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ABSTRACT — Microgrids are currently seen as the future of power generation and distribution systems. This
paper illustrates the optimization of the operation stage of the main components of a microgrid supplying the final
demands for electricity, heating and cooling of a residential district. The optimization was performed with reference to
four seasonal standard days and optimizing the operating costs or the primary energy use. The electricity production
from a photovoltaic system and a combined heat and power (CHP) satisfies the local electricity demand. The heating
demand is fulfilled with a gas-fired boiler, a CHP, a solar thermal collector and a reversible heat pump that is
employed also for the cooling demand together with an absorbtion chiller. Moreover, a storage system for each
demand is also included. The optimization model is formulated through a mixed-integer linear programming
approach and implemented in MATLAB. The results show a reduction of costs ranging between about two and four
times and a reduction of primary energy use between about two and five times with respect to the traditional scenario
(electricity and gas from the grid).
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I. INTRODUCTION

The recent energy transition from “vertically” to “horizontally” integrated energy grids leads to the
research of new cooperative approaches for the different components in the energy system. Moreover, the
current trend of research is to analyze small districts or microgrids instead of a single building, in order to
investigate further possibilities to attain energy savings, also exploiting synergies coming from the
interplay of multiple energy carriers [1].

The scientific interest in the investigation of the energy performance of energy districts arises from
many points of view [2]:

e [t is possible to predict the demand of many buildings with more accuracy since the load peaks and
valleys of a single customer tend to be mitigated in the district;

e Designing zero-energy districts is easier than designing zero-energy buildings since the single
building does not have to necessarily meet the zero balance;

e From a practical point of view, it is easier to find adequate spaces to install the renewable energy
sources (RES) and heating ventilation and air Conditioning (HVAC) systems.

Another important topic to investigate is the integration of multiple energy carriers such as electricity,
natural gas, hydrogen, heating, cooling and mobility, thus encouraging a movement towards multi-energy
systems. The availability of many alternatives to meet energy demands also enhances the flexibility to
external, unexpected events, as the recent natural gas scarcity in Europe due to the war in Ukraine. Due to
the simultaneous interaction of many equipment and energy carriers, microgrids are the perfect test
environment to develop new optimal management strategies.

The main issue examined in this paper is the identification of the optimal operation schedule of a
residential district modeled as a microgrid with known and fixed energy requirements. An energy hub
(EH) model is employed to schematize the components and the energy flows related to the supply of
electricity, heating and cooling to the urban district through tranditional and innovative components. In
detail, the optimization aims to identify the optimal operation schedule of a gas-fired boiler, a
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photovoltaic system, a solar thermal collector, a air-to-air reversible heat pump, a micro CHP, an
absorbtion chiller, a lithium-ion electrical storage, a hot water storage and a cold water storage system.

A quasi-stationary model is employed to linearize the equations describing the model, ensuring the
energy balance of each energy flow and the correct operation of each equipment per each time-step. The
model is implemented in a MATLAB script and solved using a mixed-integer linear programming
(MILP) method based on a modified version of the Branch and Bound algorithm. Moreover, a multi-
objective approach is adopted, considering both cost and environmental issues related to the operation of
the microgrid.

II. METHODOLOGY AND MODEL

A. Generalities

The microgrid is modelized and optimized using an EH model, a concept introduced in 2007 based on
energy balances in steady state condition [3]. An EH can be defined as an energy system using multiple
energy carriers and with many components operating in coordination the one with each other, satisfying
the final demand of the hub with the objective of improving the energy efficiency. The EH concept was
largely employed to optimize multi-energy systems in literature, both in single buildings and in
microgrids and applying single-objective or multi-objective optimizations. Usually, the optimizations are
performed to attain the minimum cost, maximum energy efficiency or minimum environmental impact
[4]-{13].

The original contribution of this paper is to present an optimization model of an EH for the evaluation
of the feasibility of the installation of equipments to satisfy local electrical and thermal energy demands
along the whole year. Furthermore, both the economic and environmental aspects are considered,
comparing the results to identify a compromise solution.

B. Methodology

The EH developed for the present study aims to meet the energy requirement of a final user. This
might be a single family-house, a multi-storey building or a microgrid. The electrical and thermal (both
heating and cooling) demands are considered in the optimization. In order to meet these requirements, the
installation of a set of converters (Natural Gas Boiler (NGB), Heat Pump (HP), Combined Heat and
Power (CHP) and Absorbtion Chiller (AC)), renewable generators (Photovoltaic (PV) and Solar Thermal
Collectors (STC)) and storages (electrical (STOc) and thermal (STO; and STO.)) is considered. In the
optimization of microgrids, each of these components might be considered as the equivalent of many
smaller omologous component distributed along the EH.

