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Abstract—In this paper, a mixed-integer linear programing 
(MILP) model for the traffic behavior of plug-in electric vehicles 
(PEVs) in a multi energy system (MES) is proposed. It is 
assumed that two micro-MESs are covering two traffic zones 
with different consumption patterns. The difference between 
these two micro-MESs is not only the different multi energy 
demand (MED) they provide, but also different PEV traffic 
pattern that travel in these two micro-MESs. The PEVs traffic 
pattern and their behavior in using parking lot (PL) or charging 
station (CS) as their charging places is integrated in the MES 
operation model. The results demonstrate an improved strategy 
of the MES operator in using its components, such as combined 
heat and power (CHP) unit and auxiliary boiler (AB), in 
response to extra added load of the PEVs. The stochastic 
behavior of the PEVs is implemented in the model through 
various scenarios of arrival and departure. 

Index Terms—Energy hub, charging station, micro multi-energy 
system (MES), parking lot (PL), plug-in electric vehicle (PEV). 

NOMENCLATURE 

Acronyms 
AB Auxiliary Boiler 
CHP Combined Heat and Power 
CS Charging Stations 
HS Heat Storage 
MED Multi Energy Demand 
MES Multi Energy System 
PEV Plug-in Electric Vehicle 
PL Parking Lot 
Subscripts 
e Electricity 
h Heat 
i, j The number of micro-MES 
t, k Time interval 
ω Uncertainty Scenario 
Superscripts 
Agg PEV aggregator 
ar Arrived PEVs in PL or urban 
Con Contingency  
del Delegated energy 
dep Departed PEVs from PL or urban 
EM Energy Market 
G Gas 
G2V Grid to Vehicle 
In, out Input/output energy to CS or PL 
Loss Energy lost in PEV batteries due to traveling 
MES Multi Energy System 

Mi Micro-MES 
PL Parking lot 
PV Photo-Voltaic array 
RM Reserve Market 
Trans Transformer 
Urban Urban traffic 
V2G Vehicle to Grid 
Parameters and Variables 
C, c Capacity of PEVs or PL 
Cd Cost of battery degradation 
Cost Cost 
FOR Forced outage rate 
G, g Gas energy  
L Travel distance between zones 
n, N Number of PEVs 
NS Number of PEVs’ charging station 
Q, q Heat energy 
r Reserve 
SOC, soc State of charge 
V Average travel speed of PEVs between zones 
α Average travel time between zones 
β PEVs charging requirement 
κ PEVs participation ratio in reserve market 
λ Energy loss due to driving 
π Price ߮ PEVs participation ratio in V2G mode 	Γ Charge/Discharge rate ߩ Probability ߟ Efficiency 

Remark I: An underlined (overlined) variable is used to represent the 
minimum (maximum) value of that variable. 
Remark II: Capital letters denote parameters and small ones denote 
variables.

 

I. INTRODUCTION  

Recent trends have made the plug-in electric vehicles 
(PEVs) inevitable components of the future systems. 
Therefore, it is necessary to integrate all components of the 
future system in an inclusive model [1]. The first impressions 
of electric vehicles were their charging needs in the electrical 
system and the load they add to the distribution grid. Later, the 
vehicle to grid (V2G) option has emerged to be considered as 
a resource in the system. Introducing massive integration of 
PEVs to the system through aggregator agents or PEV parking 
lots (PL) showed more possible impacts and benefits that the 
PEVs can cause in the system [2].  



Although the PEVs’ demand is only electrical, while being 
included in a multi-energy system (MES), the charging of the 
PEVs should be scheduled compatible to the prospects of the 
MES approach [3]. Moreover, the cross impact of PEVs and 
other resources cannot be neglected. The operation of the 
resources such as combined heat and power (CHP) units will 
change due to the extra load imposed to the system by PEVs 
[4]. The PEVs batteries as a potential storage in the system 
imposes certain changes in the modeling of a micro-MES [5]. 
However, the dynamic nature of the PEVs makes them 
different from the regular electric loads. The uncertain 
behavior of the PEV owners in using the PEVs will cause an 
uncertain state of charge (SOC) in the system which should be 
fulfilled by the MES operator.  

