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Abstract—This study is focused on the optimization of the annual cost and environmental impact related to
the supply of natural gas and electricity of an urban microgrid through the installation of components as
renewable energy sources, energy storage units and converters. As input parameters of the optimization
model, the energy demand of a medium density urban district was estimated, while average costs and
emissions of equipments were collected in market reports and literature. The outputs of the model are the
optimal size and the schedule of each component. Moreover, optimization analysis was carried out for two
different scenarios, comparing Italian and Vietnamese cost and environmental features, in order to
understand how the optimization process is affected by different input conditions.

Index Terms-- Emissions; Energy hub; Microgrid; MILP; Optimization

I.  INTRODUCTION

The recent rapid increase of energy demand and the transition from “vertically” to “horizontally”
integrated energy systems is leading to the search of new cooperative approaches for the different
components in the energy system. A very common example is the integration of electricity storage systems
into the power grid to optimally exploit the production from non-predictable renewable energy sources, in
order to store the excess of energy produced that will be used to cover future loads. Nowadays, the
development of technologies such as efficient multi-generation systems have led to realizing the benefits
of integrated energy infrastructure such as electricity, natural gas, and district heating networks, thus
encouraging a movement towards multi-energy systems. In such systems, different energy carriers and
systems interact together in a synergistic way. In 2007, Geidl introduced the concept of energy hub [1],
that rapidly gained popularity in the scientific community. An energy hub can be defined as a set of multi-
component and multi-carrier energy systems, each component operating in coordination with each other,
satisfying the energy demand of a district with the objective of improving the energy efficiency. Cities and
urban districts can be represented as microgrids and modelled as self-regulating systems able to manage
and generate energy carriers by introducing the energy hub scheme [2], [3].



Many examples are available in literature on the employment of the energy hub model to optimize
multi-energy systems, both in single buildings [4] and in microgrids [5]-[9] and applying single-objective
[5], [6] or multi-objective [4], [7]-[9] optimizations. Usually, optimizations are aimed at reaching the
minimum cost [4]-[9], maximum energy efficiency [4], [7] or minimum environmental impact [8], [9].

The main problem covered in this paper is related to the simultaneous synthesis, design and operation
of an urban microgrid with known and fixed requirements. A multi-objective approach was adopted,
considering both cost and environmental issues related to the installation of new equipment supplying
electricity, heating and cooling to the urban district. An energy hub model was employed to model the
microgrid, made up of linear functions only, thus ensuring to obtain an absolute optimal solution through a
MILP algorithm. The original contribution provided by this study is the evaluation of cost-related and life
cycle impacts related to a large number of different components, accounting for all the energy
requirements of a microgrid (electricity, heating and cooling). Moreover, a comparison between Italian and
Vietnamese scenarios is provided, keeping constant the number of dwellers and the technical parameters
for equipment (e.g. generation efficiencies, storage losses) and comparing Palermo and Hanoi climate
features, installation and operating costs for equipments, costs for energy supply and global warming
potential related to energy carriers and components.

II. MODEL AND METHODOLOGY

A.  Optimization mathematical model

The energy hub aims to meet the needs of an energy district. The electrical and thermal (both heating
and cooling) demands were considered in the optimization. In order to meet these requirements, a set of
converters (Natural Gas Boiler NGB, Heat Pump HP, Combined Heat and Power CHP and Absorbing
Chiller AC), renewable generators (Photovoltaic PV and Solar Thermal Collectors STC) and storages
(electrical or thermal) can be included. The aim of the optimization study is to identify the optimal
combination of equipments (synthesis stage), their optimal sizes (design stage) and their optimal schedule
during the analyzed period (operation stage) [10]. The following assumptions were considered in the
development of the mathematical model:

e energy balances evaluated in steady state condition;
* constant components efficiencies;

* lines and networks losses were neglected, losses in the system were considered only in
components.

As every optimization problem, this model is composed by variables (values to be optimized),
parameters (input values, that are kept constant), objective functions, i.e. the function to be optimized
(minimized or maximized), equality or inequality constraints (physical balances and component behavior)
and variable bounds (physical limits to value assumed by variables). This energy hub optimization is
carried out with a multi-objective approach, minimizing a cost function and an environmental function.
The mathematical problem is a Mixed Integer Linear Problem (MILP), as it is composed by linear
functions and real or integer variables.

Variables of this problem are synthesis variables for components, sizes of components and energy flows
from grids, to components and from components. Parameters are values describing equipments
(efficiencies, COP, costs, environmental impacts) and energy requirement of the urban district.

