
 1

Impacts of Plug-in Hybrid Vehicles and 
Combined Heat and Power Technologies on 

Electric and Gas Distribution Network Losses 
Salvador Acha, Member, IEEE, Tim C. Green, Senior Member, IEEE, and Nilay Shah 

 
Abstract—Distribution network operators (DNOs) require 

strategies that can offset the tradeoffs new embedded 
technologies have on their assets. This paper employs modelling 
to show that through control device manipulation, gas and 
electric (G&E) network operators can influence savings in 
energy losses under the presence of plug-in hybrid vehicles 
(PHEVs) and combined heat and power technologies (CHPs). An 
integrated gas and electric optimal power flow (OPF) tool is 
introduced to undertake various case studies. The OPF tool 
evaluates the technical impacts experienced in the networks 
when DNOs apply a “plug and forget” operation strategy and 
then compares the results against a “loss minimisation” strategy. 
Results show the benefits in applying different strategies are 
more considerable in electric networks than in gas networks. The 
study corroborates that an integrated G&E analysis offers a 
fresh perspective for stakeholders in evaluating energy service 
networks performance under different operation strategies. 
 

Index Terms—Combined heat and power, distributed 
generation, distribution network operation, natural gas, optimal 
power flow, plug-in hybrid electric vehicles, power losses. 

I.  NOMENCLATURE 
bij     susceptance, element ij 
Enodes   number of electric nodes 
gij     conductance, element ij 
Iij     current flowing in element ij 
Gnodes   number of gas nodes 
Kcom    compressor efficiency factor 
MWhel   electric mega-watt hour 
MWhth   thermal mega-watt hour 
nβ    number of time periods 
nc     number of compressor stations 
nl     number of line elements 
np     number of pipe elements 
nt     number of on-load tap changers 
Peij    electric power in line element ij 
Peji    electric power in line element ji 
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Peinj,α   electric power injection at node α 
Pegen,α   electric power generation at node α 
Peload,α   electric power load at node α 
PeL,ij    electric power loss in line element ij 
PeL,αβ   electric power loss in line element α at time β 
Pgcom   compressor load 
Pgcom,αβ  compressor load of unit α at time β  
Pgij    inbound gas power in pipe element ij 
Pgijc    outbound gas power in pipe element ij 
Pginj,α   gas power injection at node α 
Pggen,α   gas power generation at node α 
Pgload,α   gas power load at node α 
PgL,αβ   gas power loss in pipe element α at time β 
Poi    inbound pressure level at node i 
Poic    outbound pressure level at node i 
Poj    pressure level at node j 
Poα    pressure level at node α 
Poα,max   upper limit pressure level at node α 
Poα,min   lower limit pressure level at node α 
r     compressor operation ratio 
rα     operation ratio of compressor unit α 
rα,max   upper ratio limit of compressor unit α 
rα,min    lower ratio limit of compressor unit α 
|t|     tap magnitude of OLTC 
|t|αβ    tap magnitude of OLTC unit α at time β 
|t|α    tap magnitude of OLTC unit α 
|t|α,max   upper tap magnitude limit of OLTC unit α 
|t|α,min   lower tap magnitude limit of OLTC unit α 
Vi     voltage at node i 
Vj     voltage at node j 
Vα    voltage at node α 
Vα,max   upper limit voltage at node α 
Vα,min   lower limit voltage at node α 
yij     admittance, element ij 
α     index for unit 
β     index for time 
θi     angle at node i 
θj     angle at node j 
τ      phase shifting angle of OLTC 
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II.  INTRODUCTION 
RBAN energy service networks, which in the case of this 
paper refers only to natural gas and electrical 