Integrating the PEVs in multi energy systems has been the 
interest of some previous studies. Authors in [6] have modeled 
the plug-in hybrid electric vehicles (PHEVs) as an energy hub 
considering the driving behavior of the PHEVs. Continuing in 
[7], they integrated the PHEV as a component in the matrix 
modeling of the energy systems. In [8], the electrical load of 
the PHEVs is served through an energy hub and the 
management of their demand in the energy hub context is 
discussed. Charging of PHEV in a residential area in a multi-
carrier household is studied in [9]. These studies have added 
the extra load due to the electric vehicles to the total load of 
the multi energy system and served this load through an 
energy hub model. However, recent trends towards PEVs have 
encouraged the aggregation of PEVs for the employment of 
the V2G opportunity. This aspect of the PEVs has not been 
addressed in previous studies. In [10], the operational behavior 
of the PEV parking lot in one micro MES is investigated.    

In this paper, the commuting of PEVs between two micro 
MEs is considered as the factor affecting the amount of 
electrical load for the multi-energy demand (MED). It is 
considered that two micro MESs are under central operation, 
but each covers areas with different usage purposes. It is 
assumed that both micro MESs are equipped with PEV PLs 
and charging stations; however, what makes them different is 
the behavior of the PEVs in these two different areas. 

The rest of the paper is organized as follows. In Section II 
an overview of the problem is presented. The mathematical 
formulation of the problem is shown in Section III. The 
numerical results from are reported in Section IV. Finally, 
Section V concludes the paper. 

II. PROBLEM OVERVIEW 

In this study, two micro MES with different consumption 
patterns are considered. One of the MESs covers an area with 
the commercial consumption and the other one is dedicated to 
the area with residential usage. It is assumed that both of the 
MESs are equipped with CHP units, auxiliary boilers, heat 
storages, and photovoltaic unit and operated by a single 
operator. Each of the MESs serves multi energy demand 
regarding the consumption pattern of the area which they 
cover (i.e., commercial or residential).  

In this study the infrastructure for the charging need of these 
vehicles is added to the MES model. Each of the MESs is 
assumed as a traffic zone for the vehicles. As the consumption 
pattern of these two micro-MESs are different, the behavior of 
the PEVs in them is accordingly different. The PEVs in the 
supposed model have the opportunity of charging their 
vehicles either in PEV PL or in urban charging stations 
available in the area. The PEVs PL can be available on both 
commercial building and residential complexes for PEVs who 
plan to stay for longer hours in the parking. Consequently, the 
PL operator will take benefit from the PEV batteries’ storage 
in the V2G mode to take part in the energy and reserve 
electricity market. On the other hand, for other PEVs who 
need a fast charging or have the estimation of a short stay in 
charging station, the individual charging stations in the urban 
area are embedded. As a result, the charging stations will only 
add an extra load due to the charging PEVs to the MED, while 
the PL other than the added load provide a storage resource for 
the system operator. In Fig. 1 the MES model considered for 
this study and its components are shown. 

As seen in Fig. 1, the PL is considered as a resource in the 
micro MES while the CS has the characteristics of a load. 
Note that all of the PEVs will not be parked during the day 
and some of them are traveling which leads to energy 
consumption in their batteries. Therefore, these PEVs are also 
considered in the model as urban area PEVs which can also be 
seen in the model. The main challenge is that the charging 
requirements of PEVs in these two areas are different due to 
the different traffic pattern, parking duration, and travel 
distance in commercial and residential areas which will form 
different load pattern. On the other hand, considering the PEV 
PLs as storage in the energy hub model requires more accurate 
modeling of the PL’s behavior in the charging/discharging of 
the PEVs. Addressing the contradictory effects of all these 
components in an energy hub approach is the main focus of 
this study. 
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Figure 1.  The integration of PEV traffic in PL and CS with MES model  



In this study, it is assumed that the PEVs commute between 
the residential and commercial area is based on travel 
purposes and is affected by the destination zone. For example, 
the arrival to the commercial zone is higher during working 
hours of the day while on the finishing hours of the day the 
arrival to the residential area will be higher and they stay 
during the night at residential zone. Moreover, it is assumed 
that some of the PEVs may enter these zones from other 
micro-MESs which are aggregated in this model and 
considered as environment’s commute. The PEVs from the 
understudy MESs can also leave for the environment. 

