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Abstract:

A multi-energy system is composed of four main subsystems: i) energy conversion, ii) energy transportation,
i) energy supply, and iv) energy storage. Recent works in the literature dealing with the design and operation
optimization of multi-energy systems usually include only one of the above-mentioned subsystems at a time
and neglect the others or consider them as constraints imposed a priori. That kind of approach may lead to
near optimal system configurations. In fact, the global optimum can only be achieved by the synthesis, design
and operation optimization of the system in its entirety. Here, a mixed integer linear programming (MILP)
approach is proposed to simultaneously optimize the size of the energy conversion and storage plants, the
capacity of the energy networks, and the operation of the whole multi-energy system. The objective function
consists in minimizing the life cycle cost of the system while imposing an upper bound on greenhouse gas
emissions. Moreover, this upper bound can be iteratively reduced to consider increasingly stricter
decarbonization targets. A district composed of commercial and residential buildings, with their own electricity
and heating demands and operating in a microgrid, is considered as a case study. Heat is provided to the end
users via a district heating network, while electricity can be either generated on site or imported from the
national grid. Results shows a reduction potential in carbon emissions of 45% for the considered system,
together with an 8% reduction of the life cycle cost, with respect to a reference scenario.
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1. Introduction

The increasing threat of climate change requires timely interventions to drastically reduce the anthropogenic
emissions of greenhouse gases By accounting for 75% of the global carbon emissions, the energy sector is
the main responsible of global warming. However, the increasing availability at low cost of energy conversion
technologies based on Renewable Energy Sources (RES) can pave the way to a deep decarbonization
process. To this scope, fostering the distributed generation, electrifying the energy consumption and exploiting
the synergies between different final energy sectors, as, for instance, the electricity and heating ones, can play
a crucial role in improving the penetration of RES while decreasing the consumption of fossil fuels [1]. All these
actions contribute to the development of Multi-Energy Systems (MESs).

A MES is defined as an energy system of any spatial extent (a single building, a district, a city, a nation, ...)
that involves different types of energy carriers (electricity, heat, fossil fuels, biomass, ...) and provide energy
in various forms to the end users [2]. It is composed of four main subsystems.

1. Energy conversion. The fleet of the energy conversion plants that provides the end users with the required
energy in the required forms.
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2. Energy transportation. The energy networks collecting energy from the conversion plants and delivering it
to the end users.

3. Energy supply. The end users of the system with their specific energy demands.

4. Energy storage. Components that allow storing energy in different forms in a certain moment and delivering
it in a later one. They can be integrated at any level (energy conversion, transportation, supply).

A holistic approach to the study of MESs should consider all the above-mentioned aspects. Thus, the complete
optimization of a MES accordingly to a certain objective function should involve three levels of analysis.

1. Synthesis, which targets the topology of the energy networks and the number, type and location within the
system of the energy conversion and storage plants required to fulfil the energy demands of the end users.

2. Design, which targets the sizing of the energy conversion and storage plants and the capacity of each
branch of the energy networks.

3. Operation, which targets the management of the dispatchable plants, the management of the power and
mass flows within the networks, and the application of eventual demand response strategies [3].

Such kind of optimization problems, referred to as Synthesis, Design and Operation (SDO) optimization, is the
most complete in the field of energy systems, but also the most challenging to solve, due to the high number
of decision variables, either continuous or integer/binary [4].

This paper focuses on MESs at the district level including microgrids and district heating networks (DHNs). An
increasing number of works in the recent literature deals with the optimization of such kind of systems.
However, most of those works do not embrace a holistic approach but focus on a specific optimization problem
(synthesis, design, operation) or a specific aspect of the MES (energy conversion, storage, transportation,
supply).

Integrated district energy networks were studied by several authors. Lund et al. [5] highlighted the importance
of integrating different energy networks (e.g., district heating, electricity distribution and natural gas supply) at
the district level to shape the smart energy system of the future. In this context, decreasing the supply
temperature of DHNs (e.g., with 4" and 5" generation DHNs) can facilitate the integration of RES, power to
heat technologies and other smart energy systems (e.g., microgrids). Leitner et al. [6] stated that the
components required to build up smart energy systems are well known and already available in the market,
whereas there is a lack of analyses at a system level. Their study focuses on a modelling and simulation
approach for coupled district heating and electrical distribution networks. The DHN is defined by a dynamic
thermal-hydraulic model, whereas the electrical distribution network by a quasi-static model. The model is
complete but does not involve any kind of optimization, which would probably result in a computational
intractability. Other authors, e.g., Nazari-Heris et al. [7], studied the optimal operation of highly integrated MESs
involving many energy or energy-related networks (e.g., electricity, heating, natural gas and water networks).
However, these models are computationally expensive (they are typically applied to one-day operation) and
cannot be applied to the design optimization of those networks. Talebi et al. [8] reviewed the optimization
approaches to the design of DHNs and highlighted the relevant role that optimization tools can have in
designing district energy systems integrating a high share of RES and energy storage technologies. Moreover,
they found out that the most used design optimization techniques are based on numerical approaches, as
Mixed Integer Linear or Non-Linear Programming (MILP and MINLP, respectively), or meta-heuristic
approaches, as evolutionary or genetic algorithms. Rdder et al. [9] developed a MILP optimization framework
for the SDO optimization of a DHN. They considered a mixed residential-commercial district in Germany and
searched for the cost-optimal topology, capacity, and operation of the DHN supplying all the users of the
district. However, they did not optimize the generation and storage sides of the system as they fixed in advance
the position, type and capacity of the energy conversion and storage plants providing the network with the
required heat, and they did not consider the electricity network.

