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In this unifying framework for modeling and supporting multiple-energy

delivery systems, energy forms are converted in an energy hub,
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ABSTRACT | This paper presents a generic framework for the
modeling of energy systems comprising multiple-energy
carriers, such as electricity, heat, gas, biomass, etc. The
modeling framework is based on the so-called energy hub
approach. The core idea of the energy hub is the definition of a
conversion matrix capable of describing the interactions of
production, delivery, and consumption in multiple-energy
carrier systems. Based on the energy hub concept a broad
spectrum of modeling extensions and applications is pre-
sented, such as a multiple-energy carrier optimal power flow,
risk management and investment analysis tools, agent-based
control schemes for decentralized generation units as well as
the possibility to analyze the influence of plug-in hybrid
electric vehicles (PHEVs) on future energy systems. The paper
is concluded with a section presenting the key benefits of the
energy hub modeling framework, followed by a discussion on
the main design principles generality, scalability, and modu-
larity as well as a discussion on the possibility to follow top-
down or bottom-up modeling strategies.
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I. INTRODUCTION

Bulk electricity generation and transmission technologies
often exhibit large economies of scale. Driven by these
scale effects, power systems historically evolved into large,
interconnected structures, where electricity is mostly
produced in “centralized” power plants with ratings
ranging from several hundreds to thousands of megawatts.
On the contrary, climate change, fossil resource depletion,
policy incentives as well as higher public awareness in
term of sustainability have promoted the deployment of
small decentralized and renewable generation technolo-
gies, typically including photovoltaics, microturbines,
combined heat and power (CHP), waste and wood
incineration plants, etc. [1]. Nonetheless, the size of
distributed generation facilities is not the only aspect
influencing the currently prevailing power system struc-
ture. A number of these technologies also provide the
possibility for so-called cogeneration or trigeneration [2],
[3]. Using, e.g., CHPs or microturbines, it is possible to
produce electricity and heat out of natural or biogas,
biomass etc. Together with the deployment of distributed
storage technologies or the prospective integration of plug-
in hybrid electric vehicles (PHEVs) complex interactions
between the different energy carries and systems arise [4],
[5]. The traditional “setup” of the power system with the
typical power flow from higher to lower voltage levels may
be altered. Infeeds from lower voltage levels are becoming
increasingly common. Additionally, new building stan-
dards promote energy efficiency benefiting from advanced
information and communication technologies to “exploit”
the intensified couplings between both production,
transmission, and consumption as well as the different
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energy carriers. Such an operational and topological
flexibility calls for a generic framework to describe the
effects on economic, ecological, and technical indicators
related to energy systems. In that, the contribution of this
paper is the formulation of a generic framework for the
modeling of energy systems comprising multiple-energy
carriers.

The remainder of the paper is organized as follows.
Section II describes the basal principles of the modeling
framework, further detailing the need for an integrated
multiple-energy carrier approach. Additionally, the energy
hub is introduced as key concept. Section III presents
several applications of the energy hub concept in order to
assess questions related to multiple-energy carrier optimal
dispatch and power flow, risk management and investment
analysis, agent-based control schemes for decentralized
generation as well as a framework to assess the influence of
PHEVs on future energy systems. In the subsequent
Section IV, information on modeling concepts similar to
the energy hub approach is provided, conclusions are
drawn regarding key benefits and feasibility, and further
applications and extensions of the hub concept are
proposed. The paper is concluded with a summary of the
main findings.

II. GENERAL MODELING FRAMEWORK

A. A Greenfield Approach for Future Energy Systems

Most of the work described in this paper was developed
in the scope of the project “Vision of Future Energy
Networks (VoFEN)” conducted at the Swiss Federal
Institute of Technology (ETH), Ziirich, Switzerland [6].
The project was started in 2002 with the underlying
assumption to take today’s transmission and generation
technologies and design an optimum system “from
scratch” without considering the current power system
structure. The idea is to investigate how a fictitious
optimum system would look like and then backcast the
main findings onto the current energy infrastructure. In a
subsequent step, bridging systems can be designed in order
to move from today’s structure towards optimal future
structures. This general research approach is depicted in
Fig. 1.

In terms of electricity networks, a standard set of tools
exists allowing for the assessment questions of topology
optimization, operational strategies, investment options,
reliability, etc. One objective of the VoFEN project was to
extend the capabilities of this “classic” modeling frame-
work to multiple-energy infrastructures.

