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A B S T R A C T

The smart city seeks a highly interconnected, monitored and globally optimized environment to profit from
the synergies among systems such as energy, transports or waste management. From an energy perspective,
transport systems and facilities are among the bigger energy consumers inside cities. However, despite the
research available on such systems, few works focus on their interactions and potential synergies to increase
their efficiencies.

This paper address this problem by assessing the benefits of the interconnection and joint management of
different energy systems in a smart city context. This is done using a linear programming problem, modelling
a district with residential loads, distributed energy resources (DER) and electric vehicles (EV), which are also
connected to an electrical metro substation. This connection allows to store the metro regenerative braking
energy into EVs' batteries to be used later for other trains or for the EVs themselves. The objective of the lin-
ear programming model is to find the optimal planning and operation of all the considered systems, achieving
minimum energy costs.

Therefore, the main contributions of this paper are the assessment of synergies of the interconnection
of these systems and the detailed analysis of the impact of different EV penetration levels. Results show
important economic benefits for the overall system (up to 30%) when the investments and its operation
are globally optimized, especially reducing the metro energy costs. Also, analysing the energy transfers be-
tween metro-EV, it is evident that the metro takes advantages of the cheaper energy coming from the district
(through the EVs), showing the existence of “opportunistic” synergies. Lastly, EV saturation points (where
extra EVs represent more load but do not provide additional useful storage to the system) can be relatively
small (200–300 EVs) when the energy transfer to the metro electrical substation is restricted, but it is also re-
duced by the presence of DER systems.

© 2017.

Nomenclature

Sets

c, v Type of houses (1–4) and EV users (1,2)
h Hour (1–24)
hMs, hMw Summer and winter mid-peak hours for time-of-use

tariffs
hO Off-peak hours for the electric time-of-use tariffs
hPs, hPw Summer and winter peak hours for the time-of-use tar-

iffs
mS, mW, m Summer (3–8), winter (1,2,9–12) and all months

(1–12)
y Years (1 – lifespan)

Parameters

pAvailEVv,h Max. available capacity of EVs (kWh)

∗ Corresponding author.
Email addresses: christian.calvillo@iit.comillas.edu (C.F. Calvillo); alvaro@
comillas.edu (A. Sánchez-Miralles); jose.villar@iit.comillas.edu (J. Villar);
francisco.martin@iit.comillas.edu (F. Martín)

pBuyEpriceHm,h, pBuyEpriceMm,h Electricity base residential and
commercial prices (€/kWh)

pCOP Coeff. of Performance for HP
pCostBat Total upfront cost of batteries, considering a replace-

ment every 8 years (€/MWh)
pCostPV, pCostHP Total cost per installed Watt of PV and HP

(€/MW)
pCostTy, pCostEy Annual buying price increment of thermal and

electric energy (%)
pSellEy Annual selling price increment of electric energy (%)
pDaysMm Number of days in month m
pDemandElecc,m,h Base electric demand curve for 12 representative

days (MWh)
pDemandShift Maximum allowed load to be shifted per day of the

base electric demand (%)
pDemandThermc,m Total thermal demand for 12 representative days

(MWh)
pGHIm,h Global horizontal irradiance (W/m2)
pDRequipCost Costs of equipment required to do load shifting

(€/client)
pEffBat Battery charge/discharge efficiency (%)
pEVcap Max. storage capacity per EV (kWh)
pFixEpow, pFixTpow Annual access tariff for residential electric and

thermal power (€/kW, €/client)

https://doi.org/10.1016/j.energy.2017.12.006
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pHouseNum, pEVnum Number of equivalent clients per house and
EV user types

pLifespan Expected lifespan for PV and HP systems in the study
(20 years)

pLossesPV, pLossesHP Total losses in the PV and HP systems (%)
pMetLoadh, pMetRegh Base electric demand curve and regenerative

braking energy for the metro trains connected
to the substation (kWh)

pOMfixPV, pOMfixHP Fixed annual operation and maintenance
costs per installed Watt of PV and HP
(€/MW)

pPeakPowM, pMidpPowM, pOffpPowM Annual access tariff for
commercial (metro) electric
power at peak, mid-peak
and off-peak hours (€/kW)

pSellEpriceH Electricity base selling price (€/kWh)
pSOCinitEVv,h SOC of the arriving EV (%)
pSOCminEVv,h Minimum SOC requirement for EV (%)

Positive variables

vBatCapc Battery installed capacity(MWh)
vChBatc,m,h, vDisBatc,m,h battery charged/discharged Energy (MWh)
vChEVv,m,h, vDisEVv,m,h Energy charged/discharged to/from EV

(MWh)
vChMetrov,m,h, vDisMetrov,m,h Energy charged/discharged from EV

to the metro system (MWh)
vDecDemandc,m,h Decrease in base demand(MWh)
vDemandNewc,m,h New consumption curve after changing the base

profile (MWh)
vGridEnBuym,h vGridEnSellm,h Total energy transaction to the grid

(buying and selling) (MWh)
vHPenInputc,m,h Electricity for thermal production with HP (MWh)
vIncDemandc,m,h Increase in base demand (MWh)
vLoadMnewm,h New metro consumption curve after changing the

base profile (MWh)
vPowElect Contracted annual electric power (MW)
vPowHPc HP installed capacity (MW)
vPowPeakM, vPowMidpM, vPowOffpM Contracted annual electric

power for the metro system
at peak, mid-peak and
off-peak hours (MW)

vPowPVc PV installed capacity (MW)
vProdPVc,m,h Electric PV production (MWh)
vSOCc,m,h Battery State-of-Charge (MWh)
vSOCEVv,m,h EV State-of-Charge (MWh)
vThBuyc,m Thermal energy bought (natural gas) from the grid to

meet the daily demand (MWh)

Free variables

vGridEnTrm,h Energy transaction to the grid (MWh)

1. Introduction

The smart city looks for new solutions to many urban challenges
(environmental, social and economic) resulting from the interconnec-
tion, integrated optimization and operation of systems like transports,
waste and energy management, etc., to profit from its potential syner-
gies. However, these synergies are not always evident and should be
investigated to obtain the maximum benefit [1].