On the other hand, many authors focused on the optimal design and/or operation of the energy conversion
and storage plants supplying a district MES. Rech et al. [10] studied the optimal operation of a fleet of energy
conversion plants providing electrical and thermal energy to a mountain village. Heat is generated by means
of biomass-fuelled boilers or combined heat and power (CHP) plants, and delivered to the end users via DHN,
which is modelled as a black box collecting heat from the generators to fulfil the aggregated heating demand
of the village. Ghilardi et al.[11] developed a MILP model for the operation optimization of a University campus
MES involving a district heating/cooling network and the thermal management of buildings. They found out
considerable advantages in terms of cost reduction, energy saving and integration of RES thanks to the optimal
management of the thermal comfort in buildings, the optimal dispatch of the available energy conversion
systems and the optimal management of the temperature levels of the district heating/cooling network. In a
previous work [12], the authors of the present paper proposed a method for the design and operation multi-
objective optimization (economical and environmental) of the energy conversion and storage plants providing
electricity and heat to an energy community. Demand response was also applied, but no district energy
networks were modelled, assuming that the community members directly interface with the national power grid
and fulfil their heating demand autonomously. Wirtz [13] proposed a web tool for the optimal conceptual design
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of a district MES generation mix. By means of a Linear Programming (LP) approach, the proposed tool allows
defining the optimal size of the energy conversion and storage plants available in an energy hub fulfilling the
electricity, heating and cooling demands of the district. Heating and cooling can be also provided via district
heating and/or cooling networks. Wirtz et al. [14] also proposed a model for the optimal planning of a 5%
generation district heating and cooling network. This model optimizes the design (i.e., the size) of the energy
conversion and storage plants available at two levels: i) the energy hub and ii) the end users’ buildings, which
interface with the heating and cooling network by means of heat pumps and chillers. As a last example,
Mashayekh et al. [15] developed an optimization tool for the design of the energy conversion and storage
plants supplying a multi energy microgrid involving both electricity and heating networks. The optimization
addresses the generation mix selection and sizing, the resource siting and allocation, and the operation
scheduling. They found out that considering the spatial distribution of a MES, modelled as a multi nodal system,
allows a more realistic assessment of the generation portfolio, which can be otherwise non-optimal if the same
system is modelled as a single node.

A lack emerges. On one hand, works dealing with modelling of energy networks either neglect the design of
energy conversion and storage systems or build complex models that are not suitable for design optimization
procedures. On the other hand, works dealing with design-operation optimization of MESs do not consider the
optimization of the topology and capacity of the district energy networks, which are considered only as
constraints.

A pioneering work about the SDO optimization of a district MES was proposed by Mehleri et al. [16] and further
developed in [17]. In these works, a MILP framework is introduced to optimize the selection (capacity and
allocation) and operation of the distributed energy conversion plants supplying the district MES, but also the
design (topology and capacity) of a DHN connecting the buildings. However, the weakness of the proposed
approach is that the DHN is defined by a set of direct heat exchange connections between two buildings that
follow the path of minimum “geometrical distance” (i.e., the straight line connecting two buildings). This is a
strong simplification because obstacles that can interrupt the path between two buildings are not considered.
A more reliable approach in the design of a network should consider the “geographical distance” between
nodes, i.e., the “real” path that a network branch must follow to connect two nodes. Accordingly, a typical
approach to DHN design (see, for instance, in [9]) consists in constraining pipelines to follow pre-determined
paths, which are usually the streets of the district.

To overcome the above-mentioned weaknesses, this work proposes a holistic MILP approach for the optimal
design and operation of a district MES, modelled as a multi-nodal system. The goal consists in finding the size
of the available energy conversion and storage plants, the capacity of each branch of the available energy
networks, and the operation of the whole system that minimize the life cycle cost of the MES, while fulfilling
the energy demands of the end users. Moreover, an environmental constraint is imposed on the maximum
amount of carbon dioxide (CO:2) emissions. By iteratively decreasing the value of this constraint, a sort of multi-
objective optimization can be carried out, in order to obtain the Pareto front of the cost-optimal system
configurations that meet increasingly stricter decarbonization targets. A district located in Padova, lItaly,
composed of commercial and residential buildings with their own electricity and heating demands, and
operating in a microgrid is considered here as a case study to highlight the potentiality of the proposed
approach. Heat is provided to consumers via DHN, while electricity can be either generated on site or imported
from the national grid.

