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a b s t r a c t

The growing concerns about climate change and energy security have led to a shift in the paradigm of the
energy framework. In this regard, distributed generation offers the possibility to deal with inefficiencies
in energy delivering, and the fossil fuel dependence of conventional and centralized power plants. This
work presents a modeling and multi-criteria optimization strategy for designing and operating decen-
tralized power plants including different energy vectors. The modeling approach considers the time-
varying operation of the energy conversion units for responding to electricity and hydrogen demands,
along with the seasonal behavior of the storage system. A multi-criteria evaluation addressing economic,
environmental and social aspects was implemented. The objective functions are the total annualized
cost, the CO2 emissions and the grid dependence. According to optimization results, it is highlighted the
influence of the assessed criteria upon the structure and the operating policy of the power plant.
Additionally, by comparing the performance of the distributed energy system with respect to a
centralized scenario, it is noted the significant potential of the decentralized generation. Indeed,
depending on the optimization goal, CO2 emission reduction up to 89%, and self-sufficiency up to 81% can
be achieved.
© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Distributed or decentralized energy systems (DES) refer to
small-scale generation units, i.e. typically with a capacity lower
than 1000 kW, and located close to the end-consumers [1,2]. This
kind of energy plants are focused on covering local demands, e.g.
building, neighborhood, university campus or hospitals, by using
specific on-site energy sources. In addition to a variety of resources,
that can be renewable or conventional, DES include multiple con-
version and storage technologies for supplying different demands
(e.g. power, heating, cooling, fuel). Distributed generation offers a
reliable, flexible and efficient alternative for the energy transition.
DES also reduce the energy losses in transmission and delivery
(characteristic of centralized plants), promote the use of renewable
s Processus Innovatifs (ERPI),
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eca).
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energies (which are location-dependent and not easily trans-
ported), favor the coupling between different energy forms, boost
the energetic self-sufficiency and support the energy security
[2e4].

Among the diversity of energy carriers that can be involved in
DES, hydrogen has the potential to play a key role in energy tran-
sition. It is a versatile compound that can be obtained from a variety
of sources such as fossil fuels, renewables, nuclear and biomass [5].
Additionally, hydrogen as storage medium can enhance the re-
newables deployment by providing a mid (weeks) or even long-
term (months) alternative to trade-off the mismatch between
electricity availability and demand [6,7]. In this application,
hydrogen offers an option with reduced self-discharge rate, that
could be reconverted into electricity when required, but also into
methane (biomethane) through the power-to-gas pathway [8].
Broadly, hydrogen can contribute to a reliable, secure, resilient, and
decarbonized energy system by enabling the sector coupling, and
exploiting the synergies among different energy forms [2,6,7,9].
cle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Nomenclature

PVT Total power generated by photovoltaics (kW)
EGD Grid power for electricity demand (kW)
I Solar irradiance (kW/m2)
PVD Photovoltaic power for electricity demand (kW)
INOCT Solar irradiance at test conditions (kW/m2)
PVS Surplus electricity from photovoltaics (kW)
Ta Ambient temperature (�C)
EGT Total electricity imported from the grid (kW)
Tref Temperature at reference conditions (�C)
C Capital cost (V/kW e V/kWh e V/m2)
TNOCT Nominal operating cell temperature (�C)
k Technology index
npv Photovoltaics efficiency
Cap Capacity of technology (kW e kWh e m2)
ns Photovoltaics efficiency at reference conditions
r Discount rate
A Area of photovoltaics (m2)
O&MF Fixed operational and maintenance costs
Elin- Elin Input-output electrolyzer power (kW)
OCV Variable operation costs
nEl Electrolyzer efficiency
CEG Price of importing electricity (V/kWh)
H2;El Hydrogen produced by electrolysis (kW)
CNG Price of importing gas (V/kWh)
LHVH2 Low heating value of hydrogen (kJ/kg)
CBio Price of gathering biomass (V/ton)
PVH2 Photovoltaic power used in the electrolyzer (kW)
AGEp Annual CO2 emissions from process operations
EGH2 Grid power used in the electrolyzer (kW)
AGEG Annual CO2 emissions from importing energy
FCin- FCout Input-output fuel cell power (kW)
AGEB Annual CO2 emissions of processing biomass
nFC Efficiency of the fuel cell
BEAD Emissions from anaerobic digestion (kgCO2/year)
SB Energy stored in the battery (kWh)
BEref Emissions from biomethane reforming (kgCO2/year)
Bin- Bout Input-output power to the battery (kW)
IG Energy imported from the grid (kWh)
nch Charging efficiency of battery
TD Total energy demanded by users (kWh)
ndch Discharging efficiency of battery

Hb;m
2;ref Hydrogen from reforming of biomethane (kg)

SH2 Energy stored in hydrogen form (kWh)

Hf ;m
2;ref Hydrogen from reforming of methane (kg)

SH2;in- SH2;out Input-output power to the hydrogen storage (kW)
Del;M Demand of electricity not covered by photovoltaics

(kW)
Rin- Rout Input-output power to the reformer (kW)
HG
2;el Hydrogen produced from grid electricity (kW)

nR Efficiency of reforming
HPV
2;el Hydrogen produced from photovoltaic electricity

(kW)
NGR Methane from the network for reforming (kW)
J Performance criterion
LHVCH4 Low heating value of methane (kJ/m3)
u Decision variables
ADin Input biomass to the anaerobic digester (kg/s)
t Time
CH4;AD Methane produced by biomass digestion (m3/s)
ADout Anaerobic digester output power (kW)
nAD Yield of anaerobic digestion (m3/kg volatile solids)
Del Demand of electricity (kW)

Greek letter
b Temperature coefficient
t Self-discharge factor
f Source of electricity for demand
q Source of hydrogen
a Source of electricity for electrolysis
d Electricity storage option
g Source of methane for reforming
l Emission factor (kgCO2/kWh or kgCO2/kgH2)
u Deforestation rate

Acronym
DES Distributed energy systems
CAPEX Capital expenditure
OPEX Operational expenditure
PSA Pressure swing adsorption
TAC Total annualized cost
AGE Annual CO2 emissions
CRF Capital recovery factor
GD Grid dependency
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Despite the potential benefits of the decentralized generation
and the use of hydrogen as energy carrier, the design and operation
of this kind of plants are a challenging task. Firstly, time depen-
dence of some input data, such as energy demand and availability
of resources, requires special attention for considering a temporal
resolution according to the design objectives [10]. Besides, evalu-
ating a diversity of energy sources and assessing multiple tech-
nologies for energy conversion and storage, contribute to the
problem complexity [10,11]. Furthermore, due to the close inter-
action of DES with community, designing this type of systems im-
plies the assessment of socio-political dimension in addition to the
economic and environmental aspects [12,13]. Consequently, this
multi-criteria evaluation typically introduces stakeholders with
conflicting objectives, which represents additional difficulties
during decision-making process [11].
2