On their arrival to a zone, the PEV owners have the choice 
of entering PL or CS. Entering the PL is considered to be the 
first choice of the PEVs. Other PEVs who do not enter the PL 
keep driving in the area of enter the CSs. The urban area is 
defined for those PEVs that are not in the PL or CS. When 
entering the PL, the PEVs owners specify their preferences by 
declaring their minimum SOC requirement on their departure. 
This will limit the PL’s transaction with the grid while 
discharging the PEVs batteries and also assures the PEV 
owners of their adequate charging status for their next travel 

III. OPERATIONAL MATHEMATICAL MODEL 

The mathematical formulation of this study is divided into 
two main categories: first, the MES objective and constraints 
and the second one the PL’s. 

A. MES Operational model 
The MES modeled as in Fig. 1 is mathematically 

formulated in this subsection. As mentioned before, two 
micro-MESs are operated coordinately by a single operator. 
The objective of this operator is to minimize its total cost of 
supplying MED. The objective is shown in (1) 

 { } ( ), , , ,
MES Mi EM Mi G

i t t i t t
i t

Min Cost p gω ω ω
ω

ρ π π= − −   (1) 

The energy balance of each micro-MES should be 
considered for all types of energy in micro-MES. In this study 
the balance for electricity, gas, and heat are shown in (2) – (4), 
respectively. 

, , ,
, , , , , , , , , , , , , ,
Mi Trans CHP PL in PL out PV MED CS in
i t e i i t i t i t i t i t i tp p p p p P pω ω ω ω ω ωη + − + + = +  (2) 

 , , , , , , , ,
Mi CHP AB MED
i t i t i t i tg g g Gω ω ω ω− − =  (3) 

 , ,
, , , , , , , , ,

CHP AB HS in HS out MED
i t i t i t i t i tq q q q Qω ω ω ω+ − + =  (4) 

The CHP unit’s efficiency affects the output production of 
electricity and heat as in (5) and (6). 

 , , , , ,
CHP CHP CHP
i t e i i tp gω ωη=  (5) 

 , , , , ,
CHP CHP CHP
i t h i i tq gω ωη=  (6) 

However, the amount of electricity and heat production of 
each CHP is limited by its maximum limit. These constraints 
are shown in (7) and (8). 

 , ,0 CHP CHP
i t ip Pω≤ ≤  (7) 

 , ,0 CHP CHP
i t iq Qω≤ ≤  (8) 

The same circumstances are applied to the auxiliary boilers. 
The output heat produced from the boiler and the limitations 
of its production are shown in (9) and (10). 

 , , , , ,
AB AB AB
i t h i i tq gω ωη=  (9) 

 , ,0 AB AB
i t iq Qω≤ ≤  (10) 

The operational constraints for the heat storage in the MES 
are shown in (11) – (15). 

( ) ( ) , , , ,
, , , , 1 , , , , , ,1 1

0.5 1
HSHS HS HS cha HS in HS dcha HS out

i t i t h i i t h i i tit t
q q Q q qω ω ω ωη η− > =

= + − (11) 

 ,
, , ,0 HS in HS

i t h iq ω γ≤ ≤  (12) 

 ,
, , ,0 HS out HS

i t h iq ω γ≤ ≤  (13) 

 , , ,,

HS HS HS
i t h ih i

Q q Qω≤ ≤  (14) 

 , , 1 , , 0.5
HSHS HS

i t i t T iq q Qω ω= == =  (15) 

In order to use the PV production, it should be noted that 
the maximum limit of its output should meet the forecasted 
amount as in (16). 

 ,
, , ,0 PV PV Forecast

i t i tp Pω≤ ≤  (16) 

B. PEV Aggregator model 
The PEVs can be charged either in PL or in charging 

stations. It is assumed that the PEV aggregator manages the 
operation of PLs and CSs in the system. The objective of the 
aggregator is to maximize its profit through participating 
electricity energy and reserve market as well as selling energy 
to PEVs (17). 
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i t i i t ipω ωπ π + 

 (17) 

where ,
, ,

in CS
i tp ω  is the total amount of input energy to the 

charging stations in zone i.  
The constraints on the PEV aggregator can be categorized 

into two groups. . The first group regards the constraints for 
the PEVs in the PL. The second one covers the constraints for 
the PEVs using individual charging stations or traveling inside 
the urban area  

1) PL Constraints 
It is assumed that PEVs’ first choice when arriving to a 

zone is to stay in the PL. However, the total number of PEVs 
in the PL cannot exceed the total number of available stations 
in the PL (18). 