The novelty introduced in this paper consists in proposing a holistic and integrated method for the design and
operation optimization of both conversion/storage plants and energy networks of a MES, while maintaining an
accurate representation of the networks, which are modelled with the “geographical distance” criterion, instead
of the simplified “minimum geometrical distance” one.

Note that the synthesis problem, i.e., the definition of the topology of the networks and of the number, type
and position within the system of the energy conversion and storage plants, is not addressed here. Conversely,
the topological data are provided as input to the model. However, the proposed approach is intended as a sub-
problem of a wider optimization method that addresses the synthesis problem too, in order to provide a
complete SDO optimization tool for district MESs. The idea is to implement the overall SDO problem by means
of a two-level evolutionary algorithm, in which the first level deals with the synthesis problem. The topology of
the system defined in the first level is then passed to the second level, which deals with the design and
operation sub-problem (i.e., the model proposed here). Since the design and operation sub-problem must be
run several times for each iteration of the evolutionary algorithm, it must be maintained as simple as possible
in order to avoid computational intractability. For this reason, the model presented here is maintained linear by
means of proper simplifications of the characteristic curves of the technologies and cost data. A similar two-
level approach for the SDO of a district heating system with distributed CHP plants was developed by Casisi
et al. [18]. However, they only consider DHN and not the electrical network, and they assume a given topology
of the DHN.

The rest of the paper is structured as follows. Section 2 presents the case study, while section 3 presents the
developed optimization method. Section 4 discusses the results and, finally, section 5 draws the conclusions.
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2. Case study

The case study considers a small mixed residential-commercial district located in Padova, Italy. The district is
composed of five buildings (end users), with their own electricity and heating demands, and operates in an
autonomous microgrid connected to the national power grid. Heat is provided to the end users via DHN, while
electricity can be either generated on site or imported from the national grid. The system is modelled as a
multi-nodal MES with 16 nodes in total. Figure 1 shows the layout of the considered system. The buildings
located at nodes 3, 5 and 15 are residential buildings, the remaining two (nodes 9 and 11) are commercial
buildings. Each building owns a photovoltaic plant (PV) and an electrical energy storage (EES) based on
lithium batteries. An energy hub located at node 7 and including a gas-fuelled CHP internal combustion engine
(ICE), a gas boiler (BOIL), an air-water heat pump (HP) and a thermal energy storage (TES) feeds the DHN
that delivers the required heat to the end users. To maintain the model linear, the operating parameters of the
networks are fixed a priori and assumed to remain constant during the operation, as in [9]. This simplification
allows modelling the networks by considering only the power or heat flows circulating inside them. The supply
and return temperatures of the DHN are set at 70°C and 40°C, respectively. The microgrid voltage is 380V.
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Figure 1 Layout of the multi-energy system considered as case study. The white rectangles contain the
conversion and storage plants available at the node where they are located.

The topology of the energy networks can be derived from a geographical map of the district, where the
available paths for the network branches are the streets. Accordingly, the layout of the DHN is designed by
considering the tree path of “minimum geographical distance” connecting the energy hub to all the end users.
In other words, the overall length of the pipelines is minimized, with the constraint of following only the available
paths. The same holds true for the electrical microgrid, apart from the inclusion of node 0, which allows the
power exchange with the national grid, and the inclusion of the branches between nodes 0-1, 1-2, 2-16 and
14-16, which define a network ring that increases the system reliability.

Table 1 shows the yearly electricity and heating demands of the end users (integral over one year of the hourly
demands) and the corresponding demand peaks occurring during the year (maximum values reached by the
hourly demands). Since one hour is the time resolution of the model, hourly demands are expressed in unit of
power (KW).

Table 1 Yearly electricity and heating demands (De; yeqr @Nd Dy¢p yeqr, respectively) of each end user and
aggregated, with the associated demand peaks over the year (D, yeqr fOr electricity, and Dy, ,eqx for heating).

Node Del,year: MWh Dth,yearv MWh Del,peakv kW Dth,peak’ kW
3 89.77 73.54 25.0 60.0

5 125.68 98.06 35.0 80.0

9 175.42 20.76 70.0 60.0

11 125.30 17.30 50.0 50.0

15 143.63 122.57 40.0 100.0
Aggregated 659.80 332.23 176.3 344.4

3. Method: MILP optimization

The MILP optimization problem can be formulated in a general form as in Eq. (1) [19].

ming,{f (x,y) = "x + d'y}

subject to Ax + By = b (1)
with x > 0 € R"Vx,y € {1,0}".
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f is the objective function, ¢ and d are the cost vectors associated with the continuous and binary variables,
x and y, respectively; A4 and B are the constraint matrices and b is the vector of the known terms; N, and N,,
indicate the dimension of x and y, respectively.

The considered MES is modelled as a multi-nodal system, with N = 16 nodes. In the next sections, the
constraints, decision variables and objective function of the problem are introduced. The decision variables
are highlighted in bold. The subscript n = 1,2, ..., N refers to the nodes, k = 1,2, ..., K to the typical days (or
cluster centers), and h = 1,2, ...,24 to the hours of the day. The optimization model has been developed in
Python and solved with the Gurobi solver.

