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This paper presents an evaluation framework for Techno-Economic-Environmental (TEE) impact of
different networks integration levels and storage devices on performance of Integrated Gas and Electricity
Networks (IGENs). Probabilistic distributions for modelling sources of uncertainty (loads, Renewable
Energy Sources (RESs), economic and environmental analysis) were sampled through Monte Carlo
Simulation. The framework performs the TEE operational analysis of IGENs for future possible scenarios
for different technology development status and different levels of load and RESs. Then, it calculates the
energy imported from upstream networks, operational costs, and emissions. In this way, the framework
provides a basis for making well-informed and risk-based decisions of design choices for meeting 2050
carbon targets in the presence of aforementioned sources of uncertainty. Analysis of the results of application
of the framework to a real-world case study shows that as the electrical renewable generation grows with
respect to the total demand, the value of integrated operation of the networks also grows as shown by the
reduction in the TEE parameters. Given that demand reduction and decarbonisation of electricity and gas
networks is a priority, the coupled configurations are likely to become more attractive between now and
2050, in the presence of the considered sources of uncertainty.

1. Introduction
Many Governments around the world have committed to
significant reduction of their Greenhouse Gas (GHG) emissions.
The UK Government has also set a target of ‘Net Zero’
GHG emissions by 2050 [1]. In order to meet these GHG
emission targets, electrification of heat has been investigated and
deployed in many regions. However, there is a growing interest
in the community to investigate and quantify the impact of
integration of the energy networks, including gas and electricity
networks, in addition to more penetration of Renewable Energy
Sources (RESs) and storage devices, to further decarbonise the
networks [2–4]. However, there is great uncertainty associated
with forecasted loads, RES generation, energy prices and other
operational cost parameters, as well as emissions associated
with the future networks and energy conversion technologies.
Therefore, in order to provide a basis for making well-informed
and risk-based design choices towards the GHG emission
targets, it is essential to consider the impact of different sources
of uncertainty on the Techno-Economic-Environmental (TEE)
performance of Integrated Energy Networks (IENs). Also,
TEE impact of different Energy Storage Systems (ESSs) and
different levels of integration of the networks1 , at the same
time as the aforementioned uncertainties, needs to be thoroughly
investigated.

1.1. Aims and objectives
In this paper a TEE framework was developed to evaluate
performance of Integrated Gas and Electricity Networks
(IGENs) with simultaneous presence of uncertainty of loads,
∗ Corresponding author:
Seyed Hamid Reza Hosseini (E-mail:
hamid.hosseini@newcastle.ac.uk)
ORCID (s):
1 ‘Level of integration of networks’ throughout this paper:
(i) no
integration between vectors, (ii) vectors integrated with single-direction
coupling component(s), i.e. only from gas to electricity vector; (iii) bi-direction
energy conversion between vectors, i.e. both electricity to gas vector and gas to
electricity vector energy conversion.
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RESs and unit factors for Economic and Environmental (EE)
evaluation. The framework is based on a coupled gas and
electric load flow model, facilitating the consideration of
all the key parameters affecting the operation of IGENs,
such as different gas mixtures, gas temperature, pipeline
characteristics and the electricity network topology. Then,
several configurations of IGENs comprising of different
combinations of storage devices and different integration levels
of IGENs were considered. Also, the impact of different ESSs
and different levels of networks integration on TEE performance
of future scenarios of IGENs, in the presence of aforementioned
sources of uncertainty, was studied. Probabilistic distributions
were considered for modelling the sources of uncertainty, which
were sampled through Monte Carlo Simulation (MCS). Finally,
TEE performance of the considered IGEN configurations for
a real world case study in the presence of aforementioned
sources of uncertainty was investigated. In this way, the basis
for well-informed design choices is provided for future IENs,
which benefit from different Coupling Components (CCs) and
ESSs, in the presence of aforementioned sources of uncertainty
for meeting GHG emission targets. Using the developed
framework, it would be possible to reduce the risks associated
with the uncertainties of investment planning of a range of
possible configurations of future IENs, by informing decision
makers about the evolution of the TEE operational parameters
for a number of future scenarios from these configurations.

1.2. Literature review
The papers on network level TEE operational analysis of
impact of uncertainties of either loads or RESs (wind or PV) or
both on the operation or optimal operational scheduling of IENs,
considering at least two vectors from gas, electricity or heat
vectors were captured and considered for the literature review
of this paper. This means that the following papers have not
been considered in this literature review, since they do not meet
the above criteria: (i) papers on investment planning of IENs,
e.g. [5], since the focus of our paper is on operational analysis
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of IENs; (ii) papers that have considered operational analysis of
only one vector, electricity in general, e.g. [6–8]; (iii) papers
on either hub level [9–11] or building level [12, 13] interaction
analysis of different vectors.
Based on the aforementioned clarification and criteria, technical
[14–26], Techno-Economic (TE) [27–42] and TEE analysis
[43, 44] of impact of either of the aforementioned uncertainties
on operation or optimal operational scheduling of IENs were
investigated. Also, technical [26] or TE [38–42] impact analysis
of variation of levels of loads, wind or PV on IENs operation
with the presence of the aforementioned uncertainties was
investigated.
Investigating the aforementioned papers, reveals that:
– Technical performance has been considered as the energy
imported from upstream networks to IENs [21, 27], not
violating the operational constraints of IENs [14, 22, 28–
30, 33, 39, 41, 42] or both [34, 38]. In this paper, the
technical performance is considered as the amount of
energy imported by the IEN. Also, in all the scenarios the
networks are operable, i.e. the operational constraints are
not violated.
– Economic performance has been quantified by a
combination of the costs of: energy imported by IENs,
maintenance, unserved load, power generation, storage
devices and outage of components [29, 30, 33, 34, 38–41].
In this paper, the economic performance is evaluated by
cost of purchased energy from upstream IENs.
– Environmental performance has been considered by
calculating the emissions from power generation units
and including it either in the objective function [43], or
as a constraint [44]. In this paper, the environmental
performance is defined as the amount of carbon emission
as a result of the energy imported from the upstream IENs.
This is considered based on the generation mix, which can
be different from country to country.
– Uncertainty analysis has been carried out through either
of: an interval number [14, 39, 43], scenario tree [38],
Monte Carlo Simulation (MCS) [16, 26, 34, 40, 44], Latin
Hypercube Sampling (LHS) method [32], a combination
of Gram–Charlier and multi-point Taylor series expansion
[17], Beta-pdf and the persistence approach [42], point
estimate strategy [31], and a combination of LHS and
the Nataf transformation [21, 22]. In this paper, a
probabilistic approach has been taken and MCS has been
applied to sample the probabilistic values, since it is a
flexible tool allowing a wide range of possibilities to
be considered and has been proven to lead to rational
conclusions.
Table 1 highlights the contributions of this paper compared
to all the available literature on analysis of the uncertainties of
either loads, wind or PV in IENs.