Fast, efficient and clean mobility and transport systems inside
cities are one of the main challenges commonly addressed by local
governments, due to the large energy requirements and the signifi-
cant impact on air pollution and other associated externalities (such
as health costs) [2]. With the aim of cleaner and more efficient trans-
port systems, transport regulation measures, such as restricting con-
ventional fuel oil vehicles(CV) transit, are taking place in many cities
to reduce pollution [3] and alternatives to conventional transport sys-
tems are being investigated and promoted. Among these alternatives,
electric vehicles (EV) are one of the most popular and have deserved
many research efforts. For example, EV charging strategies have been
addressed in Ref. [4], where a review of smart charging systems is pre-
sented, the use of EVs as storage has been addressed in Refs. [5] and
[6], or its impact on the grid and its use as a tool to foster the introduc-
tion of renewable energy in Refs. [7] and [8].

Many approaches to mobility look for increasing efficiency in cur-
rent transport systems. For example, efficiency on urban rail systems
has been object of many efforts and has been commonly addressed in
the literature. In this context, a review of energy efficiency solutions
has been presented in Ref. [9], identifying five main groups of action:
traction efficiency, efficient driving, comfort functions, regenerative
braking and smart measurement and management.

From the urban rail systems, the metro (metropolitan trains) is one
of the most used. Considering the numerous and frequent stops of the
metro trains, regenerative braking can potentially provide important
energy savings [10]. To maximize the use of braking energy, three
main strategies have been commonly proposed. The first one is the op-
timal design of the train schedules to synchronize the braking of trains
arriving to a station with the departing of other trains within the same
electrical sections, allowing accelerating trains to use the braking re-
covered energy without the need of storage. An example of this solu-
tion has been presented in Ref. [11], where a programming problem
has been proposed to find an optimal schedule in a real metro system
application. The second approach consists in using energy storage sys-
tems to store the braking energy. This solution has the benefit of not
needing complex train synchronization, maximizing the energy recov-
ery, but has higher costs due to the extra storage infrastructure. The
main storage technologies for both on-board and wayside applications
have been reviewed in Ref. [10]. Lastly, the third approach consists in
using reversible substations able to return the braking energy back to
the grid. An example of this solution can be found in Ref. [12].

Table 1 summarizes the research works mentioned above. It can
be seen that there are efforts focusing on the integration of EVs and
DER systems. However, the connection of public transport systems
with urban districts and distributed energy resources has been barely
addressed in the literature. In particular, the reviewed metro related
works do not include other elements such as EVs of renewable energy
sources. Some pilot projects such as [13] have proven possible the
connection metro-EV, motivating further research on this and other
similar schemes. Hence, one of the main contributions of this paper is
the quantitative analysis of the synergies and economic benefits of an
interconnected urban environment with distributed energy resources
(DER), private electric vehicles and electric public transport (metro).
Note that such analysis considering all these systems has not been
found in the literature (see the last row in Table 1). Another relevant
contribution is the assessment of the impacts of the EV penetration
level and the district load size. This analysis provides insight on the
potential synergies of these systems, suggesting new possibilities of
coordinated management on smart city environments.

A linear programming (LP) problem has been proposed due to its
relatively simple modelling and fast solution times. The LP model in
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Table 1
Summary of the reviewed Metro and EV models and research work.

Ref Methodology Metro EV DER Focus Time scope

4 Various X Smart charging short-term
5 MILP X Smart charging short-term
6 MILP X X System operation short-to-

medium-term
7 Analytical X X Integration of

renewable sources
short-term

8 MILP X Integration of
renewable sources

medium-term

9 Analytical X Reduction of energy
use

med-long-
term

10 Analytical X Reduction of energy
use

med-long-
term

11 MILP X System operation short-to-
medium-term

12 Simulator X Reduction of energy
use

med-long-
term

This
paper

LP X X X Planning and
operation

long-term

cludes a residential district with different energy load curves and DER
systems, such as PV panels, air-source heat pumps, stationary batteries
and demand response systems. A set of EVs with different daily usage
patterns and the regenerative braking and electric energy consumption
of metro trains connected to an electrical substation have also been
modelled. The district selected is a real Madrilenian district where
typical residential load profiles have been considered. Consumption
and generation profiles of metro trains have been estimated using av-
erage values of real train data [14] and approximated distances and
trip times of Madrid's metro. PV production has been calculated us-
ing typical solar irradiation values of Madrid and Spanish residential
and commercial energy tariffs have been used. The outcomes of the
model include the optimal investment planning and operation of the
DER systems, according to the metro running patterns and EV usage
profiles. Economic benefits in energy and power costs have also been
assessed for both the metro substation and the residential district con-
sidered. Note that there are more detailed non-linear DER and EV sys-
tems models, some including metaheuristic methods as reviewed in
Ref. [15], which are commonly used for real-time operation problems.
However, in long-term planning models (like the one proposed here),
the linear version is commonly preferred as such level of detail is no
required [16].

The main contributions of this paper are the two analyses devel-
oped: the assessment of the synergies of the systems considered de-
pending on the district size and on the number of EVs and the assess-
ment of the impact of large EV penetration levels, looking for the EV
saturation point at which the system does not benefit further with more
EV storage. In addition, the effect on DER investments and the share
of economic benefits between the participants has been discussed. In-
deed, detailed analyses of the potential synergies of such intercon-
nected systems including public transports, EVs, DER systems and fa-
cilities have not been previously addressed in the literature, as most
models and works only focus on one or two type of systems (see Table
1). It is important to remark that different optimization methodolo-
gies could have been used to solve this problem (such as metaheuris-
tic techniques), achieving similar results. However, the approach pro-
posed and the analyses developed provide insight on the synergies
among systems and potential challenges and could serve as a starting
point for further research.

The rest of the paper is organized as follows. Section 2 provides
a brief conceptual description of the optimization model and the full
mathematical formulation is presented in Section 3. In Section 4, the
input parameters for the model and the case studies are described. Re

sults of these case studies are presented and discussed in Section 5
where a comparison among schemes has been performed. Concluding
remarks are summarized in Section 6.