The cost objective function takes into account the annualized cost for the fulfillment of the district
needs. In detail, the function is given by the sum of the supply cost of energy vectors (e.g. electricity,
natural gas, district heating) from the main networks and the investment cost for each component that is a



function of the component size. In order to keep the problem linear, the cost function for each k-th
component, that is usually considered exponential, was approximated as a linear function, as in Eq. (1):

Zk=Zk.Pkak ECk'Pk"'Co,k'ék (1)

where Z is the investment cost, z is the unit price, P the equipment size, a the power law exponent, C and
Cy are the extrapolation parameters and o is a synthesis boolean variable. In detail, to avoid the constant
term of the extrapolation to affect the optimization problem, a synthesis boolean variable was adopted for
each component, so that if the component is not selected by the optimization problem, the boolean variable
is equal to 0 and the constant term is suppressed [10]. These investment cost functions are multiplied by
the Capital Recovery Factor (CRF, Eq. (2)) of the investment in order to annualize the amount.
Maintenance costs were neglected, as were the financial subsidies to energy efficiency and renewable
energies.
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where i is the interest rate and » the useful life of the component.

The environmental objective function takes into account the environmental impacts on the global
warming related to the production of electricity from the grid and equipment. In detail, Global Warming
Potential (GWP) related to the manufacture and dismission of components were considered, while a
simplified approach was adopted for the impact of electricity, considering only the average CO, emissions
from the national electricity production system, thus neglecting the life cycle impact related to the
manufacture of the power plants. Life cycle impact related to extraction and distribution of natural gas was
also neglected.

Cost and environmental objective functions were combined in a multi-objective objective function
O.F., adopting the Scalarization Technique, where the objective functions are combined in a weighted sum
single-objective function, properly normalized in order to take into account the order of magnitude of
different objective. Objective function is reported in Eq. (3), where f are the single-objective functions, w
are the weights and » are the normalization factors.

OF =W . fjcost +W - f;nv (3)
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As linear optimization problems are inherently convex, every local minimum is also a global minimum,
thus the scalarization technique applied to linear problems is able to identify the global minimum. For the
normalization of objective functions, worst cases values were adopted, i.e. values related to we. = 0 and
Weost = 1, respectively for n.05 and ngp,.

To optimize the system, balance equations for each energy flow have been considered as equality
constraints, linking input and output of the system. Balance were written referring to the schematic
reported in Figure 1, with acronyms already explained in Paragraph IL.A.
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Figure I - Schematic of the urban energy hub analyzed in this study

Energy balance equations were imposed for electrical energy (indicated with E in Eq. (4)), for thermal
energy (the balance of heating indicated with H in Eq. (5) and the balance of cooling indicated with F in
Eq. (6)), while a mass balance was imposed for the natural gas supply (indicated with NG in Eq. (7)):

By (1) = K By ()4 Eqyp (1) = Epp (1)

E, (1)-E,,, (1)+E,,, (t)= E, (1)
CHp(t) i (0)+ Hiygy (8)+ Hpe (1) +
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)
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where K7 is a coefficient accounting for the electrical losses in the transformer on top of the line feeding
the district.

Further equality and inequality constraints were considered, describing the behavior of the CHP, heat
pump, gas boiler, absorption chiller (powered by natural gas only), renewable sources and storage.

COMBINED HEAT AND POWER

Eeyp (t) = KCHP,e NG, (t) ®)
H, (t) = KCHP,h NG, (t) )
K +K <1 (10)

CHP,e CHP,h



where Ecpp is the electricity generated by cogenerator at time ¢, NG¢pp is the natural gas supply, Hepp is
the heat flow from the cogenerator, Kcyp. and Kcpp, are the electrical and thermal efficiencies of the
cogenerator, respectively.

HEAT PUMP
HHP(t)=KHP,h.EHP(t) (11)

Fy (t)=KHP,/"EHP(t) (12)

where Hpyp and Fpp are the heating and cooling flows from the heat pump, respectively, Epp is the
corresponding absorbed electricity, Kup; and Kpps are the conversion coefficients from electricity to
heating and from electricity to cooling, respectively, commonly known as COP (Coefficient Of
Performance) and EER (Energy Efficiency Ratio).

NATURAL GAS BOILER
Hyop (t)=KNGB'NGNGB (t) (13)

where Hygp is the heating flow from the boiler, NGygs is the natural gas flowing into the boiler and Kygs
is the boiler efficiency.

ABSORBING CHILLER
F;lC(t):KAC.NGAC (t) (14)

where Fyc is the cooling flow from the absorbing chiller, NG4c is the natural gas flowing into the chiller
and K¢ is the chiller efficiency.