1.1. Research background

1.1.1. Time horizon representation in DES design
A significant amount of research about design and operation of

distributed energy systems has been done considering different
simulation periods and time-steps. Mehleri et al. developed an
economic optimization dividing the full year calendar into 18
different periods (6 periods by day for 3 seasons) for the selection of
the system components to satisfy the heat and power demands of a
small neighborhood [14]. Yang et al. included cooling demand in
the design of a district-scale system, and considered three types of
typical days by year (winter, summer, and mid-season days), each
one divided into 12 periods [15]. In other works, Schütz et al. used
twelve typical demand days with hourly time resolution [16], and
Pan et al. considered three typical days of the year (winter, summer
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and transition season) [17].
Although these approaches are very useful for reducing the

complexity of the optimization problem, they are not able to
represent the seasonal behavior of the system due to the discon-
tinuity between the characteristic periods. To tackle this issue,
some few works have simultaneously considered a yearly horizon
and the seasonal cycle of energy storage. On the one hand, the
whole year has been modeled by using hourly time steps for
designing district heating and cooling systems [18,19], and urban
energy systems under the energy hub concept [20]. On the other
hand, different approaches have been used for considering the
whole year but reducing the complexity of the system, e.g.
decomposing the optimization problem (separating the design and
the operation) [21], coupling typical design days [22], considering
typical periods [23], or employing time steps of 4 h [24].
1.1.2. Multi-criteria assessment in DES design
As previously mentioned, the planning of DES requires the

consideration of criteria beyond the economic one. In this sense,
some studies have included multi-objective functions for designing
and/or operating these systems. On the one hand, someworks have
focused on the design of DES according to economic and environ-
mental/exergetic criteria by using different representative periods.
For instance, Pelet et al. modeled the electrical needs with 12
representative days, and considered economic and ecological
criteria for the design of the system [25]; Li et al. developed amixed
integer linear programming (MILP) model for the optimal design of
DES considering the total annualized cost and the CO2 emissions as
objective functions [26]; and Di Somma et al. carried out the
optimization including economic and exergetic assessments in the
design of DES [27]. In another work, Fazlollahi et al. addressed the
MILP optimization problem by using the integer cut constrain (ICC)
algorithm combined with the epsilon constraint method, and a
multi-objective evolutionary algorithm [28]. Other works have
focused on optimizing the operation of the system either by
formulating deterministic multi-objective linear programming
(MOLP) problems [29,30], or through stochastic models for
including uncertainties on energy demand and supply [31]. The
latter used Monte Carlo method and roulette wheel mechanism for
modeling the uncertainty of energy price, solar availability, and
user energy demand.

On the other hand, some studies have also addressed multi-
criteria optimization problems, but considering energy storage
and the whole year as time horizon. In this respect, Doroti�c et al.
have implemented economic, environmental and exergetic criteria
for designing district heating systems [18], and a multi-objective
problem based on minimizing the total costs and the CO2 emis-
sions in the design of heating and cooling systems [19]. Unlike
those papers, that addressed the multi-objective problem by using
the weighted sum method, other works have employed MILP and
the epsilon constraint method for the optimal design of DES. In this
regard, Maroufmashat et al. have employed the energy hub
approach, and have focused on the energy exchange between hubs
[20], whereas Gabrielli et al. have emphasized on the seasonal
energy storage within the system [22]. Conversely, Dufo-L�opez
et al. used evolutionary and genetic algorithms to solve a triple-
objective optimization problem including cost, pollutant emis-
sions and unmet load as objective functions [32]. Moreover,
Eriksson and Gray, considered a semi-quantitative socio-political
index that represents the expected public satisfaction of a partic-
ular energy system in addition to the economic and environmental
objectives [33].
3

1.2. Motivation and contribution of this paper

This overview shows the great diversity of research regarding
the design and operation of decentralized energy systems. On the
one hand, the optimal design of DES is formulated as a MILP
problem, where binary variables are used for specifying whether a
technology is installed or not, and for representing their on/off
status at each time step. In this regard, although there are a variety
of approaches for addressing MILP problems such as branch-and-
bound, cutting plane or decomposition methods, it is also recog-
nized that the complexity of solving this type of problems is higher
than that one of a model only based on continuous variables
[34,35]. On the other hand, the analysis has been predominantly
concentrated on economic and environmental criteria, thus
neglecting the influence of the social dimension in DES design.
Indeed, when included, social aspects are accounted after to solve
the optimization problem, so that they are not a criterion during the
system design [36]. However, further than being economically
feasible and environmentally friendly, industrial activities must
agree with social requirements, i.e. to improve the quality of life
[37,38]. Additionally, energy is a key component of the human life
since it drives many aspects of economic and social growth (e.g.
jobs, food production, incomes). Consequently, energy could be
considered as nearly the prime challenge and opportunity that the
world faces towards sustainable development, which involves
economic success, social acceptance, and environmental protection
[39].

In general, social criteria are focused on measuring the impact
on the quality of life, and the perception or the preferences
regarding certain technologies. In this regard, access to energy has
been identified as paramount due to its implications on poverty,
education, health andwelfare issues [37,40]. In fact, lack of access to
modern energy implies that people depend on inefficient and
pollutant technologies for cooking and electricity services (mainly
based upon traditional biomass, kerosene, and diesel) [39]. In
addition to that, depletion and uncertain prices of fossil energy
sources, risks derived from extreme weather conditions due to
climate change, and possible political conflicts could affect the
energy security even for people already connected to the grid
[12,41]. Taking this into account, it is essential to design energy
systems that promote the diversification of energy sources, the use
of low-carbon technologies, and the reduction of imported energy
for securing the energy provision [41e45]. In this respect, the en-
ergy import dependency has been recognized as a suitable indi-
cator for assessing energy security since it is able to account for
both, the amount of imported energy potentially avoided and the
degree of self-sufficiency for providing access to energy
[41,43,45,46].

Considering the foregoing aspects, the contribution of this work
is twofold: first, an optimization approach for designing and
operating DES only employing continuous variables is proposed;
and secondly, economic, environmental and social criteria are
assessed as objective functions for defining the optimal design and
operation of the energy system. Thus, the remainder of the docu-
ment is divided as follows. Initially, a general system flowsheet is
described, and main energy sources, conversion units and energy
demands are identified. Then, a mathematical model of the system
and the optimization approach are presented. Afterwards, a case
study is implemented to illustrate the proposed framework. Finally,
three optimization problems are formulated and solved for the
design and operation of the energy system. The optimization
focused on minimizing the total annualized costs, the CO2
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emissions, and the grid dependence.
2. Methods

2.1. Energy system description

The considered energy system aims to satisfy electricity and
hydrogen energy demand by using solar radiation, biomass, and the
electricity and natural gas networks as energy inputs. The general
flowsheet of the DES considered in this study is depicted in Fig. 1.
Electricity demand is supplied through the photovoltaic panels and
the electricity grid. During periods of high electricity production
from photovoltaics, the surplus power can be stored in an electrical
battery or in hydrogen form by using an electrolyzer and a pres-
surized tank. In the latter storing option, hydrogen might be
reconverted into electricity when required by employing a fuel cell.
Regarding hydrogen, it can be obtained by water electrolysis or
methane reforming processes. In the former, the process is pow-
ered by both solar or grid-derived electricity, and the latter employs
methane obtained from anaerobic digestion or the natural gas
network.
2.2. System modeling

The proposed energy system model was built based upon two
main considerations: (i) energy transformers with constant effi-
ciency, and (ii) there is no energy losses across the connection lines.

