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ABSTRACT
The “Energy Hub” is a modelling framework that can
be used to design an energy system based on an
optimization approach. In this paper, an upgrade of
the energy hub called “Regulated Energy Hub” is
presented and applied to a system that serves a large
district heating network and which is based on
biomass boilers and cogenerators. Operational
constraints of the actual system and thermal storage
can be taken into account and optimized. A
calculation procedure able to take into account
various operation strategies is particularly important
in multi-source multi-product converters and in slow
reaction times converters as biomass boilers.

INTRODUCTION
In recent years, wood biomass has attracted great
interest since this it is considered zero emission of
CO2, even though it is well known that the
combustion of biomass produces a variety of
pollutants, particularly NOx, SOx and dust. Rather
than the combustion of biomass made from many
individual small users, with problems of control of
combustible materials and emissions, the burning of
biomass in large power district heating, which then
feed a series of utilities, is more efficient from the
environmental point of view. This is because the
products of combustion, can be appropriately filtered
(eg. through multicyclone filters) thus falling within
the legislative limits of emissions, especially if waste
wood material or wood chips, which can have a high
moisture content resulting in unburned, are used.
The advantages of biomass-fired district heating
networks in alpine locations are not limited to issues
related to the air pollution, biomass burning. In the
presence of a large number of occasional users,
district heating networks also involve significant
management savings. The main problem is rather the
availability of the amount of biomass needed to
supply the district heating networks and the creation
of the forest, wood and energy sectors.
Compared with urban heating networks with CHP
generators powered by natural gas (Benonysson et a.,
1995; Larsen at al., 2004), district heating networks
such as those under consideration have a greater
inertia and with difficulty they more meet the heat

load required while maximizing efficiency and
minimizing emissions (Lundgren at al., 2004).
The recent feed in tariff for the production of
electricity from biomass (0.28 €/kWhe) that was
enforced in Italy, implies that in the case of central
heating by woody biomass, even in the absence of a
significant electricity demand the cost effectiveness
of cogeneration options (e.g. through a organic
Rankine cycle) should be evaluated. In fact, with this
option, the net electricity excess can be used to fed an
electricity driven heat pump, thus transforming the
whole energy of biomass into heat energy while
benefitting at the same time of the financial
incentive.
In this context, this work presents the application of a
methodology for the operational optimization of an
energy system, based on an upgrade of the energy
hub methodology previously presented in other
papers (Fabrizio et al. 2009; Fabrizio et al. 2010). In
fact, large central systems that have slow reaction
times energy converters, such as the ones of the
district heating network under consideration, should
be not only correctly designed (design optimization),
but
also
correctly
managed
(operational
optimization).
In particular, the constraints that are linked to the
operation of wood biomass boilers are investigated
and applied to the operation of a real system.

THE MODELING FRAMEWORK
The energy hub
The energy hub modeling framework developed by
Fabrizio et al. (2009, 2010) is based on the concept
of the Energy Hub (Hemmes et al., 2007) and can be
used to size a multi-energy system.
This methodology is able to take into account the
quality/value of the energy, the variability of the
conversion efficiency as a function of the boundary
conditions and of the part load conditions. This
method can be regarded as a parameter estimation
technique. In fact, the scope of the optimization is to
find a set of decision variables (factors epsilon) that
are representative of the distribution of the energy
fluxes over the various energy converters that are
used in an energy hub.
The energy demand of a building is a known (predetermined) variable and is entered into the energy
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hub as an output vector, Pout (“output port” of the
hub). The energy-wares that feed the energy
converters are then derived as a function of the
conversion efficiencies and of the ε factors, which
represent the fraction of a certain building load (e.g.
energy for space heating, space cooling, electric
energy, ...) that is covered by a specific converter.
The set of energy-wares is therefore a vector of
dependent variables, Pin, which is supplied at the
“input port” of the hub.
The best distribution of the energy -wares required to
meet the demand, is determined on the basis of the
selected objective functions, the output vector
(energy demand), the input-output relationship and
the constraints, through a identification of the hub
parameters (that is, the fractions εi of the building
demands, Pout, covered by each possible
technology/source). This can be written as
Pin = D Pout
(1)
where D is an appropriate coupling matrix, which is a
function of the energy converter efficiencies (time
constant or time variable) and of the distribution of
the energy fluxes over the various energy converters.
This method was however subject to a number of
limitations (use only in the design optimization stage,
no energy storage, time constant epsilon factors) and
in this paper an upgrade of the method is proposed do
develop an operational optimization of a certain
system (existing or previously designed by means of
another calculation method). A detailed description
of the hourly method that is used in this paper can be
found on (Fabrizio et al. 2009).
The regulated energy hub
In some cases, the results obtained by means of the
Energy Hub model, may be only theoretical. In fact,
the model does not take into accout the constraints
that may characterize the performance of specific
energy converters. This is especially true for energy
converters that have a certain inertia and slow
reaction times such as large biomass boilers or
absorption chillers.
For example, the energy converter with high inertia
cannot vary considerably its part load ratio from one
hour to another. Moreover, some energy converters
may not work below a certain part load ratio, or they
must be turned off.
These type of problems are easily econuntered in
biomass-fed energy systems and large systems like
the ones that serves district heating networks.
To overcome these problems and perform a more
realistic modelling of a particular energy system,
some constraints on the epsilon factors of the enery
hub model were added, in order to find realistic
optimized solutions.
The constraints that force a minumun value of the
epsilon factors or the hourly operation of a