PHOTOVOLTAIC
Sy <Kpy -1, -4 (15)

PV = sun PV _MAX

where Spy is the energy output from the renewable plant in a day, Kpy is the conversion efficiency of the
photovoltaic plant, Iy, is the daily average solar radiance availability, Apy xS the maximum available
surface for photovoltaic plant.

SOLAR THERMAL COLLECTOR

SSTC = KSTC ) Isun ’ ASTCiMAX (16)

where Ssrc is the energy output from the solar collector in a day, Ksrc is the conversion efficiency of the
solar collector, Iy, is the daily average solar radiance availability, Asrcaax 18 the maximum available
surface for solar collectors.

ELECTRICAL STORAGE

Es?o (t+1)=Evro (t).(l_Esta,lass)-'- (17)



where Ey, (1) is the electrical energy stored in the device, K so,cn and Ko go,q4iscn are the charge and discharge
efficiencies of the electrical storage, respectively, Ego,cn, (1) and Eg, giscn, (2) are the electricity flows in input
and output of the storage, respectively, Ey, 055 1S the self-discharge coefficient, assumed as a fraction of the
stored electrical energy, Je sw.ch (1) and e so,4disch (1) are boolean variables that indicate whether the electrical
storage is charging or discharging at time ¢, respectively, Qe so,cn and Qe sio.4isch are upper limits to Egq, cn, (1)
and Epqisen, (t), DoD 1is the Depth of Discharge of the electrical storage, S, is the capacity of the

electrical storage.

THERMAL STORAGE
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611,.vtn,ch (t) + 5h,.vta,disch (t) = 1 (29)

H.vtn (t) = Sh,.?tn (30)

where H, (1) is the thermal energy stored in the device, Kj, s,cn and Ky, so,4iscn are the charge and discharge
efficiencies of the thermal storage, respectively, Hyyocn (1) and Hyy, aisch, (¢) are the heating flows in input
and output of the storage, respectively, Hy, 1055 1S the self-discharge coefficient, assumed as a fraction of the
stored thermal energy, 0y sw.ch () and Opsw,aiscn (1) are boolean variables that indicate whether the thermal
storage is charging or discharging at time ¢, respectively, Oy sio,chn and O sio,disch are upper limits to Hy, cn, (1)
and Hy gisch, (1), Shseo 18 the capacity of the thermal storage.

Further, synthesis variables were linked to power of each component with a relation as reported in
Eq. 31):

£=0,-0, €2y

where Oy is the upper limit to available power (or capacity, for storages) of each component.

B. Methodology

The illustrated mathematical model allows assessing the economic and environmental feasibility of the
installation of equipment for the fulfillment of energy needs of a microgrid. It was implemented as a script
in MATLAB 2018a. Since variables in the model are real or integer, and the objective functions and all the
constraints are linear functions, an integer linear programming algorithm, MILP, was adopted. Cost and
environmental objective functions were combined into a weighted sum single-objective function, through
the so-called Scalarization Technique. In order to compare the Italian and Vietnamese contexts,
representative average values were employed for economic and environmental parameters, while the
values of the technical parameters, such as average operating hours and efficiencies, were kept constant in
the comparison. Hourly values of energy requirement should be adopted to provide accurate results, thus
requiring 8760 values for each variable. With 8 components depicted above (one for each kind), the
problem should evaluate 157,696 variables, with equality constraints having 52,568 rows and 157,696
columns (61.8 GB of memory) and inequality constraints having 113,888 rows and 157,696 columns
(133.8 GB of memory). As this level of accuracy may be useless for an optimization problem, where
relations are simplified in order to obtain an optimal solution, the optimization problem was solved by
using a standard seasonal day, hence a sequence of 4 standard days, reducing the number of variables to
1,744. In this way, the optimal solution was evaluated on a good approximation of the energy demands of
the urban district, while reducing the computational burden for the computer.

1. CASE STUDY

A. Energy demand calculation

In order to obtain reliable data on microgrid energy requirements, a single-family house was modelled
in SketchUp, shown in Figure 2. This model was used as input file for EnergyPlus thermophysical
simulator, considering climate files for Palermo (Italy) and Hanoi (Vietnam) as outdoor conditions. For
thermal transmittance of building components, default values form EnergyPlus database were adopted.
Simple schedules were prepared to model occupants, lighting and electrical equipments, assuming the
house to be inhabited by a family of four. A detailed simulation was conducted on this model, evaluating
the energy requirement for electricity, heating and cooling for each hour of the year (8760 values per
requirement).



