
DReAM: Demand Response Architecture for Multi-level District
Heating and Cooling Networks

Saptarshi Bha�acharya1, Vikas Chandan2, Vijay Arya3 and Koushik Kar1
1Rensselaer Polytechnic Institute, Troy, NY, USA,

2Paci�c Northwest National Laboratory, Richland, WA, USA,
3IBM Research, India.

bha�s5@rpi.edu,vikas.chandan@pnnl.gov,vijay.arya@in.ibm.com,koushik@ecse.rpi.edu

ABSTRACT
In this paper, we exploit the inherent hierarchy of heat exchang-
ers in District Heating and Cooling (DHC) networks and propose
DReAM, a novel Demand Response (DR) architecture for Multi-
level DHC networks. DReAM serves to economize system opera-
tion while still respecting comfort requirements of individual con-
sumers. Contrary to many present day DR schemes that work on
a consumer level granularity, DReAM works at a level of hierar-
chy above buildings, i.e. substations that supply heat to a group
of buildings. �is improves the overall DR scalability and reduce
the computational complexity. In the �rst step of the proposed
approach, mathematical models of individual substations and their
downstream networks are abstracted into appropriately constructed
low-complexity structural forms. In the second step, this abstracted
information is employed by the utility to perform DR optimization
that determines the optimal heat in�ow to individual substations
rather than buildings, in order to achieve the targeted objectives
across the network. We validate the proposed DReAM framework
through experimental results under di�erent scenarios on a test
network.

KEYWORDS
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1 INTRODUCTION
District Heating and Cooling (DHC) networks are fast emerging
as a major component of sustainable energy systems worldwide
[15], [14], [17]. Also known as thermal grids, DHC networks are
complex interconnections of buildings wherein a heated �uid (typ-
ically hot water) is piped from a central source to the connected
buildings to meet their space heating and hot water requirements.
DHC networks are frequently seen in several European countries
(especially countries like Sweden, Finland and Denmark) where al-
most 62 million consumers are served through them, totaling about
12% of the entire population [1]. �ese networks are also popular in
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several parts of the United States. For example, the utility company
Consolidated Edison (ConEd) serves a major section of Manha�an
through district heating [3].

In the context of operation of these thermal grids, extreme
weather conditions may cause a surge in energy demand for space
heating in which case DHC networks must secure additional energy
from uneconomical sources (such as fossil fuel based peak �ring
plants) to cater to the increasing demand. For the utility company
in charge of DHC network operations, it may then be economical if
the end-consumer load can be somehow controlled through central
coordination. On the other hand, at the building level, each con-
sumer typically has a comfort range of its own, breaching which
may lead to consumer discomfort and disgruntlement in the long
run. �us, the central utility company in charge of DHC operations
is faced with the task of coordinating the downstream consumer
load which in turn would tune the energy expenditure at the central
heat source through appropriate Demand Response (DR) algorithms.

DHC networks typically can be segregated into two distinct
levels from an operational standpoint. Usually, the �rst level is a
primary network of pipes feeding hot water from a central energy
source to the individual substations. In the second level, the energy
is channelized from the substations through a secondary network
(which is physically decoupled from the primary network) to indi-
vidual buildings under the substations. In several cases, the total
number of buildings (consumers) served by a DHC network can
be quite large. For example, in Lulea, Sweden, more than 50,000
consumers are served by a DHC network. In order to optimize the
system wide operation, the utility ideally should be cognizant of
the necessary parameters of all such individual buildings and the
respective comfort preferences of their consumers. �is network
knowledge discovery step is invariably resource intensive, has very
high communication overhead and frequent implementation of this
step in any energy management algorithm reduces its practical
merit. Also, performing the DR at a building level by centrally
tuning the individual set-points may become computationally in-
tractable for the central utility.

