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ABSTRACT

In this work, we propose a mixed-integer linear programming (MILP) model that optimizes eco-
nomic and environmental objectives by retrofitting fuel stations for the case study of Spain. The
model contains set-covering constraints that ensure that there is at least one retrofitted fuel sta-
tion within a radius of 20 kilometers of each retrofitted fuel station. The results indicate that by
retrofitting fuel stations to allow for electric vehicles, both economic and environmental objectives
improve, while showing which power plants would be tasked with the increase in electricity pro-

duction to satisfy the increased electric demand.

Keywords: Life Cycle Assessment, Supply Chain, Optimization, Renewable and Sustainable Energy, Technoe-

conomic Analysis

INTRODUCTION

To improve the sustainability of the transport sector,
there is a global tendency to promote more environmen-
tally friendly modes of transportation, in alignment with
the Sustainable Development Goals (SDGs), particularly
SDG 13, which focuses on climate change action. This
shift is essential given that the transport sector is one of
the largest contributors to greenhouse gas emissions
globally, and transitioning to cleaner transportation op-
tions is a critical step toward mitigating climate change.
Electric vehicles (EVs), if powered by renewable energy,
are a promising solution to reduce emissions signifi-
cantly. In response to these developments, many coun-
tries are implementing policies and incentives to encour-
age the adoption of EVs, including subsidies for EV pur-
chases, investments in charging infrastructure, and strin-
gent emission standards for conventional vehicles. This
trend has led to a surge in EV adoption, which may re-
duce the reliance on traditional fuel stations in the future.
However, the existing network of fuel stations, strategi-
cally located and familiar to consumers, offers a unique
opportunity to support the EV transition. Retrofitting
these fuel stations into EV charging stations not only
profits from their advantageous locations and existing
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infrastructure but also facilitates a smoother transition
for current consumers [1].

We propose a mixed-integer linear programming
(MILP) optimization model based on the set-covering
problem to determine which fuel stations are best suited
for retrofitting and to evaluate the impact of this conver-
sion on economic and environmental objectives com-
pared to a baseline scenario with no retrofitting. The set-
covering approach ensures that the retrofitted stations
can adequately serve EVs within a specified radius, ad-
dressing the limited range issue of current electric vehi-
cles. These types of models are common in supply chain
and energy systems modelling [2].

This methodology is applied to a case study in
Spain, utilizing a comprehensive dataset of all existing
fuel stations. Given the NP-hard nature of the set-cover-
ing problem, an initial filtering step is employed to reduce
the problem’s size. Subsequent optimization is performed
under various assumptions, such as the source of elec-
tricity and local demands of transport usage, using bi-ob-
jective optimization techniques. The model aims to mini-
mize economic costs and CO: equivalent emissions, em-
ploying a life-cycle assessment (LCA) framework [3].

The results indicate that retrofitting a relatively
small fraction (~10%) of the fuel stations satisfies set-
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covering constraints, ensuring sufficient coverage for EV
users. Notably, even considering retrofitting costs, both
the economic and environmental optima coincide in a full
electrification of the vehicle float.

PROBLEM STATEMENT

The objective is to model and optimize the economic
and environmental impacts of retrofitting existing stand-
ard fuel stations into EV charging stations in Spain, com-
pared to a baseline case where no retrofitting is allowed.
Thus, part of the energy system of the country is also
modeled through the locations and capacities of existing
power plants. The problem can be summarized through
the following bi-objective optimization problem (1).

min {obj¢°(x,y),0bje™ (x,y)}

s.t.
h(x,y) =0 (1
g,y) <0

x € R",y €{0,1}

where 0bj¢°,0bj™ represent economic and environ-
mental objectives, x represent continuous variables, y
represent Boolean variables, h(x,y) indicate equality
constraints, and g(x,y) indicate inequality constraints.
Boolean variables are required to include set-covering
constraints and other logical requirements detailed in the
modeling section. For the economic objectives we con-
sider the total cost, and for the environmental objective,
we use the global warming potential from the IPCC2021
method (GWP). The temporal scope is one year.

OPTIMIZATION MODEL

Sets

We will use three main sets to model the system,
these being, the set of fuel stations that can be retrofit-
ted, s € S, the set of power plants that could provide elec-
tricity to the retrofitted fuel stations, p € P, and the set of
autonomous regions in Spain, r € R.