2. Model description

Fig. 1 shows the block diagram of the proposed model. It includes
the electrical substation of an electrical section of the metro system.
The substation is connected to the grid to supply energy to the trains
and to other loads at the stations (illumination, heating and ventilation,
etc.) and it is connected to a parking lot where the EVs parked can be
used as energy storage for the regenerative braking energy recovered.
The parking lot is also connected to a district that implements differ-
ent DER systems. In Fig. 1, the electric grid has been represented in a
red box, the three interconnected systems are the brown boxes and the
blue boxes represent loads and/or generators. Black lines show elec-
trical connections and the arrows show the directions of the energy
flows.

An optimization model has been proposed (see Fig. 2) to sched-
ule the energy transfers between metro and EVs, the charge/discharge
of EVs and the sizing and operation of the DER systems to be im-
plemented in the residential district. The main decision variables (out-
puts) of the model are:

• DER installed capacity (PV, HP and Battery systems).
• DER operation schedule (PV and HP energy production, Battery

charge and discharge schedule, SOC, etc.) according to the available
capacity.

• EV operation schedule (charge and discharge schedule, SOC, etc.)
according to the available capacity.

• Metro-EV energy transfer schedule, according to the metro energy
profiles and EV availability.

• Investment and energy costs.
Note that all these variables are continuous and could take any

value, potentially giving an infinite number of solutions (see section 3
for the full mathematical formulation).

The main parameters (inputs) for the model are:

• Metro electrical substation energy profiles (hourly consumption and
regenerative braking values).

• EV availability and minimum charge requirement profiles.
• DER prices (investment and operation & maintenance), losses and

performance parameters.
• District energy profiles (hourly energy consumption values).

Fig. 1. Block diagram of the proposed system.
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Fig. 2. Optimization model description.

• Energy tariffs.
These parameters are described in detail in section 4.
Note that charging points and interconnection costs have not been

considered in this study. Also, it is assumed that these connections are
sufficient to implement the analyses developed in this paper. How-
ever, given that all systems are already connected to the electric grid,
the implementation of the proposed interconnected scheme could be
relatively easy, just investing on appropriate network reinforcements
and information and communication technologies [17].

3. Mathematical formulation

This section presents the mathematical formulation of the linear
optimization model proposed. The model has been implemented in
GAMS [18] (a well-known mathematical modelling tool) and CPLEX
has been selected as the LP solver, due to its high performance and
fast solution times [19]. The model has been run in a standard desktop
PC with an Intel i7 processor (running time of less than a 1 min).

3.1. Objective function

The objective function to minimize comprises the costs of all
the system considered, including EVs, metro and prosumers (produc-
ers-consumers). This formulation considers a total lifespan of 20 years
and stationary battery replacements every 8 years [20]. All possible
investments take place at the beginning of the study period. A typical
year's operation has been replicated for the total length of the study
and has been characterized by 12 representative days, each one for a
different month of the year [17].

The objective function (1) adds the DER investments and mainte-
nance costs and the net energy costs of all systems.

The terms in (1) are detailed in equations (2)–(14). They include
the district net electricity costs due to the energy transactions with
the electric grid (2), considering the cost of buying energy (energy *
price = vGridEnBuy * pBuyEpriceH) and the benefit of selling energy
back to the grid (vGridEnSell * pSellEpriceH). Also, the contracted
electric power costs (3), the district thermal energy (4) and the thermal
power costs (5) as the contracted power tariff per client. They also in-
clude the DER investments and maintenance costs (6)–(11), the metro
energy (12) and the metro contracted power costs (13), separated in
three time-of-use periods: peak, mid-peak and off peak. Lastly, addi-
tional EV costs (14) are considered due to the extra batteries degrada-
tion produced by the connection with the other systems (see Fig. 1).
Indeed, according to EV manufacturers, battery packs should be re-
placed every 5–8 years [20,21]. For this study, it has been assumed
that the extra degradation of the EV batteries due to the additional
charge/discharge cycles produced by the metro system will result in
an extra battery pack replacement during the study lifespan.

(1)

(2)

(3)

(4)
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3.2. Stationary batteries state-of-charge constraints

The state-of-charge (SOC) of a battery is the percentage of stored
energy with respect to its maximum capacity, similar to a fuel gauge.
These constraints describe the battery storage systems implemented
in the district, limiting the energy charge/discharge given the max-
imum capacity and SOC and computing the current SOC from the
previous one, considering the energy charged and discharged and the
battery efficiency. It is also considered that the battery starts without
any charge at the beginning of the study (15) as if they were just in

stalled, but the following days retain the charge of the previous day
(16), (17).

3.3. Demand response constraints

Constraints (22) and (23) model the load shifting considered for
the proposed demand response scheme. From the original load, a max-
imum amount of load shifting per day has been set by the pDemand-
Shift parameter as a percentage of the original daily energy consumed
(24). Constraint (25) is used to force a baseload that cannot be shifted
in time (i.e. the energy equivalent of a fridge which is approximately
100 W per house [22]).

3.4. Energy production constraints

These constraints model the production of the PV and HP systems.
In (26) (taken from Ref. [23]), GHI stands for global horizontal irra-
diance (W/m2), which is the energy provided by the sun at a speci-
fied location, vPowPV refers to the installed capacity of the PV sys

(5)

(6)

(7)

(8)

(9)

(10)

(11)

(12)

(13)

(14)

(15)

(16)

(17)

(18)

(19)

(20)

(21)

(22)

(23)

(24)

(25)
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tem and G is the theoretical maximum global irradiation received on a
horizontal plane (G = 1000 W/m2) which provides the maximum gen-
eration value (at 100% efficiency) used by fabricants as a base line to
define the maximum peak power of a PV system. Equation (27) relates
to the thermal production by the air-source heat pump. The thermal
generation is considered to have a greater output than its actual pro-
duction as it is compared with the cost of producing the same amount
of energy with a conventional gas boiler (80% efficiency).

