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A B S T R A C T   

Integrating renewables into existing energy infrastructure to construct hybrid energy systems (HES) plays a vital 
role for advancing energy sustainability. While various approaches, such as energy systems analysis and linear or 
non-linear optimisation, have been employed to achieve energy sustainability mainly at the national or city level, 
there has been a lack of focus on achieving energy sustainability in the residential sector through a holistic 
optimal decision-making approach for efficient HES design. This study focuses on developing a multi-stage 
optimisation-based decision-making framework that models, quantifies, and optimises the performance in
dicators of HES, allowing for an assessment of the trade-off between benefits and systems costs under various 
design scenarios. The initial step involves designing the HES model and constructing scenarios that cater to the 
electrification requirements of water, energy, and food elements in the residential sector by using a systematic 
thinking approach. Then, a preliminary evaluation of the modelled scenarios is conducted to assess energy 
sustainability in terms of technical and economic aspects. Afterwards, an optimal decision-making setup is 
established by integrating a multi-objective HES model into the NSGA-II algorithm, which approximates the 
Pareto optimal solutions. These solutions are then ranked by using a multi-criteria decision-making method. 
According to the findings, the Quetta region in Pakistan contains the best optimal solution. The results under
score the utility of the developed framework in facilitating the optimal design of renewables-integrated HES for 
the residential sector. Furthermore, intergovernmental organizations can leverage this framework to formulate 
effective policies aimed at encouraging residents to invest in HES installation.   

1. Introduction 

The concept of sustainable development (SD) has gained consider
able attention and has been associated with various aspects of our planet 
in recent decades. Resultantly, the United Nations established 17 sus
tainable development goals (SDGs) in 2015 as successors to the Mil
lennium Development Goals, aiming at achieving sustainability. 
amongst these SDGs, the provision of sustainable, abundant, and 
affordable water, energy, and food resources is considered crucial for the 
well-being of humanity [1]. Despite efforts spanning many years, more 
than a billion people still lack access to safe drinking water, one billion 
suffer from hunger, and 2.5 billion lack access to modern energy sources 
[1,2]. The water, energy, and food elements are interconnected, and 
their interdependencies significantly impact each other, as well as 
climate change [3,4]. Energy, in particular, plays a critical role amongst 
these sectors [5,6]. Moreover, the predicted increase in global energy 

demand by 2050 is estimated to be 80%, surpassing the projected in
crease for water and food, which are 55% and 60%, respectively [1]. 
Given the existing deficiencies and the mounting pressure on energy 
sources owing to population growth and increasing needs, it is imper
ative to restructure strategies for achieving energy sustainability, espe
cially in the aftermath of the Covid-19. 

Achieving energy sustainability necessitates a gradual transition 
from a fossil fuel-dominated culture to a high proportion of renewable 
energy (RE) in the energy mix [2], which in turn requires substantial 
investments in RE systems [7]. However, stakeholders may perceive 
investing in large-scale RE projects as risky due to the transitioning 
nature of RE technologies, the requirement for relatively expensive 
infrastructure, and their dependence on meteorological conditions [8]. 
Consequently, constructing hybrid energy systems (HES) by integrating 
the RE technologies with existing energy sources, such as grid and 
genset, has demonstrated a significant potential owing to reliability for 
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energy supply [9]. Amongst various renewables, solar photovoltaic (PV) 
has emerged as a promising substitution for fossil fuels [10–13], with its 
global share in the energy mix experiencing exponential growth over the 
past decade [14]. 

Numerous studies have been conducted on the design and perfor
mance assessment of solar PV integrated HES. For instance, Liu et al. 
[15] performed techno-economic assessment of solar PV integrated HES 
for rural households in Africa to determine the optimal option amongst 
different PV module tracking scenarios by considering the net present 
cost as a decision indicator. Babatunde et al. [16] evaluated the 
techno-economic-environmental viability of HES, integrating solar PV, 
wind, and battery energy sources, for a household in sub-Saharan Africa, 
and suggested interest-friendly loans for low-income households. Li 
et al. [17] designed distributed HES, integrating solar PV and wind 
sources, for residential, commercial, and industrial sectors in Singapore 
by employing peer-to-peer energy exchange approach and blockchain 
technologies for efficient system operation. Barzegkar-Ntovom et al. 
[18] assessed the economic feasibility of the hybrid solar PV combined 
with battery storage energy source for a residential building in six 
Mediterranean countries, considering levelized cost of use as a decision 
indicator to quantify the competitiveness of various HES sizes. Das et al. 
[19] examined the techno-economic feasibility of HES, integrating solar 
PV, wind, battery, and gas boiler, to meet electric and thermal demands 
of a remote community in the western Australia by using HOMER soft
ware. Kumar and Tewary [20] proposed multiple configurations of 
standalone HES, integrating solar PV, wind, diesel generator, and bat
tery storage, for meeting electricity needs in residential units. The au
thors examined the techno-economic feasibility of these configurations 
by using HOMER software and reported the potential for generating 
19.3% excess electricity. 

