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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract

An integrated coordination of multi-carrier energy networks including gas, heating, cooling and electricity can increase the flexibil-
ity, efficiency and sustainability of energy systems. The optimal dispatch of such systems is complicated by the non-convex nature
of their energy conversion processes. Although these processes can be represented in mixed-integer linear programmes, real-time
constraints of an online dispatcher may not be satisfied. In this paper, two approaches for alleviating this problem are developed and
compared: one is based on a relaxed mixed-integer linear formulation and the other on mathematical optimization with comple-
mentarity constraints. Simulation results on realistic systems demonstrate that both approaches solve large multi-carrier dispatch
problems efficiently. The mathematical optimization with complementarity constraints is computationally less intensive but the
relaxed mixed-integer linear formulation is numerically more robust.
c© 2016 The Authors. Published by Elsevier Ltd.
Peer-review under responsibility of the scientific committee of the CISBAT 2017 International Conference Future Buildings &
Districts Energy Efficiency from Nano to Urban Scale.
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1. Introduction

The need for energy efficiency measures, carbon emission reductions and the growth of distributed energy systems
have sparked research in the operational optimization of energy systems. In particular the dispatch (unit commitment)
of multi-carrier energy systems or energy hubs has gained attention as many degrees of freedoms can be exploited to
increase efficiency and to access new types of energy storage [1]. In this paper, the focus is on the combined dispatch
of electrical distribution grids and decentralized district heat networks.

Energy conversion processes are crucial to this endeavour. In most recent work on multi-carrier energy networks,
the energy conversion has been regarded as a constant efficiency. With the adoption of small distributed modulating
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heat-pumps and combined heat and power plants, the specific properties of energy conversion processes cannot be
ignored. Generally, the models of these processes involve non-convex constraints and are therefore impossible to
address using efficient convex optimisation methods such as linear programming.

The non-convex characteristics of the heating, ventilation and cooling equipment have been included in model
predictive control schemes with a focus on single building control via relaxation methods [2] and sequential quadratic
programming [3]. The works of [4] and [5] represent these processes with a piecewise affine representation and use
mixed-integer linear programming (MILP) to find a solution. This approach works adequately only if the systems to
be optimised are not very large.

In the case of control of multi-carrier networks with a multitude of components, the computational load of the
underlying dispatching problem can exceed the real-time requirements and faster methods are needed. Decreasing the
computational load of mixed-integer linear programming is a part of ongoing research. By showing that the energy
conversion function is mostly concave, a simplified MILP model is presented that only requires a binary variable per
time step. Furthermore, [6] has proposed a novel optimisation technique based on inverse parametric optimization
(IPO) and mathematical programming with complementarity constraints (MPCC). Any piecewise affine function can
be reformulated in the MPCC framework as shown in [7]. This property can be used to solve the energy dispatch
as a MPCC by formulating the energy conversion processes as inverse parametric optimization problems. The two
methods are compared for a realistic full-scale multi-carrier energy network.

2. Multi-carrier energy network models

2.1. Multi-carrier nodes

A multi-carrier network, such as the one depicted in Fig. 3, consists of a set of nodesN of any energy carrier (gas,
electricity, heat, cooling, hydrogen), a set of network links, a set of grid feeders G, a set of energy conversion systems
P that connect the multi-carrier nodes, a set of loads L and a set of storage systems S . Over a horizon T ∈ Z+, demand
and supply are balanced at every node i ∈ N and for every time-step k = {1, 2, ...,T } in the multi-carrier network:

∑
pout∈Pi

pout,k −
∑

pin∈Pi

pin,k +
∑

sout∈S i

sout,k −
∑

sin∈S i

sin,k + gi,k −
∑
l∈Li

lk = 0 (1)

where pin,k, pout,k ∈ R are the input and output streams of a conversion system linked to node i, sin,k, sout,k ∈ R are
the storage streams linked to node i, gi,k ∈ R is a grid link and lk ∈ R are loads at node i. Pi, S i and Li denote the sets
of decision variables of the conversion devices, storages and loads connected to node i.