➢ Photovoltaics: The power obtained from solar panels along time
is presented in Equation (1). Additionally, Equation (2) describes
Fig. 1. Scheme of the stu

4

the dependence of conversion efficiency upon the solar radia-
tion and ambient temperature [47].
PVT ðtÞ¼nPV ðtÞIðtÞA (1)

� � � ��

nPV ðtÞ¼ns 1�b TaðtÞ� Tref þ TNOCT � TaðtÞÞ IðtÞ

INOCT
(2)

Here, PVT is the electrical power generated, nPV the panel
efficiency, I the solar radiation, and A represents the installed
area. ns is the panel efficiency at reference conditions, b the
characteristic temperature coefficient, Ta the ambient temper-
ature, Tref the temperature at reference conditions, TNOCT the
nominal operating cell temperature, and INOCT its corresponding
irradiance.

➢ Electrolyzer: In this unit, electricity is used to split water into
hydrogen and oxygen. This energy conversion is expressed in
terms of input-output power as presented in Equation (3). In
that equation, Elin is the input electrical power, Elout the
hydrogen produced, and nEl the efficiency of electrolysis.
died
EloutðtÞ¼ ElinðtÞnEl (3)

It is worth to note that according to the proposed energy
system scheme (Fig. 1), the power supplied to the electrolyzer
could come from both, the photovoltaic panels (PVH2) and/or the
electricity grid (EGH2). Hence, the total input power (Elin)
energy system.



J.D. Fonseca, J.-M. Commenge, M. Camargo et al. Energy 214 (2021) 118989
considers the contribution of these two sources as stated in
Equation (4).
ElinðtÞ ¼ PVH2ðtÞ þ EGH2ðtÞ (4)

➢ Fuel cell: In this equipment the reverse process of the electro-
lyzer is carried out, i.e. hydrogen and oxygen are fed for pro-
ducing electricity and water. In this work, fuel cell is employed
for obtaining electricity from hydrogen, if available in the stor-
age system, and if there is not enough production from photo-
voltaics. As for the electrolyzer, the performance of the fuel cell
is described by a characteristic efficiency (Equation (5)), where
FCin is the input power, FCout the electricity produced, and nFC
the efficiency of the fuel cell.
FCoutðtÞ¼ FCinðtÞnFC (5)

➢ Energy storage: In this study, electrical battery and pressurized
hydrogen tank are the storing energy alternatives. In both sys-
tems, the cycle energy losses are considered. For the battery,
these losses depend on the charging/discharging efficiencies
and the self-discharge, which is characteristic of these devices.
Meanwhile, in the hydrogen system, the energy loss is due to the
conversion efficiencies of the electrolyzer and fuel cell.

Taking this into account, Equations (6) and (7) present the
time-dependent balance for the battery and hydrogen storage
systems, respectively.

� �

SBðtÞ¼ ð1� tÞSBðt�DtÞ þ BinðtÞnch �

BoutðtÞ
ndch

Dt (6)

� �

SH2ðtÞ¼ SH2ðt�DtÞ þ SH2;inðtÞ� SH2;outðtÞ Dt (7)

Here, SB and SH2 represent the amount of energy stored at
each time t in the battery and hydrogen system, respectively. t is
the self-discharging parameter of battery; nch and ndch the cor-
responding charging and discharging efficiencies; Bin and Bout
the input and output power to the battery; and SH2;in and SH2;out
the corresponding input and output energy flowrates to the
hydrogen storage tank.

➢ Reforming reactor: Steam reforming of methane is the dominant
worldwide process for producing hydrogen. Broadly, it consists
of three main steps: firstly, the catalytic reaction of methane
with steam to produce syngas (Equation (8)); then, the water-
gas-shift reaction (Equation (9)); and finally, the pressure
swing adsorption (PSA) to purify the hydrogen.
CH4 þH2O43H2 þ CO (8)
COþH2O4H2 þ CO2 (9)

In this work, the unit called reformer in Fig. 1 represents the
whole process, and it is used for obtaining hydrogen from
methane taken from the gas network (NGR) or from anaerobic
digestion (ADout). The performance is described by a global ef-
ficiency, which relates the methane supplied with the hydrogen
produced as expressed in Equation (10). In that equation, nR is
the efficiency of reforming process, and Rin and Rout the input of
methane and output of hydrogen in terms of power,
respectively.
RoutðtÞ¼RinðtÞnR (10)
5

Equation (11) represents the contribution of the two sources
of methane for reforming process. Where ADout corresponds to
the biomethane and NGR to the methane from the network.
RinðtÞ¼ADoutðtÞ þ NGRðtÞ (11)

➢ Anaerobic digester: In this biochemical process, biogas (mixture
of CH4 and CO2) is obtained as the result of the action (in
absence of oxygen) of microorganisms over the organic com-
pounds of biomass. In addition to biogas, a solid residue (so-
called digestate) results from the process, which after a treat-
ment can be used as bio-fertilizer. Typically, methane represents
around 70% (v/v) of the biogas, hence it needs to be upgraded to
remove the undesired impurities (mainly CO2). At commercial
level, there is a wide range of options for biogas clean-up, with
physical, chemical and pressure-based operations offering gas
losses below 2%. Among them, the most widespread technolo-
gies are PSA, water or amine scrubbing, and membrane or
cryogenic separations [48,49].
Thus, the upgraded biomethane flow rate (CH4;AD) as a func-

tion of time can be described by means of Equation (12).
Meanwhile, the corresponding output power of anaerobic
digestion process (ADout) is presented in Equation (13).
CH4;ADðtÞ¼ADinðtÞnADnup (12)
ADoutðtÞ¼ CH4;ADðtÞLHVCH4 (13)

Here, ADin represents the input biomass; nAD is the yield to
methane of the digestion process; nup the recovery fraction of
upgrading operation; and LHVCH4 the low heating value of
methane.