1.3. Research gaps
The above literature review clearly demonstrates the
following research gaps need to be further investigated in
presence of uncertainties in loads, wind and PV:
– All the unit factors used for cost and carbon evaluation
are so far considered as fixed numbers. However, in
reality there is an uncertainty associated with them over
Draft submitted to the International Journal of Energy

time due to variation in: (i) energy prices; (ii) carbon
emission of different electricity generation mixes; and
(iii) carbon emission of different natural gas mixtures
including hydrogen. This needs to be considered for a
more accurate EE and hence TEE analysis.
– Impact of the performance of the CC technologies on
TEE performance of IENs needs to be investigated to
evaluate the possible TEE benefits by improvement in the
efficiency of CCs.
– Environmental impact of variation of the levels of loads,
wind and PV needs to be considered to assess the impact
of levels of RES generation or loads on TEE performance
of the IENs.
– Comparison of impact of different types of ESSs on the
TEE performance of IENs needs to be carried out to
quantify the extent of TEE benefit of different ESS types
for IENs.
– All the levels of integration of IENs, i.e. no integration,
single-direction integration and bi-direction integration,
needs to be investigated and compared to evaluate the
extent of TEE impact of addition of a new CC with a
specific energy conversion direction in addition to all the
available CCs (if any) in IENs.

1.4. Research questions
The evaluation framework developed in this paper helps the
researchers and decision-makers to assess the TEE impact of
different ESSs and levels of IGEN integration in the presence
of uncertainties of loads, wind and PV to make well-informed
design choices for future energy systems toward 2050 emission
targets. Also, the TEE framework helps to address the following
research questions considering aforementioned uncertainties:
– What is the impact of variation of unit factors of EE
evaluation on the TEE evaluation of IGENs?
– How does improvement in CC technologies impact the
TEE performance of IGENs?
– How do levels of wind, PV generation and electricity
and heat loads impact the environmental performance of
IGENs?
– How do different ESS types have impact on the TEE
performance of IGENs?
– What is the TEE impact of different levels of networks
integration on operation of IGENs?

1.5. Contributions
The contributions of this paper, all in the presence of
uncertainty of loads, RES and EE unit factors, are as follows:
– A TEE evaluation framework for uncertainty analysis of
IGENs is developed, which is valid and generic, i.e. it can
be applied to any transmission or distribution level case
study with any topology and loads and RES generation
profiles in the presence of aforementioned sources of
uncertainty.
– Impact of variation of EE evaluation unit factors on the
TEE performance of IGENs is evaluated.
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Table 1
Contributions of this paper compared to all the available literature on TEE analysis of uncertainty in IENs

Ref

Analysis * Uncertainty of
TEE impact analysis of
TEE comparison of
Te Ec En EE evaluation Improvement in CC technology Load / RES level variation ESSs All network integration**

[14–25]
[27–37]
[43, 44]
[26]
[38–42]

✓
✓
✓
✓
✓

x
✓
✓
x
✓

x
x
✓
x
x

x
x
x
x
x

x
x
x
x
x

x
x
x
✓
✓

x
x
x
x
x

x
x
x
x
x

This paper ✓

✓

✓

✓

✓

✓

✓

✓

*: Te: Technical, Ec: Economic, En: Environmental
**: All the three integration levels of IENs explained in the footnote on page 1

– TEE impact of improvement in CC technologies (increase
in the efficiency of CCs) on performance of IGENs is
assessed.
– Impact of levels of wind, PV and heat and electricity loads
on the environmental performance of IGENs is evaluated.
– TEE impact of different configurations of ESS types
and all the possible integration levels of IGENs, i.e.
(i) no integration, (ii) single direction CC(s), and (iii)
bi-direction CC(s), on the performance of IGENs is
evaluated.

1.6. Organisation of the paper
The rest of the paper is structured as follows: Section
2 explains the algorithm and the mathematical representation
of the TEE evaluation framework developed for uncertainty
assessment along with the designed configurations of IGEN.
Section 3 explains the case study and the designed scenarios
to address the research questions. Section 4 presents and then
discusses the results of simulation of the scenarios. Finally,
conclusions and future work are explained in Section 5.

2. The developed TEE evaluation framework
In this section the developed TEE evaluation framework
for assessment of different ESS types and integration levels of
IGENs in the presence of several sources of uncertainty along
with the designed IGEN configurations is presented.

2.1. Definition of the TEE parameters
This section briefly explains the technical, economic and
environmental parameters of performance of IENs. These
parameters are explained in detail in previous works of the
authors [45, 46].
– Technical Parameter (TeP): TeP represents the amount
of imported energy from the upstream networks. The
lower amounts of the TeP denote less energy is supplied
by the upstream networks. Evaluation of security of
supply and self-sufficiency of the distribution IENs from
upstream IENs is possible through technical evaluation.
– Economic Parameter (EcP): EcP denotes the
operational cost of IENs, which is the cost of purchase
of energy from upstream IENs. The economic evaluation
quantifies how different factors lead to reduction of
operational costs.
– Environmental Parameter (EnP): EnP denotes the
amount of emitted 𝐶𝑂2 equivalent as a result of final
Draft submitted to the International Journal of Energy

use of energy, which is supplied by the upstream IENs.
Environmental evaluation allows quantification of impact
of more utilisation of ESSs or more RESs in local IENs
on the reduction in carbon emission.
Once the TEE parameters are calculated it is possible to
evaluate the impact of different ESS types and integration
levels in the presence of several sources of uncertainty on the
performance of IGENs based on the amount of energy imported
from upstream networks (technical evaluation), operational cost
of IGENs (economic evaluation) and 𝐶𝑂2 equivalent emission
from IGENs (environmental evaluation).

2.2. Simulation of the sources of uncertainty
The sources of uncertainty considered in this paper are as
follows:
– Uncertainty of the electricity and heat loads;
– Uncertainty of wind and PV generation; and
– Uncertainty of EE unit factors for EE evaluation.
In order to simulate the uncertainty, probabilistic approach
has been taken in this paper. A probability distribution function
has been considered for these sources of uncertainty, which is
sampled through MCS. It was assumed that the values of all
the above sources of uncertainty follow a Gaussian (normal)
distribution around the corresponding mean value (𝜇) of the
parameter with a standard deviation (𝜎). The standard deviation
(𝜎) is calculated based on the assumed value of the level of
uncertainty of the uncertain parameter (𝑎 in percentage) as
follows [47]:
𝜎=𝜇×

𝑎
𝑐 × 100

(1)

where 𝑐 is determined based on the confidence level of
falling of the value of the random number within the range (𝜇 −
𝑎,𝜇 + 𝑎). In this paper, 𝑐 = 2 corresponding to a 95% confidence
level is assumed. The mean value (𝜇) and the associated value
of level of uncertainty (𝑎) for all the aforementioned sources of
uncertainty are known and input to the algorithm of the TEE
framework.