Constraint (28) has been used to limit the thermal production of the
heat pump below the nominal installed electric input power and (29)
has been implemented to produce at least 30% of total demand in the
afternoon-evening hours. This has been made to avoid having the ther-
mal generation only in hours where it is less likely to be used.

Equation (30) has been used to calculate the required contracted
electric power in the district given the DG production and loads.

3.5. Balance equation

The total energy consumption and production is balanced with
(31). In this equation, all energy entering the node is positive and the
energy leaving the node is negative. Equation (32) separates the en-
ergy transactions with the grid in its positive and negative parts to use
the appropriate tariffs to sell and buy energy.

3.6. EVs state-of-charge constraints

Similar to the stationary battery SOC constraints, the EVs have a
set of constraints that govern their behaviour. The main differences
in comparison to the abovementioned constrains are in (36) and (37),
where the EV storage capacity (available capacity) changes over time
and for each type of EV user. Also, there is a minimum SOC require-
ment. Furthermore, EVs can arrive to the parking lot with a pre-exist-
ing charge (39). These parameters represent the usage profiles of the
EV drivers.

3.7. Metro constraints

Metro constraints limit the EV energy charge from the available
regenerative braking energy (40) and compute the new electric load
curve of the electrical substation, changed from the original by the en-
ergy coming from EVs (41). Equations (42)–(46) compute the Metro
contracted power at peak, mid-peak and off-peak tariff periods. These
periods are defined with the month m and hour h subsets: mS, mW, hO,
hMs, hMw, hPs and hPw.

(26)

(27)

(28)

(29)

(30)

(31)

(32)

(33)

(34)

(35)

(36)

(37)

(38)

(39)
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4. Case study description and parameters

Several case studies have been proposed to analyse the impacts of
EV penetration. The case studies estimate Metro de Madrid energy us-
age data and simulate the consumer behaviour of Villaverde district in
southern Madrid. It has been assumed that the buildings of the district
under study do not have any pre-existing DER installation. The input
parameters considered in this study are described next, following the
same order shown in Fig. 2.

4.1. Substation energy profiles

Line 3 of Metro de Madrid was selected for this study due to
its high passenger load [24]. It has 18 metro stations served by 6
electrical substations [11,25]. Since substation's exact location is not
publicly available, it was assumed that they are uniformly located
throughout the metro line, i.e. one substation every three to four
metro stations. In this study, a section of metro line 3 (starting from
Villaverde Alto to Ciudad de los Ángeles stations, see Fig. 3 taken
from Ref. [26]) was selected due to its proximity to residential dis

tricts and public parking lots, assuming that one substation at the
beginning of metro line 3 serves energy to Villaverde Alto, San
Cristóbal, Villaverde Bajo-Cruce and partly to Ciudad de los Ángeles
stations, where a second substation is likely to be located.

Using the metro line 3 interstation distances (estimated with google
maps, [27]) and trip times (taken from current metro schedules, [26, p.
3]) and considering the average energy consumption per distance and
per trip time values proposed in Ref. [14], the train traction energy has
been calculated for the selected section of metro line 3. The regener-
ative braking energy has been computed considering that only 1/3 of
the train traction energy can be reused [10] and the total electric load
of the train has been calculated by adding 20% of traction energy for
the non-traction loads [10] (station loads, ventilation, etc).

Table 2 shows the energy usage and regenerated braking energy
obtained by the trains operating between Villaverde Alto and Ciudad
de los Ángeles stations (including the non-traction energy). It has been
considered that the same energy is required in both directions. More-
over, catenary lines of the trains are normally connected to two elec-
trical substations and the energy to feed the train can come from both.
Unfortunately, since detailed information on tracks and electrical con-
nections is not available, it has been considered that the energy re-
quired by the trains is equally shared between the two substations.

It is important to remark that the usable regenerated energy can be
used for different purposes. For instance, it can be used when possible
to supply departing trains or for other non-traction loads both in the
trains and stations. According to the analysis developed in Ref. [28], it
has been considered that from all the usable energy 43% goes to other
trains and station loads, 50% to the external EV systems and 7% to ad-
ditional electrical losses.

Metro systems are normally scheduled either following a timetable
or in time intervals (a train passes through a station every certain
amount of time). Metro de Madrid implements time intervals, whose
length depends on the day of the week and the hour. Considering
the average time intervals of metro line 3 during a standard weekday
(Monday to Thursday) provided in [26], p. 3], Fig. 4 shows the com-
puted energy profiles for the selected electrical substation, taking into
account the energy values of Table 2 and the number of trains trips per
hour, according to the service frequency previously discussed. Also,
taking into account the considerations of the regenerated energy dis-
tribution mentioned before (part of the regenerated energy goes to the
EVs and part goes to other trains, reducing the net energy consump-
tion).

Fig. 3. Station plan of Madrid's metro line 3.

(40)

(41)

(42)

(43)

(44)

(45)

(46)
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Table 2
Consumed and regenerated energy per train and journey, between the Villaverde Alto
and C. de los Angeles metro stations.

Traction Non-traction Total

Consumed energy (kWh) 45 9 54
Regenerated energy (kWh) 15 – 15

4.2. EV availability

Villaverde district has 5 public parking lots for residents [29].
Among them, San Aureliano was selected as the parking lot for EVs
due to its relatively large capacity (194 parking spots) and its proxim-
ity to the electrical substation chosen for this study.

A normal practice in Madrilenian residential neighbourhoods dur-
ing the week days is that the residents leave to work in the morning,
around 6h00 – 8h00 and come back home around 17h00 – 19h00. It

is also common that many people living in suburbs away of the city
centre arrive in their cars to parking lots close to metro or commuter
train stations, occupying the residents' empty places and continue their
journey in public transport systems. Therefore, both district residents
and visitors EV users have been modelled (see Fig. 5). Residents' EVs
are fully available as storage systems until 5h00 when they start to
move to work, causing a slow decrease in EV storage availability.
Conversely, the visitors start to arrive to the parking lot at 6h00 and
leave from 16h00, liberating the places for the residents. Following the
recommendations given by most manufacturers to extend battery life
[30], it has been established a minimum SOC of 20% at all times the
car is parked and, complying with the requirement of EV users, a min-
imum SOC of 80% has been set for the time the car leaves the park-
ing lot. It has been also considered that the EV arrives to the parking
lot with a SOC level of 40% (i.e. the energy required for the journey
is 40% of the total EV capacity, approximately 50 km) [31,32]. It has
been considered that the total storage capacity of each EV is 19 kWh
[33].