➢ Overall energy balance: As aforementioned, the objective of the
proposed energy system is to satisfy the time-dependent de-
mands of electricity and hydrogen. Taking this into account, and
considering the system configuration depicted in Fig. 1, the en-
ergy balance over each energy demand at each time step t is
expressed in Equations (14) and (15).
DelðtÞ¼ PVDðtÞ þ FCoutðtÞ þ BoutðtÞ þ EGDðtÞ (14)
DH2ðtÞ¼H2;elðtÞ þ RoutðtÞ (15)

Here, Del and DH2 represent the demand of electricity and
hydrogen, respectively, and EGD is the power taken from the elec-
tricity grid. Meanwhile, H2;el and Rout are the hydrogen provided by
electrolysis and reforming process, respectively. Additionally, the
total power of electricity and natural gas imported from the grid at
each time step are presented in Equations (16) and (17). In these
equations, EGH2 represents the electricity imported from the grid
for producing hydrogen bymeans of water electrolysis, andNGR the
natural gas taken form the network for steam reforming process.

EGT ðtÞ¼ EGDðtÞ þ EGH2ðtÞ (16)

NGðtÞ¼NGRðtÞ (17)
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2.3. Optimization approach

The aim of this work is to find the best energy system config-
uration and operating regime according to economic, environ-
mental and social criteria. These optimization objectives
correspond to the total annualized cost (TAC), the annual CO2
emissions (AGE), and the grid dependence (GD). Then, the next
sections present the objective functions, decision variables and the
formulation of the optimization problem.
2.3.1. Objective functions
Total annualized cost involves the investment and operational

expenditures CAPEX and OPEX, respectively, as described in Equa-
tion (18).

TAC¼CAPEX þ OPEX (18)

CAPEX¼
XK
k

CkCapkCRFk (19)

CRFk ¼
rð1þ rÞLk

ð1þ rÞLk � 1
(20)

OPEX¼O&MF þ OCV (21)

O&MF ¼
XK
k

O&Mk ; O&Mk ¼ f ðCkÞ (22)

OCV ¼CEG

ðtf

t0

EGTdt þ CNG

ðtf

t0

NGdt þ CBio

ðtf

t0

ADindt (23)

As stated in Equation (19), CAPEX depends upon the capital cost
(Ck), the capacity (Capk), and the annuity factor (CRFkÞ of each
technology k. Besides, r represents the discount rate (7%) and Lk the
lifetime of the equipment. Meanwhile, OPEX comprises the fixed
operational and maintenance costs (O&MF ) and the variable oper-
ation costs (OCV ), as expressed in Equation (21). In this study, O&Mk
are considered as a percentage of the annual investment cost of the
corresponding energy conversion and storage alternative (Equation
(22)). Moreover, variable operational costs rely upon the amount of
electricity and natural gas imported from the grid during the
evaluated period tf , and their corresponding prices CEG and CNG
(Equation (23)). Also, variable costs include the cost of gathering
the biomass for anaerobic digestion (CBio).

Annual CO2 emissions (AGE) are expressed in Equation (24) as a
function of three contributions: the process operations that release
CO2 (AGEP), the electricity and natural gas imported from the grid
(AGEG), and the processing of biomass (AGEB). As stated in Equation
(25), process emissions correspond to those produced from
reforming reaction by using methane from the network, i.e. only
fossil-derived CO2 emissions are considered. In that equation, lref

represents the emission factor of reforming process, and Hf ;m
2;ref is

the total amount of hydrogen produced (in mass) by means of
steam methane reforming of natural gas (Equation (26)).

Meanwhile, CO2 emissions due to the imports of energy from
the grid are described in Equation (27). This value depends upon
the total amount of electricity and natural gas taken from the grid
and their corresponding emission factors lEG and lNG, respectively.
6

AGE¼AGEP þ AGEG þ AGEB (24)

AGEP ¼ lref H
f ;m
2;ref (25)

Hf ;m
2;ref ¼

nR
LHVH2

ðtf

t0

NGRdt (26)

AGEG ¼ lEG

ðtf

t0

EGTdt þ lNG

ðtf

t0

NGdt (27)

Moreover, CO2 derived from processes employing biomass
correspond to biogenic emissions and are accounted as expressed
in Equation (28). That expression includes the emissions from the
anaerobic digestion of biomass (BEAD), the subsequent reforming of
biomethane (BEref ), and the factor u, that represents the defores-
tation rate. Indeed, taking into account the low deforestation in
France, it can be assumed that the CO2 emitted by biomass pro-
cessing is equivalent to that employed by biomass in the photo-
synthesis process, i.e. the deforestation rate (u) is zero [50].

Equation (29) presents the emissions derived from anaerobic
digestion process as a function of the emission factor lAD, and the

total amount of biomethane produced. In Equation (30), Hb;m
2;ref

represents the hydrogen obtained via reforming of biomethane (in
mass), which can be computed by means of Equation (31).

AGEB ¼u
�
BEAD þBEref

	
(28)

BEAD ¼ lAD

ðtf

t0

CH4;ADdt (29)

BEref ¼ lref H
b;m
2;ref (30)

Hb;m
2;ref ¼

nR
LHVH2

ðtf

t0

ADoutdt (31)

Regarding social criterion, the self-sufficiency or grid depen-
dence was the selected indicator (Equations (32)e(34)). Thus, grid
dependence GD is computed as the ratio between the total energy
imported from the grid (IG) and the total energy demanded by
users (TD). The former is accounted by adding the electricity and
natural gas imported from the grid (Equation (33)). The latter is the
sum of the electricity and hydrogen demands along the evaluated
time horizon (Equation (34)).

GD¼ IG
TD

100 (32)

IG¼
ðtf

t0

EGTdt þ
ðtf

t0

NGdt (33)
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TD¼
ðtf

t0

Deldt þ
ðtf

t0

DH2dt (34)
2.3.2. Decision variables
Concerning decision variables, as mentioned in the introduction

(Section 1), the design of energy systems has been mainly
addressed in the literature by employing integer binary variables,
which are used to select the energy conversion technologies and to
describe their on/off status. Conversely, in this work the imple-
mented optimization approach only uses continuous variables. This
was performed by considering that, once the energy demands are
specified, and for a set of given performance parameters (conver-
sion efficiencies), all the power inputs can be formulated as a
function of the desired power outputs. For instance, taking as
reference the demand of hydrogen (Equation (15)), the both options
for supplying it (H2;el and Rout) can be interpreted as a fraction of
the total demand, as stated in Equations (35)e(37).

H2;elðtÞ¼ q1ðtÞDH2ðtÞ (35)

RoutðtÞ¼ q2ðtÞDH2ðtÞ (36)

DH2ðtÞ¼H2;elðtÞ þ RoutðtÞ ¼
XI¼2

i

qiðtÞDH2ðtÞ (37)

where q1 and q2 represent the fraction of hydrogen coming from
water electrolysis and steam methane reforming process, respec-
tively. Meanwhile, I corresponds to the number of alternatives for
supplying the hydrogen demand.

Similarly, this approach can be extended for the remainder of
decisions required across the energy system, i.e. the source for
supplying the electricity demand, the electricity storage alternative,
the source of methane for reforming process, and the source of
electricity for water electrolysis, as described in Equations
(38)e(41). Regarding the electricity demand, as observed in Fig. 1,
the power supplied by photovoltaics (when available) is directly
sent to satisfy the whole or a fraction of electricity demand.
Therefore, that energy flow (PVD) is not a decision variable of the
system. Taking this into account, the decision must be taken over
the energy not covered by photovoltaics (Del;M). In such a way, as
presented in Equation (38), three alternatives are considered: the
electricity grid (EGD), the fuel cell (FCout), and the battery (Bout).

