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Abstract—Due to the expected growth in district heating 
systems in combination with the development of hybrid energy 
appliances such as heat pumps and micro-combined heat and 
power installations, new opportunities arise for the management 
of multi-commodity energy systems, including electricity, heat 
and gas. The possibility to ‘convert’ forms of energy using hybrid 
energy appliances and exploiting flexibility from local production 
and consumption, can improve the systems’ efficiency 
significantly. This paper extends existing work with a 
decentralized version of a multi-commodity smart energy 
management system, in order to deal with flexibility and 
scalability. The system incorporates both heat and electricity and 
integrates various types of flexible appliances as well as hybrid 
energy appliances. To optimally allocate the available resources 
and its flexibility, the developed multi-agent system aims to 
perform optimal supply and demand matching of the local 
resources and flexible appliances, as well as to flatten out the net 
remaining exchange over time. The proposed method is applied 
to a test case, where simulation results confirm that the 
decentralized approach leads to a scalable solution for the 
management of the multi-commodity smart energy system and 
performs similar to the centralized approach. 
 

Index Terms—Combined heat and power; demand-side 
management; distributed algorithms; heat pump; multi-agent 
systems; multi-commodity; smart energy systems; 
 

I. INTRODUCTION 

N Europe and many other places of the world, a major part 
of energy consumption is from thermal demand. As the 

share of district heating is expected to grow drastically in the 
future, improvements in energy efficiency in thermal 
installations can be highly profitable [1]. The introduction of 
hybrid energy appliances such as heat pumps (HP) and 
combined heat and power (CHP) installations results in the 
ability to ‘convert’ electricity to heat respectively co-
generation of energy forms, improving the overall efficiency. 
With the development of smart energy systems by 
incorporating information and communication technologies 
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(ICT), local energy resources and the flexibility offered by the 
various appliances can be exploited to optimize local energy 
consumption and production. By combining the electricity 
grid with the (district) heating system in a single multi-
commodity smart energy system (MC-SES), opportunities 
arise to improve on efficiency, reliability and sustainability of 
the whole energy system [2]. Demand-side management 
(DSM) and demand response (DR) programs can be deployed 
in the MC-SES to pursue various kinds of objectives, like 
optimizing energy costs, performing supply and demand 
matching (SDM) and peak demand shaving or maximizing the 
usage of local renewable energy sources. 

However, the development of smart energy systems is 
challenged by different aspects. Firstly, it needs to be decided 
on the management approach of the MC-SES to be either 
centralized or decentralized [3]. In the centralized approach, 
the management strategy is carried out by a single entity, 
controlling all the energy resources and flexible appliances 
within the system. The decentralized approach makes use of 
distributed intelligence technology to carry out the 
management objective without relying on centralized decision 
making infrastructure. Secondly, flexibility offered by 
appliances can exhibit several types, such as postponing or 
advancing a certain consumption and buffering or storing 
energy. The smart energy system must be able to deal with all 
of those types of flexibility. Lastly, the management strategy 
can be developed for performing instantaneous control as well 
as time horizon control, taking into account a longer period of 
time. Since the flexibility offered by appliances on their 
consumption and production often is known in advance, it 
enables time horizon rather than instantaneous scheduling is 
likely to result in more optimal schedules, taking more 
advantage of the flexibility offered by the appliances. 

Although smart energy systems have been studied 
thoroughly [4], they have mostly addressed only one single 
form of energy, optimizing either electrical or thermal energy. 
DSM and DR strategies to control the electricity consumption 
at the customer side have been proposed in many studies such 
as in [5] - [9]. An example of a decentralized DSM strategy 
with time horizon management is presented in [10], aiming at 
optimal charging of electric vehicles, but therefore only 
including a single type of flexibility. Also, the management of 
thermal energy systems has often been subjected to research as 
in [11] - [13]. The research presented in [14] focusses on an 
electrical heating installation together with flexible electrical 
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has been scheduled such that the supply and demand are 
matched as best as possible for both electrical and thermal 
appliances. For the HP, it can be seen that it starts producing 
heat when there is a high demand for thermal energy together 
with low electricity consumption. Also note that part of the 
electricity is also supplied by the CHP. This is not shown in 
Fig. 2, but can be derived from the thermal energy production 
of the CHP as displayed in Fig. 3. 

In the test case presented in Fig. 2 and Fig. 3, the 
decentralized approach resulted in the global optimal 
schedule, equal to the schedule of the centralized approach. In 
order to show how the distributed algorithm can end up in a 
local minimum, both approaches have been applied to another 
test case, including several electric buffer and time shifting 
appliances. The graphs in Fig. 4 show the schedules of 
centralized approach and the decentralized approach after 
convergence. As a reference, also the schedule of the 
decentralized approach after each appliance has performed its 
first iteration, is displayed. Compared to the schedule of the 
first iteration, the electricity supply has nicely flattened out 
after convergence of the decentralized approach. However, it 
can be seen that there is a small difference with the results of 
the decentralized approach, where the total artificial costs for 
the decentralized approach are slightly higher than for the 
centralized approach. This is a result from the fact that the 
centralized approach is a little more flattened out, and 
therefore more optimal compared to the decentralized 
approach, which is also reflected in the costs. When looking at 
the individual differences of the schedules between the 
centralized and the decentralized approach in this second test 
case, it turns out that in the decentralized approach one of the 
time shifter appliances has shifted its consumption to another 
position and gets ‘trapped’ inside the schedule of some buffer 
appliances. The time shifter appliances in the decentralized 
approach are unaware of the fact that the buffer appliances can 
possibly adapt to better starting times of the time shifter. In 
contrast, in the centralized approach the optimization is carried 
out with the whole picture in mind, preventing the time shifter 
to end up in the local minimum. Therefore, when including 
discrete switching appliances like the time shifter appliance, 
the decentralized approach might end up in a local minimum. 

 A 1000 Monte Carlo simulations were performed, each 
time with 25 appliances of different types being randomly 
initialized (i.e., random valid from  and valid thru  time, 
start after  and start before  time, consumption vector p, 
target time  and target SoC). This resulted in a mean 
absolute percentage error (MAPE) over the square root of the 
cost function (9) of 2.07% between the centralized and the 
converged decentralized approach. When the number of 
participating appliances was increased from 25 to 100, the 
MAPE reduced to 0.18%. When excluding time shifter 
appliances from the simulation, the MAPE reduced to values 
related to the solver tolerance. Therefore, for the simulations 
performed, in general the difference between the decentralized 
and centralized approach is relatively small, especially 
compared to the difference when scheduling without 
optimization (i.e., starting all appliances at the first occasion). 

 
Fig. 2. Final schedule of individual appliances after convergence of the 
decentralized algorithm with buffer, time shifter and uncontrolled appliances 
as well as the HP. 

 

Fig. 3. Initial (top) and final (bottom) schedule of the net remaining electricity 
(continuous blue) and heat supplied by the CHP (dashed red) of the 
decentralized algorithm. 
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