In this paper, we design a hierarchical DR architecture named
DReAM (DemandResponseArchitectute forMulti-level DHC net-
works) that can facilitate economic operation (in general, it may
optimize any generic social welfare metric) in a DHC network,
while being cognizant and respectful of the comfort requirements
of end-consumers. In DReAM, we �rst limit the laborious network
knowledge discovery stage to a one time event. We then employ
this acquired knowledge over the entire horizon of network opera-
tion to centrally optimize the desired network wide performance
metric over a decision space with reduced dimensionality. �is
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makes it computationally less complex than a case where DR is
performed at the building level. At present, DHC network utilities
mostly resort to simple heuristic techniques, devised and perfected
through brute force experimentation, in order to bring about energy
(cost) savings at the central energy source. In the wake of ever-
advancing information and communication technologies, DReAM
can serve as a blueprint for DHC utility companies to carry out en-
ergy management in DHC networks in a computationally e�cient
and optimal manner.

1.1 Related Work
Researchers have taken several approaches to deal with the issue of
energy management in thermal grids in order to achieve targeted
network objectives such as peak reduction and cost optimization.
Some of these approaches focused on controlling the mass �ow
rates of water within the network appropriately to optimize pump-
ing and heat losses [8], cost of operation [16], [9], temperature
cooling [12] and thermal fairness [5], [4]. Several researchers have
also identi�ed the need for optimizing the supply temperature of
water in district heating systems [6], [18], [13]. In another body of
work [10], [19], [11], the authors propose a multi-agent systems
framework for demand side management in DHC networks. In
these papers, a modi�ed or fake ambient temperature is used as a
DR signal to mitigate the problems of peak load in a DHC network.
More recently, in [7], the authors propose a framework DHC net-
work operational cost where buildings share resources such as CHP
generators, storage elements and renewable power generators.

Broadly speaking, the hierarchical nature of DReAM is similar
to the ones studied in [19] and [11]. However, whereas the authors
in [19] focus more on an algorithmic treatment of the multi-agent
system architecture for demand side management, we provide a
more in-depth mathematical analysis of the proposed DR architec-
ture. In [11], the demand side management in DHC networks is
done in a need-based dynamic manner through a sealed bid �rst
price auction process. In contrast, our proposed algorithm bypasses
dynamic gaming among agents in the DHC network, gathers the
information necessary from downstream consumers (such as com-
fort preferences) at one shot and subsequently optimizes system
operation through a low complexity optimization algorithm with-
out the direct intervention of end-level consumers. Additionally,
our proposed DR framework ensures that the comfort preferences
of the end-level consumers are respected to a fair degree.

�e system model in this work is similar to prior work in [5], [4].
However, unlike in [5] and [4] where authors only considered one
building under each substation, we consider a more realistic se�ing
where we have multiple buildings under one substation. �is makes
the mathematical analysis more complex and we cannot represent
the steady state network quantities in closed form as seen in [5]
and [4]. Secondly, whereas [5] and [4] focus on the issue of thermal
fairness, this work is aimed at minimizing a weighted combination
of the cost of power consumption in the DHC network and the
overall discomfort incurred by the consumers in the network. �e
rest of the paper is organized as follows. First, we provide a detailed
description of the DHC network model considered in this work. We
then explain the DReAM framework. Subsequently, we evaluate the
e�ectiveness of DReAM on a test network comprising of multiple
substations (each with multiple buildings) under di�erent scenarios.

2 SYSTEM MODEL
Please refer to Figure 1 for this section. Consider a DHC network
with a central heat source consuming €Qin,network (t) power at time
t . Denote the return temperature and supply temperature of water
at the central energy source as TR and TS respectively. �e DHC
network feeds a collection of substations (connected in parallel
topology), each of which has a primary side (metered by utility)
and a secondary side (houses individual buildings). Let Ns be the
set of all substations and the total number of substations be N .
Owing to thermal losses during heat transport, the e�ective supply
temperature of water at any substation i is denoted as TPS,i where
TPS,i = TS � �i (�i > 0 is the e�ective thermal temperature loss
for substation i). Similarly, if the return water from substation
(primary side) i is at temperature TPR,i , the loss adjusted e�ective
return temperature from substation i is denoted as TR,i = TPR,i �
�i . In general, utility companies have a reference chart which
prescribes the optimal supply water temperature TS with respect
to the ambient temperature T1. In our work, we consider TS =
f (T1) = a1T1+a2, where a1 and a2 are scalar constants which vary
among di�erent utility companies. In the secondary side of any
substation i , let TSS,i and TSR,i be the temperature of the supply
water and return water respectively. Let €mP,i and €mS,i be the mass
�ow rates of water in primary and secondary side of the substation
i’s heat exchanger.

