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ABSTRACT 

We present results from experiments where the effects of flow control at a single 
substation are compared to distributed flow control at multiple substations. The latter 
approach is made possible by equipping individual substations with some computing 
power and integrating them into a communications network. Software agents, who 
cooperate with other software agents (substations) and invoke time limited reductions to 
consumption, are embedded in each substation. The experiments show that it is possible 
to automatically load balance a small district heating network using agent technology, 
e.g., to perform automatic peak clipping and load shifting.  
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1. INTRODUCTION 
An operator of district heating systems basically has two variables to balance, supply 
temperature and flow, when assuring sufficient resources for the demand of customers. 
An unnecessarily high supply temperature causes increased heat losses during 
distribution as well as reduced production capacity in many production facilities. On the 
other hand, a larger flow implies higher costs for operating the pumps and may also 
cause problems with the control of production facilities [1].  

The load in a district heating system is basically governed by a collection of 
geographically dispersed autonomous substations. Current substations are trying to 
optimize operations locally, which often results in behavior that is not globally optimal. 
Typically, the operators of district heating systems are not able to monitor or control the 
operation of remote customer substations.  

The idea of centralized remote load balancing promise heat producers the possibility to 
control individual substations, or set of substations, to achieve a balanced allocation 
among customers during periods of shortages as well as the possibility to prioritize 
certain customers, e.g., hospitals. Furthermore, individual load control would also make 
it easier to rebuild the load after a complete breakdown/startup and would potentially 
make it possible to utilize production sources with small capacity reserves [2, 3].  

Demand Side Management (DSM), i.e., actions taken on the customer's side to change 
the amount or the timing of energy consumption, has primarily been used by electric 
utilities to reduce peak loads [4]. For district heating systems, on the other hand, one of 
the most advanced approaches that is commonly used is a type of substations where a 
local flow regulator controls the individual primary flow, i.e., the primary flow caused 
by radiators is typically reduced during domestic hot water tapping. 

A general argument against centralized approaches for problems as complex as the 
management of district heating systems is that when the problems are too extensive to 
be analyzed as a whole, solutions based on local approaches often allow them to be 



solved more quickly [5]. Furthermore, it is not easy to collect and use the sensor 
information from each entity in the network in a centralized fashion. Substations, pumps 
and valves, etc., are typically manufactured by different organizations, i.e., different 
entities in the system often have different design of interfaces to the system. It would be 
a complex task to keep track of these aspects centrally. To develop local monitoring and 
control software adapted for each type of substation, but with the same interface to the 
rest of the software system, seems as a more fruitful approach. 

ABSINTHE (Agent-based monitoring and control of district heating systems) [6] is a 
collaboration project between Blekinge Institute of Technology and Cetetherm AB. The 
overall goal of the project is to improve the monitoring and control of district heating 
systems, e.g., by increasing the knowledge about the current and future state of the 
network at the producer side and by performing automatic load balancing at the 
customer side. Individual substations are equipped with some computing power and 
integrated into a cooperative system via a communications network. Each substation is 
equipped with a software agent [7, 8] that will enable it to cooperate with other 
substations. 

In this report we describe a small-scale experiment that has been performed in a 
laboratory accredited by the Swedish Board for Accreditation and Conformity 
Assessment [9] at Cetetherm AB in Ronneby, Sweden. The objective of the experiment 
is to validate a novel agent-based approach for DSM in district heating systems. 
 
2. AGENT TECHNOLOGY 
The development of distributed and heterogeneous systems, such as software for 
automation of district heating management, poses significant challenges for system 
developers. Agent technology [7, 8] aims to provide new concepts and abstractions to 
facilitate the design and implementation of systems of this kind.  

Software agents may be seen as a natural extension of the concept of software objects. 
Object-oriented programming added abstraction entities, i.e., objects, that have 
persistent local states to the structured programming paradigm. Similarly, agent-based 
programming adds abstraction entities, i.e., agents, that have an independent execution 
thread and pro-activity to the object-oriented paradigm, see Figure 1.  

Figure 1. Abstractions added in object-oriented and agent-oriented programming. 

Thus, compared to an object, an agent is able to act in a goal-directed fashion (e.g., by 
interacting with other agents, reading sensors, or sending commands to effectors) rather 
than only passively react to procedure calls. In addition, an agent typically has also one 
or more of the following abilities: to communicate with other software agents, to learn 
from experience and adapt to changes in the environment, to make plans, to reason 
using, e.g., logic or game theory, to move between different computers, to negotiate 
with other agents. Also, agents are sometimes programmed, or at least modeled, in 
terms of “mental states”, such as, belief, desires, and intentions.  

