depending on its orientation. For a positively oriented
block, the second-half of the right hand side of (7a) and (7b)
becomes zero and these constraints are active. The other two
constraints are not relevant as an arbitrarily large value of M
(e.g., 10 000) ensures that the these constraints are overridden
by (7a) and (7b). The converse applies for a negatively oriented
block. These power limits are given as

(7a)
(7b)
(7c)
(7d)

During the response and rebound portions of a demand re-
sponse block, the demand response unit must maintain the dic-
tated power supply level. This is imposed in equation set (8).
Considering constraint (8a), for a positively oriented block, the
power consumption must be at least as large as the defined re-
sponse power, , for the response duration , given
that a block has commenced at time . As the power supply of
the block is simultaneously limited to be less than or equal to
the response power, the combination of constraints (8a) and (7a)
ensures the power supply of the block is equal to the defined re-
sponse power. Equation (8b) ensures the corresponding power
limit for the rebound portion of the block. Equation (8c) im-
poses a minimum recovery period, , between the activation
of blocks from unit . This constraint ensures that no block is
active (i.e., ) for the recovery period following the
response and rebound, given that a block has been activated at
time . This implementation is given as

,
if

if

(8a)

if

if

(8b)

(8c)

V. CASE STUDY DEFINITION

Case studies are employed in this work to demonstrate the
value of demand response to the system operator when its abili-
ties are described using the limited form of a response-rebound

TABLE I
DR RESPONSE-REBOUND UNITS AND BLOCKS FOR 50% SATURATION

block. Demand response is considered for the provision of reg-
ulating power on the Belgian regulating power market. Three
cases are considered:
1) dispatch of the system without demand response;
2) dispatch of the system considering a limited set of demand

response block offers;
3) dispatch of the system considering a fully observable and

controllable demand response resource.
Historical regulating power data from the Belgian system

operator, Elia, is employed in all case studies. On this power
system, regulating power is recorded at a 15-min resolution. The
data is interpolated to 5-min resolution using cubic splines to
match the time resolution of the demand response models. The
only further adjustment to this historic data is down-scaling such
that the required regulating power can be serviced by the avail-
able generating capacity. This ensures that the regulating power
dispatch is feasible both with and without demand response. To
provide context, Elia is a mid-sized power system, its peak-load
in 2012 was 13 362 MW [25]. Each case study considers a dis-
patch window of 4 h, using data from 2012.
The demand response resource consists of two demand re-

sponse units, which each consist of a population of flexible
loads. The flexibility of each unit is described using six re-
sponse-rebound block offers, as detailed in Table I. While the
physical capabilities of the units are the same, different blocks
are offered for dispatch. This reflects the expectation that in a
real-world implementation supermarkets would be clustered to-
gether to offer different services to the system operator. The
blocks are selected from the 50% saturation curve shown in
Fig. 4.
For comparative purposes, the demand response resource is

also implemented in its fully observable and controllable form,
as a time series model. The time series model is that from which
the saturation characteristic and block offers are obtained. Dis-
patch of the fully modeled units is subject to the restriction that
they must reach the mean of their temperature bounds at the
end of the dispatch horizon. This ensures an approximate en-
ergy balance and a fair comparison between the full and limited
representations of the demand response resource.
Each demand unit has a maximum up-regulating capacity of

13 MW and down-regulating capacity of 17 MW. The capacity
of the demand response units is scaled to be comparable to the
capacity of the conventional units considered in the case study.
This scaling can be interpreted to represent a homogeneous pop-
ulation of 1000 individual supermarkets. The cost of acquiring
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TABLE II
CONVENTIONAL GENERATION UNIT DEFINITIONS

up- and down-regulation from the demand response units is set
at € MWh. This is less than the cost of sourcing regulating
power from any of the conventional units, ensuring that the de-
mand response resource will be first in the merit order.
Four conventional generating units are considered in the case

studies. Table II contains the technical specifications of each
unit and the costs of acquiring up- and down-regulation from
each. These costs are based on the production cost of each unit,
where the up- and down-regulating costs are the production
costs multiplied by a factor greater than and less that one, re-
spectively. The scaling factors are found through an analysis of
the difference between the day-ahead price on the Nordic power
market and the up- and down-regulating prices [13].
Six regulating power profiles are employed in the case studies