Figure 2 - SketchUp model adopted for energy requirement calculation

A standard day for each season was extrapolated from yearly simulation, with each hour of the standard
day being the average value of the same hour for a three-months period. This led to 96 values for each
energy requirement, allowing each optimization to be solved in few minutes. To simulate an urban district
with terraced houses, assuming to have 35 residential units, data obtained from EnergyPlus simulations
were multiplied by 35, neglecting simultaneity factors. The deriving energy demands employed in this
case study are reported in Figure 3 to Figure 7. As the electricity demand only depends on lighting and
internal equipments, it is the same for Italian and Vietnamese scenarios.

90

~J
el

Electricity [kKWh]
w W
) el

10

0 2 4 6 8 10 12 14 16 18 20 22 24
—ELE-AUTUMN —ELE-WINTER —ELE-SPRING ——ELE - SUMMER

Figure 3 - Electricity demand for Palermo's and Hanoi's climate in different standard seasonal days
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Figure 5 - Heating demand for Hanoi's climate in different standard seasonal days
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Figure 6 - Cooling demand for Palermo's climate in different standard seasonal days
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Figure 7 - Cooling demand for Hanoi's climate in different standard seasonal days

B. Technical Scenario

The analyzed energy hub for both Palermo and Hanoi studies is depicted in Figure 1. The district is
supplied by a natural gas and an electricity grid, representing the unique way to fulfill energy needs in the
AS-IS scenario. In order to investigate whether cheaper or cleaner ways exist, the installation of a set of
components is proposed. Efficiencies of these equipments were derived from datasheets [10]-[12] or

assumed, while useful life of equipment were derived from the same datasheets or from reports and
literature [9], [13]-[15].

C. Cost Scenarios

In this study, required economic parameters are the prices for natural gas and electricity supply, the
investment costs for equipment (CHP, heat pump, gas boiler, absorbing chiller, photovoltaic plant, solar
collector, electrical and thermal storage systems) and their Capital Recovery Factors. Cost values and
interest rates were derived from catalogues, websites and national reports [10]-[12], [16]-[21].

D. Environmental Scenarios

Environmental scenarios parameters are the daily average solar radiation of the location and the specific
CO; emissions related to the electricity production. Solar radiation data, used for the estimation of PV and
STC producibility, were derived from the climate files adopted for the energy demand simulation in
EnergyPlus. Electricity-related emissions were estimated from local energy mix production, according to
the methodology developed by the Italian Institute for Environmental Protection and Research (ISPRA)
[22]. This value, that is used in the environmental objective function with GWP of equipments, is not the
correct value of electricity GWP, as the calculation should take into account also for other aspects, as the
supply of fuels, the manufacture of power plants and the emission of other greenhouse gases. Moreover,
the methodology adopted by ISPRA is very site specific for Italy. Nevertheless, as more accurate data were
not available for the Vietnamese scenario, authors preferred to adopt the same methodology for both
countries. Further environmental parameters, common for both Italian and Vietnamese scenarios, are the
Global Warming Potential (GWP) related to the manufacture and dismission of components, derived from
literature Life Cycle Assessment (LCA) studies [9], [23]-[27].

IV. SIMULATION AND OPTIMIZATION RESULTS

The optimization model allowed to obtain a set of optimal solutions according to cost and
environmental criteria for both locations. This set was evaluated changing weights reported into the multi-



objective function, in order to cover the whole interval between w,,, = 0 (environmental optimization) and
Weost = 1 (economical optimization). Optimization results are reported in Figure 8.
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Figure 8 — Output of optimization for Italian and Vietnamese scenarios

The main outcome that can be derived is that Italian scenario presents a widespread set of solution,
while Vietnamese scenario related solutions are much more concentrated, allowing a simpler process into
the identification of a compromise solution. In detail, a small increment in investment leads to a huge
reduction into the annual CO,..q emissions. This is caused by the higher impact related to the electricity
production in Vietnam (513 g/kWh against 325 g/kWh for Italian electricity), as Vietnamese power
production is mainly based on fossil fuels.

V. CONCLUSIONS AND FUTURE DEVELOPMENTS

This study showed a methodology to compare costs and environmental impacts related to the energy
demand of an urban district, using an energy hub model. Different economic and environmental conditions
showed to affect significantly the optimal solution. The comparison was evaluated considering the same
families and a hypothetical urban district. However, as Italian and Vietnamese contexts have different
architectural features, a further improvement of this study will take into account different spacing and
heights of buildings, that tend to shade each other, causing a reduction in the effective energy that
photovoltaic panels may produce. Also, the higher pollution present in Hanoi may reduce direct solar
radiation collected by photovoltaic panels, furtherly reducing their production. Other possible
improvements of the study, related to the methodology, concern a more accurate analysis of costs and
environmental impacts related to the microgrid, accounting also for subsidies for energy efficiency and for
a reliable Life Cycle Assessment of components and energy flows.
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