infrastructure, have traditionally been designed and operated 
separately from one another. However, there are conditions 
that could arguably propose this situation might change in the 
near future. This is because coordinated efforts between the 
various energy stakeholders might be deemed necessary in 
order to obtain greater benefits from planning and operation 
strategies. One of the reasons for this strategic change is the 
continuous increasing energy demand in urban areas that has 
the potential of stressing the infrastructures; consequently, 
increasing energy losses in the networks [1]. This fact, 
combined with the environmental concerns regarding climate 
change are drivers that have created a consensus to promote 
the use of technologies which are more efficient in fuel 
conversion and that employ cleaner energy resources to tackle 
C02 emissions [2]. Thus, two promising technologies that can 
play a significant role in meeting the challenges for efficient 
use of energy resources while at the same time reducing 
emissions are CHP and PHEV technologies [3], [4]. This 
“paradigm” shift from traditional energy provision enables the 
coupling of natural gas and electrical systems for a greater 
efficiency in heat and power delivery [5]. 

Various CHP engine technologies exist in the market today 
with capacities ranging from industrial and commercial 
applications up to residential consumers [6]. These devices are 
usually fuelled by natural gas and vary widely in their 
efficiency and heat to power ratio production [7]. Some 
technical benefits CHP brings to distribution networks are the 
savings in energy loss transmission as well as a reduction in 
the supply at moments of peak demand [8]. Many technical 
studies regarding CHP impacts on distribution networks have 
been reported in the literature, they generally focus on power 
losses, allocation of generators, and connectivity issues. 
Publications on the above issues include [9], [10], and [11]. 

Meanwhile, plug-in hybrid electric vehicles have been 
gaining much public attention due to both the high prices of 
petrol and the high CO2 emissions conventional vehicles 
produce [12]. PHEVs have the potential of becoming mobile 
agents that could operate as either a load or storage units 
throughout the electrical networks. These agents would then 
be able to provide power back to the grid under different 
charging and discharging scenarios, usually acting upon 
economic signals [13]. Due to the above benefits, the auto 
industry is working relentlessly to release the first PHEV 
models into the market [14]. Therefore, many publications on 
the technical impacts of this technology on the electrical grid 
have appeared recently. [15], [16] and [17] are just a sample 
of research that deal with various charging scenarios and the 
costs associated with the power demand that will be needed to 
satisfy the transport sector. 

The above circumstances create the opportunity to explore 
the tradeoffs embedded technologies can bring in terms of 
energy savings when a coordinated effort between gas and 
electric network operators wish to enhance the performance of 

their infrastructures. Hence, the network interdependency is 
portrayed in this paper by modelling the operation of control 
devices under various penetration scenarios of CHP and 
PHEV. This is done with the purpose of determining how 
different control device operation strategies affect network 
losses in each infrastructure. The control mechanism in the 
electrical network is the on-load tap changer (OLTC), while 
the control unit in the gas network is the compressor. Figure 1 
illustrates the components which are considered essential to 
model in order to obtain significant contributions in this area 
of research. 

 

 
Fig. 1.  Energy networks coupled through new technologies, such as PHEV 
and CHP, might increase the efficiency in power provision. 
 

References [18], [19], [20], [21] are basic in this string of 
research since they present integrated power flow models for 
natural gas and electricity networks. However, they optimise 
on operation costs and do not consider either exploring loss 
minimisation or including PHEV in their models. Publications 
that deal with assessments on how PHEV impacts on the 
electric grid can be modified with the presence of distributed 
generation, storage facilities, and the aid of control devices in 
the networks are scarce in the literature. Paper [22] continues 
with some ideas from [21] but concentrates more on dispatch 
strategies for the reliable supply of energy to the fleet of 
vehicles in an urban area through a concept defined as PHEV 
managers. Information [23] elaborates a national model where 
multiple renewable sources and electric vehicle technologies 
form an integral part of the power system. The study is 
performed at a high level while giving indications of the best 
moment during the day to charge the vehicles. Nevertheless, it 
does not cover the role network operators could play in 
improving the delivery of energy at the distribution level. 