3.1. Time series aggregation

To be solved, the proposed optimization model requires some time series as input. These are i) the electricity
demand of each final user, ii) the heating demand of each final user, iii) the global solar irradiation on the
horizontal plane, necessary for calculating the PV generation, and iv) the temperature of the ambient air,
necessary for calculating the electrical power consumption of the HP. These time series are available for a
reference year subdivided in days with an hourly resolution, for a total of 24 x 365 = 8760 timesteps for each
time series. However, including the time series in their entirety into the optimization model would result in a
computational intractability. In fact, the number of decision variables required to solve the operation problem
is proportional to the total number of timesteps. Thus, it is necessary to reduce the total number of timesteps
and, in turn, the computational burden.

Following Hoffmann et al. [20], a K-medoids clustering approach is applied here to aggregate time series into
typical days, which must be representative of the entire year. The chosen number of typical days is eight.
Moreover, the two days of the year having the maximum peak value in i) aggregated electricity demand and
ii) aggregated heating demand are added to the clustering process as new cluster centers. Thus, the final
number of typical days is K = 10. Neglecting the extreme peak periods in defining typical days would lead to
underestimate the size of the energy conversion plants, which could not meet the extreme demand peaks
occurring during the year. The hourly resolution of the time series is preserved, being each typical day
composed of H = 24 time steps. In this way, the number of decision variables associated with the operation,
proportional to the total number of timesteps, is drastically reduced. In fact, the total number of timesteps is
diminished from 8760 to H X K = 240. The time series aggregation also returns the weight w;, of each typical
day k (with k = 1,2, ..., K), which corresponds to the number of days of the year represented by that typical
day. The Python package “tsam” has been utilized for time series aggregation.

3.2. Energy conversion and storage systems

The energy conversion plants are modelled according to [21], the energy storage systems according to [22].
3.2.1. Photovoltaic plant

The electrical power (Pp, ) generated by a photovoltaic plant, in kW, is given by Eq. (2).

_ Isun,k,h
PPV,n,k,h - CPV,nI . (2)
sunref

Cpy is the capacity of the PV plant in kW of peak (kWp) and is a decision variable, I, is the global solar
irradiation in W/m? and is provided as a time series, Iy, .r = 1000W/m? is the global solar irradiation in the
reference conditions in which the kW, is defined. It is assumed that 1 kW, of PV requires 7 m? of area.

The PV capacity is bounded in between a minimum value, corresponding, for instance, to the area of a single
PV module, and maximum one, corresponding to the entire available area at a node, as reported in Eq. (3).

CPV,min,n < CPV,n < CPV,mux,n- (3)
If PV is not available at the node n, then Cpy minn = Cpymaxn = 0 @nd, in turn, Ppy,, 1 = 0.

3.2.2. Gas-fuelled internal combustion engine in combined heat and power mode

The fuel (natural gas) consumption (F,¢z) of the CHP internal combustion engine (ICE), in kW, and its thermal
power (Q,¢g), also in kW, are given by Eq. (4) and Eq. (5), respectively, as a linear function of the engine

power.
Ficenih = Picenih® + 81cEnichB- 4)
Qicenin = PrcenihP + 81cEnin0- (5)

P,cg is the electric power in kW and is a decision variable, §;¢g is a binary decision variable equal to 1 if the
ICE is working and equal to 0 otherwise. The linearization coefficients of the ICE characteristic curves are a =
242, B =11.0kW, p = 1.24, 0 = —1.65kW.
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The capacity C;¢g of the ICE, in kW of nominal electric power, which is a decision variable, is associated with
the auxiliary decision variable 9;¢ in order to avoid nonlinear constraints [23] of the type Picg < CicelicE-
Equations (6), (7), and (8) bound C;¢g and P¢g.

S1cenihCiceminn < Vicenike < O1cEminCicemaxn: (6)
(1 = 81cemicn) Ciceminn < Crcen — Orcenih < (1 = 81cenicn) Cicemaxn- (7)
YmiiceP1cEnich < Prcemih < O1cEnih- (8)

Ymuice = 0.7 is the ratio between the minimum load at which the ICE can operate and its nominal capacity, and
Cicemin @nd Cicg max are the minimum and maximum bounds of the ICE capacity, respectively. If the ICE is not
available at the node n, then Cicg minn = Cicgmaxn = 0 @nd, inturn, Pycgnin = Fregnen = Qrcenin = 0-

3.2.3. Gas boiler

The fuel (natural gas) consumption (F,,.) of the gas boiler (BOIL), in kW, is given in Eq. (9) as a function of
the thermal power (Qgo;1), in KW, which is a decision variable.

QBoILnkh 9)

FgorLnin = .
Nth,BOIL

Nenon, = 0.9 is the boiler efficiency. Equations (10) and (11) bound the thermal power (Qpg,,) and the boiler
capacity (Cgor), expressed in kW of nominal thermal power, which is another decision variable.