Generally, the proposed framework can be seen as
modeling example for an open-access, interconnected
system. “By an open system, we mean a system that
interacts with its environment, for example, by exchanging
matter, energy, or information. By an interconnected
system, we mean a system that consists of interacting
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Fig. 1. A greenfield approach for future energy systems [7].

subsystems” [8]. The framework as a whole mostly relies
on steady-state models, i.e., the internal dynamics of the
different networks and network components are ne-
glected. However, the approach can be extended to
account also for dynamic phenomena as, e.g., described
in [9]. A selection of the developed modeling tools is
described in Section III, whereas the next paragraph
motivates the idea to design a modeling framework
explicitly considering multiple-energy carriers.

B. Coupling of Multiple-Energy Infrastructures
Industrial, commercial, and residential consumers
require various forms of energy services provided by
different infrastructures. In the industrialized part of the
world, coal, petroleum products, biomass, and grid-bound
energy carriers such as electricity, natural gas, and district
heating/cooling are typically used. However, standard
planning tools for the design of energy networks typically
do not provide an integrated view on the different
infrastructures. The production, transmission, and distri-
bution of the various energy carriers is treated as a set of
independent problems, where each system is optimized
without taking the interfaces and interactions of the
different energy carriers into account. It is questionable if
this approach will be sufficient for an efficient planing and
operation of future energy systems. New generation and
conversion technologies change the traditional setup of
transmission, distribution, and consumption. The power
flow is no longer solely unidirectional, “descending down”
from higher to lower voltage levels. Due to the increasing
penetration of distributed generation, the flow may become
“bidirectional.” Hence, questions arise whether, for
instance, to produce and infeed electricity locally instead
of just “consuming” the energy from higher network levels.
Subsequently, the characteristics of network nodes change
from “passive” points of withdrawal to entities which
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provide the flexibility to store, convert, and condition
energy. In the proposed research framework, such network
nodes with local production, conversion, and storage
facilities are called “energy hubs.” One objective for the
definition of energy hubs was the idea to extend the
traditional network modeling framework in order to
capture the new operational flexibility of formerly
“passive” network nodes [10]. The developed theory to
define and describe energy hubs is presented in the next

paragraph.

C. The Energy Hub

1) General Concept: As outlined above, there is an
increasing penetration of distributed generation and storage
technologies in power systems, changing “formerly” passive
network nodes into so-called energy hubs, where multiple-
energy carriers can be converted, conditioned, or stored.
Fig. 2 illustrates a sample energy hub.

“An energy hub generally represents an interface
between energy producers, consumers, and the transpor-
tation infrastructure. From a system point of view, an
energy hub provides the functions of input and output,
conversion, and storage of multiple-energy carriers” [12].
The energy hub in Fig. 2 has its input ports supplied with
electricity, natural gas, and heat. Inside the energy hub,
several technologies reside which allow conversion and
conditioning of the input energy carriers. In the example,
the following technologies are present: a transformer, a
gas turbine, a gas furnace, and a heat exchanger. At its
output ports, the energy hub supplies electricity and
heating. Energy hubs can be used as mere modeling
concept, but additionally there exist a number of “real”
facilities with the actual capabilities of an energy hub, such
as industrial plants (steel works, paper mills), big building
complexes (airports, hospitals, shopping malls), rural and
urban districts, and small isolated systems (trains, ships,
aircrafts).

2) Mathematical Model: Fig. 3 presents a generic
schematic of an energy hub.

ENERGY HUB
electricity electricity
tural -
natural gas :
-
1
district heat 1 heat
istric 62_1__’ _____ __1__ _____e}a

Fig. 2. Example of a hybrid energy hub that contains an electrical
transformer, a gas turbine, a gas furnace, and a heat exchanger [11].

P, Lo
Pg Lg
-— > -
Po g . Lp . converter
—> converter =-—-» :
: assembly
P, Ly
- = .
(a) (b)

Fig. 3. Model of power converters with inputs P, P;. ... P, and
outputs (loads) L,,,L;,...,L, [11]. (a) Converter with single input/
output. (b) Converter arrangement with multiple inputs/outputs.