2.3. Algorithm of the developed TEE evaluation
framework
Fig. 1 shows the block diagram of the algorithm of the TEE
evaluation framework developed for assessment of the impact
of different ESS types and networks integration level in the
presence of the aforementioned sources of uncertainty. As
can be seen in Fig. 1 the inputs to the algorithm include: (i)
topology, loads, generations and level of uncertainty of loads
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Figure 1: The algorithm of the TEE evaluation framework

and generations of the Electricity Network (EN); (ii) topology,
loads and level of uncertainty of loads of the Gas Network
(GN); (iii) capacity and initial state of charge of the Electricity
Storage (ES) and Gas Storage (GS) devices; (iv) connections
and efficiency of the CCs; and (v) the unit factors and the
associated level of uncertainty for EE evaluation.
Afterwards, TEE evaluation is performed through a MCS
in two steps: (i) the Technical Simulation Engine (TSE)
calculates TeP of IGEN operation through performing a gas
and power flow operational analysis for all the designed IGEN
configurations. (ii) EE evaluation is then performed based on
the TeP (the output of the TSE). Hence, TEE parameters of
IGEN operation are determined. In this stage, the probabilistic
approach has been implemented through considering a Gaussian
distribution for the sources of uncertainty, which is sampled
through MCS.
The outputs of the TEE evaluation framework are the
technical, economic and environmental performance parameters
of the IGEN operation.

2.4. Mathematical representation of the Technical
Simulation Engine (TSE)
A TSE was developed for performing the operational
analysis and calculating the technical performance parameter
of IGEN operation. The steady-state representation of AC
power flow in the EN and gas flow in the GN were formed
and solved using the Newton method. The networks were
soft-linked and integrated through CCs based on the designed
IGEN configurations. The details of the equations used for
modelling the operation of the networks and the CCs are
presented in the following subsections.

2.4.1. The model of the Electricity Network (EN)
The equations for balance of active and reactive power flow
at every bus of the EN, except the slack bus, are formed as (2)
and (3), respectively:
𝑃𝐺𝑖 − 𝑃𝐿𝑖 −

∑
𝑗

(
)
|𝑉 | ||𝑉 || 𝐺 𝑐𝑜𝑠(𝛿 − 𝛿 ) + 𝐵 𝑠𝑖𝑛(𝛿 − 𝛿 ) = 0
𝑖
𝑗
𝑖𝑗
𝑖
𝑗
| 𝑖 | | 𝑗 | 𝑖𝑗
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𝑄𝐺𝑖 − 𝑄𝐿𝑖 −

∑
𝑗

(
)
|𝑉 | ||𝑉 || 𝐺 𝑠𝑖𝑛(𝛿 − 𝛿 ) − 𝐵 𝑐𝑜𝑠(𝛿 − 𝛿 ) (2)
=0
𝑖
𝑗
𝑖𝑗
𝑖
𝑗
| 𝑖 | | 𝑗 | 𝑖𝑗
(3)

where 𝑃𝐺𝑖 (𝑀𝑊 ) is the net active power generation,
𝑃𝐿𝑖 (𝑀𝑊 ) is the net active load at bus 𝑖, 𝐺𝑖𝑗 is the real
part and 𝐵𝑖𝑗 is the imaginary part of the element in the
bus admittance matrix corresponding to the 𝑖th row and 𝑗th
column, 𝑄𝐺𝑖 (𝑀𝑉 𝐴𝑟) the net reactive power generation and
| |
𝑄𝐿𝑖 (𝑀𝑉 𝐴𝑟) the net reactive load at bus 𝑖, ||𝑉𝑖 || and |𝑉𝑗 | voltage
| |
magnitudes and 𝛿𝑖 and 𝛿𝑗 voltage angles of the two ends of the
branch 𝑖𝑗. All the buses of the network are considered as PQ
buses since there is PV generation at some of the buses of the
network with known value of power generation. Once the set
of (2) and (3) for all the EN buses is formed and solved using
MATPOWER toolbox [48], all the operational performance
parameters of the EN and hence the value of the energy imported
from EN upstream through slack bus can be calculated.

2.4.2. The model of the Gas Network (GN)
The equation for gas flow balance at each node 𝑖 of the GN,
except the source node, is formed as:
∑(
)
𝑞𝑗,𝑖𝑛,𝑖 − 𝑞𝑗,𝑜𝑢𝑡,𝑖 − 𝑞𝑖,𝐿 = 0
(4)
𝑗

where 𝑞𝑗,𝑖𝑛,𝑖 (𝑚3 ∕𝑠) and 𝑞𝑗,𝑜𝑢𝑡,𝑖 (𝑚3 ∕𝑠) are the sum of all the gas
flows in the branches 𝑗 entering and leaving node 𝑖, respectively,
and 𝑞𝑖,𝐿 (𝑚3 ∕𝑠) is the gas load at node 𝑖, which is calculated
based on the heat load at node 𝑖, 𝑃ℎ,𝑖 (𝑘𝑊 ), as follows:
(
)
𝑞𝑖,𝐿 = 𝑃ℎ,𝑖 ∕ 𝐺𝐶𝑉𝑚𝑖𝑥 × 𝜂𝐺𝐵
(5)
Where 𝐺𝐶𝑉𝑚𝑖𝑥 (𝑘𝐽 ∕𝑚3 ) is the gross calorific value of gas
mixture [49], and 𝜂𝐺𝐵 is the efficiency of Gas Boiler (GB) at
node 𝑖. The general flow equation was used for relating gas flow
in the branches to the pressure of the two end nodes [50]:
√ (
)
√
𝑝𝑖 2 − 𝑝𝑗 2 𝐷5
𝑅𝑎𝑖𝑟 𝑇𝑛
(6)
𝑞𝑖𝑗 = 𝜋
8 𝑝𝑛 𝑓 .𝑆𝑚𝑖𝑥 .𝐿.𝑇 .𝑍𝑚𝑖𝑥
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where 𝑞𝑖𝑗 (𝑚3 ∕𝑠) is gas flow in the branch 𝑖𝑗, 𝑅𝑎𝑖𝑟 (≃
287.0𝐽 ∕𝑘𝑔.𝐾) air constant, 𝑇𝑛 (𝐾) and 𝑝𝑛 (𝑝𝑎) standard
temperature and pressure, respectively, 𝑝𝑖 (𝑝𝑎) and 𝑝𝑗 (𝑝𝑎)
pressures at two end nodes of the branch 𝑖𝑗, 𝐷(𝑚) branch
diameter, 𝑓 friction factor, 𝑆𝑚𝑖𝑥 specific gravity of gas
mixture, 𝐿(𝑚) branch length, 𝑇 (𝐾) gas temperature and 𝑍𝑚𝑖𝑥
compressibility of gas mixture. For the purpose of brevity,
calculation of 𝑓 , 𝑆𝑚𝑖𝑥 , and 𝑍𝑚𝑖𝑥 as well as the algorithm for
calculation of gas flow of branch using 𝑝𝑖 and 𝑝𝑗 are explained
in detail in [51] and are not duplicated here. Once the set of (4) is
formed and solved, all the operational performance parameters
of the GN and hence the value of the gas flow from the source
node taken from GN upstream are obtained.