We define subsets depending on the type of power
plant, specifically, if they are wind-offshore (P%?), coal
(P€), gas (PNY), waste (PY), biomass (PZ), hydropower
(PH), solar (P®), oil (P?), or nuclear (PY). We define a
multi-set, GS;,, which maps which fuel stations are in
each autonomous region.

Variables

The model includes the following continuous varia-
bles: eff indicates the amount of electricity produced in
power plant p that will be sent to retrofitted fuel station s
[GWh], eP® refers to the electricity produced in power
plant p to satisfy the country’'s demand of electricity
[GWh], ej? refers to the total amount of electricity
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produced in power plant p [GWh], e£¢ refers to the elec-
tricity available in autonomous region r to be used to
charge electric vehicles, esE¢ refers to the electricity
available in fuel station s to be used to charge electric
vehicles, dE¢ refers to the amount of kilometers traveled
using electric cars in autonomous region r [x 103 km], and
dN¢ refers to the amount of kilometers traveled using
conventional combustion engine cars in autonomous re-
gion r [x 103 km].

Regarding binary variables, we consider two. w indi-
cates if we activate or de-activate the set-covering con-
straints, while y indicates if we retrofit fuel station s (y; =
1) or not (y; = 0).

Parameters

Djf, refers to a binary parameter that has a value of
1if fuel stations s and s’ are within a given distance valid
for the set-covering problem, D;, refers to the distance
between two fuel stations [10% km], Df% refers to the dis-
tance between each power plant and each station
[103 km], GW PP refers to the GWP of generating electric-
ity in power plant p [tCO,eq/GWh], GW PEC refers to the
GWP of using an electric car without counting the fuel
[tCO,eq/103 km], GWPNC refers to the GWP of using a
standard car [ tC0,eq/103 km], E, refers to the maximum
amount of electricity that power plant p can produce
[GWh], EEC refers to the required electricity for traveling
using an electric vehicle [GWh/103%km], B? refers to a de-
mand of distance that must be fulfilled in each autono-
mous region r [103 km], B refers to the demand of elec-
tricity of the country, not counting inclusion of new elec-
tric vehicles [GWh], CRF refers to the cost of retrofitting a
fuel station [M€], CNC refers to the cost of traveling using
a standard vehicle [M€/10% km], and c%©°, c¢, cN¢, ¢V,
CB, CH, ¢35, c%, and C" refer to the levelized cost of each
type of electricity [M€/GWh].

Equations & Constraints

Objective functions

We consider both an economic and an environmen-
tal objective, calculated as shown in (2) and (3).

0bj° = Yses C*Fys + Lrer CVCdYC + Zpepwo C"0e)" +
pepc CCel? + Xpepna CNCelP + 3 cpw CV el +
Yperr CPeyt + Ypepn CHel? + X ,eps Coe)P + X epo CO)F +

ZpGPN CNe;P (2)
0bj™ = Y,er dp CGWPNC + ¥ ep i GWPFC +
Spep GWBPel” (3)

The economic objective includes the cost of retro-
fitting plants, producing electricity required both for the
country’s demand and for the electric vehicles, and the
cost of using standard combustion cars for traveling dis-
tances. The environmental objective includes the
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emissions from the electricity production, the emissions
of using standard combustion cars for traveling dis-
tances, and the emissions of electric vehicles for travel-
ing distances, without counting the electricity itself to
avoid double counting.

Set-covering constraints

The set-covering constraints make use of the Bool-
ean parameter Djf, to make sure that there each retrofit-
ted fuel station has at least one another retrofitted fuel
station at the stipulated distance. In this work, the stipu-
lated distance is 20 km. We also allow the model to not
retrofit any station at all, thus ignoring the set-covering
constraints. For this, we use the following equations
(4,5):

Z DSS:CS >w VSES (4)
s'es ’

w =y VsES (5)

Electricity balances

The total electricity produced in a power plant is
given by (6).

et =e)f+ 3 _eff VpeP (6)

The electricity that can be used in a retrofitted fuel
station is the amount that is sent from each power plant,
subtracting a 3%/1000 km loss in transport (7).

eSEC = ZPEP eff - (1-0.03D)3) VpeP (7)

The aggregation of electricity produced for electric
vehicles in an autonomous region is given by (8).