Fig. 4. Villaverde Alto substation energy profiles.

Fig. 5. EV user availability and minimum State-of-charge requirement.
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4.3. DER characteristics

The distributed energy resources considered for the district (apart
from the EV) are photovoltaic (PV) panels, air-source heat pump
(HP), stationary batteries and demand response systems. The solar
production from the PV has been calculated with average hourly so-
lar global horizontal irradiance data for Madrid, at 35° inclination and
facing south (taken from Ref. [23]). Table 3 lists the costs and perfor-
mance parameters of the considered DER, taken from Ref. [17]. The
coefficient of performance (COP) of the heat pump has been assumed
in 2.5 units, while the pDemandShift parameter has been calculated
considering the appliances that can be more easily shifted in time. Ac-
cording to [34], the washing machine, dryer and dish washer represent
the 13.3% of the total electric consumption of a typical Spanish house-
hold; hence, the pDemandShift has been set to a maximum of 13% of
total daily load. Also, a minimum baseload is stablished with equation
(25). The pDRequipCost parameter, representing the cost of the con-
trol devices needed for demand response has been set to 250 €/house
[35].

4.4. District energy profiles

Expected household energy profiles are required to adequately plan
and operate the DER systems and their integration with the metro sub-
station. Reference [36] classifies Spanish residential customers in 4
types according to the age of the head of the family (HF) and the pres-
ence of children in the household (younger than 12 years). The total
annual energy consumption also differs among client types. Table 4
summarizes the energy consumption per client type and the difference
with respect to the Spanish average values.

In this paper, the monthly demand variation throughout the year
[36] and the typical electricity demand curves for each type of client
have been used (these energy profiles can be found in Ref. [37]). It has
been assumed that the users follow the same changes in percentage of
total consumption in thermal and electric energy.

4.5. Energy price parameters

A time-of-use tariff was used for the households' electricity con-
sumption including EV charging, while thermal energy was priced
with a static tariff. Table 5 presents the energy tariffs selected (from
Refs. [38,39]). It has been assumed that the prosumer can sell elec-
tricity back to the grid at a fixed price of 0.0421 €/kWh, ignoring the
network costs and the time discrimination. In other words, this sell

Table 3
Technology costs and expected energy losses.

Technology Inst. Cost (€/W) O&Mfix (€/kW) Losses (%)

PV 2.15 30.93 24 (electric)
HP (COP = 2.5) 2.94 100.1 15 (thermal)
Battery 0.36 (€/Wh) – 10 (electric)

Table 4
Total annual energy consumption per client type.

Type of
client

Comparison to
average

Annual Thermal
(kWh)

Annual Electric
(kWh)

1 −5% 6054.9747 3507.0613
2 8% 6871.7046 3980.1140
3 −19% 5174.3962 2997.0274
4 16% 7422.3987 4299.0778

Table 5
Residential energy tariffs and time schedules.

Peak Mid-peak Off-peak

Electric energy (€/kWh) 0.1632 0.0843 0.0564
Electric Power (€/kW) 49.28617
Time schedule 13-23 h 7-13, 23-1 h 1-7 h
Natural gas variable (€/kWh) 0.0568
Natural gas fixed (€/year) 52.32

price is calculated considering that approximately 40% of the elec-
tricity tariff correspond to energy costs and the rest goes to taxes and
network costs [40], so the assumed sell price corresponds only to the
value of the energy sold and not to network costs or taxes.

Detailed information of Metro de Madrid energy transactions is not
publicly available. However, reference [41] shows an example of a
contract between Metro de Madrid and two Spanish retailers buying
electric energy at prices ranging from 0.08 to 0.10 €/kWh. Therefore,
it seems sensible to consider that the metro has a commercial high
voltage tariff, like the one presented in Ref. [42], with a time-of-use
discrimination for both energy and power and different time schedules
for winter and summer months. Table 6 summarizes the selected tariff
values for the metro system.

4.6. Case studies description

For the sake of clarity, the case studies have been labelled with the
abbreviation CS for Case Study, a sub-index that refers to the num-
ber of houses per house type considered in the district and a second
sub-index with two letters that refers to the selected options. Upper
case D stands for DER systems installation, while lower case d stands
for no DER systems installation and upper case C stands for the en-
ergy unconstrained metro-EV connection while lower case c stands for
the constrained metro-EV installation. Note that these options imply
different model alternatives as seen in section 2. For instance, CS500DC
refers to the full model described in section 2, with a district size
of 500 × 4 houses (i.e. 500 houses per household type) implementing
DER and with complete connection metro-EV (no limiting the energy
transfers), while CS250dC correspond to 250 × 4 houses without DER
implementation but with full metro-EV connection. Table 7 summa-
rizes the three model variants considered in this paper.

The case studies proposed in this paper and developed in the fol-
lowing subsections have two main objectives:

Table 6
Metro energy tariffs and time schedules.

Peak Mid-peak Off-peak

Energy (€/kWh) 0.126623 0.109203 0.080358
Power (€/kW) 59.47529 36.67681 8.410411
Schedule winter 17-23 h 8-17 h & 23 h 0-8 h
Schedule summer 10-16 h 8-10 h & 16-0 h 0-8 h

Table 7
Summary of case studies considered.

Case
study Description

CSDC DER systems implemented and free connection metro-EV
CSdC DER systems NOT implemented, but with free connection metro-EV
CSDc DER systems implemented, but with limited metro-EV power flow (the

metro cannot receive more energy than sent to the EVs each day)
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• to analyse the effect of the number of available EVs within the se-
lected parking lot and of the size of the district on the DER invest-
ment decisions and the total district energy costs,

• to find the saturation level where the system does not benefit further
from more EV storage.