To address the challenge of analysing the behaviour of 
control devices on gas and electric distribution networks this 
paper introduces an integrated optimal power flow model. In 
this OPF model the CHP units serve as a link between both 
networks while PHEV agents stress the power network 
according to their charging strategy. Basic gas and electric 
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power flow concepts are not covered in this paper since these 
issues were addressed previously [24]. It is important to note 
that in this paper all the attention is focused on active power 
transfer. The reactive power flow was determined and an 
adequate balance was observed. Therefore, no mention is done 
regarding reactive power in the results section. 

This work begins by explaining how to model the control 
devices in each network; OLTC in electrical systems and 
compressors in gas systems. Secondly, the optimal power flow 
formulation is presented in which a “plug and forget” scenario 
is compared against a “minimum loss” scenario. Then the 
document follows by presenting various case studies that 
show how DNOs through their control strategies influence 
energy losses in each infrastructure. Results from the 
simulations demonstrate the relevance of the optimal power 
flow tool in evaluating and quantifying the tradeoffs DNOs 
might face in the near future. 

III.  CONTROL DEVICES IN ENERGY NETWORKS 
Both gas and electrical networks have control devices that 

regulate their key operating variables; pressure and voltage 
values respectively. These devices operate with the purpose of 
maintaining their respective systems within operational 
boundaries which will guarantee a good quality in the delivery 
of energy. In this section an explanation of the equations used 
to model these devices is described. 

A.  On Load-Tap Changer in Electrical Networks 
Electric networks use a tap-changing mechanism within a 

power transformer to enable a range of voltage magnitude 
regulation at one of their terminals. This is achieved by 
producing a variable voltage magnitude with respect to the 
voltage magnitude at the output winding [25]. Figure 2 shows 
a simple representation of an OLTC. 
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Fig. 2.  Representation of an on-load tap-changer transformer (OLTC). 

 
The equations used to represent active power flow in an 

OLTC element that connects node i to j are 
 

( ) ( )τθθτθθ +−−+−−= jiijjijiijjiijiij btVVgtVVgtVPe sincos22   (1) 

 

( ) ( )   (2) τθθτθθ −−−−−−= ijijijijijijijjji btVVgtVVgVPe sincos
2

 
The power losses for element i to j is expressed as 
 

( τθθ +−−+= jiijjiijjijiijL gtVVgVgtVPe cos2
22

,

Equation 3 shows that losses in the element can change by 
modifying the tap magnitude value. Once these equations are 
introduced into the model the effects that OLTCs can have on 
electric networks can be quantified. 

B.  Compressor Station in Gas Networks 
Gas systems employ compressor stations to provide the 

pressure needed to transport gas more effectively from one 
location to another. Compressors require power to increase the 
pressure levels throughout the network. This power is usually 
supplied by a gas turbine. Thus, when the compressor is in 
operation it is modelled as an additional load in the system. 
Figure 3 shows a simple illustration of a compressor. 

 

iPo icPo jPo

ijPg ijcPg
comPg

 
Fig. 3.  Representation of gas pipeline with a compressor station. 

 
The following equations taken from [26] calculate the 

amount of gas the compressor will use when active 
 

( iicijccomcom PoPoPgKPg − )=         (4) 

 

i
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r =            (5) 

 
Equation 4 determines the load demand of the compressor 

in order to increase the outbound pressure at node i with 
respect to its inbound pressure. Equation 5 specifies the 
compressor ratio which is analogous to the tap magnitude 
variable for electrical networks. Once these equations are 
introduced into the model the effects that compressors can 
have on gas networks can be calculated. 

IV.  GAS AND ELECTRIC OPF FORMULATION 
An optimal power flow problem extends the conventional 

steady-state power flow problem in which the goal is to 
determine the operating conditions of the network at a given 
time. However, the novelty in the OPF solution resides in 
obtaining the best possible value for an objective function 
while respecting the system operating constraints. 

For an integrated gas and electric network analysis we 
represent both systems separately for a better interpretation. 
The test network used to perform the studies can be seen in 
figure 4. CHP units are modelled as a positive load in the gas 
system and as a negative load (power injections) in the 
electrical system. Concurrently, PHEV units are only seen as 
an additional (positive) load in the electric network. Storage 
technologies are not modelled in this publication. In 
consequence, the PHEVs are not able to provide power back 
to the grid. )    (3) 
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Fig. 4.  Depiction of the radial networks used for the case studies. 