2.1 Primary side equations:
Assume hS,i to be the heat exchanger coe�cient of substation i . At
the substation level, we assume perfect insulation, and hence, by
law of conservation of energy,

€Qin,i = €mS,iCp (TSS,i �TSR,i ) = €mP,iCp (TPS,i �TPR,i ), (1)

where €Qin,i is the total amount of power being consumed by sub-
station i . Also, the heat exchange equation at the substation level
is modeled by the equation,

€Qin,i = hS,i
TPS,i �TSS,i �TPR,i +TSR,i

log
⇣
TPS,i�TSS,i
TPR,i�TSR,i

⌘ . (2)

Note that equation (3) is nonlinear and to simplify the algebra, we
assume a linear equivalent of the same. �is is represented in the
successive equation,

€Qin,i = hS,i
⇣TPS,i +TPR,i

2 �
TSS,i +TSR,i

2

⌘
. (3)

2.2 Secondary side equations:
Let Nb,i denote the set of buildings under substation i . Assume
that the e�ective supply temperature of hot water to these build-
ings is TSS,i . Inside every building, we assume there is a radiator
which exchanges the heat of the water with the indoor heating
space. Let hR,i j be the radiator heat exchanger coe�cient of the
jth building connected to the ith substation. �e return water
temperature from building j is denoted as TSR,i j . We assume that
a proportional controller is present in every building which at-
tempts to drive the indoor temperature (Tz,i j ) towards a speci�c
set-point (Tsp,i j ) by controlling the mass �ow rate ( €mS,i j ). Note
that €mS,i =

’
j 2Nb,i

€mS,i j . �e following set of equations can then



DReAM: Demand Response Architecture for Multi-level District Heating and Cooling Networkse-Energy ’17, May 16-19, 2017, Shatin, Hong Kong

𝑇𝑆 

𝑇𝑅 

𝑇𝑠𝑝,𝑖𝑗 

𝑇𝑧,𝑖𝑗 

𝑇𝑆𝑆,𝑖 

𝑇𝑆𝑅,𝑖 

𝑇𝑆𝑆,𝑖 

𝑇𝑆𝑅,𝑖𝑗 

𝑇𝑃𝑆,𝑖 

𝑇𝑃𝑅,𝑖 

𝑚 𝑠,𝑖𝑗 

𝑚 𝑃,𝑖 

Heat 
source 

Primary mass flow rate 
controller 

Building mass 
flow rate 
controller 

Building 
(Set-point) 

Substation heat exchanger 

Substation cluster 

Building radiator 

Φ1 

Φ2 

Φ3 

Φ𝑁 

Φ1 

Φ2 

Φ3 

Φ𝑁 
Substation level maps 
communicated to utility 

Aggregate mapping 
communicated to 

substation manager 

Utility manager 

Step 1 

Step 2 

Step 3 

(a) Schematic diagram of a typical DHC network (b) Schematic diagram of the DReAM framework  

𝑚 𝑃,1∗  

𝑚 𝑃,2∗  

𝑚 𝑃,3∗  

𝑚 𝑃,𝑁∗  
Optimal mass flow rates 
channelized to different 
substations 

Figure 1: (a) Schematic diagram of a typical DHC network with substations connected in parallel and (b) schematic diagram
explaining the DReAM architecture.

be wri�en to model the part of the DHC network downstream of
substation i .