Optimisation of performance and system sizing characteristics of 
HES present challenges owing to the stochastic nature of energy sources 
and various influencing factors, such as location, meteorological pa
rameters, efficiency values of energy system components, PV module 
slope angle, dust accumulation, and shading effects, which require 
optimal selection by considering technical and economic limitations 
[21]. Literature reports the application of various optimisation tech
niques focusing on different objective functions, such as power gener
ation, renewable fraction, energy system cost, net present value, 
greenhouse gas (GHG) emissions, etc. The optimisation techniques 
commonly used can be classified into three categories: classical tech
niques, artificial intelligence approaches, and software tools [22]. 
Classical optimisation techniques, including numerical, analytical, 
graphical, and probabilistic approaches, have been widely employed in 
previous studies [22]. However, due to the limitations of classical 
techniques in solving advanced optimisation problems, artificial 
intelligence-based approaches have gained prominence for their effec
tiveness, flexibility, speed, and efficiency [23]. Artificial 
intelligence-based optimisation techniques are categorised into swarm 
intelligence, physics-based, human-inspired, and evolution-based algo
rithms [22]. Another type of optimisation techniques involves the use of 
software tools that facilitate pre-feasibility analyses and 
decision-making before implementing an energy system. Several soft
ware tools are available for conducting feasibility assessments of RE 
integration, such as ARES, INSEL, HYBRID, PVF-Chart, PV-DESIGN-
PRO, HOMER, RETScreen, TRNSYS, PVSYST, RAPSIM, amongst others. 
RETScreen and HOMER are widely used by researchers and pro
fessionals, with RETScreen having the highest number of installations 
[22]. A recent trend in engineering optimisation is the hybridization of 
different optimisation methods into one single approach, combining 
their strengths to solve complex optimisation problems [22]. Hybrid 
optimisation techniques are predominantly developed by combining the 
artificial intelligence-based algorithms [22]. However, there has been 
relatively less exploration of hybrid approaches that combine optimi
sation techniques and multi-criteria decision-making (MCDM) methods. 

Hence, the analysis of the extensive published research and review 

literature summed up the following research gaps:  

• The lack of adopting a holistic system thinking approach for 
modelling HES specially for meeting the electrification requirements 
of the residential sector in terms of sustainable, abundant, and 
affordable water, energy, and food supply.  

• The absence of a systematic scenario-based, data-driven hybrid 
optimisation approach, especially for the residential sector, to 
approximate and prioritize the optimal solutions for HES aiming at 
achieving better energy sustainability. 

To address the highlighted knowledge gaps, this study is focused on 
following objectives: (1) to employ a holistic system-thinking approach 
in modelling HES and developing scenarios that can effectively meet the 
electrification requirements of the residential sector, (2) to examine the 
significance of preliminary assessment of modelled HES scenarios for 
energy sustainability and investigate the impact of considering load- 
shedding factor, (3) to optimise the HES scenarios for performance in
dicators enhancement and achieving better energy sustainability, (4) to 
conduct post-Pareto analysis, highlighting the impact of employing the 
MCDM method on the selection and classification of optimal solutions, 
for better utilization of optimisation outputs. To achieve these objec
tives, our study proposed a multi-stage optimisation-based decision- 
making framework that includes systematic HES design, preliminary 
techno-economic assessment, and optimal decision-making under 
various design scenarios, with the goal of achieving better energy sus
tainability in the residential sector. 

The subsequent sections of this paper are organized as follows: 
Section 2 describes the developed multi-stage optimization-based 
decision-making framework; Section 3 highlights the study-related re
gions; Section 4 presents the results, and the corresponding discussion 
and recommendations are presented in section 5; and finally, Section 6 
outlines the conclusions of this study. 

2. Methodology 

In this study, a multi-stage optimisation-based decision-making 
framework was developed, as illustrated in Fig. 1. The framework 
comprises the three main stages: (1) model development and data 
collection, (2) preliminary techno-economic assessment, and (3) 
optimal decision-making. 

2.1. Model development and data collection 

The initial stage of the framework development focused on designing 
the HES model, conceptualising different scenarios, and collecting the 
data by executing the conceptualised scenarios. The details of this stage 
will be discussed in the subsequent sections. 

2.1.1. Hybrid energy system (HES) model 
A holistic system-thinking approach, inspired by the Iceberg model 

[24], was employed in this study. The Iceberg model emphasizes un
derstanding a system and exploring the relationships amongst its ac
tivities as a whole, rather than using a divide-and-analyse approach. Our 
adaptation of this model involved incorporating four levels of thinking 
[24,25], where the first three levels were utilised in designing the HES 
model, while the fourth level was employed in conceptualising the HES 
scenarios (Section 2.1.2). 

During the initial level of HES model design, we identified the events 
(defined as concepts in the Iceberg model) related to power consumption 
for meeting the electrifications needs of abundant, affordable, and sus
tainable water, food, and energy supply in residential units. These 
events (see Table S-1 in the supplementary material (SM)) were deter
mined based on existing literature [26] and insights obtained from 
stakeholder (details are mentioned in Table S-2 in SM) surveys. Sec
ondly, we defined the operational patterns of these events, considering 
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factors such as intermittent resource-load correlation and the number of 
daily usage hours (see Table S-1 in the SM). Furthermore, we utilised the 
estimated optimal monthly energy demand with respect to variations in 
heating and cooling loads during winter and summer seasons (Table S-3 
in SM) [27]. Thirdly, based on the identified events and their patterns, 
we modelled the systematic structure of the HES using the design 

variables for the baseline and proposed cases (see Fig. 1). 

2.1.2. HES scenarios conceptualisation 
Continuing the system-thinking approach, we applied the final level 

of the Iceberg model to conceptualise the HES scenarios. To achieve this, 
we conducted a workshop with experts (see Table S-2) to explore the 

Fig. 1. Multi-stage optimisation-based decision-making framework.  

Table 1 
The description of the conceptualised hybrid energy system (HES) scenarios.  