2.4.3. Combined Heat and Power (CHP)
In this study, CHP follows the electricity load of the node.
Therefore, gas flow supplied to the CHP, 𝑞𝑔,𝐶𝐻𝑃 (𝑚3 ∕𝑠) is
calculated using:
𝑞𝑔,𝐶𝐻𝑃 = 𝑃𝑒,𝑖 ∕(𝐺𝐶𝑉𝑚𝑖𝑥 × 𝜂𝑒,𝐶𝐻𝑃 )

(7)

where 𝑃𝑒,𝑖 (𝑘𝑊 ) is electricity load of the node 𝑖 and 𝜂𝑒,𝐶𝐻𝑃 is
electrical efficiency of CHP. Heat supplied by CHP, 𝑃ℎ,𝑖 (𝑘𝑊 ),
to meet some part of heat load of node 𝑖, is calculated as follows:
𝑃ℎ,𝑖 = 𝜂𝑡ℎ,𝐶𝐻𝑃 × 𝑃𝑒,𝑖 ∕𝜂𝑒,𝐶𝐻𝑃

(8)

where 𝜂𝑡ℎ,𝐶𝐻𝑃 is the thermal efficiency of the CHP.

2.4.4. Power-to-Gas (P2G)
Any surplus of electricity from the EN is supplied to the
P2G to produce gas. Therefore, the gas flow output of the P2G,
𝑞𝑔,𝑃 2𝐺 (𝑚3 ∕𝑠), is calculated as follows [52]:
𝑞𝑔,𝑃 2𝐺 = 𝑃𝑒,𝑃 2𝐺 × 𝜂𝑃 2𝐺 ∕𝐺𝐶𝑉𝑚𝑖𝑥

(9)

where 𝑃𝑒,𝑃 2𝐺 (𝑘𝑊 ) is the known electricity surplus from the EN
and 𝜂𝑃 2𝐺 is the efficiency of the P2G.

2.4.5. Electricity Storage (ES)
The change in the State-of-Charge (𝑆𝑜𝐶) of the ES,
Δ𝑆𝑜𝐶𝐸𝑆 , during time step 𝑡 of length Δ𝑡(ℎ) is as follows:
Δ𝑆𝑜𝐶𝐸𝑆 = 𝑃𝑐∕𝑑 ×

Δ𝑡
× 100%
𝐶𝐸𝑆

(10)

where 𝑃𝑐∕𝑑 (𝑀𝑊 ) is the amount of electrical power charged
to/discharged from the ES and 𝐶𝐸𝑆 (𝑀𝑊 ℎ) is the capacity of
the ES. The SoC of the ES for time step 𝑡𝑖+1 is:
𝑆𝑜𝐶𝑡𝑖+1 = 𝑆𝑜𝐶𝑡𝑖 + Δ𝑆𝑜𝐶𝐸𝑆,𝑡𝑖

(11)

2.4.6. Gas Storage (GS)
The change in the Level-of-Gas (𝐿𝑜𝐺) of the GS, Δ𝐿𝑜𝐺𝐺𝑆 ,
during time step 𝑡 of length Δ𝑡(ℎ) is as follows:
Δ𝐿𝑜𝐺𝐺𝑆 = 𝑞𝑖∕𝑜 ×

Δ𝑡
× 100%
𝐶𝐺𝑆

(12)

where 𝑞𝑖∕𝑜 (𝑚3 ∕ℎ) is the amount of gas flow input to/output from
the GS and 𝐶𝐺𝑆 (𝑚3 ) is the capacity of the GS. The 𝐿𝑜𝐺 of the
GS for time step 𝑡𝑖+1 is:
𝐿𝑜𝐺𝑡𝑖+1 = 𝐿𝑜𝐺𝑡𝑖 + Δ𝐿𝑜𝐺𝐺𝑆,𝑡𝑖
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(13)

Figure 2: Schematic of the considered IGEN configurations

2.5. The considered configurations for IGENs
Fig. 2 shows the considered IGEN configurations to
investigate impact of ESS types and integration level of gas
and electricity networks in the presence of uncertainty of
several sources (section 2.3). As can be seen, configurations
1, 2 and 3 correspond to networks without any integration,
networks with one direction of energy conversion between
vectors, and networks with bi-direction of energy conversion
between vectors, respectively. These configurations investigate
impact of increasing the integration level of the networks on
TEE performance of IGENs. On the other hand, configurations
4, 5 and 6 benefit from possible ESS types for the corresponding
configurations 1, 2 and 3, respectively. These configurations
study the impact of ESSs in different levels of integration of
networks on TEE performance of IGENs. Initial and final 𝑆𝑜𝐶
of the ES and 𝐿𝑜𝐺 of the GS are equal to zero in order to obtain
an accurate TEE evaluation of the performance of the IGENs.

2.6. Storage management in configurations 4, 5 and 6
2.6.1. ES management in configuration 4
In configuration 4 with only ES, the surplus of the electricity
is stored in the ES provided the ES is not full. However, if the ES
is full, the surplus energy will be curtailed. On the other hand,
if the wind generation is not enough to meet the electricity load,
the ES is discharged in full/part to meet all/part of the load.

2.6.2. ES and GS management in configurations 5 and 6
Fig. 3 depicts the flowchart of the algorithm developed for
management of ES and GS in configurations 5 and 6. As can be
seen, power flow analysis of the EN is performed firstly. Then,
the total Required Power (RP) to be supplied to the EN through
the slack bus is compared with the available wind generation
(WG). If the WG is smaller than the RP then the WG and the
available ES charge meet all or part of the RP. Otherwise, all the
WG is supplied to the EN and the surplus (𝑊 𝐺𝑠 = 𝑊 𝐺 − 𝑅𝑃 )
is stored in the ES provided it is not full. If the ES becomes
full or if it was already full then the rest, or all, of the 𝑊 𝐺𝑠
is directed to the P2G unit to be converted into natural gas and
stored in the GS. If the GS is full then the output of the P2G is
injected directly into the GN.

2.7. Economic and Environmental (EE) evaluation
Once the TeP of operation of the IGEN is calculated by the
TSE, the amount of energy supplied by the upstream GN and EN
are obtained. The next step is to multiply these values by the
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Table 2
Mean values and level of uncertainty of EE unit factors for EE evaluation
Parameter

GN

EN

Mean value (𝜇)

Operational cost (£∕𝑀𝑊 ℎ) [53]
Carbon emission (𝑘𝑔𝐶𝑂2 𝑒𝑞.∕𝑀𝑊 ℎ)

9.7
200.0 [55]

30.0
136.0 [54]

Level of uncertainty (𝑎)

Operational cost
Carbon emission

5%
25%

10%
25%

Figure 4: Schematic of the considered IGEN for the case study

3.3. Scenarios description

Figure 3: The algorithm developed for ES and GS management in
configurations 5 and 6

corresponding unit cost [53] and unit carbon emission factors
([54] for EN, [55] for GN) to obtain the total operational cost
and total carbon emission of the IGEN, respectively. The mean
values and level of uncertainty of unit factors for EE evaluation
are presented in Table 22 .

