
comparatively, and, finally, the evaluation of the robustness of an off-grid RES to safeguard the investors’

investment.

DISCUSSION

Off-grid RES is essential for many reasons: reduce the increasing grid stability concerns due to the large

integration of variable RE, deeply decarbonize the electricity sector to mitigate climate change, and

improve the economic and living conditions of remote areas. For the efficient working of off-grid RES,

ESS is crucial to alleviate the RE intermittency (Arent et al., 2020) and demand-supply gap and achieve a

certain reliability level and monetary benefits in the long run. The methods and strategies about the

cost-containing of off-grid RES are frequently presented in previous studies; however, their proposed

models were not comprehensive and did not account for all types of losses incurred during the operation

of RES that questions the robustness of their proposed solutions. In the proposed study, we extended an

Figure 5. Working presentation of the developed methodology for an off-grid RES

The figures illustrate the RES operation during three consecutive days in June. The proposed working presentation is based on the developedmethodology

and EMS (see method details) that considered all types of losses, i.e., mechanical, electrical, hydraulic, and efficiency, to make simulation results more

realistic. The specifications of the RES configuration selected for simulation are presented in Table S1 (with 95% reliability level). The PHSmodel employed in

this study is experimentally verified and substantially extended for integration with proposed RES.

(A) Figure shows the load demand (based on Figure S3), net energy, and ESS charging/discharging periods during the mentioned days.

(B) Efficiency variations in pump/turbine at partial loads (for the data provided by the manufacturers, see supplemental information, Section S6) are visible in

the figure that often has been ignored or assumed constant in literature studies. The left vertical axis represents the head losses for pump/turbine due to the

penstock and fittings (see method details). The actual available head (see supplemental information for the description of different PHS head terms, Section

S3.1) and the efficiency of the pump/turbine are shown on the right vertical column.

(C) Continuous charging and discharging periods, variation in water flow rate for available net energy and state of charge (SOC) of the PHS are illustrated in

this figure.

(D) Battery storage is used as supplementary storage in the proposed EMS, and its role to cover the small shortages and consume small surplus’s

(see method details) is visible in the figure.

hLp, pump head loss; hLt, hydro turbine head loss; Effp, pump efficiency; Efft, turbine efficiency.
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experimentally verified PHSmodel and a battery storagemodel is integrated along with RE generators and

small designed load, to evaluate the relation between different RES evaluation indicators—technical (reli-

ability, RE self-sufficiency, over-supply index) and economic (cost of energy, storage cost)—and provide a

framework for the investors and policymakers regarding the deployment of off-grid RES. The proposed

framework also provides a mechanism and idea to designers about selecting a different set of evaluation

indicators (technical and economic) for multi-objective optimization and then how to assess the optimally

designed configuration in terms of useful energy, energy used to cover losses, and unused energy.

We analyzed the diverse multi-objective optimization cases by considering the different sets of technical

and economic indicators simultaneously. Relationships between them are derived to provide an idea for

the robust design of off-grid RES. The most often developed RES optimization problems are non-linear

and involve several decision variables that make the optimization more complicated, computationally

expensive, and time-consuming. The relationships derived in this study between technical and economic

objectives can help designers to select appropriate optimization objectives and obtain a robust
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Figure 6. Monthly average variations in objective values and losses of RES at reliability level of 95%

The figures illustrate the RES performance to assess the optimized RES against defined objectives. Specifications of the

configuration used for this analysis are presented in Table S1. The developed methodology is simulated in MATLAB for a

whole year.

(A) Figure shows the monthly average values of RES evaluation indicators and SOC of ESS. The left vertical axis represents

all values in terms of percentage, and only SDR values are presented on the right vertical axis. The average value of DSF is

more than 95% for the entire year except August owing to peak summer load during that month. However, the whole year

average DSF is more than 95% that satisfies the designed reliability objective, i.e., 95%. No significant changes are

observed in RSR average value throughout the year that illustrates the significance of ESS for off-grid energy systems to

achieve the required reliability level. The average SOC of PHS lay between 60% and 100% during the whole year, whereas

the average SOC of battery lay between 55% and 80%, revealing that the designed RES is robust and substantially met the

designed RES objectives. It is worthwhile to note that RES has the least oversupply in summer owing to the high load

demand (See Figure S3) and vice versa.