HES Design scenario Configuration type Energy sources Solar PV module type PV module installation slope angle ESS type 

HS-# Off-grid Grid-connected RES ESS GES GnES mono-Si poly-Si Lat. OSA LA DrC 

1 √  √ √ √  √  √  √  
2 √  √ √  √ √  √  √  
3 √  √ √ √   √ √  √  
4 √  √ √  √  √ √  √  
5 √  √ √ √  √   √ √  
6 √  √ √  √ √   √ √  
7 √  √ √ √   √  √ √  
8 √  √ √  √  √  √ √  
9 √  √ √ √  √   √  √ 
10 √  √ √  √ √   √  √ 
11 √  √ √ √   √  √  √ 
12 √  √ √  √  √  √  √ 
13  √ √  √  √  √    
14  √ √  √ √ √  √    
15  √ √  √   √ √    
16  √ √  √ √  √ √    
17  √ √  √  √   √   
18  √ √  √ √ √   √   
19  √ √  √   √  √   
20  √ √  √ √  √  √   
21  √ √  √  √  √    
22  √ √  √ √ √  √    
23  √ √  √   √ √    
24  √ √  √ √  √ √     
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current electrification sources in the study regions (as described in 
Section 3). Through this collaborative effort, we conceptualised HES 
scenarios that involved four energy sources: renewable solar PV energy 
source (RES), battery-based energy storage system (ESS), grid energy 
source (GES), and genset energy source (GnES). In line with the goal of 
achieving energy sustainability by integrating renewables into the en
ergy infrastructure [12,28], RES was identified as the primary energy 
source. The conceptualised HES scenarios were classified into two main 
types: off-grid (OG) and grid-connected (GC) configurations. In the case 
of OG-type scenarios, RES was integrated with ESS, while GES served as 
a backup energy source. For GC-type scenarios, RES was integrated with 
GES. Additionally, GnES was integrated for electrification during 
load-shedding hours [29]. Consequently, twenty-four HES scenarios 
were conceptualised by considering five design variables, including 
configuration type, integrated energy sources, solar PV module type, 
solar PV module installation slope angle, and ESS type. A description of 
the conceptualised HES scenarios is provided in Table 1. 

Once the technical structure of the HES scenarios was finalized, we 
gathered cost information for various parameters, including develop
ment costs, energy system costs, annual operation and maintenance 
costs, fuel costs, and periodic costs. This data was acquired through 
market survey, which helped complete the HES model. The details 
regarding the design variables, technical parameters, and cost parame
ters utilised in modelling the HES scenarios are summarized in Table S-4 
in the SM. 

2.1.3. Data collection 
The conceptualised HES scenarios were modelled and evaluated for 

nine regions in Pakistan by using the RETScreen software [26,30]. 
RETScreen is an excel user interface-based clean energy project simu
lation tool developed and maintained by CEDRL (CANMET Energy 
Diversification Research Laboratory) under the supervision of the Min
istry of Natural Resources of Canada. It is a well-established and vali
dated software package widely utilised for the efficient evaluation of 
various RE-based projects [22,26]. The success and effectiveness of this 
modelling tool can be attributed to the collaborative efforts of multiple 
organizations, including the National Aeronautics and Space Adminis
tration, United Nations Environment Program, and numerous experts 
from academia, industry, and administrative sectors [26]. Therefore, 
leveraging the capabilities of the RETScreen tool, a total of 216 HES 
scenarios were modelled, enabling the collection of data with respect to 
a set of technical, economic, and environmental indicators. This data 
was crucial for preliminary assessment and facilitating the process of 
optimal decision-making. 

2.2. Preliminary assessment of HES scenarios 

The evaluation of the modelled HES scenarios encompassed an 
assessment in terms of technical and economic aspects. To conduct this 
assessment, the datasets obtained from evaluating the scenarios in the 
RETScreen tool were imported into Microsoft excel. This facilitated the 
quantification of the cumulative impacts of the modelled scenarios on 
energy sustainability. The technical aspect of the modelled scenarios 
was assessed by considering following indicators: electric energy (EE) 
delivered to the load by RES, EE exported to the grid by RES, power 
system capacity factor, power capacity of the system, area covered by 
solar PV modules, EE delivered to the load by GES and GnES, and fuel 
consumption in the baseline and proposed cases. The economic aspect of 
the modelled HES scenarios was assessed in terms of the net present 
value (NPV), benefit-cost ratio (BCR), payback period (PBP), and total 
investment required, whose calculations are defined in [26,31]. 

2.3. Optimal decision-making 

The optimal decision-making stage comprised two main steps: (1) 
multi-objective optimisation utilising the non-dominated sorting genetic 

algorithm (NSGA-II), and (2) decision-making employing multi-criteria 
decision-making (MCDM) method. A comprehensive optimal decision- 
making setup was developed, incorporating NSGA-II to determine the 
Pareto optimal solutions for HES, while MCDM method was employed to 
make decisions regarding these solutions. 

2.3.1. Multi-objective optimisation using NSGA-II  

• Formulation of the multi-objective optimisation problem 

The multi-objective optimisation problem for HES was initially 
formulated to determine the optimal solutions by considering four 
objective functions. To execute the formulated objective functions, 
several decision variables were considered, including (1) HT = incident 
solar radiations, (2) APV = the number of PV modules required to satisfy 
a desired load factor (0.9–1.0), (3) Cres = the cost of RES, and (4)  eprop =

the GHG emissions factor for the proposed case. The incident solar ra
diations varied depending on changes in latitude. The number of PV 
modules required was influenced by factors, such as the type of PV 
module (mono-Si and poly-Si), the efficiency value of the PV module, 
and the frame area of the PV module. The cost of the RES was governed 
by the number of PV modules and the cost of the unit PV module. The 
GHG emissions factor was determined by the energy mix in the proposed 
case, with a higher percentage of RE resulting in a lower GHG emissions 
factor. The formulated four objective functions are defined as follows:  

(1) Objective 1 (OF1) = maximizing the output energy generated by 
RES (Eq. (1)) 

OF1 = Max (Output energy fromRES) = Max (Eres) (1)  

where, Eres = AjPVi ηPV H
j
T (2)   

Eq. (2)  presents the calculations for the output energy generated by 
RES [31,32] where, Aj

PVi 
represents the area required for PV modules for 

the ith scenario in the jth region, ηPV is the efficiency value of the solar PV 
module; and Hj

T is the total average incident solar radiations in the jth 

region.  