5. Results and discussion

5.1. Analysis of the effect of EV penetration and district size

According to [43], there are 43109 inhabitants in San Andrés
neighbourhood of Villaverde. For this first objective, three scenarios
have been considered corresponding to three district sizes, assuming
that only a partial share of the inhabitants chose to participate in DER
installation (but fully implementing DER systems with unrestricted
metro-EV connection, corresponding to sub-indexes DC). Following
the 4 types of households described in section 4.4, the three case stud-
ies are: 4 house types x 250 houses per type, 4 × 500 and 4 × 1000
(which are possible to fit in the Villaverde district). For these three
district sizes, different numbers of EVs going from 25 to 194 EVs
have been considered, 194 being the maximum capacity of the se-
lected parking lot. For all cases optimal DER investments are deter-
mined by minimizing the total system costs including DER investment
costs and the operating costs of metro, districts and EV as defined in
(1).

The resulting installed capacity of DER systems for the three dis-
trict sizes has been depicted in Fig. 6. By analysing the results, the fol-
lowing considerations can be made.

• The investments in the DER systems considered increase almost lin-
early with the district size: for instance, CS500DC installs around 60%
more PV systems than CS250DC and CS1000DC about 70% more than
CS500DC. In addition, this PV increment is almost independent of
the number of EVs. This is due to the fact that, in this study, the
PV system is an important supplier of electricity for the district and
the EV electric demand is very small in comparison with the house-
hold electricity demand. Hence, the consumption increase due to

the EV is not very significant with respect to the total district con-
sumption and therefore with respect to relative additional PV gener-
ation needed. Note, as shown in Fig. 4, that the metro load is larger
than the EV load and has a profile that takes advantage of the sunny
hours, increasing the amount of PV capacity to install. However,
when the district load becomes large enough (in relation with the
metro and EV loads), the PV capacity increases almost linearly with
the district size.

• The heat pump investments are barely affected by the EV numbers.
Indeed, the change is negligible, less than 1% and is due the small
change in PV production for the extra EV electric load, something
expected, since EV load is purely electric and does need any thermal
production from the HP system.

• Battery systems investments depend on both, the district size and the
number of EVs. Larger districts profit from more battery installa-
tion, but larger amount of EVs provides “free” storage capacity de-
creasing batteries investments needs. The rate of substitution of bat-
tery by EV storage is around 60% (for each kWh of extra EV stor-
age, the battery system decreases its capacity in 0.6 kWh), which is
a measure of the available extra storage that EVs are able to provide
to the district, conditioned by their availability constraints (see Fig.
5). Different EV availability profiles are likely to produce different
substitution ratios.

The average annual electric power and energy costs for the metro
are shown in Fig. 7. With larger number of EV, the additional EV
storage can be used by the metro which then reduces significantly its
costs, especially for CS250DC, where the savings in energy and power
costs can go up to 25% comparing the case of 25 EVs with 194 EVs.
Conversely, CS1000DC shows a smaller benefit of 15% for power and
9% for energy costs (from 25 to 194 EVs). In these scenarios with
larger districts sizes, the higher energy requirements of the households
represent a larger cost than the metro in the objective function, so the
cost minimization delivers more EV storage capacity to the district (to
store PV energy and provide load shifting), leaving less capacity for
the metro.

The average annual electric power and energy costs for the dis-
trict, including EVs consumption, are shown in Fig. 8. The electricity
costs increase slightly with EVs due to the additional EV energy re

Fig. 6. Installed capacity of DER systems for different district sizes and with full connection metro-EV.
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Fig. 7. Annual electric energy and power costs for the metro substation.

Fig. 8. Total annual energy and power costs for the district.

quirements (increment of 11–19%, or 1.5–3 million euros for the
whole 20-year period), which is approximately 743€ per extra EV and
per year in CS1000DC (note that and independent not connected EV
would costs approx. 775€ per year). Looking at the total costs (includ-
ing metro, district, DER and EV costs, see Fig. 9), a similar increment
can be seen.

However, if EVs charging and EV battery replacement costs are
removed, since EVs deployment respond to other objectives and re-
quirements, it is possible to see more clearly the effect of the syner-
gies provided by both the extra storage and the interconnectivity of

systems. As can be seen in Fig. 9, the savings in total costs (without
including EV costs) are around 2–5%. Comparing this savings to those
of the metro system (up to 25% in CS250DC), it is possible to see that
the metro benefits considerably more from EVs than the district (see
Fig. 7). This is caused by the fact that the overall costs are minimized
when the metro uses the EV energy charged with the PV production
and the cheaper off-peak energy from the district (which is a smaller
share of the overall costs at those hours).

Table 8 summarizes all the results shown in this section, taking
the three case studies with the smaller number of EVs (25 vehicles)
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Fig. 9. Total annual costs for all the considered systems including DER investments and without EV costs.

Table 8
Summary of capacity and costs increments when the EV number goes from 25 to 194.

CS250DC CS500DC CS1000DC

PV 10% 6% 2%
HP 1% 1% 0%
Battery −100% −64% −32%
Metro costs −25% −17% −15%
District costs 27% 15% 10%
Total costs (without EV costs) −5% −3% −2%

and comparing them with the scenario of 194 EVs, showing the
changes in DER capacity and costs increments. Once again, it can be
seen that the PV and HP systems are not significantly affected by the
EV penetration, while the battery capacity is heavily impacted. Also,
the metro cost reductions are more affected by the number of EVs than
the district (especially in CS250DC), as the metro system uses more the
EV storage because it represents a larger share from the total costs.