EC — SEC
ér z SEGSsy €s

We also limit the amount of electricity that each ret-
rofitted gas station can receive from non-dispatchable
technologies (wind and solar) to a 40% of the total it re-
ceives (9), in order to at least simulate part of the availa-
bility problems that non-dispatchable technologies pre-
sent.

Vr eR (8)

ZpE(PWOUPS) eff <0.40- Zpep el vses (9)

If a fuel station is not retrofitted, it cannot be used
to fuel electric vehicles (10)

el <E,-y; VSseES,peP (10)

You cannot produce more electricity in a power
plant than its maximum capacity (11)

el <E, VpeP (1M

A lower bound of 1 GWh is set to the electricity used
to charge electric vehicles, so to ensure that all retrofit-
ted stations are used to charge electric vehicles (12).

eS¢ >y, Vs€eS (12)
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Demand constraints

The demand of electricity of the country must be
fulfilled notwithstanding the introduction of electric vehi-
cles (13).

Zperep” =BF (13)

To fulfill the transportation demand, we must spec-
ify how electricity is converted through kilometers in
electric vehicles, using (14).

dEC = eFC/EFC  vreR (14)

The transportation demand is fulfilled through elec-
tric and non-electric vehicles (15).

BP =alM¢ +dE¢  vreR (15)

Domain of the variables

All continuous variables, except for obj°,obje",
are positive real variables (R*). The objective function
variables are real variables (R). Variables w and y; are bi-
nary variables ({0,1}).

Data gathering and assumptions

For the geographical coordinates, enumeration, and
label of the existent fuel stations in Spain, we use the API
offered by the Spanish Ministry of Industry and Tour-
ism[4], through GET requests. A total of 11,733 fuel sta-
tions were found in the original dataset. Due to the set-
covering problem being NP-hard, we reduced the size of
the dataset by filtering out the fuel-stations that do not
belong to major companies in Spain in order to reduce the
solving time. The reduced dataset contains 5,866 fuel
stations.

We obtain the geographical coordinates, primary
fuel, and capacities of the power plants from the World
Resources Institute [5]. We assume 8,000 h of possible
production of electricity per year for the power plants.
We model intermittency through the assumption that only
40% of the electricity used in electric vehicles can come
from non-dispatchable technologies (9).

To calculate the distance among the different fuel
stations, as well as between power plants and fuel sta-
tions, we use Haversine equation. While this distance is
the shortest distance between two points in the Earth,
and due to that is not really the distance that vehicles
would have to traverse between two fuel stations, we
balance that through the fact that for the set-covering, a
small limit of 20 km is set for two fuel-stations to be able
to fulfill the constraint. Considering that electric vehicles
have an autonomy of >200 km, we consider that this
proximity between retrofitted fuel stations would be
enough to ensure availability.

The cost parameters for the electricity are sourced
from a work by the European Commission [6], and the
amount of kilometers traveled in the country per autono-
mous region has been calculated from a Spanish
1942
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Hydro plants (124)
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Figure 2. Results of the four optimization problems run.
A and A* refer to the optimization of the economic
objective without and with retrofitting, respectively. B
and B* refer to the optimization of the environmental
objective without and with retrofitting, respectively.

Figure 1. Map showing the location of the possible gas stations to retrofit, as well as the power plants available to
produce the electricity required in them. The legend indicates the types of power plant and gas stations. The
number between parenthesis indicates the number of plants/gas stations that are considered in the study.
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Figure 3. Electricity mix obtained for the economic
optimum scenario (A*) and the environmental
optimum scenario (B*).

newsletter [7], considering an average consumption of
six liters of gasoline per 100 km traveled. The price of fuel
for standard cars is considered as 0.771 €/I, without
counting taxes. The cost of retrofitting a fuel station
($3,988,900) is sourced from the work of Feng and Khan
[8], and does not consider on-site power storage. For the
environmental impacts, we use the Ecoinvent data-
base[9] 3.9.1 cutoff, using the IPCC2021 GWP method.
For the case of electric cars, we take the GWP of the car
subtracting the electricity needed to fuel it, since we are
considering it in the model through equation (14).

In Figure 1, we show the location of each power
plant and fuel station considered in this work.

RESULTS AND DISCUSSION

We perform two optimizations per objective, for a
Vazquez et al. /| LAPSE:2025.0464
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total of four optimization runs. For each objective, we
consider a scenario where we forbid retrofitting (w < 0)
in order to obtain a comparison of how much the inclusion
of electric vehicles modifies the results. The scenarios
considered are therefore A and A*, where we optimize
the economic objective without and with retrofitting, and
B and B*, where we optimize the environmental objective
without and with retrofitting. The results obtained are
shown in Error! Reference source not found..