to evaluate the demand response resource, as shown in Fig. 5.
Case A comprises 3 slowly varying profiles, while Case B com-
prises 3 fluctuating profiles, each is a historic time series of ac-
tivated regulating power on the Elia power system, as detailed
above. It is expected that the demand response blocks will have
greater value in situations where the regulating power require-
ment fluctuates significantly due to their asymmetric shape and
the large effective ramp rate between the response and rebound
portions of the block. The two sets of regulating power profiles
are considered for comparison. It is the experience of the au-
thors from sourcing these profiles from historic data that Case
B is more representative than Case A of typical operating con-
ditions on the Elia power system.

VI. RESULTS AND DISCUSSION

The case study results are presented in Tables III and IV. The
theoretical value of demand response is defined as the amount
by which the cost of meeting regulating requirements is reduced
when demand response is represented using a fully observable
and controllable model. This is compared to the practically ac-
cessible value that this resource can provide to the system when
represented by a limited set of blocks. It is evident that demand
response is capable of providing substantial value to the system,
and as expected there is a significant difference between the the-
oretical and practical resources.
This difference is due to two key factors. Firstly, the block

definition imposes the need for a response and rebound that di-
rectly follow one another. This differs from the operation using
the full model of the refrigeration system, where the only re-
striction is that an approximate energy balance is maintained
(as imposed with a final temperature constraint). This allows
the response and rebound to be separated. Consequently, the
flexible demand unit has greater flexibility to follow the regu-
lating power profile rather than requiring a rebound which may
be in the opposite direction to the required regulating power.
Secondly, the block definitions are formulated using the 50%

Fig. 5. Regulating power profiles–smooth (Case A–upper) and fluctuating
(Case B–lower).

TABLE III
COST REDUCTION WITH DEMAND RESPONSE–CASE A

TABLE IV
COST REDUCTION WITH DEMAND RESPONSE–CASE B

saturation curve, which has an effective temperature range of
approximately 50% of the full range using the absolute limits
imposed by the supermarket operator. In comparison, the fully
modeled demand resource is free to employ the full temperature
range, resulting in greater overall flexibility. Imposing tighter
temperature limitations on the fully modeled resource allows
the comparison of the value of both the block definitions and the
full model when they are operating with the same physical flex-
ibility. This comparison is included in the last row of Table IV,
where it is observed that the disparity between the two forms of
demand response is significantly reduced. This indicates that a
very limited representation of the demand response capabilities
of this thermal system has comparable value to a fully described
system. The cost of establishing, controlling, monitoring and
operating a fully modeled system is very high, and this result
indicates that such a cost may not be justified by the additional
value it brings to system operation.
Comparison of Tables III and IV reveals that there is a greater

disparity between the theoretical and practical values when the
regulating power profiles vary slowly, as in Case A. Analysis
of the behavior of the fully modeled units in Cases A1-A3 re-
veals that they tend to provide both response and rebound in
the prevailing direction of the regulating power profile. In con-
trast, when the demand response behavior is limited to the asym-
metric block offer structure, a rebound is necessary immediately
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following the response. This must be compensated for by con-
ventional units if the rebound is in the opposite direction to the
required regulating power. Consequently, scheduling blocks for
slowly varying regulating profiles is either very costly, or the
blocks are not scheduled at all. This is confirmed in Table III,
where a larger difference between the theoretical and practical
values is observed in case A1 than in any of the B cases, and in
case A3 where the value of demand response described using
blocks is negligible. In case A2, the demand response is inca-
pable of bringing any significant value to the system, regardless
of the resource description used. This is because the regulating
power requirement is very high so the percentage contribution
from demand response is lower than in the other cases.
Table IV presents the cost reductions for regulating power