(2) Objective 2 (OF2) = minimizing the retrofit cost (Eq. (3)) 

OF2 = Min (Retrofit cost) = Min
(
Cretrofit

)
(3)  

where, Cretrofit = Cjresi + CjDi + CjO&Mi
(4)   

Eq. (4) presents the calculations for  retrofit cost where, Cj
resi is the 

cost of RES, mainly of PV modules, for the ith scenario in the jth region; 
Cj

Di 
is the development cost of RES, which is a certain percentage value 

of Cj
RESi

; and Cj
O&Mi

is the operation and maintenance cost of HES for the 
ith scenario in the jth region.  

(3) Objective 3 (OF3) = maximizing the benefit-cost ratio (Eq. (5)) 

OF3 = Max (Benefit − cost ratio) = Max (BCR) (5)  

where, BCR = NPVji
/
Cjretrofiti (6)   

Eq. (6) presents the calculations of BCR where, NPVj
i is the net pre

sent value for the ith scenario in the jth region; and Cj
retrofiti is the retrofit 
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cost for the ith scenario in the jth region.  

(4) Objective 4 (OF4) = maximizing the reduction of GHG emissions 
(Eq. (7)) 

OF4 = Max (GHGemissions reduction) = Max (GHGr) (7)  

where, GHGr =
(
ebase − ejpropi

)
Ejresi

(
1 − λprop

)
(1 − ecr) (8)   

Eq. (8) presents the calculations for GHG emissions reduction [31] 
where, ebaseis the GHG emissions factor for baseline case, which was 
same for all scenarios in studied regions; ej

propi is the GHG emissions 
factor for the proposed case for the ith scenario in the jth region; Ej

resi is the 
output energy generated by RES for the ith scenario in the jth region; λprop 

is the factor represents transmission and distribution losses, which was 
taken 17.5% [33]; and ecr is credit transaction fee for GHG emissions 
reduction that was taken zero as this is not applicable in the studied 
regions. 

The above-formulated objective functions were subjected to 
following constraints: 

Hj
Ti,min

≤ Hj
Ti ≤ Hj

Ti,max
(9)  

AjPVi,min < AjPVi ≤ AjPVi,max (10)  

ejpropi,min ≤ ejpropi ≤ ejpropi,max (11)  

where, Hj
Ti,min 

and Hj
Ti,max 

are the minimum and maximum incident solar 

radiation values for the ith scenario in the jth region; Aj
PVi,min 

and Aj
PVi,max 

are 
the minimum and maximum values for the area covered by PV modules 
for the ith scenario in the jth region, which also influences the cost of RES 
for the ith scenario in the jth region; ej

propi,min and ej
propi,max are the minimum 

and maximum GHG emissions factors for the proposed case for the ith 

scenario in the jth region.  

• Optimisation algorithm 

The formulated multi-objective optimisation problem was executed 
using the NSGA-II algorithm in a python environment. NSGA-II is widely 
recognized as a highly effective multi-objective evolutionary algorithm 
for design and optimisation tasks owing to its ability to handle complex 
problems efficiently and with computational speed [34]. It has been 
successfully applied in various domains, including estimating carbon 
emissions for green vehicles routing [35], optimising hybrid RE systems 
under uncertainties [36], identifying optimal management practices for 
minimizing nutrients pollution in the Lincoln lake watershed [37], 
sensor placement optimisation [38], optimal stormwater management 
for reducing flooding risk [34], and operational optimisation of hybrid 
distributed energy system [39], amongst others. 

To determine the Pareto optimal solutions for HES by executing the 
multi-objective optimisation problem, the NSGA-II  generated an initial 
set of solutions for the decision variables of HES, which was then used to 
calculate the objective functions [34,40]. This process was iteratively 
performed for a suitable number of iterations to reach a set of 
non-dominated Pareto optimal solutions by following the procedural 
steps described in Section I in SM. Finally, the execution of the optimi
sation problem by using the NSGA-II resulted in a set of Pareto optimal 
solutions for the objective functions. 

2.3.2. Multi-criteria decision-making 
The outcome of the multi-objective optimisation process is a set of 

non-dominated solutions known as Pareto optimal solutions, based on 

the defined objective functions, decision variables, and constraints. 
Typically, the generated sets usually contain numerous Pareto optimal 
solutions. However, decision makers cannot simply select a single 
optimal solution from this set, as each optimal solution provides the best 
value of one objective function while compromising others. Therefore, a 
post-optimisation process is necessary to  comprehensively evaluate the 
optimal solutions and facilitate the decision-making process of selecting 
and utilizing the optimal system sizes and locations for stakeholders 
[40]. In this concern, the application of MCDM methods can be instru
mental in analysing and ranking the optimal solutions, enabling 
decision-makers to choose designs that strike optimal compromise be
tween performance indicators [8,40]. We employed four performance 
indicator criteria, denoted asEres, Cretrofit , BCR, andGHGr, representing 
the technical, economic, and environmental aspects of the HES and were 
evaluated during optimisation process, to facilitate the decision-making 
process. 

Amongst the various MCDM methods, the Multi-attributive Border 
Approximation area Comparison (MABAC) is a latest and widely used 
approach that ranks the multiple solutions based on predefined indica
tor criteria by considering their distance from the border approximation 
area (BAA) value. The MABAC method is governed by five steps: (1) 
normalizing the decision matrix, (2) formulating the weighted normal
ized decision matrix, (3) constructing the BAA matrix, (4) calculating 
the distance of solutions from the BAA, and (5) determining the total 
distance of solutions from BAA, which are represented by Eqs. (12-16), 
respectively [13,41]. 

xml =
xml − best (xm)

max (xm) − min (xm)
(12)  

where, xml is the decision matrix containing lth criteria and mth solution; 
xml is the normalized decision matrix; and max (xm) and min (xm) are the 
maximum and minimum values of the lth criteria. 

vml = wl.(xml + 1) (13) 

In Eq. (13), vml is the weighted normalized decision matrix; and wl is 
the weight of the criteria. 

gl =

(
∑M

m=1
vml

)1/M

(14)  

where, glis the BAA matrix. 

qml = vml − gl (15) 

In Eq. (15), qml represents the distance of the mth solution for the lth 

criteria from corresponding BAA value. 