cogenerator – where the many energy output are
dependent each other – engender a surplus energy
production that may not be required by the end users,
and is in contrast with the physical constraint of each
epsilon factor, that is
k

∑ε ν
i =1

i

=1

(2)
where:
‘k’ is the set of the hub components that satisfy the jenergy requirement (heating energy, cooling energy,
etc…).
To address the critical issues introduced by the
application of the consrtaints described above is
necessary that the energy hub contains an
appropriately sized energy storage. The storage will
serve as a 'thermal well' in order to absorb the surplus
energy produced by the energy converters subject to
constraints (chargin mode) and to relese the stored
energy during hours of peak load (discharging
mode).
Under these conditions, the energy storage is
modelled into the energy hub framework as a
converter that can provide a “free” energy source,
which corresponds to the energy stored in the
previous hours, and that will be characterized by its
epsilon factor, also subject to constraints. The
constraint, which is typical of any energy storage,
reads as follows
υ
ν
ν
ν
ε sto
⋅ E out
= E sto
,τ ,i − E sto ,τ ,i −1

(3)

where:

ε υsto is the epsilon factor of the storage for the υ form of energy exiting the hub
ν
E sto
,τ ,i is the quantity of the υ -form of energy stored

at the time τ i
ν
E sto
,τ ,i −1 is the quantity of the υ -form of energy that

is stored at the time τ i −1
The constraint expressed by Equation (3) states that
the energy storage can not discharge more energy
than the energy that was stored at the previous time
steps.
Other constraints that may be present on a thermal
energy storage are determined by the maximum fluid
flow rates entering and exiting the storage (chargin
and dischargin rates).

EXAMPLE OF APPLICATION OF A
REGULATED ENERGY HUB WITH
CONSTRAINTS AND STORAGE
The energy system characteristics
The application of the ‘Regulated Energy-Hub with
constrains and storage’ was applied to a previously
sized energy system (figure 1). This procedure can be
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used both in case of an existing energy system (as it
is the case of this example), and as a second step of a
design procedure, to an energy hub that was sized
with the energy hub procedure.

The objective function
To perform the optimization, the following financial
objective function was adopted:
Th
El
Cip
Oil
fECO = Ein
⋅ cCip + Ein
⋅ cOil − Eout
⋅ prTh − Eout
⋅ inc (4)

where:

EinOil

E inCip is the wood biomass energy input

OB
Th
Eout
Cip

Ein

STO
WB1

WB2

El
Eout

ORC

c Cip is the specific cost of wood biomass, equal to
0.035 €/kWh
Oil
E in
is the oil energy input

c Oil is the specific cost of oil, equal to 0.062 €/kWh
Th
E out
is the thermal energy output

pr Th is the specific price for the selling of the
thermal energy, equal to 0.1 €/kWh

Figure 1 Energy hub of the case study
This system is made of:
- a wood biomass (chips) boiler, with water as
working fluid, nominal capacity 4000 kW
(WB1);
- a wood biomass (chips) boiler, with
diathermic oil as working fuid, nominal
capacity 3815 kW (WB2);
- an oil boiler, nominal capacity 7500 kW
(OB);
- an Organic Rankine Cycle cogenerator,
rated 660 kWel for electricity and 3032 kWth
for heating energy (ORC) that is fed by
WB2;
- a thermal storage of 1000 m3 of water,
working between the temperatures of TC =
70°C e TH = 90°C (STO).

El
E out
is the electricity output
inc is the value of the financial legislative incentive

that is equal to 0.28 €/kWh for the production of
electricity from biomass (it is an all-inclusive
incentive, thus it comprises both the incentive and the
selling of the energy).
The energy demand characteristics
The district heating network heating energy profile is
considered as a given entry and is reported in Figure
2.