2.2. Energy conversion systems

Combined heat and power plants (CHP) and heat pumps (HP) are useful components of decentralised energy sys-
tems. The outputs of these energy systems can be modulated and controlled according to demand. Energy conversion
systems are often subject to minimum load constraints and part-load efficiency variations. For simplicity, we consider
only single input/output energy streams; generalisation to multiple input or output streams is possible. In this context,
an energy conversion unit can be thought of as a function f : �→ � mapping the input to the output energy stream.
The efficiency (for CHPs) or coefficient of performance (for HPs) is then defined by ε = f (pin)/pin.

The minimum and maximum outputs of the energy system limit the conversion to a certain range. In the case of
CHPs, the function in this range is often convex due to the increasing efficiency [4]. The electric power to heating
power conversion of heat pumps is often concave [8], as shown in Fig. 1(a). The CHP curve shown is based on
[9]. The heat pump coefficient of performance was calculated using the method from [10]. A polynomial fit of
the conversion function reveals the degree of convexity. The second order coefficient of the polynomial fit indicates
whether the function is convex (negative coefficient) or concave (positive coefficient) in the operating range of the
system. It is important to note that a convex energy conversion function or a negative intercept of the polynomial fit
can both lead to an efficiency that increases with the load factor (Fig. 1(b)). Sections 3.1 and 3.2 explain how the
energy conversion process is integrated into the optimization framework.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.egypro.2017.07.311&domain=pdf
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Abstract

An integrated coordination of multi-carrier energy networks including gas, heating, cooling and electricity can increase the flexibil-
ity, efficiency and sustainability of energy systems. The optimal dispatch of such systems is complicated by the non-convex nature
of their energy conversion processes. Although these processes can be represented in mixed-integer linear programmes, real-time
constraints of an online dispatcher may not be satisfied. In this paper, two approaches for alleviating this problem are developed and
compared: one is based on a relaxed mixed-integer linear formulation and the other on mathematical optimization with comple-
mentarity constraints. Simulation results on realistic systems demonstrate that both approaches solve large multi-carrier dispatch
problems efficiently. The mathematical optimization with complementarity constraints is computationally less intensive but the
relaxed mixed-integer linear formulation is numerically more robust.
c© 2016 The Authors. Published by Elsevier Ltd.
Peer-review under responsibility of the scientific committee of the CISBAT 2017 International Conference Future Buildings &
Districts Energy Efficiency from Nano to Urban Scale.

Keywords: Energy conversion; energy hub; multi-carrier energy systems; MILP; MPCC;

1. Introduction

The need for energy efficiency measures, carbon emission reductions and the growth of distributed energy systems
have sparked research in the operational optimization of energy systems. In particular the dispatch (unit commitment)
of multi-carrier energy systems or energy hubs has gained attention as many degrees of freedoms can be exploited to
increase efficiency and to access new types of energy storage [1]. In this paper, the focus is on the combined dispatch
of electrical distribution grids and decentralized district heat networks.

Energy conversion processes are crucial to this endeavour. In most recent work on multi-carrier energy networks,
the energy conversion has been regarded as a constant efficiency. With the adoption of small distributed modulating

∗ Corresponding author. Tel.: +41 58 765 6077
E-mail address: marc.hohmann@empa.ch

1876-6102 c© 2016 The Authors. Published by Elsevier Ltd.
Peer-review under responsibility of the scientific committee of the CISBAT 2017 International Conference Future Buildings & Districts Energy
Efficiency from Nano to Urban Scale.

Available online at www.sciencedirect.com

Energy Procedia 00 (2016) 000–000
www.elsevier.com/locate/procedia

CISBAT 2017 International Conference Future Buildings & Districts Energy Efficiency from
Nano to Urban Scale, CISBAT 2017 6-8 September 2017, Lausanne, Switzerland

Optimal dispatch of large multi-carrier energy networks considering
energy conversion functions

Marc Hohmanna,∗, Ralph Evinsb, John Lygerosc

aUrban energy systems group, Empa, Swiss Federal Laboratories for Materials Science and Technology, Überlandstrasse 129, 8600 Dübendorf ,
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Abstract

An integrated coordination of multi-carrier energy networks including gas, heating, cooling and electricity can increase the flexibil-
ity, efficiency and sustainability of energy systems. The optimal dispatch of such systems is complicated by the non-convex nature
of their energy conversion processes. Although these processes can be represented in mixed-integer linear programmes, real-time
constraints of an online dispatcher may not be satisfied. In this paper, two approaches for alleviating this problem are developed and
compared: one is based on a relaxed mixed-integer linear formulation and the other on mathematical optimization with comple-
mentarity constraints. Simulation results on realistic systems demonstrate that both approaches solve large multi-carrier dispatch
problems efficiently. The mathematical optimization with complementarity constraints is computationally less intensive but the
relaxed mixed-integer linear formulation is numerically more robust.
c© 2016 The Authors. Published by Elsevier Ltd.
Peer-review under responsibility of the scientific committee of the CISBAT 2017 International Conference Future Buildings &
Districts Energy Efficiency from Nano to Urban Scale.