 
The scope of this research is to develop a model that is able 

to compare how the network control devices operate under 
different strategies with the presence of embedded 
technologies. This aspect results in questions of optimal 
system operation, such as: 

• What are the impacts in terms of energy losses that 
CHP and PHEV technologies can have on energy 
service networks under a “plug and forget” scenario? 

• How much energy savings can be achieved if we 
coordinate gas and electrical control devices in order 
to “minimise losses” in the service networks? 

In the following sections the formulations of the objective 
functions and optimality conditions employed in this research 
are explained. 

A.  Plug and Forget vs. Loss Minimisation 
Two operation strategies are used in this research in order 

to have a broad picture of the effects DNOs can have on 
energy losses. 

The reference strategy, a.k.a. business as usual, is labelled 
as the “plug and forget” scenario. The conditions for this 
problem consist in minimising the use of the control devices 
while supplying the demand in each node and guaranteeing 
the operational boundaries are met. This implies network 
operators will not bother using their control devices unless it 
is absolutely necessary. Hence, in gas networks the objective 
function minimises the compressor gas consumption. While 
for electrical networks the tap magnitude being as close as 
possible to a fix value is the objective function. 

The second strategy, a.k.a. pro-active mode, on the other 
hand is known as the “loss minimisation” scenario. Here the 
DNOs have the freedom to use their control devices in order 
to reduce losses originated during the delivery of energy to 
consumers. Therefore, in gas systems the objective function 
concentrates on reducing the losses that are the product of the 
flow through a pipe multiplied by the pressure drop between 
nodes. While the approach taken for the objective function in 
the electrical counterpart is the difference between the total 
generation and the total load in the system. 

B.  Problem Statement for the Integrated Power Flow 
The mathematical formulation of the gas and electric OPF 

can be expressed as 
 

For plug and forget 

( )    ( )∑∑
==

−+
ntnc

com tPg
11

, 1minmin
α

αβ
α

αβ
ββ n,....,1=    (6) 

 
 

For loss minimization 

∑∑
==

+
nl

L

np

L PePg
1

,
1

, minmin
α

αβ
α

αβ
     ( )ββ n,....,1=    (7) 

 
Subject in each time period β to 

ααα ,,, injloadgen PePePe −−     ( )nodesE,....,1=α    (8) 

max,min, ααα VVV ≤≤      ( )nodesE,....,1=α    (9) 

max,min, ααα
ttt ≤≤      ( )nt,....,1=α    (10) 

ααα ,,, injloadgen PgPgPg −−    ( )nodesG,....,1=α    (11) 

max,min, ααα PoPoPo ≤≤     ( )nodesG,....,1=α    (12) 

max,min, ααα rrr ≤≤       ( )nc,....,1=α    (13) 

 
Although the objective functions might be different, the 

constraints are the same for both OPF problems. Equation (6) 
specifies the optimal state of the network for the plug and 
forget scenario. Term (7) describes the minimum loss criterion 
the solver must follow to reduce energy losses throughout the 
networks. Equation (8) refers to active power flow 
conservation per node. Equation (9) represents voltage limits 
at nodes, while (10) specifies the range of operation for the 
tap changer. Expression (11) is the natural gas flow 
conservation at each node. Equation (12) defines the pressure 
limits per node, and (13) defines the compressor operation 
range. 

In practical OPF solutions the following tests are done to 
verify a feasible solution has been obtained [27]: 

• Power mismatches are within the specified tolerance. 
• The inequality constraints are satisfied. 
• The gradient vector is zero. 
• Further reduction in the objective function is only 

possible if constraints are breached. 

V.  CASE STUDIES  
Various case studies were simulated with the purpose of 

assessing the different OPF formulations described in the past 
section. The original gas and electric 24 hour load profile has 
been provided from a residential area during a typical UK 
winter day [10]. 