The wood boilers have a thermal efficiency of 0.8.
The ORC, working as a cogenerator, has an electrical
efficiency of 20% and a thermal efficiency of 78%.
The part load behaviour is simulated by means of the
following part load factor (PLF) - part load ratio
(PLR) curves:
PLF = – 0.09701 PLR2 + 0.5368 PLR +0.560
for the electricity side of the ORC,
PLF = – 0.1033 PLR2 + 0.5405 PLR +0.5628
for the thermal side of the ORC.
The system of Figure 1 serves a district heating
network of an Alpine region, with a request of
heating energy and eletricity, and runs from October
15 to April 15. Both of these energy requirements are
provided as input to the model at an hourly time step.
The electrical load is constant and equal to the rated
output power of the ORC. This implies that also the
heat production will be constant and equal to its rated
thermal output. Giving these conditions, the
optimization process will affect only the factors
epsilon of the boilers.

Figure 2 Load profile of the heating energy demand
The peak load is equal to 13,2 MW. The seasonal
energy requirements equals 23600 MWh.
The electricity load, as discussed before, is assumed
to be constant and equal to 660 kW.
The energy storage modelling
A first constraint that causes a surplus of heating
energy production is the cogenerator constraint on
the ORC, since it follows the electric load.
-

I constraint (Cogeneration).
if

ICE ,Th
Th
Pnom
> Pout
ICE ,Th
Th
Psto1 = Pnom
− Pout
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ICE ,Th
Psto1 = Pnom

The wood boiler WB1 is subjected to other
constraints due to its high thermal inertia. Those
three constraints are the following:
-

II constraint (Minimum capacity). The
boiler cannot work at a part load ratio lower
than 0.70 of its design capacity

the maximum discharging energy rate,
which is limited by the dimensions of the
demand side inlet and outlet branches:
Pscar < m out ⋅ c ⋅ ∆T
The storage discharges if

WB1
ICE ,Th
Th
Th
Psto2 = 0.7 ⋅ Pnom
+ Pnom
+ ε OB ⋅ Pout
− Pout

Th
WB1
ICE ,Th
Th
Pout
= 0.7 ⋅ Pnom
+ Pnom
+ ε OB ⋅ Pout

if

τ
Psto1( τ) + Psto2( τ) + Psto3( τ) = 0 & E sto
( τ) > 0 ∀∆τ

III Constraint (Working continuity). Once
that the boiler is on, it cannot be turned off
for a period of time of a week (168 hours).

The energy hub simulation
The input-output relationship of the energy hub
reported in figure 1 is

1
ε τWB1 = 0 & εWB
τi −1 > 0
i

WB1
ICE ,Th
Th
Th
Psto3 = 0.7 ⋅ Pnom
+ Pnom
+ ε OB ⋅ Pout
− Pout
WB1
0.7 ⋅ Pnom

+

Th
Pout

=

-

IV Constraint (Boiler turn off). The boiler
can be turned off only after the occurrence
that for an entire week it remains turned on
due to constraint III.

ICE ,Th
Pnom

+ε

Th
⋅ Pout

OB

Those three contributions of thermal energy can be
summed, hour by hour, in one unique value

Psto = Psto1 + Psto2 + Psto3

(5)

This quantity corresponds to the energy stored in one
hour. The thermal fluxes of the storage are reported
in Figure 3.
P diss

ENERGY

PSTO1

CONVERTERS P
STO2

Psto1 + Psto2 + Psto3 < min ⋅ c ⋅ ∆T
-

WB 1
Th
if 0,7 ⋅ Pnom
> Pout

-

dissipated when Psto > 0, the storage is fully charged
and there are not consumers. For the technical
limitations of the storage, there are also two further
constraints:
- the maximum charging energy rate, which is
limited by the dimensions of the supply side
inlet and outlet branches:

THERMAL
STORAGE
ESTO

PSCAR

HEAT AND
POWER
CONSUMPTIONS

PSTO3
P

dis
p

Figure 3 Schematic of the thermal energy storage

Th

ε
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εOB
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εSTO