The hub is characterized by a set of energy carriers
a, B,... € &= {electricity, natural gas, heat, ...}, where
each energy carrier may be a hub input and/or a hub
output. The set of input powers (output powers) is defined
by Pu,Ps,...,Py (La,Lg,...,L,). As described in the
above example, specific technologies inside the hub allow
for the conversion of energy carriers. A simple conversion
device with one input and one output can be described as
follows [see Fig. 3(a)]:

Lﬁ — Ca,ﬁpa- (1)

The device converts an energy carrier « into 3, where
input and output powers are coupled through the coupling
factor c, 3 given by the converter’s steady-state energy
efficiency. Accordingly, an energy hub can be modeled as a
combination of different converters covering multiple
inputs and outputs. Equation (2) provides the mathemat-
ical description of the energy hub

Lo Ca,a  CBa Cu,a P,
L Cap €38 0 Cup| | P
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—_——
L C P

The entries of the coupling matrix C are the converter
coupling factors. Each coupling factor relates one partic-
ular input to a certain output incorporating the specific
conversion efficiencies.” For a more detailed discussion on
the definition, modeling, and use of energy hubs the reader
is referred to [11] and [14].

!Such a constant coupling matrix C is the most simple case. Actually,
one energy carrier may serve as input to more than one converter. This
constellation makes the use of internal dispatch factors necessary. We
restrain to present the underlying theory in the scope of this paper. The
reader is referred to [13] for more details.
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Fig. 4. Representation of the principle of the energy interconnector.
P.: electrical power, P ,: chemical power, P : losses transmitted to
the soil, Pcy: losses absorbed by the chemical medium, Py: internal
viscous friction in the chemical medium, P,: thermal power delivered
by the chemical medium [15].

The energy hub as defined throughout this sections
forms the basal concept for all subsequent modeling
extensions, which are described in Section III.

D. Transmission and Distribution Modeling,
the Energy Interconnector

In the above, an energy hub was presented as a
generalized network node interfacing transmission, gen-
eration (conversion), and storage. Typically, energy hubs
will not be operated as isolated entities. They will rather be
part of a system of interconnected hubs, where the
different energy carriers have to be transported to and
from the hubs. For the transmission, dedicated infra-
structures exist, e.g., electricity, gas, or district heat
networks. When modeling a system of interconnected
hubs, each network may be described independently
according to the “traditional” flow equations defined for
each network.? A more visionary approach was taken by
the conceptual design of a so-called “energy inter-
connector” allowing for the simultaneous transmission of
heat, electricity, and chemical energy in one single device
(see Fig. 4 for a schematic layout).

In [15], the underlying assumptions as well as possible
applications and benefits are extensively described.
However, in the scope of this paper, the different grid-
bound energy carriers are modeled independently, i.e.,
each energy carrier in conjunction with its dedicated
infrastructure.

ITII. SPECTRUM OF MODELING
FRAMEWORK APPLICATIONS

Based on the energy hub concept several submodels have
been developed, including:

e optimal energy hub dispatch;

e optimal multiple-energy carrier power flow;

e reliability assessment of energy hubs;

%See [11] for a summary on gas and electricity flow modeling in
conjunction with the energy hub approach.
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e generation portfolio and risk management techni-

ques based on the energy hub approach;

e distributed control of a network of energy hubs;

e aframework for the assessment of multiple-energy

carrier markets;

e a framework to model PHEVs and their influence

on energy systems;

e a framework for the assessment of investment

decision in urban networks (case studies).

This section intends to give an overview on the
above listed models. Generally, the objective was to
transfer “classic” power systems’ modeling concepts (e.g.,
for optimal power flow (OPF), reliability, distributed
control, etc.) to a multiple-energy carrier framework.
Sections III-A-F are structured similarly. First, the
research is motivated, followed by a description of the
main assumptions and a brief sketch of the modeling
principles. At the end relevant publications are listed
providing deeper insights in the conducted research work.

A. Optimal Dispatch of an Energy Hub

1) Motivation: Fig. 2 depicted a sample hub with typical
converter units. As described in Section II-C similar hub
configurations might represent industrial plants (steel
works, paper mills), big building complexes (airports,
hospitals, shopping malls), or rural and urban districts.
From an operational viewpoint, a relevant question is the
performance optimization of such an entity in terms of,
e.g., cost, losses, or emissions, where the flexibility of the
hub approach provides significant optimization potential.
It is, for instance, possible to avoid consuming expensive
electrical energy from the electricity network during peak
periods by using the microturbine. The hub appears to be
flexible and elastic in terms of its price responsiveness,
which may be a favorable characteristic when aiming at the
implementation of smart grid management schemes. With
regard to these questions, a multiple-carrier cost optimal
dispatch was developed, where we present the most basal
case characterized by a constant coupling matrix (see
Section II-C2), while neglecting storage devices.