A Multi-Agent System (MAS) is a collection of agents co-operating with each other in 
order to fulfill common and individual goals (in some environments they may also 
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compete). In a MAS different agents often have different roles and individual goals. A 
problem for a MAS is how it can maintain global coherence, i.e., behave well as a 
system without explicit global control. It is helpful to organize them in some form of 
structure. In a hierarchical structure some agents are designed to detect and manage 
interdependencies between actions of other agents. This agent may be given authority 
power over other agents, and is thus able to control, e.g., the goals of other agents. This 
structure can be contrasted to the decentralized where no such authority agents exist. 
Instead agents interact laterally to achieve coherence, e.g., by obeying social laws or by 
negotiating, see Figure 2.  

Figure 2. A hierarchical and a decentralized MAS structure. 

Parunak [10] lists the following characteristics for an ideal application of agent 
technology:  
- Modular, in the sense that each entity has a well defined set of state variables that is 

distinct from those of its environment and that the interface to the environment can 
be clearly identified.  

- Decentralized, in the sense that the application can be decomposed into stand-alone 
software processes capable of performing useful tasks without continuous direction 
from some other software process. 

- Changeable, in the sense that the structure of the application may change quickly 
and frequently. 

- Ill-structured, in the sense that all information about the application is not available 
when the system is being designed. 

- Complex, in the sense that the system exhibits a large number of different behaviors 
which may interact in sophisticated ways. 

As district heating management actually fit Parunak’s characterization rather well, this 
would suggest that agent technology indeed is a promising approach for this area. 
However, agent technology is not suitable for all applications. For instance, in 
applications that are monolithic, centralized, static, well-structured, and simple, agent 
technology will probably not provide any added value, only unnecessary complexity.  

 
3. HARDWARE 

Due to the rising demand of automation of building services (heating, ventilation, and 
air-conditioning etc.) Siemens have developed the Saphir [11], an extendable I/O 
platform with an expansion slot for a communication card, suitable for equipment 
control. Access to sensor and actuator data is provided by a Rainbow communication 
card in the expansion slot. 

The Saphir contains a database that continuously is updated with sensor data from the 
I/O channels by a small real-time operating system, which is directly accessible from 
the Rainbow card. On the Rainbow card a small computational platform (a handheld 
PC) makes it possible to deploy software and by that providing the possibility to host an 
agent. Hence, an agent deployed on such a platform could potentially read all connected 
sensor input as well as send commands over the I/O channel to actuators on the 
hardware, e.g., valves on a heat exchanger. The Saphir platform and the Rainbow 



communication card has been integrated into a new type of substation, IQHeat [12], 
developed by Cetetherm AB during the ABSINTHE project.  
 
4. EXPERIMENT 
The heating of buildings and the production of domestic hot water are separate 
processes. Since the heating of buildings also is a slow process (compared to production 
of domestic hot water), we should be able to make time-limited reductions to the flow 
caused by radiators without significantly affecting the comfort of the end users [2, 4]. 
This assumption is supported by Figure 3, which shows the slow decrease of room 
temperatures in three different types of buildings after a complete stop of the heating at 
an outdoor temperature of -10 Co [13]. 

Figure 3. Temperature drop after complete stop of household heating in three different 
approximations of buildings with time constants of 130 h, 90 h and 50 h. 

In the experiments we used two heat exchange systems (600 kW and 400 kW 
respectively) and one heat producing unit. As described earlier the substations (IQHeat) 
that were used are developed by Cetetherm AB and contain Saphir hardware and a 
small real-time operating system. The production and the consumption were controlled 
by a dedicated computer, which also was responsible for making all measurements 
during the experiments. Each substation used a mechanical flow meter (SVM F2 444 
PN16 DN20 2,5 liters) to measure consumption. To be able to get consumption values 
at any given time we inter- and extrapolated the consumption from the latest generated 
pulse. For a graphical view of the experimental system see Appendix. 
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4.1 Experiment design 
In each experiment the scenario illustrated in Figure 4 was utilized.  

Figure 4. Household heating and hot water tapping from two substations. 