A.  Case Descriptions 
Table 1 shows a summary of the simulated case studies. 

Case 1 is the reference case where no embedded technologies 
are present in the networks. Four additional case studies were 
carried out after case 1 which mainly vary in two aspects with 
respect to each other, these are: 

• The penetration of PHEV and CHP embedded in the 
networks. 

• The charging strategy of PHEV units. 
 
A solid oxide fuel cell is the CHP technology modelled in 

these studies. This is because they appear to be the most 
promising for residential use due to their high efficiency and 
1:1 heat to power production ratio which increases the 
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operation time of the unit throughout the year [28]. In all the 
case studies CHPs operate under thermal requirements and the 
electrical power generated is considered an added benefit. If 
customers do not have CHP it is assumed boilers with 80% 
efficiency satisfy the remaining heat demand. The CHP 
capacity and efficiency parameters are taken from [24]. 

The PHEV charging profiles modelled in these studies are 
obtained from [17]. It is assumed that these vehicles have a 
constant charge rate of 1.4 kW and the charging time for a 
completely discharged battery is approximately 6 hours. The 
charging modes used in the study are uncontrolled (without 
restrictions) and delayed (night charge only). 

 
TABLE I 

DESCRIPTION OF CASE STUDIES 
PLUG AND FORGET VS. LOSS MINIMISATION 

Case 
number 

% of PHEV and 
CHP penetration 

PHEV charging 
mode 

CHP operation 
mode 

Case 1 0% None None 
Case 2 10% Uncontrolled Heat led 
Case 3 10% Delayed Same as case 2 
Case 4 30% Uncontrolled Heat led 
Case 5 30% Delayed Same as case 4 

 

B.  Results 
The integrated OPF problem consists of a non-linear 

optimisation with linear and non-linear equality and inequality 
constraints which has been successfully coded in the 
gPROMSTM software [29]. The OPF was tested using the 8 
node urban radial network from figure 4. The network 
features are representative since they have been taken from 
specialised distribution network reports [30], [31]. The 
substation voltage is 11 kV, while the base pressure is 7 bar. 

Results in the gas network show that the presence of CHP 
has mild effects on key operating parameters such as load 
factor. This could be due to the high power demand in the 
winter season. As expected, the network losses do increase 
slightly when CHP penetration increases. However, it draws 
attention that under the minimum loss criteria the energy 
saved is close to 0.22% in each case. Table 2 displays a 
summary of the gas network results. 
 

TABLE II 
GAS NETWORK RESULTS 

Plug and Forget Loss Minimisation  
Load 

factor (%) 
Loss 
(%) 

Control 
use 

Load 
factor (%) 

Loss 
(%) 

Control 
use 

Case 1 44.13 4.81 2 44.18 4.59 24 
Case 2 44.10 4.92 2 44.14 4.70 24 
Case 4 44.01 5.15 3 44.07 4.92 24 

 
Results in the electric network show a 1.9% reduction in 

energy losses (as an average) when the OLTC operate under 
the minimum loss criteria. Additionally, the peak loads in 
cases 3 and 5 are less than in case 1, which combined with a 
higher base load, translates into an increased load factor. 
During the “plug and forget” scenario losses are higher when 
PHEV charge in the delayed strategy when compared to the 
uncontrolled strategy. However, this trend is the opposite 

when the objective function is set for “loss minimisation”. 
These results imply that although night charging of PHEV 
will be beneficial in not increasing peak demand it will incite 
higher losses in the networks unless intelligent control 
strategies are implemented. Finally, in case 5 the “plug and 
forget” scenario yields no use of the OLTC during the day 
because CHP power injections are quite substantial in 
reducing the peak load. Table 3 displays a summary of the 
electric network outputs. 
 