The aim of the optimization study is to identify the optimal schedule of these components during the
analyzed period, tipically one year [14]. The mathematical model is based on the following simplifying
assumptions:

e The energy balances are evaluated in a steady state condition;

e The efficiency or coefficient of performance (COP) of each component is constant and
independent on the load partialization;

e The energy losses in the hub are considered only in components, while lines and networks losses
are neglected.

The assumptions listed above allow this optimization model to be composed by linear equations and
relations, simplifying the identification of an absolute optimal solution. Since there are three storage
systems, some integer variables have to be included in the model. Thus, the solution is identified choosing
a MILP optimization algorithm, based on a modified version of the Branch and Bound algorithm.

C. Mathematical Model

The variables of this EH model (values to be optimized) are the energy flows in input and output to
each component and from the main power grid and gas pipeline.

The parameters of the model are constant input values, i.e. the energy requirement of the microgrid and
values describing the component’s behavior (efficiencies, COP, costs and primary energy impact).



The objective functions to be minimized are the daily cost and the daily primary energy use to supply
electricity and natural gas from the main networks to the microgrid to fulfill the final requirements.

min Cror = min Cgas + Corip = min 2,7 [CneNGin (£) + CeEin (1)) (D)
min PEror = min PEg4s + PEgrip = min 2/’ = | [ PENGNGin(f) + PEgEin (£) ] 2)

where C is the cost, PE is the primary energy, subscript ror means total, subscript y¢ means natural gas,
subscript r means electricity, NG, is the gas supply from the pipeline and Ei, is the power supply from the
grid.

The objective funcitons are subject to equality and inequality constraints, representing the mass
balance and energy balance in steady state for each time-step and each energy carrier or describing the
physical behavior of the components. Balance equations were imposed for electrical energy (E), for
thermal energy (H) and for cooling energy (F), while a mass balance was imposed for the supply of
natural gas (NG), with reference to the schematic reported in Fig. 1. These constraints are illustrated in

Eqn. (3)—(6).
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Fig. 1. Schematic for the energy hub model employed in this study

Egia (t) + Ecup (t) — Enp (t) + Epy (1) — Esto,in (1) + Esto,out (t) = Euser (1) 3
Hcupru (t) + Hysta (1) + Hsre,tu (1) + Hup (1) — Hsto,in (1) + Hsro,0ut (1) = Hyser (1) 4)
Fuc (1) + Fup (t) — Fsto,in (1) + Fsto,out (1) = Fuser (1) ®)
NGgria (t) = NGcnp (1) + NGnes (1) (6)

In the equations above, the subscripts refer to the abbreviations introduced for the components in
section B. Further constraints are set in the model to describe each component of the hub:

1) Combined Heat and Power (CHP)
The CHP system is fed by the main natural gas network and is used to produce electricity and heating
energy simultaneously with higher efficiency than with traditional generation systems:

Ecup (t) = NGcup (t) - LHVNG * cHP ele (7)
Henp (t) = Ecup (1) - cup_ / CHP _ele 8)
Hcup (t) = Henp,tu (t) + Henpac (1) 9)
Ectipmin * xcrp (1) < Ecrp (1) < Ectpmax * Xcrp (1) (10)

where LHV is the lower heating value of the natural gas, ncup » and ncup el are the thermal and electrical
efficiencies of the cogenerator, respectively, Hcup,rr and Hcrpac are the fractions of Herp used for the



heating demand of to feed the absorbtion chiller, respectively, xcup is a boolean status variable indicating
if the component is on or off and Ecypmin and Ecupmax are the minimum and maximum load partialization
allowed, respectively.

2) Natural Gas Boiler (NGB)
The natural gas boiler integrates the heating system to fulfill the heating demand of the hub:

Hyas (1) = NGnas (t) - LHVNG * nnGs (11)
Hyes (t) = Hnea,tH () + HnGB.ac (1) (12)
where 7naGa is the thermal efficiency of the boiler, and Hyes iz and Hyes 4c are the fractions of Hygs used

for the heating demand of to feed the absorbtion chiller, respectively.

3) Heat Pump (HP)
The heat pump fulfills part of the space heating or cooling demand of the single customers:

Hup (t) = Enp (t) - COPri (13)
Fup (t) = Enp (t) - COPcooL (14)
xupw (1) + xupr (1) < 1 (15)
Hup min * xapH (1) < Hup (1) < Hupmax * XuP,H (1) (16)
Fupmin - xupr(t) < Fup (t) < Fupmax * Xup,F () (17)

where COPry and COPcoor are the coefficients of performance in heating and cooling mode,
respectively, xzp,n and xup Fare boolean status variables indicating if the component is in heating or in
cooling mode, Hypmin and Fupmin are the minimum load partialization allowed in heating and cooling
mode, respectively, and Hppmax and Fupmax are the maximum load partialization allowed in heating and
cooling mode, respectively.