Rm =
∑L

l=1
qml (16) 

In Eq. (16), Rm is the total distance of the mth solution from BAA. 
Finally, the solutions can be ranked based on the Rm, and a solution with 
higher Rm score is preferable than a solution with lower Rm value. 
Additionally, based on the Rm =

∑L
l=1qml score, the solutions can also be 

classified as ideal solutions (with Rm+ score) and anti-ideal solutions 
(with Rm- score) from the perspective of all indicator criteria collectively 
[13,41]. 

The weights of the criteria are crucial for conducting MCDM analysis. 
Various methods can be utilised to calculate the weights of the criteria; 
however, we employed the Preference Selection Index (PSI) method, 
which is one of the latest methods that assigns weights to criteria based 
on their relative importance [42]. The procedural steps of the PSI 
method that can assist in calculating the weights of the indicator criteria 
are outlined in Section II in SM. 
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3. Case study 

Pakistan is strategically located to achieve energy sustainability, 
with significant potential for solar, wind, and hydropower generation 
(rationale of choosing case study country is mentioned in Section III of 
SM). To achieve the objectives, the modelled HES scenarios were eval
uated for nine metropolitan regions in Pakistan. These regions cover 
various geographical dimensions of the country and account for over 
20% of the total population [43], with a majority of residents having a 
stable financial status. The metropolitan regions for this study include 
Islamabad/Rawalpindi (ISL/RWP), Karachi (KHI), Lahore (LHR), 
Peshawar (PEW), Quetta (QTA), Faisalabad (FSD), Gujranwala (GRW), 
Multan (MTN), and Hyderabad (HYD). Detailed geographical and 
meteorological information, along with the calculated optimal slope 
angles for these regions, are provided in Table S-5 in SM. 

4. Results and analysis 

The findings of the study are presented and analysed as follows: 
preliminary assessment of the modelled HES scenarios in terms of 
technical and economic aspects, Pareto configurations of HES scenarios, 
and post-Pareto decision-making for optimal solutions. 

4.1. Preliminary assessment of modelled HES scenarios 

The preliminary assessment of the modelled HES scenarios focused 
on evaluating their technical impacts and economic feasibility for 
achieving better energy sustainability in the residential sector. To 
accomplish this, the technical and economic indicators obtained from 
evaluating the modelled HES scenarios in RETScreen tool were imported 
into Microsoft excel for quantifying the cumulative impacts and feasi
bility. The results are presented in Figs. 2-4. 

The prime focus of integrating RE sources into the existing electri
fication system is to reduce reliance on GES and the usage of GnES. The 
technical impact of the modelled HES scenarios was evaluated based on 
various factors, as shown in Figs. 2-3. Fig. 2 demonstrates the technical 
evaluation of HES scenarios in terms of EE delivered directly to the load 
by RES, EE exported to the grid by RES, and the area covered by PV 
modules. Fig. 3 depicts the technical evaluation in terms of the EE 

delivered to the load by GES and GnES for backup and electrification 
during load-shedding hours, respectively, and the fuel consumption in 
the baseline and the proposed cases. 

The analysis of the outcomes presented in Figs. 2-3 revealed that the 
HES scenarios generated EE ranging from 10 to 28.5 MWh, with varia
tions primarily based on latitude and HES configuration type. To 
generate this amount of EE, the required area for solar PV modules 
ranged from 87 to 127 m2, which could be accommodated in over 50% 
of the residential units in the studied regions. The generated EE satisfied 
82–99% of the load requirements, with the remaining load being ful
filled by GES or GnES. The modelled HES scenarios resulted in a 
reduction of 4.0–7.7 thousand liters of conventional fuel consumption 
compared to the baseline case. The impact assessment of HES scenarios 
based on configuration types revealed that GC configurations generated 
123–145% more EE compared to OG configurations with the same PV 
modules area. However, OG configurations met a slightly higher per
centage of direct load requirements due to the ESS integrated with RES. 
GC configurations exported a significant amount of EE to the grid, 
addressing fewer direct load requirements but requiring more energy 
supply from GES compared to OG configurations. 

The integration of RES resulted in a significant reduction of 64–99% 
in conventional fuel consumption for electricity generation. However, 
integrating GnES for load-shedding hours led to much higher fuel con
sumption compared to GES when generating equivalent kWhs. For 
instance, in the modelled HES scenarios, integrating GnES increased fuel 
consumption by 316–342% and 233% for OG and GC configurations, 
respectively, while attempting to meet 1–2% and 13–17% of EE demand 
for OG and GC configurations, respectively. The technical assessment 
considering different types of solar PV module revealed that mono-Si PV 
modules required 6–9.5% less area but generated approximately 
0.35–0.36% less EE compared to poly-Si PV modules. The analysis also 
showed regional variations in EE generation, with the highest EE gen
eration values observed in GRW, QTA, PEW, and KHI, and the lowest in 
ISL/RWP. 

The economic feasibility of the modelled HES scenarios was assessed 
using financial indicators such as net present value (NPV), payback 
period (PBP), BCR, and total investment, as presented in Fig. 4. The 
analysis revealed a range of feasibility, with total investments ranging 
from 6.9 to 18.5 thousand USD, PBP from 3.1 to 23.1 years, NPV from 

Fig. 2. Technical impact assessment in the terms of EE delivered to the load, EE exported to the grid, and covered area for modelled HES scenarios for the stud
ied regions. 