CBOIL,min,n < CBOIL,n < CBOIL,max,n- (10)

0 < @orLnin < CporLn- (11)

Cgoirmin, @nd Cpormax are the minimum and maximum bounds of the boiler capacity, respectively. If the boiler
is not available at the node n, then Cpp;p minn = CrorLmaxn = 0 @nd, inturn, Fgorpnin = Qporrnn = 0-

3.2.4. Air-water heat pump

The electric power consumption (Pyp) of the heat pump (HP), in kW, is given in Eq. (12) as a function of the
thermal power (Qyp), in kW, which is a decision variable.

1
Pupnien = (Qupninit + 8ypninw)- (12)

COPjigealk,h
dyp is a binary decision variable equal to 1 if the HP is working and equal to 0 otherwise, u = 1.80 and w =
2.65kW are the linearization coefficients of the HP characteristic curves (similarly to the ICE), COP; ., is the
coefficient of performance calculated in ideal conditions (Carnot equation) between the ambient temperature
T.mp» IN K, provided as a time series, and the supply temperature T, of the DHN, in K. Equation (13) shows
the ideal coefficient of performance.

1
COPigearin = 1

upply

(13)

_Tamb,kh’
Tsupply

The capacity (Cyp) of the HP is a decision variable expressed in kW of nominal thermal power, and is
associated with the auxiliary decision variable 9yp to avoid nonlinear constraints. Equations (14), (15), and
(16) bound Cyp and Qyp.

6HP,n,k,hCHP,min,n < 19HP,n,k,h < 6HP,n,k,hCHP,max,n- (14)
(1= 8upnin)Crpminn < Cupn — Oupnin < (1 = 8upnin)Cupmaxn- (15)
YmuapOupaih < Qupnih < Iupnih- (16)

Ymiup = 0.5 is the ratio between the minimum load at which the HP can operate and its nominal capacity.
Chp.min, @Nd Cyp ;mqy are the minimum and maximum bounds of the HP capacity, respectively. If the HP is not
available at the node n, then Cyp minn = Chpmaxn = 0 a@nd, inturn, Pyppin = Qupnin = 0.

3.2.5. Energy storage systems

The decision variables associated with the thermal energy storage (TES) are its capacity (Crgs,,), in kWh, the
charging heat (Qrgs chrgnkr) @nd discharging heat (Qrgs aischnk.n), in KW, and the state of charge (SOCrggpp i),
in kWh. The decision variables associated with the electrical energy storage (EES) are its capacity (Cggs ), in
kWh, the charging power (Pggs chrgnin) @nd discharging power (Pggs aischnin), iN KW, and the state of charge
(SOCgEsnnk). in KWh. Refer to [22] for the model of energy storage systems. Note that both intra-day and inter-
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day storage is allowed. If a storage system is not available at node n, then all the corresponding decision
variables are set equal to zero.

3.2.6. Electricity import from/export to the national power grid

The microgrid interfaces with the national power grid at node 0. Here, it is possible to import/export electricity.
Thus, two additional sets of decision variables are required: Py 5 i n, in KW, for import, and Py 5 i hs in kKW,
for export. Pinpnih = Pimpnin = 0 if n # 0.

3.3. Energy networks

The system includes P = 12 district heating pipelines, and L = 16 electrical microgrid lines.

3.3.1. District heating network

For each pipeline p (with p = 1,2, ..., P) connecting two nodes n and m, the decision variables involved in the
model of the district heating network (DHN) are: the capacity of the pipeline (Cpyypnm) cOnnecting the two
nodes, in kW, the heat flow from node n to node m (Qpyn nm), iN KW, and the heat flow from node m to node
n (Qpun.mn). IN KW. The heat flows are bounded by the pipeline capacity, as shown in Eq. (17).

Qpunamich T @oanmnih < Counpam- (17)

Note that, due to the DHN layout (see Figure 1), heat is constrained to flow from the energy hub (node 7) to
the end users (nodes 3, 5, 9, 11, 15). Thus, for each pipeline, the flow in one of the two directions is always
zero. If two nodes n and m are not connected by a DHN pipeline, then Cpypy pnm is Not defined, and Qpuw nm kn
and Qpyy.mnkn are set equal to zero.

3.3.2. Electrical microgrid

For each electric line [ (with [ = 1,2, ..., L) connecting two nodes n and m, the decision variables involved in
the model of the electrical microgrid (EMG) are: the capacity of the network line (Cgpg 1.m) cONnecting the two
nodes, in kW, the power flowing from node n to node m (P gy m), in KW, and the power flowing from node m
to node n (Pgpmemn), in KW. The power streams are bounded by the network line capacity, as shown in Eq.
(18).

Pemgnmin + Pememnih < Ceme inm- (18)
If two nodes n and m are not connected by a EMG line, then Cgygnm is not defined, and Pgyg pmrn @and
Py mnkn @re set equal to zero.

3.4. Energy balances
Two energy balance constraints are imposed for each node, typical day, and time step of the typical day. The

“+” sign is assigned to power/heat flows entering a node, the “-“ sign to power/heat flows exiting a node.
Equation (19) shows the electrical energy (electricity) balance.