2) Main Assumptions and Model Overview: Typically, an
optimal dispatch problem consists of an objective function
and a set of constraints. In this paper, we present the
problem for the minimization of the total energy costs,
where the costs are a function of the input powers during a
certain time period. With the input power vector P, the
objective function can be written as

f(P). 3)

The optimization problem is constrained by the power
flow through the hub [see (2)] as well as the limitations
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determined by the input power vector P of the hub. For P,
lower limits P or upper limits P may exist. Subsequently,
the optimal dispatch of an energy hub can be formulated as
follows:

minimize  f(P) (4)
subject to L-CP=0 (5)

and
P<P<P (6)

The optimization problem presented above has linear
constraints. In conjunction with a convex objective
function, the dispatch can be solved using numerical
methods. However, it has to be noted that (4)-(6) only
describe the most basal case—an energy hub with a
constant coupling matrix. In reality, one energy carrier
may be dispatched to more than one converter resulting in
a set of hub-internal dispatch factors. The related
modification of the original problem is described in [11].
Further extensions are necessary to incorporate storage
devices in the optimization problem. For a comprehensive
discussion of such configurations, the related optimization
problem, and its solution, the reader is referred to [13],
[14], and [16].

B. Multiple-Energy Carrier Optimal Power Flow

1) Motivation: The optimal dispatch problem of a single
energy hub can be extended to a system of interconnected
energy hubs, resulting in a multiple-energy carrier OPF.
Such an OPF can be used to optimize the operation of a
network of interconnected hubs.

2) Main Assumption and Model Overview: To formulate
the multiple-energy carrier OPF, an additional set of
variables defining a set of hub numbers H has to be
.€H=1{1,2,...,Ng}. Each hub i is
then characterized by a coupling matrix C;, by the power

introduced: i,j,..

inputs P; and the hub loads L;. The network power flows
are denoted by F,. The term G, (P;) refers to the set of
power flow equations of the hubs and the different
networks (e.g., electricity and gas). We restrain from
presenting the flow equations as this exceeds the scope
of this paper. In [11], the flow modeling of electricity
and gas networks is described comprehensively. Again
the hub input power might be constrained with lower
limits P, or upper limits P;. Network flows are also
likely to be constrained by lower flow limits F, and
upper flow limits F,. With the above nomenclature it is

possible to formulate the multiple-energy carrier OPF as
follows:

minimize f(Pi,F,) (7)
subject to L,—-CP, =0, VieH (8a)
G.(P;) =0, YVa e & (8b)

and
Bi S Pi S Pi7 Vl € H (9&1)
F,<F,<F, Vac& (9b)

Note that the objective function f(P;,F,) is also
dependent on the network flows F, as the line utilization
causes losses, which have to be covered by additional
generation. In line with the optimal dispatch problem, the
OPF has been stated with constant coupling matrices. The
introduction of dispatch factors is described in [11]. In
compliance with the OPF in electricity networks, the
problem defined in (7)-(9b) yields marginal cost of the
different energy carriers at the different hubs, ie., a
system of locational marginal prices. Comprehensive
examples related to the optimal dispatch and OPF problem
can be found in [13], [14], and [17]. Note that the
optimization problem can be formulated with a “full”
alternating-current representation of the electric network
or with the so-called direct-current approximations. The
same applies to the gas network. It is possible to use flow
equations considering linepack effects, losses, and com-
pressor-dependent pressures or build more simplified gas
pipeline models.

The models for the multiple-carrier optimal dispatch
and the multiple-carrier OPF form the baseline of analysis
tools. Subsequent research, i.e., the works on PIHV
integration, distributed control of a network of energy
hubs as well as the case studies rely to a significant extent
on the above described methods.

C. Distributed Control of Multiple-Energy
Carrier Systems

1) Motivation: The increasing penetration of distributed
generation facilities induces also changes in terms of
power systems’ control paradigms. Traditionally, large
power plants are controlled by a central entity, i.e., the
network operator. However, the increasing number of
small generation units renders it difficult to apply
centralized control paradigms on all networks levels.
Subsequently, a framework was developed in order to deal
with problems of distributed control in multiple-energy
carrier networks.
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Centralized

Central Coordinator

Distributed

Fig. 5. Three control areas which are optimized in a centralized (left-hand side) and distributed (right-hand side) control scheme.