3. Case study
3.1. Overview
The considered real world case study is a small rural
village in Scotland, which comprises of around 300 residents in
approximately 100 dwellings, with a small wind farm and roof
top PVs. The data of wind and PV generation, and heat and
electricity load (with 5-minute granularity) for a representative
winter week (w/c 23 February 2015) was used in this paper.

3.2. The considered IGEN
Fig. 4 shows the schematic of the GN and EN of the village,
which is divided into 6 zones each of which comprises of
domestic and non-domestic loads. The total electricity or heat
load of each zone was considered as a lumped load of the zone
and placed on the node/bus corresponding to the zone. It is
assumed the wind farm is connected to the EN slack bus. The
values assumed for capacity of the ES and the GS are 2𝑀𝑊 ℎ
and 500𝑚3 , respectively. These values have been assumed based
on the load and generation profiles and hence have proven to be
realistic and reasonable.
2 Values

in Table 2 are assumed based on the ranges presented in [53–55].
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Four scenarios were designed to address the research
questions and to investigate and compare TEE performance of
all the IGEN configurations at every scenario. These scenarios
represent future possible conditions for energy systems
including improvement in efficiency of energy technologies and
different load and RES generation levels. Table 3 shows the
values assumed for efficiency of the CCs (P2G and CHP) and
mean values of loads and RES generations for every scenario.

3.3.1. Scenario 1: Base case
In this scenario the available values of loads and RES
generation profiles were considered.

3.3.2. Scenario 2: CCs technology improvement
This scenario is the same as scenario 1 except it assumes
the technology of the CCs in terms of efficiency of energy
conversion improves relative to scenario 1.
3.3.3. Scenario 3: Loads decrease at high RESs
This scenario is the same as scenario 2 except it assumes
the loads decreased and RES generation increased relative to
scenario 2. This scenario assumes in the future more RESs is
built and integrated into the electricity network, and significant
improvement of the energy efficiency and energy network
decarbonisation is carried out.
3.3.4. Scenario 4: Loads increase at low RESs
This scenario is the same as scenario 2 except it assumes
the loads increased and RES generation decreased relative to
scenario 2.

3.4. Loads, RESs generation and EE unit factors
The values assumed for the level of uncertainty of heat and
electricity loads, wind and PV generation are shown in Table 4.
The level of uncertainty of RESs (wind and PV) is selected in
order to consider any future installation of RESs.
In all the above scenarios all the sources of uncertainty,
i.e. heat and electricity loads, wind and PV generation and
unit factors for EE evaluation, were considered. The values
generated for the aforementioned sources of uncertainty for all
the 1000 MCSs for scenario 1 (base case) are presented in
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Table 3
Assumed values for the efficiency of CCs and the mean values of loads and RES generation for the scenarios

Loads (electricity and heat)*
RES (wind and PV)*
P2G efficiency
CHP thermal efficiency
CHP electrical efficiency

Scenario 1

Scenario 2

Scenario 3

Scenario 4

100%
100%
60%
40%
20%

100%
100%
80%
50%
30%

80%
200%
80%
50%
30%

120%
50%
80%
50%
30%

*: compared to scenario 1
Table 4
Assumed values for the level of uncertainty (𝑎) of heat and
electricity loads and wind and PV generation
Heat load

Electricity load

Wind

PV

5%

5%

50%

50%

boxplots in Fig. 53 for the whole simulation period. The values
generated for the aforementioned variables were considered
unchanged during every simulation of the MCS for all the IGEN
configurations of every scenario. This means the generated
values for the e.g. 100th MCS of scenario 1 is different from
these values generated for the 100th MCS of the rest of the
scenarios. However, the number of MCSs (i.e. 1000) is
justified later in section 4.4, which provides a rational basis for
comparison of the results of different scenarios. The values
considered for all the parameters as well as the topology and
input data of the case study are available in [56].

3.5. Computational effort
The TEE framework was developed and implemented in
MATLAB [57]. The simulation results were obtained by
running the framework on a PC with Intel Core i5-6600 CPU
(3.30 GHz), 16.0 GB of RAM and Windows 10 operating
system. The average of computation time was around 12 hours
for the total of 4500 MCSs (as explained in 4.4) performed for
all the 6 configurations of every scenario during the simulation
period (one week with 5-minute timesteps).

4. Results and discussion
In this section TEE performance of all the IGEN
configurations to meet the electricity and heat loads of the case
study in all the scenarios through the 1000 MCSs is presented.
All the graphs correspond to the IGEN operation in a winter
week (w/c 23 February 2015).

4.1. TEE evaluation of scenario 1
Fig. 6 shows the boxplots of the values of the TEE
parameters of the IGEN for the MCS of all the configurations
in scenario 1. As can be seen, the range of variation of the TePs
of all the configurations is smaller than the range for the EcPs
due to more uncertainty level associated with calculation of the
EcP (5% for GN and 10% for EN) compared to the TeP (5%
for loads and 50% for RES generation). It should be noted that
the amount of wind and PV generation is much lower than the
loads. Therefore, although their level of uncertainty (50%) is
higher than the level of uncertainty of loads (5%), they have less
significant impact on calculation of TeP.
3 In all the boxplots in this paper: 25 and 75 percentile of the values
generated by MCS are placed in blue boxes and approximately 0.7% of them
are considered as the outliers (denoted by red pluses). The mean value of every
parameter is also shown with a red asterisk in the boxplots.
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The ranges, from two ends of whiskers (entire distribution
excluding the outliers), for the EnPs of all the configurations are
larger than the same ranges for the EcPs since the uncertainty
level of economic unit factors is smaller than that of the
environmental unit factors (Table 2). Additionally, it can be
observed that the blue boxes (25 to 75 percentile of the data) in
the EcP are not clustered around a similar range of values except
for configurations 4 and 6. On the other hand, the blue boxes4
in the EnP are greatly clustered around a similar range of values
for almost all the configurations and there is a slight difference
in the mean values of EnP of the configurations, compared to
each other (in Fig. 6(c)).
Fig. 7 shows the amount of decrease in the mean values of
TEE parameters, shown by red asterisks in Fig. 6, as a results
of integration and storage for all the configurations, relative to
configuration 1. As can be seen, among these configurations,
configuration 5 has the largest decrease in TEE parameters of
11.5 % in TeP, 18.53 % in EcP and 10.3 % in EnP, compared
to configuration 1. Also, in comparison to no integration in
configuration 1, all the rest of the configurations with storage
and/or some level of integration lead to improvement (reduction)
in the TEE performance parameters for the whole IGEN.
Fig. 8 depicts the breakdown of the mean values of
TEE parameters, presented by asterisks in Fig. 6, for the
gas and electricity networks, in all the IGEN configurations.
Comparison of configurations 1, 2 and 3 shows that increasing
the integration level by coupling the networks through a P2G
decreased the TEE parameters of the GN without affecting
the TEE parameters of the EN and hence decreased the TEE
parameters of the IGEN. On the other hand, further increasing
the integration level by placing a CHP (configuration 3)
decreased the TEE parameters of the EN since some of the
electricity load is supplied by the CHP and is not taken from
EN upstream. However, some part of the heat load is met
by CHP with a smaller thermal efficiency compared to a GB.
Hence, the TEE parameters of the GN increased compared to
configuration 2. Since the increase in the TEE parameters of
the GN is higher than the decrease in the TEE parameters of
the EN, the TEE parameters of the IGEN in configuration 3 is
higher than in configuration 2. However, configuration 3 still has
a better performance (lower TEE parameters) than configuration
1 (no integration).
Comparison of configurations 4 and 1 shows that addition of ES
in the EN (configuration 4) has no impact on the TEE parameters
4 Throughout the paper:

‘Config’ in the figures denotes IGEN configuration.
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Figure 5: The values generated in scenario 1 for the sources of uncertainty for the whole simulation period; (a) Heat load; (b) Electricity
load; (c) PV generation; (d) Wind generation; (e) Economic unit factor; (f) Environmental unit factor

Figure 6: The values of TEE parameters of all the IGEN configurations in scenario 15 ; (a) TeP; (b) EcP; (c) EnP

Figure 7: Decrease in the mean values of the TEE parameters in
scenario 1, compared to configuration 1

of the GN, however, it decreased the TEE parameters of the EN.
Hence, the TEE parameters of the total of gas and electricity
networks in configuration 4 is less than configuration 1.
Comparison of configurations 5 and 4 in Fig. 8 also shows
that coupling the networks with P2G and GS in configuration
5 compared to configuration 4 decreased the TEE parameters
of the GN and hence of the total of the IGEN since the surplus
electrical energy in configuration 4 is converted through P2G,
stored and used (later) in the GN. However, the TEE parameters
of the EN are the same in both configurations since the same
Draft submitted to the International Journal of Energy

amount of electricity is supplied by EN upstream. On the other
hand, comparison of configurations 5 and 2 shows that addition
of ES and GS in configuration 5 compared to configuration
2 decreased the TEE parameters of the EN since the surplus
electrical energy in configuration 2 is stored in the ES and
used later, and hence less energy is imported from the EN
upstream. However, the TEE parameters of the GN are slightly
higher in configuration 5 compared to configuration 2 since less
electrical energy is directed to the GN due to the presence of
ES. Hence, the GN needs to import more energy from the GN
upstream. However, the decrease in the TEE parameters of the
EN from configuration 2 to configuration 5 is higher than the
increase in the TEE parameters of the GN, which leads to lower
TEE parameters of the IGEN in configuration 5 compared to
configuration 2.
Comparison of configurations 6 and 5 in Fig. 8 is the same
as comparison of configurations 3 and 2. Hence, the TEE
parameters of the IGEN increased in configuration 6 compared
to configuration 5. Also, comparison of configurations 6 and 3
is similar to comparison of configurations 5 and 2. Therefore,
the TEE parameters of the IGEN in configuration 3 are greater
than in configuration 6.
To conclude this subsection: (i) if only the mean values of
the TEE parameters are considered (Fig. 7): Configuration 5,
which benefits from ES, P2G and GS, has the lowest TEE
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Figure 8: The mean values of TEE parameters of the gas and electricity networks in scenario 1; (a) TeP; (b) EcP; (c) EnP

parameters compared to the rest of the configurations (11.5
% in TeP, 18.53 % in EcP and 10.3 % in EnP compared to
configuration 1). It was shown that addition of CHP to this
configuration, although decreases the TEE parameters of the
EN, however, it negatively affects the TEE parameters of the GN
and of the whole IGEN due to the smaller amount of thermal
efficiency of CHP compared to GB. However, configuration 6
(with CHP) has 4.60% lower TeP, 12.76% lower EcP and 3.21%
lower EnP compared to no integration (configuration 1). (ii) If
the uncertainty of the TEE parameters is considered (Fig. 6):
The ranges of variation of the TEE parameters (from the two
ends of the whiskers6 ) increase in the order of TeP, EcP and EnP,
respectively. Also, the blue boxes7 of TeP and EcP of different
configurations are not clustered around a similar range of values
except the EcP in configurations 4 and 6. Furthermore, the blue
boxes in the EnP are greatly clustered around a similar range of
values, meaning it is difficult to confidently judge the difference
in the environmental performance of different configurations
in the presence of the considered sources of uncertainty. This
means the configuration with P2G and gas and electricity storage
devices is still the best configuration with the best technical
(TeP) and economic (EcP) parameters even in the presence of
uncertainty in loads and energy generated from RESs.

4.2. TEE evaluation of scenario 2
In this scenario it is assumed that the efficiency of all the
CCs are increased compared to scenario 1 (Table 3). Due to
the same trend for the TEE parameters, the mean values of only
the TeP of the GN and EN in this scenario are compared with
the values in scenario 1 in Fig. 9 only for configurations with
networks integration. As can be seen, increase in the efficiency
of the CCs reduced the TeP of the GN by 3.19%, 6.65%, 2.70%
and 6.35% in configurations 2, 3, 5 and 6, respectively compared
to scenario 1, since more gas is injected via P2G and less gas
is consumed by the CHP. Hence, less gas is imported from
the upstream GN. However, the increase in the efficiencies has
no impact on the TeP of the EN. This is because the CHP is
following the electricity load. Hence, increase in the efficiency
of it decreases gas consumption of the CHP, i.e. it has no impact
on the electricity output of the CHP. Also, increase in the P2G
efficiency increases the gas production (output) of the P2G and
does not impact the P2G input, which is the surplus electricity
of the EN.
The distribution of the TEE parameters of the IGENs in
this scenario is compared with the values in scenario 1 in
Fig. 10 for the same configurations. As can be seen, the greatest
6 The range within the two ends of the whiskers represents the entire
distribution of the parameter excluding the outliers.
7 The blue boxes represent 25 to 75 percentile of the data.
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Figure 9: The mean values of the TeP of each network in scenario
2; (a) Gas network; (b) Electricity network