procurement when the demand response resource is represented
with a varying number of blocks. For cases with less than 6
blocks, the blocks are taken in order from Table I. It can be con-
cluded from Table IV that the value of the demand response re-
source when described using block offers approaches the value
of the fully modeled resource as the numbers of block offers
increases. In fact, if the flexibility of the demand response re-
source were described using an infinite number of block offers,
it would be equivalent to the flexibility described by the fully
modeled system.
It is shown in Table IV that in some cases, increasing the

number of blocks has no impact on costs. This is because the
additional block offer is not selected for dispatch, and can be
understood to be unsuitable for the considered regulating power
profile. The results of this analysis reveal that cost savings
greater than 20% can be achieved with only four block offers.
This demonstrates that even a very limited representation of the
flexible demand resource facilitates significant cost savings.
Fig. 6 illustrates the aggregate dispatch of the generating and

demand response units for case B1. The most beneficial be-
havior in terms of system dispatch cost would be for the de-
mand response blocks to reduce the power provided by gen-
erating units. This behavior is observed for the majority of the
dispatch horizon, however there are brief periods where the gen-
erating units are required to compensate for the rebound of the
demand response units. This can be observed during the interval
between minutes 145 and 160. During this interval, one of the
demand response units is rebounding in the opposite direction to
the required regulating power and the generating units must pro-
vide additional down-regulation. From minute 165, the second
demand response unit begins providing down-regulation which
partially compensates for the rebound of the first unit and re-
duces the over-provision from the generating units. Despite this
need for compensation, the demand response blocks offer sig-
nificant value to the system when optimized for cost minimiza-
tion. In the case of a volume-based optimization, this form of
demand response may not be attractive.
Fig. 7 illustrates the dispatch of the demand response blocks

and the fully model resource for case B1. It is evident that the
demand response blocks attempt to replicate the behavior of
the fully modeled resource where they can. The key difference
occurs between minutes 110 and 210 where the fully modeled
system is capable of providing down regulation continually,
whereas the demand response blocks have to alternate between

Fig. 6. System dispatch of conventional and demand response units for the
provision of regulating power–Case B1.

Fig. 7. Comparison of the dispatched aggregate demand response resource in
case B1 when considering block bids and the fully modeled resource.

response and rebound. This is due to the wider effective tem-
perature limits in the fully modeled case.

VII. CONCLUSION
This paper presents a method of representing the physical

capabilities of flexible loads in the system dispatch algorithm
at a comparable level of complexity to conventional generating
units. A novel system dispatch algorithm is developed that
schedules demand response units using asymmetric block offers
that encompass both the response and rebound that are exhib-
ited by flexible loads. Such block offers are limited in that they
describe a subset of the capabilities of the demand response
resource, but have the advantage that they are compatible with
current system dispatch and market clearing algorithms.
Case studies have demonstrated that demand response from

supermarket refrigeration systems, as described using a limited
set of block offers, is capable of achieving substantial cost sav-
ings in the procurement of regulating power. The value of the
demand response resource, as described using block offers, is
compared to the theoretical value that could be achieved if it
were possible to include a fully observable and controllable
model of each flexible load within the system dispatch algo-
rithm. The disparity between the theoretical and practical values
is found to be relatively low, which indicates that significant
costs involved in establishing the theoretical framework may
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not be justified by the additional value it may yield. It is impor-
tant to note that this work is not intended to prove the value of
demand response from supermarket refrigeration, or any other
form of demand response. The objective rather, was to develop a
methodology of scheduling demand response that is applicable
to all forms of flexible loads capable of providing load-shifting.
The flexibility of any thermal-electric load can be described in
the form of a saturation curve, from which asymmetric block
offers can be obtained, and scheduled in the manner described
in this work.
In this work the characteristics of the demand response

resource have been established through simulations, however
going forward it would be advantageous to explore analytical
approaches to this characterization. Further more, it will be
beneficial to investigate methods to reduce the computational
effort required to optimally dispatch demand response block
offers, which require binary variables that are computationally
burdensome for large scale implementation. A continuation of
this research agenda should also consider uncertainty in both
the achievable demand response, and the resource which it is
providing, be that regulating power or another power system
service.