TABLE III 
ELECTRIC NETWORK RESULTS 

Plug and Forget Loss Minimisation  
Load 

factor (%) 
Loss 
(%) 

Control 
use 

Load 
factor (%) 

Loss 
(%) 

Control 
use 

Case 1 57.73 5.39 4 56.68 3.65 24 
Case 2 57.27 5.21 4 56.28 3.54 24 
Case 3 59.40 5.38 3 58.18 3.47 24 
Case 4 56.45 5.12 3 55.42 3.35 24 
Case 5 60.99 5.70 0 61.77 3.20 24 

 
Figure 5 and 6 represent the power demand variations seen 

from the supply point as PHEV and CHP technologies gain 
presence in the networks. Power profiles like the ones 
presented here could easily become less predictable as 
embedded technologies gain more presence at the lower levels 
of the network without a predefined operation strategy. 
Furthermore, it would be interesting to asses what variations 
might occur to these profiles once storage capabilities are 
included into the present OPF model. 
 

Winter power load profile at the supply point

black - original profile
green - 10% PHEV+CHP (uncontrolled+heat led)

red - 30% PHEV+CHP (uncontrolled+heat led)
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Fig. 5.  Exhibits the load profiles where PHEV units are charged in an 
uncontrolled way while CHP devices are operated on thermal demand. 

 
Winter power load profile at the supply point

black - original profile
green - 10% PHEV+CHP (delayed+heat led)

red - 30% PHEV+CHP (delayed+heat led)
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Fig. 6.  Exhibits the load profiles where PHEV units are charged only during 
the night while CHP devices are used following thermal demand. 

 

 
Figures 7 and 8 depict the net effect CHP and PHEV can 

have on the grid supply point during the winter day being 
assessed for cases 4 and 5. The contributions of the CHP 
generation would seem to be beneficial in reducing 
distribution losses. However, further research and attention 
must be given to this fact since there could be times that the 
excess of energy could increase losses on the network [32]. 
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Furthermore, CHP deployment could allow developing new 
charging scenarios for PHEV units. To address the above 
issues stakeholders might need to invest in monitoring and 
demand side management applications to find benefits in these 
unfamiliar power fluctuations. 

 
PHEV + CHP Winter power load profile at the supply point

red - 30% PHEV (uncontrolled)
blue - 30% CHP (heat led)

black - CHP+PHEV impact - 30%
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Fig. 7.  Illustrates the combined effect PHEV and CHP units have on the 
power load variations for case 4. The black line represents the sum of PHEV 
uncontrolled demand and the heat led CHP generation.  
 

PHEV + CHP Winter power load profile at the supply point
red - 30% PHEV (delayed)
blue - 30% CHP (heat led)

black - CHP+PHEV impact - 30%
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Fig. 8.  Illustrates the combined effect PHEV and CHP units have on the 
power load variations for case 5. The black line represents the sum of PHEV 
delayed demand and the heat led CHP generation.  

 

VI.  CONCLUSIONS AND FURTHER WORK 
In this paper an integrated OPF model for both natural gas 

and electric networks is presented. Therefore, a mathematical 
model is formulated as an optimisation problem to evaluate 
how control devices can influence energy losses. In this 
publication two objective functions are proposed which 
represent different operation strategies by the DNOs. Thus, 
the equations employed to represent their control devices, an 
OLTC and a compressor unit, in their respective networks is 
described. The gas and electrical infrastructures are 
interconnected by CHP devices embedded in the networks 
while PHEV units are included in the model to assess the 
additional burden they will have on the electric grid. An OPF 
solution is obtained by performing a steady-state optimisation 
using the gPROMSTM software tool. Various case studies are 
performed in distribution networks varying the penetration of 
both embedded technologies and the charging scenarios of the 
PHEV units. Results show that the benefits in applying a “loss 
minimisation” strategy are considerable in electric networks 
when compared to a “plug and forget” strategy. However, 
these benefits do not translate as effectively to gas networks. 
Overall, the OPF tool proves its value in assessing the effects 
DNOs can have on energy savings. Further research in this 
field should include the addition of thermal and power storage 
which allows flexibility in the provision of energy and adds to 
loss reduction in urban energy service networks. 
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