As shown in the figure, when we do not allow retro-
fitting in the model, both solutions (points A and B) are
very close, changing only a bit the optimal electric mix
obtained. However, when we allow retrofitting (points A*
and B*), and thus, electric vehicles, both solutions imme-
diately get better in both objectives. Compared to their
base cases, A* improves 36% its economic objective and
22% its environmental objective, while B* improves 31%
1943



e Coal plants (15)
Gas plants (56)
Waste plants (15)
Wind plants (340)
Biomass plants (1)
Hydro plants (124)
Solar plants (243)
« Oil plants (26)
Nuclear plants (5)
Gas stations (5866)

3
@oiﬁ’

e Coal plants (15)
Gas plants (56)
Waste plants (15)
Wind plants (340)
Biomass plants (1)
Hydro plants (124)
Solar plants (243)
« Oil plants (26)
Nuclear plants (5)
Gas stations (5866)

Figure 4. Economic optimum result (A*). Green circles indicate service area of each retrofitted station. Yellow
arrows indicate from which power plant is electricity generated for each retrofitted fuel station.

Figure 5. Environmental optimum result (B*). service area of each retrofitted station. Yellow arrows indicate from
which power plant is electricity generated for each retrofitted fuel station.
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its economic objective and 51% its environmental objec-
tive.

Notably, in both A* and B*, the model chooses to
electrify the vehicle fleet completely, since that alterna-
tive is cheaper and more environmentally friendly than
standard combustion vehicles, even with the cost of ret-
rofitting the fuel stations needed.

Focusing on the scenarios where we allow retrofit-
ting of fuel stations, the electric mix optimized to account
for both the electricity demand of the country and the
demand from the electric vehicles is shown in Figure 3.
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While the electricity mixes are very similar, focusing
on renewable energy available in the country with a low
levelized cost of electricity, there certain differences be-
tween the environmental and economic optimums. While
the economic optimum employs oil and coal, which are
economic but contaminant, the environmental optimum
uses solar and waste, as well as raising the use of natural
gas, which while being a fossil fuel, has a lower GWP than
that of coal and oil.

In Figure 4 and Figure 5 the supply chain results of
the economic (A*) and environmental (B*) optima are
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shown. It is important to mention that, in the model, cer-
tain electricity transport options which are currently not
possible were not limited. For example, in the environ-
mental optimum, there is transport from the mainland to
the Canary Islands, which is not currently possible. How-
ever, it is noteworthy that even with losses that are pro-
portional to the distance that electricity is transported,
the model chooses to generate electricity in the penin-
sula and transport it to the islands. The number of retro-
fitted stations also varies between the solutions. For the
economic optimum, 412 fuel stations are retrofitted, to
fulfill the set-covering constraint. However, in the envi-
ronmental optimum, this number rises to 477.

It is important to note that, due to data not being
available, there was no upper limit to the number of cars
that any fuel station can serve in a year. For a more pre-
cise model, an upper bound would need to be set to each
fuel station that limits the amount of service that it can
provide per year.

CONCLUSIONS AND LIMITATIONS

The model shows that it is possible to reduce both
the economic and environmental objective through an
implementation of retrofitted fuel stations and electric
vehicles. Specifically, the cost and GWP are reduced
from 43.44 billion € and 189.55 million tonnes of CO2eq.
to 27.83 billion € and 146.80 million tonnes of CO2eq.
when minimizing the cost (scenarios A and A*), and from
43.44 billion € and 189.55 million tonnes of CO2eq. to
29.85 billion € and 92.57 million tonnes of CO2eq. when
minimizing the cost (scenarios B and B*).

However, the results of this study must be taken as
an ideal case due to the assumptions followed during its
modeling. Namely, the consideration of steady state in-
dicates that although Spain has enough electricity pro-
duction capacity to satisfy a full electric fleet, electricity
demand and production dynamics are not considered,
hence assuming that the country has the instantaneous
capacity required to provide electric energy at a given
point in time.

In summary, future work will focus on the dynamic
aspect of the model, including generation profiles of the
different electricity technologies, as well as realistic up-
per limits for the service that each fuel station can pro-
vide at a given time.
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