REFERENCES

[1] A. Papavasiliou and S. S. Oren, “A stochastic unit commitment model
for integrating renewable supply and demand response,” in Proc. IEEE
PES General Meeting, Jul. 2012, pp. 1–6.

[2] S. Borenstein, “The long-run efficiency of real-time electricity
pricing,” Energy J., vol. 26, no. 3, pp. 93–116, 2005.

[3] O. Sundstrom and C. Binding, “Planning electric-drive vehicle
charging under constrained grid conditions,” in Proc. 2010 IEEE Int.
Conf. Power System Technol. (POWERCON2010), Hangzhou, China,
2010.

[4] N. O'Connell, P. Pinson, H. Madsen, and M. O'Malley, “Benefits and
challenges of electrical demand response: A critical analysis,” Renew.
Sustain. Energy Rev., vol. 39, pp. 686–699, 2014.

[5] G. Strbac, “Demand side management: Benefits and challenges,” En-
ergy Policy, vol. 36, pp. 4419–4426, 2008.

[6] C. D. Jonghe, B. Hobbs, and R. Belmans, “Optimal generation mix
with short-term demand response and wind penetration,” IEEE Trans.
Power Syst., vol. 27, no. 2, pp. 830–839, May 2012.

[7] S. H. Madaeni and R. Sioshansi, “The impacts of stochastic program-
ming and demand response on wind integration,” Energy Syst., vol. 4,
pp. 109–124, 2012.

[8] R. Sioshansi, “Evaluating the impacts of real-time pricing on the cost
and value of wind generation,” IEEE Trans. Power Syst., vol. 25, no.
2, pp. 741–748, May 2010.

[9] M. Zugno, J. Morales, P. Pinson, and H. Madsen, “A bilevel model for
electricity retailers participation in a demand response market environ-
ment,” Energy Econ., vol. 36, pp. 182–197, 2012.

[10] D. T. Nguyen and L. B. Le, “Optimal bidding strategy for microgrids
considering renewable energy and building thermal dynamics,” IEEE
Trans. Smart Grid, vol. 5, no. 4, pp. 1608–1620, Jul. 2014.

[11] R. Pedersen, J. Schwensen, S. Sivabalan, C. Corazzol, S. Shafiei, K.
Vinther, and J. Stoustrup, “Direct control implementation of a refriger-
ation system in smart grid,” in Proc. Amer. Control Conf. (ACC), Jun.
2013, pp. 3954–3959.

[12] M. Lopez, S. de la Torre, S. Martine, and J. Aguado, “Demand-side
management in smart grid operation considering electric vehicles load
shifting and vehicle-to-grid support,” Int. J. Elect. Power Energy Syst.,
vol. 64, pp. 689–698, 2015.

[13] Nord Pool Spot, Nord Pool Spot—Nordic Power Market, 2013 [On-
line]. Available: http://www.nordpoolspot.com

[14] PJM, PJM Power Market, 2013 [Online]. Available: http://www.
pjm.com

[15] N. O'Connell, H.Madsen, P. Pinson, M. O'Malley, and T. Green, “Reg-
ulating power from supermarket refrigeration,” in Proc. IEEE ISGT
Europe 2014, 2014.

[16] B. Kirby, “Load response fundamentally matches power system relia-
bility requirements,” in Proc. IEEE Power Eng. Soc. General Meeting,
Jun. 2007, pp. 1–6.

[17] C. Wai, M. Beaudin, H. Zareipour, A. Schellenberg, and N. Lu,
“Cooling devices in demand response: A comparison of control
methods,” IEEE Trans Smart Grid., vol. 6, no. 1, pp. 249–260, Jan.
2015.

[18] T. Hovgaard, L. Larsen, J. Jørgensen, and S. Boyd, “Nonconvex model
predictive control for commercial refrigeration,” Int. J. Control, vol.
86, no. 8, pp. 1349–1366, 2013.

[19] S. E. Shafiei, H. Rasmussen, and J. Stoustup, “Modeling supermarket
refrigeration systems for demand-side management,” Energies, vol. 6,
pp. 900–920, 2013.