reduction in the TeP occurred in configurations 3 (with P2G
and CHP) and 6 (with P2G, CHP and ESSs), while the least
reduction happened in configuration 5 (with P2G and ESSs).
For example, the range of TeP from the two ends of whiskers,
dropped from (173.0 𝑀𝑊 ℎ, 174.0 𝑀𝑊 ℎ) in scenario 1 to
(162.0 𝑀𝑊 ℎ, 163.5 𝑀𝑊 ℎ) in scenario 2 for configuration
6, whereas, TeP dropped from (160.0 𝑀𝑊 ℎ, 161.0 𝑀𝑊 ℎ)
in scenario 1 to (155.5 𝑀𝑊 ℎ, 157.0 𝑀𝑊 ℎ) in scenario 2
for configuration 5. This is due the fact that configurations 3
and 6 benefit from bi-directional energy conversion, whereas,
configuration 5 has single direction energy conversion.
Comparison of the distribution of EcP and EnP, from the two
ends of the whiskers in Fig. 10, shows that improvement in
the efficiencies of CCs generally decreased the EcP and EnP,
however, there are greatly clustered around a similar range of
values in the EcP and EnP of every configuration compared
to the same configuration in scenario 1. On the other hand,
comparison of the EcP and EnP between 25 and 75 percentile
of the data (blue boxes) shows that the EcP are not clustered
around a similar range of values, however, EnP are greatly
clustered around a similar range of values in every configuration
in scenario 2 compared to the same configuration in scenario
1, which makes it difficult to confidently judge the impact of
efficiency improvement on the environmental performance
of IGENs. Also, the greatest reduction in EcP and EnP is
observed in configurations 3 and 6, and the least reduction
in EcP and EnP occurred in configuration 5, for the same
reason. For example, the range of blue boxes for EcP dropped
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Figure 10: The values of the TEE parameters of the IGEN in
scenario 2; (a) TeP; (b) EcP; (c) EnP

from (1.82 𝑘£, 1.88 𝑘£) in scenario 1 to (1.71 𝑘£, 1.87 𝑘£) in
scenario 2 for configuration 3, whereas, the same range dropped
from (1.56 𝑘£, 1.60 𝑘£) in scenario 1 to (1.51 𝑘£, 1.56 𝑘£)
in scenario 2 for configuration 5. Also, the range of blue
boxes for EnP dropped from (31.5 𝑡.𝐶𝑂2 .𝑒𝑞, 38.0 𝑡.𝐶𝑂2 .𝑒𝑞)
in scenario 1 to (30.0 𝑡.𝐶𝑂2 .𝑒𝑞, 35.0 𝑡.𝐶𝑂2 .𝑒𝑞) in scenario
2 for configuration 6, whereas, the same range dropped
from (30.0 𝑡.𝐶𝑂2 .𝑒𝑞, 35.0 𝑡.𝐶𝑂2 .𝑒𝑞) in scenario 1 to
(28.5 𝑡.𝐶𝑂2 .𝑒𝑞, 33.5 𝑡.𝐶𝑂2 .𝑒𝑞) in scenario 2 for configuration
5.
To conclude this subsection, improvements in the efficiencies
of the coupling components reduces the TEE parameters
and these reductions are highest in the bidirectional energy
conversion configurations compared to the configurations with
single direction energy conversion. This finding holds true for
all the values considered in the uncertainty analysis. Therefore,
it is clear that efforts to improve the efficiency of coupling
components by equipment manufacturers are very important
goals in pursuit of lower TEE parameters in future integrated
networks.

parameters of scenarios 3 and 4 are considered along with
scenario 2. For this purpose Fig. 11 shows the distribution of
the TEE parameters in the order of scenario 3, scenario 2 and
then scenario 4 for all the configurations. This is performed to
observe simultaneous impact of increase in loads and decrease
in energy generated from RES (in the aforementioned order) on
the TEE parameters.
Comparison of the mean values shows that a combination of
20% decrease in load and 100% increase in energy generated
from RES in scenario 3 relative to scenario 2 led to an average
of 21.8% decrease in the TEE parameters in configurations 1
and 4 and an average of 43.6% decrease in the TEE parameters
in configurations 2, 3, 5 and 6 in scenario 3 relative to scenario
2. Furthermore, combination of 20% increase in load and 50%
decrease in energy generated from RES in scenario 4 compared
to scenario 2 resulted in an average 27.7% increase in the TEE
parameters in configurations 1 and 4 and an average of 40.2%
increase in the TEE parameters in configurations 2, 3, 5 and 6
in scenario 4 compared to scenario 2.
Comparison of the TEE parameters, from the two ends of
whiskers in Fig. 11, shows that: (i) A combination of
simultaneous increase in load and decrease in energy generated
from RES led to increase in the TEE parameters. The TeP
and EcP are not clustered around a similar range of values,
however, the whole range of EnP for all the configurations is
distributed in a similar range of values, but the blue boxes
are not clustered around a similar range of values. (ii)
The increase in the TEE parameters in configurations 2, 3,
5 and 6, through scenarios 3, 2 and 4, is more than the
increase in the TEE parameters in configurations 1 and 4. For
example, the range of the EcP in configuration 3 increased
from (0.90 𝑘£, 1.00 𝑘£) in scenario 3 to (1.63 𝑘£, 1.85 𝑘£)
in scenario 2 and then to (2.34 𝑘£, 2.62 𝑘£) in scenario 4,
whereas, it increased from (1.25 𝑘£, 1.43 𝑘£) in scenario 3 to
(1.62 𝑘£, 1.82 𝑘£) in scenario 2 and then to (2.22 𝑘£, 2.52 𝑘£)
in scenario 4, in configuration 4. Or, the range of the EnP in
configuration 3 increased from (12.5 𝑡.𝐶𝑂2 .𝑒𝑞, 25.0 𝑡.𝐶𝑂2 .𝑒𝑞)
in scenario 3 to (22.5 𝑡.𝐶𝑂2 .𝑒𝑞, 43.0 𝑡.𝐶𝑂2 .𝑒𝑞) in scenario
2 and then to (31.0 𝑡.𝐶𝑂2 .𝑒𝑞, 57.0 𝑡.𝐶𝑂2 .𝑒𝑞) in scenario 4,
whereas, it increased from (18.0 𝑡.𝐶𝑂2 .𝑒𝑞, 37.5 𝑡.𝐶𝑂2 .𝑒𝑞) in
scenario 3 to (23.0 𝑡.𝐶𝑂2 .𝑒𝑞, 46.0 𝑡.𝐶𝑂2 .𝑒𝑞) in scenario 2
and then to (30.0 𝑡.𝐶𝑂2 .𝑒𝑞, 55.0 𝑡.𝐶𝑂2 .𝑒𝑞) in scenario 4, in
configuration 4. This is due to the fact that the networks
are separate in configurations 1 and 4, whereas the networks
are integrated through either single direction or bi-directional
energy conversions in the rest of the configurations, which
provides further interaction between the networks in terms of
the TEE parameters.
To conclude this subsection, the analysis shows that as the
electrical renewable generation grows with respect to the total
demand, the value of integrated operation of the networks also
grows as shown by the reduction in the TEE parameters. Given
that demand reduction and decarbonisation of electricity and gas
networks is a priority, the coupled configurations are likely to
become more attractive between now and 2050. This finding
also holds true for all the values considered in the uncertainty
analysis (Fig. 11).