A. Mehmood et al.                                                                                                                                                                                                                              



Sustainable Futures 6 (2023) 100122

7

6.7 to 67.2 thousand USD, and BCR from 1.4 to 9.8. However, when 
considering load-shedding factor and integrating GnES, the economic 
feasibility was significantly reduced. GC configurations were found to be 
more economically feasible compared to OG configurations due to 
shorter PBP, higher NPV, and BCR values. However, when integrating 
GnES, the economic assessment revealed negative NPV, BCR, and un
defined PBP for GC configurations. Poly-Si PV modules were somewhat 
more economically feasible than mono-Si modules, primarily due to 
their lower price. From the regional perspective, KHI exhibited the 
highest economic feasibility, while ISL/RWP demonstrated the least 
economic feasibility. 

Overall, the integration of RE into the existing electrification system 
showed potential for reducing conventional fuel consumption and 
improving energy sustainability. However, the economic feasibility 
varied depending on factors such as HES configuration, PV module type, 
and regional considerations. 

4.2. Pareto configurations of modelled HES scenarios 

The optimisation of HES involved the exploration of various design 
scenarios for multiple regions utilising the procedure outlined in Section 
2.3.1. This multi-regional optimisation approach offers improved 

Fig. 3. Technical impact assessment in the terms of EE delivered to load by GES/ GnES and conventional fuel consumption in the baseline and proposed cases (PC) of 
modelled HES scenarios for the studied regions. 

Fig. 4. Economic feasibility assessment of the modelled HES scenarios for the studied regions.  
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decision-making opportunities for stakeholders. It proves particularly 
beneficial when the resources required for replacing conventional 
sources with renewables, such as area, budget, stakeholder preferences, 
and risk attitudes, differ across regions. Moreover, this approach is 
useful for stakeholders seeking a comprehensive understanding of the 
trade-offs between costs and benefits at varying scales. It facilitates 
informed decision-making by providing a thorough and comparative 
analysis of integrating renewables into existing energy infrastructures in 
different regions. 

The approximate Pareto optimal solution designs for modelled HES 
scenarios in nine different regions under defined objective functions are 
presented in Figs. 5 and S-1 (Pareto optimal designs for KHI are pre
sented as an example in Fig. 5, while Pareto optimal designs for 
remaining eight regions are presented in Figure S-1 in SM). The vertical 
axis of these figures demonstrates the objective function, while hori
zontal line represents non-dominated Pareto optimal solutions (in total 
of 300 solutions for each region). To reduce the randomness factor in 
Pareto optimal solutions, we executed the optimization algorithm ten 
times for each region and aggregated the average of the Pareto optimal 
solutions to generate the final set of solutions for each region, as 
demonstrated in Figs. 5 and S-1. The corresponding optimal values for 
decision variables are presented in Figs. 6 and S-2 (optimal decision 
variable values for KHI are presented as an example in Fig. 6, while 
optimal decision variable values for remaining eight regions are pre
sented in Figure S-2 in SM). 

The complete spectrum of colors in Figs. 5 and S-1 indicates the 
retrofit costs in relation to the output energy from RES, BCR, and 
reduction in GHG emissions, with blue being the highest and red being 
the lowest. The analysis of the spectrum revealed a general trend: as 
retrofit costs increased, the output energy from RES and GHG emissions 
reduction increased, while BCR decreased. Take KHI as an example to 
elaborate the outcomes, optimising the retrofit cost to be between 4.96 
and 6.69 thousand USD led to a reduction in grid power consumption in 
the residential sector by 12.8 to 17.36 MWh through the use of RES. This 
optimal power generation from RES was supported by the incident solar 
radiations of 9.28 to 9.36 kWh/m2 on 38 to 51 number of PV modules, 
resulting in a reduction of 5.69 to 7.68 thousand tCO2 GHG emissions 
with a BCR 4.27 to 5.42, as shown in Figs. 5 and 6. 

The multi-regional analysis of Pareto optimal solution designs 
(Figs. 5 and S-1) revealed that KHI exhibited the highest potential for 
generating energy from RES and reducing GHG emissions within the 
retrofit cost range of 4.96 to 6.69 thousand USD. This retrofit cost value 
was 1.4 to 9.6% greater compared to FSD, MTN, LHR, and ISL/RWP, 

while it was 10.7 to 17.5% lesser compared to GRW, PEW, QTA, and 
HYD. On the contrary, ISL/RWP exhibited the least potential for 
generating energy from RES, amounting to 7.4 to 10.1 MWh, and 
reducing GHG emissions by 3.2 to 4.4 thousand tCO2, with a retrofit cost 
of 5.4 to 7.4 thousand USD and a BCR of 1.9 to 2.3. 

Amongst the corresponding decision variables (presented in Fig. 6 
and Figure S-2 in SM), the number of PV modules and incident solar 
radiations are critical decision variables that primarily determine the 
total energy generated by RES and the associated retrofit cost parame
ters. The GHG emissions factor is influenced by the energy mix and 
exhibits an inverse relation with the total reduction in GHG emissions. 
The analysis of Figs. 6 and S-2 revealed that the regions of GRW, PEW, 
QTA, HYD, and KHI had the lower range of optimal number of PV 
modules, in that order, than KHI. Consequently, these regions had lower 
retrofitting costs compared to KHI. Conversely, FSD, MTN, LHR, and 
ISL/RWP had a higher range of optimal number of PV modules 
compared to KHI, but the energy generated by RES in these regions was 
18.4 to 42.3% lower owing to low incident solar radiations. 

Therefore, incorporating multiple optimal solution designs for HES 
with varying retrofitting costs and under different scenarios can enhance 
the understanding of decision-makers and stakeholders regarding the 
combined benefits for the studied regions. This approach facilitates the 
prioritisation and selection of the most suitable optimal solution designs 
for implementation by considering optimised parameters, such as the 
number of PV modules in light of factors such as available space, budget, 
stakeholders’ preferences, and market availability. Additionally, 
weather parameters, such as incident solar radiations, latitude, air 
pressure, and wind speed, can also influence the decision of 
stakeholders. 