 , ,
PL PL
i t in NSω ≤  (18) 

The hourly number of PEVs in the PL is calculated 
considering the PEVs in the PL from the previous hour added 
to the new arrived PEVs minus the departed PEVs (19). 
Consequently, the total capacity of the PL is calculated  
by (20). 

 
0

, ,
, , , , , , 1 , , , ,11

PL PL PL ar PL dep PL
i t i t i t i t i ttt

n N n n nω ω ω ω ω− >=
= + + −  (19) 

 
0

, ,
, , , , , , 1 , , , ,11

PL PL PL ar PL dep PL
i t i t i t i t i ttt

c C c c cω ω ω ω ω− >=
= + + −  (20) 

The amount of energy that the PL can trade with the grid 
(input/output) is restricted by the number of its PEVs and the 
efficiency of the charging infrastructure (21). However, for the 
V2G mode of the PL, the preferences of the PEV owners on 
their required SOC on departure also limit the PL operator. 
The owners based on the estimation for their next travel 
submit a desirable level of SOC to the PL operator. This 
requirement is implemented to the model by PL

iφ  as a 
percentage of the total PL SOC. In other words, the PL 
operator aggregates the requirements of all the PEVs entering 
the PL and derives this number.  

The output of the PL should be less than the possible output 
due to the efficiency of the infrastructure and number of PEVs 
and the minimum requirement of departure SOC (22). 

 ,
, , , ,

in PL PL PL
i t i i tp nω ω≤ Γ  (21) 

 { },
, , , , , ,,out PL PL PL PL PL

i t i i t i t ip min n socω ω ω φ≤ Γ  (22) 

However, while adding the reserve to the output of the PL, 
it is considered that the PEVs will be paid more on reserve 
call. As this situation will lead to more profit for the PEV 
owner, they declare another level of SOC requirement which 
changes the possible level of discharge for the PL operator.  
This amount is computed by PL

iκ  multiplied by the total PL 
SOC (23). 

 { }, ,
, , , , , , , ,,out PL out PL PL PL PL PL

i t i t i i t i t ip r min n socω ω ω ω κ+ ≤ Γ  (23) 

The PEV aggregator decides for the PL’s strategy in taking 
part in the market based on the level of available SOC. As a 
result, the hourly SOC of the PL is calculated by (24) taking 
into account the remainder SOC of the previous hour, the SOC 
of arrived PEVs to the PL and the increased SOC due to the 
batteries charging. The SOC of departed PEVs and the 
possible discharging of PEVs are reduced from the total  
SOC.  

Moreover, the SOC in each hour in the PL should exceed 
the possible SOC derived from the total capacity of the PL 
multiplied by the maximum/minimum SOC of each PEV (25). 

 0

, ,
, , , , , , 1 , ,11

, , , ,
, , , , , ,

PL PL PL in PL cha PL
i t i t i t i t itt

out PL dcha PL ar PL dep PL
i t i i t i t

soc SOC soc p

p soc soc

ω ω ω ω

ω ω ω

η

η
− >=

= + +

− + −
 (24) 

 , , , , , ,

EVEV PL PL PL
ii i t i t i tSOC c soc SOC cω ω ω≤ ≤  (25) 

2) Urban Constraints 
The rest of the PEVs in a zone that could not enter the PL 

will use the CSs for charging purposes or travel inside the 
urban area of the zone. In order to provide the needed energy 
for the PEVs in the zone it is necessary to know the number of 
the PEVs in the urban area and their required charging. The 
number of PEVs in the urban is calculated form the number of 
PEVs in the urban from the previous hour added to the number 
of arrived PEVs minus the departed ones as in (26). The same 
calculations provide the amount of capacity in the urban area 
(27). 