The arrows indicate the information exchange [18].

2) Main Assumptions and Model Overview: Fig. 5 provides
a schematic of the different control paradigms. A cen-
tralized approach relies on a central coordination entity,
where for the distributed concept the control areas ex-
change data among each other in the absence of a
supervisory entity.

To implement, e.g., a distributed multiple-carrier OPF,
the original problem presented in Section III-B was
decomposed into a number of subproblems. We restrain
to present the mathematical formulation in the scope of
this paper. The reader is referred to [19]. Generally, the
control areas (hubs) exchange data with each other, where
the objective is to reach the optimal solution point derived
from the centralized OPF problem. Data exchange may, for
instance, take place in a serial way, i.e., the control areas
coordinate each other one after another or they may follow
a parallel setup, where the coordination takes place
simultaneously. Fig. 6 illustrates the implementation
results. The control areas (hubs) exchange data; after a
number of iterations the generation vector remains
unchanged indicating that the solution point was found.
Applying the serial approach, a coordination is obtained

within fewer iterations. The main results of this research
are documented as follows. In [19], a distributed multiple-
carrier OPF is developed. In [20], a model taking into
account storage devices is presented, where model
predictive control methods are applied in order to
optimize the network over a defined time horizon
(typically 24 h).

D. Reliability Assessment of Multiple-Carrier
Energy Systems

1) Motivation: Previously, it was outlined that the energy
hub offers a certain degree of flexibility and responsiveness.
When prices are high it is possible to generate electricity
locally using, e.g., a CHP device instead of “consuming”
electricity from the network. This flexibility is due to the
inherent hub redundancy, i.e., there are different conver-
sion paths to provide a certain output energy carrier. The
redundancy may be used for various optimization tasks
(cost, emissions, etc.). Apart from economic benefits, it is
obvious that this operational flexibility will also have an
influence on the reliability of supply.

3 3
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c | |
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Fig. 6. Active power generation (P ,,PS,, PS5) and natural gas import P§ for (a) a serial coordination scheme

and (b) a parallel coordination scheme [20].
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2) Main Assumptions and Model Overview: In (2), the
coupling matrix C was introduced mapping the input
carriers to the output carriers using coupling factors
derived from the specific conversion efficiencies.
“Analogous to the coupling matrix C, a failure rate matrix
A and a repair matrix M can be defined, containing the
failure and repair rates, respectively” [21]

[ )\a.a )\ﬁ.a )\w,a ]
Aag  Agp A8
A= (10)
L )\a,w )\ﬂ,w >\w,w J
[ Moo MG, Mo, 1
Ma,3 M35 Hw,3
M = 1)
L haw MBw Hw,w |

The use of the above matrices is based on the
assumption that the operational behavior of the hub can
be modeled as stationary Markov process. From the
matrices, the probabilities for an operating conversion or
a failed conversion can be derived. In conjunction with a
state—space diagram the expected reliability of supply and
the expected energy not supplied can be computed. The
two indicators allow for assessing the potential benefits
and risks associated with the operation of multiple-carrier
energy systems in terms of reliability. The modeling
framework is described in detail in [21]-[23].

E. Risk Management and Investment Strategies for
Multiple-Energy Carrier Systems

1) Motivation: With the technological evolution of small-
scale renewable generation, such as CHP, photovoltaics,
microturbines, etc., the traditional large-scale thermal and
hydro generation portfolio was significantly diversified.
These recent technological advancements increase the
complexity for policy and decision makers when it comes to
choosing among different investment options, i.e., which
mix of generation technologies should be deployed to
satisfy the future energy demand. To support this decision
process with quantitative analysis tools, the energy hub
approach was linked to classical measures of investment
and portfolio theory, such as the mean-variance portfolio
model. In contrast with the previously presented tools, the
risk management and investment model has a time horizon
of several years, typically in the range from 10 to 40 years.