4) Solar Thermal Collector (STC)

The STC system is used to produce heating energy exploiting the solar radiation. The total energy
production is determined before the optimization, based on the available surface, on the tilt angle and on
the local solar radiation:

Hsrc (t) = Hsret (t) + Hsrcuc (1) (18)

where Hsrc i and Hsrcac are the fractions of Hsrc used for the heating demand of to feed the absorbtion
chiller, respectively.

5) Photovoltaic (PV)

The PV system is used to produce electricity exploiting the solar radiation. The total energy production
is determined before the optimization, based on the available surface, on the tilt angle and on the local
solar radiation. No further constraint was set in the model.

6) Absorbtion Chiller (AC)
The AC system is used to exploit the excess heating production to provide space cooling during
summer:

Fuc (t) = [ Heupac (t) + Hyvepac (t) + Hsrcac (1) ] - COPac (19)
where COP 4 is the coefficient of performance of the absorbtion chiller.

7) Electricity storage (STO.)
The STO. is used to store the excess electricity production that may occour during the day to provide
the demand of the night:

SOCsroe (t+1) = SOCsroe (t) - (1 — Estoioss ) + Esto,in (1) * N570e,in — Esto,0ut (1) = 1/1570¢,0ut (20)
SOCsroe (1) = SOCsroe (end) @1
XSTOe,in (1) + XsT0c,0ut (1) < 1 (22)
Est0,in (1) < x5706,in (t) * SOC5706,m0x (23)



Es10,0ut (l) < XSTOe,out (Z) - SOCs10e,max (24)
SOCs10emax - DoD < SOCsroe (t) < SOCs70e,max (25)

where SOCsro. is the state of charge of the electrical energy storage, #s7oein and #sroeour are the charge
and discharge efficiencies of the electrical storage, respectively, Eswo,in and Ego0u: are the electricity flows
in input and output of the storage, respectively, Eo s 15 the self-discharge coefficient, assumed as a
fraction of the state of charge, xsroe,in and xsroeour are boolean variables that indicate whether the electrical
storage is charging or discharging at time ¢, respectively, SOCsroemax 1s the upper limit to SOCsro. and
DoD is the depth of discharge of the electrical storage.

8) Thermal storage (STO; and STO,)

The thermal storages are used to store the excess thermal energy production when the heating and
cooling demands are limited. The equations describing the STO; are illustrated below, while the
constraints related to the STO, are omitted, since they are analogous:

SOCsror (t+1) = SOCsrox (1) - ( 1 — ¢sror) + Hsto,in (1) * NisT01in — HsTO,0ut (1) * 1/M5T01008 (26)
SOCszor (1) = SOCsior (end) @7)

where SOCsror is the state of charge of the thermal energy storage, and #s7o:,i» and #sros0u are the charge
and discharge efficiencies of the thermal energy storage, respectively, Hsro,i» and Hsro,ou: are the thermal
flows in input and output of the storage, respectively, and ¢sro: is the heat loss of the storage, assumed as
a fraction of the state of charge.

III. CASE STUDY

A. System description and main hypotheses

Fig. 1 shows the diagram of the distributed energy network superstructure to be used in the
optimization model, consisting of a range of electric and thermal generation, conversion, and storage
technologies capable of meeting the electric, thermal, and cooling demands of a residential user. In detail,
the generation technologies considered include a CHP based on an internal combustion engine, a NGB, a
STC, and a roof-integrated PV system; conversion technologies include a reversible HP and a single-stage
AC; and finally, storage technologies include a battery, and a thermal storage system used for heating or
cooling. The user's electrical demand can be met by CHP, PV system, battery, and the national power
grid. The user's thermal demand (space heating and domestic hot water) can be met by the CHP, STC,
NGB, HP, and thermal storage. Finally, the user's cooling demand can be met by the HP, AC powered by
CHP, STC and NGB, and thermal storage.

The model developed for this study has the advantage of being able to be applied not only to various
types of users (e.g. single-family house, multi-family house, small district), but also to users of various
kinds within the same typology (e.g. different climate, different urban context).

In order to demonstrate the possible application of the model, a case study is developed based on a
multi-family building located in Turin (Italy). The building has a base surface of about 5,000 m? and a
shape factor S/V = 0.5 m'!. Although hourly values of energy requirement should be adopted to obtain
accurate results in energy simulation studies, this level of accuracy may be useless for an optimization
problem, where relations are usually simplified in order to identify the optimal solution. The annual
demand is thus modeled using four seasonal standard days, unified as follows:

e 90 days in the cold season, from December to February;

e 92 days in the mid cold season, from October 15" to November 30™ and from March 1% to April
15%;

e 91 days in the mid warm season, from April 15" to May 31" and from September 1% to October
15%;

e 02 days in the hot season, from June to August.