4.3. Post-Pareto decision-making for optimal solutions 

The post-Pareto decision-making analysis was performed to facilitate 
the selection of the best optimal designs for HES from a large set of 
approximated Pareto optimal solutions. This decision-making analysis 
was conducted in three phases, including prioritizing the Pareto optimal 
solutions, classifying the Pareto optimal solutions, and determining the 
most and least suitable regions. To accomplish the post-Pareto decision- 
making process, the MABAC decision-making method, combined with 
the PSI method, was employed, where the PSI method was initially 
employed to calculate the importance of the performance indicators. 

To begin with the post-Pareto decision-making analysis, first, the 300 
approximated Pareto optimal solutions were prioritized based on their 

Fig. 5. Pareto optimal solutions for objective functions.  
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composite MABAC scores. The decision analysis of Pareto optimal de
signs for KHI region is presented as an example in Fig. 7 and the analysis 
for the remaining eight regions is presented in Figure S-3, where the top 
ten ranked optimal solutions are highlighted, and their corresponding 
optimal solution values are listed in Table S-6. The results revealed that 
each region had a diverse range of best Pareto optimal solution designs, 
encompassing different retrofit costs and associated optimal benefits. 
This indicates the feasibility of implementing HES across a variety of 
options, considering the financial resources of investors. 

Moreover, to identify the acceptability nature of the Pareto optimal 
solution designs, a unique feature of the MABAC method, which relies 
on the distance value of the alternatives from BAA value, was utilized 
[13]. According to this feature, solutions with positive distance values 
lie above the BAA line and are classified as acceptable solutions, while 
those with negative distance values lie below the BAA line and are 
classified as unacceptable. The outcomes elaborating the classification 
of Pareto optimal solutions are illustrated in Fig. 8. The analysis revealed 
that 1948 solutions out of total 2700 (73.5%) were classified as 

acceptable, indicating their potential for implementation in improving 
energy sustainability. Amongst the studied regions, QTA had the highest 
number of acceptable solutions (243 out of 300). Interestingly, the 
ISL/RWP region, which was found least feasible region in general, 
contained the second-highest number of acceptable solutions. Overall, 
each region had over 200 acceptable solutions, which is a significant 
number to consider for implementation, taking into account the 
affordability of investors in achieving better energy sustainability in the 
residential sector. 

To rank the studied regions and determine the most and least suitable 
ones, a new scenario, indicated as an overall analysis scenario, was 
established based on insights from a recent work [8]. The overall sce
nario involved selecting the top ten ranked solutions for each studied 
region, whose details including performance indicator values, MABAC 
scores, and rankings, are listed in Table S-6. These all-selected solutions 
were also classified as acceptable owing to their positive distances from 
BAA value, as illustrated in Figure S-4. The MABAC scores of the selected 
solutions in overall scenario were calculated by employing the 

Fig. 6. Optimal values for decision variables.  

Fig. 7. Decision-making analysis of the Pareto optimal solutions (top ten are highlighted).  
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procedural steps of the MABAC method. Subsequently, the studied re
gions were ranked based on the aggregated MABAC score (as shown in 
Fig. 9), which was obtained by averaging the MABAC scores of the ten 
selected solutions for each region in overall scenario. 

The analysis of the overall scenario (Table S-6 and Figure S-4) 
revealed that the best compromised Pareto optimal solution design 
belonged to QTA regions. This design offered a 13.2 MWh energy gen
eration potential, a 5.97 thousand tCO2 GHG emissions reduction po
tential, and a 3.24 BCR at a retrofitting cost of 5.75 thousand USD. On 
the contrary, the least compromised Pareto optimal solution design in 
overall scenario analysis belonged to FSD region, with 6.39 thousand 
USD retrofitting cost and resulted in a 13.7 MWh energy generation 
potential, a 6.0 thousand tCO2 GHG emissions reduction potential and a 
3.09 BCR. In general, the comparative analysis of the studied regions 
based on the overall scenario analysis revealed that the KHI region was 
the most suitable, offering cumulative greater benefits in terms of energy 
generation from RES and reduction in GHG emissions. It was followed by 
the HYD and QTA regions, and then the following descending order with 
fractional disparities: FSD > GRW > MTN > PEW. The LHR region was 
found to be the second-least feasible, while the ISL/RWP region as the 
least feasible, with minimal benefits in relation to the corresponding 
optimal retrofit costs. 

5. Discussion and recommendations 

The scenario-based analysis is a critical analytical tool that was 
applied to investigate the sustainability of HES in metropolitan regions 
of Pakistan. The preliminary examination of the modelled HES scenarios 
demonstrated the significant technical impact and economic feasibility 
of integrating RE sources to meet residential electricity needs. However, 
this techno-economic evaluation was primarily influenced by the inte
gration of GnES into HES. In Pakistan, GnES are commonly used during 
load-shedding hours to generate emergency electricity. The scenario- 
based analysis revealed that integration of GnES resulted in an unde
fined PBP and a reduced NPV, consequently leading to higher levelized 
cost of electricity (LCOE). Notably, HES configurations that integrated 
GnES were found to be economically unfeasible and environmentally 
detrimental. GnES rely on conventional oil fuels, whose prices have risen 
significantly in recent months [44]. Considering the country’s heavy 
reliance on imported fuels [45], and the prevailing severe inflation, it is 
anticipated that GnES will incur incrementally higher LCOE. This situ
ation adversely impacts residents who experience spikes in LCOE, with 
further increase expected in the future. 