—Deinin — Zm PEmenmich + 2m Pememnich(1 = Agmc) — Pexpmih + Pimpmich — Pupnih + Prvnin + Prcenih —
Pegschrgnih T Peesdischnih = 0- (19)

D,, is the hourly electricity demand in kW, m is the set of nodes connected to the node n, Agy; = 0.02 is the
constant loss factor of the microgrid.

Equation (20) shows the thermal energy (heat) balance.
—Dennjen = Xm Qounmmih + Lm|Qounmnin (1 — 1€y nmd pun) = leny nnd” pun] + Qupnih + Qicenin —

Qreschrgnih T Qresdischnih = 0- (20)

Dy, is the hourly heating demand in kW, m is the set of nodes connected to the node n, len,, is the length of

the pipeline in m, A'pyy = 5.4 x 1075 1/m and 1",y = 7.4 x 1073 kW/m are the linearization coefficients of
the district heating losses calculated according to [9] as a function of the pipeline capacity and supply, return
and ground temperatures (Ts,,p1y = 70°C, Trepyrn = 40°C, and Typounq = 10°C, respectively).

3.5. Objective function

The objective function f, to be minimized, represents the life cycle cost of the system actualized to one-year
operation. f is composed of two contributions: f’, associated with operation costs, and "’ associated with
investment costs. Thus, f = '+ f". f"and f" are given in Eq. (21) and Eq.(22), respectively.

f’ = Zk Wi Zn Zh[cgas(FICE,n,k,h + FBOIL,n,k,h) + Cel,buyPimp,n,k,h - Cel,sellpexp,n,k,h]- (21)
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f” = {Zn Zg [Tg (Cinv,var,g Cg,n + Cinv,fix,g)]} + {Zp [TDHNlenp (Cinv,var,DHNCDHN,p,nm + Cinv,fix,DHN)]} +
{ZI[TEMG lenl(cinv,var,EMG CEMG,l,nm + Cinv,fix,EMG )]} (22)

wy is the weight of the typical day k, cy4qs = 70€/MWh is the purchasing cost of natural gas, cejpyy =
200€/MWh is the purchasing cost of electricity from the national grid, and ¢, .;; = 50€/MWh is the selling
price of electricity to the national grid. The subscript g (with g = PV, ICE, BOIL, HP, TES, EES) refers to the
set of energy conversion and storage technologies; ciny,yar aNd ciny rix are the linearization coefficients of the
investment cost of a technology or network (they are reported in Table 2 with their units); C is the capacity
(decision variable); len refers to the length of a network branch in m; 7 is the actualization factor of a technology
or network and is calculated in Eq.(23), where r = 0.05 is the interest rate and a is the lifetime of a technology
or network (see Table 2).

_ r@a+n® (23)

T+t

Note that operation and maintenance costs of the installed components are not shown in Eq. (22) for simplicity.
However, they are included and calculated as a share of the investment cost.

Table 2 Linearized investment cost and lifetime of the energy conversion and storage technologies and
energy networks.

Quantity PV ICE BOIL HP TES EES DHN EMG
Conowar  12506/KW  17406/KW 65€/kW 117€/KW 244€/kWh 880€/KWh 103€/kW/m  34€/kW/m
Connpix O 320506  1625€ 2145€  970€ 3495€ 0.2€/m 0.05€/m
a,years 20 20 20 20 20 20 40 40

The function @ defines the CO2 emissions of the system in one year of operation, as shown in Eq. (24).
@ = Zk Wi Zn Zh[egas (FICE,n,k,h + FBOIL,n,k,h) + eel,gridpimp,n,k,h]- (24)

egqs = 197kg/MWh is the direct emission factor of natural gas, e, 4,-i¢ = 356kg/MWh is the indirect emission
factor associated with the electrical energy withdrawn from the national grid.

A reference scenario is defined by assuming that the aggregated electricity demand of the system is fulfilled
by withdrawing electricity from the national grid, whereas the aggregated heating demand is met by burning
natural gas in gas boilers. The resulting life cycle cost over one year of operation is f,., = 135.4k€, whereas
the CO2 emissions are @, = 307.6ton.

A global constraint can be imposed on the maximum amount of CO2 emissions, in order to meet certain
decarbonization targets. Equation (25) shows such a constraint, where ¢ > 0 is a fixed parameter.

D <X Dy (25)

By iteratively decreasing the value of ¢, it is possible to carry out a sort of multi-objective optimization (the so-
called e-constrained multi-objective optimization) in order to obtain the Pareto front of the optimal solutions
achieved for increasingly stricter reduction targets in carbon emissions.