Two substations, A and B, are set to have a constant household heating demand. 
Substation A has a set value for household heating circuit temperature of 48 C° 
(approximately 25 kW) and Substation B has a temperature set value of 51 C° 
(approximately 15 kW). The system is first allowed to reach a steady state during five 
minutes. After five minutes Substation B initiates a hot water tapping of 0,2 kg/s for a 
duration of five minutes. The system is then given ten minutes to stabilize. After the 
stabilization period Substation A initiates a hot water tapping of 0,2 kg/s, also with a 
duration of five minutes. After the second hot water tapping the system is given time to 
stabilize before shutdown. 

 
4.2 System control architectures 
The consumer agents will impose restrictions to household heating when the 
consumption levels are raised above specific limits. Each building has its own unique 
heating characteristics, i.e., the limit and the persistence of reductions will need to be 
set for each individual agent 

The consumer agents are able to reduce the consumption at a substation by changing the 
temperature set value for the household heating water circuit. However, they may 
maximally reduce it by 15% from the initial value used by the control circuit. A 
reduction by 15% may seem small but will actually often result in a temporary shut-
down of the household heating system (since the water returning from the radiators is 
sufficiently warm). As a result, the consumption will start to decrease immediately, but 
only at a relatively slow rate.  

In the experiment three different approaches where compared. One MAS architecture; a 
hierarchical structure where a redistribution agent is given the authority to manage the 
consumption for a set of consumer agents, together with two non-cooperative 
approaches. The three approaches are described in table 1.  
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Table 1. Description of the three approaches evaluated. 
No 
restrictions 

Substations are free to consume the amount requested. 

Local 
restrictions 

Consumer agents individually enforce reductions when the 
consumption reaches a specific limit. The limit for substation A is 30 
kW and the limit for substation B is 20 kW. 

Hierarchical 
MAS 

The redistribution agent uses the aggregated limit of the two 
substations, i.e., 50 kW, as a global limit. The redistribution agent 
requests reductions from both substations when system consumption 
reaches the global limit.  

 
4.3 Result 
Figure 5 shows the total heat load for the three different control strategies.  

Figure 5. Total system heat load for the three control strategies. The desired maximal 
global consumption is 50 kW. 

We see that the strategy to use local restrictions clearly reduces the consumption peaks 
and that the strategy to use a hierarchical MAS approach reduces the peaks even further. 
However, the MAS approach requires slightly more time to assume the stable level after 
reductions. Note also that the tapping continuous for five minutes, the strategy with 
local restrictions is unable to reach the limit level of 50 kW.  

The MAS approach only consumes 60 kW or more during approximately 10% of the 
duration of the experiment. This is contrasted to 20% for the strategy with local 
restrictions and to 30% for no load balancing at all.  
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5. CONCLUSIONS 
We have performed a small-scale experiment in a controlled environment to evaluate 
the possibility of distributed load balancing in district heating systems. The results show 
that it is possible to automatically load balance district heating systems. To our 
knowledge, agent technology has never been used for monitoring and control of district 
heating networks. There have been experiments performed with centralized control of 
substations [2], however we show that we can achieve distributed concurrent automatic 
load balancing by the use of agent technology.  

The experiments described are only initial tests and there is much room for 
improvements. For instance, because of the flow gauges used, the agents had a limited 
and delayed view of the environment, resulting in long reaction times. 

Future work includes:  
- Investigating the scaling effects of the different strategies using a simulation tool 

[14], as well as comparing these and other strategies with centralized control 
strategies. 

- Performing experiments in full-scale district heating systems. 
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APPENDIX 
The following is a complete list of all the measurements gauges as well as their position 
indicated by a graphical view of the experimental system 
 

Measurement Substation A and B, secondary side: 
Name Type Unit Comment 
T-5 T-10 Temperature Co Cold water in 
T-6 T-11 Temperature Co Hot water out 
T-7 T-12 Temperature Co From radiator 
T-8 T-13 Temperature Co To radiator 
T-9 T-14 Temperature Co VVC return 
F-3 F-6 Volume flow l/s Radiator flow 
F-4 F-7 Volume flow l/s Domestic hot water 
F-5 F-8 Volume flow l/s VVC flow 
 

Measurement primary side:  
Name Type Unit Comment 
T-1 Temperature Co Primary in 
T-2 Temperature Co Primary out 
T-3 Temperature Co Primary in 
T-4 Temperature Co Primary out 
P-1 Diff. pressure Bar Primary dp 0-6 Bar 
P-2 Diff. pressure Bar Primary dp 0-6 Bar 
F-1 Volume flow l/s Primary flow 
F-2 Volume flow l/s Primary flow 

VVC returnVVC return 

T-11 
T-13

T-6
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[600 kW] 
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