 
0

, ,
, , , , , , 1 , , , ,11

Urban Urban Urban ar Urban dep Urban
i t i t i t i t i ttt

n N n n nω ω ω ω ω− >=
= + + −  (26) 

 
0

, ,
, , , , , , 1 , , , ,11

Urban Urban Urban ar Urban dep Urban
i t i t i t i t i ttt

c C c c cω ω ω ω ω− >=
= + + −  (27) 

The SOC of the PEVs in the urban area is computed from 
(28). It shows that the remainder of the SOC from the previous 
hour, the charging of the PEVs in the CSs, the 
arrived/departed PEVs to/from the urban and the amount of 
lost energy due to travel inside the zone area affects the 
amount of urban SOC. 

 0

, ,
, , , , , , 1 , ,11

, , ,
, , , , , ,

Urban Urban Urban in CS cha CS
i t i t i t i t itt

ar Urban dep Urban loss Urban
i t i t i t

soc SOC soc p

soc soc soc

ω ω ω ω

ω ω ω

η− >=
= + +

+ − −
 (28) 

In addition, the SOC in the urban cannot pass the limits of 
its maximum or minimum capacity multiplied by the PEVs 
possible charging percentage (29). 

 , , , , , ,

PEVPEV Urban Urban Urban
ii i t i t i tSOC c soc SOC cω ω ω≤ ≤  (29) 

The input power to the CSs for the PEVs charging is limited 
to the charging rate of the charging facilities, the number of 
stations, the number of PEVs in the urban area, and the 
available capacity of batteries in the system (30). 

( ){ },CS
, , , , , , , , ,0 , ,in CS CS CS Urban Urban Urban Urban

i t i i i i t i t i t i tp min NS n C socω ω ω ω β≤ ≤ Γ Γ −

  (30) 

where ,
Urban
i tβ  shows the charging tendency of the aggregated 

PEVs in the urban area. This factor shows the probable 
charging trend in the CSs based on the PEV owners charging 
need. 

The energy lost due to driving inside the area is shown in 
(31). 

 ,
, , , , ,

loss Urban Urban Urban
i t i t i tsoc socω ω λ=  (31) 

where ,
Urban
i tλ  is factor showing the percentage of fuel 

consumption representing the loss from the total SOC in the 
urban area. 

The traffic pattern in this study depicts the commute of 
PEVs from the residential zone to the commercial one as well 
as their travels inside each zone. The mathematical model for 
this pattern is mainly based on [11].  



The PEVs enter micro-MES #1 from micro-MES #2 or 
from other neighboring micro-MESs which is called 
environment in this study. Inside each zone, the division of the 
PEVs between PL and CS brings different level of SOC to 
each of these components. The interaction of SOCs due to 
traffic flow is shown in Fig. 2. It is assumed that the PEVs 
departing from one zone enter to the other zone reach there 
with a delay of α dependent on their distance and speed of 
travel (32). As a result, the arrival SOC to the next zone has 
some delay in time and also loses its quantity based on the 
distance traveled (33). 

 , , ,i j i j i jL Vα =  (32) 

 ,Mi ,Mi ,Mi
, , ,k , , , , , ,

in out in Fuel
i j j i i j t i j t i j i jk t soc soc N L Pα= +  = −  (33) 

Considering the traffic flow in Fig. 2 the equation defining 
the relation between zones will be as  

 , , , ,
, , , , ,

in Env in Mi ar PL ar Urban
i t j i t i t i tsoc soc soc soc+ = +  (34) 

 , , , ,
, , , , ,
dep PL dep Urban out Env out Mi
i t i t i t i j tsoc soc soc soc+ = +  (35) 

The detailed behavior of traffic inside each MES and the 
division of PEVs between the PL, CS, and urban area can be 
found in [11]. The traffic model proposed in [11] is integrated 
within the operational model of the MES in the current study. 

IV. NUMERICAL RESULTS 

In this paper, the effects of PEVs PL and CS on operation of 
MES are investigated. Two micro-MESs are considered in this 
study where the micro-MES #1 covers a residential area while 
micro-MES #2 is dedicated to a commercial zone. It is 
assumed that MES #2 is also equipped with PV generation.  

The input data for the arrival/departure of each zone is 
derived from [12]. Five scenarios are considered to model the 
stochastic behavior of the PEVs traffic pattern. The traffic 
flow between the zones carries the capacity shown in Fig. 3. It 
shows that the traffic patterns are compatible with the travel 
purposes of the PEVs. The peak hours of commute in micro-
MES #1 are early in the morning or late in the evening while 
for the micro-MES #2 more commute occurs during the 
working hours of the day (i.e., 9-17). 