4. Results

4.1. Cost-optimal system layout

Initially, the optimization model has been tested without imposing the constraint on CO2 emissions (Eq. (25)).
Thus, the obtained results correspond to the cost optimal solution. The resulting value of the objective function,
i.e., of the life cycle cost over one year, is f = 124.3k€, which is 8.2% lower than the reference scenario. The
operation costs contribute for f' = 52.1k€, whereas the investment costs for f"" = 72.7k€. The total CO2
emissions over one year are @ = 167.8ton, which are 45.4% lower than the reference scenario. Hence, a
sensible reduction in CO2 emissions results to be economically convenient even without imposing
decarbonization targets.

Figure 2 shows the optimal layout of the energy networks, with the capacity of the district heating pipelines
and electrical microgrid lines. Table 3 reports the optimal capacity of the energy conversion and storage plants
at the node in which they are installed. The capacity of the DHN pipelines decreases by moving from the
energy hub towards the end users. This is due to the mono-directionality of the heat flow, which only flows
from the hub to the users. Note that the capacity of the DHN is higher than the one strictly required for meeting
the heating demand of the end users because of the DHN losses, which have a not negligible impact on the
system (79 MWh of losses in one year, more than 20% of the total heating demand). The installed capacity of
PV is predominant, with 443.9 kW, for a yearly electricity production of 661.1 MWh that corresponds to a
utilization factor of 17% (equivalent hours at the nominal power compared to the 8760 hours of one year). The
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installed capacity of the ICE is 57.8 kW, for a yearly electricity production of 198.8 MWh corresponding to a
utilization factor of 39%. The gas boiler allows covering the heating demand peaks. Its installed capacity is of
183 kW, for a yearly heat production of 43.6 MWh corresponding to a utilization factor of 3%. The HP covers
the heating demand not covered by ICE and BOIL. Its installed capacity is 77.7 kW, for a yearly heat production
of 134.2 MWh corresponding to a utilization factor of 20% The installed capacity of TES allows improving the
operation flexibility of ICE and HP, thereby increasing their utilization factor. The installed capacity of EES is
negligible. The electricity export to the national grid prevails on the electricity import because of the high
capacity of PV. This is reflected by how the capacity of the electrical microgrid lines is distributed. In fact, it
increases moving from the end users towards node 0, in which the system interfaces with the national grid.

ICE
GDO 233.3 1 183.4 2 1226 4 67.5 6 58.6 7 BOIL L.l :
! 61.2 143.0 ||l 356.9 | HP |Energy
Tsupply=70°C 2 5 E i TES |Hub
Treturn=40°C Tl
Vmicrogrig=380V 51° = =50
PV PV PV

District Heating

EES EES EES

w2
o ]| B Network
& 1=
PV — Electrical Microgrid
110
= EES " o al L
\ onnection wi
N
15 E s _@_ the main grid
‘ 50.2 12.1 ® Node
v 18 14 102.9 12

y

Figure 2 Cost-optimal layout of the energy networks. The capacities of the district heating pipelines and of
the microgrid lines, in kW, are shown in red and blue, respectively.

Table 3 Capacity of the installed energy conversion and storage plants.

Node PV, kW ICE, kW BOIL, kW HP, kW TES, kWh EES, kWh
3 100.0 0 0 0 0 0.5

5 100.0 0 0 0 0 0.5

7 8.0 57.8 183.0 77.7 95.1 0

9 95.2 0 0 0 0 0.5

11 48.4 0 0 0 0 3.7

15 92.3 0 0 0 0 0.5

Figure 3 shows the energy balances (electricity and heat) of the whole system over one year, with a daily
resolution. It is obtained by replacing each day of the year with the typical day representing it. The
predominance, in terms of energy, of PV generation is clear, as also the prevalence of the electricity export
compared to import. Globally, 77% of the total electricity demand is covered by electricity generated on site,
whereas 37% of the generated electricity is exported. The ICE is more exploited during the cold season
because of the contemporary need of electricity and heat by the end users, which makes more effective a CHP
operation. The HP share on the daily generation of thermal energy is higher during the warm season, because
of the high availability of “free of charge” electricity from PV. However, in absolute terms, the HP generates
more in winter, when the heating demand is higher. The role of the boiler in covering the heating demand
peaks is clear.