2) Main Assumptions and Model Overview: The objective
of standard mean-variance portfolio theory [24] is to
determine efficient portfolios that minimize risk for any

given level of return. Hence, a so-called efficient frontier
can be computed, representing all portfolio combinations
with the highest possible return for a given risk level. In
the context of a greenfield approach to future multiple-
energy carrier systems, the tradeoff between risk and
return of investments in different generation technologies
can be taken into account. “The multiple-energy portfolio
model is based on a set of scenarios, which incorporate
factors that have an influence on future energy generation
cost and thus on the return of the investment in the
respective generation portfolio [25].” Sample factors are,
for instance, the future prices for carbon emissions and
fossil fuels. As certain output energy carriers, such as
electricity or heat, may be supplied by more than one
technology, a matrix similar to the coupling matrix C is
used to describe the different efficiencies and capabilities
of the individual technologies. Fig. 7 shows an example
with heat and electricity as necessary output energy
carriers. Different technologies (see the legends of the
figure) can be used to satisfy this energy demand, where
the change of the different technologies shares for a given
risk level op can be seen. Note that for low risk levels the
diversification is at maximum, where with increasing risk
(increasing op values) diversification decreases.

In the basal multiple-energy portfolio model as
presented in [26] only monetary risks can be taken into
account. In [27], the method was extended to include all
types of incertitude, i.e., also nonfinancial indicators. In
[25], a multiple-period, multiple-energy portfolio model is
described capable of computing so-called bridging portfo-
lios to move “smoothly” from today’s system to future
structures (see Fig. 1). Current research targets the

|k\ N1 EREE T2 [0 13 BE= 14 B TS [T 22220 17
1
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Fig. 7. Shares of technologies x; on the efficient frontier for different
risk levels op. The example includes the following technologies:

T1 photovoltaics, T2 wind onshore, T3 small hydro (< 10 MW),

T4 biomass (wood chips) CHP with extraction condensing turbine,

T5 natural gas CHP with extraction condensing turbine, T6 solar
thermal collectors, and T7 gas boilers [25].
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application of real option theory in order to evaluate
specific energy hub investment options.

F. An Energy-Hub-Based Framework to Study the
Network Integration of PHEVs

1) Motivation: Recently, PHEVs have received signifi-
cant public and research attention. (See, for instance, [4],
[15], [28]-[30].) PHEV integration and its influence on
electricity networks can be adequately studied with the
proposed modeling framework as the energy hub approach
provides an adequate method for the assessment of the
coupling effects between the different energy carriers as
well as the different infrastructures involved (transporta-
tion and energy systems). For the modeling tasks related to
the transportation system, research was carried out in
cooperation with researchers from the field of transport
sciences. The entire framework is described in [31].
Generally, the transportation model delivers data for the
individual transportation preferences and patterns. The
data allow to determine the spatial transportation demand
which is a crucial input in order to determine the spatial
energy demand, the ability of the PHEV fleet to serve as
distributed storage, or—related to the vehicle to grid
concept—to provide regulation services.

2) Main Assumptions and Model Overview: In a first step,
an energy hub representation of a PHEV was developed.
Fig. 8 provides a schematic.

Input energy carriers are hydrogen, electricity, and
gasoline, where the converter configuration can be easily
adopted to represent different PHEVs configurations. The
PHEV energy hub model in conjunction with the data
describing the driving behavior of individuals is used to
compute the state of charge of the internal battery during the
day. In a subsequent step, the additional electricity demand
of the PHEV fleet can be determined, i.e., a load profile for a
time horizon of 24 h using a time resolution of 15 min. When
it comes to transmission or distribution system management
one objective is to minimize stress on the individual
components. As a significant penetration with PHEVs may

hydrogen

electricity load
— i —p

gasoline_

Fig. 8. A PHEV modeled as energy hub comprising a battery, a tank, an
internal combustion engine, a fuel cell, a generator, and a motor [32].
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induce a substantial rise in electricity demand, a so-called
PHEV manager was developed. The PHEV manager
coordinates the charging of the individual cars connected
to the distribution grid at certain nodes (hubs). The PHEV
manager receives a price forecast for every 15 min and then
coordinates the charging requests of the individual cars based
on the “willigness to charge” taking into account possible
network constraints. In that, the charging of the cars is based
on price signals, where it is possible to do peak shaving or
valley filling as in low-load hours the price is typically lower
than in high-load hours. Fig. 9 depicts a sample distribution
grid with four nodes (energy hubs) and four PHEV managers
coordinating charging demand at the hubs. The PHEV
managers communicate with the network operator which
“sees” the network as a whole.