€mS,i j = min
�
Kz,i j (Tsp,i j �Tz,i j ) + �i j , €Mub

i j
�
, (4)

€mS,i jCp (TSS,i �TSR,i j ) = hR,i j
⇣TSS,i +TSR,i j

2 �Tz,i j
⌘
, (5)

Ci j €Tz,i j =
1
Ri j

⇣
T1 �Tz,i j

⌘
+ €mS,i jCp (TSS,i �TSR,i j ). (6)

Equation (4) denotes the proportional control law action for the
mass �ow rate in building j. Note that the mass �ow rate is upper
bounded by €Mub

i j which can be interpreted as the valve saturation
limit. Kz,i j and �i j are the proportional controller constants. Equa-
tion (5) denotes the heat exchange dynamics (linearized equivalent
similar to (3)) between the building radiator and the indoor space.
Cp is the speci�c heat capacity constant of water. Equation (6)
governs the indoor zone temperature evolution in building j. Ri j
and Ci j denote the equivalent thermal resistance and capacitance
in building j under substation i , respectively. Also, de�ne €Qin,i j as
€Qin,i j = €mS,i jCp (TSS,i �TSR,i j ) to be the net power consumed by
building j in substation i . If there are Pi buildings in substation i ,
i.e. cardinality of set Nb,i is Pi , then there are Pi equations each of
the form (4), (5) and (6) which model all the buildings under sub-
station i . �e overall return temperature of water in the secondary
side of substation i can now be found out by applying the law of

conservation of energy, and is given as,

TSR,i =

’
j 2Nb,i

€mS,i jTSR,i j

’
j 2Nb,i

€mS,i j
=

’
j 2Nb,i

€mS,i jTSR,i j

€mS,i
. (7)

Note that the total number of equations which model the secondary
side of any substation i is 3Pi + 1.

3 THE DReAM FRAMEWORK
LetC( €Qin,network ) be the cost of power consumption for the DHC
network. Assume C(·) to be convex in €Qin,network . Let Gi j (Tz,i j )
denote the disutility (discomfort) incurred for consumer in build-
ing j under substation i at indoor temperature Tz,i j . Also, de�ne
Gi : RPi ! R such that Gi (Tz,i j8j 2 Nb,i ) =

’
j 2Nb,i

Gi j (Tz,i j ) as

the aggregate disutility of substation i . We assume that the overall
network-wide demand response objective of the utility manager is
to minimize a weighted cost of power consumption and the aggre-
gate disutility of building consumers subject to the network thermo-
dynamic constraints (as explained in Section 2) by controlling the
thermostat set-points for all buildings in the network (Tsp,i j 8i,8j).
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Mathematically,

min
Tsp,i j ,8i8j

C( €Qin,network ) + �
⇣ ’
i 2Ns

Gi (Tz,i j 8j 2 Nb,i )
⌘
, (8)

s .t . (1) and (3) 8i 2 Ns , (4) � (7) 8i 2 Ns and 8j 2 Nb,i . (9)
From a computational standpoint, the above problem can be highly
resource intensive, especially when the number of buildings is high.
�e proposed framework (DReAM) tackles this problem by abstract-
ing the entire network at the substation level through a bi-level
decomposition technique and then solving the DR optimization
problem with the low complexity abstracted network. �e exact
details of the proposed framework are explained as below.

3.1 Bi-level network decomposition
In order to abstract the portion of a DHC network downstream
to a substation, it is important to construct appropriate functional
mappings between all downstream secondary side variables with
respect to a single secondary side variable that can uniquely explain
the variation of the others. �e following two results (DReAM Idea 1
and DReAM Idea 2) show how it is indeed possible to (a) decompose
the overall DHC network into two levels; a higher level (abstracted
at primary side substation level granularity) and a lower level (in-
cluding all secondary side elements downstream to a substation)
linked by an intermediate secondary variable i.e. a linkage vari-
able and (b) a primary side control technique to implicitly achieve
desired values for this aforementioned linkage variable.