Del;MðtÞ¼ FCoutðtÞ þ BoutðtÞ þ EGDðtÞ ¼
XI¼3

i

fiðtÞDel;MðtÞ (38)

PVSðtÞ¼ PVH2ðtÞ þ BinðtÞ ¼
XI¼2

i

diðtÞPVSðtÞ (39)

RinðtÞ¼ADoutðtÞ þ NGRðtÞ ¼
XI¼2

i

giðtÞRinðtÞ (40)

H2;elðtÞ¼HPV
2;elðtÞ þ HG

2;elðtÞ ¼
XI¼2

i

aiðtÞH2;elðtÞ (41)

Here, PVS is the surplus electricity from photovoltaics. Moreover,
f represents the fraction of electricity supplied by each alternative,
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d is the fraction of surplus electricity sent to each storage option, g
the fraction of methane coming from the natural gas network or the
anaerobic digester, and a the fraction of hydrogen produced by
using electricity from the grid (HG

2;el) or photovoltaics (HPV
2;el).

Additionally, I represents the number of alternatives for each de-
cision within the system. For clarity, Fig. 2 shows the energy flows
on the flowsheet of the system.

Summarizing, the set of optimization variables comprises the
fractions q, f, d, g and a. Thus, according to Equations (37)e(41),
there are eleven decision variables by time step. However, by
adding a consistency relationship for each decision (Equation (42)),
the number of optimization variables is reduced to six by time step.

XI
i

SiðtÞ¼1 SHff; q;a; d;gg (42)

Moreover, it is worth to note that the search space of the opti-
mization problem can be more easily limited by using these frac-
tions instead of the energy flows as decision variables. Thus,
considering the fractions q, f, d, g and a, the values of decision
variables will always be constrained between 0 and 1. Conversely, if
the energy flows are used as optimization variables, it will be more
difficult to establish their upper limit since the size of the equip-
ment and the energy flows within the system are unknown.
Accordingly, the proposed framework enables to have a standard
formulation that can be used independently of the energy system
scale.

According to the formulation presented in Equations (37)e(41),
optimization variables correspond to operating profiles, since they
are associated to the energy flows within the system. Meanwhile,
design variables (i.e. capacity of energy converters) are determined
by picking the highest energy flow rate through the corresponding
unit. In such a way, the capacity of fuel cell is equivalent to the
highest value of its output flow rate (FCout), the capacity of the
reforming reactor is given by the maximum flow rate Rout , and so
on. In the same line, if there is no flow rate through a technology
along the whole evaluated period, it means that such equipment
does not need to be installed within the system. Additionally, it is
worth to note that Fig. 2 depicts two electrolyzers, one powered by
photovoltaics, and another one by the electricity grid. Nevertheless,
that is just for illustrating the electricity sources for obtaining
hydrogen, and to show that hydrogen sent to the pressurized tank
only comes from renewable electricity. In fact, in practice there is
only one electrolyzer and its capacity is defined by the sum of en-
ergy flow rates PVH2 and EGH2.
2.3.3. Optimization problem
Based upon the energy system model, the objective functions,

and the decision variables previously defined, three independent
optimization problems are formulated for minimizing the total
annualized cost (J1), the CO2 emissions (J2), and the grid depen-
dence (J3). The mathematical formulation of the optimization
problems is presented in Equations (43)e(53).

Minimize J1ðu; x; tÞ¼ TAC (43)

J2ðu; x; tÞ¼AGE (44)

J3ðu; x; tÞ¼GD (45)

Subject to h¼ f ðuðtÞ; xðtÞ;p; tÞ ; system model (46)



Fig. 2. Energy system flowsheet including energy flows.
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0� SBðtÞ � SB;max ; battery storage (47)

SBðt0Þ¼ SB
�
tf
	

;periodicity (48)

0� SH2ðtÞ � SH2;max ; hydrogen storage (49)

SH2ðt0Þ¼ SH2
�
tf
	

; periodicity (50)

ðtf

t0

ADindt � BioD ; biomass available (51)

0�uðtÞ � 1 ; uHff1;f2; q1;a1; d1;g1g ; optimization variables

(52)

XI

i

SiðtÞ¼1 SHff; q;a; d;gg ; consistency (53)

Here, J represents each performance criterion, h is a vector that
contains the equations of the energy system model, i.e. those pre-
sented in Section 2.2. As noted, these expressions are function of
the decision variables (u), the state variables (x), the parameters (p),
and the time (t). The state variables correspond to those ones that
constitute the energy system model but are not used as decision
8

values, e.g. the demands of electricity and hydrogen, the solar
irradiance, the energy flows Bin, EGD, Del;M and so on. Besides, SBðtÞ
and SH2ðtÞ are linked to the imposed path-constraints in order to
give physical sense to the level of energy stored (Equations (47) and
(49)), and also to end-point constraints for imposing periodic
behavior in the storage systems (Equations (48) and (50)), i.e. there
is no net accumulation of energy over the evaluated time horizon.
Meanwhile, Equation (51) represents a constraint on the amount of
biomass available (BioD). Besides, u denotes the set of optimization
variables, which are linked to the energy flows FCout ðf1), Bout ðf2),
H2;el (q1), HPV

2;el (a1), PVH2 (d1) and ADout (g1).

The optimization problem stated in Equations (43)e(53) was
solved taking into account a period of one year, and using a time
step of 12 h, i.e. Dt ¼ 12h, t0 ¼ 0h and tf ¼ 8760h. This time step
allows not only to describe the daily fluctuations of energy demand
and availability, but also to decrease the number of optimization
variables from 52 860 (1 h time step) to 4380 (12 h time step),
which enables to reduce the CPU time for solving the problem.
Indeed, the optimizations lasted around 24 h in a computer with an
Intel® Xeon® Silver processor and were performed within MAT-
LAB® software using the fmincon function and the SQP (sequential
quadratic programming) algorithm. Some basics about the algo-
rithm could be found in Chapter 18 of Nocedal andWright [51]. This
algorithm was selected because of its speed of convergence.
Moreover, SQP algorithm can be effectively used if nonlinearities
are included in the objective functions and/or the constraints, e.g.
by adding part-load efficiencies or economies of scale within the
energy systemmodel. Additionally, it is noteworthy that the aim of
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this work was focused on the conceptual design stage of the energy
system, hence detailed simulations, which could be easily imple-
mented by modifying the time step, are beyond the scope of this
study.
2.4. Input data for optimization

Considering the proposed energy systemmodeling (Section 2.2)
and optimization approach (Section 2.3), the required input infor-
mation for designing the DES is:

a) The time-dependent weather conditions, i.e. ambient tem-
perature and solar irradiance.

