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Global energy consumption, particularly in the residential areas, has
increased rapidly in the past decades. With increasing concerns about
the energy crisis and environmental pollution issues, achievements
have been made in the field of multi-carrier energy system planning.
Therefore, in this article, a mixed integer linear model was proposed
for planning the simultaneous development of electrical and gas
networks. The goal of the problem was to minimize the set of
investment costs, operation and the cost of curtailed electrical and
thermal loads in the planning time horizon. Investment options
included constructing electric lines, wind turbines, CHP units, P2G
units, and gas furnaces. The operating costs consisted of the
maintenance costs of electric lines, the maintenance costs of wind
turbines, and the costs of purchasing electricity and gas from the
upstream network. Network investment and exploitation strategies
were determined by considering the system's reliability in the output
of CHPs. The proposed model was implemented and analyzed on 33-
bus electrical and 20-node gas interconnected networks. The analysis
of the results showed that considering the possibility of CHP unit
outage will increase the total costs of the network.
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EXTENDED ABSTRACT

Introduction

With the expansion of distributed generations in recent years and the emergence of
dependence between different energy carriers, researchers have concluded that instead of
individual planning and operating energy systems, itis better to see them all as an integrated
system to reduce the costs of investment and operation of the entire system. The
simultaneous exploitation of different energy-generating infrastructures, such as gas and
electrical networks, is proposed under the concept of an energy hub.

Recently, some research in the field of electricity, gas and heat network expansion
planning addressed several goals, including reduction of emissions, increasing productivity,
reducing power losses through on-site generation, and reducing the energy purchase cost.
However, the reliability of the equipment in the hub has not been investigated so far. The
purpose of this article was to examine the planning of electrical, gas and heat networks
regarding the reliability of combined heat and power (CHP) units. That is, thermal energy
demands can be supplied during the outage of each CHP. Therefore, the main innovations of
this article are:

1- Simultaneous development of electricity and gas networks, taking into account the
increase in reliability through the creation of alternative methods of heat
production.

2- Considering the costs related to load shedding in addition to the investment and
operation costs in the expansion planning.

Methodology
This article introduces a mixed-integer linear programming model that takes into

account the technical constraints for the simultaneous expansion of electricity and gas
networks to supply electrical, gas and thermal demands. In the desired multi-carrier energy
system, investment for installing or reinforcement of lines, Wind turbines, CHP units, Power-
to-gas (P2G) units, and gas furnace (GF) units were considered. The objective was to
minimize the total investment costs, operating costs, and the cost of electrical and thermal
load shedding. Figure 1 shows the structure of the proposed model.
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Figure 1. The flowchart of the proposed expansion planning.

According to equation (1), the objective function of the proposed model includes three
components of investment cost, operation cost, and load shedding cost, respectively:

OF:minF = CRF.Ciny + Cope + Cre (1)

The investment cost includes the costs for reinforcement of lines or installing new lines,
WTs, CHPs, P2Gs and GFs units as given by equation (2):

_ lineA lineB chp P2G GF WT ., WT
Cinv= D Cinv' LiXi* D Ciny LiXi*Cenp D, Wi "+ Cpog DLW e D W oy ) P W )
ieLA ieLB jeQEH stEH stEH j

Equation (3) expresses the operation cost including the cost of maintenance of lines and
WTs and the cost of purchasing electricity and gas from the upstream network.

Cope (5)=DMLL. X +¢ > fw.PlLAtF @Y CFC.p5T P AtHp > CF . pIT PAL @)
ieL teT, jeEH teT teT

The cost of electrical and thermal load shedding is stated in equation (4). The expected
energy not supplied for electrical and thermal loads is also specified in equations (5) and
(6), respectively.

C, =VOLL®.EENS® +VOLL" EENS" 4)

Other equations of the proposed model present the constraints of the electrical and gas
networks, energy hubs, and system reliability. The constraints of the electrical network
include the nodal balance of active and reactive powers, linearized load flow equations,
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voltage of buses, the limitation of power flow on lines, and the constraints related to the
installation of wind turbines and the expansion of lines. The constraints of the gas network
include the balance of gas flow in each node and the limitations of the gas flow through the
pipes, the pressure and flow restrictions for the gas compressor, and also the restrictions of
the gas supply sources. The energy hub equations specify the thermal power balance in each
energy hub by CHP and GF units, the limitations related to the deliverable power of energy
converters, and the limitations related to the minimum and maximum permissible amount
of electrical and thermal load shedding in each node. Reliability equations calculate the
probability of occurrence of events corresponding to the outage of CHPs.

Results and discussion

The proposed model was implemented in an interconnected energy system, including a
33-base distribution system and a 20-node gas network. In the distribution system, three
new buses were connected by installing three lines among the candidate lines. Two options
named TypeA and TypeB were available for line reinforcement. The efficiencies of P2G and
GF units were 70%, and the electrical and thermal efficiencies of CHP units were 48% and
57%, respectively.

The simultaneous expansion of electricity and gas networks was conducted in two cases:

— Case 1: without considering reliability
— Case 2: considering reliability

According to the different scenarios of available CHP units, the total objective function,
operating cost and electricity purchase cost increased. However, the investment cost and gas
purchase cost decreased.

In Case 2, a larger capacity of gas furnaces was installed in all hubs because of the
possibility of CHP units being in outage in different scenarios. In addition, more power was
purchased from the upstream network because of the decrease in investment in CHP
resources. As a result, the cost of purchasing electrical power increased in this case. The
decrease in investment in CHP sources also caused a lack of heat production to supply
thermal loads, so a part of the energy required for thermal loads was not provided. In the
continuation of the simulations, the sensitivity of the proposed model to the two factors of
electrical and gas demands and the value of lost load was investigated.

Conclusion

The proposed model in this article minimizes the costs of operating and purchasing
energy from the upstream network and investing in wind resources, CHP, GF and P2G, as
well as the cost of load shedding while optimizing line development planning. Considering
the unavailability of CHPs, the objective function, operating cost, and electricity purchase
cost increased, but the investment cost and gas purchase cost decreased. Decreasing the
investment in CHP units leads to an increase in the installation of GF units because the
system operator uses alternative methods of thermal energy production to prevent thermal
load shedding. However, the load shedding increased.
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