The energy hub model of the PHEV is described in
[32]. The PHEV manager is described in [34], where
in [33] results on the application of the PHEV manager in
distribution grids are reported.

G. Investment Decisions in Urban Networks

The previous section mainly described research with a
focus on the conceptual side, i.e., the development of a
theoretical framework to model energy systems comprising
multiple-energy carriers. However, soon after the first
results had been achieved, there was rising interest to apply
the theoretical concepts to realistic case studies. In that,
complementary work has been carried out specifically
focussing on the transfer of the energy hub approach to
urban networks. Two case studies in partnership with
municipalities were defined: one is the city of Baden (AG),
and the other is the Swiss capital Bern. Although, the urban
energy networks in both cities are today only “loosely”
coupled, the analysis shows the different dependencies and
mutual influences providing an integrated view on future
investment options. One relevant question for the city of
Baden is whether to invest into a district heating system or
to deploy heat pumps to match the heat demand of newly
planned residential areas. In the city of Bern a new
combined waste and wood incineration plant will be build,
delivering heat and electricity. The energy hub approach is
an adequate and flexible tool to assess the opportunities
associated with the investments, to derive efficient
operational strategies or to suggest further measures in
order reduce energy consumption and emissions.

IV. DISCUSSION OF THE ENERGY HUB
MODELING APPROACH

A. Related Modeling Concepts

A detailed comparison of modeling concepts similar to
the energy hub approach would by far exceed the scope of
this paper. This section intends to collect some basic
references in terms of related works. The combined
modeling and analysis of multiple-carrier energy systems
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was, for instance, addressed in [35]-[43]. Models with
special emphasis on system interactions and integrated
planning of multiple-carrier energy systems have been
presented in [44]-[46]. A Japanese initiative related to the
here proposed framework is a project called Flexible,
Reliable and Intelligent Energy Delivery System (FRIENDS).
The general ideas are presented in [47] and [48].

The energy hub concept as presented in this paper was
applied and further developed in [49]-[52].

An extensive overview on distributed multiple gener-
ation in general is presented in [53], where also a
comparison is made between virtual power plants,
microgrids, and the energy hub approach. In short, virtual
power plants focus on the market integration of a larger
number of distributed generation resources. The energy
hub could be used to model the individual DG facilities.
This would especially prove useful for cogeneration or
trigeneration plants (e.g., CHP devices). In that, it would
be possible to optimize the virtual power plant operation

for multiple-energy carriers. The same reasoning applies to
the microgrids, where energy hubs could prove useful if
multiple-energy carriers as input sources or loads are
present in the grid. However, until now, the energy hub
concept is an approach that mostly serves modeling,
analysis, and planning purposes rather than matching the
needs of system operators for real-time operation.
Nonetheless, the mathematical formulation of the energy
hub relying on an input/output relationship coupled by a
conversion matrix can be adopted to diverse applications.
The next section details the advantages.

B. Valuation of the Energy Hub Modeling Approach

The energy hub modeling concept provides the

following advantages:

e Generality. The previous sections have shown
different extensions and applications for the energy
hub approach. Examples ranged from the descrip-
tion of network nodes comprising technologies
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such as transformers, microturbines, heat exchan-
gers, furnaces, absorption chillers, etc., to plug-in
hybrid vehicles and to a portfolio of possible
generation investment options. This variety of
application examples demonstrates the generality
of the energy hub concept.

e Scalability. Related to the generality of the
approach is its scalability. Energy hubs may
describe rather small entities, such as PHEVs. On
the other hand, it is possible to describe building
complexes (hospitals, shopping malls, etc.) or even
subparts of distribution systems, e.g., certain city
districts as shown in Section III-G.

e  Modularity. Usually, the different modeling tools
are independent of each other. Although they share
the underlying energy hub concept, the different
extensions regarding, e.g., OPF, reliability, PHEVs
can be used as “standalone applications.” This
modularity allows for the combination and transfer
of the underlying theory to related research fields
such as economics or transportation sciences (see,
for instance, Sections III-E and F.)

¢ Combining Bottom-Up and Top-Down Model-
ing Techniques. When assessing complex, inter-
active systems like energy networks or markets,
different modeling concepts can be applied to
describe the system behavior and its properties.
Following a simple classification, modeling ap-
proaches might be distinguished into bottom-up or
top-down concepts. The latter try to formulate
analytical models, i.e., an aggregated set of
equations describing the relevant phenomena.
The multiple-energy carrier OPF may be seen as
an example for a top-down modeling approach. On
the contrary, bottom-up approaches model the
different microentities of the system within a
framework of rules, where the different entities
can interact with each other. A well-known
bottom-up modeling approach are multiple-agent
systems [54] as described in Section III-C. In that,
the energy hub modeling framework may be used
for bottom-up as well as for top-down analysis.