b) The time-dependent profiles of electricity and hydrogen
demands.

c) The prices of taking energy from the electricity grid and
natural gas network.

d) The emission factor of the electricity and natural gas coming
from the grid.

e) The technical and cost parameters of each technology. These
values refer to the conversion efficiencies, lifetime, invest-
ment, and fixed operation and maintenance costs.

f) The energy system constraints, which correspond to the
upper limits for the capacity of battery and hydrogen sys-
tems. Additionally, the total amount of biomass available is
required.
2.4.1. Case study
The case study is a hypothetical community of 1500 inhabitants

near Marseille e France. Weather data, namely solar irradiance
(Fig. 3a) and ambient temperature (Fig. 3b) were gathered from
Solcast webpage [52]. The hourly profile of electricity demand
(Fig. 3c) was obtained for 2018 from the Open Data R�eseaux
�Energies (ODR�E) [53]. Regarding hydrogen, it is supposed to be used
in mobility with a peak demand of 160 kW, which corresponds
Fig. 3. Profiles of input data for designing the energy system. (a) Solar radiatio
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approximately to a capacity for supplying 60 kg of hydrogen by day
(i.e. z 12 cars by day). For this demand, a daily periodic behavior
was assumed as presented in Fig. 3d.

The selected prices for importing electricity (CEG) and natural
gas (CNG) from the grid are 0.10 V/kWh and 0.037 V/kWh, respec-
tively, which correspond to the values reported by the French en-
ergy market in 2018 [54]. Besides, 0.054 V/kg is the cost of
gathering the feedstock for anaerobic digestion process (CBio).
Otherwise, the emission factors of electricity (lEG) and natural gas
(lNG) according to the French energy matrix are 0.057 and 0.040
kgCO2/kWh, respectively [55]. Furthermore, the emission factors of
reforming and anaerobic digestion processes are 10 kgCO2/kgH2
and 0.92 kgCO2/m3CH4, respectively. All these values were
considered constant along time.

On the other hand, technical and cost parameters for the set of
evaluated technologies are presented in Tables S1 and S2 of the
supplementary material. These include the energy conversion ef-
ficiency, lifetime, and capital, operation, and maintenance costs of
each technology.
2.4.2. Energy system constraints
As mentioned in section 2.3.3, the level of energy stored in

battery and hydrogen units is constrained by upper limits in their
capacities SB;max and SH2;max, respectively. Overall, the definition of
those limits depends upon the time scale of application (i.e. short-
term for battery and long-term for hydrogen), and the generation
and consumption profiles of electricity within the energy system.
On the one hand, concerning the storage time scale, batteries are
identified as a suitable option for storing electricity during days,
whereas hydrogen system has the potential for reserving energy by
months (seasonal storage) [56e59].

On the other hand, the electricity generated by photovoltaics is a
function of the panel efficiency, the solar irradiance, and the
installed surface as stated in Equation (1). In this respect, three
different values of photovoltaic surface are considered in this work.
The minimum area corresponds to that one capable to satisfy the
n, (b) ambient temperature, (c) electricity demand, (d) hydrogen demand.
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peak electricity demand, which according to Fig. 3c is approxi-
mately 800 kW. In such a way, photovoltaic area was computed by
dividing the peak demand into the nominal capacity factor of
panels, which is around 0.16 kW/m2 as specified by some manu-
facturers [60e62]. Therefore, the minimum surface required for
satisfying the peak electricity demand is equal to 5000 m2. The
other values evaluated represent scenarios with 50 and 100% of
additional area, i.e. 7500 and 10000 m2.

Taking this into account, the upper limits SB;max and SH2;max were
defined for the scenario with the highest electricity production, i.e.
with a photovoltaic area of 10 000 m2. Thus, the maximum ca-
pacities of the storage systems were determined considering an
isolated system through the pinch analysis and the grand com-
posite curves (GCC) as proposed by Bandyopadhyay [63]. Then,
assuming that the battery is able to store energy up to ten days, and
the pressurized hydrogen tank up to two months, the upper limits
SB;max and SH2;max are 30MWh and 300MWh, respectively. The GCC
are depicted in Fig. S1 of the supplementary material.

Additionally, the total amount of biomass available (BioD) was
estimated considering that in France each inhabitant generates
Fig. 4. Optimal configuration of the distributed energy system. (left column) 5000 m2, (right
(e, f) social.

10
568 kg/year of domestic waste. From such rubbish, around 30%
corresponds to organic matter that can be used in the digestion
process, so that the biomass available is 255.6 ton/year [64,65].
3. Results and discussion

The optimization of the energy system designwas solved for the
three surfaces of photovoltaic panels, and considering each crite-
rion individually, i.e. three optimization problems were solved for
minimizing the total annualized cost, the CO2 emissions, and the
grid dependence. Fig. 4 depicts the resulting energy system
configuration for each objective optimized separately, and for
installed photovoltaic areas of 5000, 7500 and 10 000 m2.

In general, through the obtained configurations, results show
the influence of the evaluated criteria on the selection of technol-
ogies for satisfying the energy needs. Additionally, the installed
surface of photovoltaic panels also affects the energy system
flowsheet. Indeed, for the three evaluated objective functions, the
optimal set of technologies with 5000 m2 of photovoltaic panels
differs from the ones obtained when the area is 7500 or 10 000 m2.
column) 7500e10000 m2. Optimization objective (a, b) economic, (c, d) environmental,
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This is observed by comparing Fig. 4a and b for economic objective,
Fig. 4c and d for environmental criterion, and Fig. 4e and f for social
objective. In those cases, the most significant difference concerns to
the storage unit. In fact, in the case wherein the smallest size of
panels is considered (5000 m2), there is no need of storing a large
amount of electricity during long periods, and hence just the bat-
tery is employed (Fig. 4aec and 4e).

Interestingly, the optimal energy system flowsheet is the same
from the environmental and social perspective (Fig. 4c and e for
5000m2, and Fig. 4d and f for 7500 and 10 000m2). In this regard, it
is worth noting that this result strongly relies upon the considered
context and some technical parameters (e.g. conversion efficiency).
On the one hand, as the case study of this work is in France, and
negligible deforestation was assumed, biomass represents the best
alternative when the objective is to minimize either the CO2
emissions or the grid dependence. However, in a context with
significative deforestation rate, or an energy matrix based on fossil
resources, the optimization of environmental and social objectives
could lead to different system structures. Indeed, this issue was
verified by carrying out a sensitivity analysis with those two pa-
rameters. Thus, the environmental optimization was solved for
three different values of deforestation rate (u) 10, 20 and 30%, and
the impact of this parameter on the energy system structure was
evidenced. The corresponding results are depicted in Table S3 and
Fig. S2 of the supplementary material.