3.1.1 DReAM Idea 1: TSS,i as the secondary side linkage
variable. Let us focus on the secondary side equations, and con-
sider steady state of operation. �e steady state equivalent of (6)
can be found by se�ing €Tz,i j = 0, which gives,

€mS,i jCp (TSS,i �TSR,i j ) =
1
Ri j

⇣
Tz,i j �T1

⌘
. (10)

Now, note that (4), (5), (7) and (10) together consists of a system of
3Pi + 1 equations that together denote the steady state model of the
entire secondary side of substation i . Now assume that the TSS,i is
�xed to a certain value. �e unknown variables (each in their steady
state) are then €mS,i j 8j 2 Nb,i , TSR,i j 8j 2 Nb,i , Tz,i j 8j 2 Nb,i
andTSR,i . Clearly, the number of unknowns is 3Pi + 1. �us, given
a �xed steady stateTSS,i , knownTsp,i j 8j 2 Nb,i and a knownT1,
we have a system of 3Pi + 1 equations and 3Pi + 1 unknowns that
completely specify the secondary side of substation i . �is system of
equations can now be solved to get the de�nite steady state values
of {Tz,i j }Pij=1, { €mS,i j }Pij=1, {TSR,i j }

Pi
j=1 and the TSR,i . Consequently,

one can get the relationship of €Qin,i j = €mS,i jCp (TSS,i �TSR,i j ) for
any given TSS,i . �us, we understand that for a substation, given
the Tsp,i j for all buildings it houses, and the T1, one can establish
the following mappings (under steady state):

• €Qin,i = �1,i (TSS,i )
• €mS,i j = �2,i (TSS,i ), 8j 2 Nb,i ,
• Tz,i j = �3,i (TSS,i ) 8j 2 Nb,i ,
• TSR,i j = �4,i (TSS,i ) 8j 2 Nb,i ,
• TSR,i = �5,i (TSS,i ) 8j 2 Nb,i ,
• Gi = �6,i (TSS,i )

Denote �i = {�1,i ,�2,i , . . . ,�6,i }. Substations usually have a man-
ager (operator who oversees the energy exchange process between

the consumers in the substations and the utility side). �ese substa-
tion managers are expected to be aware of their respective �i over
the appropriate ranges of T1 and TSS,i . �ey also typically have a
benchmark curve (function of the ambient temperature) for main-
taining certain speci�c TSS,i at the secondaries which guarantee
satisfactory energy delivery to the substation. For substation i , let
us denote this reference curve as TSS,i = b1,iT1 + b2,i , where b1,i
and b2,i are scalar constants unique to substation i .

3.1.2 DReaM Idea 2: €mP,i as the primary side control in-
put. To ensure a resultant TSS,i under steady state, there must be
a knob which the utility can control from the primary side. �e
primary mass �ow rate i.e. €mP,i can be treated as such a knob. To
see this, we now focus on the primary side equations. Assume that
the secondary side parameters have already been determined corre-
sponding to a certain TSS,i (say T ⇤

SS,i ). Now, given a certain steady
state T ⇤

SS,i , a resultant T
⇤
SR,i and a known T ⇤

PS,i (from the utility
chart), the utility can solve using (3), the corresponding T ⇤

PR,i . Sub-
sequently, one can also get the resultant €m⇤

P,i from (1). Inversely,
one can say that if the utility side channels €m⇤

P,i on the primary
side to the substation i , it would result in T ⇤

SS,i on the secondary
side circuit under convergence to steady state conditions.

3.2 �e DReAM optimization formulation
It has already been reported in previous papers such as [5] and
[4] that optimizing the objective functions such as those in (8)
subject to dynamic network constraints for the entire look ahead
window may be resource intensive and complex. �erefore, a re-
ceding window based optimization technique based on steady state
assumptions (similar to the ones in [5] and [4]) is proposed. Under
such a paradigm, the entire look ahead is divided into K time slots.
For the kth slot, the utility’s optimization problem can be stated as,

min
TSS,i (k ),8i

C( €Qin,network (k )) + �
⇣ ’
i2Ns

Gi (Tz,i j (k ) 8j 2 Nb,i )
⌘
,

s .t . �i , 8i 2 Ns .