2⋅


εEl
ORC

El
η ORC ⋅ η WB2 
0
0

where:
εThORC is the fraction of the thermal load covered by
the ORC;
εWB1 is the fraction of the thermal load covered by the
WB1 boiler;
εElORC is the fraction of the electricity load covered by
the ORC;
ηThORC is the (time variable) thermal efficiency of the
ORC;
ηElORC is the (time variable) electric efficiency of the
ORC;
ηWB1 is the (time variable) efficiency of the WB1
boiler;
ηWB2 is the (time variable) efficiency of the WB2
boiler;
εOB is the fraction of the thermal load covered by the
oil boiler;
ηOB is the (time variable) efficiency of the oil boiler;
εSTO is the fraction of the thermal load covered by the
storage discharge.
Since the energy storage is modelled as another
energy converter, the following constraints

The hourly energy balance on the energy storage
gives:

Th
ε sto ⋅ Pout
⋅ ∆τ ≤ E sto ( τ i )

Psto1 ⋅ ∆τ + Psto2 ⋅ ∆τ + Psto3 ⋅ ∆τ − Pdisp ⋅ ∆τ +

.
Th
ε sto ⋅ Pout
≤ m out ⋅ c p ⋅ (Tin − Tout )

τ
τ −1
− Pdiss ⋅ ∆τ − Pscar ⋅ ∆τ = E sto
− E sto
∀∆τ


(7)
Pout





(6)

where Pdisp is the power lost for thermal losses of the
storage, Pscar is the energy rate released to the
consumers and Pdiss is the energy rate that must be

are imposed on the epsilon factor of the storage.
A Matlab® model was compiled to perform the
hourly simulation and optimization. The hourly
profiles of factors epsilon for the various converters
over the entire heating season is the result of the
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optimization, which was conducted by means of the
commercial optimization toolbox of Matlab®.
The optimization problems reads therefore
(εWB1, εWB2, εOB, εSTO,…) : min f ECO ∀∆τ

(8)

The physical meaning of time dependent profiles of
factors epsilon is the operation of the energy
converters. The final information of this optimization
is therefore how the energy system should be
operated (variation of the part load of the converters,
charging and discharging of the storage, proportion
between the various converters, etc.). This kind of
information is of the foremost importance for those
that should decide the operational strategies of an
energy system in order to maximize the revenue of
the system operation. This is especially important in
case of large systems, such as the one studied, where
energy is produced and sold to consumers.
Results
The hourly profiles that minimize, at each time step,
the objective function of Eq. (4) are plotted in Figure
4. The time calculation of the optimization (‘fmin
cond’ function) is 7 minutes approx. It should be
noted that the ‘fmin cond’ function is calculated, and
therefore the optimization performed, at each time
step (1 hour) of the calculation period.
The seasonal value of the objective function equals
1547 k€ which means that there is a return due to the
selling of the thermal energy and electricity.

Figure 5 Zoom of Figure 4 from hour 2500 to hour
2650 (27th January to 2nd February) for the
significance of the colours see Fig. 4
The simulation-optimization was conducted for all
the heating season. In some of the following figures,
for clarity only the period of time from 27 January to
2 February is reported.
It is important to note that the ε factors of Figures 4
and 5 are defined as the ratio between the load that is
provided by a specific energy converter and the total
load that is required at the output port of the hub, and
should not be confused with the part load ratios of
each energy converter that are used to calculate the
time variable efficiencies. In fact, from one hour to
the following, the factor ε may be constant but the
part load ratio may change because the energy
required at the output port is varying. This is because
also the part load ratios of the wood boiler WB1 (that
charges the storage) and of the oil boiler are plotted
respectively in Figures 6 and 7.
From Figure 6, it can be noted that the wood boiler is
working between the full load and the 70% of the full
load, as required by the II and III constraints.
From figure 7, it can be noted that, on the contrary,
the oil boiler is working only at the center of the
heating season and with a great variability in the part
load ratio, from full load to turning off during the
same day.

Figure 4 Time evolution of the factors epsilon for the
various energy converters during the whole season
(red: WB1; yellow: ORC-thermal; green: OB; blue:
STO)

Figure 6 Part load ratio of the WB1 wood boiler
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Such a method is particularly important for those
systems characterized by large energy converters
(high thermal inertia, difficulty of regulation, etc.)
and when the financial revenue of the system
operation should be maximised. To this regard, in
order to correctly simulate the behaviour of complex
energy systems, also a model of a thermal energy
storage had to be added to the original energy hub
framework.
Future research activities connected to the object of
this paper regard the application of the optimized
operation (the set of the hourly factors ε) to a real
system in the presence of an arbitrary energy
demand. This problem may be solved by the
elaboration of provisional algorithm of the energy
demand that may be used to fed the ‘Regulated
energy hub’ in order to find and update the best
operation strategy (factors ε) in real time.

Figure 7 Part load ratio of the oil boiler
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