5.2. System saturation due to EV penetration

For the second objective, the three cases CS250dC, CS250DC and
CS250Dc have been considered. The first one does not implement DER
systems and does not limit the metro-EV connection, the second one
implements DER systems and does not limit the metro-EV connec-
tion (to analyse how the metro system profits from the DER systems
placed in the district, taking extra energy from the district via the EVs)
and the third one implements DER systems but limits the metro-EV
connection (so the metro can only take from the EVs the same amount
of energy stored from the regenerative braking), limiting the energy
transfers between metro and EVs according to (47). In all cases the
district size remains constant (1000 houses), but the number of EVs
goes up to 5000 vehicles to analyse the implications of larger EV pen-
etration level and to determine the EV saturation point at which the
system does not benefit further from more EV storage.

Looking at the metro energy costs (Fig. 10) and the energy trans-
fers between the EV and the metro electrical substation (Fig. 11), the

first results that stands out is that for CS250Dc, with the metro-EV en-
ergy transfer limited (energy flows from metro to EVs and the con-
verse are both equal), the resulting costs are barely affected by the
number of EVs and are considerably higher than those of the other
cases. On the contrary, when the energy from the batteries to the metro
is not limited, a much larger cost reduction takes place (see Fig. 10).
Indeed, CS250dC and CS250DC present an important energy cost decre-
ment (around 97% and 92%, respectively) in comparison with the case
of 25 EVs, achieving a similar minimum cost value. This shows that,
when it is allowed, more energy comes from the EVs to the metro
system than the other way around, so the metro benefits largely from
the free storage provided by the EVs. However, CS250DC and CS250dC
have significantly different EV saturation number and, for instance,
with 300 EVs the metro energy costs in CS250dC is 15 times larger than
in CS250DC (see Fig. 10).

Indeed, when DER investments are allowed, the saturation point
is much lower, around 300 EVs, since cheap energy comes also from
the installed DER. On the contrary, when no DER is allowed, even if
the final costs are similar, the saturation point is much larger, around
2000 EVs, since more storage is needed for the metro to profit from
the cheap off-peak energy bought by the district from the grid (this is
also shown in Fig. 13, where the detailed operation of the systems is
further analysed).

It should be noted that the benefits for the metro system do not
increase anymore when the energy transfers metro-EV stop increas-
ing, corresponding to the saturation point. This can be seen in Fig.
11, which shows the energy that goes from the EV to the metro and
vice versa for the three case studies. Indeed, for CS250DC with more
than 300 EVs, the metro system receives a constant annual energy
flow of around 4050 MWh (this energy transfer could be possible as
it corresponds to 11.1 MWh per day, which represent approximately 1
full discharge per EV in the 300 EVs case). A similar behaviour can
be seen in CS250dC, but needing 2000 EVs to stabilize (see Fig. 11,
EV2Metro_CS250 dC). Note that in Fig. 11, the energy flow from the
metro to the EVs is constant to all three case studies, corresponding
to the regenerative braking energy available (i.e. all three blue lines
and the red one of CS250Dc are superimposed). Finally, it can be seen
that, as expected, the energy going to the electrical substation is con-
siderably larger than the energy sent to the EV parking lot, recovered
from regenerative breaking (up to 6.2 times more), which means that
the metro system profits from the DER generation and the cheaper en-
ergy bought from the grid at the off-peak time residential tariff (paid
by the district).

(47)
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Fig. 10. Annual metro electricity costs for CS250DC, CS250dC and CS250Dc and different levels of EV penetration.

Fig. 11. Annual energy transfers Metro-EV for CS250DC, CS250dC and CS250Dc and different levels of EV penetration.

Table 9 summarizes the effects on the three case studies at their
EV saturation point in comparison with the 25 EVs case. Note that
the metro energy costs reduction in the cases without the energy flow
constraint can go over 90%, while the case with limited energy flows
the cost reduction is almost zero. Note also that, the presence of DER
systems have a significant impact on the required number of EVs to
achieve the maximum cost reduction.

The total annual overall costs, just like the metro system costs,
present an EV saturation point when no extra benefit is achieved.
This is shown in Fig. 12 (zoomed to 0–1000 EVs since all the satura-
tion points of the considered case studies fall around 200–300 EVs),
where the base EV energy charge costs have been removed (the origi

nal costs of charging the EV to meet the energy requirements of
Fig. 5). For instance, CS250DC achieve a minimum total cost with
300 EVs, corresponding to the saturation point of the metro in the
same case study (see Fig. 11). For CS250Dc the saturation point is
around 100–150 EVs, showing that if the energy transfers to the metro
are limited, less EV storage is used by the metro and more capacity
becomes available to the district for a same number of EVs. Lastly,
without DER systems in CS250dC, the storage capacity provided by
EVs is less used and the saturation point is reached around 100 EVs.
This contrasts with the saturation point for the metro system in the
same case study (2000 EVs, see Fig. 11). In other words, the dis-
trict can only shift a certain amount of load (and store PV en
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Fig. 12. Annual total costs for different levels of EV penetration (without EV costs).

Fig. 13. Operation of the district loads and DER systems for CS250DC and 150 EVs in a summer day.

Table 9
Impacts on the three case studies comparing the 25 EVs case with the EV saturation
point.

CS250DC CS250dC CS250Dc

Energy cost savings 89% 94% 0.1%
Saturation point (EVs) 300 2000 25
EV2Metro transfers ratio 6.2 6.2 1

ergy if available) using EV storage. Then, even if more storage ca-
pacity is available, the district does not take advantage of it anymore.
However, the metro system can still use the discharged energy coming
from the EVs.

As discussed before, the metro benefits largely from the DER sys-
tems implemented in the district and the energy transfers metro-EV

are not the same to the transfers EV-metro (see Fig. 11). Fig. 13
demonstrates it further, looking at the hourly operation of the district
and the two types of EV users (labelled as EV1 and EV2, see Fig. 13)
in a typical summer day (July) in the CS250DC, where energy from the
grid (Grid Energy Transaction, see Fig. 13) is used to charge the EVs
during the early hours with no solar production (labelled as ProdPV,
see Fig. 13), to be discharged to the metro from 6h00–8h00. Then,
when the solar production is large enough it is used to charge the EVs.
Note that the majority of the EV capacity is discharged to the metro
and only a small part is used to meet the district demand (labelled
as Demand new, see Fig. 13), which coincides with the time when
the price of residential energy is more expensive than the metro com-
mercial tariff. It can also be noted note that there is at least one of
the EV types available most of the time, making it less likely to use
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the more expensive battery systems if there is enough EV storage ca-
pacity.