Disadvantages of the energy hub approach origin from

the complexity introduced by coupling the different grid-
bound and nongrid-bound energy carriers. Even rather
small applications (see, e.g., Fig. 2) incorporate a
significant number of variables to describe the system
sufficiently. Additionally, the optimization problems
related to the optimal dispatch and OPF problems are
very likely to be nonconvex [11]. The complexity makes it
necessary to introduce a certain level of abstraction when
it comes to the representation of the different technolo-
gies. Hence, there is a risk that the model departs too far
away from reality. Another issue of concern with regard to
complexity issues are computing times. Especially, the case
studies briefly summarized in Section III-G are demanding
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in terms of computational power. Simulations are likely to
run from several hours to several days.

C. Outlook on Prospective Applications

1) Topology Optimization: Currently, there is an ongoing
energy policy debate on future generation investment
options. Countries like Germany and Switzerland have
presented options for prospective generation expansion
plans including scenarios relying on “traditional” struc-
tures with large thermal or hydro units and, on the other
hand, scenarios deploying distributed generation and
storage stressing the increasing role of distribution grids.
Due to its generality the proposed energy hub modeling
approach seems adequate to assess the different generation
and network expansion options. The research relies on a
multiple-criteria, multiple-level optimization in order to
evaluate different investment alternatives considering
ecological, economic, and technical indicators. The idea
is to evaluate the optimal sizing and placement of
components clarifying the question on which network
levels generation or storage technologies should be
installed. Generally speaking, the research aims at
establishing a quantitative framework capable of evaluat-
ing “centralized” topology approaches compared with
“decentralized” omnes. Preliminary results have been
reported in [55].

2) Energy Hubs and National Economies: As outlined in
the preceding paragraph, current policy debates in Europe
promote diverse measure in order to cope with the risks of
climate change and fossil resource depletion in a
sustainable manner. Countries may follow a complex set
of policy options, e.g., rely on incentive schemes for the
advancement of electricity generation from renewable
energy sources, promote energy efficiency, invest into the
reinforcement of national and cross-border transmission
capacities, promote large-scale wind farms, etc. Despite
the coordinating role of the European Union, each country
may follow its own set of objectives and measures. In this
respect, the energy hub approach offers the possibility to
build an interconnected system of hubs representing
national economies. Each hub/economy has three loads
being an electricity load, a heat load (for private and
industry use), and a mobility load. The conversion
technologies residing inside the hub describe the national
generation portfolios to cover electricity and heat demand;
additionally, an aggregated representation of major trans-
portation technologies is present. On the input side, the
different primary energy carriers are modeled, such as
coal, gas, lignite, etc. The individual hubs/economies are
connected with each other by an electricity and gas grid
making it possible to study cross-border flows, respec-
tively, energy exports and imports in general. Such a model
is to some extent similar to the “classic” input/output
models known from economic theory [56]. However, the
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energy-hub-based approach offers the functionality to link
technological and economic system properties. It is
possible to study the influence of, e.g., different national
generation mixes, a possible increase in cross-border
transmission capacities, the deployment of technologies
such as high-voltage-direct-current (HVDC) transmission,
the influence of national energy efficiency programs, etc.,
on a Pan-European level. Such a modeling framework
provides the degree of detail of a bottom-up approach
allowing evaluations on a macroperspective. A similar
approach has been developed with focus on the United
States in [57].

V. CONCLUSION

This paper presented a framework for the comprehensive
modeling of energy systems deploying multiple-energy
carriers, such as electricity, heat, cooling, gas, etc. The
modeling framework is based on the so-called energy hub
approach. Section II described the underlying assumptions
as well as the mathematical modeling details. Due to the
generic formulation of the energy hub approach, it is
possible to apply and/or extent the concept to a broad
spectrum of topics related to questions of production,
delivery, and consumption in multiple-carrier energy
systems. Section IIT presented specific modeling applica-
tions related to multiple-energy carrier OPF, risk manage-
ment and investment strategies, agent-based control of
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