4.4. Justification of the number of MCSs
4.3. TEE evaluation of scenarios 3 and 4
In order to evaluate impact of variation of loads and RES
levels on the TEE parameters, the distribution of the TEE
Draft submitted to the International Journal of Energy

The number of MCSs, i.e. 1000, is justified in this
subsection to ensure a rational and correct judgement was
made on the results of the application of the TEE evaluation
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(a) TeP

(b) EcP

(c) EnP

Figure 11: Distribution of the TEE parameters for scenarios 3, 2 and 4 for all the configurations

framework through MCSs. For this purpose, the initial number
of MCSs was selected as 500 and was increased with the steps
of 100 MCSs until 1000 MCSs. Then, the change in the value
of sum of Mean Average Percentage Error (MAPE) [51] of
the technical, economic and environmental parameters in each
MCS (e.g. 𝑁𝑀𝐶𝑆 = 600) relative to the previous MCS (e.g.
𝑁𝑀𝐶𝑆 = 500) for every scenario and for every configuration
was captured and is presented in Fig. 12. For the purpose of
brevity, this is shown only for scenarios 3 and 4 in Fig. 12 since
the same trend was observed for all the rest of the scenarios.
As can be seen the change in the value of sum of MAPE
of the TEE parameters is less than 1.0% for several consecutive
MCSs, which indicates the MCSs converged. This means an
average uncertainty of around 0.3% in each of the technical,
economic and environmental parameters is associated with the
results presented, which is acceptable and does not influence the
credibility and judgements made based on the results.

4.5. Discussion
Based on the results presented it can be seen that the
TEE evaluation framework developed in this paper for IGENs:
(i) is a valid tool and can be used to evaluate uncertainty
of several sources consisting of loads, RES generation,
operational costs and emission of IGENs; and (ii) can evaluate
performance of IGENs with different integration levels and
Draft submitted to the International Journal of Energy

storage configurations in terms of TEE parameters. Also,
according to the results, it is recommended to integrate gas and
electricity networks through P2G units and deploy ESSs in both
networks in order to: (i) reduce energy supplied from upstream
networks or extraction from limited natural resources; (ii)
decrease the operational costs and hence increase cost savings
for both network operators and customers; and (iii) decrease
the carbon emissions of the networks and hence contribute to
Government targets on GHG emissions reduction. However,
it was observed addition of a CHP device as a bi-directional
energy conversion between the networks increased the overall
TEE parameters, compared to the aforementioned configuration,
due to the smaller thermal energy conversion efficiency of
CHP compared to GBs. However, the configuration with both
CHP and P2G, and ESSs in both networks has better TEE
performance compared to no integration.
It should be noted that the presented results are specific
to the case study considered in this paper and cannot be
generalised. However, the TEE evaluation framework was
developed generically and can be applied to any transmission
or distribution level case study to assess impact of different
integration levels and storage configurations in presence of
uncertainty of loads, RES generation, operational costs and
emission of IGENs.
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as shown in Fig. 7).
2. If the uncertainty of the TEE parameters is considered,
the ranges of variation of the TEE parameters increase
in the order of TeP, EcP and EnP, respectively. Also,
the boxes representing between 25 and 75 percentile
of the TeP and EcP of different configurations are not
clustered around a similar range of values except the EcP
in configurations 4 and 6. Furthermore, the blue boxes
in the EnP are greatly clustered around a similar range
of values, meaning it is difficult to confidently judge the
difference in the environmental performance of different
configurations in the presence of the considered sources
of uncertainty. This means the configuration with P2G
and gas and electricity storage devices is still the best
configuration with the least technical (TeP) and economic
(EcP) parameters even in the presence of uncertainty in
loads and energy generated from RESs. (Fig. 6 and
section 4.1).

Figure 12: Change in the value of sum of MAPE of the TEE
parameters in MCSs; (a) scenario 3; (b) scenario 4

5. Conclusions and future work
A framework was developed to evaluate impact of
different integration levels and storage devices on the
Techno-Economic-Environmental (TEE) performance of
Integrated Gas and Electricity Networks (IGENs). Also,
several sources of uncertainty consisting of electricity and
heat loads, Renewable Energy Sources (RESs) and unit
factors for Economic and Environmental (EE) evaluation were
considered in the framework. Probabilistic distributions were
considered for modelling these sources of uncertainty, which
was sampled through Monte Carlo Simulation. Additionally,
several IGEN configurations, including different integration
levels and different storage devices, were considered in the
framework. Several future possible scenarios of improvement
in the technology of Coupling Components (CCs) and different
levels of loads and RES generation were designed. Based
on the results obtained by application of the TEE evaluation
framework to a real-world case study in Scotland, it can be
concluded that the framework is a valid tool in quantifying
the amount of energy supplied from upstream networks,
operational costs (i.e. cost of supplying energy from upstream)
and carbon emission of IGENs. In this way, the framework
provides a basis to make well-informed and risk-based decisions
on IGEN design choices to support the most suitable future
configuration of IGENs towards 2050 GHG emission targets in
the presence of the aforementioned sources of uncertainty from
TEE viewpoint.
The key findings of this research, which are exclusive to this
case study and cannot be generalised, are as follows:
1. If only the mean values of the TEE parameters are
considered, the configuration with P2G and both gas and
electricity storage devices has the best TEE performance
compared to the rest of the configurations (most reduction
of 11.53%, 18.53% and 10.34% in the technical, economic
and environmental parameters, respectively, compared to
the configuration without integration and without ESSs,
Draft submitted to the International Journal of Energy

3. If the uncertainty is not considered, increase in the
efficiency of the CCs reduced the TeP of the GN by 3.19%,
6.65%, 2.70% and 6.35% in configurations 2, 3, 5 and 6,
respectively compared to scenario 1, without any impact
on the TEE parameters of the EN (Fig. 9).
4. Improvements in the efficiencies of the coupling
components reduces the TEE parameters, and these
reductions are highest in the bidirectional energy
conversion configurations compared to the configurations
with single direction energy conversion. This finding
holds true for all the values considered in the uncertainty
analysis (Fig. 10 and section 4.2). Therefore, it is
clear that efforts to improve the efficiency of coupling
components by equipment manufacturers are very
important goals in pursuit of lower TEE parameters in
future integrated networks.
5. The analysis shows that as the electrical renewable
generation grows with respect to the total demand, the
value of integrated operation of the networks also grows
as shown by the reduction in the TEE parameters. Given
that demand reduction and decarbonisation of electricity
and gas networks is a priority, the coupled configurations
are likely to become more attractive between now and
2050. This finding also holds true for all the values
considered in the uncertainty analysis (Fig. 11 and section
4.3).
Future work includes: (i) application of the TEE framework
to a wider/national level case study; (ii) considering heat
vector with thermal storage in the framework and application
of the updated framework to an integrated transmission and
distribution level case study; (iii) application of investment
planning together with optimal operational scheduling to find
the optimum size of CCs and storage devices in all the networks
toward 2050 ‘Net Zero’ targets.
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