4.2. Variation of the reduction target on carbon emissions

The effect of imposing stricter reduction targets in CO2 emissions has also been analysed. This corresponds
to a decrease in the value of € in Eq. (25), which represents the share of CO2 emissions compared to the
reference scenario. The cost-optimal system configuration, which does not consider that constraint, already
implies a reduction in CO2 emissions of 45%, corresponding to ¢ = 0.55. Thus, ¢ has been varied from 0.55
towards 0. Figure 4a shows the obtained Pareto front. It is evident that, starting from € = 0.55, the minimization
of the life cycle cost and the minimization of the carbon emissions are two contrasting objectives. Thus,
reducing ¢ results in increasing the life cycle cost. It is possible to reduce the CO2 emissions until 120ton/year
(60% reduction compared to the reference) while maintaining the economic effectiveness of the system with
respect to the reference scenario. Accordingly, a further reduction of ¢ results in compromising the economic
convenience of the proposed system. Moreover, CO2 emissions cannot be reduced to zero because of the
saturation of the PV and EES potentials (i.e., the available area for installing PV and space for installing EES
become fully exploited). The minimum value that CO2 emissions can reach is 69 ton/year, 78% less than in
the reference scenario. However, the corresponding life cycle cost is 45% higher than the cost-optimal case.
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Figure 4b shows how the capacity of the installed energy conversion and storage plants and largest network
branches (EMG line 0-1, DHN pipeline 6-7) varies with ¢, i.e., with decreasing CO2 emissions (the plot should
be read from right to left). The most evident result is the progressive increase in PV, HP, EES and EMG
capacities. Moving from the cost-optimal system configuration to the minimum emitting one, the PV capacity
almost doubles, the HP capacity increases of 130%, the EES capacity increases of more the 100 times, and
the EMG capacity increases of 85%. The reason is that PV is the only renewable-based technology available.
Thus, the increase in PV capacity is accompanied by an increase in HP capacity, in order to decarbonize the
heating demand, and an increase in EES capacity, in order to decarbonize the electricity demand during the
hours in which PV generation is not available. The EMG capacity increases too, in order to accommodate the
increasing generation surplus from PV. The boiler capacity slowly decreases with decreasing €. The ICE
capacity remains more or less constant, except for a sharply decrease (-91%) to allow the last marginal
reduction in CO2emissions. This reflects a sharply increase (+93%) in TES capacity, which is required to
improve the flexibility of the HP and, in turn, its utilization factor. The DHN capacity remains constant.

Energy balances for each day of the year
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Figure 3 Yearly energy balances of the considered multi energy system with a daily resolution.
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Figure 4 Results of the optimization for increasingly stricter constraints on CO2 emissions: a) Pareto front
and b) share of the installed capacities compared to the cost-optimal solution.

5. Conclusions

This paper presents a general method for the design and operation optimization of multi-energy systems
integrated with energy networks, with the goal of defining cost-effective system configurations to meet
increasingly stricter decarbonization targets. The proposed method makes it possible to concurrently optimize
the capacity of the available energy conversion and storage plants, the capacity of each branch of the available
networks, and their operation, in order to minimize the life cycle cost of the system for a given cap on carbon
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emissions. A district multi-energy system composed of residential and commercial buildings, with their
electricity and heating demands, and including a district heating network and an electrical microgrid has been
considered as a test case. Without imposing any constraints on CO2 emissions, results show that it is possible
to reduce the carbon emissions of the system of 45%, while also decreasing the life cycle cost of 8%, with
respect to a reference scenario in which the entire electricity demand is fulfilled by withdrawing electricity from
the national grid and the entire heating demand is met by burning natural gas in gas boilers. However, a further
decarbonization compromises the cost-effectiveness of the system because of the investments in carbon-
neutral technologies and electrical microgrid, the installed capacity of which steeply increases.

The main findings of the study are summarized below.

* Photovoltaic is a promising solution for decarbonizing the electricity demand, by contributing for more than
75% to the total electricity generation. Electrical storage systems are necessary for a deep decarbonization.

= The higher share of photovoltaic generation in deeply decarbonized scenarios requires increasing the
capacity of the electrical microgrid up to 85% compared to the cost-optimal system configuration.

= The economic convenience of distributed electricity generation is mainly due to the self-consumption, which
approaches 80% of the electricity demand, rather than to selling energy to the national grid.

= Heat pumps are very effective in decarbonizing the heating demand if a surplus of photovoltaic generation
is available on site. Their contribution to the thermal power generation approaches 100% in deeply
decarbonized scenarios. Moreover, thermal energy storage allows improving their utilization factor.

= Gas-fuelled combined heat and power internal combustion engines can contribute to the decarbonization
of both electricity and heating demand in a first phase. However, the scarce heating demand of commercial-
residential districts during the warm season sensibly worsens the utilization factor of this technology, which
results to be lower than 40%.

* The capacity of the considered tree-shaped district heating network depends only on the heating demand
of the end users, thereby remaining unchanged when the decarbonization target varies.

The proposed paper is intended as a part of a wider study aiming at defining a method for the complete
synthesis, design and operation optimization of multi energy systems integrated with energy networks. This
means that the present work will be further developed in order to include the synthesis of the networks’
topology, the selection of the number and type of the energy conversion and storage plants, and their siting
within the system into the optimization problem. The idea is to solve the overall synthesis, design and operation
problem by means of an evolutionary algorithm, in which the method proposed here is run many times at each
iteration for different configurations of the networks’ topology and plants’ position.
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Nomenclature

Abbreviations

DHN  District heating network

EMG Electrical microgrid

MES  Multi-energy system

SDO  Synthesis, design and operation

Subscripts
g energy conversion and storage technologies (with g = PV, ICE, BOIL, HP, TES, EES)

h hours of the day (with h =1, 2, ..., 24)

k typical days or cluster centers (with k =1, 2, ..., 10)

I electrical microgrid lines (with 1 =1, 2, ..., 16)

n nodes of the system (withn =0, 1, ..., 16) (alternatively, m)
p district heating pipelines (withp =1, 2, ..., 12)
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