On the other hand, the impact of the electricity grid emission
factor was evaluated by assuming the one of Germany, which was
roughly 0.48 kgCO2/kWh in 2018 [66]. In this case, environmental
and social optimizations were performed for determining the in-
fluence of this value on the system flowsheet. Results are presented
in Table S4 and Fig. S3 of the supplementary material. According to
these optimization results, it is observed that the conversion effi-
ciency is the key parameter for selecting the electricity grid instead
of methane for obtaining hydrogen when the objective is to
decrease the energy imported from the grid (Fig. 4e and f). This
happens because for producing 1 kg of hydrogen, the energy con-
sumption of the electrolyzer and methane reforming units are 51.3
and 65.4 kWh, respectively (Table S1). Meanwhile, from the envi-
ronmental perspective the choice of the energy source lies on the
emission factor of the alternatives. Therefore, when the French grid
is employed, water electrolysis (z3 kgCO2/kgH2) is preferred
instead of methane reforming (z12 kgCO2/kgH2), as presented in
Fig. 4c and d. Conversely, if the electricity grid of Germany is used
(z24 kgCO2/kgH2), steam methane reforming would be privileged
(Fig. S3a).

Otherwise, if the photovoltaic area is 7500 or 10 000m2, there is
no effect of this variable upon the selected technologies and the
flowsheet structure, but the operating policy changes. Hence, the
energy system design exclusively relies on the objective function as
Table 1
Optimization results for the design of the distributed energy system.

Variable PV area ¼ 5000 m2 PV

Eco. Envi. Social Ec

TAC (MV/year) 0.9 1.5 1.5 1.8
CAPEX (% TAC) 73 74 74 90
OPEX (% TAC) 27 26 26 10
CO2 emissions (ton/year) 345.1 145.6 145.6 22
Grid emissions (%) 43 100 100 37
Process emissions (%) 57 e e 63
Biogenic (ton/year) e 62.9 62.9 e

Dependence (%) 63 52 52 40
Electricity (%) 57 100 100 56
Natural gas (%) 43 e e 44

11
observed by comparing Fig. 4b, d and 4f. Thus, when only the
economic index is considered (Fig. 4b), hydrogen is mainly pro-
duced via methane reforming (z48e60%) due to the lower cost of
natural gas with respect to the electricity. In fact, in this case the
electrolyzer is just powered by photovoltaic panels and biomass is
not included within the system. Meanwhile, if environmental or
social objectives are addressed (Fig. 4d and e), around 83% of
hydrogen is obtained from water electrolysis, and the remainder is
covered by reforming of biomethane derived from biomass diges-
tion. This happens because, when the electrolyzer is used, envi-
ronmental impact only depends on the emission factor of the
electricity grid, which in the case of France is relatively low due to
the massive electricity production from nuclear plants. Addition-
ally, in these cases the whole biomass available is employed
because it does not imply any CO2 emission and is not grid reliant.

Main optimization results for the three evaluated photovoltaics
surfaces are summarized in Table 1. These results show the con-
flicting character of the objectives and the contribution of the
different factors (CAPEX, OPEX, grid, process, electricity, and nat-
ural gas) to each performance criterion. Minimal costs are associ-
ated with mature technologies (steam methane reforming) and
fossil resources, which leads to the highest CO2 emissions and grid
dependence. In contrast, large use of biomass and emission-free
operations (electrolysis) would increase the self-sufficiency of the
system but at the cost of higher investment. Besides, as observed in
Table 1, when environmental and social criteria are optimized, all
the emissions come from the electricity grid. Indeed, in these cases
an important amount of CO2 is derived from biomass trans-
formation and, as aforementioned, these emissions are not
accounted because they are supposed to be compensated during
the growing up of plants. On the other hand, the investment cost of
each technology for the three objective functions and the different
photovoltaic surfaces is presented in Table 2.

As previously mentioned, when a photovoltaic area of 5000 m2

is considered, the optimal configuration of the system indicates
that just the battery is required for energy storage. In fact, as
verified in Fig. 5a, the battery mainly operates in spring and sum-
mer seasons, and the optimization objective does not have a
notable impact on its size and operating policy. On the contrary,
when photovoltaic area of 7500 and 10 000 m2 are evaluated,
electricity production increases and, consequently, short and long-
term storage systems are used in all the optimization cases (Fig. 6).

Broadly, it is observed that the battery is mainly used as a short-
term storage system, i.e. for storing energy during days or weeks
(Fig. 6a and c). Meanwhile, hydrogen absorbs the mismatch be-
tween electricity availability and consumption in the middle and
long-term, and therefore it exhibits a seasonal pattern, as depicted
in Fig. 6b and d. In those cases, pressurized tank starts to be charged
at spring (t z 2500 h), and a significant change in the slope of the
area ¼ 7500 m2 PV area ¼ 10 000 m2

o. Envi. Social Eco. Envi. Social

2.5 2.5 2.4 2.8 2.8
91 91 93 94 94
9 9 7 6 6

7.7 81.7 81.7 176.0 51.2 51.2
100 100 34 100 100
e e 66 e e

62.9 62.9 e 62.9 62.9
30 30 30 19 19
100 100 53 100 100
e e 47 e e



Table 2
Optimal investment cost (kV/year) of the equipment within the energy system.

Equipment PV area ¼ 5000 m2 PV area ¼ 7500 m2 PV area ¼ 10 000 m2

Eco. Envi. - Social Eco. Envi. - Social Eco. Envi. - Social

Photovoltaics 103.8 155.8 207.7
Electrolyzer 68.9 68.8 211.2 205.3 413.6 377.6
Battery 406.5 801.4 965.6 1712.8 1249.5 1712.8
Reformer 55.0 54.7 55.0 44.2 55.0 44.2
Hydrogen Storage e e 85.2 119.7 101.9 203.9
Fuel Cell e e 122.1 48.9 174.4 90.7
Digester e 49.2 e 39.0 e 39.0

Fig. 5. Optimal profile of energy stored (a), and fractions of electricity supplied by the battery (b), the grid (c), and the photovoltaic panels (d) considering 5000 m2 of photovoltaic
surface. Objective ( ) economic, ( ) environmental, ( ) social.
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curve is observed at the beginning of summer season (tz 4000 h).
Then, during fall and winter seasons the tank is discharged for
covering the lack of electricity from photovoltaics (t < 2000 h and
7500 h < t < 8760 h).

On the other hand, as a result of the high availability of elec-
tricity during summer season, if the photovoltaic surface is
10 000 m2 and environmental or social objectives are addressed,
the amount of energy stored reaches up to the limits imposed in the
optimization problem, i.e. 30 and 300 MWh for the Li-ion battery
and the pressurized hydrogen tank, respectively. In this respect, a
sensitivity analysis on the values of the storage limits was per-
formed aiming to evaluate their impact on the optimization results.
Thus, the optimization problem was solved by modifying the stor-
age capacities ±10%, i.e. 27 and 33 MWh for the battery, and 270
and 330MWh for the pressurized tank. The analysis was carried out
for the environmental criterion, and according to the results,
changes lower than 2% on the objective function are obtained
(Table 3).