The prices for energy and reserve markets are from the 
Spanish electricity market [13]. The PV production pattern is 
based on [14]. The characteristics of the micro-MES 
components such as the efficiencies of CHP unit, AB, and HS 
are obtained from [15]. It is assumed that the charging devices 
installed as the CS are fast charging facilities while the 
infrastructure installed in PLs have lower charging rate 
compatible with longer stay of PEVs in the PL. The 
assumptions for the characteristics of the charging stations are 
presented in Table I. The problem is modeled as a mixed 
integer linear programming (MILP) problem and is 
implemented in GAMS utilizing CPLEX12 solver.  

It is assumed that the PEV aggregator and the MES operator 
merge as a single operator who provides energy through two 

micro-MESs for the PEVs and MED. The operator can take 
benefit from various elements in the system to manage the 
best strategy of charging/discharging its PEVs as well as 
reducing the operational cost of the system. The results for the 
electricity balance are shown in Figs. 4 and 5.  

Figure 2.  The integration of PEV traffic in PL and CS with MES model  

 
Figure 3.  The traffic flow capacity between zones 

TABLE I 
CHARGING INFRASTRUCTURE CHARACTERISTICS 

 
Zones 

micro-MES #1- Residential 
micro-MES #2 - 

commercial 
PL
iΓ (kWh/h) 7  11 

CS
iΓ (kWh/h) 31 31 

,cha dcha
i iη η  (%) 0.9 0.9 

PL
iNS  320 200 

CS
iNS  80 56 

PL
iφ (%) 65 65 

 

 
Figure 4.  Electricity balance for micro-MES #1. 
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Figure 5.  Electricity balance for micro-MES #2.  

The variation in the PL operation is more considerable in 
micro-MES #2. As shown in Fig. 5, the production pattern of 
PV is similar to the peak hours of PL. Therefore, the PL’s 
charging pattern during hours 10 to 15 is increased without 
increasing the input electrical energy. Moreover, the PV and 
the CHP unit have lower marginal cost rather than the 
upstream electricity market. As a result, the PL purchases the 
energy produced by PV and CHP unit to charge its PEVs. As 
the operation of CHP is increased, the heat balance for two 
micro-MESs are also investigated. The increased production 
of the CHP due to PEVs load affects the operation of auxiliary 
boiler. The heat demand is covered by the CHP instead of AB. 
These changes in the operation strategy of the MES will lead 
to a cost reduction of 1.5% for operating MES.   

In other words, the micro-MES has a variable marginal cost 
for 24 hours which is due to various energy resources in the 
system. The dependency between the energy carriers, the 
uncertainty of production for the renewable resources, and the 
demand for a certain type of energy affects the marginal cost 
of each resource in the micro-MES. In this situation, the 
presence of PEV PL provides a degree of freedom and brings 
new levels of flexibility for the MES operation. The concept 
of the PEV PL that can act as storage in the system enables the 
MES operator to store the production of its resources. This 
cross impact of the PEV aggregation and MES resources 
increases the operational flexibility and enhances the market 
participation strategies. 

V. CONCLUSION 

In this paper an operational model was proposed to 
integrate the effects of the PEVs traffic pattern on the 
operation of PEVs PL and CS within the concept of multi 
energy systems. It was shown that when the PEVs are 
considered as the components of the MES, better operation 
strategies can be obtained by the system operator that lead to 
cost minimization. The results indicated that the purpose of 
the PEV travels affects the electrical load pattern which should 
be provided in the system. The reason is that their purpose 
defines the behavior of the owners on their consumption of the 
vehicles. As a result, imposing the purpose to the traffic 
pattern provided a more realistic model of the PEVs’ behavior. 
Although in this model the PL’s strategy did not lead to 
injecting the energy saved in the batteries to the system, the 
profit gained by the participation in the reserve market 
covered the cost of supplying energy for the PEVs.  

From another point of view, the PL operator can take benefit 
from higher level of charging, which brings more income to 
the PL. The compatibility of resources production pattern with 
PL’s operating hours as well as the flexible nature of the PL’s 
operation helped the system operator to provide a better 
operation of the system with reduced costs.   
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