Figs 2-5 show an example of the energy demands with hourly detail in the cold and hot seasons, while
the main parameters are recapped in TABLE 1. The costs adopted for electricity and gas supply are set by



the Italian Energy Authority for the second trimester of 2022 [15]; the primary energy conversion factor
for the electricity and gas from the grid are also set by the Italian Energy Authority [16-17]. Data on the
local irradiance is gathered from [18]. The other values are set according to the average values of
components available on the market [19]-[21].

kW Spring standard day kW Summer standard day
50 200
40

150

100

. | _— L S
0 0

012345678 91011121314151617 181920212223 012345678 91011121314151617181920212223
hour hour
—Heating demand ~ ——Power demand | —Heating demand ~ ——Power demand —Cooling demand |
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IV. RESULTS

The optimization model allows to obtain a set of optimal solutions minimizing cost or primary energy
use in each seasonal standard day.

The main results of the simulation, i.e. the values assumed by the objective functions in the eight
optimizations that were performed for this study, are recapped in TABLE II and TABLE III. In these tables,
the results are compared with the traditional scenario, where the power demand is totally fulfilled using
power from the grid, the thermal requirement is satisfied using a gas-fired boiler with efficiency equal to
0.85 and a non-reversible air conditioner with COP equal to 3 is used to meet the cooling demand.

TABLE L. MAIN PARAMETERS USED FOR THE CASE STUDY
Parameter Value

Cne 0.9018 €/Sm*
Ck 0.3102 €/kWh
PEnG 0.82 TOE/kNm®
PEg 0.187 TOE/MWh
LHVNG 9.96 kWh/Sm?*
1CHP_ele 0.34
NCHP_th 0.48
1INGB 0.9
COPrn 3.5
COPcooL 3
COP4c 0.8
1STOe,in 97%
1STOe,0ut 97%




Parameter Value
DoD 20%
Estoloss 1%
1STOin 100%
1STOL0ut 100%
dstor 5%
dsroc 5%
TABLE II. COMPARISON OF OPERATING COSTS
Operating Cost [€/day]
Season Traditional Min. Cost Min. Energy
scenario scenario scenario
Spring 164,82 87,92 87,92
Summer 306,66 89,93 89,93
Fall 313,80 92,30 92,30
Winter 438,56 109,51 110,67
TABLE III. COMPARISON OF OPERATING PRIMARY ENERGY
Operating Primary Energy [TOE/day]
Season Traditional Min. Cost Min. Energy
scenario scenario scenario
Spring 0,1086 0,0632 0,0632
Summer 0,1942 0,0645 0,0645
Fall 0,2428 0,0620 0,0620
Winter 0,3577 0,0678 0,0667

The first, most evident outcome of the present study is that the two objective functions selected for this
study have the same values in three out of four standard days. This feature can be explained taking into
account that the objective functions are based only on the supply of electricity and gas from the main
grids, while the purchase of the components was neglected. Nevertheless, the energy flows in each
optimization study exhibit different trends. The main differences are:

e HP, STO: and STO, are mostly employed in the energy minimization studies;

e STC and CHP are managed differently during the day, although the total energy in the day is the
same.

Another main feature is that the optimization allows a cost reduction spreading between 2 and 4 times
and a reduction of primary energy use spreading between 1.5 and 5 times, with respect to the traditional
scenario.

In order to verify that the energy and mass balances shown in Eqn. (3)-(6) were satisfied, a graph for
each balance equation and for each optimization study was prepared. An example of these graphs for the
electrical and thermal energy balance is shown in Fig.s 6-7.
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Among other interesting results, the electrical storage charge-discharge daily cycle was analyzed. In
the eight optimizations performed in this study, the following trends were observed:

a) A steep discharge phase in one hour and a low charge phase occourred in the cost optimization in
each season;

b) A low discharge phase by night and a low charge phase occourred in the energy optimization in
spring, summer and winter;

c) Two steep discharge phases and two low charge phases occourred in the energy optimization in
autumn.

An example of these trends is shown in Fig. 8.
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V. CONCLUSIONS AND FUTURE DEVELOPMENTS

This study shows a methodology to evaluate, optimize and compare costs and environmental impacts
related to the energy demand of an urban district, using an EH optimization model. A linear mathematical
model composed by real and integer variables is solved using a MILP algorithm.

The proposed optimization model is able to coordinate the components included in the EH model in
order to meet the final energy demand of the user minimizing the operating cost or the operating primary
energy use.

The analysis shown in this study will be deepened coupling the optimization model with a more
reliable simulation model considering for all the non-linearities of each component. Major attention might
be given to the life-cycle of the electrical storage system reduction due to the different daily trend in the
different seasons. Further analyses might also include the adoption of a multi-objective optimization
approach, in order to identify the compromise solutions between the two objective functions.
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