(B) Figure illustrates the load served by RES during each month and how much percent of the served load is consumed to

satisfy the RES operation losses. The pump and turbine machine losses include penstock losses, efficiency losses, and

motor/generator losses (see method details). Notable variations in all types of losses throughout the year are visible,

making the simulation results more realistic and practical.

DSF, demand supply fraction; RSR, ratio of energy supplied by RE to total energy supplied by the system; SDR, oversupply

index; SOCp_avg, average SOC of PHS; SOCb_avg, average battery storage SOC (for definition of all indicators,

see supplemental information, Section S5).
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configuration without optimizing the RES repetitively considering the different set of objectives each time.

It means that RES can be optimized considering one or two objectives, and the trend of other objectives

can be estimated.

Furthermore, the proposed relationships are developed considering a comprehensive mathematical

model based on off-grid RES that considered all types of losses (electrical, mechanical, efficiency, and

hydraulic losses) and ensures the developed relationships’ robustness. The PHS and battery storage are

employed for this study because these storages have been repetitively used in the literature for the off-

grid RES and are mature technologies compared with other available ESS. Moreover, these two storages

have the highest share of the total installed worldwide energy storage capacity (Javed et al., 2019a). The

roadmap proposed in this study can also be followed to comparatively evaluate the different sets of con-

figurations and select the best RES configuration for remote/off-grid places in terms of useful energy, en-

ergy consumed for losses, non-used energy, and techno-economic performance, seeing the preset project

objectives.

A thorough techno-economic studied and optimized RES is critical to achieve deep decarbonization in the

electricity sector, as energy systems are long-lived assets and installed capacity during the next decade is

likely to persist until 2050. Recognition of the off-grid RES—to increase the penetration of RE and reduce

the cost of deep carbonization—has instant implications and requires an inclusive future planning of elec-

tric power systems to meet the climate change mitigation policies and for further advancement in RE and

ESS technologies research. Although heavy subsidies and public policies support variable RE’s growth, a

more compact and reliable EMS for off-grid RES tomeet the targeted goals is indispensable; otherwise, the

target of deep decarbonization in the electricity sector will be out of jurisdictions. Our results illustrate that

different sets of objectives for RES have a significant impact not only on components size (decision vari-

ables) but on system evaluation indicators as well, for instance, initial capital cost and oversupply. If the

off-grid RES is the need of the day, proposed detailed methodological energy analysis of an optimized

system can provide a way to accomplish the goals.

Limitations of the study

This study can be extended further by considering several aspects in the future. First, a wide range of sce-

narios by replacing/adding all available energy sources and ESS options—keeping in view the geograph-

ical, monetary, and social constraints—can be developed, and location-specific best RES configurations

can be attained. Our study presents a pathway to design, model, and simulate the off-grid RES considering

Figure 7. Developed hybrid storage mathematical model presentation with all involved losses

All equations involved in the modeling of hybrid pump hydro battery storage are illustrated in this figure. Besides that, the mathematical model working

mechanism is described for easy understanding. Full names of all involved parameters are provided in the nomenclature table.
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all operational losses. Consideration of the cross-sectoral approach (i.e., heating/cooling load demand) is

beyond the scope of this study. Still, it can be considered in future studies and the ESS model presented in

this work can be used. Second, this work considered a finite set of techno-economic indicators that can be

extended/improved to analyze further the off-grid RES role in achieving the carbon neutrality goal. Third,

this analysis can be extended for amix of RE technologies with other low-carbon power generation sources,

given that RE generators put forward as the primary source of power, and certain flexibility can be attained

to make sure the high system reliability for sensitive off-grid dispatch zones, i.e., commercial zones. Tech-

nology mix-specific policies can be considered a short-term option in the way of deep decarbonization of

the electricity sector. Fourth, this work considered only 1-year resource data that would not reflect the

spatiotemporal and inter-annual RE sources variability. In future work, the presented energy systemmodel

is expected to integrate with decadal RE sources data to examine the resource complementarity impact on

off-grid RES reliability; thus, robust and absolute dependable zero-carbon power systems can be

developed.
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