As observed in Fig. 6, economic optimization leads to smaller
storage units, since these represent roughly 60e65% of the CAPEX.
Conversely, environmental and social objectives require bigger
capacities for energy storage. This occurs because the energy stored
12
corresponds to renewable one, thus, as the capacity for storing this
energy increases, less energy must be imported from the grid and,
therefore, lower emissions and grid dependence are obtained. In
this regard, even though the overall results of environmental and
social optimization are the same, the operating policy of the storage
systems is quite similar, but it does not overlap. This happens
because the system can reach an identical global performance
through different operating patterns, which was verified by solving
the optimization problem with different initial values of the deci-
sion variables. The corresponding results are presented in Fig. S4 of
the supplementary material.

Moreover, Fig. 5bed (5000m2 of photovoltaics), and Fig. 7 (7500
and 10 000 m2 of photovoltaics) present the average fraction of
electricity supplied by the battery, the fuel cell, the main electricity
grid and the photovoltaic panels for the different seasons of the
year. These results indicate a direct relation between the installed
surface of photovoltaic panels and the use of the power-to-power
system (electrolyzer e hydrogen tank e fuel cell). This fact is
observed by comparing the fraction of electricity supplied by the
battery (Fig. 7a and b), and the fuel cell (Fig. 7c and d). Here is noted
that, as the photovoltaic surface gets larger, the use of long-term
storage increases to balance the system during sunny periods



Fig. 6. Optimal profiles of energy stored in battery and pressurized tank. (a, b) 7500 m2, (c, d) 10 000 m2. Objective ( ) economic, ( ) environmental, ( ) social.

Table 3
Results of the sensitivity analysis with respect to the storage capacities.

Storage option Max. capacity (MWh) CO2 emissions (ton/year) Relative differencea (%)

Pressurized tank 330 50.2 �1.9
270 52.1 1.9

Battery 33 51 �0.4
27 51.3 0.4

a The reference case corresponds to 51.2 tonCO2/year.
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(spring and summer). Additionally, as shown in Fig. 7f, the system
becomes completely autonomous during spring and summer sea-
sons for all the assessed objectives, which implies that the whole
electricity demand can be supplied by renewable resources and
without generating CO2 emissions. This self-sufficiency is achieved
thanks to the storage systems, which enable either satisfying the
energy demands at nighttime periods or storing the over-
production of electricity to be used during cold seasons. Indeed,
this seasonal storage permits to meet up to 76% of the electricity
needs at winter, and up to 62% at fall with energy coming from
renewables. The fraction supplied by photovoltaics (Figs. 5d, 7g and
7h) corresponds to the electricity delivered to users at the time that
it is obtained, i.e. without passing through storage systems.

Aiming to show the potential impact of distributed energy
system implementation, a conventional system or centralized case
was evaluated for comparison purposes. This centralized case cor-
responds to the scenario wherein the whole electricity demand is
satisfied by energy coming from the main grid, and the hydrogen
demand is supplied by a large-scale methane reforming process
through the gas network.

Fig. 8 depicts comparatively the performance of the distributed
and centralized energy system by considering the optimization
results presented in Table 1. This figure represents normalized
values, being 1 the best value (minimum), and 0 the worst one
13
(maximum) of the index. Thus, the farther the vertex of the triangle
is from the center, the better is its performance in the corre-
sponding criterion. For instance, taking the centralized case as
reference, it looks like a line because this case offers the best eco-
nomic but the worst social and environmental performance. This
happens due to the economy of scale and the maturity of the
process carried out in centralized energy conversion, which leads to
lower levelized cost (V/kWh) for obtaining electricity and
hydrogen. However, this scenario also entails the high CO2 emis-
sions derived from the methane steam reforming process, and a
complete dependence on the main energy network.

Moreover, it is noted the potential improvement that can be
obtained in the environmental and social criteria with the imple-
mentation of the DES, and the effect of the area of photovoltaic
panels. For instance, when an area of 5000 m2 is considered, over
cost of 13% is needed in the economic optimization, but at the same
time, autonomy reach a value near to 40%, and 25% of CO2 emissions
could be avoided with respect to centralized scenario. Conversely,
by using 10 000 m2 of surface, CO2 emission reduction up to 89%,
and self-sufficiency up to 81% can be achieved, but the cost is more
than three times bigger than the one of importing energy from the
grid (environmental and social optimizations).

Thus, according to these optimization results and the competi-
tiveness of the criteria, the selection of the most suitable system



Fig. 7. Optimal fraction of electricity supplied by the distributed energy system considering two surfaces of photovoltaic panels. 7500 m2 - left column, 10 000 m2 e right column.
Sources: battery (a, b), fuel cell (c, d), main grid (e, f) and photovoltaic panel (g, h). Objective functions: ( ) economic, ( ) environmental, ( ) social.
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configuration will depend upon the context wherein the energy
system would be implemented, and the preferences/needs of
decision-makers. In such a way, the approach presented in this
work could be easily extended and applied according to another
conditions (e.g. energy sources, energy demands, weather condi-
tions, available technologies), and constitute a tool for evaluating
scenarios and support the decision-making process during the
design of DES.
4. Conclusions

In this work, a modeling and optimization approach for
14
designing distributed energy systems (DES) was developed. The
proposed model considered a grid-connected energy system, and a
set of technologies for energy conversion that allows to satisfy
electricity and hydrogen needs. The optimization problem con-
sisted in the evaluation of economic, environmental and social
criteria, considering as objective functions the total annualized
cost, the CO2 emissions, and the grid dependence, respectively.
Results allowed to identify a significant influence of the criteria and
the photovoltaic surface upon the energy system structure and its
time-dependent operating policy. In this regard, the obtained re-
sults represent a quantitative evaluation of different scenarios, and
it was found a notable improvement of DES with respect to a



Fig. 8. Representation of the optimization results for the three surfaces of photovoltaic
panels. (a) 5000 m2, (b) 7500 m2, (c) 10 000 m2. Objective ( ) economic, ( )
environmental, ( ) social. ( ) centralized scenario. Normalized values are pre-
sented, being 1 (vertex -outer triangle) the best value, and 0 (center) the worst value of
the index.
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centralized energy system in terms of emissions and self-
sufficiency. Thus, the emission up to 400 tonCO2/year could be
avoided (with respect to the centralized scenario), and the main
grid dependency could be reduced to below 20%. Indeed, evenwith
the smallest photovoltaic area (5000 m2) and without seasonal
energy storage, 25% of the CO2 emissions could be prevented and
near to 40% of self-sufficiency could be achieved. Furthermore, this
approach can be easily extended by including additional energy
sources or demands, conversion technologies and performance
criteria to be applied in another context conditions. As a perspec-
tive, it is envisaged to use the proposed approach within a multi-
objective optimization analysis. This could enable to establish the
relationships among the sustainability criteria, and to integrate the
preferences of decision-makers at conceptual design of DES.
15
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