Keywords: Energy conversion; energy hub; multi-carrier energy systems; MILP; MPCC;

1. Introduction

The need for energy efficiency measures, carbon emission reductions and the growth of distributed energy systems
have sparked research in the operational optimization of energy systems. In particular the dispatch (unit commitment)
of multi-carrier energy systems or energy hubs has gained attention as many degrees of freedoms can be exploited to
increase efficiency and to access new types of energy storage [1]. In this paper, the focus is on the combined dispatch
of electrical distribution grids and decentralized district heat networks.

Energy conversion processes are crucial to this endeavour. In most recent work on multi-carrier energy networks,
the energy conversion has been regarded as a constant efficiency. With the adoption of small distributed modulating

∗ Corresponding author. Tel.: +41 58 765 6077
E-mail address: marc.hohmann@empa.ch

1876-6102 c© 2016 The Authors. Published by Elsevier Ltd.
Peer-review under responsibility of the scientific committee of the CISBAT 2017 International Conference Future Buildings & Districts Energy
Efficiency from Nano to Urban Scale.

2 M. Hohmann / Energy Procedia 00 (2016) 000–000

heat-pumps and combined heat and power plants, the specific properties of energy conversion processes cannot be
ignored. Generally, the models of these processes involve non-convex constraints and are therefore impossible to
address using efficient convex optimisation methods such as linear programming.
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In the case of control of multi-carrier networks with a multitude of components, the computational load of the
underlying dispatching problem can exceed the real-time requirements and faster methods are needed. Decreasing the
computational load of mixed-integer linear programming is a part of ongoing research. By showing that the energy
conversion function is mostly concave, a simplified MILP model is presented that only requires a binary variable per
time step. Furthermore, [6] has proposed a novel optimisation technique based on inverse parametric optimization
(IPO) and mathematical programming with complementarity constraints (MPCC). Any piecewise affine function can
be reformulated in the MPCC framework as shown in [7]. This property can be used to solve the energy dispatch
as a MPCC by formulating the energy conversion processes as inverse parametric optimization problems. The two
methods are compared for a realistic full-scale multi-carrier energy network.
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A multi-carrier network, such as the one depicted in Fig. 3, consists of a set of nodesN of any energy carrier (gas,
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where pin,k, pout,k ∈ R are the input and output streams of a conversion system linked to node i, sin,k, sout,k ∈ R are
the storage streams linked to node i, gi,k ∈ R is a grid link and lk ∈ R are loads at node i. Pi, S i and Li denote the sets
of decision variables of the conversion devices, storages and loads connected to node i.

2.2. Energy conversion systems

Combined heat and power plants (CHP) and heat pumps (HP) are useful components of decentralised energy sys-
tems. The outputs of these energy systems can be modulated and controlled according to demand. Energy conversion
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an energy conversion unit can be thought of as a function f : �→ � mapping the input to the output energy stream.
The efficiency (for CHPs) or coefficient of performance (for HPs) is then defined by ε = f (pin)/pin.

The minimum and maximum outputs of the energy system limit the conversion to a certain range. In the case of
CHPs, the function in this range is often convex due to the increasing efficiency [4]. The electric power to heating
power conversion of heat pumps is often concave [8], as shown in Fig. 1(a). The CHP curve shown is based on
[9]. The heat pump coefficient of performance was calculated using the method from [10]. A polynomial fit of
the conversion function reveals the degree of convexity. The second order coefficient of the polynomial fit indicates
whether the function is convex (negative coefficient) or concave (positive coefficient) in the operating range of the
system. It is important to note that a convex energy conversion function or a negative intercept of the polynomial fit
can both lead to an efficiency that increases with the load factor (Fig. 1(b)). Sections 3.1 and 3.2 explain how the
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