Optimising the selected performance indicators of HES resulted in 
determining 300 Pareto optimal solutions for each studied regions, 
totalling 2700 solutions. The analysis summarised in Fig. 10 showcased 
the substantial potential of these solution designs in achieving energy 
sustainability. The findings indicated a flexible range of retrofit costs, 
with the lowest cost approximately 30% lower than the highest cost, 
while still allowing for optimal benefits in terms of clean power gener
ation. Moreover, the optimal ranges of performance indicators over
lapped for all regions, implying the existence of solution designs that 
could have equally impactful outcomes across the studied regions 
without contradictions. Consequently, a majority of residents can invest 
in installing the optimal HES configurations based on their affordability, 
resulting in multiple benefits, such as alleviating strain on the grid 
infrastructure, supplying excess generated EE to the distribution system, 
and reducing dependence on imported fuel and its associated combus
tion, thereby promoting a healthier and cleaner environment. 

It is worth noting that the government’s capability to purchase 
essential resources, such as oil and gas, has been diminishing due to 
mounting foreign debt and low foreign reserves. Conversely, the 
growing population necessitates more housing units, leading to a sig
nificant influx of people into metropolitan regions, such as LHR, GRW, 
FSD, and MTN. As a result, the resident count in these areas is expanding 
at an alarming rate. Therefore, the increasing urbanization presents both 

Fig. 8. The classification of the Pareto optimal solutions.  

Fig. 9. Overall scenario-based decision-making analysis for the studied region.  
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an opportunity and a necessity to encourage residents to adopt optimal 
HES with integrated RE sources through appealing incentive schemes. 
This approach would help balance the rising energy demand and address 
the prevailing issues of load-shedding. 

Based on the analysis and discussion of the results, some implications 
are made to assist governmental authorities in Pakistan’s residential 
sector in formulating policies aiming at achieving better energy sus
tainability. The following recommendations are made:  

• Considering the determined Pareto optimal solution designs for 
studied regions, the reginal policies should be developed by the 
government, specifically focusing on providing additional incentives 
and benefits for regions that exhibit relatively higher feasibility, such 
as Karachi, Quetta, and Hyderabad.  

• The government should actively discourage the use of GnES in the 
domestic sector to lessen the demand for imported fuels. Conversely, 
a clear policy framework should be established to promote the 
integration of RE sources into existing infrastructure, including in
centives for cleaner production and carbon credits.  

• In addition to the energy consumption billing system, measures such 
as imposing taxes on excessive energy consumption for luxuries and 
energy waste should be introduced. These measures would 
contribute to a decrease in overall EE demand. Furthermore, efforts 
should be made to control power theft by utilising theft-detection 
smart devices [46]. 

6. Conclusions 

This study developed a multi-stage optimisation-based decision- 

making framework for HES aiming at achieving better energy sustain
ability in the residential sector. In the developed framework, a HES 
model was initially designed, and various electrification scenarios were 
modelled for metropolitan regions in Pakistan by using a holistic system- 
thinking approach. These scenarios were then analysed and optimised 
through three stages, including (1) a preliminary assessment of technical 
and economic aspects, (2) optimisation of the HES size by utilising the 
NSGA-II algorithm, and (3) selection of optimal solution designs and 
locations based on system performance indicators by employing the 
MCDM method. The key findings of this study are summarised as 
follows:  

• The preliminary evaluation of 216 modelled HES scenarios indicated 
that GC configurations were more plausible compared to OG con
figurations. However, the inclusion of GnES with GC configurations 
to address load-shedding reduced their feasibility significantly.  

• A total of 2700 non-dominated Pareto optimal HES designs were 
determined for nine regions, with 300 designs for each region. These 
designs offered a flexible range of retrofit costs and associated ben
efits for each region. KHI had the best range of optimal benefits, 
while ISL/RWP had the lowest range of optimal benefits. 

• The comparison of Pareto optimal designs across all the studied re
gions showcased competition amongst the designs to excel in specific 
ranges of optimal solution values, with the highest energy generation 
and GHG emissions reduction values in KHI, the highest BCR values 
in HYD, and lowest retrofit cost values in GRW.  

• The decision-making analysis of Pareto optimal solutions concluded 
with the identification of the best compromised optimal solution in 
QTA. Overall, 73.5% (1948 out of 2700) of the Pareto optimal 

Fig. 10. Summary of the determined 300 Pareto optimal solutions for the studied regions.  
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solutions were deemed acceptable, with over 200 acceptable solu
tions for each of the studied regions.  

• The region-based ranking of Pareto-optimal solutions demonstrated 
that all studied regions had a wide and flexible range of objective 
functions for Pareto optimal HES designs, which encourages resi
dents to invest in HES installations based on their affordability.  

• The analysis of Pareto optimal solutions in the overall scenario 
concluded that Karachi (KHI) is the most suitable region to start 
installing optimal HES configurations, followed by Hyderabad (HYD) 
> Quetta (QTA) > Faisalabad (FSD) > Gujranwala (GRW) > Multan 
(MTN) > Peshawar (PEW) > Lahore (LHR) > Islamabad/Rawalpindi 
(ISL/RWP). 

This study represents an initial step in developing a multi-stage 
optimisation-based decision-making framework that offers systematic 
approaches for HES system designing and scenario-based multi-regional 
optimal decision-making. The developed framework can assist policy
makers in formulating clear policies that support investors insight into 
their financial standing. Implementing the Pareto optimal solutions 
identified in this study can significantly contribute to progress in 
achieving energy sustainability in the residential sector. However, it is 
noteworthy that the consideration of specific technical design variables 
for conceptualising HES scenarios was a primary limitation of this work, 
and the future work could expand the framework to include economic 
parameters. Additionally, the scenario-based optimisation of HES was 
conducted by using a limited number of objectives functions and focused 
on metropolitan regions in Pakistan. Extending the energy model and 
decision-making framework to include poly-generation systems and 
deriving optimal solutions would be an intriguing expansion of this 
study. 
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