[20] O. Corradi, H. Ochsenfeld, H. Madsen, and P. Pinson, “Controlling
electricity consumption by forecasting its response to varying prices,”
IEEE Trans. Power Syst., vol. 28, no. 1, pp. 421–429, Feb. 2013.

[21] J. Kondoh, N. Lu, and D. Hammerstrom, “An evaluation of the water
heater load potential for providing regulation service,” IEEE Trans.
Power Syst., vol. 26, no. 3, pp. 1309–1316, Aug. 2011.

[22] L. B. Rasmussen, P. Bacher, H. Madsen, H. A. Nielsen, C. Heerup,
and T. Green, “Load forecasting of supermarket refrigeration,” Appl.
Energy, 2014.

[23] Energinet.dk, Regulation A: Principles for the Electricity Market,
Energinet.dk, Tech. Rep, 2007 [Online]. Available: https://
www.energinet.dk/SiteCollectionDocuments/Engelske%20doku-
menter%El/Regulation%20A%20Principles%20for%20the%20elec-
tricity%20market.pdf

[24] A. Wood and B. Wollenberg, Power Generation, Operation and Con-
trol. New York, NY, USA: Wiley, 1984.

[25] Elia, Elia System and Market Overview 2012 Elia, Tech. Rep., 2013
[Online]. Available: http://www.elia.be/~/media/files/Elia/publica-
tions-2/system-and-market-overview/systeem-en-markt_en_2013-07-
30.pdf

Niamh O’Connell (S’11) received the B.E. degree
in electronic engineering from University College
Dublin, Ireland, in 2010 and the M.Sc.(Eng) degree
in sustainable energy (specializing in electrical
energy systems) from the Technical University of
Denmark in 2012. She is currently working towards
the Ph.D. degree at the Department of Applied
Mathematics and Computer Science, Technical
University of Denmark.
Her research interests include demand response,

the integration of renewable energy, power system
operations, and electric vehicles.

Pierre Pinson (M’11–SM’13) received theM.Sc. de-
gree in applied mathematics from the National Insti-
tute for Applied Sciences (INSA Toulouse, France)
and the Ph.D. degree in energetics from Ecole des
Mines de Paris (France).
He is a Professor at the Technical University of

Denmark, Centre for Electric Power and Energy,
Department of Electrical Engineering, also heading
a group focusing on Energy Analytics & Markets.
His research interests include among others fore-
casting, uncertainty estimation, optimization under

uncertainty, decision sciences, and renewable energies.
Prof. Pinson acts as an Editor for the IEEE TRANSACTIONS ON POWER

SYSTEMS, for the International Journal of Forecasting, and for Wind Energy.



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

O’CONNELL et al.: ECONOMIC DISPATCH OF DEMAND RESPONSE BALANCING THROUGH ASYMMETRIC BLOCK OFFERS 9

HenrikMadsen (M’13) received the Ph.D. degree in
statistics from the Technical University of Denmark
in 1986.
He was appointed Assistant Professor in statistics

in 1986, Associate Professor in 1989, and Professor
in mathematical statistics with a special focus on
stochastic dynamical systems in 1999. His main
research interest is related to analysis and modeling
of stochastic dynamics systems. This includes signal
processing, time series analysis, identification,
estimation, grey-box modeling, prediction, opti-

mization, and control. The applications are mostly related to energy systems,
informatics, environmental systems, bioinformatics, biostatistics, process mod-
eling, and finance. He has authored or co-authored approximately 500 papers
and 12 books. The most recent books are Time Series Analysis (London, U.K.:
Chapman & Hall, 2008); General and Generalized Linear Models (London,
U.K.: Chapman & Hall,2011); Integrating Renewables in Electricity Markets
(New York, NY, USA: Springer, 2013), and Statistics for Finance (London,
U.K.: Chapman & Hall, 2015).

Mark O’Malley (F’07) received the B.E. and Ph.D.
degrees from University College Dublin, Ireland, in
1983 and 1987, respectively.
He is a Professor of electrical engineering in Uni-

versity College Dublin and is Director of the Energy
Institute, and the Electricity Research Centre, with re-
search interests in power systems.