Once [T ⇤
SS,1(k), . . . ,T

⇤
SS,N (k)]T is determined by solving the above

optimization problem, the utility manager can then use equations
(1) and (3) to get the corresponding optimal control input vector i.e.
the vector of optimal primary mass �ow rates to be channelized to
the individual substations in time slot k . We repeat this in a reced-
ing horizon policy to cover the entire look ahead window under
consideration i.e. for all k such that k 2 {1, 2, . . . ,K}. Note that �i
encapsulate all downstream information of substation i and once
reported, it can be reused by the utility to solve the optimization
problem throughout the look ahead window. �e mappings may
be re-estimated at any point of time to re�ect the updated network
conditions, in case they vary over time.

�us, through the DReAM framework, the intractable optimiza-
tion problem of (8) and (9) that was de�ned at a building level gran-
ularity (with decision space dimensionality

ÕN
i=1 Pi ) has now been

reduced to a more tractable, computationally e�cient variant, for
which the dimensionality of the decision space is also signi�cantly
reduced (reduced dimensionality is just N ). A uni�ed stepwise
representation of the DReAM framework can be seen in Figure 1.
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4 NUMERICAL STUDY
In this section, we provide a suite of numerical examples and studies
which highlights the e�ectiveness of DReAM on a simple test net-
work having four substations, each having 3 buildings connected
to it. We also consider that the cost of power at the central source
is convex in the power obtained. Owing to space constraints, the
details of this setup have been moved to [2].

We �rst study the steady state substation level mappings (re-
ported to the central utility in step 1 of DReAM) for a particular
substation. For brevity, we show the mappings for substation 2 only.
Similar mappings can also be stablished for all other substations.
Note that in this study, we show the mappings for �ve di�erent
ambient temperatures for ease of exposition. �e mappings are
assumed to be available for the entire relevant range of ambient
temperatures over which DHC network operations are conducted.
In Figure 2, we study how the steady state power consumption and
the steady state indoor temperature of a building in that substation
varies with changing the TSS of that substation. We observe that
as the TSS is increased, the amount of power consumption also
increases in the substation. �is leads to higher indoor zone tem-
peratures. A�er a point, as the indoor zone temperatures nears its
desired set-point, the power consumption also saturates at some
level. Also note that a lower ambient temperature requires a higher
TSS and hence a higher €Qin to maintain the indoor zone tempera-
ture at a given constant level.
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Figure 2: Variation of substation power consumed (and cor-
responding indoor zone temperature achieved in one build-
ing of the substation) with respect to secondary circuit sup-
ply water temperature.

In Figure 3, we study the e�ect of varying TSS on the secondary
mass �ow rates and the utility side primary mass �ow rate. We
observe that a lower TSS implies a lower steady state temperature
and hence, a higher steady state secondary mass �ow rate. Also,
due to saturation limit on the secondary mass �ow rate controllers,
we see that below a certain threshold TSS , the secondary mass
�ow rates saturates to the valve limit point under steady state
operations. Also note that this TSS threshold is higher for a lower
ambient temperature. We also observe that in order to maintain
a higher TSS at a substation secondary side, one must channelize
a higher €mP (primary �ow rate) to that substation’s primary side.
Similar mappings can be obtained for all other secondary side and
primary side quantities with respect to the TSS but have not been
included here for the sake of brevity.
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Figure 3: Variation of secondarymass �ow rate of one build-
ing and primary mass �ow rate (of the substation) with re-
spect to secondary circuit supply water temperature.

With the substation maps constructed and reported to the utility
manager, we now perform a set of experiments in which we study
the e�ectiveness of DReAM (speci�cally the e�ectiveness of step
2 in DReAM) over a 12 hour window. �e variation of ambient
temperature in this 12 hour window is given in [2]. We choose
� = 0.02 for our initial experiments.
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Figure 4: Top: �e variation of the supply temperature in the
secondary when there is no DR. Bottom: �e speci�c �TSS,i
for the substations over the 12 hour window.