To conclude this analysis, the total system costs of the three case
studies reviewed in this section have been compared to the total costs
of a disconnected base case (i.e. all the systems operate independently
without any DER implementation or metro-EV connection). Table 10
show the percentage of savings of the case studies. It can be noted
that the DER systems produce the higher overall benefits. In the case
with DER systems and the energy transfer constraint CS250Dc, the
benefits are logically lower than those obtained when DER systems
are installed with no energy transfer limits, CS250DC (average sav-
ings of 28–11% vs 15–9%, see Table 10), but they still are consider-
ably higher than the no-DER scenario (CS250dC, savings of 9–5%, see
Table 10).

It is also important to remark that the percentage of cost reduction
decreases with the number of EVs, due to the saturation points shown
in Fig. 12, where extra EVs do not provide useful additional storage
capacity but an additional energy consumption that becomes more sig-
nificant in comparison with the district and metro loads.

5.3. Sensitivity analysis and result discussion

The potential applicability of the results in other contexts has been
assessed with a sensitivity analysis on some of the main model para-
meters. This sensitivity analysis consists in increasing or decreasing
by 20% the district and metro energy prices (shown in Tables 5 and 6)
and the metro energy profiles (shown in Fig. 4). Table 11 summarizes
the total costs of the base case in CSdcL and the in CSDCL case for the
different value changes. The table shows that the change in benefits
is relatively small for all the considered parameters, with benefits in
the range of 24%–32% in the studied sensitivity range. This is approx.
±4% variation relative to the original benefits. Therefore, these results
suggest that other systems in a similar setup are likely to present com-
parable synergies as the ones reported in this paper.

Note that a considerable part of these benefits is produced by “op-
portunistic” synergies, caused by the different tariffs considered (com-
mercial and residential). The metro system with higher commercial
tariffs is taking advantage of the cheaper energy coming from the

Table 10
Savings of the case studies in comparison with the base case at different numbers of
EVs.

Number of EVs CS250DC CS250dC CS250Dc

25 27.9% 9.3% 14.6%
100 27.6% 9.1% 14.5%
300 27.1% 8.8% 14.3%
500 25.9% 8.2% 12.7%
1000 22.1% 8.2% 9.4%
3000 15.0% 7.4% 7.2%
5000 11.3% 5.0% 5.9%

Table 11
Sensitivity analysis for metro energy profiles (total costs with 194 EVs and 250 × 4
households).

Parameter change CSdcL (M€) CSDCL (M€) Change (%)

Original 42.90 31.08 27.57%
Metro profile −20% 39.93 29.17 26.94%
Metro profile +20% 45.88 33.00 28.07%
District energy price −20% 37.56 28.07 25.28%
District energy price +20% 48.24 33.13 31.33%
Metro energy price −20% 39.93 30.39 23.88%
Metro energy price +20% 45.88 31.23 31.92%

EVs and the district (that uses a lower tariff). This can also be seen in
the results of sections 5.1 and 5.2. However, there are also real syn-
ergies among systems, produced by genuine efficiency gains. In this
analysis is difficult to separate the share of benefits caused by each
type of synergies. Therefore, as future work, an analysis of such a
scheme could be developed but with market participation, where all
the considered systems buy and sell energy directly from the market
(at the same energy price) instead of the conventional energy tariffs.

Although the study developed shows an example of synergies be-
tween urban systems, providing insights on the potential benefits that
could be achieved, more analysis need to be done to additional case
studies (to check how general these results are), or to find interactions
and impacts between other technologies and systems. For instance,
other commuting train services, electric buses, commercial facilities,
etc., which in addition present different energy consumption patterns
and new potential synergies.

6. Conclusions

Synergies between urban systems are not always evident and their
interactions are not always considered in the related literature. This pa-
per provides an example of three interconnected systems, a residential
district with distributed energy resources, EVs and metro, quantifying
for different case studies how the systems can benefit from each other,
revealing the underlying potential synergies.

The outcomes of this study show the high economic benefit that
can be achieved by using the metro regenerative breaking and DER,
but more importantly by interconnecting the systems, achieving a re-
duction of up to 30% on total costs. However, results suggest that
metro system benefits more than the others in the interconnected
scheme. Indeed, the metro takes advantage of the cheaper energy com-
ing from the district via the EVs, due to the lower residential off-peak
tariffs and the distributed generation. This phenomenon is due to the
centralized optimization approach that minimizes the total cost of the
complete system. Despite of being profitable, this approach can cre-
ate additional energy and investment costs in some of the systems, en-
dangering the possible benefit and/or willingness of the participants
to join the interconnected scheme. An equilibrium problem, where
each participant decides its investments and its operation optimizing
its own benefit, could also be implemented as a more realistic ap-
proach.

Another interesting result is the EV saturation point for the pro-
posed system, where extra EVs represent more load but do not provide
additional useful storage to the system. This number can be relatively
small when the energy transfer to the metro electrical substation is re-
stricted, but it is also reduced by the presence of DER systems. More-
over, the overall cost reduction decreases with very large number of
EVs, caused by the extra load of the EVs and the little or no use of
the additional storage capacity. Both phenomena are important to con-
sider at the planning level to maximize the benefit from the synergies
between systems.

Finally, according to the case studies analysed and the sensitivity
analysis developed, the input parameters that are more likely to have a
significant impact on the results are the energy tariffs and DER costs,
and in a lower degree, the metro energy profiles. Therefore, despite
the potential difference on results under different urban contexts, the
overall conclusions are likely to hold, as suggested by the results of the
sensitivity analysis, showing the existence of synergies, both physical
and opportunistic (created by different energy profiles or by different
energy tariffs, respectively), between energy systems. Further research
on this type of interconnected schemes will contribute to the creation
of smarter and more interconnected cities.
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