In Figure 4, we report the without-DR TSS,i for each substation
along with the e�ective DR signal (di�erence between the pre and
post DR steady stateTSS,i values). We see that di�erent substations
are taken control by di�erent extents in each of the 12 hours of the
selected time window.
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Figure 5: �e variation of post-DR optimal primary mass
�ow rates in each of the four substations over the 12 hour
window which is chosen for the case study.
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Figure 6: �e variation of indoor zone temperature pro�les
(both without DR and with DR) of one building from each
of the four substations over the 12 hour window which is
chosen for the case study.

In order to achieve the required TSS,i as deemed �t by the demand
response algorithm, the necessary control inputs (i.e. the optimal
primary mass �ow rates) are computed and have been subsequently
plo�ed for the 12 hour window in Figure 5. We observe that the
amount of mass �ow rate to be channelized to a substation bears a
degree of positive correlation with the level of insulation of build-
ings, for the buildings under that substation. Substation 3 has the
least insulated building and clearly requires a comparatively higher
�ow rate (than the other substations) for maintaining the indoor
temperature of its buildings at the post-DR optimal values.

We now observe the indoor zone temperature pro�les of the
buildings under the substation under conditions of DR as well as
when no DR is e�ected. We plot the indoor zone temperatures for
one building from each of the 4 substations (for ease of exposition)
in Figure 6. Clearly, when there is no demand response, the in-
door zone temperatures in all buildings hover around their desired
set-points i.e. 23�C. With demand response, the indoor zone tem-
peratures are seen to become lower, hovering around 20�C. �is
is because, with demand response, a curtailment of power input
is made to each of the four substations. �us, there is inadequate
energy available for the buildings to ramp up their temperatures to
their desired set-point.
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Figure 7: Le�: Power consumption by the total DHC net-
work (a) without DR (b) with DR. Also shown is the actual
power savings e�ected by DR. Right: �e average disutility
Gi j (Tz,i j ) incurred by one building in each of the four substa-
tion during the DR implementation (� = 0.02).

De�ne the average disutility of building j in substation i asGi j,a�� =
1
T
Ø T
0 Gi j (Tz,i j (t))dt . In Figure 7, we represent the power consump-

tion in the total DHC network, under conditions of demand re-
sponse and when there is no demand response. An interesting
point to observe is that through demand response, the post-DR
power consumption is brought down to hover around 240 kW dur-
ing 2 am to 12 pm. Beyond 240 kW, the cost of power usage rises
steeply [2] and due to the relatively low value of � the optimization
tries to maintain the energy consumption at or below 240 kW. We
also observe from the plot (right side) in Figure 7 that in this chosen
DHC network, the buildings downstream of substation 3 incur the
maximum disutility. �is can be a�ributed to the comparatively
lesser insulation level of the buildings of substation 3, coupled with
the fact that substation 3 is located comparatively farther away
from the central heat source.

Next, in Figure 8, we report the net steady state disutility of all
consumers i.e.

Õ
i 2Ns Gi and the steady state costs of net power

consumed by the DHC network in the di�erent slots under varying
levels of � . We can thus conclude that as � increases, i.e. the DHC
utility company gives more importance to consumer comfort, the
greater is its expenditure of the utility company to secure the energy
at the source and lesser is the DR e�cacy.
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Figure 8: E�ect of� on the networkwide consumer disutility
and the cost of power consumption across all the time slots
of the selected look ahead window.

5 DISCUSSION AND FUTUREWORK
In this paper, we propose a DR framework called DReAM for DHC
networks. In the �rst of these 2 steps, substation managers abstract
the consumer side information and the portion of the network
which is downstream to that substation. �ese abstracted models
are of low complexity and are reported to the central utility man-
ager. In the second step, the central utility manager employs these
abstracted models to devise appropriate DR strategies for the entire
network in an iterative, receding horizon method.

In future work, we will investigate the existence of appropriate
pricing functions which can serve to bring about coordination in
energy usage of the consumers in a decentralized manner. Secondly,
in this work, we assume that the substation manager is aware of the
building thermal parameters, the building radiator heat exchanger
constants and the proportional controller constants for all the con-
sumers under its purview. Realistically, a data driven technique
may be needed to mine these building parameters as well which
merits an independent investigation subject to data availability.
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